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SUMMARY

The density of heterogeneous three-dimensional integrated circuits (3D-ICs)
is significantly limited by through-silicon-via (TSV) dimensions and cooling
challenges. To enable fine-grained 3D-ICs, high aspect-ratio sub-micron diameter
(~920 nm) TSV technology is demonstrated. The key processes used to form the sub-
micron TSVs include: (1) Electron-beam-lithography (EBL) of the vias and fine
resolution plasma etching of a hard-mask, (2) deep silicon etching of sub-micron
features with a low-roughness sidewall profile, and (3) void-free metallization of
TSVs through the electrodeposition of copper onto a diffusion barrier layer.
Moreover, a testbed is designed and microfabricated to characterize the electrical
resistance of the TSV extract the copper resistivity of the core material, and measure
the maximum achievable current-carrying capacity of the scaled TSVs. Possible

failure mechanisms under current stressing are discussed.

To address cooling challenges and pronounced thermal wall limits in high-
density integrated electronics and 3D-IC technology, a monolithic microfluidic
cooling strategy is explored. Specifically, a thermal testbed with non-uniform power
map and integrated microfluidics is microfabricated. The testbed features two
independent fluid streams for cooling very high heat flux density hotspots separately
from the background heat dissipation. To remove 100 W/cm? of background power
dissipation and large heat fluxes generated by hotspots (up to 6 kW /cm?) on the
developed thermal testbed, microfluidics are etched into the back side of the silicon
die and 3D printed microfluidic ports are integrated into the package. While the

proposed silicon-based microfluidic cooling is shown to provide thermal benefits, the

XV



silicon Bosch process introduces a number of challenges on a fully processed CMOS
wafer, in particular introducing crystalline defects, reducing silicon volume and thus
increasing wafer warpage. As an alternative, a novel metal additive manufacturing
technology is developed as a key enabler for microfabricating a metallic microfluidic
heatsink at the die-level and wafer-level. As a result, we demonstrate additively
manufactured 200 pm diameter copper (Cu) pillars as the key heat dissipating
elements for monolithically integrated microfluidic heatsinks. The material
composition of the printed pillars is measured, and the Young’s modulus, hardness,

and Cu resistivity of the printed structure’s material are characterized.

Lastly, it is discovered that there is a wide need for the silicon etching process
that was developed for the high-density 3D-IC project. This sub-micron silicon
etching process exhibits a scallop-free profile that is an essential feature for high
resolution soft lithography. Thus, fabrication of aggressively scaled structures made
from optically transparent bio-compatible polymers (e.g., PDMS) is enabled for bio-
characterization applications. By leveraging this fine-grain soft lithography
technology, for the first time, bio-physical interactions of red-blood-cells (RBCs) with

their surrounding environment is visually studied in vitro.
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CHAPTER 1. 3D MICROFABRICATION

TECHNOLOGIES, APPLICATIONS, CHALLENGES,

AND BOTTLENECKS

Denser integration of electronics has been a driving motivation for developing
scaling technologies since the invention of the integrated circuit due to the ever-
present demand for faster computational processing, more functionality, all at a
lower cost. Innovative microelectronic packaging schemes have provided a
complementary approach to the ongoing scaling efforts (More than Moore) and has
hence gained significant attention for their ability to achieve an even higher density
of integration [1]. Among all, the 3D integration of electronics seems to offer a
promising approach to reduce the total cost of technology development for future
generations of microelectronics in addition to providing the means to further
integration [2]. One form of 3D-IC is enabled by the through-silicon via (TSV), which
is the fundamental building block of heterogeneous 3D integrated systems. We
therefore in this thesis demonstrate technologies that provide the capability to scale
TSV dimensions to facilitate the development of fine grain 3D-IC technology.
However, as with many technologies that provide benefits, there are certain tradeoffs
that must also be considered. Specifically, in this case, denser 3D-1Cs are increasingly
facing thermal challenges as the power wall limit in 3D systems is becoming
pronounced. To mitigate the dissipation of large heat fluxes generated across all

silicon stacks in addition to enabling thermal isolation between heterogeneously 3D



stacked silicon tiers, this thesis also explores monolithic microfluidic cooling. Lastly,
a nano-scale, deep silicon etching technique that was primarily developed for the
scaling of TSV technology was found to exhibit a low roughness and scallop-free
profile on etched nano-scale features. This etching process therefore further provides
a 3D microfabrication capability by enabling a fine resolution soft lithography
technology for specifically the microfabrication of a wide range of lab-on-chip devices.
The following sections under this chapter will explore the motivations behind the

conducted research presented in this Ph.D. dissertation.

1.1 The Ever-Growing Need for Denser Integration

The relentless need for high bandwidth communication [3], lower power
consumption, and higher density of integration continues to drive the development
of scaling technologies [4] and fueling the increasingly growing demand for innovative
microelectronic packages [1]. Moreover, achieving a smaller form factor is essential
for many emerging applications such as point-of-care, internet-of-things (IoT), and
so forth. This necessitates employing diverse integration schemes which are often
challenging to mix and match due to inherent incompatibilities between
manufacturing processes. For example, leading-edge CMOS technology is mostly
incompatible with MEMS technology, photonics, and III-V enabled optoelectronics
[5]. However, the idea of “monolithic integration of everything” led the technology
trend towards the concept of system-on-chip (SoC). After decades of advancements
in the microelectronic industry, eventually integration of different microfabrication

processes lead to the realization of SoC technology in late 1990s [6]. This paved the



way towards monolithic integration of multiple functions including DRAM, analog
circuits, RF blocks, and logics all on a single silicon die [7]. However, emerging
technologies such as lab-on-a-chip, silicon photonics, mm-wavelength, high-density
memories, and MEMS created increasingly advanced challenges for implementing
the concept of SoC. Hence, innovative heterogenous integration schemes such as
system-in-package (SiP), package-on-package (PoP), and multi-chip-module (MCM)
technologies were introduced [8] that aimed to reduce the manufacturability
challenges of SoC devices (i.e. cost and time to market) while mitigating the
limitations with the growing system complexity as illustrated in Figure 1 [9].

System
on Chip

>

Bio-Interface
i “gPower supply

Cost / function
Time to market

System Complexity

Figure 1 — System level integration. More than Moore, white paper,
ITRS [9]

Application driven electronic packaging is a complex landscape which requires
technology development in various directions. For many applications, manufacturing
limitations still justify the building of electronic systems using discrete components
and interconnecting on conventional PCBs. However, there are significant ongoing

research efforts to address these manufacturing limitations by developing cost



effective, reliable, and smaller SiP-inspired microelectronic packages. For instance,
WLCSP technology has been introduced for single-die chips to eliminate the package
substrates and wirebonds [10], resulting in smaller package parasitics, higher
reliability, and lower production cost [11]. This approach converts the wirebond pads
at the perimeter of the silicon die to the solder BGA arrangement by redistributing
(i.e. fan-in) I/Os at the center of the silicon chip [10]. In contrast, fan-out
arrangement of I/Os became a feasible packaging scheme (i.e. fan-out wafer-level
package—FOWLP) by exploiting the package mold encapsulation for implementing
the die-to-package RDL [12]. Therefore, flexibility of package design increased as the
RDL is no longer limited by the size of the silicon die [13]. Figure 2 illustrates a
relatively broad range of different microelectronic packages that are introduced for
different levels of integration. Among all, heterogenous 3D integration is being
explored as an innovative technology to address the increasing need for denser
integration, smaller latency, and lower energy dissipation through shortening of the
length of interconnects. One form of 3D integration is enabled by vertically stacked
silicon tiers and interconnecting using TSVs. This approach represents a promising
technology to keep pace with Moore’s law [14] and incorporates the modular design
benefits of a heterogeneous architecture [15], [16]. TSV geometry, especially
diameter, largely determines not only the electrical attributes and mechanical
reliability of the interconnects but also that of the entire 3D stack and therefore
scaling TSV dimensions is found to be critical for further advancement in the field
of heterogenous 3D integration. Thus, a chapter of this Ph.D. thesis primarily focuses

on technologies that enable the scaling of TSV dimensions.
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Figure 2 — Developed microelectronic packaging technologies with

different integration density

1.2 Thermal Challenges in ICs

While keeping the temperature of devices below the specified operating
temperature (preferably lower than 85 °C [17] but below the maximum junction
temperature 150 °C [18]) has been satisfied with sufficient passive cooling techniques
[19], thermal challenges in power demanding ICs impose limitations and concerns to
the package integrity [20], performance [21], and density of integration [22]. Thus,
the power wall (see Figure 3) and thermal challenges in 2D-ICs maintain the power
density below approximately 100 W /cm? [23], which has become an evident outcome

in designing modern CPUs [24].
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Higher power dissipation and the resulting larger temperature variations
across the silicon die increases the leakage power [25],[26],[27] that undoubtedly
contributes to the cost of system operation [21]. Thus, more effective cooling
technologies such as fluidic cooling not only lead to lower leakage power, and hence
saving energy [28], but also could overcome the thermal wall issue to achieve higher
power density in CPUs and GPUs. Furthermore, it is challenging to adopt and scale
the conventional air-cooling approaches for emerging high-density 2.5D and 3D
technologies as they are bulky cooling solutions that are limiting at high heat power
densities. As plotted in Figure 4, an air-cooling based heat removal system with a
thermal resistance of 0.2 °C/W is 1 kilogram in weight and 0.5 liter in volume. These

measures are challenging to adopt for high density packaging schemes which



necessitates alternative cooling technologies with significantly smaller form factor

and lower thermal resistance.
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As shown in Figure 5, more compact cooling techniques are enabled by
exploiting the promising performance of fluid-based cooling. Cold-plates are non-
monolithic fluidic heatsinks that currently are used in desktop computers and high-
performance computing systems. While a better thermal performance is achieved by
the cold-plates, the inherent thermal challenges in power hungry 2D-ICs (e.g.
hardware accelerators and CPUs) and 2.5D architectures still need to be sufficiently
addressed [29]. However, the demand for a higher heat removal rate and smaller
form-factor requires the tighter integration of microfluidics. Thus, monolithically
integrated microfluidics at the die level seems to offer the best performance in class

and the smallest achievable form-factor compared to the existing alternatives.
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Figure 5 — Form factor vs. cooling performance for 1) air cooling, 2)
fluid cooled cold-plate, and 3) integrated microfluidic cooling

Further, monolithically integrated microfluidic heatsinks have more to offer
as they enable intra-stack heat removal in 3D-ICs [30]. This is increasingly beneficial
since emerging fine-grain 3D-IC technologies face even worse thermal challenges due
to the more pronounced power wall limits in denser 3D-ICs [31]. To mitigate the
dissipation of large heat fluxes generated across the entire silicon die in addition to
enabling thermal isolation between heterogeneously 3D stacked silicon tiers [32],
monolithic microfluidic cooling is explored. The schematic of Figure 6 illustrates
stacks of silicon tiers with monolithically integrated microfluidics. Hotspot heat
dissipation is performed through a shallow micro-gap (10 pm deep) and sub-micron
pin-fins. This cooling architecture demands scaled 3D interconnects to pass through

the hotspot microgap and micropin-fins to provide signal- and power-based electrical
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connections, which are required for dense and power-demanding circuitry in the

hotspot region. The scaled TSV technology developed in this Ph.D. research has the

potential to address the need with the hotspot.
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Figure 6 — Schematic of 3D stacked tiers with monolithically integrated
microfluidic cooling and the need for sub-micron TSV technology.



1.3 Additive Manufacturing for Next Generation Integrated Circuits
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Figure 7 — High-level production cost comparison between 3D printing
and conventional manufacturing.

In the previous research topic, we presented motivations for developing the
microfluidic cooling technology to mitigate thermal challenges in high power
dissipating 2D and 3D ICs, enabled by conventional subtractive (i.e. silicon Bosch
process) microfabrication techniques. While the proposed silicon-based microfluidic
cooling is shown to provide thermal benefits, the silicon Bosch process introduces a
number of challenges on a fully processed CMOS wafer, in particular introducing
crystalline defects, reducing silicon volume and thus increasing warpage, among
others. As a result, we also explore in this thesis the possibility of employing additive
manufacturing technology as an enabler for fabricating a microfluidic heatsink at the

die-level and wafer-level.

Additive manufacturing technology has gained significant attention as it
enables cost-effective manufacturing of complex designs with fairly short production
time. Figure 7 illustrates a high-level comparison between the conventional

manufacturing technologies (e.g. CNC machining) and 3D printing technology.
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Unlike conventional manufacturing processes, cost of additively manufactured
products is insignificantly influenced neither by structural complexity of
manufactured components nor by volume of production, making the 3D printing
technology a viable solution for rapid prototyping and low volume production
scheme. However, the increasing demand for inexpensive high-volume production of
goods keeps the conventional manufacturing processes mainstream over additive
fabrication technologies. Nevertheless, continuous research efforts in this field have
lead to the development of multiple 3D printing technologies to address the need for

different applications.

Table 1 shows a comparison between various additive fabrication technologies
that each leverage a different core process for 3D printing. Despite all the
advancements in this field, additive fabrication faces challenges with the use of
metals. For many applications, metals are the materials of interest but are
challenging to precisely deposit at the micron-scale in most 3D printing methods.
Thus, we aim to address this challenge by developing a novel 3D printing process to
overcome the lack of microscale deposition of metals in conventional additive
manufacturing techniques. This allows us to utilize the best of additive
manufacturing for heterogeneous integration of microfluidic cooling elements in the
IC or package and to provide flexibility in IC fabrication as well as to provide reduced

development time, improved yield, and hence a reduction in cost of manufacturing.
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Table 1 — Comparing different additive manufacturing technologies
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1.4 Advanced Silicon Etching: Lab-on-Chip Applications

Additional novel applications are explored based on the 3D-IC silicon etching
process that was developed in the prior sections. The sub-micron silicon etching
process exhibits a scallop-free profile that is an essential feature for high resolution

soft lithography. This enables fabrication of aggressively scaled structures made of
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optically transparent polymers (e.g. PDMS) for bio characterization which has found
an attractive lab-on-chip application. We launched a collaborative project and
leveraged our fine-grain, soft lithography technology to study a long-standing
research problem on the bio-physical interaction of blood cells with their

surroundings.

Cardiovascular systems are dynamic and sophisticated microfluidic
environments [33] in which the blood cells circulate. This fluidic system under
different conditions exhibits physical changes through the introduction of platelets
and fibrin matrices. Thus, the physical environment with which the blood cells bio-
physically interact can be altered. This is found to be critical as the blood cells during
hematologic processes, such as thrombosis [34] and hemostasis, exhibit bio-physical
interactions with a myriad of vascular matrices. Although this has been well
documented in the literature, how the cells respond to the underlying matrices having
different mechanical properties remains a long-standing research problem. Studying
these bio-physical interactions directly impacts our understanding from the context
of clotting in which many parallel mechanisms are involved [35]. As shown in Figure
8, red blood cells (RBCs), activated platelet, and fibrin matrix, among others
contribute to the formation of a clot [36]-[37], making it complicated to decouple all
attributes. Although, the involved biochemical processes implicated in pathological
clotting are well studied, the expected bio-physical interactions have previously been
technologically infeasible to characterize. Thus, we sought to recreate the physical
geometry of a fibrin network [38],[39] in a controlled, non-biological, in vitro

microfluidic system using advanced microfabrication techniques.
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Figure 8 — Blood clots form by fibrin matrices, RBCs, and activated
platelet [40]

To enable real-time visualization of single cell bio-physical interactions with
its environment, a microsystem emulating a cardiovascular system needs to be
fabricated from bio-compatible optically transparent polymer (e.g. PDMS). The
vascular matrices that blood cells transit through are sub-micron feature sizes.
Building these features from PDMS is non-trivial as it demands a sub-micron mold.
This necessitates a microfabrication process with tight tolerances such that any
imperfections and defects are avoided. Thus, a silicon-based fabrication process is
developed to leverage the capabilities that have been created by the microelectronic
industry. To form the silicon-based mold, silicon is deep etched, which creates a
template into which PDMS will be directly poured. However, deep silicon etching
(i.e. Bosch process) involves sequential etching and passivation cycles that tend to

introduce sidewall scallops.
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Figure 9 — Fine-resolution soft lithography: (a) failure due to scalloping

on sidewall of etched feature vs. (b) smooth sidewall profile

As illustrated in Figure 9, scalloping is a fatal defect that will result in total
failure as the cured PDMS may become stuck inside the mold during the releasing
step. To address this issue, a scallop-free, low roughness silicon etching process is
developed for nano-scale features. This process is the key enabling fabrication module

for fine-grain soft lithography that allows for fabricating a wide range of nano-scale

devices specifically for lab-on-chip applications.

1.5 Organization of the Thesis

Figure 10 illustrates the developed key microfabrication modules as enabling

technologies for the demonstrated applications. The thesis focus will principally be
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around 3D integration technologies and application driven enabling microfabrication
techniques.
3D Microfabrication Technologies
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Figure 10 — Enabling technologies developed in this Ph.D. research

The first chapter outlines challenges and limitations associated with emerging
3D-IC technologies along with the solutions that are studied in this Ph.D. thesis. We
discuss technology bottlenecks in the semiconductor industry that are the driving
motivations for the continuous research efforts in the field and outline the developed
solutions that would address not only those challenges but also benefit other areas
such as the life sciences. Chapter 2 explores a sub-micron deep silicon etching process
that features a scallop-free profile as an enabler not only for scaling TSV technology
but also for fine resolution soft lithography of nano-structures. Chapter 3 presents a
demonstration of sub-micron TSV technology using a novel copper electrodeposition
technique on titanium nitride film. Chapter 4 addresses thermal challenges in
integrated systems by presenting an intra-stack heat removal solution using a
developed monolithic fluid cooling system. We utilize subtractive microfabrication
techniques for building a monolithic fluidic heatsink. However, Chapter 5 tackles the

possibility of integrating heat dissipating microstructures on a silicon die via a novel
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metal 3D printing technology that could potentially replace the core microfabrication
techniques employed in Chapter 4. Accordingly, Chapter 6 proposes to leverage the
developed 3D printing technology to demonstrate the additive manufacturing of
fluid-cooled heatsinks on silicon. In the last chapter, we discuss technology trends
and propose envisioned applications and potential extensions of the presented

research in this Ph.D. dissertation.

1.6 Research Contributions

1.6.1 Fluid Cooling Solution for Very High Heat Fluxz Density Hotspot

Cooling of large heat fluxes generated across the entire silicon die as well as
concentrated hotspots necessitates an active cooling solution. In this presented
research, we demonstrated a novel cooling strategy that 1) enables hotspot heat
removal independent from background cooling, 2) significantly reduces the need for
a chilled coolant, 3) provides independent and flexible control over two inlets in
terms of coolant temperature and flow rates. Moreover, we have demonstrated a very
large heat dissipation of 6.175 kW /cm? on a hotspot with the coolant at room

temperature.

1.6.2  Sub-Micron TSV Technology

We demonstrated void-free fabrication of sub-micron diameter TSVs for dense
3D interconnections. Scaling TSVs is challenging as the fabrication of smaller

diameters using conventional processes faces limitations. In this presented research,
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TSVs with a sub-micron diameter and a 16:1 aspect-ratio in bulk silicon are
fabricated and characterized. The demonstrated sub-micron TSV technology
presented in this work was enabled by two newly developed key fabrication modules:
1) demonstration of low roughness scallop-free nano-Bosch silicon etching, and 2)
demonstration of void-free Cu electrodeposition directly on a TiN diffusion barrier

film.

1.6.3 Lab on Chip: In Vitro Characterization

For the first time, we have visually characterized the interaction of blood cells
with their surrounding environment. We developed a microfabrication process that
enables fine resolution soft lithography. This allowed us to fabricate optically
transparent sub-micron devices integrated with microfluidics for the real-time
characterization of the bio-physical behavior of blood cells under different physical

environments.

1.6.4 Metal 3D Printing of Copper at the Micron-Scale

All existing metal 3D printing technologies primarily rely on either 1) the
dispensing of material, 2) operating in liquid phase, or 3) high temperature processes.
Unlike available metal 3D printing techniques, in this Ph.D. thesis, a new approach
based on electro-brush plating is developed for the additive microfabrication of
copper (Cu) features. Moreover, low Cu resistivity (6.34 n€2-cm) from our metal 3D
printer is achieved and when compared to other metal 3D printers for feature sizes

on the order of hundreds of microns, our measured Cu resistivity is at least 2 times
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lower than what is reported in the literature. This enables a path towards many
electronic and thermal applications that would greatly benefit from micron-scale

metal 3D printing technologies.
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CHAPTER 2. SCALLOP-FREE SILICON ETCHING:

ENABLING 3D MICROFABRICATION TECHNOLOGY

The ever-growing microelectronic industry is based upon micro-fabrication
and nano-fabrication processes that are mainly developed for silicon. The exponential
growth of microelectronics in manufacturing complexity, applications, and cost
refinement of production since the 1960s provides a new opportunity for emerging
technologies to leverage and utilize well-developed micro/nano fabrication
techniques. Thus, it is likely inevitable to use silicon as the core material for
developing essential building-blocks of emerging applications. In this chapter, a sub-
micron etching process is presented as a key fabrication module for processing silicon
for two distinct applications. The presented silicon etching process exhibits high
etching selectivity and a scallop-free profile that allow fabrication of high aspect-
ratio sub-micron TSVs 1) for heterogenous 3D integration of electronics and 2) high-
resolution soft lithography of bio-compatible polymers for lab-on-chip applications,
respectively. In this chapter, 1) details of the etching process will be discussed, and
2) a lab-on-chip application that leverages this etching technology along with other
advanced fabrication techniques— electron-beam-lithography (EBL),
photolithography, and so forth— will be elaborated upon. It is important to mention
that the bio characterization of the fabricated lab-on-chip device is made possible
through collaboration with Dr. Wilbur A. Lam and Dr. Jordan C. Ciciliano at

Georgia Tech, Biomedical Engineering Department.
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2.1 Deep Silicon Etching: Bosch Process

Plasma enhanced RIE etching of silicon is extensively used in precision
shallow etching of silicon as the key enabler for cost-effective fabrication of 3D tri-
gate FInFET transistors in bulk silicon [41]. This new generation of transistors paved
the way for further scaling of transistor dimensions as predicted by Moore’s law while
keeping the leakage current small at low threshold voltages. However, RIE is
inherently an isotropic etching process which is not suited for deep silicon etching
since anisotropic performance is needed for minimum unwanted lateral etching (i.e.

undercut and tapered etching) [42].
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Figure 11 — SEM image of sidewall scalloping resulting from the
standard Bosch silicon etching process

To achieve anisotropic dry etching of silicon, passivation cycles are added to
the RIE process. The passivation mechanism is based on the chemical formation of
a thin layer of etch-resistant polymer on the silicon surface by introducing

21



fluorocarbon gases (e.g. CFs) in distinctive process cycles. This passivation step
follows every etching cycle to protect the sidewall of an etched trench against the
isotropic RIE etching process and hence makes it possible to achieve nearly
anisotropic etching performance. This deep silicon etching process is named after
German company Robert Bosch GmbH which developed this process. However, the
Bosch process typically exhibits a sidewall scalloping profile (see Figure 11) as a
result of the alternating etching and passivating cycles [43]. Moreover, the Bosch
process is dependent upon the geometry of features being etched. Figure 14 shows
excessive undercut, poor selectivity, and pronounced sidewall roughness resulting
from the Bosch etching of sub-micron features (baseline process parameters are
employed). To minimize undercut, achieve smooth sidewall, and increase silicon-to-
mask etch selectivity, the process parameters should be adjusted accordingly. The
Bosch process involves sequential etching and passivation cycles with different
process parameters such as cycle duration, plasma power, chamber pressure, gases’
flow rates, and silicon substrate temperature. These process parameters non-linearly
influence the overall etching performance, which makes the optimization procedure
challenging to model. Therefore, there is significant effort in this space to address
deep silicon etching challenges [43], [44], [45], [46]. These solutions for etching sub-
micron size features, however, still exhibit limitations [47], [48], [49], [50], hence
necessitating further development. [47], [48], [49], [50], hence necessitating further

development.
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2.1.1 Patterning and hard-mask etching

As patterning of sub-micron features using traditional photolithography is
non-trivial, EBL is used. However, EBL photoresist exhibits poor selectivity for the
deep silicon etching step. This necessitates transferring the pattern from the
photoresist to a hard-mask. Thus, approximately 200 nm of PECVD SiO, deposited
onto the silicon wafer is used as the hard-mask. Next, a 900 nm thick ZEP520A
photoresist is spin-coated on the SiO; layer at 500 rpm for 60 seconds followed by a
pre-exposure bake of 180 °C for 2 min using a hotplate. Arrays of square-shaped
features are exposed with different doses to experimentally determine the proper base

exposure dose.

800

[ /- h;leasurement I (a)

P

Fully
developed

dose square

"

Thickness (hm)
S

100 200 300
Exposure Dose (uC/cm2)

Figure 12 — (a) Different exposure doses vs. remaining thickness of

photoresist after development step (b) Optical image from remaining
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photoresist after development as a control procedure for monitoring

required exposure dose.

Figure 12(a) shows exposure dose versus the remaining thickness of
photoresist in 75 x 75 pm squared-shape features after developing in Amyl Acetate
for 2 min. These control features (i.e. dose squares) are designed to monitor
photoresist thickness variations and required adjustments on the exposure dose. The
optimum base dose is estimated to be 200 pC/cm? considering the first fully

developed dose square with sharp corners, as shown in Figure 12(b).
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Figure 13 — The 900 nm diameter features are etched into the dielectric

stacks.

Next, the hard-mask is dry etched using a mixture of fluorocarbon gases (CiFs
and CF.), and O, in an ICP system [51] to transfer the patterned features from the

photoresist to the hard-mask. Figure 13 shows the SEM image of the etched pattern
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into the hard-mask after stripping off the photoresist and cleaning the sample. The

silicon wafer is now ready for a deep silicon etching step.

2.1.2  Fxperimental Fxploration: Etching Process Optimization

Signal A =InLens Date :9 Dec 2014
Photo No. =40368 Time :9:22:54

MAG= 446 KX

Figure 14 — Cross-sectional SEM image of etched sub-micron features

using Bosch etching at baseline process parameters

In this work, an experimental approach is adopted for achieving reasonable
etch results for the target application. To limit the possible number of different
combinations with the process parameters, only the effects of the passivation cycle
duration, the etching cycle duration, and O, flow rate are explored in this effort.

Adding O, to SFs in the etching cycle forms a thin SiOFy passivation film that
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improves anisotropic etching [52], which is believed to result in smaller undercut
and a smoother sidewall [53]. Thus, two different flow rate ratios for SFsto O;are
explored (as a function of etch-to-passivation cycle ratio) to observe undercut and
selectivity behavior with all other process variables (ICP power, chuck power,

chamber pressure, and chuck temperature) kept constant at the base conditions.
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Figure 15 — Undercut (lateral distance etched under mask from mask
opening) vs. etching/passivation ratio

Figure 15 shows that the smallest undercut (lateral distance etched under
mask from mask opening) is achieved at higher O, flow rates but the corresponding
data point on the selectivity (the ratio of the to-be-etched material etching rate to
the mask etching rate) graph (Figure 16) does not demonstrate the highest
achievable selectivity. However, minimizing undercut is a more critical objective
since poor selectivity could be mitigated by depositing a thicker hard-mask layer.
Indeed, this indicates a strong non-linearity between the process parameters,

necessitating an experimental optimization for different feature sizes.
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Figure 16 — Selectivity (the ratio of the to-be-etched material etching

rate to the mask etching rate) vs. etching/passivation ratio
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Figure 17 — silicon etching rate vs. etching/passivation ratio

Sidewall scalloping and etch rate (see Figure 17) are simultaneously
monitored for each experiment by cross-sectional SEM imaging. Figure 18 shows an
etched silicon via that corresponds to the minimum undercut data-point in Figure

15 and a 31:1 selectivity. This reasonable selectivity and undercut results from a
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longer passivation cycle and an etch cycle with a higher O, content. Table 2 compares

the Bosch process parameters at baseline with optimized etching recipe.

1um EHT = 5.00kV Signal A =InLens Date :9 Jan 2015
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Figure 18 —SEM image of the etched feature exhibits smooth sidewall

with no scalloping

Table 2 — The Bosch process parameters at baseline vs. optimized

etching recipe

Process Parameter Baseline Parameters ~ Optimized Parameters
for Minimum Undercut

Etching Time 11 sec 5 sec
Passivation Time 8 sec 12 sec
C4Fs flow rate 100 scem 100 sccm
SF flow rate 130 scem 35.0 scem
O, flow rate 13.0 sccm 9.0 sccm
Etch-Cycle ICP RF power 600.0 W 600.0 W
Passivation-Cycle ICP RF power 600.0 W 600.0 W
Etch-Cycle ICP RF power 11.0 W 11.0 W
Passivation-Cycle ICP RF power 0.0 W 0.0 W
Helium Cooling Flow Rate 40 scem 40.0 sccm

28



2.2 Scaling Bio-compatible Polymeric Structures Using Fine-Resolution

Silicon Etching and Soft Lithography Technique

Using soft lithography technique and a fine resolution silicon etching process,
we demonstrated arrays of sub-micron diameter Polymeric pillars that are integrated
within a microfluidic system. The pillars resemble physical features that allow to
recapitulate, at the single cell level, bio-physical interactions between vascular
matrices and blood cells. Soft lithography technology is widely employed to
microfabricate 3D structures using the molding-embossing approach [54]. This
process allows utilizing of a wide range of materials to caste or emboss a mold with
good level of controllability over process conditions [55]. Even the material property
could be tailored using different chemistries [56], for example, to achieve
biocompatibility for biological applications. Moreover, mold reusability enables cost
effective mass manufacturing of micro/nano structures that is specifically beneficial
for cost-sensitive applications. It is worth to mention that the top-down processing
(e.g. etching) of polymers is challenging due to the lack of an anisotropic etching
process for etching polymers [57]. Scaling soft lithography technology, however, is
increasingly challenging since the very first step of this process, which is
microfabricating a template or elastomeric stamp, exhibits limitations. For instance,
processing silicon to microfabricate a mold comes with number of imperfections such
as surface roughness, undercuts, and scalloping, among others that directly impact
the quality of the over casted polymer. For smaller feature sizes, these fabrication
imperfections are even more pronounced as the size of patterned features are
comparable to the size of scallops, undercuts, and even the roughness profile. Thus,

the low-roughness scallop-free deep silicon etching process that was developed under
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this Ph.D. thesis was also discovered to be well-suited to fabricate the soft
lithography mold template with sub-micron feature sizes. The following section
elaborates on details of a microfabricated lab-on-chip device, based on this fine-grain
soft lithography technology, that enables the study of bio-physical interactions of

blood cells with their surrounding environment in vitro.

2.3 Motivation for Studying Blood Cells

The role of bio-physical cues in regulating cell activity has been recently
studied in the field of cell mechanics. There is limited knowledge about effects of
physical matrices on the three types of blood cells—red blood cells (RBCs), platelets,
and neutrophils and how a cell’s morphology is altered under different
microenvironments. Decoupling bio-physical cues of physical matrices from
biochemical cues paves the way to a better understanding of blood diseases. For
instance, the presence of schistocytes (i.e. fragmented RBCs) is known as the sign of
disseminated intravascular coagulation (DIC) disease. Although the clinical existence
of schistocytes has been studied in vitro and well documented, fragmentation
mechanism of RBCs is poorly understood [58]. Thus, studying the bio-physical
parameter space to improve our understanding of RBC damage, fragmentation, and
destruction is of great interest to the development of diagnostics for different states
of diseases. Furthermore, the cells in a cardiovascular system circulate under a
variety of shear stress and strain; the dynamic mechanical pressures that blood cells
are exposed to would cause the cells’ reactions. For example, blood clotting is

connected to the platelets activation and aggregation of vascular matrices such as
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fibrin clots [35], [59]. However, contributing mechanisms for blood clotting are not
observed in real-time. Our goal is to conduct in-vitro studies on: 1) RBCs’
deformation under stress/strain forces resulting from a controlled environment
consisting of vascular matrices and microfluidics, and 2) visually observing a response

of platelets to controlled shear stresses.

2.3.1 Fabrication of Sub-Micron diameter PDMS Pillars, and Micro-Canals

Etching SiO,, deep silicon

Phot: ist ti EBL patterning of
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Figure 19 — PDMS micropillar and micro-canal fabrication process flow

To mimic the vascular matrices, devices are microfabricated with features on
the order of biologically relevant dimension, which is at a single-digit micron scale.
Creating high-fidelity features of this dimension demand a silicon wafer template
microfabricated using the developed fine-resolution silicon etching process. Figure 19
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illustrates the simplified fabrication process flow of the devices; hard-mask etching,

and silicon etching steps are similar to what is discussed in sections 2.1.1 and 2.1.2.

Two sperate silicon molds are microfabricated to create two different feature
layers from PDMS. The first feature layer contains 900 nm diameter and 3 pm height
pillars, and the second one has micro-canals of 2 pm width and 3 pm height at
different lengths (varying from 2-90 pm). Prior to the casting step, the silicon mold
needs to chemically be treated to become hydrophobic as it further facilitates
releasing of the cured polymer from the mold. Therefore, the silicon mold after
multiple cleaning steps in an Acetone bath is vapor treated with HMDS. A 10:1 ratio
of elastomer to curing agent is employed for preparing the PDMS mixture. Next, the
mixture is poured over the treated silicon mold and immediately the sample is
transferred to a vacuum chamber and kept under very low-pressure environment
(approximately 10 bar) for approximately 1 hour. This ensures that no void-defect
occurs—due to gas trapping— since the polymer can diffuse into the micron-sized
features without seeing any resistance from the ambient gases. Next, the PDMS is
cured overnight at 60 °C in an oven. The SEM images shown in Figure 20, and Figure
21 confirm that the PDMS micro-canals and pillars are of the expected dimensions

and fidelity.
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Figure 20 — SEM image of the PDMS pillars

Figure 21 — SEM image of the PDMS micro-canals
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To create the microfluidics (i.e. channel layer), 150 pm wide channels are
templated by patterning SU-8 photoresist on a silicon wafer using optical lithography
and casting over with PDMS. To cap the channel layer, the feature layer is flipped
and bonded to the channel layer. This is accomplished by activating both PDMS
layers—feature and channel (using the handheld Corona Treater), aligning under an
optical microscope, and pressure bonded together. Finally, to achieve stronger bonds
between the layers, the sample is thermally treated on a hotplate at 80 °C for 10
minutes. Having two separate layers to build the structure allows us to study various
bio-physical systems by creating different combinations of micron-sized features and

channels.

Flow

Figure 22 — Optical image from bonded channel layer to the feature
layer that contains the PDMS micropillars
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Figure 23 — Optical image from bonded channel layer to the feature
layer that contains the PDMS micro-canals

To study platelet, the micropillar feature layer is bonded to a 6 pm tall
channel with 150 pm width. The pillar array is placed perpendicular to the flow
direction, as shown in Figure 22. To study RBCs, however, the channel is shallower
(3 pm tall) which results in higher shear/strain forces necessary for stressing RBCs.
The experiments conducted with the micro-canal device employ 26 pm wide and 3
pm tall channels while each canal is approximately centered between inlet and outlet

ports (see Figure 23).

2.4 Device Characterization

The physical presence of fibers introduces shear stress on blood cells [58]. The
shear /strain forces are identified as a bio-physical activator of platelets [60], [61],

[62]. It has been shown that platelet activity depends on the magnitude of shear
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forces and the size of a shear microgradient [63]. The PDMS pillars, therefore, create
controlled regions of high shear as well as stagnant zones to observe bio-physical

interaction of platelets with a PDMS matrix while the biological factors are absent.
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Figure 24 — Simulated shear stress created by the PDMS pillars at 0.2
pL /min

To properly emulate this shear stress in the experiments in order to observe
the effect of stress/strain forces on a single cell, the flow rate of fluid in the channel
should accordingly be chosen. Thus, COMSOL modeling is carried out to estimate
the required flow rate through numerical simulations for the laminar flow of an
incompressible Newtonian fluid, assuming a constant inlet flow rate and atmospheric
pressure at the outlet. For the pillar device, it is found that a flow rate of 0.2 nl./min
creates a maximum shear stress of 55 Pa between the rows of pillars while there are
notable dead zones behind the pillars as illustrated in Figure 24. The micro-canal
device, however, exhibits constant shear stress throughout the canal at 2,000 Pa
independent of canal length, with a flow rate of 0.5 pL/min. It is worthwhile to
mention that the length of the canal only influences the pressure drop from the inlet
to the outlet.
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2.4.1 Platelets and Clump Formation

As shown in Figure 25, an extensive platelet aggregation and the consequent
formation of an occlusive mass that extends to the edges of the micropillar array has
been recorded. This in vitro study confirms that the shear microenvironment created
by the physical presence of fibers is the exclusive reason (if not the only) for the

activation of platelets in the absence of biological ligands and platelet agonists [58].
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Figure 25 — Platelet aggregation due to shear stress as a bio-physical
activator
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2.4.2 Red Blood Cells Deformation

A high level of deformability is observed in RBCs even at large shear forces.
Mechanical properties of RBCs have been extensively reported in the literature and
their deformation capability is widely studied [64], [65], [66]. However, the RBC’s
mechanical deformability could be disrupted (e.g. due to presence of heart valve
implants), which results in altering the cell membrane, causing RBCs to severely
fragment. Thus, different aberrant RBC morphologies such as schistocytes, tear drop

shaped cells, bite cells, dacrocytes, and echinocytes are believed to be linked to the

mechanical disruptions [59].

Figure 26 — RBCs transit through the PDMS pillars while showing no

morphological changes.

Figure 26 shows that RBCs exhibit no morphology changes while transiting
through the PDMS pillar array. This is because the shear force elastically deforms
the cells and not enough to rupture them. This outcome is an expected result as the
COMSOL simulation suggests the maximum shear stress in between of the
micropillars is 55 Pa while the literatures suggest the required shear force for

fragmenting the RBCs is between 150 to 300 Pa.
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Figure 27 — As canal length increases, percent of damaged cells increases

To increase the shear force, the micro-canal devices are designed to stress
RBCs over various lengths, ranging from 10 pm to 80 pm. As the results of the
experiments in Figure 27 suggest, the critical length for the micro-canal is ~30 pm
in order to start exposing the cells to a level of destructive shear stress. Interestingly,
the result of our study finds preliminary evidence that RBCs from a patient with
SCD are more sensitive to shear stress, fragmenting more readily than RBCs from a
healthy donor (see Figure 27). Figure 28 shows a time lapse of sickle RBCs emerging
from 40 pm long micro-canals, exhibiting various morphological abnormalities,
including microspherocytes (black arrows), ghosts (white arrows), and schistocytes
(green arrows). This observation implies that RBCs fragmentation profile shifts as

they are under different pathologic conditions.
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Figure 28 — A cell appears to be sickled after transit (white dotted box).
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CHAPTER 3. FINE-GRAIN 3D INTEGRATION OF

ELECTRONICS

The continuous demand for denser integration, lower power consumption, and
higher-bandwidth density requires developing increasingly complex interconnect
technologies [67]. For instance, three-dimensional integrated circuits (3D-ICs) are
being explored as an innovative approach [68] to address the relentless need for dense
interconnects with lower latency and energy dissipation through shortening the
interconnect length [69], [8]. One form of 3D-IC is enabled by vertically stacking
silicon tiers and interconnecting these tiers using TSVs. This approach represents a
promising technology to keep pace with Moore’s law [14] and incorporates the
modular design benefits of a heterogeneous architecture [1]. TSV geometry, especially
diameter, largely determines the electrical attributes and mechanical reliability of
the interconnects as well as the 3D stack and motivates the need for scaling TSV
dimensions. For example, a 10 pm long on-chip wire with a 10 pm diameter TSV
exhibits a 30 ps delay while the same length on-chip wire with a 5 pm diameter TSV
exhibits an approximate latency of 10 ps [70]. Moreover, reducing the TSV diameter
can significantly mitigate the stresses related to copper (Cu) expansion as the
mechanical stress is proportional to the square of the TSV radius. Relieving the
mechanical stress is further beneficial as it results in a smaller keep-out-zone (KoZ)
[71]— which is designed to guard active devices against the adverse proximity effects
of TSVs [72]. Scaling TSVs is challenging as the fabrication of smaller diameters

using conventional processes faces limitations [73]. This is due to the strong
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dependency of both the via etch rate and metallization processes on the via aspect-
ratio (AR) and diameter. A diffusion-barrier and conductive seed-layer deposition as
the first steps of metallization are typically preformed using magnetron sputtering
deposition [74], [75]. However, this method of material deposition is not effective for
the fabrication of high aspect-ratio scaled TSVs as it may cause the TSV opening
diameter to decrease before the via sidewall is fully coated [73]. This issue is caused
by prolonged sputter deposition time, which is necessary to ensure continuous film

formation as the material flux density at the bottom of TSV is limited.
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Figure 29 — TSV aspect ratio versus diameter for TSVs in the literature
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Figure 30 — Fabrication process flow

Despite the relentless efforts to reduce TSV footprint [76], [77], [78], [69],
[79], [80], [81], wvirtually no results have been reported for high aspect-ratio (greater
than 10:1) Cu TSVs (based on superfilling) in bulk silicon with total diameters below
one micron, as shown in Figure 29. In this chapter, TSVs with sub-micron diameter

and 16:1 aspect-ratio are fabricated and characterized. The fabrication process
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presented in the next section discusses the key enabling modules developed for scaling
TSV technology. This includes: 1- development of low roughness and scallop-free
nano-Bosch silicon etching, and 2- a demonstration of void-free Cu electrodeposition
directly on a titanium nitride (TiN) diffusion barrier film. Lastly, the electrical
resistance and ampacity of the fabricated sub-micron TSVs are measured using the

4-wire Kelvin probe technique.

3.1 Surface Preparation and Electron Beam Lithography

The simplified fabrication process outlined in this section is illustrated in
Figure 30. A 300 nm thick SiO, inter-dielectric layer (ILD) is thermally grown at
1050°C using a wet oxidation furnace. To protect the ILD layer during the Chemical
mechanical planarization (CMP) step, approximately 500 nm thick SisNy layer is
deposited using plasma-enhanced-chemical-vapor-deposition (PECVD) as the CMP
stop layer. Next, a 500 nm thick PECVD SiO, layer is deposited as the dielectric
hard-mask followed by deposition of a 100 nm thick Chromium (Cr) as the metal
mask. The Cr mask is a transition hard-mask used for etching 1.3 to 1.5 pm thick
dielectric layers and for transferring the pattern from the softmask (EBL photoresist)
to the dielectric hard-mask. Next, a 900 nm thick ZEP520A photoresist is spin-coated
on the Cr layer at 500 rpm for 60 seconds followed by a pre-exposure bake of 180 °C
for 2 min using a hotplate (see Figure 30(a)). Next, arrays of circular features are
patterned on ZEP520A photoresist using EBL at 200 uC/cm? exposure dose and

then developed in Amyl Acetate for 2 min.
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3.2 Hard-mask Etching: Chromium and SiO,

The Cr mask enables etching of the 1.5 ym thick dielectric layers since EBL
photoresist is not thick enough to etch the dielectric layers (based on its etch
selectivity). Fine resolution Cr mask dry etching (step (b) in Figure 30) is performed
using Chlorine (Cly), Oxygen (O,), and Hydrogen (H:) gases in an inductively coupled
plasma (ICP) system [82] and Table 3 shows the process parameters. Figure 31 shows
Cr etch rate characterization for the dose squares using a contact profilometer with

respect to DC bias of the chuck RF coil.
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Figure 31 — Cr etching rate variation indicated by DC bias fluctuation

Table 3 — Process parameters for etching Chromium hard-mask

Process Parameter Setpoint
Chamber pressure 10 mTorr
Cly flow rate 80 scecm
H, flow rate 18 sccm
O, flow rate 26 sccm
ICP RF power 50.0 W
Chuck RF power 500 W
Helium cooling Yes
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Since the etch rate of the sub-micron features is slower than a control sample
that contains larger feature sizes, 10% over etching is performed to ensure that the
sub-micron features are fully etched, as shown in Figure 32(b). Next, the remaining
ZEP520A on the Cr mask is stripped off in 1165 solvent at 80 °C for 45 min prior
to etching the SiO, mask. Eventually, the SiO, hard-mask is dry etched using a
mixture of fluorocarbon gases (C,Fs and CF,), and O, in an ICP system [51]. Table

4 summarizes SiO, etching process parameters.

Table 4 — Process parameters for etching SiO, hard-mask

Process Parameter Setpoint
Chamber pressure 5 mTorr
Ar flow rate 4.0 sccm
CF, flow rate 15.0 sccm
O, flow rate 4.0 sccm
C,Fs flow rate 16.0 sccm
ICP RF power 400.0 W
Chuck RF power 400.0 W
Helium cooling Yes

Dielectric Stack
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Figure 32 — SEM cross-section from dry etched features on the Cr hard-

mask
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3.3 Deep Silicon Etching

Details of silicon etching process are discussed in CHAPTER 2. The process
is developed to minimize undercut and maximize etching selectivity as key enabling
modules for microfabricating sub-micron 3D structures. The relatively smooth
sidewall that is achieved through the developed etching process could be crucial for
high aspect-ratio TSVs as modeling shows that excessive scalloping on the TSV
sidewall negatively impacts TSV reliability and electrical characteristics [83], [84].
Figure 33 illustrates an SEM cross-section image of deep-etched T'SVs in silicon and,

as seen, no scalloping is observed on the TSV’s sidewall.

EHT = 5,00 kv Signal A= InLens
WD= 3mm Photo No. = 3972

M EHT = 5.00 kV EEllnal A= InLens  Date :9 Jan 2015
MAG = 429KX WD= 3mm Photo No. =3978  Time :12:29:03

Figure 33 — SEM cross-section image of deep etched trenches in silicon;
No scalloping is observed on the sidewall.
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3.4 Metallization: Copper Superfill Process

Void defects in the Cu core of the TSVs are a major manufacturing reliability
concern, and thus, must be explored for the TSV under consideration. Depositing a
diffusion-barrier layer along with a conductive seed-layer on the TSV sidewalls are
the very first steps of the metallization process that significantly impact the
subsequent Cu electrodeposition. Defect-free coverage of the seed-layer on the TSV
sidewalls is important since any discontinuity of the film from the top to the bottom
of the TSV could result in voids. Conventional PVD methods, such as sputtering,
exhibit limitations for the conformal deposition of the diffusion-barrier film (e.g. TiN)
and seed-layer (e.g. Cu) due to strong dependency of material deposition upon the
via AR and diameter [73]. To address this issue, ALD is an attractive alternative for
conformal film deposition in high AR trenches. Deposition of TiN—diffusion-barrier
layer—using ALD for interconnects has been explored previously [85], [86], [87]. TiN
is electrically conductive, which opens the possibility for using it as both a diffusion
barrier and a seed layer. However, the resistivity of TiN is large and thus forms
a large series resistance over a large surface area which makes it challenging for use
as a seed-layer on a large diameter wafer. Because the series resistance causes a non-
uniform current density distribution over a large surface area, (e.g. 4-inch diameter
silicon wafer) non-uniform electroplating results across the wafer. To address this
limitation, a thin layer of Cu (approximately 100 nm) is evaporated on the
TiN coated substrate (Figure 30(d)). It is important to emphasize that this Cu layer
does not cover the TiN film on the TSV sidewalls but mostly only coats the top
surface of the wafer. This not only bypasses the series resistance of TiN film, but

also makes the subsequent Cu electrodeposition less dependent upon the thickness
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of the TiN layer. In this effort, ALD TiN is deposited on an SiO, liner using
Cambridge NanoTech Plasma ALD tool (step (d) in Figure 30). The employed
precursors used in the aforementioned ALD tool are TDMAT and NH; [86] processed
at 250 °C. The thickness of the TiN film is measured to be approximately 45 nm

using a Woollam M2000 Ellipsometer.

U R R R B |
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Figure 34 — SEM cross-section image from reduction of cupric ions on
the TiN film on the TSV sidewall

To prove the concept, a test sample is partially electroplated for 10 minutes
and cleaved for cross-sectional inspection. Figure 34 shows that cupric ions are
reduced on the TiN film and form a layer of Cu on the TSV sidewall. This proves
that the use of TiN is a feasible approach for metallizing scaled TSVs. Next,
electrodeposition is performed on the sample (see Figure 30(e)) using super-filling

and reverse pulse plating (RPP) techniques [88], [89], [90].
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Figure 35 — SEM cross-section from the electroplated TSV using
MICROFAB DVF 200 plating bath.
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Figure 36 — FIB cross-section at 50% depth from the void-free TSV

The super-filling technique employs special additives in the electroplating

electrolyte that accelerates Cu deposition in the bottom of the TSV while decreases
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Cu growth rate at the top. However, there are different electroplating bath
chemistries and additives [91] that makes the experimental design space large. Thus,
an electroplating bath (MICROFAB DVF 200) specialized for TSV processing [92]
with two additive compounds, accelerator (Part “B”) and suppressor (Part “C”), is
employed as a starting point and the end result is shown in Figure 35. It is believed
that the bottom voids are formed due to large grain growth close to the TSV opening,
causing pinching. This coarse Cu grain growth might be because of the bath
chemistry and additives concentration that are optimized for fast electroplating of
TSVs with diameter ranging from 5 pm to 20 pm [93], [94]. To test this hypothesis,
another electroplating bath (TECHNIPULSE 5300) that is designed for finer grain
deposition of Cu [95] was explored using the electroplating parameters shown in

Table 5.

Table 5 — Reverse pulse electroplating parameters

Process Parameter Value Unit
Reverse cycle duration 2 millisecond
Reverse pulse duty cycle 50 %
Reverse pulse frequency 1000 Hz
Reverse current Approx. 25 mA
Forward pulse duty cycle 50 %
Forward pulse frequency 200 Hz
Forward cycle duration 25 millisecond
Forward current Approx. 15 mA
Agitation 200 RPM
Bath Temperature Approx. 23 °C

The cross-sectional TSV FIB image shown in Figure 36 resulting from this

bath chemistry exhibits no Cu voids and is a significant improvement. To ensure the
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tested sample is defect free, polishing is continued to the deeper regions, as shown in
Figure 37. It is important to note there were a number of challenges associated with
the cross-sectioning of high AR TSVs; for instance, the sample should be perfectly
perpendicular to the ion-beam and any small stage misalignment causes non-uniform

FIB milling.

wD mag | tilt | 5/26/2016 HV curr Sum
4.8 mm 8000 x| 52 °[12:21:50 AM [10.00 kV| 0.54 nA FIB Center

Figure 37 — FIB cross-section at 70% depth from the void-free TSV

In Figure 38, it is shown that the cross-section of the Cu core resembles a
needle due to a higher removal rate at the top. Moreover, simultaneous milling of 3
different materials (silicon, SiO2, and Cu) is complex as they have different hardness.
Although no voids are observed in the cross-sectioned samples regardless of these
imaging challenges, we are aware that a significantly larger visual data set is needed

to demonstrate the manufacturing yield.
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Figure 38 — SEM cross-section from a sample resembling a needle due to

FIB stage misalignment
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Figure 39 — SEM cross-section from the backside etched silicon
substrate that shows 285 pm deep cavity
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3.5 Electrical Characterization: Parasitic Resistance

To characterize electrical resistance (Rrsy) of the fabricated TSVs in section
I, the back side of the silicon substrate is aligned with the topside features (e.g.
TSVs) and patterned using optical lithography. Next, the patterned features (i.e.
openings) on the back side are dry etched (see Figure 30(f)) to reveal the blind end
of the TSVs. This creates a cavity with approximately 285 pm depth (for a 300 pm

thick silicon wafer), as shown in Figure 39.

1 1
$4700 9.0kV 15.1mm x5.00k SE(U)

Figure 40 — SEM image from the revealed end of TSVs after backside
etching shows the Cu core of TSVs.

Figure 40 shows the TSV Cu core revealed after backside etching. Next, the
closed electrical loop is formed by shorting the revealed end of the TSVs by
sputtering a layer of Cu into the cavity. The probing pads and wires for electrical
characterization are patterned using EBL and the metal layers— Ti/Cu/Au (30 nm
Ti, 1 pm Cu, and 350 nm Au)— are deposited using a sputtering tool for good step
coverage. Next, Rrsy of 15 pm deep TSVs with approximately 680 nm diameter Cu

core is measured using the four-wire Kelvin probe technique as the test setup
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schematic, and the result of measurements are shown in Figure 41, and Figure 42,
respectively. Figure 43 illustrates a Gaussian distribution of the measured Rygy for
different DUTs. The average measured Rrsy is calculated to be approximately 1.2 €.
Furthermore, Rrsyvfor 2, 3, 4, and 8 parallel TSVs is measured and plotted in Figure
44. The slope of the fitted curve suggests that the extracted average Rrsy for a single

TSV is 1.216 2 which agrees with the measured Rrgy.

Return Path DUT Return Path

Figure 41 — Schematic of the 4-wire Kelvin probe technique for
characterizing the DUT in the test-vehicle
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Figure 42 — Measured Rrsvof DUTs approximately ranging from 1.14 (2
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Figure 43 — Gaussian distribution of the measured Rrsv for different
DUTs
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Figure 44 — Rrsv measured for 2, 3, 4, and 8 parallel TSVs

Given the fabricated TSV dimensions, Cu resistivity of the metal core is
extracted to be approximately 2.95 pQ-cm. It is shown by Chang et al. [96] that the

use of the chosen additives in the electroplating bath chemistry increases Cu
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resistivity from 2 pQ2-cm to 2.9 pQ2-cm. This agrees with the measurements presented

-k

Return Path DUT Return Path

in this work.

Figure 45 — Schematic of the test-vehicle designed for measuring CCC
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Figure 46 — Current-carrying-capacity is measured for sub-micron TSVs

3.6 Electrical Characterization: Current-Carrying Capacity

Figure 45 illustrates the schematic of the test vehicle that is designed to

measure the (current-carrying-capacity) CCC of the fabricated sub-micron diameter
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TSVs. The CCC measurement is conducted by monitoring Rrsy while DC current is
pumped into a single TSV (i.e. DUT). To decrease the return path electrical
resistance, eight TSVs are connected in parallel for this experiment. This ensures
that the current flow is not limited in the return path. Next, the DC current is
increased until Rygy exhibits a rapid change (A Rzsv/Rrsv 2 20%), indicating that the
DUT has reached its maximum CCC (i.e. ampacity). The measurements shown in
Figure 46 suggest that the ampacity of the DUT is 360 pA, or 105 kA /cm? given the

TSV dimensions.

3.7 Conclusion

In this chapter, we showed enabling fabrication processes for sub-micron
TSVs to gain the most from the connectivity benefits (e.g. low parasitic capacitance)
of fine-grain 3DI. The presented sub-micron TSV technology enables heterogeneous
3D ICs using vertically stacked thin silicon tiers. The demonstrated approximately
900 nm diameter TSVs are 15 pm deep with 680 nm Cu core. To address the
challenges in fabricating these TSVs, nano-Bosch silicon etching with no scalloping
and direct Cu super-filling on a TiN diffusion barrier layer have been developed as
the two key enabling modules. Furthermore, using the test-vehicle, the average
electrical resistance of these sub-micron vias is measured to be approximately 1.2 €.
Furthermore, maximum CCC of the scaled TSVs is characterized to be
approximately 360 uA. Given the TSV dimensions, the current density at maximum
CCC and Cu resistivity are extracted to be approximately 105 kA /cm? and 2.95 n$)-

cm, respectively.
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CHAPTER 4. NON-UNIFORM FLUID COOLING FOR 3D

INTEGRATED CIRCUITS

Higher density of integration continues to show unprecedented benefits for
addressing the ever growing need for energy efficient high performance computing
(HPC) [14]. Thermal challenges, however, in power demanding HPC systems impose
limitations and concerns to the package integrity of CPUs and GPUs [20] that
necessitate innovative heat removal solutions. Emerging heat dissipation technologies
aim to address the current thermal management needs for high density ICs while
they could potentially pave the way to mitigate the pronounced power wall limit
[97], [31] in 3D-1Cs [98]. Integrated microfluidic cooling is believed to be a promising
heat removal technique that can offer a low thermal resistance at the die level [99]
and enable thermal isolation in 2.5D architectures and 3D-ICs [100]. The resulting
thermal cross-talk reduction between background power dissipation and
temperature-sensitive devices (e.g., photonics) enables integration of different
functions in very small form factors. In addition to the background heat generation,
non-uniform power dissipation across the silicon die in modern ICs produces hotspots
(i.e., high temperature islands) that demand a heatsink architecture for adequately
cooling them. Since a cooling system often is limited by the worst-case temperature
imposed by hotspot power dissipation profile, it may be beneficial to provide non-
uniform cooling in order to prevent overdesigning the entire heatsink. The enabling
microfluidic cooling technique explored in this chapter addresses non-uniform

temperature distribution across the silicon die and virtually mitigates the power wall
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limit imposed by high heat dissipative elements and hotspots, which paves a way to

the 3D integration of electronics.

In this work, we demonstrate a non-uniform integrated microfluidic heatsink
with two independent fluid streams in order to adequately cool very high heat flux
density hotspots separately from the background. This approach eliminates the need
for refrigeration of the background coolant below outside atmospheric temperatures,
hence saving energy. The promising benefits of non-uniform heatsinks were
motivated by several different efforts in this field; C. Green et. al. [101] proposed a
water-cooled cold-plate in which two separate fluid streams are used to remove heat
from the background and hotspot regions. Their experimental demonstration used
deionized water-based jet impingement on the hotspot, and a separate coolant stream
through a pin-fin array for the background cooling. Fluid-cooled background using a
staggered micropin-fins based heatsink is shown by J. Dirner et. al. [102] for a
uniform power-map across a chip. This approach has also been employed in other
works to address a non-uniform power dissipation through a single fluid inlet system
and non-uniform density of pin-fins for the entire heatsink [103], [104], [105]. Several
other hotspot cooling methods have been demonstrated, including jet impingement
as aforementioned [106], [107] thermoelectric coolers [99], [108], and thin film
evaporation [109]. Nasr et al. [110] demonstrated a dedicated hotspot cooler,
consisting of a 10 pm tall microgap with high heat flux removal of approximately 5
kW /ecm? Such a small microgap would produce prohibited high pressure drops if
used across the entire chip but can produce high heat transfer coefficients across a
small area. Thus, these extremely shallow microgaps could be employed to selectively

cool hotspot regions where cooling of a small surface area is required.
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The work presented consists of: 1) design of a thermal testbed that emulates
a high power dissipating hotspot with a maximum flux density of 6.175 kW /cm? and
100 W/cm? uniform background heat generation, 2) microfabrication of a silicon
testbed, package, and integration of fluid delivery ports within the package, 3)
performance characterization of microfluidic cooling at different hotspot flux

densities, and 4) a comparison between the experimental data and simulations.
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Figure 47 — (a) Top-view schematic of the testbed showing the position
of heaters/RTDs and fluidic ports across the chip. (b) Side-view
schematic of hotspot and background microgap integrated at the back

side of the silicon substrate.
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4.1 Silicon Testbed Structure

Top-view schematic of the thermal testbed is outlined in Figure 47(a)-(b).
There are five 1.95 mm x 10 mm heaters across the chip that generate a total
“background” power density of 100 W/cm? (20 W/cm? per heater). A 200 pm x 200
pm high-power density heater is located at the center of the chip to represent the
hotspot region and generates a higher power density than the background [111]. The
heatsink design is primarily built upon the dedicated microgap approach such that
a high heat flux is transferred to the coolant in the single-phase regime. To create a
large surface area that enhances heat removal for dissipating the background heat,
an array of micro-hydrofoils is etched over the aforementioned 10 mm x 10 mm
background area into the back side of the base silicon to a height of 200 pm (see

Figure 48).

Figure 48 — Top-view SEM image of the hydrofoil micropin-fin array
that is etched into the back side of the base silicon to a height of 200
pm along with a 200 pm X 200 pm hotspot microgap.
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These 150 pm wide micro-hydrofoils have transverse and longitudinal pitches
of 225 ym and 642.5 um, respectively. The hotspot microgap, however, is extremely
shallower and is only 10 pm deep. To enable direct coolant injection atop the hotspot
microgap at a high flow rate, a 200 pm x 90 pm fluidic via is etched through the
capping silicon tier. This allows independent power dissipation for the hotspots at a

higher heat flux removal rate than the background.

Figure 49 — SEM image of the outlet plena, pressure port, and support
posts

The hotspot and background have combined return flows and share one
outlet. Two plena are designed at the background inlet and outlet to regulate and
buffer the fluid flow (see Figure 49). As shown in Figure 50, the staggered
redistribution pin-fins are placed close to the inlet plenum to uniformly redistribute
the background coolant inside the heatsink but at the expense of increased pressure
drop. That is why the inlet pressure port is located next to the redistribution pin-
fins and behind the micropin-fin array (see Figure 49) to exclude the effect of

redistribution pin-fins on pressure drop measurements. Moreover, these on-chip
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pressure ports help to accurately measure pressure-drop across the background
heatsink by being located outside of the flow path. Additionally, the pressure drop
on the hotspot inlet is separately measured using an off-chip pressure port since the
coolant flow rate is low and the pressure drop through the hotspot tubing is minimal.
The temperature of the die is measured using resistance temperature detectors
(RTDs) that also function as heat sources (see Figure 51). The background and
hotspot heat fluxes are characterized using five RTDs/heaters across the die and the
dedicated hotspot RTD/heater, respectively. This distributed floor plan enables
adjusting a power map for different thermal scenarios. However, a uniform
background power density of 100 W/cm? across the 10 mm x 10 mm chip is applied
and the hotspot power density is accordingly chosen for different experiments. The
fabrication process and packaging of the testbed will be discussed the following

sections.

Figure 50 — SEM image of the redistribution pin-fin array for regulating
the fluid flow from inlet to hydrofoil micropin-fin array
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Figure 51 — Top-view Infrared image of background and hotspot

heaters/RTDs
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Figure 52 — Testbed fabrication process flow
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4.2 Microfabrication of Silicon Chip

The simplified fabrication process flow is illustrated in Figure 52. A double-
side polished (DSP) 500 pm thick silicon wafer is used as the substrate. Standard
AMI pre-cleaning steps under a class 100 cleanroom environment is implemented on
the bare silicon substrate. Further, the silicon wafer is cleaned in 120 °C piranha
solution for 10 min followed by deionized water rinsing for 2 min (i.e., step 0 in
Figure 52). Next, the hotspot microgaps are patterned through a bright-field fused-
silica mask and UV lithography at 365 nm wavelength. The sample is exposed to a
gentle oxygen plasma for 45 sec (i.e., descum) in an RIE tool to ensure the developed
features are not masked with any possible thin photoresist residue [112]. Next, the
hotspot microgap is dry etched [113] to a depth of 10 pm into the silicon substrate
through an optimized Bosch process using an STS-ICP tool (i.e., step 1 Figure 52).
Since the microgap is shallow (i.e., 10 pm), conventional Bosch etching recipes that
are designed for deep silicon etching introduce surface roughness. Therefore, the
passivation time, etching time, and oxygen gas flow rate are optimized to achieve
smooth shallow silicon etching [114] as stated in Table 6. To prepare the silicon
substrate for patterning the background micropin-fins, the initial photoresist layer is
stripped off using oxygen-plasma cleaning. This procedure ensures that no
photoresist residue is left on the substrate to distort subsequent fabrication steps.
The next step of fabrication is etching the background microgaps. The background
hydro-foil pin-fins are patterned and aligned with hotspot microgaps using a Karl
Suss TSA MA-6 mask-aligner. Next, the hydro-foil pin-fins are etched to a depth of
200 pm in the silicon substrate through an optimized Bosch process (i.e., step 2 in

Figure 52). The third step of fabrication is capping the etched features with a silicon
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wafer using an activated surface silicon-to-silicon bonding technique. To achieve high
strength bonding, it is important to keep the surface of both silicon substrates
undamaged and clean in all fabrication steps. After aligning the substrate with the
cap, pressure is applied to the sample to enhance surface bonds. Annealing cycles are
employed to strengthen the bonds and prevent mechanical failure during high
pressure operation. The 500 pm diameter micropin-fins shown in Figure 49 are
designed as mechanical support structures to increase the surface area between the
substrate and the cap for strengthening silicon-to-silicon bonding. Next, the fluid
inlet and outlet ports are etched through the silicon cap, connecting the background,
and hotspot ports to the plena and hotspot microgap, respectively. The mask for
these fluid vias (i.e., background, and hotspot ports) is backside aligned with the
etched hotspot microgap using the Karl Suss MA-6 mask-aligner. The background
ports (1.2 mm diameter) and the hotspot inlet (90 pm diameter) are simultaneously
etched through the silicon cap using STS-ICP. Since the hotspot port is 13-times
smaller than background ports, the etch rate for hotspot inlet is lower and therefore,
the etch end-point is based on the smaller feature. After forming the ports, 2 pm of
Si0O, is deposited on the top side of the sample using a PECVD tool. This dielectric
layer electrically isolates the heaters and RTDs from the silicon substrate. The RTDs
and heaters are firstly patterned by backside alignment with the inlet ports, and
secondly metallized by evaporating 30 nm of Ti (the adhesion layer) prior to the
deposition of 200 nm of Pt using a CHA metal evaporator. Eventually, the
metallization step is completed by patterning on-chip wires, and wire-bonding pads
and depositing Au using an evaporator. In all metallization steps, liftoff technique is

utilized.
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Since the Au wires are formed on top of the Pt heaters/RTDs, the parasitic
resistance of the Pt heaters is reduced to mitigate an unwanted voltage drop over
the transmission lines. Moreover, it is found that passivating the Pt elements with a
1 pm thick SiO; layer increases the lifetime of the heaters. This dictates an additional

step which reveals the buried Au pads by etching the SiO, passivation layer.

Table 6 — Bosch process parameters for micro-scale etching

Process Parameter Value Unit
Passivation Time 7 second
Etching Time 7 second
Process Mode Discrete -
APC Setting 68.4 %
Base Pressure 0.1 mTorr
Pressure Trip 94.0 mTorr
C.Fs 100 Scem
SFEs 60 Scem
O, 15 Scem
Coil Passivation Power 600 W
Coil Etch Power 600 W
Platen Passivation Power 0 W
Platen Etch Power 11 W
Platen Frequency 13.56 MHz

4.2.1 Testbed Packaging

The schematic shown in Figure 53 illustrates the structural design of the
package. The 4-inch silicon wafer that contains the fabricated devices, is diced into
individual dice. A package-level fan-out is implemented on an FR4 substrate and the
signal pads on the silicon die are wire bonded to the package substrate as shown in

Figure 53.
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Figure 53 — Schematic of the package structure

The off-chip fluid connections are embedded into the package to enable full
encapsulation of the device. Thus, package to die fluid ports are designed and 3D
printed using Stereolithography (SLA) technology as shown in Figure 54. Next, the
fluid connections are encapsulated and bonded to the backside of the silicon die
where the fluid vias are located, using heat-resistant bonding epoxy resin. The fully

packaged device with embedded fluid ports is shown in Figure 55.

(a) Inlet\ (b)

Pressure port

\

Outlet

[/

o

Port alignment box

Figure 54 — (a) 3D design of the fluid ports illustrating the package
encapsulation and assembly. (b) 3D printed fluid ports using SLA 3D
printing technology
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Figure 55 — Fluid ports through the packaging substrate attached to the

die and epoxy encapsulated

—_—
Q
~

(bar)

[&)]

Pressure Drop

(=)

-©-0 mL/min
-A-90 mL/min

43-120 mL/min

o

4

(b)

Hotspot Flow Rate (mL/min)

[8)]

E=N

N)

Pressure Drop (bar)

QO Measurement
===Fjtted Curve

'l
y = 0.036"x - 0.379
’

- 4

4

100

150

Background Flow Rate (mL/min)

Figure 56 — (a) Pressure drop vs. flow rate on hotspot microgap at three

different background flow rates and (b) pressure drop vs. flow rate on

the background microgap while no loading on the hotspot.
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4.3 Pressure Drop and Heat Removal Rate

The cooling loop is driven by a gear-pump and a syringe-pump dedicated to
the background and hotspot, respectively. Independent operation of these two pumps
enables adjusting coolant flow rates to the hotspot and the background
independently. The measured pressure-drop over the background microgap is a
function of the micropin-fin density. A denser array of micropin-fins is beneficial as
it creates a larger surface area and potentially improves heat dissipation. However,
it leads to a higher pressure drop which necessities a larger pump to maintain the
required flow rate. Thus, the geometry design of the background and hotspot
microgaps directly determines not only the cooling performance but also the pump
size. The size and pitch of the fabricated features in Section II are accordingly chosen
[101], [104] to ensure the background pressure drop can feasibly be handled by a
small gear pump. This design implementation exhibits approximately 2.96 bar
pressure drop at 100 mL/min, which is the fluid flow rate of interest. Pressure drop
for the hotspot and the background microgaps at different flow rates can be seen in
Figure 56(a) and Figure 56(b), respectively. It is important to note that the
differential pressure drop shown in Figure 56(a) is from the hotspot inlet to the end
of the micropin-fin array. The experiments imply that the hotspot pressure drop is
influenced by the background flow rate as there is a shift in the hotspot pressure
drop while the background flow rate is increased to 90 mL/min and 120 mL/min.
This is due to a back pressure created by the background coolant flow on the hotspot
outlet. Thus, a larger pressure drop across the hotspot micro-gap is observed as the

background flow rate increases.

71



4.4 Hotspot Coolant Temperature and Heat Sink Performance

The measurements reported in Figure 57 are conducted at the 20.1 °C inlet
temperature under a constant flow rate of 100 mL/min and 1.5 mL/min for the
background and hotspot, respectively. At 100 W/cm? flux density, the temperature
gradient is shown to be linearly increasing across the chip. The slope of the fitted
curve implies approximately 1.5 °C/mm temperature elevation in the x-direction for
the respective coolant flow rate, which is an expected result since the background
coolant flow rate is constant. This is a consistent observation in all the measurements
shown in Figure 57(a)-(f) as the slope of the fitted curve remains the same and the
apparent spatial temperature of the heaters from the fluid inlet towards the outlet
port exhibits a linear increase. Additionally, the difference between hotspot
temperature and inlet temperature (7}~ T%), and the hotspot temperature difference
from the background temperature (ATy.5) are both plotted on each graph of Figure
57(a)-(f). The hotspot temperature is shown to be approximately 8.35 °C cooler than
the neighboring background RTD (see Figure 57(a)) while both the background and
the hotspot regions are loaded with the same heat flux density (100 W/cm?). To
further study the heatsink performance, the hotspot heat flux density is increased
from 100 W/cm? up to 6.175 kW /cm? and Figure 58 illustrates the hotspot RTDs
temperature with respect to the background temperature ( Tj-Tpxe). The fitted curve
demonstrates a linear trend while the hotspot flux density is increased, indicating
that there is sufficient cooling provided by the presented heatsink design. It is
important to note that the hotspot power dissipation at a very high heat flux density
(Figure 57(f)) is proven to be sustainable using no refrigerant below room

temperature.
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Figure 57 — The hotspot and the background RTDs temperatures (7;)—
simulation and experiment— with respect to the coolant temperature at
the inlet (77%) vs. RTDs position on the silicon substrate while the
hotspot power density is: (a) 100 W /cm? (b) 200 W/cm? (c¢) 500 W /cm?
(d) 2.75 kW /cm? (e) 6.1 kW /cm? (f) 6.175 kW /cm?

To confirm the experiments, thermal performance of the testbed is evaluated

using a 3D multi-physics finite element simulator (COMSOL Multiphysics 5.3) and
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the results are compared with experimental data. The simulated model employs the
non-isothermal fluid flow module and the modeled structure is simplified to half the
micropin-fin area to reduce numerical complexity. As illustrated in Figure 59(a),
temperature increases across the silicon chip in the direction of the fluid flow and
the simulation results show the same linear trend with an approximately similar
slope as compared to the measurement data in Figure 57. The simulated temperature
profile of the heatsink surface is shown in Figure 59(b) while the average hotspot
temperatures under various heat flux densities are compared with the experiments

and demonstrate a close match (see Figure 58).
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Figure 58 — Simulated and experimental hotspot RTDs temperature (7))
with respect to the background temperature (7ske) vs. heat flux.
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(b)

Figure 59 — (a) Temperature profile increases across the top of the
thermal testbed. (b) Temperature distribution along the hotspot and
background heaters.

It was observed from the experiments that the hotspot heat dissipation
performance was minimally impacted by higher flow rates of the room temperature
coolant— data not shown— and therefore a numerical simulation is carried out to
study this observation. As illustrated in Figure 60(a), the cross-sectional temperature
profile shows a large lateral heat spreading across the silicon substrate, which implies

that a notable portion of the heat flux is laterally spreading.
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Figure 60 — (a) Temperature profile increases across the top of the
thermal testbed. (b) Temperature distribution along the hotspot and
background heaters.
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The simulation outcome at the elevated hotspot flow rates (up to 3.5 pL/min)
validates the experiments; the heatsink temperature profile (the hotspot and the
neighboring background) is not changing even as the inlet flow rate is increased and
thus, negligible cooling performance improvement results. Since heat spreading plays
a considerable role in the power dissipation [110], it is believed that the hotspot heat
flux is dissipated less through the fluid cooling mechanism and more through its
spreading into the base silicon. Therefore, it is expected that decreasing the base

silicon temperature using a chilled coolant would result in a better cooling

performance.
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Figure 61 — Approximately 10% temperature drop on the hotspot at 6.1
kW /cm? due to use of chilled water (a) experiment, (b) simulation.

Moreover, the impact of the chilled coolant is assumed to be more noticeable
while the hotspot is loaded at the highest achievable heat flux density (i.e., > 6
kW /cm?). Accordingly, a numerical model in COMSOL is set up to study this
hypothesis. The simulation results suggest that the hotspot region largely increases

the temperature of the silicon slab close to the hotspot microgap (see the schematic
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in Figure 47). Thus, decreasing the temperature of the silicon slab and the adjacent
bulk silicon impacts the hotspot temperature as the simulation result shows in Figure
60(b); it suggests that the chilled hotspot inlet lowers hotspot temperature. An
experiment parallel to the simulation is conducted by chilling the hotspot coolant
down to approximately 5 °C while injecting this coolant at a high flow-rate of 5
mL/min into the hotspot microgap. The measured hotspot temperature drops by 4.8
°C (10%) at a high-power density of 6.1 kW/cm? The measurements for these
experiments have been recorded in steady-state conditions. Thus, the fluid flow rate
is assumed to be constant from the syringe pump outlet to the hotspot inlet and
therefore the flow rate displayed by the pump is recorded as the flow rate reading.
Furthermore, the coolant temperature is measured close to the hotspot inlet using a
k-type thermocouple and shows 2.4 °C above the 5 °C syringe temperature (i.e., the
coolant temperature at the hotspot inlet is 7.4 °C). It is important to note that the
background heat flux and the background coolant flow rate are kept constant in
order to obtain a consistent comparison between the experiments. Figure 61(a) and
Figure 61(b) show results of the measurement and simulation, respectively. The
hotspot temperature drops by approximately 10% from 58.9 °C to 54.1 °C which
agrees with the simulated model that exhibits a temperature reduction from 59.1 °C

to 54.6 °C.

4.5 Conclusion

This chapter presented a monolithically integrated microfluidic heatsink solution for

the simultaneous cooling of hotspot and background in power demanding ICs with non-
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uniform power-maps. The cooling strategy employs two microgaps in addition to dedicated
coolant inlets for the hotspot and background. Splitting the fluid ports: 1) eliminates the
need for high volume refrigerated coolant for cooling the entire chip, hence saving energy,
2) enables adjusting the background and hotspot fluid flow rates independently for different
thermal management scenarios, 3) since the narrow microgap is only designed for the
hotspot, the background region exhibits low pressure drop and therefore a smaller pump
could be employed. To evaluate this cooling strategy, a thermal testbed is designed and
microfabricated, consisting of hydrofoil shaped micropin-fins and a shallow microgap. The
fluid ports are 3D printed using SLA technology, integrated onto the silicon die and the
package substrate, and the entire testbed is encapsulated to emulate a commercial IC
package. With a nominal background heat flux of 100 W/cm? and flow rate of 100 mL/min,
the average temperature across the entire chip is measured only to be increasing by
approximately 1.5 °C/mm above room temperature from the fluid inlet to the outlet. The
hotspot power density is swept over a wide range to study heatsink performance for low,
moderate, and high heat fluxes. The hotspot temperature appears to have a relatively linear
increase versus heat flux variations which indicates no degradation of the hotspot heater
even at very high heat fluxes. This stability demonstrates that the cooling mechanism is
sufficiently dissipating the power. A maximum of 6.175 kW /cm? flux density loaded on the
hotspot is reported and the hotspot temperature is measured to be approximately 62 °C
above room temperature which is well below the maximum allowable junction temperature
(150 °C [18]). The numerical and experimental measurements imply that the heatsink
performance could be further enhanced by chilling the hotspot coolant. Thus, the hotspot
heat dissipation is experimentally demonstrated to be improved by 10% if the coolant is

chilled down to 7.4 °C coolant.
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CHAPTER 5. ENABLING METAL 3D PRINTING AT

THE MICRON-SCALE FOR ADDITIVELY

INTEGRATED MICROFLUIDIC HEATSINKS

The growing trend of higher power dissipation at a smaller form factor
motivates the development of miniaturized high-performance cooling systems. Unlike
conventional air-cooling solutions, microfluidic heatsinks have shown very high
thermal performance; however, commercially available microfluidic solutions (i.e.,
cold-plates) do not offer significant miniaturization. Monolithic microfluidic cooling
technology (see CHAPTER 4), on the other hand, exhibits the smallest form factor
and best thermal performance but has integration complexities that may impose
manufacturing challenges. For example, monolithic integration of microfluidics
requires post-processing of a CMOS wafer for etching, capping, and sealing
microfluidics; these steps introduce a number of challenges, in particular reducing
silicon volume and thus increasing warpage, exposing the fully processed wafer to
high power plasma, and bonding silicon layers through applying a large mechanical
force. As an alternative, a novel metal additive manufacturing technology is
developed in this thesis as a key enabler for fabricating a metallic microfluidic

heatsink at the die and wafer levels.
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Table 7. Cooling solutions

— -

Technology Cold-plate heatsink Additively integrated heatsink Monolithic silicon heatsink

Form Factor Large
TIM Layer Yes
Pressure-

drop

Heat
Dissipation

Silicon Partially etched
Substrate

Warpage Maybe large

Table 7 compares three cooling solutions and highlights the benefits of the
3D printed metal heatsink. Using additive microfabrication technology, a novel

manufacturing method is envisioned to address the following issues:

e Thermal-Interface-Material (TIM): To ensure having a proper thermal
contact (without an air-gap) between the silicon die and a heatsink, a TIM
layer is applied; however, this TIM largely increases thermal resistance and

therefore, eliminating the TIM layer is highly beneficial

e Silicon Etching: deep silicon etching of known-good dice is a high-risk
procedure that exposes fully-processed CMOS dice to high-power plasmas.
Thus, a manufacturing scheme that does not require silicon etching could
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significantly reduce manufacturing barriers for integrating microfluidic

heatsinks.

e Warpage and Reliability: minimizing warpage due to a thinned silicon die

that results from the deep silicon etching step is beneficial

Additive microfabrication could potentially mitigate all the above
manufacturing issues while addressing other fundamental shortcomings of
subtractive manufacturing schemes. For example, the building of sophisticated
geometries and hollow objects using subtractive fabrication techniques (e.g. CNC
machining) faces intrinsic restrictions including inaccessible construction planes
[115]. The restrictions with subtractive manufacturing techniques, however, are the
driving motivation behind the development of additive manufacturing schemes [116]
that enable the fabrication of complex structures, even with multiple materials
involved (i.e., two or more types of polymers). Currently, rapid prototyping and low
volume production are considered as mainstream for 3D printing technologies as they
offer flexible and relatively quick manufacturing with reasonable total cost of
ownership [117]. However, these advantages are limited by the range of materials
that can be implemented in additive fabrication [118]. For instance, metals are often
materials of interest for many applications but they are challenging to precisely
deposit layer by layer in constructing a 3D structure [119] due to the high melting
temperatures required both for the deposition itself and for the bonding between
deposited adjacent layers. Nonetheless, commercially available metal 3D printers rely
on a form of high temperature metal processing technique which is based on pulsed-

laser sintering and heat confinement within the area of the laser spot [120] where
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the metal locally melts and solidifies to form fused layers [121] (i.e. direct-metal-
laser-sintering (DMLS) process). These printers exhibit macro-scale capability
(minimum feature sizes in the order of millimeters [122]) and have found a wide
range of applications in defense and aerospace industries (e.g. for making aircraft
parts such as titanium jet-turbine blades [123]). Nonetheless, the need for additively
microfabricating metal structures in different domains (e.g. MEMS and cell-probing)
motivates the development of novel 3D printing technologies. However, it is non-
trivial to construct microdevices based on high temperature material processing
techniques. To address this issue, low melting temperature metals such as gallium
alloys could be employed to decrease process temperatures, hence enabling 3D
printing of metal features with smaller dimensions [124] but this technique is
material limited. To achieve micron-scale feature sizes, another approach employs a
laser beam for localizing electrophoretic deposition through the trapping, confining,
and stacking of metal nano-particles that are suspended within a liquid solution
[125], [126]. Unlike these 3D printing techniques that rely on a form of physical
deposition techniques, localized electrochemical deposition was shown to be a feasible
approach for metal processing with nano-scale precision at room temperature [127].
This 3D printing scheme relies on electrodeposition confinement within a droplet of
an aqueous electrolytic solution that is precisely dispensed through a nano-pipet to
an area where the metal deposition is confined [128], [129] [130], [131]. Since this
technique primarily relies on a pico-liter meniscus of a liquid electrolyte, it is
challenging to control against evaporation [132], capillary forces [133], and the
adverse effect of a surface hydrophobicity profile [133] but very fine feature sizes are

impressively demonstrated. Moreover, the meniscus of the electrolyte solution has a
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large surface area to volume ratio that amplifies the negative impact of ambient
evaporation. Therefore, the water content of the electrolyte rapidly decreases [132],
which not only causes a higher ion concentration at the interface of the meniscus
[134] (hence different electrodeposition rate [132]) but also results in frequent
clogging of the nano-pipet’s opening [128]. To minimize the effect of ambient
evaporation, environmental humidity is significantly raised in the printing chamber;
however, a high humid environment could accelerate the oxidation of 3D printed Cu
features and it is possible that the reported high Cu electrical resistivity (68 pf2-cm
[131], 39 pQ2-cm [130]) seen in some publications is due to possible oxidation in this
humid environment. Table 8 summarizes all micron-scale additive microfabrication

techniques reported in open literature for Cu.

Table 8. Comparing different metal 3D printing techniques

Printing Confirmed Electrical Feature  Deposition
Technology Material Resistivity Size Method
Technique Challenge ~ Composition Range
This work Electro-brush Dendrite Copper 6.34 pQ-cm ~200 um Electro-
plating Buildup (EDS) chemical
FluidFM[135] Dispensing Precision Not Reported Not Reported 100 nm- Electro-
Ions in pumping[1 1 um chemical
Liquid 36]
Meniscus- Dispensing Pipet Not Reported ~ 5.3datanotshown 11297 100 nm- Electro-
Confinement Aqueous Clogging 39 [130], and 63.6 10 pm chemical
Electrolyte [128] [131] pQ-cm
[129]
Assisted Laser Annealed Porosity Copper 17.4 pQ-cm[137] ~20 pm Physical
Sintering Ink- Ink-Jet (XRD)
Jet Printing
Electroless- Laser assisted Porosity Copper 12.9 pQ-cm[138] ~250 pm Physical
Plating photo (XRD)
Enhanced reduction
LIFT
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The work presented in this chapter, demonstrates the early success from a
metal additive microfabrication technology that 1) is non-submersing approach, 2)
is less sensitive to ambient humidity (based on preliminary observations), 3) employs
dispense-free localized electrochemical deposition using electro-brush plating, and 4)
exhibits 3D printed Cu with reasonable electrical resistivity (6.34 p€2-cm) which is
an important figure of merit for many electronic and thermal applications. The
simplicity of demonstrated printing technique allows the realization of a multi-tip
printing architecture which is a practical approach for parallel 3D printing, hence

enabling additive batch microfabrication concept.

The presented 3D printing technology can be complementary to conventional
microfabrication technologies particularly when high-aspect ratio metal structures
are needed. Especially for the demonstrated micropillars, in the area of monolithic
microfluidic cooling, integration of structures on the back side of high-power chips
could be performed without the need for cleanroom processing. Additive
microfabrication of Cu pillars at proper dimensions (100 to 200 pm diameter and 5:1
aspect ratio) is well-suited for integrated microfluidic cooling of electronics since no
high-risk subtracting post-processing steps (e.g. plasma etching) need to be
performed on a known-good electronic chip [103]. Moreover, the demonstrated tall
Cu pillars (1.3 mm) enables larger cooling microfluidic cavities than what is possible
to achieve with a 500 pm thick silicon substrate (300 to 400 pm tall cavity), hence
resulting in a lower fluid pressure drop (8 times) as the modeling simulation shows
in Figure 62 (for both cases, all parameters including friction coefficient, micropillar
density, etc. are the same except for the channel height). The lower pressure drop

results in the higher reliability (the lower risk of fluid leakage), the smaller circulation
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pump, and the higher power dissipation performance. Thus, the presented metal 3D
printing technology not only lowers the manufacturing barriers for integration of
microfluidics but also improves thermal performance and addresses system level

integration challenges.
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Figure 62 — Simulation of pressure drop in 1 mm and 500 pm tall
microfluidic heatsinks.

In this chapter, we present the design of a feedback-driven micron-scale metal
3D printer in addition to a successful proof-of-concept demonstration of 3D printed
Cu pillars at the micron-scale. The presented technology is a novel variant of
localized electrodeposition-based 3D printing that enables additive manufacturing of
200 pm and potentially larger feature sizes. The size of the 3D printed features is a
proper fit for thermal applications, which are envisioned to be a major use for the
demonstrated technology. Moreover, the electrical and mechanical properties of the

3D printed Cu features (i.e. micropillars) are also characterized.
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Figure 63 — Schematic of the 3D printer nozzle.

5.1 Basics of Operation:

5.1.1 Localization and Feedback Driven Electrodeposition

To enable localized electrodeposition, we use an electrolyte-containing
medium (i.e. the printing-tip) to electroplate layers of Cu only within the area where
the tip makes contact with the substrate, as illustrated in Figure 63. To form this
ionic conductive medium, a commercial electro-brush plating pen plater is used to
absorb an aqueous solution containing Cu(II) sulfate pentahydrate (CuSO, - 5H20).
As such, Cu®" species within the electrolyte are reduced at the substrate surface
(cathode) upon application of an electric field (Fu,) between the anode above the tip
and the cathode, hence forming solid Cu layers. The Fj, is created through applying
a potential and results in a Faradic electrodeposition current, 7, flowing from the
anode electrode (i.e. positive polarity), via the electrolyte-containing tip towards the
substrate, which is biased to a negative polarity. This performs an oxidation at the

anode and electrodeposition on the substrate as is illustrated in Figure 63—the
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electro-brush plating mechanism for different metals and materials is extensively
documented in the literature [139], [140], [141], [142], [143], [144] and details of
various processes involved in electrochemical deposition are well studied in prior

offorts [145], [146], [147], [148].

5.0kV 12.0mm x30 SE(M) 13.0kV 10.9mm x70 SE(M)

SR G DO IR I T

18.0kV 12.0mm X35 SE(M) 1.00mm

13.0kV 10.9mm x70 SE(M) 500um

Figure 64 — (a) Side-view SEM image of 3D printed Cu pillars in 2x2
array. (b) Side-view SEM image of multi-height 3D printed Cu pillars.
(c)-(d) SEM image of Cu pillar with 7:1 aspect-ratio.

The use of electro-brush plating enables localized electrodeposition without
the need to submerse the substrate in a liquid electrolyte. When the tip forms an

electrical contact with the substrate, cupric ions are reduced only within this region
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of contact; using this approach, Cu growth above the substrate can occur as the tip
is gradually raised during electrodeposition. To demonstrate this approach, Cu
micropillars, which can be used for various electronic applications including
microfluidic cooling [111], of various heights were printed. Side-view SEM image of
Figure 64(a) shows multi-height Cu micropillars of 230 pm diameter in an array with
approximately 2.5 mm pitch; height ranges from 300 pm to 1.4 mm. Figure 64(b),
Figure 64(c), and Figure 64(d) illustrate high magnification SEM images of 3D

printed features.

5.1.2 Details of System Configuration

These Cu micropillars are printed with a relatively inexpensive in-house
developed hardware system (see Figure 65(a)) that contains all functions required
for the presented additive microfabrication technology including precision linear
stage, printing-head, and a feedback control loop. The precision linear stage with
micropositioning capabilities is required throughout the process; printing micropillars
requires steady and continuous mechanical movement at a very low speed— order
of microns per minute. A high-resolution 16-bit position encoder and precision
mechanical mechanisms are utilized to enable moving the printing-head linearly in
the z-direction with a resolution to 33.5 nm while the substrate is independently
actuated in the x-y plane (see Figure 65(b))— all the employed parts for building
this setup including screws, servo motors, ICs, sensors, etc. are purchased as off-the-

shelf commercial components.
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Figure 65 — (a) In-house developed 3D Printer. (b) Printer stage and

the nozzle tip.
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Figure 66 — (a) cross-sectional schematic of the printing-head. (b)
Printing-tip

As the printing-head moves at a constant speed, the electrolyte reaches the
tip through capillary action from an internal reservoir that contains the aqueous

solution of CuSO,-5H,0. Figure 66(a) illustrates details of the printing-head
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structure and the reservoir where the tail of the printing-tip is inserted. This design
allows and forms a medium that maintains electrolyte throughout the printing

process and reducing the adverse effect of evaporation through capillary action.

As shown in Figure 67, the employed electro-brush pen plater (composed of
20 pm thick ultra-fine cotton fibers) has an approximately 175 pm wide tip which
localizes electrodeposition in a region close to the diameter of the printing-tip; tip
diameter of other specimens varies and up to 320 pm. Thus, the expected diameter
of the printed micropillars is approximately similar to the diameter of the tip. Figure

68(a) shows the printed micropillars’ diameters from 4 different experiments.

Figure 67 — SEM image of the printing-tip dimensions.

The difference between each of the experiments is the use of a new printing-
tip to decouple a possible effect from a used tip of previous experiments on printed
features. Table 9 shows relevant yield data of the printed micropillars; the dimensions

of all printed micropillars are SEM imaged and measured. From the data, it is found
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that the average micropillar diameter is approximately 40 to 50 pm larger than the

printing-tip diameter.
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Figure 68 — (a) Diameters of 3D printed pillars per experiments. (b)

Current drop vs distance from the anode connection.

Table 9. Result of the diameter characterization of 3D printed

micropillars
Sample# Number of Average Standard Average Tip Diameter
Micropillars Diameter Deviation
1 10 253.67 um 26.95 um 213 pm
2 9 228.55 um 38.43 um 175 um
3 203.93 um 16.39 um 148 um
4 11 362.73 um 8.29 um 320 pm

As shown in Figure 68(b), through a control experiment, i; is measured to
rapidly drop as distance increases and therefore, the anode electrode needs to be

positioned as close as possible to the tip to minimize electrical losses; this relates to
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the ionic conductivity of the medium and higher equivalent electrical resistance
further away from the anode. The anode-to-tip resistance determines the minimum
required potential, V., for creating FEy, To find V., cyclic voltammetry (CV)
characterization of the electroplating medium is conducted, and the threshold voltage
is measured to be approximately 0.35 V as shown in Figure 69(a). This implies that

the electrodeposition occurs above a threshold of 0.35 V which corresponds to a

minimum Faradic current.
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Figure 69 — (a) Cyclic voltammetry of electroplating medium. (b) Result
of experiments for different z-axis speeds and electroplating current.

Generally, all variants of localized electrodeposition-based 3D printing
technologies (e.g., meniscus confinement) demand a feedback loop to control and
stabilize the printing process; the electronic feedback from the electroplating current
and voltage drop across the electroplating circuit are the only possible parameters

that could be monitored for the regulation of the electrodeposition rate (similar to
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bulk electroplating but at different precision). To implement the required electronic
feedback loop, an instrument amplifier converts the measured 4, to an electric
voltage (as indicated by node & in Figure 70) that is monitored and compared against
a threshold value; this indicator is a measure to stop the tip while substrate surface
is detected. Once the measured i becomes non-zero (greater than a minimum
threshold), the z-axis stops to avoid excessive force and consequent tip deformation.
This measurement is critical as the tip is formed using a relatively soft material
(cotton fibers) and it could be mechanically deformed by up to 3.6 mm (tip’s
compliance is approximately 0.5 mm/N) if excessive force is applied by the servo-
motor’s maximum torque. Upon detecting the substrate, a buffer amplifier samples
the voltage-drop on the tip, Vi, that represents the contact resistance and compares
it with a digital reference value. This reference value is an average measured of Vi,
from 15 substrate detection control experiments. A change in contact resistance
reflects contact area variation per experiment (all other process parameters are kept
unchanged in each experiment), and therefore the sampled Vi, upon detecting the
substrate represents this variation. The standard deviation of measured Vy;, is found
to be +10% of the reference value. Thus, the 4y, is linearly adjusted within +10% of
an electroplating current setpoint to account for a contact area variation. This
feedback loop ensures that i, is regulated and stabilized per experiment by
considering contact area variations. It is important to note that the voltage source
is disconnected right after sampling the contact resistance in order to prevent any

unwanted electrodeposition while the tip is idle on the substrate.
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Figure 70 — Schematic diagram of the presented metal 3D printer.

Figure 71 — Cu buildup into the printing-tip.

Electrodeposition rate and speed of the axis motion are two major parameters
that primarily determine the outcome of the 3D printing process. Specifically, there
were two failure modes that were observed: 1) excessive Cu buildup into the tip and
2) printing interruption. In order to mitigate Cu buildup inside the nozzle tip, the
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feedback-driven system continuously regulates i, based on Vj, variations. Despite
this feedback driven process, gradual Cu buildup inside the tip, as Figure 71, is
observed to occur frequently, which results in a short circuit between the anode and

the cathode electrodes; hence, measures are required to prevent such shorting.

In this work, it is found that the combination of reverse pulse plating (RPP)
and the use of the electroplating current feedback control loop when tuned
appropriately mitigate Cu buildup into the printing-tip. It is important to note that
a deposition rate higher than the z-axis travel speed will result, however, in a rapid
Cu buildup despite the use of RPP and the control feedback loop. In contrast, if the
deposition rate is slower than the z-axis travel speed, an interruption (i.e., a gap)
between the printing-tip and the contact area will occur, hence resulting in an open
circuit. Thus, it is essential to maintain 7, at an appropriate current-to-travel-speed
ratio (CSR). Through a design of experiments, various CSRs were experimentally
explored to identify most promising parameters. As shown in Figure 69(b), the data
points of cluster 1 all yielded an interruption failure. The travel speed and plating
current are set at very low rate resulting in an unsustainable printing process and a
consequent interruption. In contrast, data points in cluster 2 represent a condition
in which the printing-tip moves slowly in the z-axis relative to the Cu
electrodeposition growth, which results in Cu build-up into the tip. It is found that
the Cu buildup within the tip is most severe at slower travel speeds (i.e. lower left
data points in cluster 2) than at higher ones (i.e. upper right data points in cluster
2). Therefore, increasing the travel speed may potentially mitigate this problem;
however, an interruption in the electroplating may occur due to a faster z-axis

movement than the electrodeposition rate. Indeed, there is a narrow process window
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to achieve a balance between i, and z-axis travel speed, which is believed to be
dependent upon the printing-tip material composition and geometry (i.e., different
commercial brands might require different process parameters). Through
experiments, the process parameters of data points in cluster 3, results in achieving
continuous material deposition without experiencing an interruption nor a significant
Cu buildup inside the nozzle. All the presented successful 3D printed Cu micropillars
are based on the process parameters of cluster 3. It is noted that a further increase
in travel-speed despite increasing i;, unavoidably leads to interruption failure (cluster
4). Suitable mass deposition rate for faster growing micropillars, through the
experiments of cluster 4, is found to be limited at z-axis travel speeds; moving the z-

axis faster than a certain velocity will also cause interruption failure.

5.2 Characterization of 3D Printed Features

5.2.1 Material Composition

To evaluate the material composition of the printed features, an energy
dispersive X-ray spectroscopy (EDS) technique was used. The high-resolution SEM
image in Figure 72(a) shows grain-like texture of the printed Cu and pinpoints the
location of where the EDS measurement is performed. The highest energy count in
the spectrum corresponds to the Cu element as illustrated in Figure 72(b),
demonstrating that the pillar is mainly composed of Cu. The other smaller energy

peaks represent carbon and sulfur residues.
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Figure 72 — (a) High-resolution SEM image of Cu grain-like texture. (b)
EDS measurement from the deposited Cu.

Since the presented 3D printing scheme relies on electrochemical deposition,
this implies that even metal alloys [149] could be deposited via this technology and
therefore used for a variety of applications in which different material properties are
needed. In this work, Cu is the material of interest due to its high electrical
conductivity and low thermal resistance, hence making it a proper choice for many
thermal and electrical applications. For example, microfluidic cooling of high-power
dissipation ICs is commonly explored using silicon micropin-fins, which requires a
series of microfabrication steps, including deep silicon etching [111]. This approach
to microfluidic cooling, however, can be significantly simplified by replacing silicon-
based micropin-fins with the additive microfabricated copper micropillars reported
in this Ph.D. dissertation, as shown in the schematic of Figure 73; the thermal
performance of such a microfluidic cooling system is expected to improve as Cu has
a thermal conductivity three times larger than that of silicon [150] and making tall

micropin-fins can improve thermal resistance and significantly reduce pressure drop.
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Figure 73 — Schematic of additively microfabricated Cu micropin-fins for
integrated microfluidic based heatsinks.

5.2.2  FElectrical Properties

The electrical properties of the 3D printed pillars, which includes DC
resistance and current-carrying-capacity (CCC), are characterized by pumping
electrical current (I) through the pillar from 10 mA to 100 mA. Simultaneously, the
voltage-drop (V) across the pillar is measured using a 4-point Kelvin method and
the results are shown in Figure 74. The measured I-V curve of the device-under-test
(DUT) exhibits a linear behavior at all currents. This implies that the achievable
CCC for the DUT is at least 100 mA (3.18 MA/m? current density given 200 pm
diameter for the DUT) since the voltage drop stays in a linear regime. Table 10
shows the measured electrical resistance (R) of a few micropillars (DUTs) along with
their dimensions (see Figure 75) and extracted Cu resistivity. The average electrical
resistivity of Cu is 6.34+1 pQ-cm, which is higher than that of bulk Cu (1.67 nQ-
cm) but falls within the range of reported electroplated Cu resistivity values in the

literature, as shown in Table 11.
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Figure 74 — I-V measurement conducted on the 3D printed micropillar.
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Table 10 Electrical resistance measurement and extraction of Cu

resistivity
DUT# Measured Diameter [ um]  Height [ um]  Resistivity [ pQ-cm]
Resistance [mQ]
1 0.88 291 913 6.41
2 0.49 265 512 5.28
3 0.71 255 494 7.34

5.2.8 Mechanical Characteristics

The mechanical properties of the printed Cu layer are studied by
characterizing hardness (H) and Young’s modulus (E). The reduced Young’s
modulus (£,) and H for the sample are measured using a nano-indentation tool. The
indentation tool is firstly calibrated with a known reference material (quartz) in
order to parametrize an area function that models a Berkovich indenter tip while
simultaneously compensating for thermal drift to achieve higher accuracy [151].
Next, the surface of the sample is loaded with a perpendicular force that ramps up
to 7000 pN in 5 seconds in order to generate a loading-unloading vs. displacement
curve as shown in Figure 76(a). H and FE, are both extracted from the unloading
curve by the tool’s software, as shown in Figure 76(b), and Figure 76(c), respectively.
E, however, is calculated to be approximately 71.54 GPa using the method discussed
by W. Oliver et al. [160] from the average measured F, (80.89 GPa), assuming that

the Cu Poisson's ratio is 0.34 [161].
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Figure 76 — (a) Nanoindentation load vs. displacement curve. (b)
Extracted hardness vs. displacement for multiple measurements. (c)
Extracted reduced Young’s modulus (E;) vs. displacement from

unloading curve for multiple measurements.

The measured FE is relatively close to the average reported value in the

literature (see Table 11) for Cu electroplated via pulse-plating and RPP. The

characterization results summarized in Table 11 imply that the localized

electroplating technique employed in this 3D printing technology yields metal films

that are comparable to conventional electroplating.

Table 11 Characterization results compared with reported

measurements in literature

Characteristic Measured Value Reported in Literature
Cu Resistivity 6.34 pnQ-cm 1.6 to 68 pQ-cm [152] [96] [131]
Young’s Modulus 71.54 GPa 73 to 115 GPa [153] [154] [155][156]

Cu Hardness 2.758 GPa 1to 3.7 GPa[157] [158] [159]
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5.3 Scalability of Density: Considerations

For thermal applications, a heatsink based on a denser array of 3D printed
Cu micropillars is expected to exhibit better thermal attributes as the surface area
increases proportionally with the micropillar density. Since the pitch of micropillars
determines density, achieving a smaller pitch is beneficial. As shown in Figure 77 ,
the tip geometry impacts the pitch; choosing a smaller o allows a tighter pitch as
the printing-tip could operate at a closer proximity to a printed pillar without
damaging it or coming into contact with it. From Figure 77, it is noted that a tighter
pitch could also be achieved for a given « if shorter micropillars are 3D printed (i.e.,
smaller aspect-ratios—2:1 vs. 7:1). This simply implies that the pitch is an inverse

function of the micropillar’s height.

-A-Diameter = 100um Aspect Ratio = 7
-A-Diameter = 200um Aspect Ratio = 7
-©-Diameter = 100um Aspect Ratio =2
—-©-Diameter = 200um Aspect Ratio = 2

« [degree]

Figure 77 — Simulated pitch of 3D printed micropillars vs. tip geometry

From the SEM image of Figure 67, the o is measured to be approximately 50
to 55° for the employed electro-brush. Given the measured o, through geometry
modeling, the plot in Figure 78 estimates that the smallest achievable pitch is 350
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pm for 100 pm tall micropillars. As the micropillars are 3D printed taller, the
minimum achievable pitch becomes coarser; the pitch is approximately 2 mm for the
tallest micropillars (1.3 mm) demonstrated in Figure 64. This pitch-to-height
dependency imposes two possible scenarios for the additive manufacturing of

integrated microfluidic heatinks using the presented 3D printer:

1) A heatsink based on fine pitch and short Cu micropin-fins (which is

comparable to monolithic silicon heatsinks).

2) A heatsink based on coarse pitch and tall Cu micropin-fins (which is

comparable to commercial high-performance pinfin cold-plates [162] as shown in

Figure 79).
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Figure 78 — Simulated pitch of 3D printed pillars vs. height of

micropillar

Each of the abovementioned manufacturing scenarios that can potentially be

implemented with the current capability of the 3D printer eliminates the need for a
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TIM layer (unlike the cold-plate technology that requires a TIM layer). Therefore, a
lower thermal resistance and better heatsink performance could be achieved.
However, the necessary conductive layer that is initially formed on the silicon die
(i.e., Ti adhesion layer and Cu seed-layer) creates multiple interfaces that could
possibly impact the thermal resistance. Further investigation is necessary to evaluate

these effects.

3.2mm

10.2 mm

Figure 79 — Cross-section image of a commercial pinfin cold-plate [162].

5.4 Conclusion

In summary, we presented a proof-of-concept demonstration of a metal 3D
printing technology that exploits localized electrodeposition for the additive
manufacturing of Cu micropillars. Unlike conventional 3D printers that employ a
laser beam for sintering or use a form of a dispensing nozzle either for the deposition
of a material or the dispensing of a precursor (i.e. electrolyte), the technology
demonstrated in this chapter utilizes a dispense-free mechanism for material
deposition through an electro-brush plating technique. Using this technology, Cu

micropillars are additively microfabricated with an average diameter of
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approximately 200 pm and a height of 100 pm to 1.4 mm. Moreover, material
composition of the printed pillars is analyzed and demonstrated to be almost entriely
Cu. Mechanical and electrical properties of 3D printed Cu are characterized and
compared against reported values in the literature. It is demonstrated that the
material properties achieved by this technology are comparable to that of

electroplated Cu.
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CHAPTER 6. TECHNOLOGY TREND AND FUTURE

WORKS

6.1 Additive Manufacturing and Future Applications: Electronic
Packaging

Unlike conventional manufacturing processes, the cost of additively
manufactured parts is insignificantly influenced by the structural complexity of the
printed product or by the volume of production, making the 3D printing technology
a viable solution for rapid prototyping and low volume production. These advantages
establish additive fabrication as the chosen technology for the future of many
different applications in industries such as aerospace, defense, and so forth. However,
the fundamental limitations for high-precision, micron-scale 3D printing of non-
polymeric materials make additive manufacturing challenging and even an
inapplicable approach in the microelectronics industry. Nonetheless, continuous
research in this field has led to the development of ink-jet printing of passives (e.g.,
in-package antennas and inductors) to address the need for incorporating metals into
future printed electronics. Despite these recent advancements, subtractive
microfabrication techniques are yet the only feasible path to process metals for
building on-chip and in-package interconnects. Thus, the ongoing research and
development efforts are primarily focused on improving production yield and scaling
conventional microfabrication technologies. These manufacturing schemes, however,
are essentially developed for building 2D microdevices and are challenging to employ

for constructing 3D microstructures. For instance, complex fabrication processes such
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as silicon etching, seed-layer deposition, electrochemical deposition, CMP, and so on
are required to implement vertical interconnections (e.g. TSVs) for the 3D
integration of electronics while all these microfabrication processes are specifically
developed for 2D platforms. To address this issue, we envision utilizing 3D printing
technology— that is primarily developed for making 3D structures— for constructing
lateral and vertical interconnects for both 2D and 3D electronic applications (see
Figure 80(a)). Furthermore, through-mold-vias could be implemented using the Cu
3D printing technique (see Figure 80(b)) for emerging stacked multi-chip FOWLP
technology by allowing to vertically interconnect the top die to the package through

the additive microfabrication of high aspect-ratio copper pillars.

(a) Subtractive Microfabrication (b) Additive Microfabrication

R :;-M' 2

- “
L ELU L S CT

Sequential 3D stacked ICs enabled by 1) 3D printing of Cu 2) Overcasting with a 3) Removing the

submicron TSV technology micropillars on carrier polymer carrier
substrate

Figure 80 — (a) Microfabricated TSV through subtractive techniques.
(b) Envisioned microfabrication of TSVs using the proposed 3D Printing
technology.
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6.2 Metal 3D Printing: Improving the Technology

6.2.1 Scaling Printing-Tip: Trimming Dimensions

As discussed in section 5.3, the pillar dimensions primarily depend on the
printing-tip geometry. Thus, trimming the printing-tip dimensions could be a viable
solution for achieving finer pillar diameter and pitch. For instance, the printing of
200 pm diameter pillars with 500 pm pitch is achievable if the tip diameter is
approximately smaller than 500 pm as illustrated in schematic Figure 81. However,
it could be challenging to modify the tip geometry due to its material composition

(organic fibers).

modified tip dimensions

+—>

Resulting Scaled Pitch

Figure 81 — Envisioned a scaled electro-brush plating tip

The commercial electro-brushes are manufactured through hot-pressing

organic fibers in a mold. Thus, a finer tip could potentially be manufactured using a

108



custom-made mold; the mold will require aggressive dimensions which could be
achieved by micro-machining techniques and silicon processing technologies.
Moreover, laser trimming of the brush is another possible solution that could be
implemented by exposing the brush tip to high energy laser pulses using a CO, laser
micro-machining tool. This technique could be invasive and precision control is
necessary since the organic fibers could violently burn due to the thermal energy of

the laser beam.

6.2.2  Parallel Printing

The presented nozzle structure in Figure 63 is actuation-free and it only
consists of two components which allows for the realization of a multi-tip nozzle
architecture, enabling the concept of parallel 3D printing for mass manufacturing.
The envisioned multi-tip design will consist of an ASIC chip that allows for the
independent control of each individual tip. Thus, each tip resembles a pixel in an
array that could be turned on/off for selective metal deposition and hence create a
pattern. The tips will directly be built on top of the ASIC die per each pixel. The
ASIC chip receives serial data from a microprocessor and multiplexes the data over
the pixels accordingly. Moreover, the chip monitors the voltage drop over each pixel
in order to regulate electroplating current density. This feedback control loop locally
equalizes the metal deposition rate for each tip, ensuring that the pattern of interest

is being 3D printed without dead pixels.
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