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SUMMARY

For decades, advances in device scaling has proven to be critical in improv-
ing the performance and productivity of 2D systems. In this thesis, we explore how
advances in technology have pushed functional integration to such a high-level that
interconnection and packaging issues represent real barriers to further progress. While
three-dimensional (3D) integration offers to be a potential contender to overcome the
barriers of increased energy consumption due to interconnects and bandwidth lim-
itations, there are certain challenges that must be overcome before systems can be
successfully stacked. Cooling and power delivery are among these key challenges in
the integration of high performance 3D ICs. To address these challenges, microchan-
nel heat sinks for inter-stratum cooling and through-silicon vias (TSVs) for signaling
and power delivery between stacked ICs were explored. Novel integration schemes to
integrate these fluidic and electrical interconnects in conventional CMOS processes
were also explored. Compact physical modeling was utilized to understand the trade-
offs involved in the integration of electrical and microfluidic interconnects in a 3D IC
stack. These concepts were demonstrated experimentally by showing different CMOS
compatible methods of fabricating microchannels and integration of high aspect ratio
(~20:1) and high density (200,000/cm?) electrical TSVs in the fins of the microchan-
nels for signaling and power delivery. A novel mesh process for bottom up plating of
high aspect ratio TSVs is also shown in this work. Fluidic reliability measurements
are shown to demonstrate the feasibility of this technology. This work also demon-
strates the design and fabrication of a 3D testbed which consists of a 2 chip stack
with microchannel cooling on each level. Preliminary testing of the stack along with

interlayer electro-fluidic 1/Os has also been demonstrated.



CHAPTER 1

INTRODUCTION

The rapid growth and transformation of the electronics industry is based on the
evolution of integrated circuit (IC) technology to provide improvements in cost per
function, size, and performance. Gordon Moore, in 1965, observed that the total
number of devices (per unit area) on a chip doubled every 12 months [64]. He pre-
dicted that this trend will continue in the 70’s, but will slow in the 80’s, where the
total number of devices will double every 24 months [63]. His empirical observation
is called Moore’s Law. A graph indicating the transistor count per die over the

years is shown in Figure 1.

Moore’s Law - 2005

Transistors

Htanium™ 2 Processor
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@ Microprocessor
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Source: Intel

Figure 1: Transistor count over technology generations as predicted by Moore’s Law
32].

In 1974, Robert Dennard and his team reported the mathematical insight into
the optimal way to scale transistors for generations to come. The scaling principles
described by Dennard were quickly adopted by the semiconductor industry as the road
map for providing systematic and predictable transistor improvements [9]. Dennard’s

paper summarized the transistor or circuit performance changes under ideal scaling



Table 1: Scaling Results for Circuit Performance [23].

Device or Circuit Performance | Scaling Factor
Device dimension t,,, L, W 1/k
Doping concentration N4 K
Voltage V 1/k
Current 1/k
Capacitance €A/t 1/k
Delay time CV/I 1/k
Power dissipation C'V? 1/k?
Power density VI/A 1

conditions, where k is unit less scaling factor, as shown in Table 1. If all dimensions,
voltages, and doping levels were scaled by x, the circuit delay was decreased by s and
the power /circuit decreased by x?. Further, the power/unit area of silicon remained
constant. As a result, as the device size reduced, transistors switched faster and
consumed lesser power.

Despite the several advantages offered by scaling, the physical limits of silicon
devices and interconnects are fast approaching. Several secondary effects that were
neglected earlier, now pose a serious threat to system performance. The following

sections cover the challenges and possible solutions to combat these issues.

1.1 Issues with Dewvice Scaling

A central CMOS scaling problem is managing the conflicting requirements of reducing
the transistor area, the dynamic power, and the off-state power consumption, while
increasing the circuit performance [69]. Below are some critical issues that need to

be addressed at the transistor level to improve system-level performance [5, 47]:

1. The aggressive scaling of gate oxide has forced it to reach thicknesses in the order
of a few atomic layers. This has resulted in an increase in the gate tunneling

current, leading to large leakage and consequently heat generation.



2. The reduction in threshold voltage, Vi, increases the device off current. As de-
vices scale down, leakage power has a larger share in the total power consumed.
Figure 2 details the increasing contribution of passive power to the total power.
As seen, it accounts for around 5%-10% of power budget at 180nm, 20%-25%

at 130nm and 35%-60% at 65nm.

3. As the FET channel length is scaled below a critical value, the subthreshold
power rolls up exponentially. This reduces the transistor current drive and

switching speed.

4. As devices scale down, the control of critical dimensions becomes difficult and
tolerance demands increase. This in turn affects the manufacturing yield and

cost of production.

1000
& 100 - /”’f
E Active ; /
s 1 Power
— |
g 1 - /
a Passwe/" [
a
Y Power .
3 .
- 0.01 g Gate | paka_g_&
1994 ————— 2005
0.001
1 0.1 0.01

Gate Length (microns)

Figure 2: Contribution of passive power to the total power [17].

In order to combat the issues with device scaling, a number of new technologies
have evolved to keep device scaling on track as predicted by Moore‘s law. Mobility en-
hancement techniques such as stress engineering have been attractive for performance
enhancements beyond those derived from pure scaling. These include strained-silicon

growth, use of SiGe source drains [62, 9], and dual-stress liner [66]. However, most



Table 2: Scaling of interconnects [23].

Parameter Scaling Factor
Line resistance, RL=pL/W, K
Normalized voltage drop, IRL/V K
Line response time, RLC 1
Line current density, 1/A K

of the stress elements utilized since 90nm node are geometry dependent and do not
scale well with shrinking pitch. In 2007, high-k dielectrics and metal gates in MOS-
FETSs replaced the SiO, dielectric and polysilicon gates [61]. This provided more than
20% improvement in transistor switching speed and reduced transistor gate leakage
by more than tenfold [1]. However, additional enhancements beyond high-k /metal
gate technology will be needed to further augment gate length scaling and to provide
sufficient short-channel control. In spite of improvements in materials and processes,
transistors have already reached nanoscale dimensions, and given the aggressive pace
of Moore‘s law it seems possible that transistors may hit physical scaling limits within

the next ten years [69].

1.2 On-chip Interconnect Scaling Implications

To meet the demands of a technology node, interconnect cross-sectional dimensions
are scaled at the same rate as gate dimensions. The scaling of interconnects as de-
scribed by Dennard is seen in Table 2. In contrast to scaled transistors that improve
performance and reduce cost, scaled interconnects increase latency and energy dissi-
pation leading to performance degradation [60]. As a result, the performance of an
IC is increasingly being limited by the on-chip interconnects rather than transistors.

These constraints have been addressed by adding more metal layers, changing to
interconnect materials that are more conductive (such as Cu), and using low-k di-

electrics to reduce resistance and capacitance per unit length, which in turn improves



interconnect speed. However, the ITRS low-k dielectric roadmap implementation has
been delayed due to several technical challenges. In addition, Cu resistivity increases
with continued scaling due to grain boundary and interface electron scattering [4].
Clearly, delay caused by interconnects is no longer negligible and interconnect per-
formance plays a big role in the overall system performance, seen in Figure 3.
Furthermore, signal integrity issues due to scaling increase as cross talk noise
between the interconnects increases as shown in [81]. Scaling also adversely affects
reliability of interconnects due to electromigration issues. For the same current den-
sity, the electromigration performance is expected to degrade with scaling due to the

increased relative importance of Cu-interface effects [58].

10 . :
Local Delay (scaled)
—~— Global with Repeaters
—— Global w/o Repeaters
10"t |—*—Gate Delay (FO4)

Relative Delay

10250 180 130 90 65 4532

Process Technology Node (nm)

Figure 3: Comparison of delay due to gate and interconnects [4].

1.3 Progress in Ancillary Technologies

So far, scaling and its implications on system performance based on monolithic na-
noelectronic silicon technology which includes devices and on-chip interconnects were
discussed. However, the total system performance also depends on ancillary support-
ing technologies such as power delivery system, heat removal, and off chip signaling.

Figure 4 highlights current silicon ancillary technologies.



Heat sink Heat sink

Power Power

Figure 4: Current ancillary technologies for Silicon [6].

The progress of silicon technology beyond the 45nm node has been a great chal-
lenge. This is because the performance of systems has struggled to reach the intrinsic
limits of each particular generation of technology. A major reason for this failure is
that the capabilities of ancillary or supporting technologies, such as cooling, power
delivery, and signaling, that are significant for overall system performance have not
been explored at the same pace as the monolithic nanosilicon technology [5]. These
critical issues are described in detailed below.

Heat remowval challenges: Power dissipation has increased consistently over the

different generations of microprocessors as shown in Figure 5. In order to function
reliably, an adequate cooling solution is needed. Historically, air-cooling has been
used to remove the heat generated from high performance chips. However, as the fea-
ture size of a silicon transistor has been decreasing, the demand to attain a smaller
junction-to-ambient thermal resistance (Rj,) has resulted in the thermal I/O (heat
sink) to scale bigger. The lowest attainable thermal resistance from an air-cooled
heat sink, after using the best available materials for all the thermal interconnects
between the silicon die and the ambient, is approx. 0.5°C/W [5]. The ITRS roadmap
has projected that the Rj, requirement for cooling future high performance ICs will
be <0.2°C/W, which shows that the heat removal demands cannot be satisfied by

existing air-cooling solutions [4].

Power delivery: The primary objective of the power delivery network is to dis-

tribute power efficiently to all transistors on a chip while maintaining an acceptable
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Figure 5: Maximum power dissipation of several microprocessors [11].

level of power-supply noise. With increasing power dissipaiton and decreasing supply
voltage, the supply current has increased, reaching a value greater than 100A for some
microprocessors [5]. It is a challenge to efficiently deliver such high currents from an
off-chip DC-DC converter to transistors on the integrated circuit through parasitics
of the packaging and on-chip interconnects. The empirical acceptable power-supply
noise is typically 10% to 15% of the supply voltage. As supply voltage continues to
scale, logic circuits become increasingly sensitive to power-supply noise. FExcessive
supply noise can severely degrade the performance of the system by introducing gate
delay variation, logic failures, false switching, and signal integrity challenges [80].

Signaling: Another metric to improve the speed of modern day computing is the
increase in clock frequency. Clock frequencies peaked a few years ago and have re-
mained quite flat since then [51]. Chip designers realized that it is no longer worth the
cost in terms of power consumed and heat dissipated to increase the clock frequency.
Intel has termed this the speed/performance tradeoff and it is the motivation for
transitioning to multicore processors which integrate multiple cores onto a single chip
[70]. As the multicore processor performance improves, it requires higher bandwidth

and low-latency memory [35].



1.4 Three Dimensional System Integration

To keep up with ever increasing system integration demands, it is imperative that
developments in silicon ancillary technologies be accelerated. To this end, 3D system
integration ushers a new era of technology convergence between on-chip interconnects
and packaging [49]. 3D integration consists of stacking and vertically interconnecting
several layers of active circuits. 3D system integration is a strong candidate for
overcoming the barriers in interconnect scaling, thereby offering an opportunity to
continue performance improvements using CMOS technology by enabling increased
circuit functionality and new 3D architectures. 3D integration may be used either to
partition a single chip into multiple strata to reduce on-chip global interconnect length
[38] and/or to stack chips that are homogenous or heterogeneous. An example of 3D
stacking of homogenous chips is memory chips, while an example of heterogeneous
chip stacking is memory and multicore microprocessor chips [5].

Although 3D stacking has been used for low-power applications, high-performance
3D stacked microprocessors have not been feasible largely due to thermal and power
delivery challenges. The central idea behind this thesis is to address these challenges
and eventually demonstrate a practical and CMOS integrated solution for a stacked

system of high performance ICs.



CHAPTER 11

3D SYSTEM INTEGRATION REVIEW

The reduction of interconnect delay and power consumption are of paramount im-
portance for deep-sub-micron designs. 3D integration is an emerging technology that
can form highly integrated systems by vertically stacking and connecting various dis-
parate technologies, and functional components together [57]. The potential benefits
of 3D integration can vary depending on the approach. The following are the main
advantages of 3D system integration:

Interconnect wire length reduction: Technology scaling has proven to improve

microprocessor performance in terms of size and switching speed [21, 75]. However,
on the flip side, global interconnect wire delay is not synchronous with device scaling
(68, 59, 10, 76]. As the interconnect scaling continues, RC delay plays a more domi-
nant role in determining the system performance. Thus, interconnect delay is a severe
bottleneck to improving system performance. This leads to 3D ICs being a viable so-
lution. 3D ICs can be fabricated using short vertical interconnections called Through
Silicon Vias (TSVs), which are of the order of a few microns in length compared to
present global interconnects which are orders of magnitude higher. It has been shown
that when a 2D- SoC is converted to a 3D- SoC, wiring length of the global intercon-
nects reduces by a factor of the square root of the number of layers used [37]. With
3D integration, the circuit-to-circuit interconnect length reduces and the interconnect
density increases. Figure 6 below shows that when a 2D system-on-chip consisting
of several blocks is converted to a 3D system, the interconnect length between the

different blocks reduces from a few millimeters to a few microns. Reduction of wire



length due to 3D integration results in two major advantages [87]. (1) Latency im-
provement: This can be achieved by reducing the length of the average interconnect
and the critical path; (2) Power reduction: As seen in the previous chapter, the inter-
connect power consumption plays an increasingly significant role in the total power
consumed as scaling continues. The lengthy interconnections between chips are anal-
ogous to transmission lines that are prone to inductance and capacitance and noise
due to cross-talk between signals. Energy consumed in interconnect circuits is of the
order of 10-25 pJ per bit, due to the use of sophisticated processing techniques. In
contrast, 3D interconnects are shorter and simpler with lumped capacitance at the
end, that result in significantly lesser energy consumption (less than 1pJ per bit) [12].
Therefore, 3D integration technologies can provide high bandwidth at much lower

power and energy.

)
I 2D SoC
E D
™~
Bl ¢ Long Global
a wire
" block ,
shorter wire
/

Replaced by =
ey

Figure 6: Interconnect length reduction from 2D to 3D systems [29].

Memory Bandwidth Improvement: The rate of improvement in micropro-

cessor speed exceeds in comparison to DRAM memory. Due to this, the micropro-

cessor technology has increased in speed (with a rate of 60%/year), while the access

time to DRAM memory has only improved at 10% /year [14]. See Figure 7(a).
Hence computer designers are faced with a challenge due to the Processor - Mem-

ory Performance gap, which now is a major obstacle to improved computer system

10



performance, also termed as the memory wall problem. Due to the growing memory
access latencies, which is measured in processor cycles, a request that misses in the
cache, may require several cycles to satisfy. This leads to system speed being domi-
nated by memory performance. Thus, the problem is reducing the average memory
access time [71]. A large off- chip bandwidth is needed to reduce the latency of the
system which connects processor and memory in a system.

Relative

Performance
10000
B CPU Frequency

[ DRAM Speeds

1000

100

10

1980 1985 1990 1995 2000 2005
(a)

Memory

CPU

B

Figure 7: (a) Processor-memory mismatch causes system performance bottlenecks
2], and (b) Processor-memory stacking [51].

To reduce latency, the critical path also needs to be shortened. On a conventional
2D chip, the memory and logic units reside at the opposite ends. In comparison, a
3D chip can have logic and memory stacked together, which can significantly reduce
the critical path as shown in Figure 7(b) [51]. Furthermore, the bandwidth between

the CPU and DRAM improves dramatically with TSVs that can fetch hundreds to

11



thousands of bits at once. Power consumption also drops because the large capacitive

loads due to off-chip accesses are removed [53].

Heterogeneous Integration: 3D integration technologies can prove to be a fea-

sible and cost-effective approach for integrating heterogenous technologies to realize
future microprocessors targeted at the More than Moore technologies projected by
ITRS [87]. As 3D comprises of horizontal and vertical stacking, the different types of
components can be fabricated separately, and layers can be implemented with differ-
ent technologies. Some examples include digital CMOS, SiGe, RF BiCMOS, MEMS,
Silicon-on-insulator (SOI), and future silicon technology as illustrated in Figure 8 [15].
A major advantage is that the different technologies can be optimized independently
in terms of technology and specifications.
Sensor chip i ]
MM IC
Analog LEI
Control |C

© 1 iLegic IC ||
 Flash memory - | |

L DRAM

cPU

Interposer

Figure 8: Heterogeneous integration of systems [15].

Small Form factor: 3D systems also result in higher packing density and

smaller footprint due to the addition of a third dimension to the conventional two
dimensional layout, and potentially lowers the cost design. Thus, from the above
discussion, we can see that 3D integration has the ability to address the convergence
of Moore’s Law and more than Moore, and it offers a path for higher performance,

higher density, higher functionality, smaller form factor, and potential cost reduction.
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2.1 OQOwverview of available 3D Technologies

There are three categories of 3D stacking technologies, summarized in Figure 9: first,
technologies that do not require TSVs (Figure 9(a)-(c)); second, technologies that
do require TSVs (Figure 9(d)-(e)); and third, technologies that consist of monolithic
3D systems that make use of systems that make use of semiconductor crystallization
to form active levels that are vertically stacked (with on-chip interconnects possibly
between). A combination of all these technologies is possible [6].

Non-TSV Based 3D -===--ecmeccmmc e e e

Figure 9: Overview of 3D technologies [6].

2.1.1 Non-TSV based 3D technology

The non-TSV 3D systems consist of a wide range of integration methodologies. Fig-
ure 9(a) demonstrates the stacking of fully packaged dice. These systems typically
use solder balls to stack different subsystems (typically PCBs) containing individual
packaged dies and /or components. A wide variety of assembly techniques can be used
such as wire bonding, flip-chip, and underfill materials [22]. This is also defined as
3D System-in-Package (3D-SIP) and is realized by interconnecting traditional pins
of the die in the third dimension [7]. The available 3D-interconnectivity between two

layers is typically only 2-5/mm along the perimeter of the device or 4-9/mm? when
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area array packages are used [22]. Although this may offer the advantages of being
low cost, simplest to adopt, fastest to market, and modest form-factor reduction,
the overhead in interconnect length and low-density interconnects between the two
dice do not enable one to fully exploit the advantages of 3D integration [22]. Figure
9(b) illustrates the most common method to stack memory dice, which is based on
the use of wire bonds. Due to the adverse effect of wire bond length, low density,
and peripheral limited pad location for signaling and power delivery, this approach
is suitable for low-power and low-frequency chips. Figure 9(c) illustrates the use of
wireless signal interconnection between different levels using inductive coupling [34].
This approach is quite elegant for low-power chips that require high-data rate sig-
naling (without the need for TSVs). Power delivery, however, requires use of wire
bonds for top dice in the stack, which are not applicable for high-performance/power
chips. It is important to note that all non-TSV approaches rely on stacking at the
die/package level (die-on-wafer possible for inductive coupling and wire bond), and
thus do not utilize wafer-scale bonding. This may serve to impose limits on economic

gains from 3D integration due to cost of the serial assembly process.
2.1.2 TSV based 3D technology

Figure 9(d) shows bonding of dice with C4 bumps and TSVs. The key advantages
of TSV based 3D technology include the reduction in interconnect length and the
increase in interconnect density. As this technology is best suited for die-level bonding,
it faces the same economic issues described above. Figure 9(e) illustrates 3D stacking
based on thin-film bonding (metal-metal, oxide bonding or adhesive bonding). A
summary of the different bonding techniques available for 3D are as shown in the

Figure 10 [55].
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Figure 10: Various bonding techniques available for 3D [55].

2.1.3 Monolithic 3D Approach

Monolithic 3D techniques are based on a purely semiconductor manufacturing (non-
packaging) approach to 3D integration. This approach involves sequential device
process. The frontend processing (to build the device layer) is repeated on a single
wafer to build multiple active device layers before the backend processing builds inter-
connects among devices. The main enabler to this approach is the ability to deposit
an amorphous semiconductor film (Si or Ge) on a wafer during the IC manufactur-
ing process and crystallize to form a single-crystal film using a number of techniques
28, 84]. Ultimately, this approach may offer the most integrated system with least
interconnects possible but may not provide chip-size areas for device fabrication in
the stack. It will be difficult to implement circuit integration with mixed technologies.

An example of such monolithic 3D integration is shown in Figure 11 [16].

2.2 Challenges faced in implementing 3D ICSs

Although 3D integration is regarded as one of the most promising technologies to
relieve bottlenecks such as interconnect scaling, and memory bandwidth, there are
several challenges in the implementation of this new paradigm shift.

Thermal Challenges: 3D integrated processors inevitably cause higher power den-

sity and lower thermal conductivity due to the close proximity of heat generating

dies making the existing thermal hotspots even severe. The cooling issue is already
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Figure 11: Schematic of monolithic 3D integration [16].

plaguing 2D IC systems, and this problem is exacerbated in 3D systems where heat
flux from chips in the stack has to travel through a longer conductive path (larger
thermal resistance) in order to be dissipated through the heat sink. As a first order
approximation, a n-tier 3D chip would generate n times the power density as com-
pared to 2D chip having identical characteristics [88]. Without efficient cooling, 3D
ICs would suffer from severe performance degradations that include (1) increase in
transistor leakage current, leading to increases in static power dissipation; (2) increase
in the electrical resistance of on-chip interconnects that increases RC delay and I?R
losses and decreases bandwidth; (3) decrease in electromigration mean time to failure;
and (4) degraded device reliability and decreases in carrier mobility [5]. Therefore
advanced thermal management schemes have to be developed to fully exploit the ad-
vantages of 3D systems.

Power Delivery and Signaling Challenges: Power delivery to a 3D stack of

high power chips presents many challenges. It requires careful and appropriate re-
source allocation at the package level, die level, and intrastratal interconnect level.
In order to deliver power and allow signaling in a 3D stack, reliable interlayer connec-
tions are required. As discussed above, spacers and wirebonds can be used for inter

layer electrical connection; however, these approaches may not be suitable for high
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performance due to the high RC delay caused in the wire bonds. Wirebonds also limit
the density of interlayer interconnects as they are limited to the periphery of the chip.
They also impact the signaling characteristics as they introduce parasitic inductance,
capacitance, and resistance. The other alternative is T'SVs. The reason for TSVs
to be an attractive choice is that the signals are transmitted directly from the lower
layers to the upper layers through the TSVs, which have the shortest path, leading
to the smallest RC delay. Furthermore, a high density of TSVs can be fabricated in

a given chip as their placement is not limited to the periphery of the chip.

2.3 Solutions to Challenges

No approach discussed thus far addresses the simultaneous cooling and power delivery
needs of stacked high performance ICs. As discussed in the previous chapter, after
using the best materials, the typical junction-to-ambient thermal resistance (R;,) of
conventional air-cooled heat sinks has been larger than 0.5°C/W [5]. The scaling
of conventional air-cooled thermal interconnects cannot meet I'TRS-projected power
dissipation at the end of the roadmap in 2018, which demands an R, of 0.2°C/W [4].
Hence, novel cooling solutions are required to address the cooling needs of 3D ICs. An
example includes single-phase or two-phase liquid cooling system. As illustrated in
Figure 12, the heat transfer coefficient of single phase microchannel cooling is orders
of magnitude higher than conventional air cooling [31].

A monolithic integrated microchannel heat sink eliminates the need for thermal
interface materials (TIMs) and represents the highest level of process integration
possible for liquid cooling [20]. As demonstrated by Tuckerman and Pease, in 1981,
the chip junction-to-ambient thermal resistance can be as low as 0.09°C/W and that
a power density as high as 790W/cm? can be rejected when a microchannel heat

sink is directly integrated into a Si chip [83]. Moreover, an integrated microchannel
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Figure 12: Heat transfer coefficient of single phase microchannel cooling versus con-
ventional air cooling [31].

heat sink can largely reduce the IC package footprint and volume to leverage form-
factor and performance requirements of multichip and 3-D chip stacks. Due to these
benefits, microfluidic cooling has recently received increasing interest [93, 36, 54, 46].
To date, there have been several studies that have focused on the characterization
of microchannel dimensions or thermofluidic properties [8, 44, 39, 30]. However,
integration issues with CMOS, reliable interstrata connections, and fluid delivery
still remain a challenge. Integration and performance tradeoff with vertical electrical
interconnects is also not clear and requires deeper investigation. This thesis aims to

address some of the challenges.

2.4 Proposed 3D System

Figure 13 shows a proposed microfluidic network cooling scheme that can be used for
cooling high-performance 3D chip stacks. Each silicon die of the 3D stack contains
the following features: (1) an integrated microchannel heat sink, (2) through-silicon
electrical (copper) vias (TSEV) and through-silicon fluidic vias (TSFV), the latter
used for fluidic routing in the 3D stack, and (3) solder bumps (electrical 1/Os) and

microscale fluidic I/Os on the side of the chip opposite to the microchannel heat sink.
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Figure 13: Schematic of proposed 3D system.

In Chapter III, the various schemes for integrating microchannel heat sinks and
TSVs and the tradeoffs involved in their integration will be discussed. Chapter IV
discusses the fabrication technology for integrated microchannel heat sinks and TSVs.
In Chapter V, the design and fabrication of a 3D liquid cooled test bed is discussed

along with some preliminary testing results.
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CHAPTER II1

INTEGRATION AND MODELING OF FLUIDIC AND
ELECTRICAL 1/0S

In the previous chapter, a three dimensional liquid cooled system was proposed which
consisted of microchannel cooling and TSVs integrated in each layer for interlayer
electrical connections. One of the most important aspects of the proposed system is
the integration of fluidic and electrical interconnects in the same die. However, this
integration consists of many tradeoffs, design considerations, and fabrication issues
which must be considered for successful implementation, and will be discussed shortly.
This chapter will cover technology for integrating microchannels and TSVs with con-
ventional CMOS. It will also cover modeling, which demonstrates the performance

tradeoffs involved in integrating TSVs and microchannels in a 3D stack.

3.1 Integration schemes for microchannels and TSVs

In this section, different approaches on how electrical (TSVs) and fluidic (microchan-
nels) components can be integrated into conventional CMOS processing will be dis-
cussed. The major steps in microchip fabrication process include front-end-of-line
(FEOL) processing, back-end-of-line (BEOL) processing, and semiconductor packag-
ing. FEOL is the first portion of IC fabrication where the individual components such
as transistors, capacitors, resistors, etc. are patterned on a semiconductor. FEOL
includes all fabrication steps until the deposition of metal interconnect layers. BEOL
is the second portion of IC fabrication where these individual components get in-
terconnected with wiring on the chip. This includes metal contacts, dielectrics, and

bonding pads for chip-to-package connections. After BEOL, the backend processing
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takes place which consists of wafer test and characterization, die separation, IC pack-
aging, and other tests. Figure 14 shows the first two steps of FEOL and BEOL, and

the respective temperature constraints.

FEOL
>1000°C >600°C

MOS Fabrication

Figure 14: Illustration of steps in IC processing [65].

Based on the temperature and material constraints, the following are potential
integration schemes for microchannel and TSV integration:

Homogeneous Approach: In this approach, after FEOL and BEOL processing,

microchannel heat sinks are etched on the back side of the wafers which are sub-
sequently capped using a CMOS compatible bonding method such as a sacrificial
polymer process [19] or low temperature Si-Si direct bonding process discussed in
chapter IV. Once the microchannels are enclosed and sealed, TSVs are etched in the
fins of the microchannels, and appropriate sidewall isolation such as SiOy or SigNy
is deposited. Finally, the TSVs are filled with a conductive material such as copper
(with suitable barrier) or tungsten. Figure 15(a) demonstrates the concept of the
homogeneous approach. Details of TSV fabrication will be covered in Chapter IV.
The homogeneous approach is conducive provided the processes following BEOL
processing are CMOS compatible. This technique is thermally superior because of
the high proximity of microchannels to the active circuitry and the absence of any
thermal interface material (TIM) in the conductive path between the microchannel
heat sink and the heat source. This approach is electrically better due to the absence

of any contact resistance. A potential drawback of this technique arises from process
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Figure 15: (a) Homogeneous approach and (b), (c) heterogeneous approaches.

integration issue such as materials and temperature compatibility. It also necessitates
fabrication of high aspect ratio TSVs which increases process complexity. The cap-
ping process of the microchannels must be done using a low temperature process, that
does not exceed the maximum allowable process temperature for BEOL (<450 °C).

Heterogeneous Approach: In this approach, microchannels and TSVs are fabri-

cated on a new wafer that can be bonded in a number of ways to another wafer
containing active circuitry and TSVs. There are two types of heterogeneous tech-
niques, as discussed below: In the first method (Figure 15(b)), the two wafers are
mechanically and electrically bonded using an appropriate CMOS compatible tech-
nique [78]. A popular bonding approach which enables both mechanical and electrical
interconnection is shown by Ziptronix as shown in Figure 16 [3]. This approach is
called the Direct Bond Interface (DBI) and can achieve over 100,000,000 electrical
connections per square centimeter [3]. It is relatively more flexible than the homoge-
neous approach. The processes involved in fabricating microchannels and high aspect

ratio TSVs need not be compatible with CMOS. It eliminates the need for fabricating
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high aspect ratio TSVs in CMOS wafers which can cause some process and material
issues. This approach also segregates the TSV fabrication process into two compo-
nents, i.e. TSVs in the CMOS wafer and TSVs in the microfluidic channel (MFC)
wafer. The advantages of this segregation will be discussed in the section below de-
scribing the heterogeneous TSV approach. The bonding process in this approach must
be CMOS compatible to protect the underlying circuitry on the capping wafer. Pre-
cise alignment during bonding is required as both the bonding wafers have features
on them. The electrical bonding of TSVs needs to be precise, as high density TSVs

will be required to fulfill the power delivery and signaling requirements of a 3D stack.

Bond
_,{_Iptecfacc

™
TiW Barrier

Figure 16: Direct Bond Interface by Ziptronix [3].

In the second approach (Figure 15(c)), wafers are fabricated with microchannels
and capped using bonding techniques compatible with TSV fabrication. Once capped,
electrical TSVs are fabricated in the wafer, which is then attached to a wafer with
active circuitry using a hybrid bonding process demonstrated by [78, 3]. The main
advantage of this process is that the two wafers can be fabricated independently of
each other (even in separate foundries), thereby eliminating the added complexity of
making compatible microchannel heat sinks and TSVs in the same processing stage.
However, the addition of the bonding layer increases Rj,.

The heterogeneous approach of microchannel and TSV integration also enables
the possibility of having a heterogeneous TSV approach. To understand the need for

this technology, let us consider the homogeneous integration scheme. For example, if
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the TSV aspect ratio is limited to 20:1, and the total thickness of the CMOS + MFC
wafer is 400pm, then the diameter of the TSV is 20um. Considering a 1cm X 1em chip
containing 1,000,000 TSVs/ cm?, this amounts to 12.5% of silicon area. These large
diameter TSVs occupy valuable silicon real-estate which would have been used for
CMOS circuitry. If the diameter is made smaller to CMOS interconnect dimensions
such as 1-2um (0.125% Si area occupied), then the aspect ratio requirements would
be >200:1. Aspect ratio is a major limiting factor in the fabrication of TSVs. This
will be further discussed in the fabrication tradeoffs section in Chapter IV. Since the
channel wafers and CMOS wafers are fabricated independently in the heterogeneous
scheme, the diameter as well as material for TSVs in both wafers can be different. The
CMOS wafer can have smaller diameter TSVs fabricated and thereby have additional
room for circuitry. Another advantage of this approach is that the two layers can
have different materials for TSVs. Currently, Cu, W, and highly doped polysilicon
are the most promising candidate materials for TSV filling. Among them, Cu is
superior in conductivity (almost 2 times greater than W) and has the ability of filling
big structures, which makes it widely accepted in 3D integration [89]. However, note
that the thermal coefficient of expansion (CTE) for Cu is about 4 times greater than
that of W and more than 6 times that of Si (see Table 3). This would cause reliability
issues. Due to the large CTE mismatch, Cu will cause fissures in the Si over a large

number of thermal cycles. Study about the thermo-mechanical stress originating

24



Table 3: Electrical and thermal properties of Si, SiOy, Cu, and W [25].

Material Si Si0, Cu | W
Electrical resistivity (nQ2m at 20 C) Semiconductor | Insulator | 17 | 53
CTE (107° m/m-K) 2.6 Varies | 16.5 | 4.5
Thermal conductivity (W/m-K) at 300 K 149 10 401 | 173

from CTE mismatch in the CMOS wafers due to smaller diameter TSVs is reported
in detail by [56] and [77].

Due to the possibility of having different size as well as material used in the CMOS
wafer and microfluidic channel wafer, it is termed as heterogeneous TSV approach.
From the advantages discussed above, this method has the potential to be a strong
contender in the overall integration scheme choice. Further study is needed to explore
the fabrication issues involved with this method as well as electrical and mechanical

modeling of such hybrid TSV structures.

3.2 Modeling and Design of MFC and TSV Integrations

In this section, the modeling and design of microchannel heat sink performance and
TSV density will be discussed. For this analysis, the chip size was assumed to be lem
(L) X lem (W). Figure 18(a) shows the overall chip top view.

Figure 18(b) illustrates a cross-sectional schematic of a microchannel heat sink
containing an area-array distribution of T'SVs per microchannel (Si) wall. The width
of the microchannel wall (W,,) can be expressed as a function of TSV parameters by

the following equation:
Wy = 20pum + Prsy(Nrsy -1) + Drsy (1)

where Pprgy is the TSV pitch, W, is the =microchannel wall width, Npgy is the
number of TSV columns per microchannel wall (Npgy>1), and Drgy is the diameter

of TSV. The first term in the equation is constant and is used to indicate the clearance
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between the edge of the microchannel wall and the first and last TSV. In this analysis,

this was assumed to be 20pm. It is also assumed that:
PTSV = 1-5DTSV (2)

The total number of TSVs (Nyarsys) that can be routed through the chip (only

through the microchannel wall, in this study) can be expressed as:

]vtotalTSVs = NTSVcolumn (n+1)L/PTSV (3)
where n is the total number of microchannels, which can be expressed as
n=(W-Wy)/(Wy + W,) (4)

The set of equations used to model the thermal resistance and pressure drop
in a microchannel heat sink is shown in Figure 19, which models heat flow in the

microchannel wall in one-dimension.

Side View

Microchannels

TSVs

Top View

(a)

Figure 18: Schematic illustration of a microchannel heat sink with TSVs.

Figure 20 illustrates microchannel heat sink thermal resistance and pressure drop
as a function of TSV diameter, number of TSV columns per wall, and microchannel

thickness. As can it can be seen from the graph, there are numerous performance
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Figure 19: Set of equations used to calculate thermal resistance (R) and pressure
drop (AP) in a microchannel heat sink [83, 18].

tradeoffs involved when integrating electrical and fluidic interconnects in the 3D stack.
From a cooling perspective, having deep microchannels is beneficial to reduce the
pressure drop and thermal resistance. However from an electrical perspective having
maximum number of TSVs is beneficial to exploit fully, the advantages of 3D ICs.

From the analysis we observe the following:

e As the number of TSV columns per wall increases (electrically better), the ther-
mal resistance and pressure drop increase (cooling suffers). This occurs because
as the number of TSV columns increases, the wall width increases, which lead
to a smaller number of total microchannels (for fixed channel width and fixed
chip dimension). This has the consequence of decreasing the overall surface
area in contact with the fluid (increases thermal resistance) and decreases the
total number of microchannels available (increases pressure drop because the

variable n in the P equation shown in Figure 19 decreases).

e As the diameter of the TSV increases, both thermal resistance and pressure
drop increase for the same arguments presented above. Increasing the diameter

has fabrication benefits discussed in the next section.
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e As channel thickness reduces, thermal resistance and pressure drop reduces as
well which will result in diminished cooling capability. However, with reduced

thickness aspect ratio requirements of TSVs reduces which has benefits dis-

cussed in the next section.

Nevertheless, these values of thermal resistance are much lower than for air-cooled
heat sinks. In all cases, the value of junction-to-ambient thermal resistance is lower
than current state of the art air-cooled heat sinks [5], and they meet the ITRS projec-
tions of approximately 0.2 °C/W which will be needed to cool future high performance
ICs [4]. In Figure 20, we assume that high aspect ratio vias can be formed into the
silicon however there are certain fabrication constraints which are considered in the
next section. The total number of TSVs possible to route are also shown in the figure

for each of the six curves.
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Figure 20: Thermal resistance and pressure drop in a microchannel heat sink as a
function of TSV diameter, number of TSV columns per wall and channel thickness

[6].

The heterogeneous approach described in the previous section is also modeled us-

ing the same assumptions described above. In this case, we assume a TSV diameter of
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5pm and the bonding interface between the CMOS chip and channel wafer is assumed
to be SiO,. The modeling is based on the assumption that thermal conductivity of
the bonding interface is a weighted average of the thermal conductivities of SiO, and
Cu and that the TSVs are distributed evenly. The number of TSV columns per chan-
nel fin is varied from 5 to 20 along with the bonding interface thickness (1-10um) in
order to quantify the effect of bonding. Figure 21 illustrates the result of this first

order modeling.
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Figure 21: Thermal resistance of microchannel heat sink as a function of number of
TSV columns per channel wall, channel thickness and thickness of bonding interface.

In this chapter, we reported various integration schemes for TSVs and microchan-
nels. The selection of the integration scheme depends on the application, material
and temperature constraints as well as the available fabrication technology. Based
on the advantages discussed above, we believe that the heterogeneous scheme is a
potential candidate for such integration and our fabrication techniques are based on
it. From the modeling results, we see that there are clearly tradeoffs to be considered
while integrating TSVs and microchannels. So far we have considered performance
tradeoffs. There are some fabrication tradeoffs too which will be elaborated in the

following chapter.
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CHAPTER IV

FABRICATION OF FLUIDIC AND ELECTRICAL I/0S

In the previous chapter, we discussed the various integration schemes and modeled
the tradeoff between the geometry of the microchannel heat sink, which fundamen-
tally defines its performance and the number of TSVs that can be routed through
it. In this chapter, fabrication details, integration results and testing of integrated
microchannels and TSVs will be discussed. A novel fabrication technique for high
density, high aspect ratio TSVs for future high performance ICs will also be reported.

In the previous chapter, we assumed that high aspect ratio high density TSVs
can be fabricated with microchannels. However, each step of TSV fabrication, which
includes via etching, via isolation, and via filling is aspect ratio limited [40, 90, 74, 82].
This is one primary reason why most conventional 3D systems have wafer thinning
as a process step [42]. This necessitates fabrication of TSVs in strata having thick-
nesses ranging from 5-20pum. However, in our case, thinning is not an option. For
microchannels to be an effective heat sink the minimum depth of the microchannels
must be 200um - 300um and hence, the thickness of the stack must be at least 350pm
(considering the extra thickness of the capping layer). Ideally, one would want small
diameter TSVs (1-5um) to be fabricated in thick wafers so as to ease handling issues,
enable deep microchannels, and reduce the real estate occupied by TSVs.

Based on the advantages discussed in the previous chapter, we choose a hetero-
geneous approach to integrate microchannels and TSVs in a wafer where they are
fabricated independently and then bonded using techniques discussed in chapter III.
This fabrication process specifically discusses the non-CMOS component of the strata,

i.e. a thick wafer containing microchannels and electrical TSVs.
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The schematic in Figure 22 shows the fabrication process for integrating microflu-

idic cooling channels and electrical TSVs for a 3D IC stack.

(a) Thick Wafer with Oxide (e) Etch electrical TSVs

L

(f) Pattern Mesh and

(b) Etch Microfluidic

Channels and FTSVs Sidewall Isolation

(c) Cap using Si-Si (g) Electroplate Cu
Direct Bonding

(d) G!'ind and polish (h) Cu-CMP and wet etch
capping wafer seed layer

Figure 22: Schematic of wafer-level integration of microchannels, through-silicon
uidic vias, and electrical through-silicon vias to enable 3D system integration using
liquid cooling.

We begin by taking a blank 400um double side polished (DSP) P-type wafer with
a resistivity of 1-20€2-cm. The next step is to deposit a 2um thick PECVD layer of
SiOy on the backside of the wafer (Figure 22(a)). This SiO, layer acts as the etch
stop layer during subsequent etching of the microchannels (100um width) and fluidic
through-silicon vias (FTSVs) (100um diameter). The etching is a two step process:
first, FTSVs are patterned and etched to about 150um using Bosch processing in an
ICP; second, the microchannels are aligned with the partially etched FTSVs, and
both of them are etched till a point when the FTSVs are visible on the back side of
the wafer (Figure 22(b)). Careful control of etching is required so as to not punch

through the 2um etch stop layer.
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4.1 Bonding Techniques

Wafer bonding is a technique of joining two substrates by bringing their surfaces
in contact [24]. After etching microchannels and FTSVs, the MFC wafer must be
capped in order to seal the microchannels and allow fluid flow through them (Figure
22(c)). There are several ways to bond a capping wafer to the microchannels. An
adhesive bonding technique and a low temperature plasma enhanced bonding method

were explored.

4.1.1 Adhesive Bonding

Bonding using the adhesive method requires an intermediate layer such as SU-8.
This technique enables bonding of silicon at low temperatures and is less dependent
on substrate material, particles, roughness, and planarity of the bonding surfaces
[92]. Bond quality evaluation and leakage tests have been performed in literature
[52], and the bond strength is sufficient for microfluidic applications. The process
flow for adhesive bonding is shown in Figure 23. Microchem SU-8 2025 was used
for the purpose of demonstration of adhesive bonding. SU-8 2025 is spun on a DSP
blanket silicon wafer at 3000 rpm (@ 1000 rps) for 60s. This yields an SU-8 layer of
15pum-20pum. The wafer is placed on a hotplate heated to 150°C and a wafer with
microchannels is placed over it. A force of 2kg was applied uniformly to remove any
air bubbles between the 2 wafers. The sample was then cured on a hotplate at 150°C
for 4 hrs. The result of the bonding is as shown in Figure 24. The main advantage
of bonding microchannels using the adhesive method is the inherent tolerance in
terms of wafer thickness variation, micro-cracks, and other particles, as compared to
direct silicon bonding. The drawback of this process is that it necessitates the use of
low temperature processes post bonding due to the presence of SU-8. Although this

technique was explored, it is not the focus of our capping process. We used the direct
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bonding approach discussed in the next section for capping microchannels.
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Figure 23: Process steps for adhesive bonding.

Figure 24: Adhesive bonding using SU-8 layer.

4.1.2 Plasma Enhanced Direct Bonding

Direct bonding is based on molecular bonds established between molecules from the
surfaces of two bonding substrates [24]. Typically, the process consists of two main
steps: a room temperature step in which weak adhesion is established between the
substrates, and a high temperature annealing step where the weak bonds are con-
verted to strong permanent bonds. It is generally assumed that adhesion forces (van
der waals forces, electrostatic coulomb forces, capillary forces or hydrogen bridge
bonds) are the primary bonding forces. The measured interface energy is low and is
about 0.1 J/m? for bonded hydrophilic wafers. An increase of the interface energy by
a factor of 10 or more is obtained by a subsequent annealing at elevated temperatures

which transforms hydrogen bridge bonds across the interface via the reactions shown
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in Figure 25 [73].
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Figure 25: Hydrophilic bonding process .

The thermal step is the main limitation for wafer bonding applications. Tradi-
tionally standard silicon direct bonding requires temperatures in excess of 1000 °C
which is the main limiting factor for applications that need low temperature process-
ing. Hence, surface conditions must be realized during low-temperature annealing
which results in interface forces comparable to those generated at high temperatures.
For hydrophilic surfaces, the interface energy is equivalent to the number of silanol
groups (Si-OH) at the initial surface. Therefore, an activation of the surfaces by an
increasing density of silanol groups would also increase the interface energy. This
activation can be achieved using plasma treatment. It has been reported that strong
hydrophilic bonding with Si can be achieved at a low annealing temperature <400 °C,
by exposing wafers to a low pressure plasma prior to the bonding [26, 79]. Low tem-
perature plasma-activated Si-Si direct bonding approach was implemented for capping
microchannels. The surface preparation methods developed for low temperature pro-
cesses are based on surface chemical activation resulting in different types of bonds
at room temperature which amounts to lower annealing temperature and time [24].
The following are the fabrication steps for wafer to wafer bonding.

Surface Preparation: The MFC wafer and a 400um blank capping wafer are
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dipped in a RCA-1 solution. RCA-1 consists of H,O, NH;OH, H50, in the ratio
5:1:1 respectively. RCA -1 attacks any organic impurities which may be on the sur-
face of the wafers and makes the surface hydrophilic.

Plasma Activation: After RCA cleaning, the wafer surface is treated with O,

plasma in a Reactive lon Etch (RIE) system and bonded at room temperature and in
atmosphere. During the plasma activation process, an oxidation takes place on the
surface due to the bombardment with oxygen ions, which additionally will assist in
the breaking of surface bonds. This not only cleans the surface but also forms a large
number of free bonds. The damaged surface layer presumably accommodates a high
concentration of OH groups resulting in high bond strength [79]. Table 4 refers to
the plasma activation conditions.

Bonding: Immediately after plasma treatment, the wafers are rinsed with DI water
for 3 min. Due to the rinse, the open dangling bonds of Si on the surface after plasma
exposure become terminated with hydroxyl ions which contributes to the bonding
process. Bonding is carried out by hand in room temperature. Since microchannels
are capped using a blank silicon wafer, there are no alignment issues while bonding.
Annealing: Bonding is followed by a thermal annealing step at 400 °C for 12 hours
which provides the energy needed to transform the weak reversible bonds into strong
permanent bonds. The bonded wafers were tested by destructive tests such as crack
test and dicing. When the wafers were diced, the bonded interface was observed
under the SEM as shown in Figure 26. Bonded wafers were also examined under the
IR microscope for voids and cracks. A consistent yield of 70-80% was achieved using

this bonding technique.
4.2 Thinning of Capping Layer

The capping wafer on bonded and annealed samples was thinned down by back grind-

ing and polishing to a thickness of 100um (Figure 22(d)). The need for thinning the
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Table 4: Conditions for plasma activation.

Parameter Value
Cloud Position, W 50
Ctune Position, W 50
Process Pressure, mT 90
RF Setpoint, W 100
O, Flow, scem 90
Process Time, min 1

Figure 26: Bonding interface of microchannel heat sink.

capping layer arises from the fact that TSVs are to be integrated after the bonding
process. Without thinning, the total thickness (800um) would require fabrication of a
very high aspect ratio (>15:1) TSV (assuming a diameter 50um), and hence this puts
a constraint on the maximum thickness of the capped microchannels. Capping wafers
were thinned to 25um however 100pm was chosen to maximize yield and maintain the
mechanical integrity of the stack. Shown in Figure 27 is a graph of TSV diameter ver-
sus stack thickness for different aspect ratio values. As the wafer thickness increases,
the TSV diameter increases. This increases the capacitance of TSVs which in turn
affects the electrical performance of the system. Increasing the diameter of the TSVs
also amounts to lower number of TSVs being fabricated in a unit area and lesser area

available for active circuitry. Hence thinning of the capping layer is important.
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Figure 27: TSV diameter as a function of wafer thickness and aspect ratio.

4.3 TSV Fabrication background

After microchannel fabrication, TSVs are fabricated in order to form vertical inter-
connections. The steps involved in TSV fabrication are:

Via formation: Vias can be etched by laser ablation [48], DRIE using bosch pro-

cess [13] or wet etching [27].

Via lining dielectric: The silicon via sidewall needs to be passivated to prevent

shorting of TSV metal to silicon. Silicon dioxide and polymer annular rings are com-
monly used via lining dielectric.

Via filling: This determines the conductive material used to fill the vias such as W,
Cu, polysilicon or conductive polymer. The choice of deposition method depends on
the type of material used. For example, CVD is chosen for W while electroplating is
the preferred method of Cu filling. The selection of technology, process integration,
and via fill material depends on the system requirements such as via size, via density,
aspect ratio and so on. In this work, we project via sizes of diameters 10-50pum in
300-400pm thick wafers. This amounts to aspect ratios ranging from 30:1 to 8:1.
Cu is the material of choice for this application due to cost, superior conductivity
and ease of fabrication [89]. There are several ways [41] in which Cu TSVs can be

fabricated. Two main processes are discussed below.
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4.3.1 Super-fill Process

In this method, TSVs are etched using DRIE. After sidewall isolation, a seed layer is
applied by CVD (e.g Cu) or an adequate sputtering process (Ti:Cu). Metal is then
filled in the TSV using Cu electroplating. Cu will also be deposited on the wafer front
side during plating, which will be removed by a CMP step. Depending on the via size
and depth, a wafer thinning step is required from the backside to expose the metalized
vias. This is also called the super-fill process and is described in [45, 41].Schematic

of this process is shown in Figure 28(a)

- - [ - - L - £

Via etch Dielectric Barrier layer Seed layer Electroplate CMP
deposition deposition deposition

(a) Super-fill Process

|
O0-00-00-0C-0o-a
T1
CMP

Via etch Dielectric Seed layer Pinch off

deposition deposition Bottom up

electroplate
(b) Bottom Up Process

Figure 28: Cu via filling methodologies.

An issue with this process is that it requires mechanical polishing on both sides
of the wafer. Another issue with this method is that it cannot be used for very high
aspect ratio TSVs. From our literature search, we have found the maximum aspect
ratio for this method to be 8:1. The limitation arises from the fact that there is
a need for a conformal seed layer deposition on the sidewalls of the TSVs. As the
aspect ratio of the via increases and via diameter reduces, the seed layer deposition
becomes increasing non-conformal leading to voids in the filling process. As seen in
Figure 29, as the aspect ratio increases, the via filling ratio reduces. This shows that
there is a clear dependence of via fabrication on aspect ratio. Via etching parameters

have to also be carefully controlled to reduce the scalloping on the sidewalls. If the
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scalloping increases, then the conformity of the sidewall seed layer reduces thereby
reducing the fill factor.

Due to these reasons, this process was not used for integrating T'SVs in microchan-
nels. As already discussed, microchannel wafers are thick (at least 300um) and to
fabricate TSVs ( diameter 10-50um) would require aspect ratios in the ranging from

30:1 to 6:1 which would not be feasible using this process.
4.3.2 Bottom up Process

Another method to fabricate TSVs, also known as the bottom up TSV process, is as
shown in Figure 28 (b). Vias are etched all the way through followed by dielectric
deposition. A seed layer is then deposited on the bottom and electroplated on that
side until the seed layer around the circumference of the via is closed-up. Using
this newly electroplated pinched-off seed layer, the TSVs are filled using bottom up
electroplating of Cu. A demonstration of fabrication of T'SVs in thick wafers using

this technique is shown in [50, 91, 72, 67].
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Figure 29: Via filling ratio in dependence of via diameter and via depth (aspect
ratio) for sputtered TiW/Cu seed layer [85].

The advantage of the bottom up TSV process is that it is independent of the DRIE
angle as well as the scalloping effect that occurs during etching. This process also

allows for higher aspect ratios as compared to the super-fill approach due to the fact
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that no conformal seed layer is needed for electroplating. Due to these advantages,
the bottom up process is the technique that was chosen to fabricate TSVs with
microchannels.

There is however one disadvantage to the conventional bottom up process. Since
the pinching process requires pinching-off the entire via diameter, it takes an unreal-
istic amount of electroplating time (few hours for 50um). During pinch off, a thick
copper layer is formed requiring two CMP steps to planarize the wafer: first, on the
top to remove any over plated Cu after TSV fabrication, and second, to remove the
excess copper on the back side which has electroplated during the pinch-off process.
This increases process complexity and reduces yield. In order to reduce time needed
for pinch-off and eliminate the need for a CMP step on the bottom side, novel bottom
up electroplating process known as the mesh process, was desmonstrated. The details

of the mesh process are discussed in the next section.
4.3.3 Mesh Process for TSV fabrication

Once the wafers are bonded and thinned, TSVs (50pum diameter) are patterned on the
fins of the microchannels using backside alignment. In order for TSVs to be patterned,
alignment marks were created on the back of the wafer using positive resist (Shipley
1827).

Figure 30 shows the alignment mark creation on the back of the wafer using

positive resist.

(a) (b)

Figure 30: (a) Alignment mark creation for backside alignment, and (b) Alignment
with FTSVs seen through oxide layer.
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Table 5: Recipe for mesh oxide etching.

Parameter Value
Cloud Position, W 50
Ctune Position, W 50
Process Pressure, mT 12
RF Setpoint, W 350
02 Flow, scem 6
Ar Flow, scem 20
CHF'3 Flow, sccm 40
Etch rate, min/um 45

Once patterned, TSVs are etched using the Bosch process in an ICP till the vias
reach the oxide etch stop layer (Figure 22(e)). TSV diameters ranging from 25-80um
have been explored. However for this first prototype a diameter of 50um was selected.
It is imperative that the etching be controlled towards the end as the oxide layer is
needed for further processing.

A mesh is then patterned on the silicon dioxide membrane as shown in the Figure
31(a). The mesh pattern is aligned with the vias visible through the oxide. The ex-
posed oxide is etched using RIE using the following recipe: (Figure 31(b)). After the
mesh formation, a sidewall isolation of SiOy (1pm) is grown using thermal oxidation
(Figure 22(f)). Low temperature processes such as PECVD oxide can also be used for
sidewall insulation; however since we are using the heterogeneous integration scheme,
there is no temperature constraint for sidewall isolation. Following via sidewall isola-
tion, a seed layer of Ti (300 A) and Cu (2000A4) is deposited on top of this dielectric
mesh using e-beam evaporation followed by bottom-up electroplating process.

There are two steps involved in the bottom-up electroplating process. In the first
step, the capping side of the wafer is covered by a non-conductive tape, and copper
is plated on mesh. The electroplating is continued until the mesh opening pinches
off. In the pinch-off process, copper tends to be plated at the corners of the mesh

openings as shown in Figure 31(c). This results in faster pinch-off times as compared

41



to using the conventional electroplating process on vias without mesh patterns.

Figure 31: Mesh fabrication for faster pinch off times (a) Mesh patterning (b) Etching
of mesh (c) Seed layer deposition (d) Pinch-off.

The pinched-off mesh opening are shown in Figure 31(d). Once the vias are
pinched off, the second step is through via electroplating to fill the vias using topside
electroplating. The tape on the front-side of the wafer is now removed, and the
bottom side of the wafer is then sealed with the non-conductive tape. Electroplating
is performed at the bottom of the vias where the sealed copper mesh serves as the
seed layer (Figure 22(g)). After plating copper in the rest of the vias, the tape is
removed and the over-plated copper on the front side is removed by conventional
Chemical Mechanical Polishing (CMP) process using the iCue 5001 copper slurry,
while the copper seed layer on the back side of the wafer is removed by wet etching
(Figure22(h)).

Figure 32 shows a schematic that summarizes TSV fabrication using the mesh
process. Figure 33 shows SEM and optical images of TSVs fabricated using this

process.

4.4 Results of Integration

Shown in Figure 34 are X-ray and optical images of integrated microchannels and
TSVs. The chip size is 10mm X 10mm and 51 microchannels are fabricated in a

given chip. The depth of the microchannels is about 150pum and width is 100um.
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Figure 32: Schematic of TSV fabrication in microchannels using mesh process.

Figure 33: Results of bottom-up electroplating of TSVs.

43



Electrical through vias with a diameter of 50um and a height of 500pum have been
integrated with the microchannels. No voids or seams were observed when the TSVs
were inspected in the SEM, X-Ray microscope, and optical microscope. We have
thus demonstrated a wafer level batch fabrication technique for integrating TSVs
and microchannels. Figure 35 shows how TSVs and MFCs are embedded in the

heterogeneous integration scheme proposed in Chapter III.

| g |

Channels TSVs
N\

Figure 34: (a) X-Ray Image of Microchannels and TSVs integrated on a single Chip.
(b) Cross-sectional optical image of integrated microchannel heat sink and electrical
through-silicon vias.
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Figure 35: Integration with heterogenous scheme.
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4.5 Hydraulic Testing

Hydraulic testing was performed on these samples with TSVs and microchannels.
To our knowledge, this has been a first time for any group to report the testing of
microchannels integrated with TSVs. Fluidic reliability tests have been performed on
these samples by passing DI water through the microchannels using the setup shown
in Figure 36. Flow rates ranging from 20ml/min to 200ml/min have been tested
with no mechanical failure. We also measured the differential pressure drop of these
microchannels for different flow rates. An aluminum manifold was attached to the
vias using epoxy. Due to the epoxy application process, some vias are clogged with
epoxy hence we have a higher pressure drop than what is expected. The result of this
testing is as shown in Figure 37. As it can be seen the pressure drop values are close

to calculated values when 50% of the vias are open.

DIFFERNTIAL PRESSURE GUAGE

Inlet to MFC
PUMP SAMPLE OUTLET

1

From Reservoir

Figure 36: Experimental setup for reliability and pressure drop measurements.

4.6 High Density TSV Fabrication

Having demonstrated the ability to fabricate TSVs and microchannels reliably in

thick silicon wafers, high density, high aspect ratio TSVs were explored. Based on
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Figure 37: Hydraulic pressure drop vs Flow rate measurements.

the modeling results in the previous chapter, there is a clear need for fabricating high
density TSVs. The number of TSVs required in a 3D system is a complex issue dealing
with design, architectural specifications, level of folding, etc. 3D can be implemented
at the lowest possible level (transistor level) requiring highest via density or at a
high level requiring least via density. There is a trade-off involved in terms of area
efficiency as shown in Figure 38. As the number of TSVs increase, the area available
for active silicon reduces.

The fabrication process for high density, high aspect ratio TSVs is as shown in
Figure 40. Due to aspect ratio constraints of etching, several novel techniques were
explored in order to fabricate these structures successfully. As a first attempt, we
have fabricated 10pum diameter TSVs with a pitch of 15um in 200um thick double
side polished wafers. The mask design is as shown in Figure 39. As it can be seen
this TSV design is compatible with microchannel structures.

Due to the high aspect ratio of the TSVs, a very thick (> 20um) photoresist mask

is required in an ICP machine in order to etch these TSVs. Hence the approach that
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Figure 39: Mask design for high density, high aspect ratio TSV.
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Figure 40: Schematic of high density, high aspect ratio TSV fabrication.

was used in the previous section cannot be used effectively. Due to the dimensions
and density, we developed a process of using a thick oxide film as an etch mask for
the TSVs. The first step of the process is deposition of a thick oxide layer (10-14pm)
which will subsequently act as the mask for TSV etching.

In order to use the oxide as a mask for TSV etching, it must be patterned. A
nickel hard mask technique was developed to pattern the oxide mask. The reason
for the choice of hard mask is due to selectivity of photoresist to oxide during oxide
etching. Photoresist (NR-5 8000) has a selectivity of 1:1 in the RIE machines in our
cleanroom facility and hence, there is a challenge in patterning thick resist with our
desired dimensions. Using the TSV mask, positive resist was patterned on the wafer
as shown in Figure 40(b).

A thin layer of Ti/Ni (300A4/5000A4) was deposited on the surface (Figure 40(c)).

The wafers were then dipped in acetone for the lift-off process. The positive resist
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Figure 41: Cross-sectional images of 10um oxide mask.

lifts off in acetone and subsequently, the TSV pattern is transferred onto the nickel
layer as shown in Figure 40(d). The exposed oxide was etched in Plasma therm ICP
machine.

As it can be seen in the cross sectional images (Figure 41), the sidewalls of the
oxide mask are fairly perpendicular. This is important to ensure that the sidewalls
of the TSV remain straight during silicon etching. The top view of the wafer after
the oxide etching is as shown in Figure 40(e). Using this process, we could achieve a
selectivity of 30:1 for oxide to nickel etching. The remaining nickel layer is etched off
using a piranha bath.

In order to etch these high aspect ratio TSVs, the STS Pegasus (Figure 42) was
selected instead of using conventional tools (STS ICP), since it has improved etch

rates, etch uniformity, selectivity and was suitable for high aspect ratio TSVs.
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Figure 42: STS Pegasus in the MiRC cleanroom.
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Table 6: Etch recipe for high density, high aspect ratio TSVs.

Parameter Start value | End value
Passivation, seconds 2 2
Etch, seconds 2.4 3.4
Main Pressure: Passivation, mT 20 20
Main Pressure: Etch, mT 16 18
C4Fg flow, scem 150 150
SFg flow, scem 250 175
13.56 MHz Coil, W 220 220
380 kHZ Platen, W 90 90
LF Pulse Generator Duty Cycle 70 70
Platen Chiller °C 0 0
Etch rate s/um 40 40

The power handling capacity and plasma generation area is higher for the Pegasus
when compared to conventional ASE tools. It produces a neutral high radical density
in the center of the wafer and a uniform ion density across the whole wafer surface
which improves etch depth uniformity. It also has advanced substrate cooling and
passivation phase enhancements which further contributes to uniform etching and
high etch rate [33]. The recipe described in Table 6 was used in the Pegasus for

etching.

Figure 43: Etching of high aspect ratio TSVs using STS Pegasus.

Etching results are shown in Figure 43. After etching, we grow a 200nm thick
thermal oxide for side wall isolation(Figure 40(h)). This sidewall isolation can also
be performed using low temperature processes such as PECVD. Following sidewall

isolation, a Ti/Cu seed layer ( 300A/1000A) is sputtered on the backside of the
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vias. As the TSV diameter is small (10pm), a mesh process described in the previous
section was not required as the pinch-off time is in the order of few minutes. Pinch-off
forlOpm TSVs took about 15-20mins at 20mA dc current in a copper plating bath.

The pinch-off process for the 10um TSV is shown in Figure 44.

Figure 44: Pinch-off process for 10um TSVs.

After seed layer pinch-off, the wafer is inverted and bottom up electroplating is
performed to fill the vias completely with Cu (Figure 40(i)). The results of the bottom
up plating are shown in Figure 45. After plating, the excess Cu on the top is removed

by CMP and the seed layer is etched using wet etching(Figure 40(j)).

Figure 45: Cross section and top view of high density, high aspect ratio TSVs

Thus, we have successfully demonstrated void free fabrication of high aspect ratio
(20:1) and high density (200K/cm?) TSVs. This fabrication process is scalable to
TSV diameters of bum and aspect ratios in range of >40:1 and can be integrated

with microchannels using the processes shown in the previous section.
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CHAPTER V

3D THERMAL TEST BENCH DEVELOPMENT

The last component of this thesis discusses the design and fabrication of a 3D thermal
test bench in order to evaluate the cooling performance of microchannels in differ-
ent stacking architectures such as memory on processor, processor on memory, and

Processor on processor.

5.1 Motiwation

Three-dimensional chip stacking technology provides a new approach to address the
so-called memory wall problem. Memory processor chip stacking reduces this memory
wall problem, permitting faster clock rates (with suitable processor logic) or permit-
ting multicore access to shared memory using a large number of vertical vias between
tiers in the stack, for ultra wide bit path transfer of data and address information
to and from various levels of cache. Performance enhancements of processor-memory
configuration have been evaluated in [86]. Another advantage of 3D chip stacking is
the possibility of stacking processors. One of the main applications of such stacking is
high performance computing systems.Most supercomputers today are limited by net-
work latency delays. Supercomputers implement the message passing interface (MPI)
to communicate between the processor nodes. Huge applications that run on many
processor nodes spend significant processing time in forming and processing packets
that have to be sent across the optical networks to other processor nodes in the room.
Currently the network latencies seen in handling the message packets are on the order
of several hundreds of clock cycles. If processors are stacked, then the latency delays
would decrease significantly and improve the overall system performance [35].

Clearly there is a need for novel architectures which involve processor-memory and
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processor-processor stacking.However, there are certain thermal constraints which

must be explored.

(a) Pr: on Pr guration (b) Memory on Processor configuration (c) Processor on Memory configuration

Figure 46: Different stacking configurations.

Processor on processor configuration: In processor on processor applica-

tions, there are two heat dissipating ICs directly on top of each other effectively in-
creasing the heat dissipation per area. For example, if both processors dissipate 100
W /cm? of heat then when stacked the effective heat dissipation would be about 200
W /cm? (Figure 47). The situation is further aggravated in the presence of hotspots.
Shown in Figure 46(a), is a graphical representation of how processor on processor
configuration can be applied using conventional air cooling techniques. From the
standpoint of processor 1, the path for heat dissipation is longer due to the presence
of processor 2 in the path to the heat sink. Hence a temperature rise is seen in proces-
sor 1, and would be higher as compared to a standalone 2D processor. For processor
2, power delivery and signaling is a challenge as high density of T'SVs will be needed
to supply power and signaling to processor 2 from the board. These large numbers
of TSVs will be routed through processor 1, thereby reducing the available area for
active silicon.

Memory on Processor configuration: Shown in Figure 46(b) is a graphical rep-

resentation of a memory on processor type configuration implemented using conven-
tional air-cooled heat sink. Having the processor closer to the board is advantageous
from the point of view of power delivery and signaling. However as stated above,
the presence of the memory chip between the processor and heat sink results in a

degraded thermal path, thus posing thermal challenges in cooling the processor chip
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efficiently.

Processor on Memory configuration: Shown in Figure 46(c) is a graphical rep-

resentation of a processor on memory type configuration implemented using con-
ventional air-cooled heat sink. Having the processor closer to the heat sink helps
dissipate the heat produced in the processor. However power supply and signaling
must be routed through the memory chip from the board using a large number of

TSVs which consumes area on the memory chip.

200W/cm?2
Sk o o O O O O

|_ r— J 100W/cm?

’) R A/ —| 100W/cm?

Figure 47: Power dissipation in stacked processors.

As seen above, there are trade-offs involved in stacking processors and memory
and processor. One of the major challenges in implementing processor-processor and
memory-processor stacking is that the heat dissipating devices are stacked directly on
top of each other leading to a higher heat density than in a comparable 2D chip and
a degraded thermal path which makes it challenging to remove heat from the active
devices. Another issue is the thermal effects of one IC on other stacked components
above and below it. This thermal crosstalk can affect the performance of other com-
ponents in the stack, further degrading the system performance. We have already
discussed the limitations of air cooled heat sinks and the motivation behind liquid
cooling in Chapter II. To this end, we believe that back side microchannel cooling at
each stratum will be necessary for effective cooling.

Shown in Figure 48 above is the 3D thermal test bed which focuses on the cooling
needs of stacked architectures. Having shown the integration of TSVs and microchan-
nels in Chapter IV, we did not include TSVs in this analysis to simplify fabrication

complexity. The system includes stacking of 2 dies each having microchannel liquid
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Figure 48: Schematic of proposed 3D thermal testbed.

cooling on the back side, a heat source to simulate active circuits and electrical and
fluidic 1/Os for bonding and routing liquid. It consists of microchannel cooling in
each layer with the bottom chip also acting as the substrate to feed the liquid from
the pump. The two chips are bonded using conventional flip chip bonding. We use
electrical solder bumps to make electrical interconnections between the 2 layers and
solder based fluidic I/O for fluidic sealing and routing between the layers. A detailed
study about the electro-fluidic I/Os have been reported in [43].

The design goals for this system include:

e Power dissipation for Top and Bottom Chip: 100W/cm? (Can be varied de-

pending on which configuration is being simulated)
e Target thermal resistance based on ITRS Projections: 0.2°C/W
e Power supply constraint: 60V, 3A
e Max Flow rate due to pump restrictions: 100ml/min

A heating area of 0.7cm X 0.7cm is chosen which gives the area of chip (Acpp) =
49cm?. Hence required power dissipation = 50W (in order to achieve target power
dissipation of 100W /cm?. Heaters and microchannels are designed with this as the

starting point.
5.1.1 Heater Design

Multi-function thin-film heaters/thermometers were designed and fabricated on the

test chips. In order to simulate active circuits, a platinum thin film heater was
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Figure 49: Mask design for platinum heaters.

designed to dissipate 50W of power. The reason that Pt was selected for the thin-film
heater /thermometer is that it is a thermally stable noble metal and its resistance
changes as a linear function of temperature. The temperature coefficient of the Ti/Pt
film is 0.0033-0.0039 K~1 [93]. Therefore, the heaters can also serve as thermometers
for the purpose of temperature sensing.

A target resistance of 36¢2 was chosen since due to the power supply constraints.
A 362 resistance would require a voltage of 36V and current of 1.4A to dissipate 50W
of power over an area of 0.7cm X 0.7cm. The design shown in the figure above has a
length of the platinum heater of 73mm. With thickness of 200um, and knowing the
resistivity of platinum as 105n{2-m, we can calculate the thickness of the heater using
the following equation:

R =(pL)/(WH) ()
The thickness of the platinum heater is calculated to be 1um.
5.1.2 Microchannel Design

From ITRS projections, the target thermal resistance of heat sinks for high perfor-
mance ICs is less than 0.2°C/W [4]. The microchannels in the top and bottom chip
are designed using the equations shown in Figure 19. Figure 50 shows the microchan-
nel design and Table 7 lists the design parameters.

The complete set of masks for the top chip superimposed on each other is as
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Figure 50: Mask design for microchannel heat sink.

Table 7: Design parameters for microchannel heat sink.

Parameter Value
Width of channels, W, (um) 80
Height of channels, H. (um) 350
Length of channels (¢m) 0.7
Number of channels 39
Thermal Resistance (°C/W) | 0.2291

shown in the Figure 51. Fluidic vias (100um diameter) are used to route the fluid
from the bottom chip to the top chip into the microchannels. A single rectangular
solder based fluidic I/O is chosen from the previous solder pipe designs to minimize
the possibility of solder flowing into the fluidic vias during assembly. There are 621
solder bumps each having a diameter of 120pum. This gives a solder bump density of
1242/cm?. The solder bumps provide the electrical connection from the heater to the
copper pads fabricated on top of the bottom chip. The solder bumps also provide
mechanical integrity to the bonding of the top chip to the bottom chip which is a
solder-Cu bond.

The complete set of masks for the bottom chip superimposed on each other is as
shown in Figure 52. It consists of a large feeding channel connected to inlet/outlet
ports for fluidic delivery from the pumping system. The feeding channel supplies fluid

to a set of microchannels on the substrate level. Part of the fluid is also routed to
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Figure 51: Mask design for top chip.

the top chip through a set of 26 fluidic vias. Copper pads are fabricated on top of
the bottom chip to which solder bumps and the solder pipe are bonded using flip
chip bonding. These copper pads are used to supply current to the heater located on
the top chip. Another set of Cu pads are also present on the bottom side in order
to make electrical connections with the heater fabricated on the bottom side of the

bottom chip. This heater simulates an active layer in the bottom chip as well.
5.1.3 Top Chip Fabrication

The schematic in Figure 53 shows the fabrication process for the top chip. We begin
with a 500um thick double side polished blank silicon wafer and deposit 2um SiO,
on the backside of the wafer (Figure 53(a)). We then pattern and etch FTSVs and
microchannels as discussed in chapter IV as a 2 step etching process (Figure 53(b)).
The target depth of the microchannels is 350um. Results of microchannel etching are
as shown in Figure 54. Following etching, the wafers are cleaned using resist remover
(RR4) and platinum heaters are deposited on the bottom of the top chip using a
lift off process as follows (Figure 53(c)): a 18um thick negative photoresist (NR5-
8000, 1200rpm /500rps/50s) was first spun and patterned on the bottom side. After
the development and a short RIE descum, Ti/Pt (10000A/300A) film was deposited
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using the Uniflim sputter. The photoresist was then removed by soaking and agitation
in acetone and the heaters were left as shown in Figure 55. The microchannels are
capped with a 300um thick blank silicon wafer using plasma enhanced direct silicon

bonding also discussed in chapter IV (Figure 53(d)).

(a) Deposit 2um oxide on 500um DSP wafer sr——————————
(f) Seed layer deposition

(b) Etch microchannels and FTSVs

g) Plating mold fabrication

(c) Pt heater deposition

(h) Solder plating

(d) Si-Si Wafer bonding to 300pm
DSP blank Si wafer (i) Plating mold removal

o @
(i) Reflow, seed layer and
oxide removal

(e) SU-8 protection layer

Figure 53: Process steps for top chip fabrication.
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Figure 54: SEM image microchannels.

Following the capping process, a 2um layer of SU-8 is deposited on the back side to
protect the heaters from any further processing steps. The SU-8 is patterned such that

there are openings in the resist which allows solder bumps to be plated on the heater
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Figure 55: SEM image of Pt heaters.

surface. The SU-8 also acts as a solder dam which restricts the solder within the pad
during the reflow process (Figure 53(e)). A seed layer of Ti/Cu/Ti is deposited on the
bottom side which provides electrical continuity across the wafer (Figure 53(f)). This
is followed by the fabrication of a plating mold (using NR5-8000) for the solder bumps
and fluidic 1/Os. At a spin speed of 600 rpm, a 30um thick NR5-8000P photoresist
is coated across the bottom surface (Figure 53(g)). After development, a descum
process was performed in a reactive-ion-etcher (RIE) to remove photoresist residue.
A thin layer (2-4pm) of Ni is plated which acts as the under bump metallurgy (UBM),
and solder is then plated over the nickel to fill the mold completely. Solder must be
plated immediately following nickel plating to avoid the growth of any oxide and a
clean interface between the UBM and the solder alloy is ensured. This is critical for
excellent wetting during reflow. Plating is carried out in steps to ensure uniformity
across the wafer. The plating steps for Nickel were done in increments from 2mA to
9mA. Solder plating was also carried out in increments from 2mA to 10 mA.

After the plating was completed, the photoresist mold was stripped using acetone
(Figure 53(i)). The seed layer was removed using a BOE and aluminum etchant dip.
This was followed by a coating the surface with flux (RMAS5, Indium Corp.) for the
reflow process. Reflow was performed on a hot plate, in three steps: 160 °C for 30s,
then 250 °C for 30s, and finally, 160 °C for 30s (Figure 53(j)).

The final step of the process is the removal of the oxide using dry etching and

opening of the fluidic TSVs. The top chip after fabrication was examined under the
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SEM and is shown in Figure 56.
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Figure 56: SEM image of top chip after fabrication.

5.1.4 Bottom Chip Fabrication

The schematic in Figure 57 shows the fabrication process for the bottom chip. We
begin with a 500um thick double side polished blank silicon wafer and deposit 2um
SiO4 on the backside of the wafer (Figure 57(a)). Channels are patterned using NR5-
8000 and etched in STS ICP to a depth of 350um (Figure 57(b)). A SEM of the
microchannels after etching is as shown in Figure 58. After resist removal platinum
heaters are fabricated on the backside of the wafer using the process described above
(Figure 57(c)). The channels are capped using wafer to wafer bonding discussed in
Chapter IV (Figure 57(d)). After annealing, a 2um layer of oxide is deposited on top
of the capping wafer. This oxide layer insulates the top surface of the capping layer
as copper pads will be fabricated on it eventually.

Cu bonding pads are then fabricated on the top side using the following process:

A Ti/Cu/Ti (3004/30004/300A) seed layer is sputtered using Unifilm sputterer. We
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pattern the seed layer using NR5-8000 (1200rpm, 500rps, 50s) and after exposure and
development we perform a 30s descum to remove any residual resist. Copper pads
are electroplated in the openings to a thickness of 6-8um. Resist is then removed
using resist remover and an acetone dip. The process is repeated on the bottom side
of the wafer to form Cu connection pads to the heater on the bottom side. During
bottom side electroplating the top side is protected by spinning a thick positive resist
on top of the already plated copper pads to prevent any further electroplating. Once
the bottom side copper pads are plated to a thickness of 6-8um, the plating mold and
protective topside resist are removed. The last step is the removal of seed layer on
top and bottom simultaneously (Figure 57(e)). An optical image of the Cu pads on
the top surface is shown in Figure 59.

Oxide is then deposited on the bottom side of the wafer to protect the heaters
from any damage. A layer of SU-8 is also deposited on the top side to form an
insulating dam around the Cu pads to contain the solder during the assembly process
(Figure 57(f)). The last and final step of the process is the etching of the fluidic vias
and inlet/ outlet openings on the top side. The fluidic vias(100pm diameter) form
a fluidic path from the feeding channels to the top chip and inlet/outlet (3mm pm)
is where fluidic manifolds will be attached for fluid delivery from the pump (Figure
57(g))-

Following wafer level fabrication, the top and bottom chips were diced. The top chip
was diced in chip sizes of 7Tmm X 7mm and bottom chip was diced to a dimension of

2.5cm X 6cm.

5.2 Assembly

The basic concept of the thermal-fluidic assembly is illustrated in Figure 60. With
a precision flip-chip bonder, a compression force is applied after the top and bottom

chip are aligned. The temperature is also increased to enable reflow of the solder
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(a) Deposit oxide on backside of 500pm DSP wafer

(b) Etch microchannels and feeding channels

(c) Deposit Pt heaters

(d) Si-Si Wafer bonding to 300pm DSP blank Si wafer

(e) Deposit Copper pads on top and bottom side

(f) SU 8 and oxide protection layer on top and bottom side

(g) Etch fluidic TSVs and Inlet/Outlet opening

Figure 57: Process steps for bottom chip fabrication.
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Figure 58: SEM image of microchannels and feeding channels in the bottom chip.

FTSV
Cu Pads for Electrical I/O
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Figure 59: Optical image of Cu pads on the bottom chip.
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bumps and solder pipe. A Finetech Lambda flip-chip bonder with high alignment
accuracy (+/- 0.5um) was used. A photograph of the flip chip bonder is shown
in Figure 61. With the thermal-compression capability, chips can be bonded with
controlled temperature-force profiles using the bonder. Prior to contact, the bottom
chip was heated to 40°C and the top chip was heated to 60°C. After alignment a
compression force (100g) was then applied to bring them into contact. At the same
time, temperature of the substrate was increased to 140°C and the top chip was heated
to the reflow temperature (235°C). The temperature profile is shown in Figure 62.

Table 8 summarizes the bonding parameters used.

IR

Pt Heater
Solder pipe

Solder bumps

Pt Heater

Figure 61: Finetech Lambda flip chip bonder.
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Table 8: Flip chip bonding parameters.

Parameter Value

Pre-heating temperature of bottom chip | 40°C

Pre-heating temperature of top chip 60°C

Compression force 100g

Bonding temperature of bottom chip 140°C

Bonding temperature of top chip 235°C
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Figure 62: Flip chip bonding recipe showing temperature profiles for top and bottom
layer.
Following bonding, we inspected the sample in an X-Ray machine. Figure 63 is

the result of the inspection.

5.3 Testing and Measurements

After assembly fluidic manifolds were attached to the inlet/outlet ports as shown in
Figure 65. Upchurch nanoports were used for fluidic routing as shown in Figure 64.
Nanoport assemblies are commercially available products which are used to provide
consistent fluid connections for chip-based analysis.

Hydraulic measurements were made in order to evaluate the sealing of the sol-
der I/Os and the mechanical support provided by the solder bumps after flip chip
assembly. The setup used for hydraulic testing is as shown in Figure 66 and Figure

67.

A pump made by FMI (Q Pump drive module, V300) was used. The output
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Figure 63: X-Ray images post-assembly.
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Figure 64: Nanoports for microfluidic assembly.

Figure 65: Assembled system with nanoports for fluidic testing.
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Figure 66: Experimental setup for reliability and pressure drop measurements.

Figure 67: Pictures of experimental setup.
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flow rate can be controlled precisely using a built in controller from 10ml/min to
300ml/min. To make pressure drop measurements, a handheld differential pressure
guage EW-68600-14 from Cole Palmer was used.

The differential pressure drop was measured for different flow rates. The result
of this measurement is shown in Figure 68. Flow rates up to 100ml/min were tested
without any leakages in the fluidic sealing of the stack.

200
180 -
160 -
140 -
120
100 -
80 -
60 -
40
20 4
0

Pressure Drop (kPa)

0 2‘0 40 E:O 8‘0
Flow Rate (ml/min)

Figure 68: Hydraulic pressure drop measurements for 2 chip stack.

We have thus shown the fabrication, assembly and preliminary testing of a 2 chip
stack each having microchannel cooling and a heating layer to simulate active circuits.
This test bench can be used to simulate different stacking configurations which were
discussed in the first section of this chapter and the effects of liquid cooling on overall

system performance.
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CHAPTER VI

CONCLUSION AND FUTURE WORK

We have discussed the bottlenecks of current scaling of devices and interconnects,
and the lag in silicon ancillary technologies leading to the slowing down of system im-
provements. Present day market demand for high-performance computing has shifted
the focus from 2-D planar system-on-a-chip-type single-chip solutions to alternatives
such as 3D die stacks. 3D system integration is a disruptive technology that bridges
the wafer and packaging worlds. It represents not only an enabling technology for fur-
ther improvement of transistor integration densities and increased computing power
(“More Moore”), but in addition will be a useful for so-called “More than Moore”
applications such as heterogeneous integration of diverse technologies. Several chal-
lenges have been identified in implementing high performance 3D systems such as
cooling, power delivery, and signaling. This thesis aimed at addressing some of these
challenges by proposing a liquid cooled 3D stack of ICs consisting of microchannels,
TSVs and interstrata electro-fluidic I/Os. Different integration schemes for fluidic and
electrical interconnects were introduced. We also reported fabrication and testing of
microchannels and TSVs and demonstrated fluidic reliability of such integration for
the first time. Finally we discussed the design and implementation of a 3D thermal
test bed in order to simulate different stacking architectures cooled by microchannels
at each stratum.

As reported, there are conflicting requirements between the cooling and electrical
requirements of 3D ICs. A major limiting factor is the TSV aspect ratio which affects
via etching, dielectric deposition and via filling. In order for microchannels to be able

to meet the ITRS requirements of 0.2°C/W, an optimized heat sink would require a
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Table 9: Projected TSV dimensions for global interconnects [4].

TSV Dimensions 2009-2012 | 2013-2015
Minimum TSV diameter (um) 4-8 2-4
Minimum TSV pitch (um) 8-16 4-8
Minimum TSV aspect ratio 5:1-10:1 10:1-20:1

Table 10: Comparison of pin-fin and microchannel heat sink [94].

R AP | Flow rate Geometry
(/W) | (kPa) | (ml/min) ()
D=150pm
Micro Pin-fin 0.19 28.23 100.05 Pitch = 225um
Hyir, = 200pm
Microchannel | 0.19 25 120 WwH_c h\i]§8%;jr?1um

depth of about 300-400um [54]. The TSV dimensions for global interconnect level as
mentioned in the ITRS roadmap is listed in Table 9.

In order to integrate these TSVs with microchannels, TSV aspect ratios >50:1
is required to simultaneously meet the cooling, power delivery, and signaling needs.
These aspect ratios have been extremely difficult to fabricate if not impossible using
the current TSV fabrication technologies. A potential solution to this issue can be
the use of alternate microchannel heat sink architecture. One example is using pin-fin
heat sinks instead of plain microchannel heat sinks. A comparison of pin fin heat sink
and microchannels is reported in [94]. As seen from the table, to obtain same thermal
resistance value, the height of the pin-fin geometry is half that of the microchannel
heat sink with modest pressure drop increase. We believe that this architecture has
potential to be used in a liquid cooled 3D stack due to reduction in thickness of each
stratum and hence lower aspect ratio requirements for TSVs.

With regards to TSV technology, electrical characteristics and electrical and me-

chanical reliability need to be explored further. These properties change with thermal
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Figure 69: SEM image of staggered pin fin heat sink design [94]

performance of the stack and impact of cooling on TSV performance must be studied
to fully exploit 3D system advantages.

A potential extension of the 3D test bench is the inclusion of electrical TSVs in the
analysis to analyze the cooling effects of microchannels on electrical performance of
the system. The thermal impact of hotspots and thermal crosstalk between different

active layers must also be studied in the future.
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