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SUMMARY

Interconnect technologies are undergoing a revolution to meet the rapid growth in sys-
tem interconnection requirements. A number of 2.5-D and 3-D integration technologies
are being explored to integrate high-performance dice such as, CPU, FPGA, GPU, etc.
with memory. The mobile computing space is expanding its opportunities as well. In all
these con gurations, while there are a number of bene ts in communication bandwidth,
power ef ciency, footprint reduction, there are important thermal, mechanical, and elec-
trical considerations that need to be addressed. To enable the design space exploration of
these systems from the perspective of temperature and power supply noise, a thermal and a
PDN modeling framework is presented. Various 2.5-D and 3-D heterogeneous integration
technologies are investigated and benchmarked for thermal and electrical performance and
inter-dependencies.

First, the use of exible interconnects for thermo-mechanical reliability improvement
in interposer assembly is analyzed. The goal of this work is to explore the opportunity to
remove the secondary organic substrate from an assembled subsystem. Hence, a thermally-
induced warpage comparison between solder bumps and mechanically exible intercon-
nects (MFIs) in an interposer-to-motherboard assembly is reported. Impact of chip size on
thermo-mechanical warpage and stress is also evaluated. A comprehensive MFI distribu-
tion technique utilized for improved thermo-mechanical reliability and a genetic algorithm
based structural optimization of MFIs are presented.

Second, power delivery network (PDN) modeling including advanced packaging of
voltage regulator modules is evaluated. Different 2.5-D integration technologies are bench-
marked. Speci cally, a bridge-chip based 2.5-D integration technology is benchmarked
with and without a PDN in the bridg-chip. Both steady-state IR-drop and transient Ldi/dt
noises are reported.

Third, PDN modeling and benchmarking of fan-out wafer level packages (FOWLP) is

XXii



evaluated. Both multi-die FOWLP and 3D FOWLP technologies are benchmarked with re-
spect to corresponding ip-chip Ball Grid Array (FC-BGA) con gurations. Power supply
noise results for both steady-state and transient-state simulations are presented. A compre-
hensive design space exploration of FOWLP technologies is performed.

Fourth, a new PDN architecture named 'backside PDN' is benchmarked. The differ-
ences between backside and conventional front-side PDN con gurations are introduced.
The power delivery performance of a backside PDN con guration is evaluated. Results
for different power maps are presented. Moreover, the modeling results are validated with
physical implementation results. A design space exploration is performed to analyze the
impact of package-to-die interconnection pitch, input pulse, capacitor density on PDN per-
formance. Additionally, thermal implications of dielectric bonding for a backside PDN
con guration are evaluated.

Lastly, a framework for thermal-PDN co-analysis is extended to evaluate bridge-based
2.5D integration technologies. Inter-dependencies between temperature distribution of the
dice in a package and the supply voltage noise are captured. Some thermal aspects of a
bridge-chip based 2.5-D integration are highlighted. Thermal-PDN frameworks for both
steady-state and transient-state PDN are presented. Impact of different interaction models

is characterized.
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CHAPTER 1
INTRODUCTION

The demand for data generated by different applications in machine learning, arti cial
intelligence, internet-of-things, etc. is exponentially increasing, driving the need high-
performance computing systems. Fig 1.1(a) shows this trend and explosion of data [1].
This signi cant volume of data is driving the growth of data centers around the world.
Fig. 1.1 shows the electical energy consumed by data centers in the US[2]. Although the
growth in the number of data centers has decreased over the years, the increase is scale-out
and scale-up growth of large data centers is signi cant. In 2010, electricity used in data
centers globally was 1.5% of total electricity use. This consumption i2% of total
electricity consumption in the US, as shown in Fig. 1.1. To this ends, there have been in-
novations in infrastructure, network, storage, and server platforms, which help reduce the
overall power consumption of data centers. While power savings is an important factor for
these data centers, heat removal is an additional challenge which adds signi cant overhead
cost. Cooling accounts for 30% of the overall power consumption of a data center [3].
For example, Microsoft reported that its under-water cooling project supports a 240 kW
data center [4]. The key components of these data centers are computing blocks or pro-
cessing units and storage units or memory. In order to keep up with TiBebandwidth
requirements of rapidly evolving computing fabrics such as FPGAs integrated with server
class CPUs, several emerging integration technologies have been studied. Some of the
key heterogeneous integration technologies include interposer/bridge 2.5-D ICs [5, 6], 3-D
ICs [7], and fan-out wafer-level based packages including package-on-package (PoP) tech-
nology [8]. For example, the Stratix 10 FPGA currently integrates a large programmable
fabric and daughter dice, such as transceivers and High Bandwidth Memory (HBM), with

high-bandwidth EMIB links [9]. Further integration of Xeon CPU dice with FPGA dice



into a single package could greatly enhance computing performance and ef ciency for
many applications. Since this is still an ongoing research eld, more innovative advances
are anticipated to be proposed in the near future. As such, the computing platforms are
migrating towards a modular based package design with compact heterogeneous integra-
tion of CPU, GPU, FPGA, memory, etc. Fig. 1.2(a) shows a system used for Microsoft
Bing search where FPGAs are used to accelerate the computations [10]. Fig. 1.2(b) shows
a heterogeneous interconnect fabric developed by Xilinx [11]. Fig. 1.2(c) shows a wafer
scale engine (WSE) where the whole wafer is used to make one single complete system
[12]. This WSE has 1.2 trillion transistors, 400k linear algebra cores, 18 GB of on-die
memory, 9 PB/sec of memory bandwidth across the chip, and separate fabric bandwidth
of up to 100 Pb/sec. Fig. 1.2(d) shows a 3-D package-on-package con guration devel-
oped by Intel [13]. Similar to these approaches, a semiconductor package may contain a
number of functionalities including but not limited to stacked memories, RF devices, ap-
plication processors, MEMS, power management ICs, etc. In these con gurations, there
are important thermal, mechanical, and electrical considerations that need to be addressed.
As functionally-diverse dice are packed into a smaller space, the corresponding increased
thermal load is an added concern to the thermo-mechanical reliability of the solder joints.
Moreover, owing to these advanced technologies, the total power density is expected to
increase beyond 100 W/énji14]; power delivery becomes a critical challenge, and ad-
vanced cooling solutions (for example, micro uidic cooling) are turning into a necessity
[15]. Fig. 1.3(a) shows the increase in per socket current requirement for the server chips.
Reduced noise margin determined by the scaling trend of the technology is making the
power delivery to the chip ever more challenging. Placing dice side-by-side, as shown in
Fig. 1.3, poses thermal coupling issues where heat ows from the high power die to the
low power die. Moreover, temperature, supply voltage, and power dissipation are depen-
dent on each other. The temperature impacts the leakage power and the power/ground grid

resistivity. Power dissipation determines the source current of the chip and is also the ex-
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Figure 1.1: (a) Annual data usage by 2025, (b) Power consumption by data centers

citation of the power delivery network (PDN) noise. However, the power supply voltage

impacts both leakage and dynamic power. Without considering the interactions between
each of the individual interaction models, for emerging architectures with increased power
density, the results from the standalone or partially integrated models could be overesti-
mated by as much as 30% [16]. Therefore, in this research effort, thermal-mechanical and

thermal-power interactions are investigated.
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Figure 1.2: (a) Microsoft FPGA accelerator, (b) Xilinx project EVEREST, (c) Cerebras
wafer scale engine, and (d) Intel Foveros 3-D integration

1.1 Current Relevant Research

The evolution of different 2.5-D/3-D integration technologies brings about a number of
challenges. Thermo-mechanical reliability, thermal integrity, power integrity, etc. are a
few of them. Signi cant research effort has been put to address these challenges. Some of

the noteworthy efforts are delineated in the section below.

1.1.1 HeterogeneoumtegrationTechnologies

Heterogeneous integration technologies (2.5-D/3-D ICs) provide high-bandwidth density
and low-energy connectivity as well as ultra-small form factors. Table 1.1 summarizes

some key 2.5-D/3-D heterogeneous integration technologies. Silicon interposer has shown
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Figure 1.3: (a) ITRS projection for server current, (b) Thermal coupling between dice
placed on the same package

its potential in 2.5-D integration [20, 21, 22, 19]. Fig. 1.4(a), 1.4(b), 1.4(c) show three
such interposer based products offering 348 GBps of aggregate bandwidth, 512 GBps of
memory bandwidth, and 160 GBps CPU-to-GPU NVlink bandwidth, respectively. This
technology provides high density die-to-die interconnections. Alongside, this fabric also
provides additional spread of current for power delivery [5]. Interposer is also utilized for
3-D integration technologies. However, owing to the increased power density [14], while
interposers are being widely used for 2.5-D integration technologies [23, 22], their use in
3-D ICs is primarily limited to the memory devices [24, 25]. Some other noteworthy 2.5-D
integration technologies are Intel's Embedded Multi-die Interconnect Bridge (EMIB) [26],
Georgia Tech's Heterogeneous Interconnect Stitching Technology (HIST) [27], and imec's
fan-out based bridging concept [6], as shown in Fig. 1.5. These bridging technologies

increase the die-to-die signaling bandwidth while eliminating the “reticle limitation' of the



Table 1.1: Key heterogeneous integration technologies

Silicon EMIB [18] | Bridge- Foveros Chip stack-
interposer chip [6] [13] ing [19]
[17]
Interconnection 2.5-D 2.5-D 2.5-D 25-D & 3-| 3-D
method D
I/O structure | Bump Bump Bump Bump & | Bump
Bump
Pitch 30-60 m 55 m 20 m - >8 m
Scalability Limited Scalable Scalable Limited Limited

@) (b) (©)

Figure 1.4: (a) Xilinx FPGA with interposer, (b) AMD GPU with HBM, and (c) NVIDIA
GP100

interposers.

Recently, Fan-out Wafer Level Packaging (FOWLP) technology has shown its poten-
tial to signi cantly miniaturize the package[28]. The advantages of FOWLP technology
are not only related to a signi cant package miniaturization in the lateral directions, but
it also reduces the package thickness signi cantly. Package 1/Os are redistributed across
the entire package including the fan-out region outside of the silicon die for increased pin
count at the package level. The absence of the substrate reduces the thermal resistance of

the package, increases the electrical performance owing to the shorter interconnections and
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Figure 1.5: (a) Intel EMIB technology, (b) Georgia Tech HIST platform, and (c) imec
bridge technology

lowers parasitic effects. FOWLP offers as low as 8x reduced PDN impedance compared to
a ip-chip pakcage [29]. Moreover, 3-D FOWLP, like conventional package-on-package
(POP) con gurations, enables added functionalities and miniaturization in the third dimen-
sion. TSMC's FOWLP technology shows 20% reduction in package thickness compared to
a ip-chip package [8]. FOWLP has been under extensive investigation in recent years [28,
8, 30, 31, 32]. Some noteworthy examples include TSMC's Integrated Fan-out wafer level
packageing (INnFO WLP) [8], In neon's embedded Wafer Level Ball Grid Array (eWLB)
[31], and Freescale's Redistributed Chip Package (RCP) [32].

While heterogeneous integration is pushing for modular based package designs, recent
trends indicate that a single die itself can be heterogeneous in nature [33] where different
computing blocks are fabricated with different technology nodes. Besides, there is also co-
integration of voltage regulators, inductors, etc. in the same package. In recent years, on-
chip regulators have gained signi cant attention because of their ne grain voltage control,
increased availability of power, increased performance, decreased inductor size, etc. [34,
35, 36]. An on-chip regulator with an inductor placed in the package is shown in [34]. A
2.5-D based integrated voltage regulator (IVR) where the inductors are placed right beneath

the chip is presented in [35]. These technologies eliminate the need for multiple VRs in the



case of multiple supply voltage systems while reducing the parasitic length of the power
delivery path, enabling active power management required by high-performance computing

devices.

1.1.2 Thermo-MechanicaReliability Analysisfor AdvancedPackaginglechnologies

Numerous heterogeneously integrated systems are being used to assemble chips side-by-
side, and thus allowing designers to put dice next to each other in a high-bandwidth, low-
energy con guration. For such a system, thermally induced warpage is an increasing con-
cern for device and interconnect reliability [37, 38, 39], as shown in Fig. 1.6. For example,

a 2.5-D interposer-based integration technology requires an organic package to minimize
the effects of CTE mismatch, employing Ball Grid Array (BGA) between the package and
the board, and C4 bumps between the package and the interposer [20, 21, 40, 41]. These
packages have multiple layers and typically use under Il to ensure the reliability of the C4
bumps between the package and the interposer. As functionally-diverse dice are packed
into a smaller space, the corresponding increased thermal load is an added concern to the
thermo-mechanical reliability of the solder joints [42, 43]. Thermally-induced warpage
also affects 3-D integrated systems as through-silicon-vias (TSVs) are subjected to me-
chanical stresses and strains [20, 21, 44]. Similarly, thermally-induced warpage may nega-
tively impact the coupling ef ciency of optical grating couplers as this warpage offsets the
necessary alignment for high coupling ef ciency [45, 46, 47, 48, 39]. For example, Wan et.
al. [39] reported a 25% reduction in diffraction ef ciency for a 57&hgular displacement.

This is an important consideration since silicon photonics is evolving as an enabling tech-
nology for high-performance computing which uses interlayer grating couplers for trans-
ferring optical signals between out-of-plane waveguides. Moreover, with the advancement
of semiconductor processes, there are innovative packaging solutions that increase the in-
terconnection complexity [22, 49, 50]. The International Technology Roadmap for Semi-

conductors (ITRS)[14] predicts the substrate-to-board pitch to be approximatelyn869
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Figure 1.6: (a) Solder joint crack, (b) Interconnect and via delamination, (c) TSV crack,
and (d) Grating coupler misalignment

2026, which may introduce numerous reliability concerns. ITRS also projects that the peak
package warpage limit, which occurs during the solder ball re ow process, to be as low as
50 m for 300 m pitch BGA. Therefore, it is critical to minimize warpage as warpage-
induced stress/strain only functions to negatively impact the reliability and performance of
a wide variety of systems and technologies. There have been signi cant prior efforts to
reduce substrate warpage. Raghavan et al. [51] outlined a temperature pro le modi cation
and external mold technique to reduce warpage. Mikael et al. [52] showed the impact of
different process conditions from analytical and experimental data on substrate warpage.
They proposed solutions including a thicker insulator layer, thinner metall/metal2 layers,
etc. in an effort to reduce warpage. Chaware et al. performed a reliability analysis of dif-
ferent under Il materials [21]. Murayama et. al, proposed possible solutions for warpage

control including chip rst process, usage of under Il with low,Tetc.[53].
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Compliant interconnects have been used to address some reliability issues generated
from the CTE mismatch between organic/ceramic packages and silicon die[54, 55, 56, 57,

58]. Recently, Mechanically Flexible Interconnects (MFIs), as shown in Fig. 1.7, have

(a) (b)

Figure 1.7: (a) Mechanically exible interconnect (MFI) and (b) Compliance measurement
of MFI

been investigated as enablers for direct assembly of a Si interposer onto a motherboard to
achieve a smaller pro le and better electrical performance [59]. Apart from reducing the
thermally induced warpage, MFIs could eliminate the secondary substrate in some appli-
cations, resulting in a smaller form factor, higher bandwidth, lower power, and shorter in-
terconnections. Flexible interconnect design and optimization are also carried out to tackle
CTE mismatch in bridging concepts, such as HIST [60, 61]. Moreover, component-level
optimization has been carried out in numerous studies [61, 62, 63]. The primary focus of
these studies is to design and optimize a single interconnect under a mechanical loading
condition. For example, in [61], the focus is MFI optimization under a nano-indentation
load. Multi-objective single interconnect optimization is carried out in [57]. However, de-
sign and optimization of a group of interconnects based on system level parameters, e.g.

thermal loading, is missing in the literature.
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1.1.3 PowerDelivery NetworkModelingfor 2.5-Dand3-D ICs

Power requirements in modern high-performance computing systems are becoming in-
creasingly stringent. Such systems typically contain several cores [64] to tens of cores
[65] with multiple power supply domains [66]. Traditionally, the power supplies are placed
off-chip to provide necessary load currents to the on-chip active circuitry. These systems
typically have resistive and parasitic losses from the interconnects and metal pads. Large
passive components (i.e., capacitors) are placed to somewhat compensate these effects.
However, the power delivery challenges are becoming increasingly prominent as more and
more transistors are being packed into a single chip, which eventually translate to increased
load. A single package may include high-bandwidth memory with GPUs [25], FPGASs
with server processors [67], high-performance GPUs with general purpose CPUs [68],
etc. Despite the scaling of supply voltage in recent device technologies [69], these high-
performance integrated modules inevitably lead to higher current demand and increased
power density [58]. As a result, power delivery in high-performance digital systems is an
increasingly dif cult challenge [70]. In an electronic system, there are resonances from
die-to-package, package-to-board, and board-to-supply interactions, as shown in Fig. 1.8.

Meeting the target frequency over a wide frequency range is becoming increasingly dif-

Figure 1.8: Target impedance of a PDN and capacitor requirement for different frequency
ranges

cult. Recently, on-chip regulators have gained signi cant attention because of their ne

grain voltage control, increased availability of power, increased performance, decreased
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inductor size, etc. [34, 35, 71, 72]. An on-chip regulator with inductor placed in the pack-
age is shown in [34]. These technologies eliminate the need for multiple VRs in the case
of multiple supply voltage systems while reducing the parasitic length of the power de-
livery path, enabling active power management required by high-performance computing
devices. In short, these are efforts to bring the power supply circuitry closer to the active
circuits. There are a number of solutions to improve the ef ciency and reduce the footprint
of the active portion of a PDN [36, 5] and, one has to rethink the on-die PDN design to
achieve the best out of both scaling trends and innovative packaging solutions. Speci -
cally, scaling device technology poses several challenges. The resistivity and resistance of
conventional metal layers and inter-metal vias are increasing rapidly with advanced tech-
nology scaling [73, 74], while PDN noise margins are becoming stringent [75]. Moreover,
the power consumption of different computing blocks is increasing signi cantly [14, 76].
Power supply noise (PSN) negatively impacts the system performance; PSN induces clock
jitter, which exacerbates the performance of a computing block [77]. Modern processors
can create nanosecond level voltage droops that require different circuit techniques to en-
sure reliability. Moreover, advancement of the packaging technologies results in critical
interfaces, which increases PDN impedance. For example, in a silicon interposer based
2.5-D integration [78, 79], there is a tradeoff between using additional PDN grids in the
interposer to reduce PSN and added parasitics from the TSVs and microbumps. Likewise,
in bridge-based 2.5-D integration technologies (EMIB, HIST, etc.), signal interconnections
and 1/O drivers are placed in the periphery of the dice. As such, the bridge may block the
direct access of the package power/ground planes to the periphery of the dice [5], which in-
creases the source-to-sink impedance for the die blocks in these regions. This effect is more
prominent in a CPU-HBM or FPGA-HBM con guration since HBMs are wide 1/0O con g-
urations with concentrated connections in the center of the die. This increases the overlap
between a bridge-chip and the memory dice. While memory banks have power supply

through TSVs, the base logic die suffers from longer PDN paths owing to this overlap re-
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gion. Similar to bridge-chip con gurations, FOWLP technologies have unique attributes
as well. For example, owing to the dense redistribution layers (RDLS) in the package, the
PDN in the RDLs is different from the power/ground planes in organic/ceramic package
PDN. Moreover, some FOWLP technologies use copper pillars instead of coarse C4 bumps
common in ip-chip packages. For all these innovative technologies, there is a need for
evaluating the PDN early in the design cycle before it becomes expensive to adopt any
changes in the latter stages.

Power supply noise (PSN) modeling has been under extensive research over the last
decades [87, 81, 83, 7]. Some noteworthy contributions in PDN modeling are summarized
in Table 1.2. DC IR-drop modeling of 2.5-D and 3-D integration systems is analyzed in
[87]. However, Ldi/dt transient analysis or dynamic IR-drop and impedance analyses are
missing in this work. DC and dynamic IR-drop is evaluated in [81]. However, the model
uses a lumped model for the package PDN, which makes it harder to model emerging
packaging technologies. Lumped model based PDN modeling is carried out in [83]. Recent
work also addressed the power integrity modeling of fan-out wafer level packages [29,
30]. Chou et. al [30], provided impedance, DC resistance, and transient analysis results
from experimentation. Wang et. al. [29], presented a power integrity model to investigate
the scope of integrated voltage regulators in fan-out wafer level technologies. Yang et.
al. [5] presented a PDN tool that can perform both steady state and transient analysis
with distributed on-die, package, and board model. Different technologies have unique
attributes which can negatively impact the PSN of a system. These efforts open the path

towards accounting for such attributes in a quick and accurate manner.

1.1.4 Thermal-PDNCo-AnaysisModeling

In a tightly integrated system, if multiple dice are placed side-by-side, there can be signi -
cant thermal coupling [7], as shown in Fig. 1.9. In 3-D ICs, owing to the vertical stacking,

the temperature pro le of the low power dice becomes an image of the temperature pro le
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Table 1.2: Relevant PSN work in the literature

IR | Tran; AC | Distri-| Pack- | Board| VRM| Multi- | Die | Pack-| Power
sient buted | age PDN VRMs| conf-| age | map
On- | PDN igura: de-
die tions | caps
PDN
J.Xie| Yes| No | No | Single: Distri-| Distri-| No | No 2.5/3:1 N/A | Non-
[80] layer | buted | buted D uniform
no
vias
R. Yes| Yes | No | Multi- | Lump-| Lump-| No | No 3-D | Lumpt Non-
Zhan layer | ed ed ed uniform
[81] no
vias
S. Yes| Yes | Yes| Single: Lump-| Lump-| Yes | No 3-D | Lump: Non-
Park layer | ed ed ed uniform
[82] no
vias
X. Yes| Yes | No | Lump-| Lump-| Lump-| No | No 2-D | Lump: Non-
Zhan ed ed ed ed uniform
[83]
H. Yes| Yes | Yes| Singler Lump-| Lump-| Yes | No 3-D | Lumpt Uniform
He layer | ed ed ed
[84] no
vias
Y. Yes| No | No | Singler Distri-| Distri-| No | No 2.5/31 N/A | Non-
Shao layer | buted | buted D uniform
[85] no
vias
C. Yes| Yes | Yes| Multi- | Distri-| No No | No 2.5/31 Distri-| Uniform
Pan layer | buted D buted
[86] with
vias

of the higher power die [88].
tually exclusive results. However, there are inter-dependencies between these two models
that require special attention, especially for heterogeneously integrated 2.5-D and 3-D ICs
with advanced technology nodes. The inputs to a PDN modeling tool typically includes a
power model. The power model includes both the dynamic power and the leakage power

contributions of the active circuits. In an early analysis, the power is estimated based on
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Figure 1.9: Lateral thermal coupling between dice in an interposer based 2.5-D con gura-

tion

Figure 1.10: Vertical thermal coupling between dice in an 3-D IC con guration

Table 1.3: Relevant thermal-PSN co-simulation work in the literature

power, and wire resistivity

Analysis type Interactions
Y. Shao, J. Xie [85, 80] Steady Wire resistivity
Y.Liu [89] Steady Leakage power
H. Su [16] Steady Leakage power and dynamijc
power
S. Park [82] Steady & Transient Leakage power and wire re-
sistivity
Y. Zhang [90] Steady & Transient Leakage power, dynamic

architectural tools and data sheets which provides power speci cations at different temper-

atures. However, from a realistic thermal map, the temperature across a single die can be

different. Moreover, there are different thermal solutions [15] that can impact the temper-

ature, and hence, impact the performance of a system. The power model, temperature of

a die, and the PSN are interdependent. Fig. 6.1 shows the dependencies between power

dissipation, temperature, and PDN. The temperature impacts the leakage power and the

grid resistivity of the PDN. Conversely, the power supply voltage impacts both leakage
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and dynamic power. Without considering the interactions between each of the components
in Fig. 6.1 for emerging architectures with increased power density, the results from the

standalone or patrtially integrated models could be overestimated.

Figure 1.11: Thermal-PDN interaction models

Researchers have put efforts to address these inter-dependencies among different in-
teraction models [16, 80, 7]. Some of these efforts are summarized in Table 1.3. Xie et.
al. [80] studied the interaction between temperature distribution and the steady state IR-
drop. Su et. al. [16] studied the impact of temperature and supply voltage on the power
dissipation of the dice. Yang et. al. [7] incorporated the inter-dependencies of all the inter-
action models for a 3-D stacked processor-memory system. All these modeling techniques
are signi cant efforts to address the issues related to the advanced technologies. However,
investigation of 2.5-D technologies from the co-analysis perspective is missing in the litera-
ture. Also, most of the prior works mentioned in this section do not account for both steady
state and transient analysis. With a complete and comprehensive thermal-PDN co-analysis
tool, the state of the art design methodology will gain added momentum and reduce the

design space signi cantly before moving to the full design cycle.

1.2 Organization of This Thesis

This document is arranged as follows:
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Chapter 2: This chapter explores different means by which both interconnect reli-
ability is improved and interposer warpage is decreased for an interposer-on-board
integration using mechanically exible interconnects (MFIs). Central to this explo-
ration is the design and distribution/orientation of the MFIs on the interposer. Using
Finite Element based tool ANSYS, different MFI distributions and con gurations
are investigated. Using MFIs for interconnection, a minimum 43% improvement in
warpage is reported. Employing a genetic algorithm based structural optimization

technique, greater than 50% reduction in MFI stress is presented.

Chapter 3: We present a PDN modeling framework with a focus on multi-die het-
erogeneous integration. We show the detailed formulation and analysis methods in
this chapter. A design space exploration of power delivery networks is performed
for 2.5-D and 3-D integrations. This chapter focuses on PDN modeling of different
2.5-D con gurations including interposer and bridge-chip based technologies. We
show that by splitting a bridge-chip into multiple smaller bridge-chips, on-die PDN
impedance can be reduced. We also study these scenario with a PDN in the bridge-
chip. If we use PDN in the bridge-chip, the DC IR-drop can be reduced by more
than 20% compared to a con guration excluding a bridge-chip PDN. This chapter
also includes a study regarding effective placement of the voltage regulator modules
(VRMs) for power supply noise (PSN) suppression. Multiple on-package VRM con-
gurations have been analyzed and compared. Additionally, 3-D IC chip-on-VRM
and backside-of-the-package VRM con gurations are studied. We also study the
thermal implications of different VRM placements. We observe a steep rise in tem-
perature when we place the VRM on the backside of the package. We also perform a
study to evaluate the power excitation limit of different con gurations for a speci c

PDN noise level.

Chapter 4: We present a PDN modeling framework for Fan-out Wafer Level Packag-
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ing (FOWLP) technologies with a focus on multi-die heterogeneous integration. Re-

sults are compared to conventional multi-die packaging and 3D package-on-package
technologies. Owing to the shorter interconnections enabled by thinner packages
and elimination of large C4 bumps with copper pillars, the package contributes less
parasitics to the PDN path. Hence, the IR-drop, transient droop, and impedance are
reduced in the evaluated FOWLP technologies. We perform a design space explo-
ration to investigate the impact of different design parameters: BGA pitch, metal

layers, via distribution, copper pillar pitch, etc. on PSN.

Chapter 5: We present a PDN modeling framework for backside PDN con gura-
tions. A backside PDN approach separates the PDN from a conventional signaling
network of the back-end-of-the-line (BEOL) and improves power integrity and core
utilization. We benchmark this technology with conventional front-side BEOL PDN
con gurations. Owing to the lower resistivity compared to Cu metal lines for ad-
vanced technology nodes, we use Ruthenium (Ru) based buried power rail for PDN
modeling. The framework results are validated with a place-and-roétR)Based
physical implementation ow. We quantify the area improvement in the actual ow
and observe 25%-30% improvement in the backside PDN con guration. Moreover,
we investigate the impact of package-to-die interconnect pitch, metal-insulator-metal
cap density, and input pulse on PDN performance. Additionally, we perform thermal

modeling to analyze thermal implications of a backside PDN con guration.

Chapter 6: We present a PDN modeling framework for heterogeneous 2.5-D inte-

gration platforms. Both steady state and transient state (Ldi/dt) noise analyses have
been presented for a conventional multi-die package and a bridge-chip based pack-
age. Compared to thermal-PDN co-simulations, we observe a 10-12% overestima-
tion in the steady state temperature and IR drop results and a 20% overestimation in

the Ldi/dt noise in standalone PDN simulations without thermal impacts.
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Chapter 7: This chapter presents the conclusions and summary of this thesis; future

research topics are also discussed.
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CHAPTER 2
THERMOMECHANICAL ANALYSIS AND PACKAGE LEVEL OPTIMIZATION
OF MECHANICALLY FLEXIBLE INTERCONNECTS (MFIS) FOR
INTERPOSER-ON-MOTHERBOARD ASSEMBLY

Figure 2.1: MFl-enabled large integrated system with interposer-on-motherboard

In this chapter, we perform a thermomechanical analysis of MFI-interposer assembly.
The goal of this work is to extend the component-level optimization methodology pre-
sented in [63, 62, 61] to the optimization of interconnects in an assembled subsystem,
which includes printed circuit board (PCB), a silicon interposer, and a large number of
MFIs between the interposer and the motherboard, as shown in Fig. 2.1. First, we report
an MFI distribution con guration to reduce MFI stress and also discusses a package-level
optimization process. Moreover, a thermally-induced warpage comparison between solder
bumps and MFIs in an interposer-to-motherboard assembled system is reported. Next, we
describe the impact of chip size on thermo-mechanical warpage and stress. We show a com-
prehensive MFI distribution technique utilized for improved thermo-mechanical reliability.

Finally, we investigate the impact of MFI pitch on thermo-mechanical reliability.
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Table 2.1: Simulation setup

Parameters
Interposer size lcm 1cm
Interposer thickness 100m
PCB thickness 1000m
Solder bump/ MFI height 110m
Solder/MFI pitch 400 m

2.1 MFI Orientation and Package Level Optimization for Reduced Stress and Warpage

2.1.1 SimulationSpeci cations

The overall speci cations of the test vehicle are speci ed in Table 2.1

MFI Con guration

(@) (b)

Figure 2.2: (a) top view, (b) side view of an MFI.

The overall dimensions of the baseline MFI are shown in Fig. 2.2. These dimensions
are based on [59] and considered as the initial design for the analysis. NiW is chosen as the
interconnect material because of its relatively high yield strength of 1930 MPa[91]. The
MFIs are 9 m thick and have a standoff height of 7Gn. The MFIs are permanently
bonded, as is done in [92], to the interposer with a &@Ddiameter and 31 m tall tip. As
these interconnects are to be compared with solder bumps between the motherboard and the

interposer, the total height for both the solder bump and the MEL&s m. The purpose
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