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Abstract

Stacking multiple dies to form 3-D integrated circuits (ICs) has emerged as a promising
technology to reduce interconnect delay and power, to increase device density, and to
achieve heterogeneous integration. Through-silicon vias (TSVs), metallic wires that con-
nect different dies, are a key enabling technology for 3-D ICs. TSVs can be used for routing
signals, for power delivery, and for heat extraction. TSV-manufacturing advances are well
underway. However, there is little experience in designing optimally with TSVs.

This thesis explores challenges and best design strategies for TSVs, and offers several
key contributions. Signal TSVs induce noise in the substrate and affect neighboring de-
vices. This thesis proposes a novel technique, GND Plug, to mitigate TSV-induced noise.
The results show the superiority of this technique in grounding noise compared to other
techniques adapted from 2-D planar technologies such as a backside ground plane and tra-
ditional substrate contacts. The thesis also investigates in the form of a comparative study
the impact of TSV size and granularity, spacing of controlled collapsed chip connections
(C4) connectors, off-chip power delivery network, shared and dedicated TSVs, and coaxial
TSVs on the quality of power delivery in 3-D ICs. The thesis provides detailed “best de-
sign” practices for designing 3-D power delivery networks. TSVs occupy silicon real-estate
and impact device density. This thesis provides four algorithms, in an iterative framework,
to minimize the number of TSVs needed for power delivery network. Unlike prior work,
these algorithms can be applied early in the design stages when only functional block-level
behaviors and a floorplan are available. Finally, the thesis explores using Carbon Nanotubes
to design the TSVs and power grid, and the results show that the use of Carbon Nanotubes
for grid design offers substantial advantages in terms of reducing IR drops. Overall, the

thesis advances the state-of-art in 3-D design.
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Chapter 1
Introduction

Moore’s law has inspired the growth of integrated circuit (IC) technology since its inception
in 1965 [76]. Each new technology node produces smaller and faster devices keeping pace
with Moore’s prediction of 2x scaling every 18 months. Device feature size has shrunk
from 10um [88] to 22nm [20] over the past four decades. This exponential decrease in
feature size has resulted in an astronomical increase in performance. For this trend to con-
tinue, significant challenges need to be overcome in several key areas [77]. IC technology
has evolved from a device-centric technology to one where interconnect also plays a crit-
ical role. By 2012, the latency for a 1-mm-long interconnect is expected to be 100 times
larger than that of a corresponding transistor [72]. Oxide thickness of a metal oxide semi-
conductor field effect transistor (MOSFET) determines the size and the leakage current of
a transistor. Oxide thickness approaching atomic levels imposes a practical bound on the
leakage current and hence limits the size of a transistor [94, 106]. Exponential increase in
capital cost, to set up a foundry, poses a threat to the viability of future technology scaling
[25].

Vertical stacking of dies, forming a 3-D IC, is a promising alternative to traditional 2-D
ICs to keep pace with Moore’s Law. 3-D IC technology is not only capable of increased
device-density but also offers heterogeneous integration of dies from disparate technologies
(analog, digital, mixed signals, sensors, antenna, and power storage) and from different

technology nodes. The 2009 International Technology Roadmap for Semiconductor (ITRS)
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predicts that by 2015 the number of stacked dies in memory, low-end low-cost, and high-

performance chips will be 9, 3, and 2, respectively.

1.1 More than Moore with 3-D IC Technology

The concept of 3-D integration is not new. Although first introduced in 1960 [37], this
concept did not materialize until recently, because of two reasons: 1) regular 2-D ICs were
already producing results keeping pace with Moore’s law, 2) technology to remove the
tremendous amount of heat from an IC was not available. A combination of technical
innovations to produce ultra-low power devices [93] and of future scaling challenges has
turned the focus back to 3-D ICs [77].

3-D stacking provides exciting design opportunities not possible with 2-D ICs. Various
levels of granularity exist to partition a system to form a 3-D system-in-package (SiP).
Fabricating individual dies using various technologies and stacking them to form a 3-D IC
is an example of coarse granularity [86]. Monolithic 3-D integration, stacking two dies
such that one die contains all the NMOS transistors and the other contains all the PMOS
transistors, is an example of the finest granularity [75, 41]. Loh et al. provide a detailed
architectural analysis of these granularities [68]. The benefits are many. At the circuit-
level, the length of global wires can be reduced by as much as 50%, wire-limited clock
frequency can be increased by 3.9, and wire-limited area can be decreased by 84% [52].
Power requirements can be reduced by 51% at the 45-nm technology node [11]. At the
architecture-level, optimal 3-D design can be achieved by co-optimizing the architecture

and technology at each design level [40, 67].

Multiple techniques exist to achieve 3-D stacking including wire-bonding, monolithic
integration, and through-silicon vias (TSVs). Wire-bonding is a straight-forward and eco-
nomical stacking technique but it is limited to low-power, low-frequency ICs that require
less inter-die connections. Wire-bonding may occur for staggered dies, shown in Fig-
ure 1.1(a) [10]. A monolithic 3-D IC, shown in Figure 1.1(b), requires a new semicon-
ductor manufacturing technique where multiple layers of devices can be fabricated in a

single substrate. This technique offers the most stacking at the highest cost. TSV-based
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Figure 1.1: 3-D integration techniques [10]

3-D integration, shown in Figure 1.1(c) and the focus of this thesis, is a promising tech-
nique to achieve short and dense inter-die interconnects (an order of magnitude higher than
wire-bonding). Inter-die communication can also be achieved by inductive coupling [49].
While complex, expensive, and requiring new design and fabrication solutions, TSV-based

design has gained the most momentum.

The IC industry has enthusiastically embraced 3-D stacking technology, and progress
is being made to advance design methodologies, tools, and core technologies. Qualcomm
Inc., the biggest near-term consumer of 3-D ICs for mobile devices, is working on standard-
izing the process flow [40]. All major EDA vendors are developing design tools to support
each stage of the 3-D IC design cycle. MIT Lincoln Labs has introduced a fully depleted
silicon-on-insulator (FDSOI) process that can stack three dies using wafer-wafer oxide
bonding [2]. Tezzaron Inc. has demonstrated a variety of 3-D ICs (memory, FPGA, and
mixed signal) using a 180nm technology node and wafer-level, via-first, and metal-to-metal
thermal bonding [86]. Foundries are working in close relation with research organizations

to develop fabrication processes that meet 3-D stacking requirements [97, 26, 53, 87].
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1.2 TSV-based 3-D IC Design Challenges

TSV is a promising technology offering higher interconnect density and better performance
than wire-bond stacking technology [10]. However, fabricating vertical interconnects that
pass through dies containing substrate, devices, and interconnect, poses manufacturing and

performance challenges. A few of these challenges are discussed in this section.

TSVs occupy valuable silicon real estate. As a point of reference, ITRS predicts the
minimum TSV area to realize global-level inter-die connections to be 16um? [5], whereas
the area of a 6T SRAM cell for 45nm Hi-K Metal-Gate technology is 0.346um? [19]. TSVs
thus create blockages (=46x the SRAM cell area): neither a device can be fabricated nor
a signal can be routed through the area occupied by a TSV. TSVs therefore impact device

density, die floor-plan, and interconnect routing.

Manufacturing constraints associated with TSV etch and via filling processes dictate
TSV size [39]. Smaller TSV sizes are desirable but require the Silicon (Si) substrate to be
thinned to a thickness of 100 to 10um, or even less in bulk CMOS technology [78]. To
fabricate a TSV of size Sum assuming a practical aspect ratio of 10:1, the maximum die
thickness will be 50um. Technical innovations are needed to manufacture and bond thin
wafers [87].

A TSV is a metallic, usually Copper (Cu), wire extending throughout the substrate
and insulated by a dielectric material. Any signal transitions through a TSV create noise
within abutting substrate. This TSV-induced substrate noise poses a major threat to the
performance of neighboring devices and neighboring TSVs. TSV-induced substrate noise
increases leakage current, which increases static power consumption and can turn transis-

tors in the “off” state to the “on” state and vice versa [91].

The large mismatch between the coefficients of thermal expansion (CTE) of metallic
TSV (17.5E-6/°C for Cu) and Si substrate (2.5E-6/°C) results in serious reliability concerns
[116, 95]. High temperature loadings, during fabrication process, create thermal stress on
substrate. This thermal stress impacts the mobility of carriers and hence affects device

performance [96].

Power delivery design for 3-D ICs is a challenging task due to increased device density
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and package asymmetry [118, 48]. While the die closest to the package can get power sup-
ply directly from the package, TSVs are required to deliver power to the dies further away
from the package. TSV size and placement are design decisions. Technology and design
choices must be explored to minimize TSV area penalty and meet power requirements.
Thermal management is one of the biggest problems faced by 3-D IC design. TSVs can
be used to extract heat from the dies away from the heat sink [118]. Optimizing the number
and placement of TSVs to meet the thermal budget requires accurate modeling and novel

algorithmic and design approaches [122].

1.3 Thesis Contributions

The work proposed in this thesis is original and innovative as it is one of the first to explore

design issues concerning TSVs in 3-D ICs. The key contributions are:

* Characterizing the impact of TSVs on substrate noise using a simple circuit model

and a three-dimensional finite element solver.

* Proposing an effective technique, GND plug, to mitigate TSV-induced substrate
noise, and comparing the performance and area penalty of the GND plug with other
noise mitigation techniques including thicker dielectric liner and backside ground

plane.

* Performing the first comparative study of the system-level power delivery for 3-D
ICs utilizing realistic workloads, and investigating methods for achieving 2-D-like

power quality in 3-D ICs.

» Studying the use of coaxial TSVs for power delivery and assessing the benefits in
terms of the number of routing blockages, decoupling capacitance, and sharing of

signal and power routing.

* Investigating algorithmic solutions to estimate early in the design cycle the number

of TSVs required for power delivery network design.
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* Exploring using carbon nanotubes (CNTs), as an alternative to Cu, for on-chip power

delivery and assessing their performance.

The contributions proposed herein pave the way for 3-D IC design using TSVs and

motivate further research into this newly emerging technology.

1.4 Organization of Thesis

This thesis consists of several chapters. Chapter 2 provides an overview of TSV technology
presenting various technology and modeling aspects of TSVs. Chapter 3 characterizes
the impact of TSVs on substrate noise utilizing a three dimensional finite element solver
to extract parasitics. A practical and effective noise mitigation technique, GND plug, is
proposed and compared with traditional noise mitigation techniques.

Designing a power delivery network for a 3-D IC is a challenge and is explored in Chap-
ter 4. A comparative study of system-level power delivery for 3-D ICs utilizing realistic
workloads is presented. Several 3-D power delivery configurations are evaluated with the
goal of understanding major factors that impact the quality of 3-D power delivery network.
Coaxial TSVs are also explored for power delivery in 3-D ICs.

Chapter 5 presents an algorithm to estimate TSVs required for on-chip power deliv-
ery consistent with supply noise limits. A number of algorithms are proposed to find the
minimum number of TSVs that deliver power with acceptable IR drops.

Chapter 6 utilizes the architectural study presented in Chapter 4 and the area estimation
technique presented in Chapter 5 to explore using Carbon nanotubes (CNTs) as an alterna-
tive to Cu. CNTs have emerged as a competitive technology for interconnect. A practical
CNT model is utilized to quantify electrical benefits of using CNT-based on-chip power
grid and TSVs over Cu-based TSVs.

Chapter 7 summarizes the thesis and outlines future research opportunities to design
TSV-based 3-D ICs.



Chapter 2

Through-Silicon Via (TSV)

Through-silicon via (TSV) is a promising technology to connect multiple dies within a 3-D
IC. TSVs can be used to route inter-die signals, deliver power to each die, and extract heat
from the dies further away from the heat sink [61, 65, 103]. A TSV, shown in Figure 2.1,
is a metal interconnect that passes through Si-substrate and is electrically isolated from the
substrate by a liner, an insulating material like Silicon Dioxide (SiO;). The liner deter-
mines the capacitance of a TSV and is designed to exhibit low leakage current and large
breakdown voltage. A barrier layer is also needed to avoid diffusion of metal from the
TSV into Si substrate. Tantalum (Ta) and Titanium Nitride (TiN) are the most commonly
used barrier materials. Cu-based TSVs are preferred due to the lower resistivity of Cu, but
Tungsten (W) and Polysilicon TSVs have also been proposed [35].

The rest of the chapter is organized as follows. Section 2.1 provides an overview of
different types of TSVs. Section 2.2 describes technical aspects related to TSV integration.
Section 2.3 presents a summary of various TSV fabrication techniques. Section 2.4 presents

various approaches used to create electrical models of TSVs.

2.1 TSV Types

Over the past few years, a variety of TSV fabrication processes have been proposed re-
sulting in different types of TSVs. Each of these TSV types has associated benefits and

technological challenges.
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Figure 2.1: A 3-D IC, illustrating various components of a 3-D system.

2.1.1 Regular (Square or Cylindrical) TSV

The most common TSV is a cylindrical or square conductive metal layer surrounded by
a dielectric layer, as shown in Figure 2.2. The TSV can be filled with metals such as Cu,
plated Cu, tungsten, or doped Polysilicon (polySi), resulting in a wide range of resistivities.
It is the simplest TSV to model. Substrate noise and thermo-mechanical stress are the main
challenges. Cylindrical TSVs typically have more uniform insulation layer than square

TS Vs, resulting in higher breakdown voltages than square vias [102].

Dielectric
Metal

Si Si

Top View Side View

Figure 2.2: A regular cylindrical TSV.



2.1.2 Annular TSV

An annular TSV, shown in Figure 2.3, consists of a polymer-filled core surrounded by
a metallic (usually Cu) annulus, which is separated from substrate by a dielectric (usu-
ally SiOy) layer. This TSV type was proposed to overcome manufacturing challenges of
cylindrical TSVs [105]. An annular TSV can be fabricated using a simple manufacturing
process at a lower cost compared to regular TSVs. IBM has developed two CMOS com-
patible processes to fabricate annular TSVs [8, 9]. To achieve the same conductivity, the
required cross sectional area is smaller for an annular TSV than for a regular TSV. This
reduced area results in improved thermo-mechanical stability. Xie et al. provide a detailed

thermo-mechanical analysis of annular TSVs [117].

Metal
Poly
mer

Si Si

Top View Side View

Figure 2.3: An annular TSV.

2.1.3 Tapered TSV

The tapered TSV, shown in Figure 2.4, was introduced by MIT Lincoln Laboratory and it
is typically built in SOI technology [120]. Tapered TSVs in SOI technology do not require
insulation and have lower capacitance than regular TSVs. Tapered TSVs are preferred over
regular TSVs because of their simple fabrication process [57] but a tapered TSV has higher
resistance than a regular TSV with the same cross-sectional area. Excessive tapering, how-
ever, can be problematic, leading to V-shaped vias. In addition, a specific interconnect pitch
is required at the bottom side of the TSV. A process technology to precisely control the via

slope is demonstrated by Nagarajan et al. [82].
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Dielectric

Top View Side View

Figure 2.4: A tapered TSV.

2.1.4 Coaxial TSV

Thin dielectric liner around a TSV and its large extension through the substrate can create
electrical coupling and critical substrate noise in neighboring active devices and TSVs [55,
92]. A coaxial TSV, first proposed by Sparks et al. [98] and illustrated in Figure 2.5, is
a regular TSV with an added surrounding metal layer. The inner metal layer can be used
for signal transmission while the outer metal layer, connected to circuit ground, provides
shielding. Although a few processes have been proposed to fabricate coaxial TSVs [34, 46,

471, no mature technology currently exists to fabricate them.

Outer Metal

Dielectric
Inner
Metal

Si Si

Top View Side View

Figure 2.5: A coaxial TSV.

2.2 TSV Integration

Two common TSV integration techniques are shown in Figure 2.6. Bonding of dies using
controlled collapse chip connect (C4) bumps and TSVs is shown in Figure 2.6(a). C4-

based TSV integration is the simplest among the two techniques because C4 bumps is a
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well-studied and a mature technology. At the same time, large C4 dimensions are the

bottleneck to achieve dense inter-die interconnects and reduced package height.

Thin film bonding, shown in Figure 2.6(b), eliminates the C4 bumps offering increased
interconnect density and wafter-scale bonding. The two common bonding processes are
dielectric and metallic bonding. In dielectric (oxide or polymer based) bonding, vertical
connections are completed after the bonding process. This bonding technique uses through-
strata or 3-D vias that pass through the top die and connect to the conventional interconnect
in the bottom die [2, 107]. In metallic bonding, the vertical connections are formed by
bonding conductive microconnects of Cu, or Cu with a plating of Tin, on each bonding
surface [7, 78]. The bonded microconnects typically have a pitch in the range of 20um to
60um, which is expected to improve in the future to allow for higher-density inter-layer

connections.

Die #N |

Die #3

Die #2
Die #1

(a) TSV integration with C4 bonding (b) TSV integration with metallic/dielectric bond-
ing

Figure 2.6: TSV integration techniques [10].

Figure 2.7 shows two topological arrangements to stack dies: front-to-back (F2B) and
front-to-front (F2F), where front refers to the metal interconnect side and back refers to
the Si substrate side. F2F bonding does not require TSV for inter-die communication and
results in higher speed inter-die communication than the ones that use F2B bonding. Power
delivery and all other interconnect utilize TSVs. For F2B bonding, die thinning is required
to reduce TSV height [68].
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Figure 2.7: Bonding processes for different topological options for 3-D stacking [68].

2.3 TSV Fabrication

TSV fabrication is a vital component of the 3-D IC design process. Key steps involved
in TSV fabrication include via etching, sidewall insulation, via filling, wafer thinning, and
wafer/die stacking [17, 18, 73]. Quality and maturity of these process steps determine
TSV performance. IC fabrication can be divided into two major stages: front-end-of-line
(FEOL) and back-end-of-line (BEOL). All processing steps preceding the first metal layer
are part of FEOL whereas the rest of the processing steps lie in BEOL. Based upon this dis-
tinction, TSV fabrication processes can be divided into three categories. These categories

are described below and summarized in Table 2.1.

Via First

This is the simplest process where TSVs are fabricated in the bulk substrate before any
devices or interconnect layers are formed [63]. This process does not require any backside
lithography. Since devices are not fabricated yet, any of the FEOL-compatible processes,

including high temperature thermal oxidation, can be used to deposit TSV insulation. To
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make this process FEOL-compatible, the TSV conducting material must be polySi. Be-
cause TSVs are fabricated in the front-end process, in a foundry, highly reliable (electri-
cally as well as mechanically) TSVs can be formed with densities larger than 100,000 per

cm? and aspect ratios of more than 25:1 [111].

Via Middle

In this process, TSVs are created after the device fabrication but before any interconnect
layers are formed [8, 90]. TSV conducting material may include Cu or tungsten (W) de-

posited by chemical vapor deposition (CVD) or electric discharge (ED)[111].

Via Last

In the via last process, TSVs can be fabricated anytime during and after BEOL [8, 90].
Typically, backside lithography is used to fabricated these vias. For this purpose, a handle-
wafer is attached to the front side of the wafer to be processed. The wafer is thinned and
vias are formed from the backside of substrate. This process is also shown in Figure 2.7(a).
These TSVs need to be connected to lower metal layers (M1 or M2) of the die to avoid
etching through the higher metal layers. This process requires a low-temperature TSV
insulation technique to minimize thermal effects on already fabricated devices and inter-

connect. Other challenges include backside lithography, wafer-thinning and handling, and

Via First Via Middle Via Last
TSV manufacturing | Foundry, IDM | Foundry, IDM | Foundry, IDM, OSAT
source
Etched materials Silicon Oxide, Silicon | Oxide, Silicon
Filling material p-Silicon Cu, W Cu
Filling method CVD CVD, ED Cu | Sputter, ED Cu
Temperature restrictions None <450°C <450°C
Issues Resistivity
Applications Memory Generic First generation image
Sensors

Table 2.1: Comparison of via formation options [38].
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reliably opening the insulation at the base of the vias to make reliable electrical connec-

tions.

2.4 Electrical Modeling of TSVs

As a circuit element, a TSV can be modeled as a resistance-inductance-capacitance (RLC)
element. TSV performance (signal delay and power dissipation) is governed by the val-
ues of these RLC elements. Various approaches have been considered to extract the RLC
parameters. We describe an overview of these approaches.

The simplest approach is to estimate the R and C values of a TSV using basic calcula-

tions:
pmhrsy
R="r 2 2.1
Aesy
o TSG/
= 2.2)
trrp

where hrgy 1s the TSV height, A s is the TSV cross-section area, S, is the sidewall
area, t;;p is the dielectric liner thickness, p,, is the resistivity of TSV material, and €,
and ¢, are the relative permittivity of SiO, and permittivity of free space, respectively.
Alam et al. calculate TSV resistance and capacitance using this analytical model as well
as using three-dimensional electrostatic simulations [7]. For a 50um long square TSV of
side Sum and sidewall dielectric thickness 1um, according to their analysis, capacitance
and resistance values are 40fF and 43m¢2, respectively.

Dong et al., on the other hand, fabricate a ground-signal-ground TSV circuit [51]. S-
parameters for this circuit are measured using micro-probing. A schematic drawing of an
equivalent circuit model is shown in Figure 2.8. The circuit parameters are determined by
fitting the S-parameters from the model to the measured S-parameters from the fabricated
TSVs. Table 2.2 shows the values of the circuit parameters for a TSV of diameter S5um
and pitch 150um. R, and L,;,o are the values of resistance and inductance at 0.1GHz
and their values are assumed to be 12m{2 and 35pH, respectively.

Sun et al. fabricate different types of blind vias to study the electrical characteristics
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Parameter | Description Value
Ryia Resistance of TSV Ryico0 \/ 1+ %
Lyia Inductance of TSV IHWL(’W
Cria—oz Capacitance of TSV liner 910fF
Cou Capacitance of the oxide layer on the sili- | 3fF
con surface and the fringing field between
the vias
Cai Capacitance of the silicon substrate ofF
G loss property of the silicon substrate be- | 1.69m/(2
tween the signal via and the ground via

Table 2.2: Circuit parameters for TSV of diameter S5um [51].

of dielectric liner [102]. Square and cylindrical TSVs of height 80um and thickness in
the range of 20um to 100um are fabricated. Breakdown voltage and liner capacitance are
measured to be 40V and 50fF - 60fF, respectively.

Finally, accurate inductance characterization is more complex as it is essential to in-
clude a return path directly based on the design and layout of specific interface circuitry.
Multiple studies based on simulation as well as test structure measurements demonstrate
that TSV inductance is low, in the range of 0.3-0.9 pH per um of TSV length [7, 89, 115].

Ground via Signal via Ground via
£l S S

Figure 2.8: Electrical circuit model of TSV [51].
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Chapter 3

Analysis and Mitigation of TSV-induced

Substrate Noise

TSVs are a major source of substrate noise that threatens the performance of neighboring
devices. In addition, TSV noise increases leakage current, which increases static power
consumption and can erroneously switch transistors off or on [91]. A “keep out” zone,
specified through layout rules, is thus required to shield devices from neighboring TSVs.

We study in this chapter the TS V-induced substrate noise problem and analyze the ef-
fectiveness of different noise mitigation techniques. We propose a practical and effective
device, a ground (GND) plug, to reduce TSV-induced substrate noise. A GND plug is a
TSV-like structure that is connected to circuit ground and may extend partially or com-
pletely through the substrate. Multiple GND plugs, fabricated around a TSV, provide noise
isolation between TSVs and neighboring devices. We examine the physical design and
placement of GND plugs for effective noise isolation. We compare the GND plug tech-
nique with two other noise mitigation techniques: thicker dielectric liner and backside
ground plane. Thicker dielectric liner provides shielding that decreases coupling between
TSV and substrate. A backside plane, electrically connected to circuit GND, ensures suffi-
cient substrate grounding.

The rest of the chapter is organized as follows. We present an overview of TS V-induced
noise and related work in Section 3.1. We describe an evaluation framework used to per-

form lumped parasitic analysis in Section 3.2. We perform a comparison of three different
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noise mitigation techniques: thicker dielectric liner, backside ground, and GND plugs in

Section 3.3. We provide the summary in Section 3.4.

3.1 Problem: TSV-induced Noise

Figure 3.1 shows a cross-section view of a Silicon (Si) substrate with a TSV and a MOSFET
transistor. Signal transitions through a TSV create noise that can pass through the substrate
and change the body voltage (V) of neighboring transistors. This change in Vg impacts
the performance of devices. Physical design considerations that can be exploited to miti-
gate TSV-induced substrate noise include dielectric liner thickness (t;;,.,), TS V-to-device
distance (drsy ), and GND ties (conventional substrate ties, often referred to as substrate
contacts). TSV-to-device coupling can be controlled by t;,., and dygy but adding more
GND ties provides sufficient grounding of the substrate.

Figure 3.2 shows variations in the device body voltage, V g, at different distances from
a TSV for a set of design parameters. These transitions are short-lived and occur with a
change in the signal passing through the TSV. For a 1um thick liner, the peak value of these
transitions is significant (40% of VDD), despite including a GND tie 0.5um from the TSV.

To explore the impact of body voltage variations on device performance, we modeled a
fan-out-of-four (FO4) inverter in 32nm technology node. We vary the peak body voltage,

keeping the waveform the same as shown in Figure 3.2. The resulting variations in delay

dgt GND tie
tIiner >
< b Emi
< > A
drsv Vg
Veey 1
TSV =
2 _ hTSV
= Si Substrate
(&S]
D
@
(a]
A\ 4

Figure 3.1: Cross-section view illustrating TS V-to-device coupling.
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Figure 3.2: Body voltage during TSV signal transition at different TSV distances, dygy, for
Vrsy=1V square wave, hygy=20um, t;;,,.,=1um, dg,=0.5um, signal transition time=50ps

[55].

and dynamic power are shown in Figure 3.3. For a peak body voltage of 0.4V, delay is

increased by 21% while dynamic power is increased by 8%. It is evident from Figure 3.2

and Figure 3.3 that TSV-induced noise plays a significant role in determining device per-

formance.

Substrate noise is a well-studied problem in traditional 2-D IC design [6]. While a

manageable concern in digital circuit design, analog circuit design has always been subject

of higher scrutiny for noise isolation. Several noise isolation techniques, including split
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Figure 3.3: Variations in delay and dynamic power of a fan-out-of-four (FO4) CMOS in-
verter in 32nm technology node due to body voltage noise.

18



power planes, deep-nwell process, and guard ring structure, have been employed in mixed-
signal designs. For a 3-D IC design, this problem is not yet well-addressed. The extent
of the TSV-induced substrate noise problem is directly related to the density of TSVs.
Conventional noise mitigation techniques, such as isolated floorplanning of noise sensitive
circuits with guard bands, are not feasible in 3-D designs with the high TSV density as
predicted by the ITRS roadmap [5].

A number of techniques have been identified for noise mitigation: thicker dielectric
liner, backside ground plane [55], guard ring structure [29], and coaxial TSVs [47, 55].
Increasing the thickness of the dielectric liner surrounding a TSV is the simplest approach.
Increased liner thickness has already been shown to be insufficient in mitigating substrate
noise [55]. Providing a backside ground by placing a die on a grounded metal sheet is a
common strategy to mitigate substrate noise in 2-D ICs. This strategy may not be prac-
tical for 3-D ICs because of two reasons: 1) a metallic sheet between dies will introduce
unnecessary inductive coupling, 2) design complexity will increase because TSVs passing
through metallic sheets must be isolated. Surrounding TSVs with guard rings is not effec-
tive because typical guard-ring depth is comparable to GND tie depth, which is too small to
provide any significant isolation [29]. Lastly, using a coaxial TSV is promising to mitigate

noise but the manufacturability of coaxial TSVs is still in question.

We investigate in this chapter an alternative and more practical technique to reduce
TSV-induced substrate noise. We use tungsten (W)-filled GND plugs in the vicinity of
TSVs. W-filled TSVs have been demonstrated for the fabrication of 3-D LSI chips [56].
Unlike TS Vs, the proposed W-filled GND plugs may not extend the complete depth of the
substrate. Moreover, GND plugs are filled with W which has higher resistivity than Cu,
the preferred TSV fill. W-filled plugs have the advantages of direct substrate connectivity
without any barrier layer and higher RC damping for less noise transfer from the GND
power supply. To quantify the effectiveness of the proposed W-filled GND plugs and to
investigate relevant physical design parameters, such as placement and height, we first

develop a lumped parasitic analysis framework.
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3.2 Evaluation Framework for TSV-induced Noise

We use a three-dimensional evaluation framework composed of a Cu TSV in an Si sub-
strate, ground ties, and voltage observation points. The top view of this setup is shown in

Figure 3.4. Each component is defined below.

* Substrate: We assume a high-R substrate with a resistivity of 10{2-cm and rela-
tive permittivity of 11.8. This type of substrate is used to fabricate low cost, low
performance devices like memory [30]. We assume a 50umx50um substrate. This
cross-section is sufficiently larger than the TSV and device scale for capturing their
interactions without interference from other devices or structures in a die. The bound-
ary condition at the sidewalls of the 50umx50um substrate is such that we have
zero-current going out of the surfaces. The condition is in synergy with (a) multiple
50umx 50um modeled substrate neighboring each other form the die and (b) there is

no interaction/interference between them.

* TSV: We assume a cylindrical Cu TSV. Its height is the same as the substrate height

and the diameter is fixed to 2um.

* Dielectric Liner: We use an SiO,-based liner, with a resistivity 10°Q-cm and rel-
ative permittivity 3.9, surrounding the TSV. The default thickness of the dielectric

liner is assumed to be 0.1um, which is consistent with recent design studies [35].

* Shallow Trench: Thermal stress is one of the most important factors shaping TSV

Si Substrate

. TSV
Liner
Shallow trench ——p

GND Ties

Figure 3.4: Top view of TSV-induced noise analysis framework.
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Parameter Value
Substrate height 20um
Substrate length 50um
Substrate width 50um
TSV height 20um
TSV diameter 2um
Liner thickness 0.1um
Shallow trench height 0.3um
Shallow trench width 0.9um
Resistivity of high-R substrate | 10€2-cm

Table 3.1: Critical parameters for our TSV-induced noise analysis framework.

technology. We assume an SiO,-based shallow trench. Its thickness and depth (into
the top surface of substrate) are assumed to be 0.9um and 0.3um respectively. These

values are consistent with those in the ITRS roadmap [5].

Observation Points: We assume 9 equally spaced observation points (P1, P2, ...)
located 4um to 20pum away from the center of the TSV. These points are modeled
as small metallic cubes to enable extracting parasitics between TSV and devices at

various distances from the TSV.

GND Ties: Placing GND ties throughout the circuit layout is the conventional ap-
proach to control transistor body voltages, and hence, is considered in our setup. We
assume a GND tie at a distance of 0.3um from the shallow trench edge. Also, we
assume that there is at least one GND tie within a 1um distance of each observation
point. This GND tie is not the proposed W-filled GND plug.

Table 3.1 shows the default values of parameters in our TSV-induced noise analysis

framework. These values should be assumed when any of the parameters is not being varied

for sensitivity investigation. To extract an equivalent SPICE circuit for our framework, we

use a finite-element based 3D extraction tool (Q3D Extractor) from Ansoft. Figure 3.5

shows a portion of the extracted circuit comprising a TSV, an observation point, a GND

tie, and Si substrate. A step input, with a rise time of 100ps and peak voltage of 1V, is

applied at one of the TSV terminals whereas the other terminal is assumed to be floating.

We perform transient analysis and report peak noise at the observation points.
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Figure 3.5: An example extracted circuit comprising TSV parasitics, a single observation
point, a GND tie, and Si substrate parasitics for coupling among the three elements.

RLC values of the extracted circuit depend upon the extraction frequency. Q3D Ex-
tractor divides the frequency spectrum into DC, AC, and transition regions. In contrast to
the AC region, the DC region does not account for any skin depth and relative frequency
dependent parameters. The transition region, which spans about a decade of frequency,
does not produce a valid solution because neither AC nor DC models are truly valid [1].
Before we perform any analysis, we extract the SPICE netlist for various values of oper-
ating frequencies (between 1KHz and 10GHz) using the default design parameters from
Table 3.1. Due to the relatively large dimensions of TSVs, in the order of microns, the DC
region extends well above 1GHz frequency. We did not observe any changes in the RLC
parameters in this frequency range. We choose the operating frequency to be 1GHz for our

analysis.
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3.3 TSV-induced Substrate Noise Analysis

We present in this section an analysis of different noise mitigation techniques. We inves-
tigate the impact of using thicker dielectric liner and using a backside ground plane in
Section 3.3.1 and in Section 3.3.2 respectively. We present a detailed study of the proposed
GND plug technology in Section 3.3.3. We compare the performance and area penalty of

these three techniques in Section 3.3.4.

3.3.1 Thicker Dielectric Liner

Increasing liner thickness is the simplest approach to mitigate TS V-induced substrate noise.
We vary liner thickness from 0.1um to 3um in the default setup shown in Figure 3.4 and
extract an RLC circuit for each setup using Q3D Extractor. SPICE is used for simulation.
We record peak transient noise at various observation points in the substrate. Figure 3.6
plots peak transient noise for several liner thickness values at observation distances 6, 12,

and 18 pm from the TSV. We conclude the following:

* Peak transient noise ranges from 0.18V to 0.7V, regardless of distance from TSV, for
all examined values of liner thickness. This indicates that standard GND substrate

ties are inadequate for creating a reference GND substrate in the presence of a TSV

0.80
—&—6um
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= \ 18um
S 0.60 A‘
3
©
c
& 040
[72)
c
c
<
8020
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0 0.5 1 15 2 25 3

Dielectric liner thickness (um)

Figure 3.6: Impact of thicker liner: peak transient noise at different observation distances
(6, 12, and 18 um) from the TSV for increasing liner thickness.
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switching signal. Hence, using GND substrate ties alone is not effective in mitigating

TS V-induced noise.

* Peak substrate noise decreases with increasing liner thickness. This trend is not uni-
form and can be divided into three segment. The impact of increasing liner thickness
is maximal for liner thickness between 0.1um and 1um, reduces for liner thickness

between 1um and 2um, and saturates for thickness greater than 2um.

» Peak substrate noise is ~18% of VDD for liner thickness of 3um. For 2um diameter
TSV with tj;,e, 0.1um and tgy 0.9um, increasing t;;,., by 2.9um results in a 6 X area
penalty (12.6um? vs. 75.4um?). This huge area penalty, creates large interconnect

blockages and reduces the area available for active devices.

3.3.2 Backside Ground Plane

During assembly and packaging stages, a 2-D die is placed on a grounded metal layer. As
mentioned in Section 3.1, the same idea can be extended to 3-D ICs where the substrate
has a backside grounded metal, in preferable plate or grid format, creating a strong GND
reference for substrate. To model this technique, we add a Cu sheet in the default setup

shown in Figure 3.4. The sheet cross-section is the same as the substrate cross-section. The
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Figure 3.7: Impact of a backside ground plane: peak transient noise at different observation
distances (6, 12, and 18um) from the TSV for decreasing die thickness.
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sheet thickness is assumed to be 2um. One side of the sheet connects to the substrate and
the other side connects to GND. Substrate thickness, the distance between the devices layer
and the backside ground, is the only variable of concern for substrate noise analysis. We
vary the substrate thickness from 10um to 40um and extract the RLC circuit for each setup.
We use SPICE to simulate and record peak transient noise at the observation points. The

results of this study are shown in Figure 3.7. We make the following observations:

» Substrate noise decreases as a function of TSV distance. Using the backside ground

plane is more effective than the thicker dielectric in localizing noise.

* Our results show that the capability of the backside ground plane to mitigate substrate
noise is a function of substrate thickness. The benefits are minimal for larger values
of thickness. Backside ground plane is therefore effective in technology generations

where substrate heights can be aggressively thinned.

3.3.3 GND Plugs

The analyses presented above show that both noise mitigation techniques have their perfor-
mance and/or technology limitations. As an alternative technique, we propose using GND
plugs. We propose Tungsten (W) as the fill material for two reasons. First, a smaller CTE
(Coefficient of Thermal Expansion) mismatch of W and Si, compared to Cu and Si, will
result in less thermal stress in devices. Second, W does not require any diffusion barrier
like Cu and will provide a direct connection between substrate and circuit ground resulting
in better device shielding. A GND plug is different from a GND substrate tie that provides
typical substrate or well ties without much depth into the substrate.

Figure 3.8 shows the design setup with added GND plugs. We first investigate the
impact of placing a different number of GND plugs. We evaluate the use of four GND
plugs fabricated at 3um from the center of the TSV. Noise isolation is improved by 2.46 X
when compared to using only two GND plugs. For the rest of the analysis, we therefore
utilize four plugs.

Next, we explore the impact of two critical parameters: plug diameter and plug depth.

RLC circuits for each setting are extracted using the Q3D Extractor and then simulated
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in SPICE for peak transient voltage at the observation points. Figure 3.9 shows the peak
transient noise for three different GND plug diameters with varying plug height.We make

the following observations:

* A GND plug is effective in reducing peak noise. A deeper GND plug is more effec-

tive than a shallower one.

* The ability to localize the noise increases with an increase in the GND plug depth.
The is due to the fact that the TSV extends the whole substrate. With a shallow GND
plug, the bottom part of the TSV has more coupling with the devices farther away
from TSV than the nearby devices. GND plugs with depth greater than 75% of the

substrate height are required to localize the noise.

* The benefit of increasing plug diameter occurs at the expense of increased area. In-
creasing the plug diameter for deep GND plugs has larger relative impact than the
same for shallow GND plugs. For a 3x increase in plug diameter from 0.5um to

1.5um, the average noise reduction is 2 x.

GND plug diameter and depth are related due to aspect ratio limitations of deep trench
formation and filling in Si substrate. The results in Figure 3.9 suggest the need for small
diameter yet deep GND plugs. Kikuchi et al. demonstrate W-filled TSV formation using
deep-Si-trench etching and Tungsten chemical vapor deposition (CVD) where TSV diame-
ter is maintained till 70% of substrate height for an aspect ratio of approximately 18:1 [56].

;&PIL{A. Si Substrate
PL P2 P3
e TSV | ] | | | | o o o
Shallow trench  ——p ] H n
.\/v’ GND Ties
GND Plugs

Figure 3.8: Top view of TSV-induced noise analysis framework with GND plugs.
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Figure 3.9: Impact of GND plug height on peak transient noise at different observation
distances (6, 12, and 18um).
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Interestingly, the proposed GND plug scheme does not require sidewall isolation nor high
uniformity of plug diameter as a function of depth. A higher aspect ratio cone-shaped plug

is thus possible, and warrants further investigation.

3.3.4 Comparison of Three Noise Mitigation Techniques

In addition to peak noise, area penalty and routing blockages are important comparison
metrics of the three discussed noise mitigation techniques. We utilize the default design
parameters described in Table 3.1 and explore the relative merits of the three techniques.
In the thicker dielectric liner approach, we assume the liner thickness to be 1.5um. In
the GND plugs approach, we consider two cases: 1) 0.5um diameter plugs with the same
depth as the substrate thickness, 2) 0.5um diameter plugs with the depth 50% the substrate
thickness. The top views of a TSV with thicker liner and a TSV with GND plugs are shown
in Figure 3.10 to illustrate area penalty analysis.

Table 3.2 reports peak transient noise and substrate area blockages for the different
noise mitigation techniques along with the baseline TSV case where no noise isolation
technique is applied. The peak noise is reported at 6um, 12um, and 18um away from the
TSV center. The proposed GND plug technique with a 40:1 aspect ratio is superior in

mitigating the TSV-induced substrate noise by an order of magnitude when compared to

® /ﬂ
plug-

TSV
% )
' tIiner

L [

(a) Thicker Liner (b) GND plug
Figure 3.10: Comparison of substrate area dedicated for thicker liner and GND

plugs (drsyv=2um, tpick—tiner=1.5um, tg7r=0.9um, t;pe,=0.1pm, 8,1,y 7sy=lum, and
dplug:O.SHm).
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Peak transient noise Substrate area
(V) at distances: blockage
6um [2um | 18um | (relative)
Baseline TSV (TSV height=20um, liner | 0.705 | 0.658 | 0.663 | 1
thickness=0.1pm)

Technology

Thicker liner (1.5um) 0.300 | 0.265 | 0.251 | 3.06
Backside ground plane for baseline TSV | 0.298 | 0.098 | 0.155 |1
GND plug (diameter=0.5um, | 0.072 | 0.055 | 0.053 | 2.0
height=20um) with baseline TSV

GND plug (diameter=0.5pum, | 0.181 | 0.206 | 0.216 | 2.0

height=10um) with baseline TSV

Table 3.2: Comparison of peak transient noise and relative area blockage for the three
TSV-induced noise mitigation techniques.

using thicker liner and backside ground approaches. For the design parameters, shown
in Figure 3.10, the area penalty for the thicker liner is 36.3um? and for the GND plug is
24.5um?.

Fabrication of W-filled TSV with an aspect ratio of 50:1 and diameter of 1um has been
proposed [79], which suggests that the GND plug with a diameter of 0.5um and an aspect
ratio of 40:1 is achievable. We present the results for a smaller aspect ratio of 20:1 in
Table 3.2. These results show that even the smaller aspect ratio yields 40% reduction in
TSV-induced noise when compared to the other two approaches. If the desired substrate
noise limit is 10% of VDD, then the GND plug with a height of 20um is the only solution
that safely enables placing a device 6um from the TSV center. The resulting keep out
zone considering TSV-induced noise is thus a square area of side Sum. When using a
thicker liner, a similar noise margin can only be attained using a liner thickness greater
than 3um, resulting in a keep out zone diameter in excess of 10um. TSV-induced stress

also contributes to the required keep out zone but it is not considered in our analysis.

3.4 Summary

We studied in this chapter the problem of TSV-induced substrate noise. We proposed a

novel noise mitigation technique, a GND plug, and compared its effectiveness against two
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other noise mitigation techniques: thicker dielectric liner and backside ground plane. We
assumed practical design parameters and utilized a three-dimensional finite-element based
solver to extract the SPICE netlist of our experimental setup. Analysis of a 1.5 micron-
thick dielectric liner shows peak substrate noise of 30% of VDD, thus necessitating further
increase in thickness or a significant increase in the keep out zone. Furthermore, the re-
sulting area penalty, 3x the size of a 2um diameter TSV, creates routing blockages and
reduces the area available for active devices. While a backside ground plane or mesh is
effective with thinned dies, placing such a metal sheet or mesh between dies in 3-D ICs
may not be practical. We showed that a GND plug with an aspect ratio of 40:1 is effec-
tive in reducing noise by an order of magnitude with a smaller area penalty than a thicker
liner. A GND plug with a smaller aspect ratio (20:1) provides 40% reduction in substrate
noise when compared to the other two techniques. The proposed GND plug technique
thus offers a practical and promising solution to the difficult problem of providing device

shielding against TS V-induced substrate noise.
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Chapter 4

TSV for Power Delivery in 3-D ICs

Robust power delivery is one of the ITRS scaling grand challenges due to increasing oper-
ating frequencies, increasing power density, and decreasing supply voltages. Three dimen-
sional stacking of multiple dies makes this problem even more challenging. In a 3-D IC,
only the die adjacent to the package can get power directly from the package. Dies away
from the package require new technologies for power delivery. We evaluate in this chapter
using TSVs to deliver power in a 3-D IC with the goal of understanding major factors that
contribute to the performance of a 3-D power delivery network (PDN). We investigate the
impact of TSV size. We study various architectural configurations to find the best TSV
granularity. We explore the impact of shared and dedicated TSVs on PDN performance
and the feasibility of coaxial TSVs for power delivery.

We measure PDN performance in terms of maximum and average IR drops, Ldi/dt
droop, and their standard deviations. These metrics quantify local and global PDN charac-
teristics in both dc and transient analysis. Our evaluation framework consists of a four-core
chip multiprocessor (CMP), a memory (MEM), and an accelerator engine (ACCL). We use
realistic workloads from SPEC benchmarks for each functional module in the system. The
PDN for our 3-D designs has both an off-chip and an on-chip component.

The rest of the chapter is organized as follows: Section 4.1 provides an overview of
power delivery in 3-D ICs and related work. Section 4.2 describes our design setup. TSV
size is optimized in Section 4.3. Different comparative studies to find the best TSV granu-

larity are presented in Section 4.4. We study the impact of dedicated TSVs in Section 4.5.
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Analysis of power delivery using coaxial TSVs is provided in Section 4.6. Design guide-

lines are presented in Section 4.7. The work is summarized in Section 4.8.

4.1 Problem: Power Delivery for 3-D ICs

3-D integration poses grand power delivery challenges for two reasons: increased power
density and package asymmetry. Contrast a 3-D IC with a functionally comparable 2-D IC.
The average wire length for a 3-D IC drops by a factor of N'/2 where N is the number of
dies in the 3-D IC, and the wire resistance and capacitance decreases proportionally [33].
Assuming that the design is interconnect-dominated, power is expected to drop by a factor
of N'/2. If the power density of each die in the 3-D IC is similar to that in the 2-D case
and each die size is 1/N* of that in the 2-D case, the power density per square area for
the stacked 3-D chip increases by a factor of N'/2. The power delivery requirements thus
increase with the number of dies in the stack.

To understand the impact of package asymmetry on power delivery, consider the illus-
trative example in Figure 4.1. Three dies are stacked between the heat sink and the package
substrate. Electric signals and power are routed from the printed circuit board to the pack-
age substrate through ceramic ball grid array (CBGA) joints, and then they are distributed
utilizing controlled collapsed chip connections (C4). The dies are bonded using microcon-

nects. Through-silicon vias (TSVs) pass through a die and provide electrical connectivity

Heal Spreader
 ——

thermal —>
interface

material
mcocomect —HH H  HHHH

devices —» die 2

interconnect —»
HHH HHHH

die 1

Isolation Layer
Dielectric

Cu

PG TSV

O0000000 === 0O0000000 4 4 Dumps
CBGA joint

printed circuit board

Figure 4.1: Illustrative 3-D system assuming face-to-back metallic bonding with micro-
connects.
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for signals or power delivery among the dies. Clearly, the package asymmetry impacts
both power delivery and heat removal, another critical challenge in 3-D ICs. While thermal
issues have received considerable attention, e.g. [31, 42, 58, 121], 3-D power delivery has
not yet been adequately addressed.

Previous work on 3-D power delivery can be summarized under two main themes:
power delivery techniques and power integrity analysis. Kim et al. analyzed a multistory
power delivery technique where a higher than nominal VDD supply voltage is applied from
the package and distributed differentially to subsequent power rails using level conversion
[50]. Their work utilized lumped off-chip and on-chip models with tungsten filled TSVs
in bonded SOI technology to assess the impedance response of overly simplified lumped
2-D and 3-D PDNs. Yu et al. investigated the impact of via stapling, where a 3-D mesh
is created, on both power and thermal integrity [121]. Zhan et al. proposed a partition-
based algorithm for assigning modules at the floorplanning level to reuse currents between
VDD domains, and to minimize power wasted during circuit operation [123]. In the power
integrity analysis area, Huang et al. proposed an analytical physical model of 3-D PDN,
accurate within 4% compared to SPICE, to capture the impact of power supply noise [48].
The allocation of decoupling capacitors, in a 3-D IC, has also been investigated [74, 114,
125].

Most of the previous works assume worst case switching currents and utilize overly
simplified power grid network models. In contrast, our work utilizes a more detailed off-
chip and on-chip PDN in a realistic design example where we use a workload derived from
SPEC benchmarks. We estimate both IR drop and Ldi/dt droop in 3-D PDN. In addition to
quantify the impact of TSV size, TSV spacing, and C4 spacing, we investigate the impact
of coaxial TSVs and their novel usage in 3-D PDN.

4.2 Design Setup

We present in this section our design setup to evaluate TSVs for power delivery in a 3-D
IC. We describe the 3-D stacked architecture in Section 4.2.1. We use both off-chip and on-
chip components of PDN as described in Section 4.2.2. We describe our trace compression

strategy to extract interesting current traces in Section 4.2.3.
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4.2.1 3-D Stacked Architecture

We use a 3-D IC consisting of three dies: a quad-core chip-multiprocessor (PROC), a
memory (MEM), and an accelerator engine (ACCL). Figure 4.2 shows the cross-section of
our 3-D chip. Each die is assumed to have an area of 1cm?. We consider the thermal/power
profile of each die while considering their placement in the 3-D chip. Since PROC has the
highest power consumption, we place it adjacent to the heat sink. We place ACCL farthest
from the heat sink due to its lowest power consumption. MEM is placed at the center of the
stack to allow shorter access paths from/to both PROC and ACCL. Each core of the CMP
utilizes 10W of maximum power, and is composed of five functional blocks: floating point
unit (FPU), OOO (the rename, register file, result-bus, and window units), INT (integer
arithmetic logic unit), Fetch (combines the instruction cache and branch predictor), and
Data (represents the data cache and load-store queue). Memory (MEM) and accelerator
engine (ACCL) modules utilize a maximum of 20 and 10W, respectively. The maximum
power consumed by the 3-D IC is 70W. MEM is assumed to have the same current trace as
the L2 Cache, and that the ACCL has the same current trace as the FPU block representing
an FPU accelerator engine.

We use the regular square TSVs, as described in Section 2.1.1, for power delivery in the
3-D stack. To calculate the resistance and capacitance of individual TSVs and microcon-
nects, we utilize the electrical characterization approach by Alam et al. [7], as described
in Section 2.4. TSVs and microconnects provide connections for external I/Os and power

delivery in the stacked chips. There are 16x 16 VDD C4 connections per cm?, and there

micro connect
—

devices

interconnect

package
substrate
—_—

Figure 4.2: Normal Stacked (3-D NOR) configuration.
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is a similar number for the GND connections. Other vertical connections between the dies
are used for inter-layer signal and thermal management. We refer to this configuration as a
Normal Stacked (3-D NOR) Configuration to differentiate it from other 3-D configurations

investigated later in the chapter.

4.2.2 Power Delivery Network (PDN)

Our PDN model consists of off-chip and on-chip networks, as illustrated in Figure 4.3
[44]. The off-chip (motherboard and package) network is modeled as a resistive, inductive
and capacitive network. The on-chip network consists of a global level grid-like structure
routed in top metal layers. We model the load imposed on the global grid as time varying
current sources. The off-chip and on-chip networks are connected using series resistors and

inductors representing the flip-chip package.
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Figure 4.3: Modeling power delivery network [44].

For the on-chip power grid, each grid element is modeled as a resistance and an induc-
tance in series. In addition, current load points and microconnect or TSV points (TSV-P)
alternate throughout the grid as shown in Figure 4.4. The TSV-Ps are connected to the C4
bumps either directly or through other stacked layers depending on the position of the on-
chip PDN in the stack. The length of a grid element is such that we have a 16x 16 element
grid. We assume wide metal line widths such that the grid collectively occupies 50% of the

total die area in the top two metal layers. We use the predictive technology model [3] to
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calculate the R & L for grid elements. A fast circuit solver, based on preconditioned Krylov
subspace iterative methods [27], is used to solve the SPICE netlist for the modeled config-
uration. A decoupling capacitance of 33nF/cm? is assumed in our study, corresponding to
device capacitance implementation with 1nm gate oxide thickness (from the ITRS roadmap
of 90nm, 65nm technology) occupying 20% of die area [48]. The decoupling capacitance

is uniformly distributed along the grid elements in our 3-D IC.

TSV-P TSV-P TSv-p

Figure 4.4: A portion of the on-chip power grid for each die. Only select labeling is used.

4.2.3 Trace Selection

Predicting the power demand of the functional blocks is critical in evaluating the PDN per-
formance. A simple strategy is to use the SPEC benchmarks to extract per cycle power
demand of each functional block and analyze the PDN for each cycle. This strategy will
give precise results but simulating the PDN for millions of cycles is time consuming. An-
other strategy is to extract the worst case power demands for each functional block and
evaluate PDN performance for this worst case. While this strategy tremendously reduces
the simulation time, the results are pessimistic as blocks typically do not operate at peak
power at the same time, nor do they change current demand simultaneously. We use a trace

compression strategy that reduces the simulation time without compromising the accuracy.
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We use an architectural-level power model based on Wattch [21] to estimate the bench-
mark specific power dissipation in each functional block. Four SPEC benchmarks (apsi,
bzip, equake, and mcf) are used to collect power traces for millions cycles of each bench-
mark. We use the following strategies to extract the interesting traces for our IR and Ldi/dt

analysis:

IR Analysis: For IR analysis, we divide all traces into bins such that each bin contains
the traces with same distribution of normalized power dissipation over all the functional
blocks. Figure 4.5 illustrates sample traces of one of the bins. While each trace in the bin
contains a unique power demand for each functional block (FB1-FB7), the relative power
dissipation of functional blocks, in each trace, is similar (within +5% variations). Relative
power consumptions of the functional blocks determine the capability of the PDN to share
power for neighboring functional blocks. For each bin, we simulate only the trace with the
largest total power consumption; for example, trace 10 will be simulated representing the
bin shown in Figure 4.5. We used this approach on 10 million traces of four benchmarks

and we were able to reduce the number of traces to 1428.

Ldi/dt Analysis: For Ldi/dt analysis, we use current traces that represent a variety of

current patterns: step, pulse, and resonating. These patterns were derived based on the work

70

550 __§ 8 8 5 B

_5 FB7

< 1. = B B B N B B |

E4() FB6

3 = FB5

s+t

o I EFB4

g ' FB3

eys B B ..

a mFB2
10 1 mFB1

Trace Number

Figure 4.5: Illustrative contents of a bin: the x-axis represents the trace number within
a bin. The y-axis represents the total power dissipation in a particular clock cycle. The
relative power distribution for functional blocks, FB1-FB7, is similar within each bin.
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of Meeta et al. [44], where four SPEC workloads (apsi, bzip, equake, and mcf) were run
for 100 million instructions using Wattch [21], and 2048 cycle snippets (8192 total traces)
representing the current patterns were then extracted. Such a power grid evaluation method-
ology replaces observing millions of instructions from a wide variety of benchmarks, thus

significantly saving power grid simulation times.

4.3 Optimal TSV Size for 3-D PDN

We examine in this section how TSV size impacts 3-D power delivery. TSV size is the
dimension of one side of the square TSV footprint. The TSV height is always equal to die
thickness, which is 50um in all our 3-D setups. The maximum and average IR drops in
different dies, for TSV sizes ranging from 5um to 50um in the 3-D NOR configuration, are

shown in Figure 4.6. We can make the following observations:

* The ACCL, directly connected to C4 bumps, exhibits nearly constant maximum and
average IR drops across the different TSV sizes. As TSV size is increased, there is a
slight increase in both maximum and average IR drop. This represents the fact that

the grid sharing capability is improved with the increased TSV size.

* More importantly, the IR drop saturates in PROC and MEM for TSV sizes of and
greater than 20um. Such saturation suggests the lack of benefit of increasing the TSV

size beyond a specific size. A TSV size of 25um is therefore used in the following
analysis for 3-D PDN.

4.4 Best TSV Granularity

4.4.1 Baseline 3-D Configuration (3-D NOR)

This section presents IR and Ldi/dt analysis for the baseline 3-D configuration, described
in Section 4.2.1. We use a TSV size of 25um. We run each of the compressed traces for IR
and Ldi/dt as described in the Section 4.2.3 and observe the maximum, average, and stan-

dard deviation. The results for this analysis are presented in Table 4.1. These results form
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Figure 4.6: Maximum and average IR drop for various TSV sizes.

our baseline case, and all other analyses in this chapter are presented in reference to these
values. Examining the results presented in Table 4.1, it is clear that the 3-D architecture is
not an ideal one because the maximum Ldi/dt voltage droop are considerably higher than
their averages. We assume that local adjustments, in the form of adding local decoupling
capacitors, can be done for 3-D power delivery networks. We therefore keep the architec-
tures and power delivery network parameters the same in all the studies presented in this

chapter.

4.4.2 Effects of TSV Granularity (Spacing)

The PDN in 3-D NOR configuration is assumed to have the same TSV spacing as that

of the C4 connections. To design a 3-D stacked configuration that enables increasing the
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IR(V) Ldi/dt(V)
PROC | MEM | ACCL | PROC | MEM | ACCL
apsi
Maximum voltage drop | 0.065 | 0.057 | 0.054 || 0.187 | 0.178 | 0.179
Average voltage drop | 0.023 | 0.022 | 0.021 | 0.025 | 0.024 | 0.024
Standard deviation 0.008 | 0.007 | 0.007 || 0.019 | 0.019 | 0.019
bzip
Maximum voltage drop | 0.066 | 0.058 | 0.055 || 0.325 | 0.313 | 0.314
Average voltage drop | 0.023 | 0.022 | 0.022 || 0.061 | 0.060 | 0.061
Standard deviation 0.008 | 0.007 | 0.007 || 0.041 | 0.041 | 0.041
equake
Maximum voltage drop | 0.065 | 0.056 | 0.053 | 0.334 | 0.328 | 0.310
Average voltage drop | 0.025 | 0.024 | 0.023 | 0.035 | 0.034 | 0.033
Standard deviation 0.008 | 0.007 | 0.007 || 0.036 | 0.036 | 0.036
mcf
Maximum voltage drop | 0.065 | 0.057 | 0.054 | 0.341 | 0.347 | 0.346
Average voltage drop | 0.025 | 0.024 | 0.023 || 0.040 | 0.040 | 0.039
Standard deviation 0.007 | 0.007 | 0.006 | 0.029 | 0.029 | 0.028
Across all 4 benchmarks
Maximum voltage drop | 0.066 | 0.058 | 0.055 || 0.297 | 0.292 | 0.287
Average voltage drop | 0.024 | 0.023 | 0.022 | 0.040 | 0.040 | 0.039
Standard deviation 0.008 | 0.007 | 0.007 || 0.031 | 0.031 | 0.031

Table 4.1: IR drop and Ldi/dt voltage droop for 3-D NOR configuration.

granularity of TSVs for power distribution in any of the dies in the 3-D stack, we introduce
an interposer die [85] between the C4 connections and the bottom die as illustrated in
Figure 4.7. The interposer acts as a redistribution layer that is connected to C4 bumps
on one side and bonded microconnects (higher granularity) on the other, thus distributing
power to the top die via the TSVs. We can therefore decrease the TSV spacing in the
PDN to as low as the minimum allowed microconnect pitch while the C4 pitch can remain
unchanged. We refer to this setup as the Stacked Interposer (3-D SI) configuration. We
keep the granularity of C4 bumps (16x 16 connections per cm?) the same as that in 3-D

NOR configuration. The off-chip power delivery network also remains unchanged.

To assess the impact of the TSV spacing on power delivery, we vary the TSV gran-

ularity from 16x16 in our 3-D NOR configuration to granularities: 32x32, 48x48, and
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Figure 4.7: Stacked Interposer (3-D SI) configuration.

64 x64. At the highest granularity of 64 x64, the TSV spacing is well above the minimum
TSV pitch limit of 0.4um in wafer-to-wafer and of Sum in die-to-wafer or die-to-die 3-D
bonding technologies [108]. The silicon area consumed by TSVs in the 3-D PDN for the
32x32 and 64x64 granularities are 5% and 20%, respectively, for a TSV size of 25um.
For each increased granularity, the physical dimensions of each grid element are adjusted,
and R and L values are recalculated. The decoupling capacitance is uniformly redistributed
throughout the on-chip grid on each die and its total value remains same.

Table 4.2 reports the results from static IR and transient Ldi/dt voltage analysis with
various TSV spacing in the 3-D SI configuration. All values are normalized to the 3-D
NOR architecture. We report the results across all the benchmarks. We make the following

observations:

* Despite the expectation that increasing TSV granularity in the 3-D PDN would im-
prove the overall performance of power delivery, we notice only marginal improve-
ments in all the metrics for IR drop. The maximum IR drop in the PROC die is im-
proved only 8% by increasing the TSV granularity from 32x32 to 64 x64 whereas
the TSV silicon area penalty rises from 5% to 20%. Similar observations are made
for the transient voltage droop where the improvements in the maximum and average

voltage droop figures are 9% and 3%, respectively.

* The marginal improvement suggests that an on-chip grid and TSV granularity of
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IR Ldi/dt
PROC | MEM | ACCL | PROC | MEM | ACCL
32x32
Maximum voltage drop | 0.94 1.04 1.09 0.89 | 0.88 0.88
Average voltage drop 0.96 1.00 1.01 1.00 1.01 1.03
Standard deviation 093 | 0098 1.03 1.10 | 1.11 1.12
48x48
Maximum voltage drop | 0.94 1.06 1.12 0.99 0.98 0.98
Average voltage drop 0.95 1.00 1.02 0.96 | 0.98 1.00
Standard deviation 092 | 0.99 1.05 098 | 0.99 1.00
64 x64
Maximum voltage drop | 0.86 | 0.97 1.03 098 | 098 | 0.98
Average voltage drop 094 | 0.98 1.00 0.97 | 0.98 1.01
Standard deviation 0.89 | 0.96 1.02 0.87 | 0.88 | 0.89

Table 4.2: IR drop and Ldi/dt voltage droop analysis for different TSV granularities in 3-D
SI architecture. The results are the normalized to the 3-D NOR values.

3232 reaches a near optimum solution for power grid performance, particularly for
IR drops. This observation leads us to consider improving the off-chip network by

examining the granularity of C4 bumps, which we explore next.

4.4.3 Effects of C4 Granularity (Spacing)

We now assume that the 3-D NOR configuration with both C4 and TSV having equal
granularity of 32x32 for both VDD and GND supply networks. This is an increase over
the 16 x 16 C4 granularity used earlier. We perform IR and Ldi/dt analysis, and summarize

the results in Table 4.3. We make the following observations:

* Increased C4 granularity results in significant improvement in IR voltage drop. This

4 x increase in the number of TSV and C4 results in improved 3-D PDN performance.

* Although increasing C4 granularity significantly improves IR drops, the improve-
ment is limited in terms of Ldi/dt voltage droop. This is due to the off-chip PDN
components (package and PCB) having a more dominant impact on Ldi/dt voltage

droop.
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IR Ldi/dt
PROC | MEM | ACCL || PROC | MEM | ACCL
Maximum voltage drop | 0.55 0.59 0.60 090 | 0.89 | 0.89
Average voltage drop 0.61 0.63 0.64 0.86 | 0.87 0.89
Standard deviation 0.59 | 0.62 | 0.64 1.04 | 1.05 1.06

Table 4.3: IR drop and Ldi/dt voltage droop analysis for 3-D NOR with both C4 and TSV
granularities of 32x32. The results are normalized to the 3-D NOR values.

4.5 Effect of Dedicated Power Delivery

The experiments in the previous section assume that TSVs in the 3-D PDN are shared
among all dies. In this section, we study the effect of adding partially dedicated power
delivery to each die through a few TSVs connected to only select dies. We define a new

3-D configuration, the tapered stacked (3-D TAP) configuration, shown in Figure 4.8.

In the 3-D TAP configuration, dies are progressively sized larger to be able to connect
few dedicated vertical connections, called the boundary vias, to the PDN in the extended
boundary portion of a die. As illustrated in Figure 4.8, the boundary vias do not pass
through any of the active silicon area and can be formed using advanced package-level
routing vias similar to those in redistributed chip packaging [4]. The size of each die is
modified such that the tapering ratio is constant between the dies and a total silicon area of

3cm? is achieved for the 3-D chip. Due to die resizing, we modify the module placements:
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Figure 4.8: Tapered Stacked (3-D TAP) configuration.
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the top die now has PROC and some part of ACCL, the middle die has MEM, and the
bottom die has ACCL. Parameters for C4 pitch, on-chip power grid R & L, and off-chip
network are kept the same as in the 3-D NOR configuration. Due to an increase in footprint,
there is an increase in the number of C4 and TSVs of 18 x18 compared to 16x16 in 3-D

NOR configuration.

The results for IR drop and Ldi/dt voltage droop analysis in 3-D TAP configuration
are presented in Table 4.4. The results show that partly dedicated power delivery in 3-D
TAP configuration does not have the same extent of improvement as increasing C4 gran-
ularity (comparing the results to those in Table 4.3). However, both average IR drop and
Ldi/dt voltage droop in the 3-D TAP configuration are improved compared to the 3-D SI
(Table 4.2, 3232 TSV granularity case). This improvement does not have any silicon
area penalty as in the 3-D SI because TSV granularity is the same as in the 3-D NOR

configuration.

Although the concept of dedicated or partly dedicated power delivery in 3-D IC, as
in 3-D TAP, is interesting and effectively improves performance of 3-D PDNs, there may
be additional risk and cost considerations associated with tapered die sizing and nonstan-
dard boundary via packaging process. The tapered die sizes would only permit die-to-die
and die-to-wafer bonding techniques excluding the wafer-to-wafer option which requires
the same die and wafer sizes. Process considerations aside, the 3-D TAP configuration
illustrates a method for isolating some of the most active parts of dies by using dedicated
delivery in that area. The proposed method also yields improvement in 3-D PDN vis-a-vis

other 3-D PDN configurations.

IR Ldi/dt
PROC | MEM | ACCL || PROC | MEM | ACCL
Maximum voltage drop | 0.84 | 0.81 0.80 098 | 098 | 0.99
Average voltage drop 0.74 | 0.75 0.74 094 | 096 | 0.98
Standard deviation 092 | 0.95 0.97 0.97 | 097 0.98

Table 4.4: IR drop and Ldi/dt voltage droop analysis for 3-D TAP configuration. The results
are normalized to the 3-D NOR values.
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4.6 Power Delivery using Coaxial TSV

Coaxial TSVs, as described in Section 2.1.4, are proposed to eliminate substrate noise by
grounding the outer metal layer while the inner metal layer is used for signal transmis-
sion. We investigate in this section using coaxial TSVs for power delivery for reducing

blockages, increasing decap, and overlaying power/signal routing.

4.6.1 Reducing Blockages

When power TSVs extend through a die, routing blockages are created in the x-, y-, and
z-dimensions in the die. Therefore, reducing the number of power TSVs as well as careful
placement can help in eliminating critical routing blockages. We can use a single coaxial
TSV to deliver both VDD and GND to a die with a goal of reducing the number of power
supply TSVs. In this scheme, the inner and outer metal layers are used to deliver VDD and
GND, respectively.

We consider an architectural setup similar to the 3-D NOR configuration described in
Section 4.2.1 for IR drop and Ldi/dt voltage droop analysis. We keep the cross-section for
each of the inner and outer metal layers the same as the square-TSV area used in previous
analyses. We assume an inner liner thickness of 20nm, resulting in an overall size of each
coaxial TSV of width 35.4um. TSV granularity of 16 x 16 for each VDD and GND supply
with square TSV is now translated to coaxial TSV granularity of 16x 16 used for delivering
both VDD and GND. While our analysis suggests that this setup does not improve the IR
drop or Ldi/dt voltage droop, merging two square-TSVs into single coaxial TSV results in

a fewer number of routing blockages.

4.6.2 Increasing Decap

A coaxial TSV of width 35.4um with an inner liner thickness of 20nm has a capacitance
of 9.96pF. This TSV capacitance is approximately 250 x the square-TSV capacitance and
acts as additional decap in the 3-D PDN. While the 20nm inner liner thickness is selected
for illustrative purpose, further process development work is ongoing for controlling the

inner liner thickness to effectively implement capacitors using coaxial TSVs [9]. In this
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experiment, we analyze how to exploit coaxial TSVs to maximize on-chip decoupling ca-
pacitance in 3-D PDN.

We replace each square VDD or GND TSV with a coaxial TSV with a thin outer metal
layer (example thickness of 0.2um) connected to the opposite power rail. Thus, the granu-
larities of VDD and GND TSVs do not change while each TSV gets additional decoupling
capacitance due to the coaxial implementation. Choosing an inner liner thickness of 20
nm, the coaxial TSV will have approximately 16% of the original decoupling capacitance.
While the 16% increase in decoupling capacitance does not translate to significant improve-
ment in Ldi/dt voltage droop as seen in our analysis, the coaxial decoupling capacitance
implementation can be viewed as an opportunity to free silicon area by reducing the sili-
con area required for implementing device decoupling capacitance. In this example, device
decoupling capacitor area will reduce by 16% when using a coaxial TSV implementation.

To implement a large amount of decoupling capacitance in coaxial TSVs, Sparks et
al. proposed an alternative implementation with more than one layer of inner liner and inner
metal such that multiple inner liner layers collectively form a large capacitor [98]. Using
such multilayer coaxial TSV, if we increase decoupling capacitance by 90%, then the peak
Ldi/dt noise improvement from our analysis is approximately 15%. Other Huang et al. also
proposed adding large amounts of decoupling capacitance, such as 80% more decoupling
capacitor implemented as additional decap die stacked in 3-D chips, which provided 22% -
36% peak Ldi/dt noise reduction [48]. However, additional decap die would block cooling
paths for other dies. Therefore, a coaxial TSV can be considered as a new alternative for
decoupling capacitor implementation in 3-D PDN with an opportunity to improve Ldi/dt

voltage droop or save silicon area by replacing device capacitors.

4.6.3 Overlaying Signal and Power Routing

When the resistance of a particular power TSV, for example one in non-hotspot area, is
not highly critical, a coaxial TSV of the same footprint can be used to route an additional
(non-VDD and non-GND) signal. Signal TSVs are expected to be smaller in size for re-
duced capacitive load making them ideal to overlay with large size power TSVs that use

a coaxial TSV implementation. In this experiment, we study the effect of power/signal
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No. of | Size of each | Additional Benefits
blockages | blockage signal routes
due to overlay

TSV Place- | 256 1.253E-9m? 0 Reduced number of
ment blockages
Decap 512 0.841E-9m? 0 Additional  decou-
Insertion pling capacitance
Signal 512 0.600E-9m? 512 Additional  signal
Overlay routing

Table 4.5: Summary of coaxial TSV analysis for 3-D PDN.

overlay in a 3-D PDN using coaxial power TSVs. The coaxial power TSV of width 25um
with the inner metal of width Sum is dedicated for signal transmission and the outer metal
is used to deliver power. We incorporate this new coaxial TSV scheme into the 3-D NOR
configuration and perform IR and Ldi/dt analysis. Note that coaxial TSV footprint is the
same as that of the core TSV footprint in the 3-D NOR configuration. Each one of the
VDD and GND coaxial TSVs is used to transmit a signal through the inner metal layer
which would represent the extreme case of signal overlay for analyzing worst case impact
on PDN performance.

We did not observe any change in IR drop or Ldi/dt voltage droop of the 3-D PDN with
overlay coaxial TSVs. This is due to the fact that we sacrificed less than 4% of the TSV
area for signal overlay. This observation is also supported by the IR saturation trend in
Figure 4.6 where we noticed that a TSV size of 25um is already near saturation. Hence,
reducing effective power TSV area by a small percentage did not significantly degrade the
performance of the 3-D PDN.

Table 4.5 summarizes the above presented three studies to evaluate the potential benefit
of using coaxial TSV for 3-D PDN. The first column shows the technique used to integrate
coaxial TSV into the 3-D PDN. The next three columns quantify three parameters (number
of blockages, size of each blockage, and the number of additional signal routes) that we use
to compare the implementations. The last column summarizes the main benefit obtained
from each integration technique. Clearly, coaxial TSVs present an exciting opportunity
to reduce the number of blockages, integrate extra decoupling capacitance, and provide

additional signal routes. All these benefits have no extra area or performance penalty.
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4.7 Best Practices for 3-D PDN Design and Optimization

Based on our findings, we present a set of guidelines for designing and optimizing power

delivery networks in future 3-D designs.

* A critical observation in our work is the saturation trend of IR drop in 3-D PDNs
with increased TSV size. This suggests the need for first finding the optimal TSV
size, for the given on-chip grids in 3-D stacked layers, such that the least amount of

silicon penalty is incurred.

* Increasing TSV granularity or equivalently decreasing TSV spacing in 3-D PDN
improves the standard deviation in IR drop and Ldi/dt voltage droop most, with
marginal improvements in maximum and average values. Therefore, physical design
for 3-D PDN must consider the impact and choose TSV granularity for minimum

silicon area penalty.

* Despite selecting the optimal TSV size and TSV spacing, 3-D PDN performs worse
in both IR drop and Ldi/dt voltage droop if the package connection, such as C4,
pitch or granularity is maintained the same. Our study shows that improving off-chip
component of the 3-D PDN, for example through reducing the C4 pitch for a higher

number of C4s, has the highest relative impact on power grid metrics.

* A combination of shared and dedicated TSV power delivery can be used, as illus-
trated in 3-D TAP configuration, to achieve improvements in both IR drop and Ldi/dt
voltage droop. Further investigation is recommended with dedicated power grid
approaches for physical design, such as floorplanning and placement of dedicated
TS Vs, for optimization of such 3-D PDNGs.

* Along with reducing the number of blockages, coaxial TSVs have exciting opportu-
nities to be used for overlaying signals as well as adding more decoupling capacitance

into the 3-D integrated chip.

The above guidelines apply to power delivery networks that use C4 and TSVs for the
proposed 3-D power delivery networks. For other 3-D PDN designs within different pack-

aging, separate analysis will be required to determine an appropriate set of guidelines.
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4.8 Summary

Power delivery is expected to be a major physical design concern in 3-D ICs due to higher
power density and package asymmetries. We performed in this chapter a detailed analysis
to study the IR drop and Ldi/dt voltage droop in the context of various design parameters
in 3-D PDNs. As TSVs occupy valuable die real-estate, we analyzed the impact of TSV
size and spacing to analyze the trade offs between TSV area and PDN performance. Our
results show that PDN performance saturates for a TSV size of 25um and a TSV granularity
of 32x32. We studied off-chip PDN (increased C4 granularity) and a combination of
shared and dedicated TSVs to improve PDN performance. A 4 x increase in C-4 granularity
reduces the the average IR drop by 39% and average di/dt droop by 14%. Using dedicated
TSVs, reduces average IR drop and di/dt droop by 26% and 6%, respectively. In addition,
we show that coaxial TSVs improve PDN performance by providing additional decoupling
capacitance, and that coaxial TSVs reduce interconnect and device blockage by overlaying

power/signal routing within a single coaxial TSV.
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Chapter 5

Early Estimation of TSV Area for Power
Delivery in 3-D ICs

To harness the full potential of 3-D integrated circuits, analysis tools for early design space
exploration are needed. Such tools, targeting multiple design facets and cost trade-off
analysis, would allow designers to arrive at major decisions regarding architecture and
implementation fabrics. TSVs occupy valuable silicon real estate and neither devices nor
interconnects can be formed in the area occupied by a TSV. An early estimation of total

TSV area allows effective budgeting of device and interconnect resources.

We provide in this chapter a set of algorithms to estimate the minimal substrate area re-
quired for TSV-based power delivery. These algorithms can be applied early in the design
stages when only functional block-level behaviors and a floorplan are available. Our pro-
posed work is in contrast with recent TSV optimization techniques, which are applied later
in the design cycle [64, 122], to target optimal signal TSV placement. Planning for signal
TSVs clearly requires detailed circuit layout. Our optimization framework can be extended
for investigating using TSVs for heat removal if realistic thermal modeling is appropriately
utilized. Studies supporting the use of TSVs for heat removal are still in their early stages

and do not consider realistic manufacturing constraints.

The rest of the chapter is organized as follows: Related work is presented in Section 5.1.

The problem of power TSV area minimization is formulated in Section 5.2. Our proposed

50



algorithms are presented in Section 5.3. We discuss our results in Section 5.4. We summa-

rize our work in Section 5.5.

5.1 Related Work

To optimize TSV area, Lee et al. investigated a co-optimization methodology for signal,
power, and thermal TS Vs based on design of experiments and response surface method, and
they showed that careful tuning of response surface models can lead to reliable optimization
results [64]. Yu et al. use I/O compression and structured and parametrized model order
reduction to efficiently ensure dynamic power/thermal integrity [122]. Current TSV co-
optimization techniques thus provide insights but have neglected key TSV manufacturing
constraints. While functional data early in the design cycle can be used to estimate thermal
profiles, studies addressing the manufacturing concerns are needed to further explore the
benefits of thermal TSVs. Each TSV must have a liner, an insulating material filled around
the TSV, to provide isolation as well as stop metal diffusion into substrate. This insulating
material helps to reduce TS V-induced substrate noise but deteriorates TSV performance to
extract heat from substrate. A model of thermal TSV without liner is, thus, not accurate and
none of the previous models of thermal TSV include liner. Mechanical stress associated
with TSV calls for a keep-away area where no devices can be fabricated. Therefore TSVs
cannot be directly connected to a hotspot or any floorplan tile as assumed in [122]. Power
TSVs connect to only the top metal layers. The efficiency of heat extraction from the
surrounding volume is unclear.

While this chapter investigates power TSV optimization, independently of thermal
TSVs, the iterative framework can be extended to address co-optimization if realistic man-

ufacturing assumptions are available.

5.2 Problem: Power TSV Area

Because the proposed TSV estimate occurs early in the design cycle, detailed device-level

floorplans are unavailable. At such early stages, a functional model of each die is available.
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Thus, a set of workloads (e.g., for the target design) can be executed using an architec-
tural simulator and the power traces of each functional block are captured. Within each

functional block, we assume uniform power consumption.

We assume a 3-D IC consisting of K number of dies in a flip chip package. Each die
has its own on-chip power grid, each with M grid nodes. The bottom die is connected
to an off-chip PDN via C4 bumps and the rest of the dies are inter-connected using TSVs.
Because our technique targets early design exploration, we assume uniform TSV sizing and
that TSV insertion points have already been identified, each with an index, 1 < ¢ < M.
Each TSV grid location is referred to as a TSV node ¢;. Figure 5.1 illustrates a 22 portion

of an on-chip power grid.

The size of a power TSV depends on several factors including fabrication process,
power delivery requirements [54], stress minimization[110], heat removal requirements
[122], and layout constraints. 3-D power grid design studies recommend larger power
TSVs (with lower resistance) to reduce voltage drops and to meet current density require-
ments [48, 54]. However, larger TSV sizes directly impact the keep-away area, an area
around each TSV where no devices or interconnects can be fabricated. Bart et al. suggest
that the keep-away area increases with the increase in TSV area [110]. A simple calculation
based on their findings shows that for 1.7 x increase in the TSV area (increase in diameter
from 6um to 8um), a 2.4 x increase in keep-away area is required. So, instead of using few

larger TSVs, we use multiple smaller TSV arrangements connected in parallel between two

On-chip power grid

TSV i
f};, 2|
C4 bumps ,%i; al

Figure 5.1: An illustrative 2x2 power grid.
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TSV grid points. For this research, we assume a TSV diameter of Sum. Each location ¢; is
assigned a number of TSVs, n;.

We assume that power TSVs supply neighboring devices as shown in Figure 5.2. Each
device node, gf, ; connects the two closest TSV grid locations, ¢; and ¢;, and the device node
is located on die k. TSVs at locations ¢; and t; are thus directly connected to g;;. We
define the neighborhood of a device node as the set of 6 TSV locations closest to gﬁ ;- This
is illustrated simply in die 3 of Figure 5.2.

We denote the voltage at any node gﬁ ; as véf ;- Voltage violation is defined as the dif-

k

ference between (V,.r — V) and Vi’ js

where V,..; is the reference (input) voltage and V}, is
the maximum allowable noise voltage. Voltage slack, on the other hand, is defined as the
difference between vgf f and (V,er — V3).

The total power TSV area can be calculated as S X ) n;, where S is the TSV size and
n; 1s the number of TSVs at each node ¢;. Our objective is to minimize the total number of
power TSVs under the constraint that power integrity is maintained.

The power TSV minimization problem can be formulated as follows:

M
min E n;
i=1

subject to:
Vigk © [Vier — V5| < Vi

5.3 Power TSV Minimization Algorithms

We propose in this section four techniques (REDUCE MAXIMUM SLACK (RMS), RE-
DUCE SOMEWHAT ARBITRARY SLACK (RSAS), REDUCE SLACK LOCALLY (RSL),
and IMPROVE WORST VIOLATION (IWV)) within an iterative framework to minimize the
number of power TSVs. These techniques differ in their starting and stopping points, and in
the decision made during each iterative step. In the first three techniques, we start with an

abundance of TSVs allowing the circuit to comfortably meet the voltage budget constraint.
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Figure 5.2: Side and top view of select power delivery nodes in a stack of three dies,
illustrating a device node’s neighborhood.

The initial number of TSVs at each grid node is chosen by considering the floorplan and
the power requirements of each functional block. We selectively decrement the number
of TSVs and continue till all efforts fail to further decrease the number of TSVs while
maintaining power integrity.

In contrast to the first three techniques, IMPROVE WORST VIOLATION (IWV) starts
with a scarcity of TSVs and judiciously increases the number of power TSVs during each
iterative step. A small number of TSVs is initially assigned to each node, selected based
on the designers’ experiences, or simply with one TSV. During the iterative process, the

number of TSVs at the node with the largest voltage violation is incremented. The process
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repeats until all nodes meet the required noise budget.

5.3.1 Reduce Maximum Slack (RMS)

We explore in this technique the effectiveness of decreasing the number of TSVs for a
node with the largest slack. An initial circuit is generated assuming uniform 7; for each
grid node. This initial estimate considers the power demand of each functional block. We
assign a small number of TSVs (one, if no other information is available), at the TSV grid
nodes within the functional blocks with the smallest power demand. We then assign a
relative n; to rest of the grid nodes in the other functional blocks. We run SPICE assuming
power requirements (as explained in our trace selection methodology in Section 4.2.3).
If any node géf ; fails the voltage budget constraint, we increment the minimum n; for all
nodes. We reevaluate the circuit. We continue this process until all gfij meet the voltage
budget constraint.

Pseudo code for the RMS iterative algorithm is presented in Algorithm 1. After initial-
ization, and at the the beginning of each iteration of the while loop, a device node gz’f ; with
the maximum voltage is identified as g, (line 5). Then, the direct TSV neighbor node with
the largest voltage slack, t,, is identified (voltage measurements taken from the furthest
away from C4 bumps, typically the worst case voltages). The number of TSVs at ¢, n,,
is decremented by one (line 7), and SPICE is used to evaluate the results (line 8). If the
circuit fails, then the algorithm attempts to reduce the number of TSVs at the other direct
neighbor, ¢,, while restoring the TSV count at ¢,. If both attempts fail, then the identified
node g, is marked as “done” (line 16), indicating that the device node cannot withstand the
downsizing of its direct TSV neighboring nodes. The algorithm stops when all the device

nodes are marked as “done”, and no further TSV decrease is possible.

5.3.2 Reduce Somewhat Arbitrary Slack (RSAS)

This technique is similar to RMS, but differs in which of g¢,’s direct neighbors will be
selected for TSV decrementing first. In particular, the algorithm differs in line 6, where
the code is changed to select a direct neighbor at random. The rational is to avoid a purely

greedy technique as was the case in RMS.
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Input: An initial design with an abundance of TSV's
Output: The minimum n; for each grid node such that each node meets the voltage
budget
mark all device nodes g;’; “not done”
initialize noOfNodesDone to zero
run SPICE
while noOfNodesDone < M do
let g5 denote the device node that is “not done” and has largest voltage
pick node ¢, which is g,’s direct TSV neighbor that has the largest slack
decrement n, by 1
run SPICE
if circuit fails then
increment 7, by 1
pick the second neighboring TSV node ¢,
decrement n,, by 1
run SPICE
if circuit fails then
increment n,, by 1
mark g, “done”
increment noOfNodesDone by 1;
end
end
end
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Algorithm 1: REDUCE MAXIMUM SLACK (RMS)

5.3.3 Reduce Slack Locally (RSL)

To further move away from a greedy technique, we explore in this technique the impact
of minimizing the TSV count at nodes other than direct neighbors, and the impact of not
immediately selecting the nodes with the maximum slack. The algorithm initialization is
similar to the one shown in Algorithm 1, but the while loop is different and is presented in
Algorithm 2. A node whose local neighborhood was not thoroughly explored is randomly
selected. Within the neighborhood, TSV nodes with the maximum voltage slack are chosen
for decrementing successively until none of the neighborhood TSV nodes can be further
decremented. Once a neighborhood is explored, a device node is marked as “done”. The

iterations stop when all the device nodes are marked as “done”.
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1 while noOfNodesDone < M do

2 pick a random device node g, that is “not done”
3 let S be a set of TSV nodes in g,’s neighborhood
4 while S is not empty do

5 find ¢, s.t. t, € S and t, has maximum slack
6 decrement n; by 1

7 run SPICE

8 if circuit fails then

9 increment ng by 1

10 remove t, from S

11 end

12 end

13 mark g, “done”

14 increment noOfNodesDone by 1;

15 end

Algorithm 2: REDUCE SLACK LoCcALLY (RSL).

5.3.4 Improve Worst Violation (IWYV)

While the first three techniques attempted to lower an abundance of TSVs at each TSV
node, IWV starts with few TSVs and increases the number of power TSVs during each
iterative step. The pseudo code is shown in Algorithm 3. The initial circuit has a small
number of TSVs at each grid node, selected based on experience, or simply with one TSV.
During the iterative process, the number of TSVs at the node with the largest voltage vio-
lation is incremented. The process repeats until all nodes meet the required noise margins.
This algorithm is greedy as well, as it always tries to improve the voltage of the most
offending device node by incrementing the TSV count at the TSV node with the lowest

voltage.

5.4 Results and Discussion

We ran the four algorithms to estimate the number of TSVs for a block-level model of a 3-D
IC that is similar to the one used in Chapter 4, where we derive values of on-chip and off-
chip power delivery components from published works and technical documentation. We

utilize the electrical characterization approach by Alam et al. [7] to calculate the resistance
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Input: An initial circuit with a low number of TSVs
Output: The minimum n; for each grid node such that each node meets the voltage
budget
1 run SPICE
2 Find the minimum voltage, v,, in the circuit
3 while v, < (V.. —V}) do

4 pick a device node g, s.t. its voltage is equal to v,

5 let S be a set of TSV nodes in g,’s neighborhood

6 find ¢, s.t. t5 € S and ¢, has the largest noise violation
7 increment ng by 1

8 run SPICE;

9 end

Algorithm 3: IMPROVE WORST VIOLATION (IWV)

of individual TSVs.

Figure 5.3 shows the estimated number of TSVs for the selected traces of one of the
benchmarks, bzip. The results obtained using IWV are always better than the other three
algorithms. Each increase in the number of TSVs in IWV brings the device nodes closer
to meeting the voltage requirement. The process is incremental. For the other three tech-
niques, the minimization is a two-step process: a device node is selected and then a TSV
node is chosen to decrease the number of TSVs. This strategy leads to a state where n;
for a node is decreased to an extent such that any decrement anywhere else in the circuit
results in circuit failure. The greedy nature of the algorithms does not allow any significant
backtracking to explore other options. Among the three reduction techniques, RMS and
RSAS result in similar TSV numbers. The results of RSL however were inconsistent. The
TSV estimates were sometimes much worse than the those obtained by RMS and RSAS,
and sometimes better.

The estimated minimum required number of TSVs at each TSV node ¢; is the maxi-
mum value of n; across all benchmarks as the n; choice must satisfy the demands of the
worst-case benchmark. The total number of TSVs required by each benchmark is shown
in Figure 5.4. Clearly, IWV provides the best and smallest results for all four benchmarks.
RMS and RSAS provide similar estimates. The performance of RSL is less consistent and
dependent on the benchmark. For comparison, we ran these algorithms for a pessimistic

power dissipation scenario, assuming worst case power dissipation of each functional block
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Figure 5.3: The total number of TSVs required for each select trace for the bzip benchmark
using the four minimization techniques.

across all benchmarks. The total TSV count was ~ 2.7x the minimal TSV count found

using select traces.
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Figure 5.4: Comparison of the four proposed techniques.

The run time of the iterative algorithms is dependent on the network details and num-
ber of insertion points, with SPICE as the bottleneck. The iterative algorithm can be run

for each of the traces independently on a different machine. The run time thus becomes
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feasible. For a sample circuit with functional blocks of three dies (processor, memory, and
accelerator chips) and 256 TSV grid points, the algorithm requires about one hour on a

cluster/farm with 40 processing nodes, common in circuit design houses.

5.5 Summary

We have developed and evaluated several estimation techniques to evaluate power TSV
area requirements for 3-D power delivery when only a functional model and a floorplan are
available. We have shown that an iterative framework is feasible. Within this framework,
we have shown that a greedy algorithm that gradually increments the number of TSVs at
each grid node provides a minimal solution when compared to techniques that start with
an abundance of TSVs and attempt to lower the TSV count. For a 3-D IC containing three
dies, the incremental approach provides at least 0.6 smaller number of TSVs than any
of the other approaches. The run time of this iterative procedure scales to one hour when

dispatched on a cluster of 40 processing nodes.
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Chapter 6

Advanced TSV Technology: Carbon
Nanotubes for TSVs

Resistivity, current density, and electromigration create concerns regarding the viability of
copper (Cu) for interconnect in future CMOS technologies [72, 20, 13]. Carbon Nanotubes
(CNTs) have emerged as a promising technology to meet these challenges [81, 14, 100].
We investigate in this chapter the feasibility of using CNTs for power delivery in a 3-D IC.
We evaluate CNTs as TSVs and as on-chip power grid. We demonstrate that using CNTs
in the power deliver network (PDN) of a 3-D IC results in tremendous reduction in the area
occupied by TSVs for power delivery. Power can be delivered at coarser granularity while
using CNT, thus requiring less number of TSVs and resulting in smaller chip area dedicated
to TSVs.

The rest of the chapter is organized as follows: We present an overview of CNTs and
some relevant research in Section 6.1. We describe our design setup and different design
configurations in Section 6.2. We evaluate the use of CNTs to reduce the substrate area
dedicated to TSVs for power delivery in a 3-D IC in Section 6.3. We present static IR
analysis for different design configurations in Section 6.4. We evaluate CNTs for dynamic

Ldi/dt performance in Section 6.5. We summarize our work in Section 6.6.
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6.1 Carbon Nanotubes (CNTs5s)

Carbon nanotubes are hollow cylinders composed of one (single-walled CNT) or more
(multi-walled CNT) concentric layers of carbon atoms in a honeycomb lattice arrange-
ment, shown in Figure 6.1. The particular electronic structure of the lattice determines if
CNT is conducting (metallic), or semi-conducting. CNTs can be grown to be up to a few
centimeters length [124]. The diameter of a single-walled CNT (SWCNT) can range from
0.5 nanometer to a few nanometers while the diameter of a multi-walled CNT (MWCNT)

can range from a few to more than one hundred nanometers [81].

Figure 6.1: Carbon nanotubes (a) Graphene sheet, (b) SWCNT, and (c) MWCNT [43].

Superior-strength carbon-carbon bonds and near-perfect side-wall structures make CNTs
highly reliable and much more resistant to electromigration than Cu. Wei et al. demonstrate
large current densities in excess of 10°A/cm? at 250°C for two weeks without measurable
deformation or breakdown [113]. In addition, CNTs have large current-carrying capabili-
ties. CNTs can have current densities greater than 10°A/cm? [71, 60] in contrast to metallic
densities of 10°A/cm? [15]. Bundles of CNTs provide redundancy and fault tolerance,
and reduce resistivities. While several studies address the benefits of BCNT as intercon-
nect, only one recent study by Naeemi et al. investigates the trade-offs in using either
SWCNTs or MWCNTs for on-chip power delivery [80]. Existing fabrication techniques
[119, 126, 28], however, have not been able to produce CNT Bundles with 100% metallic
(conducting) SWCNTSs, all uniform in diameter. We utilize the Carbon Nanotubes Inter-
connect Analyzer (CNIA)[112, 45], a tool for computing bundle parameters. The model

we use is thus realistic, incorporating a mixture of SWCNTs and MWCNTs and includes
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metallic and semi-conducting CNTs with diameter variation.

CNTs usually grow in the vertical direction and various techniques have been proposed
to fabricate CNT vias. Duesberg et al. demonstrated chemical vapor deposition (CVD)
technique to fabricate CNTs at temperature of 800°C [36]. Mizuhisa et al. and Cantoro et
al. have extended this technique and were able to grow CNTs at temperatures up to 450°C
and 400°C, respectively [83, 23]. All of these techniques fabricate CNTs vertically forming
the via. Techniques to grow CNTs in the horizontal direction (parallel to silicon substrate)
have not been explored in much detail. Anyuan et al. have shown the growth of CNT
bundles in parallel to the surface by inhibiting the growth in other directions [24]. Ural et
al. used electric field with high temperature CVD to control the alignment of CNT growth
[109]. In this work, we assume that TSVs can be fabricated at lower temperatures. For
on-chip power grid, we propose growing BCNT on a separate silicon die (an interposer)
and integrating it with the chip through bonding. An interposer die is a thin layer of silicon
used to ease design complexity within the package. The interposer will typically contain
metal routing and vias. It offers a 20x to 100 x increase in wiring density over traditional
organic and ceramic packaging [59]. The interposer is placed between the C4 bumps and
the chip. The chip connects to the interposer through Cu I/0, solder I/O bonding, or micro
bumps [62]. The resistance, capacitance, and inductance of these connectors are minimal
because of their aspect ratios. For example, Alam et al. report a capacitance less than 2fF

and a resistance close to 40 mS2 [7].

6.2 Design Setup

We use a 3-D IC consisting of three dies: a quad-core chip-multiprocessor (PROC), a mem-
ory (MEM), and an accelerator engine (ACCL) as described in Section 4.2.1. We use the
trace selection strategy, described in Section 4.2.3, to estimate the power requirements of
each functional block in the 3-D IC. We use both the off-chip and the on-chip components
of the power delivery network (PDN) from Section 4.2.2. We use CNTs for two compo-
nents of 3-D PDN: as on-chip power grid and as TSVs. Our design configurations are
shown in Table 6.1. All the other design parameters remain same across these configura-

tions.
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Configuration Description

CNT-Grid-CNT-TSV This configuration uses CNTs for both on-chip power grid
and TSVs.

CNT-Grid-Cu-TSV This configuration uses CNTs for on-chip power grid and
Cu is used for TSVs.

Cu-Grid-CNT-TSV This configuration uses Cu-based on-chip power grid and
CNTs are used for TSVs.

Cu-Grid-Cu-TSV This configuration uses Cu for both on-chip power grid and
TSVs.

Table 6.1: Design configurations of CNT and Cu based 3-D PDN

Each grid element, in the on-chip power grid, is modeled as a resistor and an inductor,
connected in series as shown in Figure 4.4. The length of each grid element is calculated
from the die size (lcmx1cm) and the granularity of on-chip grid. We use a 24x24 on-
chip power grid. Table 6.2 gives the physical dimensions of the grid element for on-chip
power delivery network. We assume a uniform distribution of decoupling capacitances as

described in Section 4.2.2.

Parameter Value

Length 208um
Width 104um
Height 0.5um

Table 6.2: Dimensions of a grid element in on-chip power grid.

Current horizontal fabrication techniques for CNTs have not yet produced 100% metal-
lic SWCNTs with identical diameters. We thus assume a mixed bundle of CNTs: a mixture
of SWCNTs and MWCNTs, having different cross-sectional area as shown in Figure 6.2.
We utilize a tool, Carbon Nanotubes Interconnect Analyzer (CNIA), [112, 45], to compute
bundle electrical parameters. This tool utilizes bundle geometry and other properties as
input to calculate electrical and thermal parameters. We assume CNT bundle density of
4.5E+11 tubes/cm?, less than the maximum density of SE+11 tubes/cm? for the selected
diameter. Carbon nanotubes can be metallic or semi conducting depending upon their di-
ameters and chiralities [69]. CNTs have three types of chiralities: zigzag, armchair, and

chiral. Out of these three only armchair nanotubes are metallic and the other two are mostly
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semi conducting [32]. We therefore assume the probability of metallic tubes to be 0.3. We
assumed an operating temperature of 60°C, typical of modern processors. A summary of

our parameters are shown in Table 6.3.

Parameter value
Density of CNT (tubes/cm?) | 4.5E+11
Avg Diameter 16nm
Standard Deviation 8nm
Inner-Outer diameter ratio 0.5
Probability of metallic 0.3
Ambient Temperature 60°C

Table 6.3: Parameters used to model a CNT bundle

The BCNT resistance is dictated by the geometry assumed for the CNT power grid
design. Each resulting BCNT segment length is longer than the mean free path when the
resistance is dependent on the tube length, as observed experimentally [101, 84]. Imperfect
contact resistance is an important parasitic of CNT model. The value of this resistance
depends on nanotube diameter and processing technology. Earlier approaches assumed
contact resistance to be a major part of the total resistance but laboratory experiments have
demonstrated that contact resistance can be very small compared to the total resistance

[12]. Li et al. report an overall resistance of 35¢2 for a 25um long MWCNT with an outer

Figure 6.2: Mixed BCNT [112].
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diameter of 100nm [66]. Moreover, Massoud et al. show that for global level interconnect
with large widths, the contact resistance of the bundle is insignificant [70]. So for our

analysis we assume ideal contacts with no contact resistance.

Kinetic and magnetic effects contribute to CNT inductance. Kinetic inductance reflects
the net sum of kinetic energy on either side of moving electrons in a nanotube. Earlier ex-
perimental observations reported 0.1-4.2nH/um [104], while later results report no kinetic
inductance [22]. Wei Wang et al. give the mathematical details about the relationship of
width and kinetic inductance of CNT bundles [112]. For smaller diameters, kinetic induc-
tance is an order of magnitude larger than magnetic inductance. Kinetic inductance depends
on the number of shells and number of conduction channels in each shell. Magnetic induc-
tance is produced by time varying currents and the induced magnetic fields. It is dependent
on the current loop consisting of the signal line and its return paths. Some work assumes
that kinetic inductance dominates magnetic inductance [99], while other work develops a

detailed partial inductance model which assumes return paths at infinity [16].

For our analysis, we chose diameter sizes for our bundle that results in kinetic and
magnetic inductances of similar magnitudes. We varied diameter mean and standard de-
viation and computed kinetic inductance. The results are shown in Figure 6.3. For all
these variations, magnetic inductance remained constant at 1.03E-10H. This shows that ki-
netic inductance varies exponentially with CNT diameter and as we increase the diameter,
kinetic inductance reduces until it becomes comparable to the magnetic one. We choose

larger diameters with higher standard deviations for our PDN design.

To compute the R & L values of Cu based on-chip power grid elements, we use Pre-
dictive Technology Model (PTM) [3] with resistivity 2.2uf2-cm and thermal co-efficient of
3.93E-03/°C. These values are shown in the Table 6.4.

Technology R L
Cu 1.03E-01€2 | 8.20E-11H
CNT 3.19E-03(2 | 1.48E-10H

Table 6.4: Values of R and L for each grid element.
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Figure 6.3: Variations in kinetic inductance with respect to average diameter size (X-axis),
plotted for two standard deviation assumptions: 0.25 the diameter, and 0.5 the diameter.

6.3 Substrate Area Dedicated to TSV for Power Delivery

In this experiment, our goal is to evaluate CNTs to reduce the chip area dedicated to TSV
delivering power in a 3-D IC. In particular, we study the trade-offs between using CNTs as
on-chip power grid and as TSVs. We use the four configurations described in Section 6.2
to explore the TSV area penalty for each configuration. We use the 3-D architecture, as
described in Section 4.2. We use the R & L values of on-chip power grid and TSVs from
Section 6.2. To find the minimum number of TSVs dedicated for power delivery, we use
the Improve Worst Violation (IWV) algorithm described in Section 5.3.4. We run this
algorithm for a IR budget of 12% whereas VDD is assumed to be 1V.

The total number of TSV for each benchmark are give in Table 6.5 (rows 1-4). We use
the maximum number of TSVs at each TSV location across all the benchmarks to derive
TSV placement across all the benchmarks. Total number of TSVs and the distribution of
TSVs over the floorplan for each 3-D IC configuration are given in Table 6.5 (row 5) and

Figure 6.4, respectively. We make the following observations:

* Using CNTs for on-chip power grid and as TSVs requires relatively few TSVs to
meet the power budget and hence tremendously reduces the area penalty. CNT-
Grid-CNT-TSV configuration requires the smallest number of TSVs among the four
proposed configurations. The total number of TSVs for CNT-Grid-CNT-TSV are

67



Number of TSVs

Benchmark CNT Grid Cu Grid

CNT TSV | Cu TSV | CNT TSV | Cu TSV
apsi 477 684 871 1363
bzip 523 716 1134 1866
equake 492 589 598 756
mcf 525 706 989 1564
Across all benchmarks 553 736 1145 1887

Table 6.5: Number of TSVs required for each configuration.

(¢) Cu-Grid-CNT-TSV

(d) Cu-Grid-Cu-TSV

Figure 6.4: Substrate area dedicated to TSVs for power delivery in the 3-D IC.

0.75x%, 0.48x, and 0.29x for CNT-Grid-Cu-TSV, Cu-Grid-CNT-TSV, and Cu-Grid-

Cu-TSYV, respectively.

Considering the Cu-Grid-Cu-TSV as the base case, TSV area is reduced to 0.38x
by changing the grid to CNT. Similarly, we get 0.60x reduction when we fabricate
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TSVs using CNT. This suggests that CNTs as the on-chip power grid have more
impact than CNTs as the TSVs.

* Although CNTs as on-chip power grid have huge impact, CNT TSVs still result in
significant reduction in area penalty. Our results show that for CNT grid, CNT TSVs
reduce the area penalty by 0.75x.

* Results presented in Figure 6.4 show that at most three TSV are required at any grid
point for the CNT grid, whereas the same for Cu-grid is 14. These multiple TSVs

can either be created individually or a single big TSV can serve the purpose.

6.4 IR Analysis

Once we have calculated the optimal number of TSVs for each configuration, we evaluate
CNTs for IR drops across 3-D PDN. To perform IR analysis for the four configurations,
we model the power grid as resistive elements. We use the compressed traces from four
SPEC benchmarks (apsi, bzip, equake, and mcf) as described in Section 4.2.3. For each
configuration, we use the optimal number of TSVs across all the benchmarks (Table 6.5,
row 5). We perform IR analysis for each benchmark and report the maximum voltage drop,
the average voltage drop, and the standard deviation in Table 6.6. We can conclude the

following:

* For the optimal TSV placement, CNT power grid performs better than Cu power
grid. There is an improvement of 3% in the maximum voltage drop. Since, TSV
placement is optimized for each benchmark individually (Table 6.5, rows 1-4), opti-
mizing across all the benchmark (Table 6.5, row 5) requires addition of extra TSV, as
shown in Table 6.5. The impact of these additional TSVs is more pronounced in the

CNT-grid configurations than in the Cu-grid configurations.

 Although there are variations in the average IR drop across different configurations,
the difference is minimal. It shows that each design configuration is relatively opti-

mal.
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In the next step, we study the relative impact of using CNTs over using Cu in a 3-D
PDN. For this purpose, we consider the TSV placement for CNT-Grid-CNT-TSV configu-
ration as the baseline and use this TSV placement for rest of the three configurations. All
design parameters except TSV placement remain same. We perform IR analysis. Maxi-
mum and average IR drops and their standard deviation are presented in the Table 6.7. We

conclude the following:

¢ For CNT Grid, there is not much difference between the CNT or Cu TSV. This shows
that CNT-based on-chip power grid dominates and using Cu TSVs has nominal de-

terioration in the performance.

* The impact of CNT TSV is more pronounced when using the Cu-based on-chip grid.
For PROC die, there is a 32% and 15% improvement in the maximum and average IR
drop, respectively. CNT TSVs reduce the standard deviation by 24% which means a

smaller variation in voltage across the PROC die.

* The placement of a die in the 3-D stack controls the impact of CNTs on power quality.
ACCL, which is closest to package, has the least improvement because it does not

have any TSVs. The impact of CNT increases as we move away from the package.

* CNT-based power grid performs better than Cu-based power grid. It has an improve-
ment of 98% when using Cu for both on-chip gird and TSVs. On the other hand,
CNT grid has an improvement of 66% over using only Cu-based on-chip grid.

6.5 Ldi/dt Analysis

Our strategy to evaluate CNTs for Ldi/dt performance is similar to the one we used for IR
analysis except that we consider inductive and capacitive components along with resistive
network. In the first step, we use the optimal number of TSVs for each configuration from
Table 6.5 (row 5). In the second step, we use the optimal number of TSVs for CNT-Grid-
CNT-TSV. The results are presented in Table 6.8 and Table 6.9. We conclude the following:

* The results in Table 6.8 show that the power delivery network in not optimized for

transient behavior because the maximum voltage drop is more than 20% of VDD.
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Since the average voltage drop is acceptable (<9% VDD), we assume that the wost

cases can be handled by local remedies such as adding decoupling capacitors.

* As shown in Table 6.4, CNT has higher inductance than Cu. This higher inductance
results in worse transient performance. But this behavior is only for the maximum

voltage drop. Average and standard deviation does not show this behavior.

* The relative impact of CNT, shown in Table 6.9, shows that CNT TSVs results in
better performance for both grid types. For the CNT-grid, we get 9% and 12% im-
provment in the maximum and average voltage drop in the PROC die, respectively.

For the Cu-grid, these improvements are 20% and 13%. These results show that even
with fewer TSVs, CNT TSVs outperform the Cu TSVs.

* As observed in the IR analysis, die placement in the 3-D IC controls the relative
impact of CNTs on the power quality. The transient behavior of Cu is better than that
of CNTs for ACCL. This behavior results because ACCL is connected directly to the
package using C4 bumps and there was no change in the off-chip PDN or the number
of C4 bumps. Decreasing the number of TSV results in isolating ACCL from the rest
of the 3-D IC and reduces the sharing across dies. This reduced sharing results in

local improvement for ACCL.

* Although the CNT grid performs better, the improvement is not as significant when
compared to the results of the IR analysis due to the increased inductance of CNTs.
For example, CNTs result in an improvement of as high as 98% and 66% for maxi-
mum and average IR drop for PROC die. The same numbers for Ldi/dt analysis are
limited to 47% and 5%.

6.6 Summary

We performed in this chapter a detailed study to evaluate CNTs for power delivery in a 3-D
ICs. We explored the feasibility of using CNTs as TSVs and as on-chip power grid. Our
results show that CNT's are a promising technology to reduce the substrate area dedicated to

TSVs for power delivery. Using CNTs for TSVs only and for both TSVs and on-chip power
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grid reduced the area requirement by 40% and 61%, respectively. We performed IR and
Ldi/dt analysis for different design configurations with optimal TSV placements. Using
CNTs either on-chip power grid, or for TSVs, or for both improved the power quality.
For the same substrate area dedicated to TSVs for power delivery, CNT TSVs are able to
improve the average voltage drop by 40% and 8% for IR and Ldi/dt analysis, respectively.
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PROC MEM ACCL
CNT Grid Cu Grid CNT Grid Cu Grid CNT Grid Cu Grid
CNT|Cu |CNT|Cu |CNT|Cu |CNT|[Cu |CNT|Cu |CNT|Cu

TSV | TSV | TSV | TSV | TSV | TSV | TSV | TSV | TSV | TSV | TSV | TSV
apsi

Maximum Voltage Drop | 1.000| 0.994| 1.660| 1.982| 1.000| 0.996| 1.304| 1.469| 1.000| 1.003| 1.072| 1.070

Average Voltage Drop | 1.000| 1.000{ 1.240| 1.391| 1.000| 1.000| 1.119| 1.205| 1.000| 1.000| 1.040| 1.040

Standard Deviation | 1.000{ 1.000| 1.365| 1.595| 1.000| 1.000| 1.193| 1.320| 1.000| 1.000| 1.000| 0.999
bzip

Maximum Voltage Drop | 1.000| 0.994| 1.657| 1.975| 1.000| 0.996| 1.299| 1.462| 1.000| 1.003| 1.071| 1.070

Average Voltage Drop | 1.000| 1.000| 1.246| 1.400{ 1.000| 1.000| 1.120| 1.207| 1.000| 1.000| 1.038| 1.038

Standard Deviation | 1.000| 1.000| 1.378| 1.613| 1.000| 1.000| 1.194| 6.961| 1.000| 1.000| 1.003| 1.002
equake

Maximum Voltage Drop | 1.000| 0.996| 1.641| 1.979| 1.000{ 0.997| 1.270| 1.428| 1.000| 1.002| 1.063| 1.063

Average Voltage Drop | 1.000| 1.000{ 1.255| 1.415| 1.000| 1.000| 1.124| 1.215| 1.000| 1.000| 1.035| 1.035

Standard Deviation | 1.000{ 1.000| 1.373| 1.605| 1.000| 1.000| 1.190| 1.315| 1.000| 1.000| 1.008| 1.007
mcf

Maximum Voltage Drop | 1.000| 0.995| 1.631| 1.940| 1.000| 0.996| 1.290| 1.449| 1.000| 1.003| 1.068| 1.067

Average Voltage Drop | 1.000| 1.000{ 1.251| 1.409{ 1.000| 1.000| 1.122| 1.211| 1.000| 1.000| 1.037| 1.037

Standard Deviation | 1.000| 1.000| 1.394| 1.637| 1.000{ 1.000| 1.196| 1.327| 1.000| 1.000| 1.000| 0.999

Table 6.7: IR voltage drop for different 3-D configurations (normalized to CNT-Grid-CNT-TSV)
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PROC MEM ACCL

CNT Grid Cu Grid CNT Grid Cu Grid CNT Grid Cu Grid

CNT|Cu |CNT|Cu |CNT|Cu |CNT|Cu |[CNT|Cu |CNT|Cu
TSV | TSV | TSV | TSV | TSV | TSV | TSV | TSV | TSV | TSV | TSV | TSV

apsi

Maximum Voltage Drop | 1.000| 1.051| 1.272| 1.475| 1.000| 1.035| 0.966| 1.060| 1.000| 0.952| 0.906| 0.872

Average Voltage Drop | 1.000| 1.123| 1.058| 1.185| 1.000| 1.079| 1.036| 1.118| 1.000| 0.996| 1.016| 1.014

Standard Deviation | 1.000{ 0.998| 0.971| 1.029| 1.000| 0.973| 0.932| 0.939| 1.000| 0.947| 0.946| 0.904

bzip

Maximum Voltage Drop | 1.000| 0.930| 0.984| 1.096| 1.000| 0.922| 0.702| 0.738| 1.000{ 0.972| 0.923| 0.899

Average Voltage Drop | 1.000| 1.120| 1.050| 1.180| 1.000| 1.077| 1.031| 1.114| 1.000| 0.995| 1.014| 1.011

Standard Deviation | 1.000| 0.957| 0.940| 0.960| 1.000| 0.944| 0.910| 0.881| 1.000| 0.929| 0.930| 0.874

equake

Maximum Voltage Drop | 1.000| 0.954| 1.068| 1.188| 1.000{ 0.879| 0.768| 0.766| 1.000| 0.931| 0.871| 0.846

Average Voltage Drop | 1.000| 1.119| 1.052| 1.177| 1.000| 1.076| 1.036| 1.117| 1.000| 0.994| 1.012| 1.009

Standard Deviation | 1.000| 1.007| 0.998| 1.032| 1.000| 0.988| 0.963| 0.966| 1.000| 0.969| 0.975| 0.951

mcf

Maximum Voltage Drop | 1.000{ 1.000| 1.015] 1.139| 1.000| 0.922| 0.856{ 0.908| 1.000| 0.985| 0.993| 0.975

Average Voltage Drop | 1.000| 1.119| 1.050| 1.176{ 1.000| 1.078| 1.037| 1.120| 1.000| 0.997| 1.023| 1.021

Standard Deviation | 1.000| 0.989| 0.948| 0.994| 1.000| 0.965| 0.905| 0.897| 1.000| 0.944| 0.923| 0.885

Table 6.9: Ldi/dt voltage drop for different 3-D configurations (normalized to CNT-Grid-CNT-TSV)
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Chapter 7
Conclusions and Future Directions

This thesis investigates challenges associated with TSVs in 3-D ICs. This work is inno-
vative as it explores design and technology challenges, evaluates potential benefits, and
proposes novel solutions. The results presented in this thesis advance the understanding of
TSV-based 3-D IC design and guide designers in selecting design and technology parame-

ters.

7.1 Thesis Summary

This thesis offers original key contributions in several key areas. First, this thesis con-
tributes a new technique in mitigating TS V-induced substrate noise. We develop a realistic
framework to study TSV-induced substrate noise. This framework uses a finite-element
based three-dimensional extraction tool to extract lumped parasitics of the design setups.
We use this framework to evaluate the performance of different noise mitigation techniques
in terms of noise isolation and substrate area penalty. We report that shielding devices from
TSVs using a dielectric liner is not sufficient to mitigate noise; substrate grounding is re-
quired. For this purpose, we propose a new technique, GND plug, to effectively ground the
substrate. We show that the GND plug is a superior technology in reducing substrate noise
while utilizing small area and minimizing the keep out zone. For a 2um TSV in a 20um
thick substrate, four GND plugs of diameter 0.5 um fabricated around the TSV at a distance

of 1um result in substrate noise less than 8% of the input voltage. We analyze the size and
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placement considerations of GND plugs to maximize noise isolation and to minimize area
penalty. The GND plug is a better technique than increasing the thickness of the dielectric
liner or using a backside GND plane. Compared to a 1.5um thick liner, GND plug reduces
substrate noise by 4.3 x and reduce the area by 0.67 x. Compared to a backside GND plane,

the GND plug technique is simple and it results in a 4.3 x performance improvement.

Second, we develop a trace selection strategy to speed IR power delivery analysis with-
out compromising quality. This strategy utilizes an architectural model of the IC to extract
block-level current traces and picks only representative ones. We use this approach on 10
million traces from four benchmarks (apsi, bzip, equake, and mcf). We reduce the number

of traces to 1428.

Third, we perform the first architectural-level power delivery analysis for 3-D ICs utiliz-
ing realistic workloads. Within this study, we analyze the impact of TSV size and spacing
to assess the trade offs between TSV area and PDN performance. We observe that PDN
performance saturates for a TSV size of 25um and a TSV granularity of 32x32. Increas-
ing the granularity of C-4 bumps significantly improves PDN performance. In addition,
we show that coaxial TSVs improve PDN performance by providing additional decoupling
capacitance, and that coaxial TSVs reduce interconnect and device blockage by overlaying

power/signal routing within a single coaxial TSV.

Fourth, we investigate the problem of PDN design at early design stages to estimate
required TSV area. By combining these estimates with other estimates, designers can ar-
rive at total area and cost estimates for potential 3-D implementations. To compare the
performance of the TSV-estimation algorithms, we use a practical design consisting of
three dies. We observe that starting with a minimal estimate and incrementing iteratively
produces the smallest number of TSVs compared to starting with a larger estimate and de-
creasing iteratively. This technique, IMPROVE WORST VIOLATION (IWV), resulted in a
40% improvement in our evaluation framework.

Finally, we evaluate using carbon nanotubes for power delivery in 3-D ICs. We explore
the use of CNTs for the on-chip power grid and for TSVs. We use a practical CNT model
to calculate RLC values of CNT bundles. We use the IWV algorithm to estimate the total
number of TSVs required to deliver power within the noise budget. Our results show that
adding CNTs into 3-D PDN provides at least 0.4 x reduction is TSV area when CNTs
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are used as TSVs only. A maximum reduction of 3.4x is achieved when CNTs are used
for both on-chip power grid and TSVs. For the same substrate area dedicated to TSVs
for power delivery, CNTs in a 3-D PDN perform better than Cu. CNTs are capable of
improving the average voltage drop by 40% and 8% for IR and Ldi/dt analysis, respectively.

7.2 Future Research Directions

Stacking of 3-D ICs is a new and emerging technology. This thesis covers a few aspects
of TSV-based 3-D IC design. A large number of design and technology challenges still
need to be met to bring 3-D IC technology to mainstream VLSI design. A few possible

extensions and some of the challenges not discussed in this thesis include:

* The GND plug technique proposed in this thesis was evaluated using only simula-
tions. Test chips with different configurations of TSVs and GND plugs are the next

logical step in evaluating this technology.

* TSVs create thermal stress in the substrate. Stress impacts the performance of neigh-
boring devices. Analysis tools to quantify the impact of thermal stress on device
performance and techniques to reduce this impact are required. Both TSV-induced
noise and TSV-induced stress dictate the size of keep-out zone for devices. Further
analysis of these two phenomenon needs to be performed to create new design rules
for devices in 3-D ICs.

* Thermal management is a challenge in 3-D ICs. TSVs are proposed to extract heat
from dies away from the heat spreader. Detailed analyses that consider dielectric liner
and practical TSV placement are needed. Coupled analyses of thermal and power

TSVs are required to estimate the effective substrate area dedicated to devices.

3-D integration is poised to deliver improved IC performance and heterogeneous die
integration. We hope that solving 3-D design challenges will mature this technology, thus

advancing a wide range of medical, consumer, and high performance electronic systems.
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