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Chapter 1: Introduction

Al (Artificial intelligence) is a very fresh and hot topic application area that can benefit from
the 3D IC. Google AlphaGo and IBM Watson’s Jeopardy defeat the best human Shogi player, but
they all ran on server clusters, which are too difficult for widespread use. Today automatic driving
technique uses more specialized processors, but the automobiles are not safe enough. The safety
need will require more sophisticated control systems that are likely to increase computational
requirements.

As we know from *“von Neumann bottleneck”, data moves between the separate MPU
(microprocessor unit) and memory. In this case, latency is unavoidable. These years, processor
speeds have increased significantly to about 4.2 GHz. But the memory improves mostly in the
density, that’s to say that the memory can store more data in a fixed space, rather than in the
augmentation of transfer rates. As MPU working frequency has increased, the processor has spent
an increasing amount of waiting time, in order to write and read from memory. So no matter how
fast the MPU can work, it is limited by the memory transfer rate. [1], [2]

]O.‘H ‘
5 10¢] ._ aas®]
E'E- l \LQ
= af
Eo 10 7oA
:g QQ‘\\ .
Eu) \Q\B .
g 102] 3
=
€0 erf Onm\ﬂ“—
EE‘ 10} Memoty P23
Bl L

1980 1985 1990 1995 2000 2005 2010

Figure 1 Performance (speed) gap between MPU and memory increasing with time[3] (Performance’s unit is
number of transistors per unit cm?)

So the next generation of Al architectures is emerging the need for more densely integrated
memory and processor. For example, the memory occupies a very big space in the IBM’s
TrueNorth neural network chip, Google TensorFlow and the new generation of GPUs used in
automatic driving cars have huge memories.

1.1) From Two-Dimension (2D) IC to Three-Dimension (3D) IC

As Figure 2a illustrates, a traditional von Neumann computer system is the heterogeneous
integration of logic cells (yellow), memory chips (orange), and the interconnections (gray). For
example, here Data A saves the data from RF electronics, Data B saves data from camera sensors,
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the dynamic random-access memory (DRAM) process has a 10x higher memory density than the
same generation’s logic cell. So the cache in the MPU is too small for the implementation of
memory, and the data must inevitably be moved through the high-energy loss route between logic
and memory, twice per communication (as shown in the green line).

Figure 2b shows the equivalent data-transmission route for one merge stage of a bitonic sort.
The light yellow logic layer on top (with black points) shows the merging of four stages of bitonic
sort. When applying the structure in Figure 2b, the comparisons and exchange can be placed on the
logic layer. Data to be calculated (Data A) and a place of storage (Data B) are located in the bottom
orange memory and connected through short wires crossing the large 2D plane, rather than a border.

Logic

|
|

ta

DataB

€) (b)

Figure 2 Advantage of 3D for interconnections. (a) 2D systems comprise logic and memory chips, with the
green curve illustrating a mixed logic—-memory calculation that’s inefficient precisely because of this logic and
memory partitioning. (b) 3D systems with tight coupling between logic and memory avoid high latency paths,

bandwidth bottlenecks, and conversion of signals to high energy levels for off-chip interconnects. The blue curve
shows a representative data-movement step in sorting.

For the 3D structure in Figure 2b, data can be read all at once from memory, and then compared
and exchanged in hardware. A traditional computer will need to transport all the data from memory
to the processor sequentially, so, the memory bottleneck becomes a principal issue when processing
a huge amount of data and other low-level kernels in artificial intelligence (Al). So the 3D circuits
has a better advantage.

Moore’s Law seems to be showing down. Because of the physics limits, the technical
challenges of continuously miniaturization are difficult to overcome, which is increasing the cost
and slowing the pace of scaling. In addition, the benefits of scaling are decreased because of the
mismatch between the scaling and the former performance advantages. So the future
semiconductor industry focuses on two technical issues. Functional diversification is the first
direction. It is the main driving force of System-In-Package (SiP) architecture. The second one is

3D IC, as shown in the Figure 3. This can gain the functionalities of one given node and also
Institut National des Sciences Appliquées de Lyon & Institut des Nanotechnologies de Lyon
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increases performance and reduces power supply. There are several driving factors for 3D
integration. The benefits include better performance, reduced power supply, reduced latency, lower
cost and smaller size compared to 2.5D and 2D plane packaging. Some of the basic driving factors
for 3D integration are presented in the Figure 4 below.[4]

Mobile
Big data %

Cloud [l Each application, packaging
Biomedical &=l Technology and component /
(5] .

Green tech E parameter has its own set of
<

loT difficult challenges

Automotive

Figure 3 Elements incorporated into complex SiP packages through heterogeneous integration

2D IC : GDDRS5S 3DIC: HBM
’ et

Off Chip Memory

o _0”
| |
]

1GB GDDRS

Bandwidth: Bandwidth:
10.66GB/s per Watt >35GB/s per Watt

Logic Die

PUcPy

Package
Substrate

7mm

5 -

1GB HBM
94% less surface ared’

Areal, to scale

Figure 4 Driving forces for 3D Integration[5], [6]
3D IC leads to a revolution of potential new scale-up. The interconnections between logic and
memory has restricted systems for decades. Solving this bottleneck could continue improving
system performance and advancing semiconductor industry. However, in order to get the advances,
it needs some more time to work through the engineering processes (as shown in Figure 4 and
Figure 5). But every little breakthrough in the engineering processes will reduce the von Neumann
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bottleneck’s impact. For applications that could benefit from denser integration, this could offer
continuous performance increases as linewidth scaling.

2017 2019 2021 2024-2033
10 nm eq. 7 nm eqv. 5nm eqv. 3—1 nm eqv.
FinFET LGAA (nanowire) Monolithic 3D
Vemcal
FDSOI LGAA nanosheet
Thin Bulk
silicon silicon
T—TBOX

Figure 5 Preview of the 2017 International Roadmap for Devices and Systems’ predictions for future 3D
structures. D: drain; FDSOI: fully depleted silicon on insulator; G: gate; LGAA: lateral gate-all-around; S: source;
TBOX: thin buried oxide; VGAA: vertical gate-all-around[2]

1.2) Roadmap of 3D Integrated Circuits

Computing performance can be substantially improved by monolithically integrating several
new heterogeneous memory layers on top of logic layers powered by a combination of CMOS and
“new switch” transistors. This new phase, called 3D power scaling, will continue to support an
increase in transistor count at Moore’s law pace well into the next decade. ——Computing in
science & engineering March/ April 2017, vol.19, No.2.

The 2D integration will reach the point where no more 2D scaling will be possible, the death
of Moore’s law is spoken out everywhere, but the development of vertical integration of transistors
and integration of layers of vertical transistors is on the way to continue increasing the transistors’
density per cm? at a same or faster velocity than Moore’s law in the future.

The 2017 IRDS (International Roadmap for Device and System) road map projects the
development of integrated-circuit technology for the next 15 years. Figure 5 offers a preview[2].
As we can see, 2D planar scaling in accordance with Moore’s law is predicted to end until the mid-
2020s, after which further advances will come mainly from the stack of layers. This miniaturization
will reduce die purchase fee, energy costs and operational benefits[7]. This evolution demonstrates
that 3D VLSI offers the possibility to stack devices and enable high-density interconnects at device
level (100 million “via” per mm?), as Table 1 shows. 3D packaging has been available for decades
in large scale, with interconnections, performance, and energy efficiency. Fully integrated 3D (3D
Monolithic) is supposed to be available in less than one decade.
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Table 1 Evolution of 3D integration options toward 3D VLSI[1]

Options Links  Bandwidth Latency Power Time frame
Wire-bond stack 100s Low High High Avallilggersfor &Y
Through silicon via (TSV) or 1,000s Medium Medium  Medium Auvailable for 10
microbump stack years
3D VLSI stack 100,000s High Low Low <10years

In the 1970s, two fundamental laws became the footstones for the whole industry: Moore’s and
Dennard’s scaling laws. Dennard’s scaling law presented how to improve transistor performance
by means of geometrical scaling. At the beginning of the previous decade, physical scaling (the
gate oxide thickness limit) came to a halt, and the advent of new transistor by reducing the
horizontal dimensions and introducing new materials and new physical effects continues the
Dennard’s law. The new era is name equivalent scaling. And the vertical structures begin replace
planar transistor. The predictive revolution date is 2021. At that moment, device built via 2D
scaling will reach a fundamental manufacturing 2D physics limit, the transition to complete vertical
device structures, heterogeneous integration in conjunction with reduced power consumption
become the technology drivers.[2], [3]

Geometrical Scaling (1975-2003)

* Reduction of horizontal and vertical physical dimensions in
conjunction with improved performance of planar
transistors

Equivalent Scaling (2003-2021)

* Reduction of only horizontal dimensions in conjunction
with introduction of new materials and new physical
effects. New vertical structures replace the planar transistor

3D Power Scaling (2021-203X)

* Transitionto complete vertical device structures.
Heterogeneousintegration in conjunction with reduced
power consumption become the technology drivers

Figure 6 The different ages of scaling

The IRDS projects also five steps of functional transition from 2D to 3D VLSI: (here include
the functional heterogeneous devices as sensors, new storage devices, alternative logic and memory
devices or circuits)

» Two stacked layers with large scale components such as analog, I/O, and power
management, MEMS in one layer and high-performance logic and memory in the other.

» Monolithic integration of two layers, where each layer contains one of the two fundamental
transistor types in logic, NMOS and PMOS (n-channel and p-channel MOS), stacked on
top of each other in order to increase logic density.

» Two layers: logic and memory.
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> Analog, I/0, and RF connectivity as an extra layer, giving more freedom to include special
devices in the design.

» 3D VLSI with fine-pitch logic-on-logic as well as special functional layers exploiting new
architectures

1.3) Development of 3D IC

Today, memory producers, they are facing similar problems because they have no space in 2D,
and the cost of producing memory circuits of small dimensions keeps rising while the number of
stored electrons in the floating gate keeps decreasing. To solve these problems, memory producers
have already worked out and announced several new architectures that stack multiple layers of
memory on top of each other in a single IC. As many as 48 and 96 layers of flash memory have
been reported. Table 2 shows the prediction of flash memory devices for more than 100 layers. So
heat removal and reduction of power will be the two main issues in the 3D power scaling.

Table 2 Flash memory trends (source: www.itrs2.net)

2D NAND flash uncontacted

poly % pitch-F (nm) 15 14 12 12 12 12 12
3D NANI_D minimum array %2 80nm 8onm 8onm I 8onm sonm sonm
pitch-F (nm)
Number of word lines in one 32 32-48 64-96 96-128 128-192 256-384 384-512

3D NAND string

Domain cell type (FG, CT,  p/or/ap  FG/CT/3D | FGICT/3D  FGICT/3D | FGICT/3D  FGICT/3D  FGICT/3D

3D, etc.)
Product h'%':e;tj‘)’ens“y @D 256 384G 768G 1T 15T 3T 4T
G NAND) mmlCr 32 32-48 64-96 96-128 | 128192 = 256-384 | 384-512
memory layers
Maximum number of bits per
cell for 2D NAND 3 3 3 8 3 3 3
Maximum number of bits per 3 3 3 3 3 3 3

cell for 3D NAND

Bitline — el

Upper selector—"

Wordling_, 4
P .

Lower selector — (\Xé\:\\\ -
\\ :

Substrate S

Figure 7 Example 3D architecture of future monolithic integrated circuits[3]
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Beyond 2020, the future 1Cs architecture will change to a type of structure similar to the one in
Figure 7. This new method of scaling, which is capable of stacking multi-layers in a 3D devices
level, can substantially accelerate Moore’s law. Research on new switches began in 2005. By 2010,
the tunnel FET (TFET) seems a potential replacer of MOS as shown in the figure 8, because of its
lower operating power. [8] Negative capacitance FET (NC FET) has also shown as another lower
operating power devise than MOS. [9], [10] CNTs (Carbon nanotube) have become the most viable
switch later in the next decade, because of its energy saving and performance improvement. [11]
The number of transistors that can be integrated on a cm? of silicon will continue to increase at
Moore’s law pace for the next 10 or more years by means of 3D integration. Till now, transistor
speed has continued to increase during this decade, and the operation frequency of transistor has
already arrived at 100 GHz if power dissipation wasn’t a bottleneck, but because of the power
dissipation limits of ICs, today’s MPU’s operating frequency has been limited to a few GHz (CPU
intel Core 19 4.2 GHz). So in the next decade, the goal of IC design has shifted from high frequency
design to low power and better heat dissipation design.

, 32bit adder
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. \ \ s i
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~ SpinFET MIFEET v > !
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Figure 8 Switching energy vs. delay of a 32-bit adder[12]

Three Dimensional (3D) Integration and Packaging has been successful in mainstream devices
to increase logic density and to reduce data movement distances. It solves the fundamental limits
of scaling e.g. increasing delay in interconnections [13], development costs and variability [14].
Most memory devices shipped today have some form of chip-stacking involved. 3D integration
have different technologies, with the development, they are wire bonding and flip chip for SiP
(Silicon in Package), through silicon via (TSV) in bulk, TSV in SOI (Silicon on insulator), 3D
parallel, 3D sequential (MIV monolithic inter via).
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In the bulk level design (>2um), there have two stacked dies types, the interconnection via
substrate, and direct connection between dice. The typical interconnection via substrate technology
is wire-bonding stack. The wire bonding stack, as shown in the Figure 10(a), has a low density,
low bandwidth, high latency and high power dissipation characteristic (the exact numbers can be
found in the previous table 1). And TSV in bulk is the typical one of the direct connection between
dice, which is the main stream of 3D interconnection because that they don’t need substantial
change to the existing fabrication flow, as shown in the Figure 10(b). The size in CMOS image
sensors using “via last” approach has a diameter of about 50um. [15]-[19]. And it has smaller size
for 3D stacked memory (NAND, DRAM ...) and logic circuits (MPUs with cache memory).
Stacking involves drilling holes through silicon chips to provide electrical connections between
layers of stacked silicon chips. Chip stacks up to 40 layers deep are available that have lower
engineering costs than adding layers lithographically or epitaxial deposition. TSV offers lower
bandwidth and less efficient connectivity between chip layers than adding layers with
photolithography processes, but far higher bandwidth and efficiency than using conventional chip
packaging. It has an advantage of 10X more links in the circuit and better bandwidth, better latency,
lower power supply[16], [20]-[22]. However, the keep-out zone (KOZ) [23]-[28] required for
through-silicon via (TSVs) and limitations on the die alignment precision generate limits on the
device integration density that can be designed using TSV-based 3D stacking [2], [26].

10 ——rrrr ——rrrr r——rrrrr
TSV in BULK-D q)
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Figure 9 Alignment capability versus 3D contact width in parallel and sequential integration schemes[29]

Below 1um, in this field, the 3D technology’s interest stays at the transistor scale design. As
observed in the Figure 9, which shows the alignment accuracy between the stacked transistor layers
with regards to the 3D contact width (pitch), the 3D parallel integration [30], [31] as shown in the
Figure 10(c), enables the continuously reduction after 3D TSV, the pitch reduction has been

reduced to 1um. But even though some 3D SOl (silicon on insulator) architectures can reduce the
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3D contact size, the 3D contact pitch remains however limited by the alignment performance,
which is limited to about 1um, to guarantee a correct throughput.

3D sequential integration is the next generation of 3D integration technologies, it’s also named
Monolithic 3D (M3D)[1]-[4], [7], [13], [15], [25], [27], [29], [32]-[60]. It has been demonstrated
that 3D interconnections and planar contact pitches are matching even for advanced nodes [30] and
it has the potential to achieve nano-scale device integration compared to TSV-based 3D stacking
[60], and for the 3D parallel integration, one via has a connection of a few thousand transistors
blocks [31], as shown in the table 3. That’s too coarse-grained compared with monolithic inter-tier
vias (MIVs)[29]. So that’s why the 3D sequential integration is the only possibility to fully exploit
the potential of the third dimension, especially at the transistor scale. There are three categories of
M3D integration depending on the pitch of tier partitioning; transistor-level, gate-level and block-
level M3D integration. In transistor-level M3D, P-channel transistors are placed on one tier and N-
channel transistors on another tier, and connection between them is established by MIVs. In gate-
level M3D, standard cells are split across multiple tiers, and inter-cell connections which cross tiers
utilize MIVs. Block-level M3D design, which is the coarsest-grained design style, partitions
functional blocks, and inter-block MIVs are deployed to deliver signals between functional
modules in different tiers. Unfortunately, nowadays the commercial EDA tools to support 3D
integration are temporally not available. So, various studies have been reported on M3D IC design
using 3D commercial tools. M3D has also the disadvantage of device and interconnect performance
mismatch between tiers, testing challenges, cost, etc.

Table 3 Ratio between 3D via and planar contact pitch in sequential and parallel case[29][30][42]

Parallel Sequential
0.5um lum 10nm
1/1000 1/10000 1/1

High Density TSV
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Cormentronal wire Donding migrconnects e dice
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Figure 10 Different 3D Eﬁt)erconnection technologies (a) Wire-bonding (b) Througr(1ds)ilicon via (high density
TSV & Medium density TSV) (c) 3D parallel integration (d) 3D Sequential integration

Implementation of a 3D structure including CNFETS, resistive RAM (RRAM), and spin-

transfer torque magnetic RAM (STT-MRAM) has already been proposed and analyzed by using

N3XT (Nano-Engineered Computing Systems Technology) proposed by University of Stanford

and University of California Berkeley.[61] The structure is shown in the Figure 11. The N3XT

model has been demonstrated to have a 23X speedup and 37X energy reduction, that’s to say, it
will have a total energy-delay product benefit of 851.[61]

Experimental demonstrations

(a) 3D RRAM

(3) Fine-grained
monolithic 3D integration
- Compute + memory elements

- Ultradense connectivity
using nanoscale vias
(2) High-density

nonvolatile memories

- 3D RRAM: massive storage
- STT-MRAM: quick access
(1) Energy-efficient FETs
-1D CNTs

- 2D layered nanomaterials

> (6) Computation
immersed in memory

-
1
=== () Efficient heat removal

Figure 11 monolithically integrated 3D system enabled by Nano-Engineered Computing Systems Technology
(N3XT). On the right are the five key N3XT components. On the left are images of experimental technology
demonstrations: (a) transmission electron microscopy (TEM) of a 3D resistive RAM (RRAM) for massive storage,
(b) scanning electron microscopy (SEM) of nanostructured materials for efficient heat removal (left: microscale
capillary advection; right: copper nano-mesh with phase-change thermal storage), and (c) SEM of a monolithic 3D
chip for high-performance and energy-efficient computation. CNTs: carbon nanotubes, FETS: field-effect transistors,
and STT-MRAM: spin-transfer torque magnetic RAM.[61]
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1.4) Background and outline

This new architecture shows that computing performance can still be improved in the next
decade, and the main power will rely on 3D heterogeneous integration. So the future of
semiconductor industry is quite bright, and future discoveries will continue to bring progress and
bring new breakthrough.

This thesis is embedded in a very vast project, driven by ST Microelectronics crolles and CEA
LETI in Grenoble, and in cooperation with 3IT (Interdisciplinary Institute for Technological
Innovation) and University of Sherbrooke. This project has the goal to design and produce a 3D
CMOS image sensor [62], and the design of cooling system of this equipment is very important;
the heat dissipation issues in the 3D CMOS image sensor can be crippling. Another demonstrator
is on the way. This demonstrator (Figure 12) applies the nuclear magnetic resonance (NMR) /
magnetic resonance imaging technology in the micro/nano scale. In recent years, NMR/MRI
portable devices have drawn attention of numerous researcher teams. They are used for variety of
applications, especially for medical diagnosis. The 3D schematic of the micro/nano MNR chip is
shown in the Figure 12. This project is driven by numerous hospitals, here include hospitals in
Lyon and New York[63]. As we know, the coil receiver can be easily affected by the environmental
noises; moreover, its self-noise is expressed as 4KRT; R is for instance, the resistance of the coil.
So, reducing the coil self-noise means to reduce this resistance. And, in the same time, the quality
factor Q of the coil, defined as Q = wL/R, will be increased. The SNR (signal noise ratio) in the
coil design can be a crippling evaluator during the miniaturization of MNR/MRI.

~ LENSE

COIL 1

coiL 2

- sTI

Circuits

TSV si

Micro heat pipe

Redistribution Layer
Cu Pillar

Figure 12 Connectivity relationship of MNR chip (TSV, RDL: Redistribution layer and circuits embedded
into the substrate)
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So the purpose of the thesis is to provide a global design method for the 3D integrated circuit
in electrical, thermal, electro-thermal and also noise field. Due to the high density design of 3D IC,
the passive heat management method is another important work of this thesis. Hereafter will be
included simulation methods for substrate and also relative connectivity (TSV, RDL, Micro strip
and circuits embedded into the substrate), thermal and electro-thermal modeling method, and also
keep-out of zone calculation methods.

The chapter 2 presents some background knowledge on electrical parasitic effects of TSVs.
Based on the parasitic effects, we programmed and generated in Matlab a substrate impedance
extractor and a 3D TLE (3D transmission line extractor), which can automatically extract the
impedance from any contacts with arbitrary shape and arbitrary material. The extractors are 100%
compatible with SPICE core simulator, like ADS (Advanced design system) and can be used in the
S parameters extraction and transient study in ADS. The extracted data is verified with
measurement results and finite element method (FEM) simulation results. Based on the parasitic
effects of TSV, a 26 GHz frequency and 2 GHz bandwidth RF filter is proposed in this work.

The chapter 3 presents the thermal and electro-thermal modeling method. So the chapter 3
implements an analytical solution for multi-layers substrate nonstationary temperature distribution.
In the 3D circuits, the thermal issues are crippling issues in the 3D IC design, especially when we
scale down to nanoscale. The electrical resistance increase with temperature, likewise the substrate
resistance. Most of thermal simulation works are based on the steady regimes; few people work on
the non-stationary case. Non-stationary effects are crippling, like hot spots, which can be enhanced
by voltage ramps. We propose also a multi-layers 3D IC’s 3D heat dissipation calculation method.
This method is suitable for any 3D IC. A 4 core CPU heat dissipation case is studied in this chapter.
The later part of this chapter presents how the electro-thermal simulation works. The electro-
thermal simulator can be 100% compatible with SPICE (-like) simulator, and the electrical part is
verified with ADS. This work constructs the framework of 3D IC electro-thermal analysis.

The chapter 4 presents the passive thermal dissipation method. As a solution to the local heat
dissipation, the passive heat dissipation component, flat heat pipe (FHP) is proposed as a
prospective component in the chapter 4. This chapter presents the FEM simulation approach of the
FHP, and also the analytical modeling. The two results have good match, and an extensive study
of the working performance’s limiting condition has also been presented in this thesis.

The chapter 5 presents the noise issues of 3D IC. We firstly propose the analytical solution for
the substrates noise distribution and present noise analysis methods. And this chapter investigates
also the keep-out-of-zone (KOZ) of TSV to transistor. The investigation methods of electrical noise
impact and thermal-mechanical noise impact are shown in this part.

Finally, the chapter 6 summarizes the contributions of these dissertation works, drawing
conclusions of the manuscript.
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Chapter 2: Electrical modeling of TSV

Integrating multiple functional layer in a single device is a major trend in the electronics field.
Therefore, requiring a higher integration degree of equipment becomes more important today. 3D-
IC technology based on vertical through silicon via (TSV), has been proposed as a prospective
solution to the current 3D interconnection problem. Reduction of parasitic effects, higher
interconnection density, faster inter-chip communication speed and less energy consumption are
the main advantages of TSV interconnection [64]. In this way, the 3D-TSV technology is
considered to be the main design object of 3D highly integrated technology. In the next few years,
TSV structure can flourish in the field of chips. In addition, more chips will be integrated in the
3D-IC to meet the requirements for higher bandwidth, more I/ O interfaces and smaller sizes. The
multi-layer TSV will be the only technology to realize this structure [65]. Therefore, there is an
urgent need for multi-layer TSV electrical characteristics and coupling problems in some
researches.

For 3D stacked DRAM modules, some signals can be exchanged with other different chip
signals (assuming the same layout of the chip), including the read control, address bus, data bus,
write control, power supply [66]. Some structures have been completed by experimental tests [67].
Although the manufacturing process gets more attention, it should also emphasize more simulation
analysis. Many research work has been completed, mainly focused on the study of different
electrical characteristics of TSV and calculation of TSV electrical parasitic parameters formula
[68]-[71]. However, the pre-layout study of electromagnetic modeling and analysis of TSV in
multilayer substrates is critical before it enters production. The crosstalk becomes a key problem
in reducing the TSV performance due to the fact that the silicon substrate with conductive
properties, has parasitic capacitance effects on the insulating oxide (SiO2, isolation material
surrounded by the TSV) and the isolation layer formed by the TSV metallization, especially in the
TSV array. Many studies have focused on TSV crosstalk problems.

2.1) Single TSV analytical approach
2.1.1)Cylindrical TSV parasitic parameters

Cylindrical TSV is the most common TSV structure, as shown below. We can use copper,
tungsten, polycrystalline silicon and so on, as the filling material, which depends on the adequate
resistivity we need. Due to the simple structure, it’s the easiest one to be simulated, so the research
to this model has outdistanced the other TSV structures. And the thermal-mechanical and high-
frequency characteristics are the main two emerging problems of TSV [72], [73]. And in following
part, we will precisely introduce cylindrical TSV.
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0

Figure 13 Cylindrical TSV

2.1.1.1) Cylindrical TSV Resistance:

In low frequency, cylindrical TSV resistance can be calculated by using the traditional wire
resistance equation. When the current pass through the wire, the wire’s resistance is inverse
proportional to the cross-sectional area (A), and proportional to the wire’s length, the resistance
can be expressed by the following equation[46], [53], [62], [74]-[82]

_pt ]
R=E (2-1)

And p is the resistivity of the wire, [ is the wire’s length, A is the wire’s cross section area. In
the integrated circuit, we use normally the copper and aluminum as the interconnection material.
In 3D IC design, interconnection delay has been the major influence factor of the circuit
performance, so we usually use the copper (resistivity 1.68 x 10780 - m) instead of the aluminum
(resistivity 2.83 x 10780 - m) to reduce the interconnection delay of via. For TSV radius rrgy,
cross sectional area mrg,’s cylindrical TSV, it’s resistance can be expressed as [44]

lrsy
Rrsy_pc =25 2-2
DC =2, (2-2)

With the augmentation of the signal’s frequency, the skin effects should be taken into
consideration, that’s to say, with the increase of the signal frequency in the metal, the current that
passes through the via will tend to the conductor’s surface. The skin effect will increase the
effective resistance of the conductor and the skin effect will be more obvious as the frequency gets
higher. And here we should introduce skin depth 8. It means that when the current density in the

conductor gets down to the % (e: Euler’s number) times of the conductor’s surface current density,
the expression equation is [20]

_ p -
5= f Holm (2-3)

Here, f is signal’s frequency of the wire, u, is the free space permeability (the value is 41 X
10~7H/m), u,, is the metal’s permeability. And through this equation, we can deduce the corner
frequency if the skin effect, [20]

Institut National des Sciences Appliquées de Lyon & Institut des Nanotechnologies de Lyon
Yue MA 2018 22

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2018LY SEI042/these.pdf
©[Y. Ma], [2018], INSA Lyon, tous droits réservés



First order Electro-thermal compact models and noise considerations for three-dimensional
integration circuits

f6=mm (2-4)

B Toh sy
So when the frequency f is smaller than the f;, the skin depth & will be bigger than the
TSV radius rg, of metal part, and at this case, the skin effect is negligible. So the resistance of

. . . . 1
TSV can be defined as a DC resistance, which can be expressed as shown in the Rrsy pc = S5

TrTsy

(2-2); when the frequency f is bigger than the fs, the skin depth § will be smaller than the TSV
radius gy, and at this case, the AC resistance introduced by the skin effect can be shown as
following [83]

R — Plrsy )
TSV AC = T )] (2-5)

As we can see here, the TSV parasitic resistance is composed of a DC resistance and a AC
resistance, and can be expressed as following [83]

Rrgy = \/ R¥sv pc + Résy ac (2-6)

For a TSV with 60um diameter and 100nm oxide layer thickness, the corner frequency can be
4.7 MHz, and for a TSV with 5um diameter and 100nm oxide layer thickness, the corner
frequency can be 681 MHz. So here means, if we don’t want to see the skin effect, either use a
conductive material with a higher conductivity or reduce the via’s diameter.

2.1.1.2) Cylindrical TSV Capacitance:

The capacitance of TSV is defined as the capacitance between the metal conductor and silicon
substrate, because the TSV insulation layer’s thickness is usually less than 1um, so this parasitic
capacitance has a great influence to the transmission, in the study of 3D IC signal integrity and
power dissipation, TSV’s capacitance need more accurate simulation and analysis. Because of the
insulation layer (Si0,), which is used to insulate the TSV signal and the outside silicon substrate,
the TSV structure forms a metal-oxide-semiconductor structure, which is MOS structure. We can
get the analytical solution by solving the 1D poison equation in the cylindrical coordinate system.
The TSV equivalent capacitance is composed of two parts, they are respectively oxide capacitance
Cox and capacitance of depletion Cgep,.

2 It
C TEQE LTSV

N 1H(M) (2-7)

drsy

Here, t,, is the thickness of the oxide layer, &,, is the dielectric constant of SiO, (the value is
3.9), &, is the free space absolute dielectric constant (the value is 8.854 x 10™12F/m)

The depletion capacitance is noted as Cg,,, Which is shown as [84]
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C.. = 2Te0foxlrsv
dep n drsy+2tox+W e, (2-8)
dTSV-I-Ztgx

And the depletion width Wy,,, can be calculated by the following relationship. [85]

N
4egesiVipIn(2)
— n; 2-9
Wdep - N, ( )

Here, N, is the doping density, n; is the intrinsic silicon carrier concentration (the value is

1.5 x 10*m~3), V,, is the thermal voltage, which can be expressed by the following equation [85]

Ve =" (2-10)
When T=300K, V;;,’s value is 25.9mV, the k is the Boltzmann constant (the value is 1.38 X
10723] /K), q is the unit electron charge constant (the value is 1.6 x 1071°C).

When the metal voltage and silicon substrate voltage are different, there will be MOS effect. In
the analysis of the MOS effect, we should define the bias voltage, threshold voltage and flat band
voltage. When the TSV is working, the voltage applied in the metal is called bias voltage of TSV
(Vg); the threshold voltage (Vry) is the voltage applied in the metal when the voltage in the Si/SiO,
interface equals to 2In(N, /n;); And the flat band voltage (Vzp) is the voltage applied in the metal
when the Si/Si0, turns to the flat band state, and the Vz can be expressed in the following
expression [85]

Loxy 1) (Lo (2-11)

Vg = Pm = Psi = €0x€0 drsy
Here, ®,, is the work function of TSV’s metal conductor, ®g; is the work function of the

outside silicon substrate, Q is the surface charge of the Si/Si0, interface.

If the silicon substrate is P type substrate, when the metal’s voltage is different from the silicon
substrate, a lot of cavities will leave Si/Si0, interface, and then the carrier depletion appears. The
following Figure 14 is the MOS structure, 7, is the depletion radius, 7,, is the oxide radius, rrgy
is the metal’s radius.

Oxide

- OX

‘w_dep

Figure 14 Cylindrical TSV top view (with depletion layer)
Institut National des Sciences Appliquées de Lyon & Institut des Nanotechnologies de Lyon

Yue MA 2018 24

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2018LY SEI042/these.pdf
©[Y. Ma], [2018], INSA Lyon, tous droits réservés



First order Electro-thermal compact models and noise considerations for three-dimensional
integration circuits

When Vg < Vg, there will be depletion layer, and at this case, 74, equals to the 7;,,. And this
area is named accumulation region, and the equivalent capacitance is C,,.The expression is the
same like (2-7).

C.. = 2meoEoxlrsy
ox = 1 sy +2oxy (2-12)

drsy
When Vg < Vg < Vry, the depletion layer appears, with the increase of Vg, the Wy, increases,
but Cy,,, decreases (see equation (2-8) and (2-9)). And this area is named depletion region, and the
total capacitance is defined as following [85]

C.. = 2mepesilrsy

dep — drsy+2tox+2W ey (2-13)
In(—————F

dTSV-I-Ztgx

W 4851V31n( ) (2_14)
dep — anN,
1 1 75 _ CoxCaep

Crov = Go 4 0) = Cotan (2-15)

When V = Vrp,, the depletion width W, gets to its maximum, and it will not continue to
increase with Vg, and this area is named inversion region, and at this moment, Cy,,, géts to its
minimum, so the same as the Crgy. [85]

Co = 2meoesilrsy
dep | sy Rox W agp, (2-16)
drsy+2tox
N N
eV In(V4 4egkTIn(-4
Wde _ &siVin Il(ni) _ ik TIn( ni) (2'17)
P qN a*N,
-1 .
1 CoxCdepmin
Crep = = LorCap 2-18
TSVmin = ( (;depmm) Cax+Cdepmln ( )

vy 4w dep) (v tsv+t,,x) )smoc1 (dtsv+2t0x+ltsycota) (2-19)
disp+lispcota

Von = Vig + 2Vr1In (N) J P

2TE gy

Based on the TSV RC parasitic parameters’ extraction model, the paper [86] givesa TSV RC
parameters’ extraction and Q3D simulation result in the 45nm CMOS background, as shown in the
table below. The comparison shows that the average error between these parasitic parameters and
Q3D simulation is about 5%, and the formulas can be used in TSV parasitic extractions.
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Table 4 Different aspect ratio TSV RC parasitic parameters extraction comparison result in 45nm CMOS
process from [86]
Aspectratio |1 |3 |5

Diameter d/um 5
Tox /nm 120
NA /cm3 2E15

Theorical resistance/mOhm | 0.30 | 2.80 | 1.40
Q3D Resistance/mOhm | 0.35 | 3.03 | 1.75
Resistance error/% | 1.15 | 1.77 | 1.61
Theorical capacitor/fF | 0.14 | 7.43 | 5.71
Q3D capacitor/fF | 0.38 | 8.28 | 7.21
Capacitor error/% | 2.56 | 3.10 | 3.28

2.1.1.3) Cylindrical TSV Inductance

The TSV’s inductance is composed of self-inductance and mutual-inductance, here we use
some simplifications, and assume that the current back path is in the infinite, so the inductance of
TSV is, (drgy is the TSV’s metal diameter), this formulae comes from publication [87] by taking
taper angle to 0.

2 2
2psy+ | disy+4l
Uobmlrsy | Mokt TSV TSV T4lTsy
5+ 2lrgy [In + (drsy —

LTSV - Linner + Lext - 8r drsy

«’ d%sv + 41%51/)] (2-20)

Normally the inner inductance is far smaller than the exterior inductance, so the inductance of

TSV can be expressed as [87]
21Tsv+3/d%sv+4l%sv

drsy

HoHm
21

Lysy = lrsy[In + (drsy — Vdfgy + 4lFg)] (2-21)

Table 5 Different size TSV inductance

TSV diameter TSV height TSV oxide thickness
2um 20um 0.05um 13.827pH
2um 20um 0.1um 14.049pH
5um 20um 0.05um 10.185pH
5um 20um 0.1um 10.262pH
5um 50um 0.05um 34.262pH
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2.1.1.4) Interconnection delay

Due to the longer and longer interconnection delay, it will decide the limit between system
clock frequency and interconnection transmission. In order to reduce the interconnection RC delay,
paper [86] propose a buffer inserted design.

Lopt L“I"t

roe N
Sop lso)/ Sopr
Input OQutput

Figure 15 Interconnection model after inserting buffer

Figure 15 shows the interconnection model after inserting buffer, in the Figure 15, r and c are
respectively the interconnection resistance and capacitance per unit length. The equivalent buffer
resistance can be expressed as R, /s,p¢, and equivalent capacitance can be expressed as Cy * Sy,
Sope and L, are the buffer’s best size and distance, R, and C, are respectively the buffer’s output
resistance and input capacitance. And the longest interconnection delay D,..,, can be expressed as
following [88]

Drep = 2.37Liongest/RaCorc (2-22)

ANd Lyonges: I the overall longest interconnection line, and it can be expressed by the Davis
random distribution model. [88]

Liongest = 2 <\/¥ — 1) +m(§—-1) (2-23)

N, is the chip’s total logic gate number, S is the silicon source layers number, m is the ratio

between layer distance and gate distance. If Ny >> m, Lipngest % so by reducing the silicon

source layers number, it can reduce the time delay. But with the increase of the integration density,
TSV RC delay becomes necessary. TSV’s equivalent lumped 11 style RC model can be written as:

[88]
D3p = Dyep + Nrsy * Drgy (2-24)

And here Ny isthe chip’s TSV numbers along the interconnection line. And the buffer’s TSV
intrinsic delay is [88]

Ry C R c
Drgy = —%- ¥+ (ﬁ + Rysy) X (5% + Sope Co) (2-25)

SOpt 2 t T
2.1.1.5) Power dissipation during interconnection
In the 3D system, the power dissipation is composed with the following parts. [89], [90]
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Ptotal = Pint + Plogic + Prep + PTSV (2'26)

Here Py, is the interconnection line dissipation, Py, ;. is the logic gate dissipation, B, is the
inserted buffer dissipation, Py, is the TSV dissipation.

Pine = %CintLtotVZldf (2'27)

Here, V4 is the supply voltage, « is the average gate active factor, f is the working frequency,
Cin: 1S the interconnection capacitance per unit length, L;,; is the total length of interconnection
line, it’s supposed to follow the random distribution model. [89], [90]

Leoe = (2N 1 i(Dydl (2-28)
i(1) is the interconnection density function.

Logic gate and inserted buffer have the same dissipation model, they can be expressed as [89],
[90]
Plogic = Nt % Clogicvtzidf (2'29)
Prep = Nyep % Crepvﬁdf (2'30)

Ciogic and G, are respectively the gate and buffer’s equivalent capacitance, n,, is the
inserted buffer’s number and N/, is the chip’s total logic gate number.

And the TSV’s RC model depends on the via’s number. [89], [90]
Prsv = Nrsys CrsyVaaf (2-31)
2.1.2)Taper TSV parasitic parameters

Taper TSV is proposed by MIT’s Lincoln’s laboratory[47], its structure is shown as Figure 16.
Taper TSV is an inevitable manufacturing byproduct, due to the non-ideal Dry Reactive lon
Etching[91]. Paper[92] proposed a precisely controlled taper TSV fabrication process. But in
compare with the cylindrical TSV, taper TSV has a higher parasitic resistance. And if it has a very
high inclination, it’s easy to generate a “V’ form TSV (which will be an error).[88]-[101]
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Oxide Layer

Figure 16 Taper TSV

2.1.2.1) Taper TSV Resistance:

Taper TSV resistance is also composed with a DC part and AC part[87].

_ _ plrsy 152
RTSV_DC - na(a+lTSVﬁ) [1 + Zﬁ ]

P
Tf holbm

fa_L

= 2
oM TSV

2+ 21
Rrsv_ac = ’)(Tlﬁg)log(l + %)

_ p2 2
Rrgy = J R7sy pc + Rrsy ac

(2-32)
(2-33)
(2-34)
(2-35)
(2-36)

Where B = (b —a)/lrsy, b and a are respectively top surface and bottom surface radius.

When g = 0, the model will change to cylindrical TSV model.
2.1.2.2) Taper TSV Capacitance:

When we change from cylindrical TSV to taper TSV

Cox will change to [87]

C.. = 2meg Eoxlrsy
0x . dTSV+2tax+lTSVcata
sinaln( y ep— .
TSy tirsycota

(2-37)

When a = 90°, taper TSV will turn to a cylindrical TSV, and the formula will change back to

the cylindrical TSV formulas

The depletion capacitance Cdep will change to [87]
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C _ 2mege, rsy
dep - inad dev+2ng+2Wdep+lT5Vc0E(Z (2'38)
Sina n( dev+2tgx+lT5VcOt(Z

And the depletion width Wdep can be calculated by poisson’s equation, but it’s too
complicated.

Vg is the flat band voltage, which is the voltage applied at the via when the system stay in the
flat band state. It can be expressed as [87]

E N,
Vip = @y — Ogy = Py — X — 2—3 — Vrlog(=?) (2-39)

Where ®m is the metal’s work function, for copper, ®m = 4.65V, ®g; is the silicon substrate
work function, X = 4.05V is the electronic affinity for silicon substrate, the intrinsic carrier

concentration ni = 1.18e10 cm™3, band gap E, = 1.12eV, the unit charge g = 1.6022e~'°C, in
the room temperature, the thermal voltage V; = % =0.026V, N, = 1.25e15cm™3 is the ionized
acceptor concentration, Qf = 5el14 = q C/m? is the Si/SiO2 surface charge density.

And for the W 4.,,, we have the following relationship. [87]

Visy = VPZ“B + ;P(Rox) + Upx (2-40)
_ Qpm _ Nam(Rgep—Rox)sina 2R, +ltsvcota )
on - C_ax - 2TE gy I (ZRm+ltsvcota) (2 41)

NgRZy aNgR3, qNaR3,
lp(Rox) = 1 deg; - 28; £ log(Rox) + 48:1,1 . [2 log(Rdep) - 1] (2'42)

And we can get the R jepmqx bY the following relationship

2
qNaRgx _ qNaRdep

max NaRZe max N,
ten e log(Rox) + % [2108(Raepmax) — 1] = 2V7log(2) (2-43)

And the threshold for the minimum capacitance region is

2 2 .
qNaT[(Rdepmax_Rox)Sma log(2R0x+ltsvcota) (2_44)

2Ry +ltsvcota

Vi = Vig + 2Vrlog (%) +

2TE gy

When V < Vg accumulation region, there will not be depletion layer, and at this case, 4,
equals to the r,,. And this area is named accumulation region, and the equivalent capacitance is
C,.-The expression is the same like (2-37).
2megEoxlrsy

i dev-I-Zt
sinaln( 3
TSV

Crsy = Cox = (2-45)

ox+lpgycota
+lTSVc0t(l

)

When Vg < Vp < Vg, depletion region, the depletion layer appears, with the increase of Vs,
the W, increases, but Cy,, decreases (see equation (2-8) and (2-9)). And this area is named
depletion region, and the total capacitance is defined as following
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C _ 2mepeglrsy
dep = Tr5y+2t0x T 2W g (2-46)
sindln(———————+
dTSV-I-Ztgx
1 15 CoxCae
Crov = (= = Joxdep 2-47
sV (Cox + Cdep) Cox+Cdep ( )

When V =V, minimum capacitance region, the depletion width W 4, gets to its maximum,
and it will not continue to increase with Vg, and this area is named inversion region, and at this
moment, C ., gets to its minimum, so the same as the Crgy.

C. = 2mepesilrsy
de . dTSV+2tOX+2Wdepmax (2'48)
sinaln( )
dTSV+2tOX
-1
1 1 CoxCde min
c R _ 4 2-49
TSVmin (Cox Cdepmin) Cox*Caepmin ( )

As we can see, the taper TSV model has some similarities with cylindrical TSV, so it can be
simplified.

Cox ¢ = sinaC,y 7 (2-50)
Ciep.c = sinaCyep 7 (2-51)

So, the cylindrical and taper TSV’s parasite capacitance have the following relationship
Crsv_c = sinaCrsy 1 (2-52)

So if we use error to present the relative error, when 1 — sina < error, that’s when a >
arcsin(1l — error), the Taper TSV can use the cylindrical TSV’s model. If error = 5%, we can
get the limit inclination is 73 degree. So that means if the inclination of the taper TSV is less than
15 degree, we can use the cylindrical TSV model.

2.1.2.3) Taper TSV Inductance

When the taper TSV’s inclination is less than 15 degree, the parasitic inductance can be
expressed as, [87]

2
l l Irsv+ a?+lfsy 2
LTSV = MOMg;[TSV + HOHZTTSV [ln +(2a—2|a?+ lTSV +

a

2 f 2
4Blrsy (Irsy—(lrsy+a) (Ja?+Fsy—a))

] (2-53)

(a2 +Lrsy—lrsy) (4a+Blrsy)
2.1.3)Single Tapper TSV analytical result

In order to verify the taper TSV model, we use a standard TSV geometry, TSV metal radius
rrsy = 2.5um, height lrsy = 10um, oxide layer thickness t,, = 0.1um. And here we study the
different inclination angle’s influences by considering tapper TSV skin effect. As we can see from
the Figure 17, from 1MHz to 10MHz, this region is constant, this is the DC region. Beyond 1GHz,
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the total resistance increases monotonically with frequency. The region between 10MHz and 1GHz
is quite complicated. For the taper TSV, due to the different top radius and bottom radius, we can
always find out 2 skin frequency (equation 2-33), they match well with the two pics in the figure
17. The left pic match always with the skin frequency of the bigger radius, and right pic match with
the skin frequency of smaller radius. When the inclination angle gets close to 90 degree, the two
pics approach, when it equals to 90 degree, the two pics turn to one big pic. This comes back to the
skin frequency of cylindrical TSV case. But the equations (2-32) and (2-35) are not valid outside
of the skin effect boundary conditions. We found a more accurate model:

l
for8>bandb >a, Rygy,, = anZV (2-54)
for§ <aandb > a, Rygy,. = ZH"(;T_SZ) “log(C2) (2-55)

_ Plrsv(6-a) plrsy 2b-6
fora<é<bandb>a, Rrgy .. = ad(b—2) + 27T(b_a)slog( 5 ) (2-56)

For the straight wire: r = vab [107]

l
for 8>, Resyy =57 (2-57)
fOT' 8 < T, RTSVAC = % (2'58)

And the broadband model for cylindrical wires:

_ plrsy
Rrsvgs = 8(2r—8(1—e~T/8))(1-e"T/8) (2-59)

We see some different results from Figure 17 (a) and (b), depending on the choice of different
formula. The new formulas are more accurate. From Figure 17 (b) and (c) we can see that with the
increase of inclination angle, the TSV resistances decreases. And the taper TSV models can be

replaced by the straight wire model by assuming r = vab.

Taper TSV resistacne with different inclination angle Taper TSV resistacne with different inclination angle

300 20 S
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T Rtaper 89° - = = = Rstraight 85°
5] 150 8 Rstraight 88°
o = ||me—— Rbroadband 75
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%’ DA [memnm Rbroadband 85°
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o
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J l{ S
0 = ; ! ] .
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75° TSV resistacnes
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Figure 17 Taper TSV resistance with different inclination angle (a) original formula (b) new formula (c) 75°
TSV resistances

TSV metal radius rrgy = 2.5um, height lygy = 10um, oxide layer thickness t,, = 0.1um.
And here we study the different inclination angle’s influences by considering Cdep.

Taper TSV MOS effect with different inclination angle
100 : y
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Equivalent parasitic capacitance(fF)

Bias voltage(V)

Figure 18 Taper TSV MOS effect with different inclination angle

Figure 18 shows the taper TSV’s parasitic capacitance’s change with the bias voltage, and
different colors mean different inclination angle. When the bias voltage is less than the flat band
voltage, TSV stay in the accumulation region, the parasitic capacitance is Cox (A region), with the
increase of the voltage, TSV parasitic capacitance reduces due to the expansion of the depletion
layer, this region is depletion region (B region). When the bias voltage arrives at the threshold
voltage, the depletion width reaches the maximum and the capacitance will turn to the minimum
and stay unchanged. From the Figure 18, we can see that the bigger angle the smaller capacitance,
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that’s because that the bigger inclination angle will cause smaller capacitance contact surface.
When the bias voltage is bigger than the flat band voltage, the depletion capacitance has a great
influence to the TSV’s final parasitic capacitance, especially when it arrives at the C region. If we
neglect the influence of depletion region, it will cause big calculation error.

Taper TSV Error without MOS effect
250 T T

200

150

Error(%)

501

/ : : 75 degree
4 80 degree
0 f———o— H L. —— -85 degree |
: ———90 degree

05 ] 05 1
Bias voltage(V)

Figure 19 Taper TSV Error without MOS effect

Figure 19 gives the error when we don’t take into account the MOS effect, with the increase
of the bias voltage, the error increases. In the C region, all the 4 cases reach an error of more than
200%, so the depletion region’s capacitance is non-negligible. Figure 20 shows that the inclination
angle’s influence to the TSV inductance, for a TSV of rygy = 2.5um and lygy = 10pum , is almost
null.

Taper TSV Inductance with difference inclination angle
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Figure 20 Taper TSV inductance with different inclination angle
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2.2) Substrate modeling and verification by using coplanar wave model
2.2.1)CPW parasitic extraction

We used a CAD-based space mapping method to describe the fabricated CPW (coplanar wave
model) lines. So, the dielectric constants of silicon are characterized in literature and hence were
set as their standard value as 11.7. A simulation was done by using the value to compare with
measurement. CPW lines were set on an epitaxial layer and silicon substrate, the oxide isolation
was then designed underneath.

width 70um
Long 540um
Thickness 6.7um

Figure 21 CPW model geometry

BEOL coplanar waveguides are copper made, with a thickness of 0.8um, and ground planes
width is equal to 80um. Depending on the test structure, the signal line width is either 90um with
a slot of 15um (CPW_W?1) or 60um with a slot of 30um (CPW_W?2). There are 3 different lines
variation lengths: 60um, 240um and 540um. The coplanar waveguides are realized in a highly
conductive silicon substrate (rho=9mQ.cm for low resistive, rho=62Q.cm for high resistive,
er=11.7) with a thickness of 120um. A thin epitaxial layer (thickness: 4.5um, resistivity: 10Q.cm,
permittivity: 11.7) is deposited on the substrate. Lines are isolated from the substrate by an oxide
layer (thickness: 0.9um, permittivity: 5.2).[108]

Coplanar lines resistance, self and mutual inductances are calculated from experimental
formulas. Resistance is calculated for a DC value, without taking into account the skin effect. And
inductances (self and mutual) are calculated depending on the inductance analytical expressions
[109].
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T

Figure 22 CPW line structure
L

R=p— (2-60)
VT 0.447(W+T)
+
Lsety = Holr 3= [ln( )+ 0.5 + 24700D) (2-61)
M = oty 5 [In (%) = 1+ 7] (2-:62)

where p is the metal resistivity (copper: 1.72e-8 Q.m), o and pr the vacuum and the copper
permeabilities, W, L, T and p respectively the line width, length, thickness and the pitch between
two lines.

The interline/coupling capacitance Cinter between lines is calculated according to the equations
defined by Nurmi in [110] from the concerned lines surfaces and the fringe capacitances Cs and C¢’
taken at the boundaries and the middle of the coupled-lines. Cp is the coupling capacitance between
the ground plane and the concerned line surface, which is also treated in the literature as the line’s
self-capacitance [109]

Cr = 2020x(0.075 (%) + 1.4()°?22) (2-63)
r__ Cf
Cr = 1+(H/S) (2-64)
C, = eoeox% (2-65)
’ oxL T H
Cinter = Cr = Cf + 082 (37 + 83— 7(;)°%22) - ()12 (2-66)

Where eox and go are the silicon oxide and the vacuum permittivity and S the lines gap. An
average value of the width W is considered because signal and ground lines are geometrically
different in width.

Figure 23 Illustration of the capacitive couplings between interconnect lines over a ground plane
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In the case of the CPW, when the substrate is highly conductive, like in our test structures,
Eddy currents can be neglected in low and medium frequency. The substrate can then be modelled
as a very low resistance or a simple node. Vertical current in the epitaxial layer for each coplanar
line is modelled by a resistance (Repi) in parallel with a capacitance (Cepi). The capacitances of
the oxide layer (Cox) isolating the lines from the substrate are also included in the environment
modelling.

Ground line 1 Signal line Ground line 2 Reignal/2 —
Interline capacitor in2 out?
+
Mutual inductance Cox_signal
Cepi_slgna! Repl_slglﬂ
and}lz Lgndﬂ
inl O-ﬂr—m:]:\m—m-' SUR . ]
signal line

Cnx_grld
Cepi_gnd R:pi_gnd

SUB

Ground line 1

Figure 24 Coplanar lines front view (left figure). {RLCG} compact modelling of the signal line and one
ground line of the coplanar waveguide (right figure).

Parameters are calculated from the expressions listed below: [109]

Tepi

Repi = Pepi . (2-67)
Eo&epi’L'W

Cepi = OTZ—W (2-68)

Cop = —808;;L'W (2-69)

The coplanar waveguide model is shown in Figure 24 with all the lines connected in the
substrate through a node SUB. Depending on the system physical and material data, the induction
between the two ground lines can be neglected or not.

The assumption of modelling the conductive substrate as a simple node is only viable for low
and medium frequencies. Substrate coupling effects require to be added in the system electrical
modelling by describing the substrate as a {RLCG} network to evaluate precisely the IC’s losses
in high frequency.

From this perspective, an extraction demo is proposed relying on the Transmission Line
Method for multi-layered substrate extraction. Basically, a current is applied on one contact pad
which can be placed at the substrate surface or placed anywhere in the substrate. A voltage is then
collected at another contact placed atop or within the substrate too, permitting to deduce a transfer
impedance matrix [Zt] which relies on the number of contacts. Substrate coupling effect between
two contacts is generally modelled by a resistance in parallel with a capacitance. To extract the
values of the overall resistances and capacitances constituting the substrate network from the
elements of Zt, the matrix is inverted to obtain a conductance matrix Gt and nodal analysis using
Kirchhoff’s Current Law (KCL) is applied. The method can be used for both high resistive or high
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conductive substrates being uniform (same resistivity and permittivity in all the considered volume)
or not, explaining why a multi-layered approach has been considered. Moreover, values of the
substrate electrical network can be given in DC or evolving in function of the frequency. The
detailed method can be found in [111] in which it was validated for two contacts. Currently, the
method is expanded on TSVs.

The method was applied in the example case of coplanar waveguides at the top of a high
resistive substrate without epitaxial layer. Coplanar lines can hence be assimilated to three contacts.
Material and technological data considered for the lines and oxide layers are the ones of the CPW
test structure. Substrate height and permittivity are also kept and resistivity is fixed to 60Q.cm. The
following figure illustrates the corresponding substrate network.

Figure 25: CPW substrate modelling.

Values of the resistances and the capacitances are derived from the transfer conductance matrix
such that:

Gi1 Gz Gy
Gr = ’621 Go 623] (2'70)
G31 G3p Gz
912 + 913 —912 —913
Gr=| —912 912 + 923 —923 (2-71)
—YJ13 —Y23 923 T 913

with g12 = (R12 // C12), g13 = (R13 // C13), g23 = (R23// C23)
2.2.2)Experimental de-embedding process for CPW

The first step is to extract the contribution of coplanar access to the measurement of the total
test structure by using a vector network analyzer, as shown in Figure 26. A new method has been

performed to rigorously extract access line effects. This method is presented with details in a recent
publication [96].
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Figure 26 Measurements with a VVector Network Analyzer (VNA) for a frequency sweep [112]

Using this method we make first a measurement of a “Thru” test structure. This structure
connects directly right and left coplanar access lines. Measurements of the ABCD matrix of this
“Thru” structure give the ABCD matrix of the coplanar access line, named ABCDrest fixture. Next,
we de-embedded the contribution of two test fixtures on the measurement of the total test structure
using formula (2-71). ABCDput and ABCDcopianar are respectively the ABCD matrix of the “total
test structure” and the part “CPW”

-1
[Acoplanar coplanar Atestfixture Btestfixture " ADUT BDUT .
C

coplanar coplanar Ctestfixture Dtestfixture CD uT DDUT

Atestfixture Btestflxture] (2_72)

Ctestfixture Atestflxture

The propagation constant of the line and its characteristic impedance are derived from
ABCDcopianar matrix according to the following equation (ANNEX 1).

cosh(y,AL) ZoSinh(y,AL)

ABCDcoptanar = [sinh(yOAL) /Z.,,  cosh(y,AL) (2-73)

Once the ABCD-parameters of de-embedded CPW are known, its propagation characteristics

can also be determined through the formulas in ANNEX 1.

Real part of the characteristic impedance and imaginary part of the propagation constant are
presented in Figure 27 as an example.
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Figure 27 Characteristic impedance Zc and the propagation constant y parameters of CPW model of High
resistive substrate (a)real part of the Zc (b)imaginary part of the Zc (c)absolute value of the Zc (d)propagation
constant gamma (e) attenuation constant alpha (f) phase constant beta (g)RLCG parameters (h)S parameters
S11&S12 for the de-embedded experimental data

As we can see from figure 26, the measured data have a quite stable transmission
characteristics between 5GHz and 20GHz. Because of the test bench’s limit in (very) high
frequency, the measured data is correct below 20GHz.

2.2.3)ADS Parameter extraction and model fitting on experimental data

The EDA software ADS can replace the value of one component (resistance or capacitance) by
a variable. So we can predefine one variable arbitrarily by <Var> block, as shown in Figure 29.
We can define the constraint of the variable, for example, we can restrict the variable in the interval
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by giving the maximum and minimum value or giving a percentage of variation. If no restriction
is fixed, ADS can freely vary the value of variables.

We replace the substrate and the epitaxial layer by a RC model. The complete circuit can be
simulated in ADS as following.

................... o
................... F
. T Y Y T I
R=R1 L=L1 =11 R=R1
...... He offofEe o a5 o o @ a
........ M e=Cox - - - - - ..
—1 - [ ——
N e | -
2 o o ofaAme o ¢ o o AEe | o o earimAfg? °
e e e s e e e e e e
L. M= o M= . . . . . . M= . . . . = - g
CIndugter1="L2". . . Inductor1="L3". . . Inductor1="L4". % | L uater (LT e o
= g Inductor 2=".4" Inductor 2="L5"
o .. InducorZlE inductrLS' IndudtaZ=er Wk ralaazsr | dndet=RE L el
........................... C3 . - - o ..o
........................... c=C3

Figure 28 ADS setup for CPW model with low resistive substrate
Here we define all the variables and give them an initial value in the block <Var>.

Resistive substrate

VAR
— VART1 "
R1=0.089126 {0}
R2=100000 {o} -
R3=100000 {o} .
Cinter=5.4228e-14
C2=0.6e-12 {0}
Cox=1.38e-11 {o}
C3=0.6e-12 {0} -
K1=0.65818 {-0}.
K2=0.52744 {-o}
L1=1.9372E-9 {0}

Figure 29 ADS setup parameters for CPW model with low resistive substrate

INL (Lyon Institute of Nanotechnology) has developed a program whose name is 3D-TLE (3D

Transmission Line Extractor). This program is developed in Matlab which can generate the
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network SPICE (Simulation Program with Integrated Circuit Emphasis). We can compare the
results of simulation and optimization ADS (Red line), measurement (Blue line) and 3D-TLE (Pink

line).

CPW Model S21

S21 magnitude

| | | |
1E6 1E7 1E8 1E9 1E10

Freq(Hz)

(@)

CPW Model S21

S21dB

1 1 I [
1E6 1E7 1E8 1E9 1E10

Freq(Hz)

(©)

CPW Model S11

0.8—

0.6—

0.4—|

S11 magnitude

0.2—

0.0 T

I
1E7 1E8 1E9 1E10

Freq(Hz)

(b)

CPW Model S11

S11dB

1E5 1E6

1E7 1E8 1E9 1E10
Freq(Hz)

(d)

Figure 30 S parameters for CPW model (a) S21 magnitude (b) S11 magnitude (c) S21 in dB (d) S11 in dB
(red line : optimiszation; blue line : mesurement; pink line : 3D-TLE)

The original parameters, optimized parameters and 3D-TLE extracted parameters

Table 6 Comparison between original parameters, optimized parameters and 3D-TLE

Original parameter Optimized parameters 3D-TLE
R1(ohm) 0.089126 0.000112646 0.011514
L1(H) 1.9372e-9 0.926605e-15 1.7145e-10
R2(ohm) 100000 ohm 197985 0.29467
C2(F) 0.6E-12 0.984205e-12 3.514e-14
R3(ohm) 100000 ohm 415.987 1.1906
C3(F) 0.6E-12 14.996e-15 8.6966e-15
Cox(F) 1.38e-11 5.98365e-12 4.0887e-12
Cinter(F) 5.4228e-14 6.10788e-14 1.174e-14
K1(H) 0.65818 0.588136 0.49259
K2(H) 0.52744 0.320655 0.33268
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2.2.4)3D-TLE extraction (homemade extractor) results

CPW Model $21
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S21 magnitude
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Figure 31 Extracted S parameters of CPW model for low resistive substrate (red line: optimization; blue line:
measurement; pink line: 3D-TLE)

The extracted layers parameters:

Table 7 Restored layers physical parameters

Conductivity(ohm*m) Relative permittivity
SUBSTRATE le-4 11.7
EPITAXIAL 0.1 13.5
OXIDE 11
BEOL 2e-8

If we change only the substrate, and in ADS, we can establish a substrate changeable circuit,
shown as following

Ll b7 Ay s e YA
R1 R2
R=R2 R=R2
rea ] —| —|

VAR 5
R2=100000 {c}
R3=100000 {c} ?1(,9 ?Z{,?
C2=0.6e-12 {o} VA
C3=0.6e-12 {o} R

- Term
Term25
Num=25
Z=50 Ohm

=

Figure 32 Importation in ADS of the extracted 3D-TLE CPW model
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The result can be seen like following
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Figure 33 S21 magnitude by changing substrate conductivity (red line: optimization; blue line: measurement;

pink line: 3D-TLE)

As we can see, if we change only the substrate conductivity, it will not match with the
measurement. So we can see that the substrate conductivity has a great influence to the high
frequency transmission. The higher is the substrate conductivity, the more obvious gets the signal

attenuation.

2.2.5)High resistive substrate study
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Figure 34 S parameters for CPW model of high resistive substrate (a) S21 magnitude (b) S11 magnitude
(c)S21indB (d) S11 in dB (red line: optimization; blue line: measurement; pink line: 3D-TLE)
Table 8 Comparison between original parameters, optimized parameters and 3D-TLE for high resistive

substrate
Original parameter Optimized parameters 3D-TLE
R1(ohm) 0.012665 0.02533 0. 012665
L1(H) 1.7145e-10 1.78984e-10 1.7145e-10
R2(ohm) 1473.3402 478.838 1473.3402
C2(F) 3.514E-14 6.91474e-14 3.514e-14
R3(ohm) 5953.2097 18.5399 5953.2097
C3(F) 8.6966E-15 4.95273e-17 8.6966e-15
Cox(F) 1.9328e-12 2.77256e-12 1.9328e-12
Cinter(F) 5.55e-15 6.10788e-14 5.55e-15
K1(H) 0.49259 0.49259 0.49259
K2(H) 0.33268 0.33268 0.33268

2.2.6) Transient study - Eye diagram

The eye diagram can be used to evaluate the extracted interconnection transmission’s quality
(3D-TLM). In order to simplify the simulation, we input a numeral signal and measure the output
signal. And the output signal is more or less deformed according to the interconnection, which can
be seen through a bigger or smaller eye diagram.[92]-[101]

We can get the eye diagram by using ADS’s <Eye Probe> and <Simulation-Transient> study.
We put a bit sequential voltage source at the input by accompanying a 50 ohm resistance at its
output. We attach the under test numeral component in the circuit and add a 100 fF capacitance at
the output. We can get the three different setting.

== Eye_Probe y

cye_Probet Eye_Probe

2% | TRANSIENT " = = | Eye_Probe2
Vi

Tran

Tran1 i *— MWy
StopTime=10.0 nsec : : o : ;10 o — :
MaxTim eStep=0.1 nsec 4 ViBitSeq R=50 Ohm SZL _,1
. L . . SRC4 - - . - L SNPS . . 015 .
@ Viow=0 V

Vhigh=3.3 V . .

-| [Rate=2.5GHz
Rise=1 psec
‘Fall=1 psec
‘Delay=0 nsec : o

lBltSeq— 101010"

Figure 35 Measurements based transient ADS setup
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Figure 36 3D-TLE based transient ADS setup
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Figure 37 Transient Optimization circuit

In our case, we use the following source setting

VlIow=0V and Vhigh=3.3V
Frequency=2.5GHz
Rise time 1 ps
Fall time 1 ps

We can get the following result
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Figure 38 (a)(d)(h) show the input and output signal of the interconnection, (b)(e)(h) display the
corresponding eye diagram for the low resistive substrate, (¢)(f)(i) display the corresponding eye diagram for the
high resistive substrate.

2.3) TSV models’ parasitic extraction
2.3.1)Characterization and parameter extraction of two TSV model

Here, we present our own analytical expressions for the medium-density TSV compact model
resistance and oxide capacitance. The expressions of TSV are deduced from the formula of a
perfect cylindrical conductor, it depends on the conductor length, the thickness and radius. [108]

Rrsy/2  Lygy/2

in O—M—mnlm—mlr—- out
C

ox TSV

CEPI REF’I

Tc’ox GND

GND
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integration circuits
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Figure 39 TSV schematic (a) cross section view (b) compact model (c) geometry parameters
Rot = Rype + Tt (2-74)
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Where: Rmt and Tmt are the copper layer radius and thickness of the TSV top surface;
Rot and Tot the oxide layer radius and thickness of the TSV top surface;
Rmd and Tmd the copper layer radius and thickness of the TSV bottom surface;
Rod and Tod the oxide layer radius and thickness of the TSV bottom surface.
p is the pitch between two nearby TSVs and Ra the TSV average radius

TSV filing material does not significantly affect its RF behavior. Besides, the influences of the
copper layer thickness and the TSV radius are very low. So, the self- and mutual- inductances can
still use the analytical expressions of a filled cylindrical conductor.

Since the substrate is highly conductive for the studied CPWs model, it can be modelled as a
simple node. For each CPW line, the vertical current transmission path in the thin epitaxial layer
has been treated as a parallelepiped shape and so it can be modelled by a resistance (Repi) in parallel
with a capacitance (Cepi). The isolating lines from the epitaxial layer can be modelled by an oxide
layer capacitances (Cox). [108]
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Tepi
Repi = pepiw_i (2-80)
EepiEoW'L
Copi = =5 — (2-81)
Cox = 2202 (2-82)

The electrical parameter values must be adjusted based on the distributed elementary cell
length, width and height. For the TSV chain, the currents passes vertically by the epitaxial and the
oxide layers and reach finally the BEOL level ground planes. The epitaxial and oxide layers
electrical parameters (Repi(TSV), Cepi(TSV) and Cox(GND)) can be calculated by using the same
expression as the coplanar waveguide. The substrate and TSVs couplings are considered with the
geometrical capacitance Cox(TSV). The coupling effects of TSVs are considered. The TSV chain
electrical model of the BEOL ground lines is divided into serial blocks on the overall surface. These
surface parts have a length of the TSVs contact pads length Lpad. The epitaxial layer parameters
(Repi(TSV), Cepi(TSV)) and the oxide capacitance (Cox(GND)) which model the current
propagation to the ground line through the TSV, should then be calculated with L = Lpad. The
width and the thickness are the same as the other line parts. The surface cells of ground lines
included in the current paths can be simply modelled by a RL networks; otherwise they are
modelled as shown in the following figures.
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Figure 40 2xTSV chain (a) Medium density TSV front view (b) RLCG compact modeling of the medium-
density TSV including the current path (c) Decomposition of the BEOL ground lines into RLCG serial blocks
depending on the considered surface (MI and M1l models)

As an illustration, the above figures show how the two top BEOL ground lines are changed into
serial blocks for a 2xTSV U-chain. The interline current paths should also be considered, they have
mainly two kinds, MI and MII. The total wire length, Lground, is equal to 2Lpad, plus the BRDL
line length, Lspace. Lspace represents to the gap between two contact pads. The BRDL line
connecting the two TSVs, the substrate coupling of which can be expressed by an oxide capacitance
between the SUB node and BRDL, which is located in the contact pads gap (Mll).

The 2xTSV has a form of “U”. So for nxTSVs chains, there will be n/2 “U-shaped” structures
connected at the BEOL surface by contact pads and 60um access BEOL lines.

The following figure shows the structure of a 4xTSV chain; the coupling effects between the
four TSVs are also represented. The BEOL ground line total length then equals: [108]

LBEOL = anads + %Lspace + (g - 1)Laccess (2'83)

It illustrates the ground lines total transmission line length (related to the transmission loss) for
nXTSV chain.
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Figure 41 4xTSV chain side view: representation of the proximity effects between TSVs (inductive
couplings). The two chains of 2xTSV are connected at the BEOL level with contact pads and an access
interconnection line

2.3.2)Simulation and optimization of 2 TSVs U-model

We use the same simulation process. Firstly, we try to simulate the S parameters by using
the netlist generated by the 3D-TLE extractor. And we compare it with the de-embedded
experimental result (by using the test bench Figure 26).

-1

Figure 42 Physical geometry of 2 TSVs model
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Figure 43 input script description
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R1in x1 0.00016381
L1 31 x2 2626812
MNumber of cells 1 ) L2 x2 x3 2.626e-12

Load File R2 x3 out 000016381
(Number of cells s applied on each structure paths elements) Cox x2 sub 4.85858-14
.ends linel
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Figure 44 3D-TLE extractor setting

Through the pub [115], the substrate parasitic parameters can be expressed by a parallel of
capacitance and conductance. And their expressions are shown as follow

TTXEEr,si

-1 PTSV
cosh ~ (=%
(dTSV)

Gsisub = COSZ_X% X hrsy[S] (2-85)
drsy

Csi sup = X hrsy[F] (2-84)

And here, when we extract the measurements, we must apply the de-embedding method, the
following two figures show the difference between with and without de-embedding.
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Figure 45 2xTSVs model S parameters (a) S21 magnitude without de-embedding (b) S21 magnitude with de-
embedding
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As we can see from the two figures, the result with de-embedding is more close to our

simulated circuits.
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Figure 46 S parameters study setting for 2xTSVs model
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Figure 47 Comparison of S12 between 2TSV with and without SUB model, measurement(blue),optimized
circuit result without SUB resistance(black), optimized circuit result with SUB resistance(red), 3D-TLE result(pink)
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(b)Change Cox2(oxide layer capacitance

(a)Change Cox3(TSV oxide) close to TSV)
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Figure 48 Parametrizations (a) Cox3 (TSV oxide) (b) Cox2 (Oxide layer capacitance near TSV) (c) Repi2
(TSV epitaxial layer’s resistance) (d) Cdep (TSV depletion capacitance) (e) Rsub (Substrate resistance) (f)
Parameters’ signification
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As shown in (a), (b), when Cox3=2e-12F, the curve is much closer to measurements. And it
corresponds to epsr_o0x=3.28 (we use 5.8 originally at the 3D-TLE), and when Cox2=7e-13F, the
curve is much closer to measurements. And it corresponds to a epsr_ox=10.98 (we use 5.8
originally at the 3D-TLE, Cox2=3.7e-13 originally), it has a very big influence to the final S
parameter approximation. Repi2 has a big influence to the result. When Repi2=38ohms, the result
is close to the measurements. And the 3D-TLE value is 50.5 ohms with a resistivity of 9.09e-2
ohm*m, now, with a Repi2=38ohms, the resistivity changes to 6.84e-2 ohm*m. The MOS
depletion effect doesn’t have a big influence to the S21 parameters, but at very high frequency, it
has a slightly influence. Here the Cdep vary from 0.5e-13 F to 8e-12 F.

As we can see, after 10GHz, the substrate has a big influence to the S21 parameter. The best fit
Rsub value is about 100 ohms, at this resistance, the substrate has a resistivity of about 0.108
ohm*m, which is 100 times bigger than the original 1e-4 ohm*m. But we don’t see any difference
at frequency below 10GHz. And R1,2,3,4,5 and L1,2,3,4,5, Cepi2 have slightly influence to the
fitting curve. Repi Cepi Cox Cox4 Rsub2 Rsub3 Csub Csub2 Csub3 doesn’t have influence. So the
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2TSV model S21 parameter depends mostly on the Cox2(oxide layer close to TSV) Cox3(oxide
TSV) Rsub (substrate resistance) Repi2 (epitaxial layer close to TSV)

So in all, the final influence factors are the substrate resistivity, oxide layer’s permittivity, tsv
isolation permittivity, and epitaxial layer resistivity.

So after the optimization of the only 4 parameters, we can get the final S21 parameter
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Figure 49 Optimized S parameters (blue: measurement, red: optimized, pink: 3D-TLE)

With our model, the extracted parameters are

Table 9 Comparison between original parameters and optimized parameters

Name Original value Optimised value
R1 0.00016381 0.00016381
R2 0.0012286 0.0012286
R3 0.0016125 0.0016125
R4 0.012094 0.012094
R5 0.0031471 0.0031471
L1 2.625e-12 2.625e-12
L2 1.2226e-11 1.2226e-11
L3 2.827e-12 2.827e-12
L4 1.3508e-11 1.3508e-11
L5 1.8915e-11 1.8915e-11

Repi 378.75 378.75
Cepi 2.4851e-14 2.4851e-14
Cox 4.9277e-14 4.9277e-14

Repi2 50.5 6.65094

Cepi2 1.8638e-13 1.8638e-13

Cox2 3.6958e-13 0.73916e-12

Cdep 0.66e-12 1.32e-12

Institut National des Sciences Appliquées de Lyon & Institut des Nanotechnologies de Lyon
Yue MA 2018 57

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2018LY SEI042/these.pdf
©[Y. Ma], [2018], INSA Lyon, tous droits réservés



First order Electro-thermal compact models and noise considerations for three-dimensional
integration circuits

Cox3

Cox4

Rsub

Rsub?2
Rsub3
Csub
Csub2
Csub3

1.9807e-12 3.9614e-12

4.8586e-14 4.8586e-14
1000 1994.4
1000 1000
1000 1000
le-14 le-14
le-14 le-14
le-14 le-14

And with the optimized lumped parameters, we can find back the corresponding materials
parameters, which are shown in the following table.

Table 10 Restored layers’ material parameters

Marked value

Optimised Value

Relative Permittivity TSV oxide layer
Relative Permittivity oxide layer
Resistivity substrate (Ohm*m)
Resistivity epitaxial (Ohm*m)

5.8 6.5001
5.8 11.6001
le-4 0.2154
9.09e-2 1.2e-2

As we can see, the TSV oxide permittivity has changed from 5.8 to 6.5, that’s close, so there
may be some measurement’s error, So is the resistivity of epitaxial layer. The oxide layer
permittivity has doubled to 11.6, and the substrate is no more non resistive, its resistivity changes

to 0.2154.

In order to verify our 3D-TLE extractor, a finite-element simulation (COMSOL Multiphysics)
is realized. The simulation results are shown as following. They have a really good fit between 3D-

TLE extractor, COMSOL simulation and measurement.
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Figure 50 3D-TLE verification by using FEM (COMSOL), ADS and measurements (a) Magnitude of S
parameters (b) dB of S parameters
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Figure 51 Medium-density TSVs regular matrices. Bottom left: all the TSVs’ oxide capacitances join at a
single node modeling the substrate (illustration for a 2x2 matrix). Right: 3x3 medium-density TSVs matrix
considered for the timing domain analyses.
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Figure 52 3x3 TSV matrix test bench used for Eye Diagram simulations.

Since the TSV electrical model has been verified in low and medium frequency, timing
analyses are studied by using Eye Diagrams to check the signal integrity in the case of a 3x3
medium-density TSVs matrix [18], [50], [60], [114], [123]. We have modeled it using TSVs having
the same dimensions used in their W1 configuration. The distance between the TSVs equals to 120
um. Figure 51 shows this modelling consideration for a 2x2 TSVs matrix. The coupling effects
among all the TSVs (inductive couplings) are once more evaluated in these studies. The Eye
Diagrams are generated by Advanced Design System (ADS) by assuming a symmetrical test setting
with 50 Q input and output equivalent resistances Zo. The TSVs are attached with a 100fF load
capacitances (Figure 52).

Three configurations are studied and illustrated in Figure 53. The first configuration, all the
TSVs are connected to ground except for the central TSV. The second configuration is a shielded
arrangement for which only the matrix’s inner TSV has data transmission; the others are grounded.
For the third one, all the TSVs are signal TSVs.

Figure 54 shows the result of transmission parameters of configuration A, B and C. And (d)
shows the result of comparison between configuration A, B and C. As we can see, the more TSVs
the more signal interferences and the lower transmission parameters.
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Configuration A  ConfigurationB  Configuration C

Figure 53 3x3 medium-density TSV matrix configurations for generating Eye Diagrams from simulations.
Colour legend: grey for grounded TSV, red for signal. Configuration A: data is only transmitted through the matrix
central TSV. Configuration B: shielded configuration. Configuration C: data is sent to all the TSVs.
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Figure 54 S21 magnitude of (a) configuration A (b) configuration B (c) configuration C (d) Comparison from
10-100 GHz between Configuration A, B&C

The generated Eye Diagrams are presented in Figure 55. When signals are transmitted in a
“Source” TSV, crosstalk voltages can be observed on the neighboring “victim” TSV which is at a
logic state (configuration A or B). A transmission delay can also be observed if the victim TSV is
a signal TSV. The larger the distance between two TSVs, the more the coupling effects can be
neglected. The interference due to the inductive coupling effects can be observed clearly in the
configuration C.
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Figure 55 Generating Eye Diagrams from simulation based on the three studied configurations. TOP: A
configuration. Middle: B configuration. Bottom: C configuration.

The rise time and propagation delay increase with the increase of the neighbouring signal TSVs
number. As a consequence, the eye width is shortened. Compared with configuration A, the rise
time in configuration C is 38 % longer. Besides, the voltage crosstalk changes respectively from
65 mV up to 250 mV in the configurations B and C. As the noise margins decrease with
technological evolution, signal integrity in TSV matrices must be more fully quantified for cases
in which signals propagate in the same direction, as in the presented analyses, or in opposite
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directions. The compact model between the substrate and the TSVs should also be considered in
the TSVs matrices’ electrical models, in order to evaluate the impact of coupling effect to the signal
integrity.

The previous results show that the 3D-TLE extractor can be easily integrated with a common
EDA software and provide compact models for analyzing the performance of TSVs matrix for high
speed data transmission.

2.4) A 26GHz TSV based 3D filter

Portable devices such as cellphones, PCs and so on, are required to be compact, high-speed,
and multifunctional; moreover, they can work with a variety of communication standards such as
GSM, WCDMA, LTE, GPS, WLAN, Bluetooth, and NFC. In order to solve such communication
demands, advanced packaging technique, such as, system-in-package (SiP) and system-on-chip
(SoC) technologies are fast developed, because they can miniaturize the communication systems.
During the past few years, heterogeneous 3-D IC technique has been rapidly developed and
commercialized, in order to simultaneously improve the performance and minimize the whole
system size, this advanced packaging technology makes chips design not only in horizontal
direction but also in vertical direction by adopting TSVs and interposers. Thanks to heterogeneous
3D IC technology, the packages are getting small and smaller.

However, traditional radio-frequency (RF) passive components, such as, filters, couplers, and
antennas, are very difficult to be integrated into packages.

3-DIC

BGA Package i Analog & RF/Sensor

Dies
Interposer #:
Silicon
Interposer

Package Embedded passive device:
substrate

B A A AAAAAAAAABAALDL
Figure 56 Schematic of heterogeneous 3-D IC technique. [132]

The sizes of RF passive components are usually proportional to several square wavelengths of
working frequencies. As a consequence, RF passive components must be put outside packages and
designed on PCB; but, as a disadvantage, a lot of PCB areas are taken.

To solve this problem, many researchers have invented advanced RF components by using
passive fabrication processes. For example, miniaturized RF filters were designed by using
integrated passive device (IPD), low-temperature co-fired ceramics (LTCC), liquid crystal polymer
(LCP) processes, and so on [103], [133]-[137]. These techniques can continue minimize the sizes
of RF filters, and give better quality factors in comparison to CMOS processes. Once the RF filters
can be designed small enough and put into the packages, a huge area can be saved from PCB.
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Besides, some RF filters are fabricated by using interposer technology such as silicon interposer
and glass interposer [22], [138]-[140], these filters can be easily integrated into heterogeneous 3-
D IC circuit as shown in Figure 56. For these filter designs, they can fully profit the 3-D IC
technique.

In the following part, a wideband filter based on TSVs is designed. The filter design procedure,
simulated results, and discussions are given in this part. Such TSV-based mini-bandpass filters
demonstrate the advantages of 3D IC packaging technique.

Traditional coupled-resonator filter is a prospective option in the 3D RF filter design. The
proposed filter is based on lumped elements: lumped inductors formed by TSVs’ self-inductance
and parallel-plate capacitors (TSVs’ coupling capacitance). Thanks to the advanced silicon
interposer process, the high-density TSV array can have a narrow wire pitch (200 um in our design).
By properly designing the TSV in the silicon substrate, we don’t need to put 2 capacitances and 2
inductances in the 2D plane and the size of filters can be largely miniaturized. In this part, a TSV-
based bandpass filters are generated as examples using TSV parasitic effect. Figure 57 shows the
lumped circuit topology of the proposed RF filter by using a single interposer.

Ly C,

o

Cy Ly

J

Figure 57 Lumped circuit topology of the single-interposer wideband filter.

Here the n-type filter cell is used, the resonant frequency and bandwidth can be expressed as:
[132]

1

fe=mpre (2-86)
i _ 1 _4anLyf
Bandwidth = T Rrer G ooy (2-87)

The first step, we define the filter specifications, the coupled capacitances C12 can be easily
determined. But, in order to achieve wideband bandwidth (>20%), large-value capacitances of
input/output are needed but that’s not practical. To tackle this problem, we use a directly
input/output setting as shown in Figure 57.

Once lumped values are chosen, the next step is to transform them to physical layouts. The
layout of the proposed RF filter is shown in Figure 58. Inductors of resonators L1 are the intrinsic
inductance of TSV, which can be changed for meeting the design demands by adjusting the TSV’s
radius. And, the shunt-to-ground capacitor (Cwm) IS generated by the parallel-cylindrical
capacitance, which can be seen from Figure 58.
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Through the proposed filter schema shown in Figure 57 and the corresponding circuit, the filter
is almost finished. The parasitic effect of TSVs is added by considering the loss caused by the
epitaxial layer. The equivalent model of TSV structure contains the resistive loss Rrsv, inductive
loss Lrsv, epitaxial loss Rei, and coupling parasitic capacitance Ceibetween TSV and pad. And the
substrate coupling effects can be neglected if low-loss substrate is used, for example, glass or high-
resistivity material.
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Figure 58 Layout arrangement of the proposed single-interposer 25.6GHz/2GHz wideband filter (a) ADS
layout (b) Physical Schematic for 2 TSVs model

The proposed TSV-based filter can be easily designed without much extra fabrication process.
The single TSV-based silicon interposer filter was designed using commercial simulator (ADS).
For the result of TSV-based filter shown in Figure 59, the maximal transmission coefficient (|Sz])
is 0.8, at the frequency of 25.6 GHz. The filter is very selective. The 20% range of simulated S21
coefficient is from 25 to 27 GHz.

TSV based 26GHz bandpass filter (Bandwidth 2GHz)

5 08
0 —521(dB)
-5 —S21(magnitude)
-10+ L 06
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— -20- e w
S 25 o 2
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Figure 59 Simulated result of single-interposer bandpass filter (S-parameters).

By utilizing the 3D IC technology, we don’t need to design the filter in 2D plane and the filter
shows very good potential in circuit miniaturization and performance improvement. In all, the
proposed TSV based filter can be easily embedded into the interposers, which can be linked to
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other components in the 3-D IC packaging technique. So in the future, new RF passive components
on 3-D IC, such as compact couplers and antennas, would be an interesting and valuable topic.

2.5) Conclusion

This chapter gives the cylindrical TSV, tapering TSV’s electrical analytical model,
qualitatively analyzes the taper TSV’s parasitic parameters model by considering MOS capacitance
effect, eddy current and substrate parasitic effect. Based on MATLAB GUI and according to the
parasitic model, a 3D-TLE extractor is generated, which is designed for 3D ICs; the output of this
extractor is saved in a SPICE netlist, which is compatible with every SPICE core simulator (ADS).
The 3D-TLE extractor is verified by the common Micro-stripe model and 2 TSVs chain model of
3D ICs. For the CPW with substrate model, the 3D-TLE extractor fits well with the measured data,
which need a de-embedding process. Reducing the substrate conductivity (reducing the doping
concentration), can largely increase the substrate’s resistivity, thus highly reduce the attenuation of
S12 parameter in high frequency, and improve the transmission performance. For the 2xTSVs
chain model, after the comparison with measurements, FEM (COMSOL Multiphysics [141])
verification, we find a good fit beyond 10 GHz. By using this model, we analyze the influence of
TSV’s parasitic parameters and generate the characteristic curves of five key factors: TSV oxide
layer capacitance, depletion capacitance of MOS effect, substrate parasitic resistance, epitaxial
layer’s resistance, insolation layer’s capacitance, and get the five key factor’s influence to the high
frequency transmission performance. But this study doesn’t take backside passivation layer’s
positive charges into consideration[142]. We also study the transmission performance of TSV
matrix in difference transmission mode. Based on the TSV and substrate’s parasitic effect, we
propose a 26 GHz filter. This chapter provides an important theoretical basis for improving the
reliability and flexibility of the 3D ICs.

Further work will be developed, that will encompass accurate M3D (monolithic 3D) model and
the co-design of transistors and M3D in nanoscale. The electro-thermal and thermo-mechanical
modeling will be the key problem in the future M3D design. And the M3D analytical model should
also be integrated in our simulator 3D-TLE. In order to get close to the future neuromorphic chip
design, a CMOS based or new analogical/mixed signal M3D transistor should be designed.
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Chapter 3: Electro-thermal modeling of 3D circuits

3.1) Introduction

In the past years, a lot of electro-thermal (ET) co-analysis methods have been proposed for IC
design. In order to solve the temperature distribution, the heat equation is solved in 2D and 3D.
Then, the electrical resistivity of the circuit will change with temperature, and the electrical solution
is updated. Such process will be the starting point for updating the heat sources for the thermal
issues. The iteration stops when the convergence reaches the fixed accuracy.

The current techniques are normally based on two major systems, depending on how the
thermal problem is solved. The first method consists in solving the heat conduction equation, by
using FEM, FVM or FDM methods, as shown in the standard multi-physics simulators. It can
accurately simulate 3D geometries and/or add also other phenomena like micro-heat pipe cooling
effects [143], with a very high computational cost. For the second one, the thermal problem is
solved by using an equivalent circuit model, so both the thermal circuits can be simulated by using
the electrical solver, like the SPICE-like ones (ADS). This method can largely reduce the
computational cost, and handle strongly coupled high speed electro-thermal problems. Many of the
ET methods have focused on the chip or PCB study using PDN analysis, but less on the device
level design.[94], [95], [98], [101], [104], [143]-[146]. PDNs should be analyzed by considering
different parts such as CPW, vias, C4 bumps, etc. Consequently, even though each simple models
can be simplified as a single node, but the size of the total equivalent network for PDNs can easily
overpass several millions nodes [113]-[125]. Hence, the major challenge to ET simulations of
PDNs is how to reduce the computational cost. The traditional model reduction technique are more
suitable for systems with a large number of poles, however, a PDN is usually composed of a huge
number of nodes, which have a low number of poles. Therefore, the model reduction for PDN is
not so obvious [56]. Recently, new reduction methods have been studied only for electrical
networks, based on the concept of node reduction [100][157][158]. Once the reduction methods
are suitable for the electrical and thermal study, the reduction strategies can be directly used, with
a predefined accuracy, and reduce the network size [138]-[140].

This chapter will emphatically introduce the electro-thermal modeling method for substrate,
3D circuits and multi-cores system. In order to give a brief introduction to these phenomena, some
simple models are presented here. we use the solving method in TSV level simulation (Modified
Nodal Analysis method). The power distribution network will be a very interesting topic in future
studies, but here in the thesis, we just use the simulation method. We interest only in the low voltage
study.
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3.2) Electro-thermal modeling of substrate

Substrate noise coupling in integrated circuits becomes a significant consideration in the circuit
design. Nowadays, micro (nano) technology and the development of semiconductor technology
enable designers to integrate multiple systems into a single chip, not only in 2-D (planar) but also
in 3-D (in the bulk). This design technology reduces cost, while improving performance, and makes
the possibility of a system to be on chip [162][163][13][164].

3-D Si integration seems to be the right way to go and compete with Moore’s law (more than
Moore versus more Moore). However, it is still a long way to go. In 2010, the question was why
3-D. Today, the questions are when and how is 3-D used. The 3-D chip stacking is well known to
overcome conventional 2-D IC issues, using in-depth contacts or some through silicon for signal
transmission.

The kind of silicon substrate in which 3-D interconnections are processed is an important
parameter and has a strong impact on 3-D interconnection electrical behavior [164]. Electrical
modeling methods are dependent on the substrate type of the application. Two different kinds of p
silicon substrates are typically used in CMOS/BiCMOS processes: uniform lightly doped substrate
(>1 Q - cm) and heavily doped substrate (<1 © - cm) with lightly thinned doped (>1 Q - cm)
epitaxial layer. Other semiconductor substrates are used in micro/nanotechnologies and could
embed 3-D interconnections (silicon on insulator technologies, microelectromechanical systems
technologies, sensor technologies, etc.).

Indeed, we attempt to propose an analysis of dynamic electro-thermal phenomenon studies in
3-D layered circuits.

First of all, we solve Poisson’s equation, using Green kernels [165][166][167][168][169] [170].
Here we show that this mathematical method is an analog to the transmission line matrix (TLM),
based on reflection transmission of voltage and current through the layers, when adopting it to
embedded contacts of any shape. Then, we work on the resolution of the unsteady 3-D heat
equation that has been shown; during this, we use the algorithms developed for the electrical
modeling, particularly when using the spreading impedance concept. Finally, we show that these
electrical and thermal spreading impedances can be considered entangled. This approach drives us
to start an attempt to model the more general problem of noise in 3-D ICs, using again, a transfer
impedance paradigm.

3.2.1)Brief introduction of mathematical tools

In this part, Green functions are applied to homogeneous stacked layers for substrate circuit
model extraction, as opposed to numerical methods; the resolution speed of the former method is
much faster. Some basic recalls and concepts are first introduced. The use of discrete cosine
transforms (DCTSs), applying twice as fast a Fourier transform (FFT) in this model, will accelerate
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and compute the speed. Then, an improved model, which can be applied on substrate with in-depth
contacts (or via), is shown; it can treat the case of contacts lying in different layers. For verification,
a finite element method is compared (FEM) [171].

3.2.1.1) Green Kernels

The high density integration and high system frequency make substrate noise coupling become
one of the most significant considerations in the design due to its great impact on the performance
of ICs. The aim of this 3D substrate analysis is, first of all, to efficiently extract the Z impedance
parameters between any contacts (electrode and via) that are located on or into the silicon substrate.
An efficient impedance extraction tool, for any two contacts, could help the designer to accelerate
the design and optimize the final layout. Like in planar technologies, 3D interconnects can be built
as a resistance, inductance, capacitance, and conductance (RLCG) equivalent electrical model, with
a IT or a T network. Generally, a simple compact model is constructed by modeling the substrate
as a simple node. However, this assumption is only viable when substrate is highly conductive, in
low and medium frequency domains, and is not suitable for the multilayer substrates. That is the
reason why, in this thesis, we propose a substrate extraction method relying on TLM method over
multilayered substrate and/or Green functions to model these effects, in the bulk
[166][167][168][169].

3.2.1.2) Substrate Analysis

The most well-known pioneering paper came from ref [163]: a layered 3-D substrate, with two
surface contacts.

We present hereafter a 3-D substrate study with top or embedded contacts. The originality as
we consider and apply here is to do all the calculations in the reciprocal domain, from the very
beginning of the calculations to the end, to extract voltage or temperature.

In general, the Z parameters could be defined as [172], [173]

Zmn - ‘;_m ”k#:n (3_1)

In practical operation, by injecting a unitary gurrent as an excitation source, | at the n™ point,
and a unitary current excitation source, -1 (equivalent to a sink current 1) at an m™ point and
calculating the resulting voltage at the probe point, we can get the direct impedance Zmn between
the m and n contacts.

If we can get the resulting potential distribution in the substrate caused by the unitary current,
we could easily get the Z parameters by (3-1).Under quasi-static conditions, the potential over the
substrate satisfies Laplace’s equation:

Vip(x,y,z) =0 (3-2)
It can also be written as:
Institut National des Sciences Appliquées de Lyon & Institut des Nanotechnologies de Lyon

Yue MA 2018 68

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2018LY SEI042/these.pdf
©[Y. Ma], [2018], INSA Lyon, tous droits réservés



First order Electro-thermal compact models and noise considerations for three-dimensional
integration circuits

92 0? 9%
(Gt 25+ 33) 9., 2) = 0 (3-3)

Hereafter, for Poisson or heat diffusion equations, the analytical method is, first of all, based
on the algorithm of variable separation, leading to solve an Eigen problem.

When assuming that o=X(x, X’) = Y (y, y¥’) = Z(z, Z’); (3-3) can be rewritten by defining [172],
[173]

Z(z,z'") =7'(z,2") * cos (m':X') - coS (n%) (3-4)
And we get, for a potential due to a point charge, a simple equation [172], [173]
ab [d*Z 2. _ 8(z-z) . _ mm\ 2 n-m\? _
T |5 — Y 2] = =222 with v, _\/(T) + (%) (3-9)

For z # z’, 8(z-z’) = 0. The above equation, has a well-known general solution:
7'=A- e_an'(d‘I'Z) +B- eymn'(d+z) (3-6)
This equation also invokes a transmitted wave and a reflected one.

For instance, for the case that both the point charge and the point of observation are in the same
dielectric layer, on the surface with z =z’ = 0, the Green function then changes to [172], [173]

@(,X; y; X', y’)z=z’=0 (G(),)z=z’=0 =
(50 ol 05 (72) 0 (225 cos (2] cos (2)) @
Where Cmn= 0 for (m=n=0), Cmn=2 for m=0 or n=0 but m# n and Cmn= 4 for all other m and n
(m>0 and n>0).
The function fmn is given by: [172], [173]
f _ 1 Bytanh(ymnd)+In (3-8)
mn —

abyen By+In tanh(Ymnd)

P and I'n can be computed recursively from: [172], [173]

fk-1 — Ek-1y 4,20k
B -2 e Ame «[f] (39
Ll 2 (1 = Z=2)e26k 14 &=t Tx—1
€k €k
Where Ok = Vmn(d —di),Bo =1, =1 (3-10)

Then, after the derivation of some formal mathematical solutions from Poisson’s equation, with
boundary conditions, we will depict hereafter a more physical (and graspable) approach of the
problem, using a TLM method, with some brief recalls. Note that, in our whole algorithm, from its
beginning, we work on the reciprocal space. More precisely, for instance, it means that we also
take the Fourier transform of the injected currents on the discretized contacts.
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In practice, then, we can choose any shape for these embedded contacts, whereas, in all the few
others works, to the best of our knowledge, all the contacts are rectangular, the integration over
them being done in the real space. This last point seems to be crucial to us, and we should work
with through silicon vias (TSVs) (cylindrical, tronconic, etc.) in our 3-D circuits.

After a bi-dimensional spatial Fourier transform in the x and y directions, (3-3) should be

2
&2 k20— k20 =0 (3-11)

0z2

Where @ is the spatial-frequency domain potential and k, ky are the spatial-frequency variables
(m™).

Since the current density J, = E, (c* is the complex conductivity) and E, :—‘Z_(/’, we can
Z

write

J,=-0"2 (3-12)
In the spatial frequency domain, it changes to [172], [173]
. 0p(kyky,z
Jo (ks ky, 2) = (0 + joog) 222D (3-13)

After derivative calculations of the above equation, we obtain [172], [173]

9o _ __Jz
5 0z (o+jwe) (3_14)
a—ZZ = —(0 +jwe) (ki + k)P

These equations indicate the relationship between current density in the z-direction and the
potential distribution in the spatial frequency domain.

3.2.1.3) Transmission Line Analogy for Multilayered Media

In its simplest form, a transmission line is a pair of conductors linking together two electrical
systems (source and load, for instance), with forward and return paths; for cases where the return
path is floating, a third conductor (or more) is introduced as the grounding shield. For microwaves,
they are waveguides. In our case, the propagation of EM waves and their interferences, through the
silicon substrate, is among the most serious obstacles in the steady trend toward integration of the
present day microelectronics. In fact, the TLM method has been established in some cases
concerning substrate surfaces; TLM can be seen as a more physical interpretation of the
mathematical developments presented above.

The principal strength of this method seems to be well dedicated to embedded contacts,
irrespective of their number and shape.
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Let us consider a plane wave through a multilayered medium, its plane of incidence being
parallel to the <x, y> plane, providing the same boundary conditions as mentioned above.

Then, we consider the general case in which the line’s impedance is not the same as that of the
load. A wave-front A hits the load Z,: a part of energy is absorbed by Z., and the remaining energy
is reflected; in this case, voltage and current wave-fronts are not in phase. This reflected wave can
meet another incident wave-front B.

The direction of the current flow depends on the polarity of the waveform at the time of
observation; if two positive directed waveforms (one forward and one reflected) meet, the current
waveforms subtract, but the voltage waveforms add. Likewise, if a positive directed waveform
meets a negative directed waveform, the current will add and the voltage will subtract.

The expression for the apparent impedance is given as follows: [172], [173]
7 = Veotal _ VrEVr (3-15)

it otal ipFig
Then, the general solution for voltage and current is [172], [173]

V(z) = Ve’ + Ve " (3-16)
I(z) = Y.(Vpe™"* — V;e¥?) (3-16)

Where the propagation coefficient y is the square root of the product Z by Y, the linear
impedance and admittance, respectively,

Y = a + jB; a: attenuation, § = 360°/A;

Directly deriving from the chain matrix [172], [173]

Vl] _ [coshyL Z.sinh VL] [ Vs ] (3-17)
L] | Y.sinhyL coshyL |[|-I,
And from the output branch V> = -Z_ 1, we get:

il Z;, coshyL Z, sinhyL] 1

[11] 2| Z,Y.sinhyL coshyL [1 ] (3-17)

Where Zc = 1/Yc (square root of Z and Y ratio) is the characteristic impedance (electric and
magnetic fields” modulus ratio), Z. is the charge impedance, and L is the distance from the load.
We can extract an input impedance, Z; (=V1/l1), function of the load impedance Z+1 (I: layer
number), as [172], [173]

Zl — Zc Zjy1+Z.tanhyL
Zc+Zpyq tanhyL

This well-known (TLM) equation Z; is directly related to (3-8), where Zc = fn and Z. = I'n

[165].

(3-18)
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In fact, restarting from (3-7) and taking into account the limit or boundary conditions—
continuity of potential and discontinuity of the electric field if there is a surface charge at the
considered layer interface—it is easy to program this iterative solution against substrate depth, or
the layers of (3-7). In fact, these calculations are made only one time, at each frequency.
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Figure 60 (a) Specific depth profile of a 35-um technology (p+/p-region), (b) 3-D schematics of the structure

In our simulator, using MATLAB [174], we use a matric formalism, extending the impedance
(2) and the current (T) transmission from a layer | to its adjacent one [see (3-9) or (3-17)], starting
from a k layer

Zk,l+1] Ay —Bk] Zk,l]

= 3-19
Toro1 T, (3-19)

Where T addresses the derivation of the current (between two parallel regions).

Based on the transmission line method, a substrate extractor is programmed, shown in the
following Figure 61.
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Figure 61 3D TLE substrate extractor, example: Impedance Zi7, capacitance and resistance Ci7 and Rz
extracted between one contact and one TSV (valid for frequency lower than 20GHz and of quasi-static assumption)

The ABCD parameters are variously known as chain, cascade, or transmission line parameters.
This cascade connection model is very suitable.

As mentioned earlier, all the calculations are done in the reciprocal space. For instance, the
potential is derived from the (Kronecker) product of (sub) matrix Z, by a DCT of the matrix of the
injected current, accomplished using two consecutive FFTs. In our algorithm, the contact voltage
is the mean value of the voltage of the discrete contact elements, calculated via Millman’s theorem,
as [172], [173]

Ih=jweon _ 1
VE N e =y Zn=1¥n (3-20)

Where ¢, the substrate voltage at a node and N is the number of contact sub-areas. Therefore,

in our modified algorithm, the contact voltage is then calculated by taking the average <Va> of the
potentials of the substrate region, under the injecting contact.

3.2.2)Simulation Results by using Green/TLM

In this work, as a check, a typical process flow compatible Bi-CMOS 0.35um technology is
first considered. In Figure 60(a), a specific region (p+/p) of this process is presented.[170][80]

We approximate the actual profile by stacked layers of given thicknesses uniformly doped as
shown in Figure 60(b).
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First of all, we did some numerical experiences (not presented here) using COMSOL [171], a
well-known Multiphysics (electrical, thermal, and mechanical couplings) simulator, for testing its
robustness and accuracy. It is also a dedicated tool for full-wave electromagnetic analysis. It
essentially uses Galerkin-like algorithms; typically, a 3-D simulation can use a few ten of minutes
or more than 1h. Figure 62 shows the general algorithm of substrate impedance extraction. Figure
63 shows the extracted voltage and impedance.

surface After DCT
Current J2(Kx, Ky,2)
Density Jz s
v |
Calculate N $z(k)=Zin(K)*
Zin(k) by TLM Jz(K)
v |
IDCT get | Average
Potential voltage over
distribution Contacts

Figure 62 General steps of 3D-TLE algorithm
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Figure 63 (a) Voltage map (layer interfaces: L3/L4). (b) Impedance module of Figure 60 (b)

3.2.2.1) Contacts Embedded

Considering the general case where the contacts (previous works exist for surface contacts
[163]), real or virtual, are totally embedded in Figure 60. Then, the substrate can be seen as an
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actual parallel connection of two separated parts (current derivation). The current is injected on a
contact of an i layer, so the substrate is divided in two parts, from this layer.

We write a synoptic model algorithm, all developed in the reciprocal spaces in Figure 62.

Now, it seems to be easy to calculate any transfer impedance by TLM. Possibly embedded in
the substrate, contacts can be introduced into any layer; they can be real (e.g., metal like) or virtual,
of any shape.

The surface die is typically 30 um X 30 um, with M = N = 300; surface contact: 20 by 20 points
(the calculation points, M X N, are equidistributed).

(b) (a) (b)
Figure 64 Frequency=100 GHz. (1) Left: top surface potential from 3D-TLE (a) and COMSOL (b) for 12
layers substrate, (2) Right - contacts embedded in layer 4 and layer 8 (see Figure 60).

We present in Figure 63(a) and (b) the voltage map and the impedance module, respectively,
between some Ci and Cj contacts, at the interfaces L3/L4 and L7/L8. It is typical of a Lorentzian
curve (R/IC, with R = C = pg). The comparison between TLM/Green and COMSOL is quite good.
Moreover, in Figure 63, surface potentials, from our 3-D transmission line extractor (TLE)
simulator Figure 64(a) and COMSOL Figure 64(b) for a 12-layer substrate, at a frequency of 100
GHz, are quite similar. Still, a very good accordance was shown between FEM and TLM. Since
calculations are made with current source, we get voltage variation under contacts.

From the above results, one can find that the comparison between TLM/Green and COMSOL
is quite good. The proposal method’s calculated results agree well with the COMSOL simulation
ones, while our method uses comparatively less time (roughly 1/50-1/100).

Regarding the top surface potential distribution of the two-contact model in Figure 64, one can
find that the potential on the contact surface is not uniform (high-voltage region). The non-uniform
potential is caused by an injection of uniform current density instead of a uniform voltage. This
non-uniform potential feature makes 3D-TLE very profitable when one calculates the impedance
of two resistive regions rather than two metal contacts, for example, the oxide-insulated conductive
regions (e.g., pads and coplanar waveguide) and junction insulated well regions (e.g., n-well
regions over a p-type substrate). In these cases, the substrate plates could not be considered as an
equipotential plate.
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The simulation results obtained with Green/TLM implemented in MATLAB and compared
with COMSOL are found to be practically equal. Indeed, we choose, in MATLAB, layers as perfect
parallelepipeds (uniform thickness layers).

We are quite aware that the quasi-electrostatic modeling framework cannot work so perfectly
up to 10 THz (versus experiments), which implies a wavelength of roughly tens of micrometers in
Si. This wavelength is of the ten orders small compared to the contact-to-contact distance (3um)
used; in this work we use quasi-static assumption, not the full wave Maxwell equations.

Figure 60 shows the frequency to 10 THz, because we want to find out how to simulate parasitic
effects at very high frequency, the typical RC model still works for substrate in our case with
validation of FEM results, but which are no longer valid in a physical point of view; we should use
a full wave method for the very high frequency (>10GHz). But it’s still a way to compare FEM
method (COMSOL) and our calculations. Moreover, for TSV cases, we should be more careful,
we want to establish a valid compact model for frequency >10GHz, so that’s why we do the
optimization for TSV compact model, because at high frequency (>10GHz), if we keep the same
RLCG model, by adjusting their values, we can still fit with the measurement data (c.f 2.3.2), up
to 10GHz.

Currently, we did not explicitly take into account the permeability; it is not realistic to go
beyond 20 GHz in this analysis (that is not so bad); but we think that it was interesting to compare
the FEM in order to test the robustness of our algorithm.

3.2.2.2) Alteration of the Contacts’ Shape and Their Number

Unlike the pioneered method, based on Green’s functions [163] that calculates only for
rectangular contacts, our method can be used for any contact shape: circle, concentric circles,
rectangle, loop, T-shape, etc. Figure 65 shows some examples from our 3-D TLE simulator. We
test it by comparing with the results from COMSOL.

First, we apply our model, with three different contacts in Figure 65(a).

All the three contacts are on the top surface of the substrate. The square contact is contact 1,
the T-shape contact is contact 2, and the circle one is contact 3.

The impedance modules between these three contacts, calculated from 3D-TLE and COMSOL,
are shown together in Figure 65 (b), in which Z1, at the top is the impedance between contacts 1
and 2, the rest being of a similar manner.

We can see that these results, from the proposed methods, agree very well with the results
calculated from COMSOL.
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Figure 65 (a) Some different shapes of contacts, which can be apprehended by 3D TLE (b) Impedances'
comparison with COMSOL

3.2.3)Heat equation

A problem commonly encountered in the thermal analysis of electronic packages, or in 3-D
ICs, is that of thermal spreading resistance. Thermal spreading resistance occurs as heat flows by
conduction between a source and a sink with different cross-sectional areas. One example is that
of a multilayer chip. Another one is that of a module package with a thermal grease path between
a chip and the module cap. In either case, heat flows from the chip across a given area into the
substrate or cap and spreads out to leave across another area. We are, here, in the case of (un)steady
temperature due to one or multiple heat sources, using in this last case the principle of
superposition. A thermal spreading resistance (still in the reciprocal domain) can be extracted from
discrete heat source. Typical applications are cooling of device areas, at the package and at die
level.[118], [172]

We consider 3-D transient heat conduction in a non-homogenous finite medium [175][70]
[176][177].

We can write the heat equation as follows:[172], [173]

d?T . d®T | d?*T 1dT
A . (3-21)
dx2  dy?  dz? adt

Where a = k/pc is the thermal diffusivity, K is is the effective isotropic thermal conductivity,
and c is the isobar mass heat. For the steady state, the heat equation is resumed to the Laplace
equation, similar to Poisson’s equation when no electric charge is present.

As it can be seen, we get analogies with (3-2)-(3-8).

In the same way that for Poisson’s equation, we extract an associated Green kernel, i.e., if we
assume T =X(X, X)) = Y (y,Y’) = Z(z, 2’)t (t, t"), we can extend (3-21), thus resulting in
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1 d?®x 1 d?Y , 1 d?*z S(x—xn)-8(y—yr)8(z—zn-8(t—tr
X dx%? Y dy? Z dz? a

Then [172], [173]

@X a2y @Y oy A2 o, AT a2 2 2y ]
dx2+kX—dy2+uY—dZZ VZ=——a +u y*)t =0 (3-23)

Where A, i, and vy are the eigenvalues associated with the Green kernel of this heat equation

with [172], [173]

2 2 A% -
A+ =y +—=0 (3-24)

The last equation in (3-23) has an evanescent solution versus time; for an i layer, we can
write
T =Ty exp(—(Ax + 1h, — 2) rat (3-25)
Staying static in the reciprocal domain (so, we can also take advantage of the data compression,
inherent to the DCT), equation (3-21) becomes [172], [173]

O O S S QU G S —(&)mr: 0(G2=-1) (3-26)

dx? | dy? | dzz  <'adt
We can define a Fourier coefficients’ spreading (transcendental) impedance function as the
following ratio: [172], [173]
Rpcsi = Ai/B; (3-27)
Where A and B; are the Fourier coefficients of the general i*" solution for the temperature, in
the z-direction perpendicular to the stacked layers

FCS; = A; - cosh(yz) + B; - sinh(yz) (3-28)

Boundary Conditions

The continuity of the thermal conductivity at interface layers leads to

k= gy, E (Neumann condition) (3-29)

14 dz; i+1 dzisq

We have also at interface

X;(t) = X;41(0),Y;(t) = Y, 1(t) (Dirichlet condition) (3-30)
Tiz RFcDs; 5
ki ——=kijy,—— (3-31)

Y Tz +1 RFCDSi41,2
See the analogy with the induction vector; at an interface without charge, we have
&E; = €41E;+1 (E: Electrical field) (3-32)
If (3-29) and (3-30) are verified, it follows: [172], [173]
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: ce —Criztuiyr i . : :
Rrcs;,  Yiy) - @ e R e = = Byt Rees Vit

e ~ (v izt lllz+1,y+ et (3-33)
(=2 4+ p2 4 22
Kiz* Rpcs;, Yigy e ~ Vit Mt Mid® = o Biys s YARRes; ., Yieo)
e (=y L2+1,Z+ ”L;+1,y+ 7‘12+1,x)t (3-34)
We have the same set (3-33) and (3-34), replacing Y by X. Moreover, (3-33) and (3-34) are
verified if [172], [173]

Bi; __ RFC5i+1,z

(3-35)

Bi+1,z RFCSi,z
ki, Rrcs;,

= (3-36)

kitiz RFCSit12

4 3D-TE Model,,, . 2015

x 10
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Figure 66 Temperature Fourier coefficients' spreading impedance

Note that for different thermal diffusivities or conductivities, in each layer, but with ky; = ky,i
(see isotropy) [172], [173]

1

Vi, = [ v2 + (B2 -1). (W B +ud)f (3-37)

i1 i+1
We obtain [172], [173]

Aiz = Biy- RFCDSi,Z- (7/1-,2) (3-38)
i+1RFCS 11, () HRitanh(y;  t;)
Ki -RECSj4q,7(rp) tanh(y; ,-t;) (3-39)

k
Rchi,Z(Yn) =
Here, y, refers to the eigenvalue in (3-24); tiis the thickness of the i" layer.

The above development seems to be important because it does not have the classic form of
previous works, especially in this thermal area. Furthermore, we get a shape analogous to the
thermal impedance (3-39) and the recursive electrical impedance specific to the TLM method [see
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(3-18)] also produced by Green kernels [see (3-8)]. Moreover, to the best of our knowledge, this
triple analogy, working in the reciprocal field, is innovative.

The impedance associated with the Fourier coefficient ratio of temperature solution is presented
in Figure 65. Using this low-pass filter, tuning a maximum frequency should permit us, for
instance, to scrutinize the thermal flow behavior across each interface layer, for a frequency range
domain. In addition, taking inverse Fourier transforms, we could compare the direct calculation of
time-dependent heat profile (see FEM).

Finally, in general, the real solution of (3-21) takes the following expression:

AT (x,y,x,y',2,2') =T — T, = Ty - exp(— (A ? +uﬁy—yﬁz)-a-t)-

i,x

2 ANe_Ymn(d"'Zl)+BNean(d+Zl) e "TmnZht+e'mnZh
Z%:l Z?{l):l ( d )(—d ) coS (m) coS (H) (3'40)
abny,,,(Bnet-Aye=4) a b

Where T, is the stationary temperature.

We built our simulator in order to make an efficient use of the analogies between, first of all,
electrical and thermal models. In particular, if all the relevant variables’ calculation
(voltages/temperature, current density/thermal flow, noise power/current fluctuations) made in the
reciprocal domains of space and frequency is done in the main program, we do develop a single
special subroutine to calculate the impedance (electrical or thermal, or transfer impedances) [see
hereafter] for noise extraction (between any two points into the bulk). Typically, we take 300 points
X 300 points, and 12 layers [see the rectangle in Figure 61 and Figure 62: Zin(k) by TLM]. The
first results are presented for temperature coming both from FEM algorithm and from our method,
where the temperature source profile, applied to one or both the contacts, is depicted in Figure
66(a) and the temperature map in Figure 66(b) (FEM results (left) and Green’s results (right)). We
will go further, particularly with numerical experiences, to consolidate our algorithms.

We think these modellings can be efficient for the concerned industry, for instance, with 3-D
electrical simulations. We can also seek hot points, involving drastic transient regimes, by the
thermal approach. We should work on the placement routine of coolers, via investigations on the
heat spreading, in three dimensions. A minimum, the electro thermal coupling can be done by the
linear simple formula as [172], [173]

R = Ry(1 + auAT) (3-41)

Finally, we will begin to study noise phenomena, fundamental for the nanoscale, for instance,
the thermal noise, 4kRT, coupling still electrical and thermal fields, or the generation-
recombination (GR)-like one, as well as their coupling.

We present here a first modeling of second-order electrical phenomena for 3-D circuits.
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Figure 67 (a) Temperature source profile; measurement time point: 2.2 ps. (b) Temperature maps: (left) FEM
results and (right) Green’s results; t=2.3 us [see Figure 63 (a)]

3.3) Thermal connection modeling

After a thermal substrate analysis, we inspect the thermal behavior of TSVs, the key elements
of connections embedded in the substrate. 3D IC integration can effectively increase the system’s
integrity, but as a side effect, the following increase of system power density can cause serious heat
dissipation problem [13][178][179][180][181][182][183][184][185]. It has become a bottleneck
for the 3D IC. In this case, how to remove heat from the IC circuits and realize an effective heat
management, becomes the key of the 3D IC technology. In order to solve the heat dissipation
problem, researchers from all over the world have proposed some heat management solutions, such
as conducting TSV, micro-pumps, using the new carbon nano-tube and graphene (which have a
better heat conductivity than silicon) as the material. But all these technologies are based on the
analysis of the heat transfer. The following part of this chapter will firstly give an accurate heat
transfer analytical model of cylindrical TSVs, and study the temperature characters. And then, a
study of a 4 cores single chip model is settled, in order to calculate multi-cores 3D-IC temperature
characteristics.

Here, we did not consider the temperature-dependent material characteristics’ change or we
can also say that the temperature is fixed low, so the change of the material’s characteristics is
weak. Here, we just give a solution for each uniform layer and low temperature design.

In our study, we adopt linear model; we mean that the global effects of substrate and
connections can be split. But, if the connections become very important, we cannot dissociate
substrate with TSV, RDL, etc. Intercorrelation terms do intervene; the system can be approached
by non-linear models.
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3.3.1)3D IC heat analysis
3.3.1.1) 3D IC heat transfer compact model without TSVs

As shown in the following, Figure 68(a), 3D-IC is composed of n dies, and the bottom die is
connected to a heat sink. Each die is connected by an adhesive coating layer, Si substrate and an
oxide layer; the heat is generated by the heat source attached at each die, and the ™ die’s power
dissipation is supposed here as Q,,.

Because of the weak heat conductivity between oxide layer and coating layer, the heat
conduction between dies becomes very hard, and compared with the dies’ temperature change, the
temperature exchange between dies can be neglected. Therefore, we can use one average
temperature to define the temperature of each layer, and 3D chip is composed of n layers’ 2D chips
with different temperatures. According to the Fourier heat flow analysis, using the heat flow as an
analogy of the current, temperature as an analogy of the voltage, heat resistance as an analogy of
the resistance, we can get the j™ layer’s temperature. [182]

Ty = Y [Ri(Ee; Q)] (3-42)

Here, n is the total layer number, R,, and Q,, are respectively the m" layer’s heat resistance
and power dissipation.[172]-[174]

Assuming that the each layer’s power dissipation is the same, all Q, the first layer’s thermal
resistance is R;, and the rest layers’ thermal resistances are the same R, so for the n layers 3D IC,
the top layer’ temperature can be expressed as[182],

R R
T, = Q[2n% + (R, — Dn] (3-43)
Rins
j=n Siin Qn—
Coatini Iaier Rﬂ-in\
3 . : Rglue?n Rn
‘ : 3 Rins_
- oxidelayer Qi
=3 Sii3 Rsi 2
Coatlni Iaier Rgzue,z R,
=2 Sio2 Rins_
Coating layer Qi
 Oxdelayer Rgia
j=1 Sii1 R R
Package Pk / 1
Fos
(@) (b)

Figure 68 (a) Schematic of 3D IC structure (without Vias) (b) heat transfer model

Institut National des Sciences Appliquées de Lyon & Institut des Nanotechnologies de Lyon
Yue MA 2018 83

Cette thése est accessible a I'adresse : http://theses.insa-lyon.fr/publication/2018LY SEI042/these.pdf
©[Y. Ma], [2018], INSA Lyon, tous droits réservés



First order Electro-thermal compact models and noise considerations for three-dimensional
integration circuits

From Figure 68(b), we can see that, the first die’s thermal resistance R;include the thermal
resistance of S; ; substrate, package and heat sink; the other dies’ thermal resistance R include the
thermal resistance of S; substrate, coating layer and oxide layer. The thermal resistance is defined
as R = 1/(kS), Lis the heat flow length, k is the heat conductivity, S is the cross-section surface
of heat flow; Q represents the power dissipation, so R; and R represent respectively [182]

lsi
R1 = Rsi + Rpk + RhS = ksj + Rpk + Rhs (3‘44)

Lsi lgtue lins
R = Rsi + Rgue + Rins = KeiS + kjlues + KinsS (3-45)

where Rg;, Ryk, Rus, Rgiues Rins represent respectively, thermal resistance of each dies’ silicon
substrate, package , heat sink, coating layer and insulation layer, Ly, lgpe . lins represent
respectively the thickness of silicon substrate, coating layer and insulation layer, kg;, kgiye, Kins
represent the thermal conductivity of silicon substrate, coating layer and insulation layer, S is the
chip’s surface.

3.3.1.2) 3D IC top layer chip temperature analysis model by considering TSVs

In the 3D IC, TSV generally is filled with copper, because of its high thermal conductivity and
strong heat dissipation power. If we neglect TSVs in the heat transfer model, it will lead to an over-
estimation of the chip temperature, so it’s necessary to consider TSV parasitic when analyzing 3D
IC heat characteristics. And here we adopt a 3D IC top layer analytical model by considering TSVs.

After adding TSVs in the 3D IC, the structure will change to the following Figure 69(a) and
Figure 69(b) is (a)’s heat transfer model.

i —

/
o
? Ri 1 %Rruv}\

Package ERWC Ry

l Heat sink S Rys /
i

(a) (b)

Figure 69 (a) Schematic of 3D IC structure with TSVs (b) Heat transfer model
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Assuming that the total surface of each layer in the IC is Sy, the total chip surface is S, and
TSV surface ratio is r, defined as:

r=I% (3-46)

When considering TSVs, the layer’s thermal resistance will change to the parallel of TSV
thermal resistance and the original thermal resistance, as shown in Figure 69(b). Assuming chip’s
surface stays unchanged, by adding TSV, the other parts’ surface of the layer will be reduced, and
that will be (1 — r)S. So, the first layer’s thermal resistance will change from R, to R;

r— L g Ig;
Ry = s IRrsv + Rpie + Ris = ool + Ryie + Rus - (3-47)

The other layers’ thermal resistance will change from R to R’

L lgr l; 1 L lgr l; 1 lsitlgiuetl;

1 Lsi glue ins si glue ins sitlgluetlins

R <?+k_+k-_>_”R51_<_k-+_k +_k- [l p (3-48)
si glue ins/ (1-7)S si glue ins/ (1-7)S TSYTS

So, after considering TSV in the 3D IC, top layer temperature analytical model can be written
[182]

(lsi lglue | lins\ 1 Litlgluetling

_ ki kglue I kins/(l_r)s“ krsyrs 2 lsi Lsi

T, = Ql 2 2 4 (oo 5 Ry Ri)
(lsi lglue | lins) 1 “lsi"'lglue"'lins (3 49)
ki kgiue "kins J1-1)S krsyrs -

( 2 ]

3.3.1.3) 3D IC Thermal modeling result

Here, we use an 8 dies 3D IC model, and we choose MATLAB to do the simulation. The
following table gives the model parameters.

Table 11 8 dies 3D IC model’s parameters
Q/ Lsi/ Lglue | Lins/ ksi / kglue/ = kTSV/ kins / Rhs/ Rpk/ S/
W) (um)  /(um) (um) (W/mK) (W/mK) (W/mK) (W/mK) (K/W) (K/W) (mm2)

2 50 2 8.8 150 0.25 390 0.07 2 20 10*10

Through the Matlab simulation, we can get the TSV top layer’s temperature’s change with the
IC layer numbers, as shown in the following figure 10. We can see that, with the increase of number
of layers, the chip top surface temperature increases linearly, the three colored lines represent r
equals to 0.0001, 0.001, 0.01 and the black dotted line represents the dies without TSV. For the
case without TSV, the top surface temperature can reach 427K, but after considering TSVs, the
decrease of temperature is more obvious. The greater the r is, the lower the temperature is. So for
a 8 layers 3D-IC, when r equals to 0.0001, the temperature of top layer decreases from 427K to
421K, when r=0.001, it decreases to 392K, when r=0.01, it’s 360K, and this is because of the heat
dissipation effect of TSV.
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Sqtl%top layer temperature change with different layer number
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Figure 70 Different layer number's influence to the 3D IC top layer temperature
As shown in Figure 71, the 3D IC top layer’s temperature change with TSV surface ratio r and
dies’ number n. For the same r, with the increase of dies’ number n, r has more and more obvious

influence to temperature. For a very high n, when we decrease r, at the beginning, the chip’s
temperature doesn’t change, when r arrives enough small, the temperature T increases heavily.

\¢ 500 -
—
L
[4)]
S5 300
=
i 200
@
0
£ 100 4
]
= o.l
0.06
0.02 T 