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Abstract

The scding of VLS dructures leads to continuous increase in current density thet
results in ever greater interconnect Joule heating. In addition, a variety of low-k materi-
as have been introduced to reduce the RC dday, dynamic power consumption and
crosstalk noise in advanced technology. Together with the poor thermd conductivity of
such materids and more metd levels added, the increasing therma impedance further
exacerbates temperature rise in interconnects.  As a result, not only will therma effects ke
a mgor rdidbility concern, but dso the increese of regdivity with temperature can
degrade the expected speed performance. On the other hand, overly pessmidic estima
tion of the interconnect temperature will lead to overly conservative agpproach. Hence,

performing amore reditic therma modding and andysis of interconnectsis critical.

This research proposes both compact analyticd models and fast SPICE based 3D
electro-theemd smulation methodology to characterize thermd  effects due to Joule
heating in high peformance Culow-k interconnects under sSteady-state and transent
dress conditions. The results demondrate excdlent agreement with experimental data
and those usng Finite Element (FE) theemd smulations (ANSYS). The effect of vias as
efidet heat trander paths to dleviate the temperature rise in the metd wires, is included
in our andyds for the firg time to provide more accuraie and redidic therma diagnogs.
It shows that the effectiveness of vias in reducing the temperature rise in interconnects is

highly dependent on the via separation and the didectric materids used. The smulaion



methodology has dso been agpplied to quantify the use of dummy themd vias as addi-

tiona heat sinking paths and possible solution to hot wires.

The impact of Joule heating on the scaling trends of advanced VLS interconnects
has been evauated in detal. It shows the interconnect Joule hesting can srongly affect
the maximum operating temperature of the globa wires which will, in turn, condrain the
scding of current dendty to mitigate dectromigration and, thus, greetly degrade the
expected speed improvement from the use of low-k didectrics. Coupled andyss of
rdiadility and dday, under the influence of thermd effects is performed to optimize
interconnect sructures such as wire aspect raio and ILD thickness. Findly, potentia
bottlenecks and opportunities of future heterogeneous three dimensond (3-D) ICs with
vaious integration scenarios are identified from the thermd point of view. It is shown
that under certain scenarios, 3D ICs can actudly lead to better therma performance than
planar (2-D) ICs. Tradeoffs among power, performance, chip red estate and therma

impact for 3-D ICs are eva uated.
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Chapter 1

| ntroduction

1.1 Background

The unprecedented prosperity of information technology has driven semicon+
ductor industry to evolve a an incredible rate.  The growing demand for higher
performance in integrated circuits (ICs) results in faster device switching speed,
grester number of trangstors, increased functiond dendity and larger chip size [1, 2.
Consequently, the communication, supported by on-chip interconnects, between de-
vices and between circuit blocks is becoming more complex and a chdlenging
problem. The connection of miniaturized and closely packed transistors requires re-
duced wire cross-sections in the loca leveds while the rgpid increase in functiond
dengty and chip sze leads to longer-disance communicetion in the globd levels.
With the aggressive scding of VLS technology, the interconnect delay, due to longer

wires and smaller wire pitch, now plays a key role and becomes bottleneck in the con+
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tinued improvements in 1Cs dendty and speed [3, 4]. As illudrated by the Interna
tiond Technology Roadmap for Semiconductors (ITRS) [5], interconnect RC dday is

dominating the chip performance in advanced technology nodes (Fig. 1.1).

== (iata Dalay 4
(Fan out 4)

il | ocal
[Srcabad)

=]
1

— == Ciohal with Repaaters

== Gipbal wio Repaaters

Relative Delay

250 T80 130 S0 a5 4% X

Technology Node [nm]

Fig. 1.1: Predictions for device and wire ddays from ITRS 2001 [5].

To mitigate this adverse-scding trend of sgnd propagation (RC) dday, consider-
able work has gone into overcoming the interconnect limitations.  For instance,
hierarchicad interconnect structure has been adopted to incorporate severa meta levels,
%0 that long globd interconnects can be routed to higher tier and maintain larger cross-

sections to minimize wire resstance [6-8]. This interconnect architecture dong with the
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demand for more wiring has resulted in an increesng number of interconnect meta

levels.
Year 1972 1982 1993 2002
Processor 8008 286 Pentiun® Itanium 2
Technology Node 10 nm 15m 08 nm 0.18 nm
Frequency (MHz) 0.2 6 60 1000
Transistors 3500 120,000 3,100,000 221,000,000
Chip Area (mm?) 152 68.7 27 Ll
Metal Layers 1 2 3 6

Table 1.1; Evolution of characteristics for Intef® commercial processors

(Table 1.1).  In addition, Cu has replaced Al as the interconnect meta for its lower
resstivity [9, 10] and low didlectric congtant (low-k) materials has been pursued as an
dternative to dlicon dioxide to reduce interconnect capecitance [11, 12]. However,
dthough dl these tremendous efforts have sdvaged the attention-getting interconnect
delay problem, the interconnect rdiability due to eectromigration and themd effects is
quickly emerging as a serious integration issue.  In addition, the fast increesng power
dengty in I1Cs (Fig. 1.2) [13], together with the scding trend toward lower power supply
(Vdd) to reduce short channel effect, hot dectrons, gate stress and leakage [14, 15], has
ggnificantly increesed the current dendgty in interconnects.  Furthermore, interconnects
ae father awvay from the subdtrate, where heat snk is usualy atached. As a reault,

interconnects generdly experience higher average temperature than transistors do.
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Fig. 1.2: Evolution of power dengity for Intel processor [13] (Courtesy of Intel).

It is not difficult to imagine tha not only will interconnect delay be a mgor show-
stopper for continuous 1Cs performance advancement, but aso the concern of relidility
and thermd effect of interconnect can potentidly become another serious system design
condraint. In short, as semiconductor technology drives to keep up with Moore's Law
[1], it is imperative to underdand and andyze the emerging VLS “hot wire€’ phenomena

to handle the impact of interconnect therma effect in early design phase.

1.2 Thermal Implication of I nterconnect Scaling

Therma effects are an inseparable aspect of dectricd power digribution and sgnd

trangmisson through interconnect nets due to Joule heeting (or sdlf-heeting) caused by
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current flow in the wire. The temperature rise, on top of the subdrate temperature, in the
interconnects is determined by the product of Joule heating power disspation and the
therma impedance from the wires to the substrate. Before proceeding to further discus-
gon, it is indructive to be familiar with basc on-chip interconnect structure and
terminology. The interconnects (or wires) in a modern IC chip can be broadly character-
ized into three groups according to the functions they perform. These are the sgnding
interconnects, the clock didtribution interconnects and the power and ground supply
digribution interconnects.  Interconnects can be further subdivided into three categories
according to the range of ther lengths and their cross section dimenson. These are the
loca, semiglobd/intermediate and the globd interconnects. The globa interconnects are
responsble for long disance communication on a chip and have a larger cross sectiond
area to minimize resstance. Whereas, the locd interconnects have the shortest range and
the tightest cross sectiond dimensions. Modern ICs have multiple levels of interconnects
to accommodate their large numbers, starting from the loca a the lowest leved to the
globa a the top modgt levels. This is depicted in Fig. 1.3 [5]. The lower level intercor+
nects are used in loca routing and they connect transstors that are a few microns apart.
The higher levd interconnects are used for globd routing and they can pan across an
entire chip and may be as long as 23 cm in modern high-performance chips. Vias are the
med fillings endbling inter-level wire connections. The wires are separated by inter-
layer didectrics (ILD) from levd to level and isolated by inter-metd didectrics (IMD)

within the same level. Traditiondlly, silicon dioxide (SO>) has been
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Fig. 1.3: Schematic showing the hierarchy of metd levels for digtribution of intercon
nectsin modern ICs. Figure taken from ITRS 2001 [5].

the choice of the ddectrics in ICs for its superior properties. However, a variety of low
didectric congant materids, including organic and inorganic films, as wel as the use of
porosty and ar-gaps [16-18], have been fiercely pursued since a decade ago for the
benefit of reducing wire cepacitance, cross-tak noise and dynamic power consumption.
Unfortunately, these low-k diglectrics inevitably have very poor therma properties (Fig.
1.4 [5]). Compounded with the poor therma conductivity of such materids and more
metd levels added with more advanced technology nodes, the increasing therma imped-

ance further exacerbates temperature rise in interconnects.
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Fig. 1.4: Both didectric congtant and therma conductivity of ILD materials
decrease with advanced technology nodes[5].

On the other hand, the power consumption in the chips is rapidly kecoming unmar+
ageable as clock frequency continues to climb and chip temperature has been dways a
mgjor concern to further chip advancement. The reduction in supply voltage dows down
the power consumption a the transstor level; however, the resultant increased current
requirement leads to greater interconnect Joule heating. The typicd supply current is in
the 100A range in modern chips and is expected to increase for future processors.
Although the power disspated by Joule hesting is not a sgnificant portion of the totd
chip power consumption yet, the interconnects are separated from the subdtrate by
didectrics with low thermad conductivity, and heat camot be removed efficiently

Therefore the temperature rise in interconnects can be non-negligible. The interconnect
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dructures with decreesng criticd dimenson  will inevitably experience ever-higher

current dendity and, the resultant greater temperature rise.

1.3 Viaeffect

Since the lifetime of interconnects has an exponentia dependence on the inverse
metd temperature owing to dectromigration [19, 20], therma effect will limit the
maximum dlowable current dengty in the wires to limit the temperature rise in intercon
nects. It can be envisoned that, to some extent, the therma effect may not only be a
magor reliability concern, but aso congrain the speed performance due to limited current
drive capability.  With the aggressve scding trend, it is essentid not to under-estimate
the impact of interconnect temperature rise.  On the contrary, overly pessmidic estima
tion of the interconnect temperature will lead to overly conservative design. Therefore,
accurate temperature estimation is extremey important to regulate the design rules and,

hence, performing amore redigtic thermd andysis of interconnects s criticdl.
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Fig. 1.5.  SEM photo of locd leve interconnect

Severd publications have addressed the issue of low-k diglectrics and their impact
on interconnect temperature, reiability and performance [21, 22]. Poor therma conduc-
tivity of lowk insulators has been a mgor concern to cause subgantia rise in
interconnect temperature. However, the effect of vias (Fig. 1.5), which have much higher
therma conductivity than the didlectrics and therefore can serve as efficient heat disspa
tion paths, has not been adequately addressed in those smplified therma modd [23, 24].
Consequently, if via effect is ignored, the predicted temperature rise of interconnects can
be much higher than the redity. Neglecting via effect on interconnect temperature
edimation can lead to intolerable prediction errors.  This research proposes both compact

andyticd models and fast SPICE based 3-D dectro-thema smulation methodology to
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characterize thermd effects due to Joule heating in high performance Culow-k intercor-
nects under steady-dtate and transent stress conditions. The results demondtrate excedllent
agreement with experimental data and those usng Finite Element (FE) thermd smula
tions (ANSYS). The effect of vias, as efficient heast trandfer paths to dleviate the
temperature rise in the metal wires, is induded in our andyss for the firg time to provide

more accurate and redlistic thermad diagnosis.

1.4 Dissertation Organization

With the pursuit of redidic evdudion in mind, via effect is induded in al the
theemd models and smulations  The impact of Joule heating on the scding trends of
advanced VLSl interconnects has been evauated in detail.

Chepter 2 derives the andyticd interconnect therma models to provide building
blocks, which will enable us to quantify the impact of via effect and various interconnect
parameters on the interconnect temperature rise.  The modd is then applied to estimate
the temperature rise of densaly packed multi-leve interconnects.

Chapter 3 discusses the impact of Joule heeating on the scaling trends of advanced
VLS interconnects. Through a combination of extensve dectrothermad smulation and
2D field solver for capaecitance caculation, the therma characteristics of various Cu/low-
k schemes are quantified and ther effects on eectromigration reiability and interconnect

delay is determined.

10
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Chapter 4 describes a compact 3D dectro-theema smulation methodology to
evdude interconnect desgn options from a thema point of view. Use of dummy
theemd vias as additiond heet snking paths is evauaed to dleviate the therma impact
on interconnect reliability. Furthermore, this smulation methodology provides an
efident diagnoss tool for trandent themd dress andyss, which is usudly extremdy
cumbersome, mostly unsolvable, in andlytica forms.

Chapter 5 presents detailled thermd andyss of high performance three dimensond
(3-D) ICs under vaious integration schemes. A complete therma modd including
power consumption due to both trangstors and interconnect joule heating from multiple
drata is presented. Furthermore, tradeoffs among power, performance, chip red etate
and therma impact for 3-D 1Cs are evaluated.

Chapter 6 summarizes the main findings and concludes this dissertation with sug-

gestion on possible future work.

11
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Chapter 2

Analytical Interconnect Thermal M odel

2.1 Motivation

The conventional aluminum(Al)/silicon dioxide (SiO;) interconnect scheme
reached its performance limitation a decade ago [3]. Hence, lower wire resistance and
higher current density requirements have prompted an industry-wide shift from alumi-
num(Al) to copper(Cu). Similarly, the minimization of interconnect capacitance is
driving the introduction of a variety of low-permittivity dielectric materials. Since these
low-k dielectrics also have lower thermal conductivity than silicon dioxide, heat dissipa-
tion in the interconnect level has become more difficult. Furthermore, VLSI scaling
trends, such as increasing number of interconnect metal levels and increasing current
density, have caused ever-profound thermal effects in the interconnects. In a state-of —art

chip, the interconnect temperature can rise more than 100 degrees above the ambient

13
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temperature due to Joule heating and the heat dissipation from transistors in the substrate

level.

| am Hot !

Heat sink

Fig. 2.1: Typical multilevel interconnect structure with heat sink attached to substrate.

Although knowing the interconnect temperature is the first step toward any kind of
further thermal effect analysis, the temperature profile of a single interconnect is difficult
enough to be obtained experimentally for its miniature scale [25], not to mention multi-
level measurements. In general, interconnect thermometry based on temperature-

dependent electrical resistivity of the wire is used to calculate a spatially averaged

14
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temperature rise of the interconnects [26]. However, it can provide neither the local
temperature rise profile on the wire nor the temperature distribution along the multilevel
interconnects. On the other hand, various papers have been devoted to deriving analyti-
cal expressions for the temperature distribution in IC chips [27-29]. However, most of
them only consider a single heat source without considering the effect of vias, which is
not the realistic case for most interconnects. In addition, the complicated nature of these
expressions makes it very difficult to easily apply them to multi-level metal layers.
Recently, Im [24] and Hunter [30, 31] have proposed simplified formule, while Chen [23]
and Rzepka [32] applied 3-D finite element analysis to estimate temperature rise on
multi-level interconnects. However, the effect of vias, as an efficient path for conduction
of heat has not been included in those simplified thermal model and simulation. Conse-
quently, the predicted temperature rise of interconnects can be much higher than actually
observed.

Analytical thermal models are desirable to facilitate quick estimation of tempera-
ture rise in order to provide better insight and thermal design guidelines for advanced
interconnect structures. This chapter presents compact analytical thermal models for
estimating the temperature rise of multilevel VLSI interconnect lines incorporating the
effect of vias as efficient paths for conduction of heat. The impact of vias has been
modeled using 1) a characteristic thermal length representing the distance along a metal
line through which vias effectively remove the heat, and ii) an effective thermal conduc-

tivity of inter-layer dielectrics (ILD), kipep With kipey = kup/n, where kyp is the

15
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nominal thermal conductivity of the ILD and 7 is a physical correction factor represent-
ing the heat removal by vias.. Both the spatial temperature profile along the metal lines
and their average temperature rise can be easily obtained using these models. The
predicted temperature profiles are shown to be in excellent agreement with the 3-D finite
element thermal simulation results. The model is then applied to estimate the tempera-
ture rise of densely packed multi-level interconnects. It is shown that in multi-level
interconnect arrays, via density along the lines can significantly affect the temperature
rise of such interconnect structures.. The influence of via self heating and thermal
impedance of vias is considered here, providing more comprehensive and accurate
results.

The remainder of this chapter is organized as follows. To provide a baseline, in
Section 2.2, we validate that it is a legitimate approach to consider via effect. Sections
2.3 and 2.4 describe the derivation of our analytical model and discuss the impact of via
effect. In Section 2.5, we apply the model to multilevel interconnects and discuss the
temperature distribution along metal layers. The main results are summarized in Section

2.6.

2.2 Preliminary Observations

The fact that the interconnect temperature does not increase inversely proportional

to the nominal thermal conductivity of dielectrics suggests that the vias, which have

16
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much higher thermal conductivity than ILD, serve as efficient heat dissipation paths. If
the via effect is not properly considered, the predicted temperature will be significantly
higher than the temperature in practical situations. As a result, there is danger of signifi-
cant errors in using overly simplistic assumptions to assess thermal problems in advanced
interconnect structures with low-k materials. In this work, the via effect is evaluated in
details and is incorporated into our multilevel temperature distribution model. Further-
more, due to the interconnect architecture that, in general, lower metal levels have much
higher via density than the higher levels, the temperature rise among metal layers is

expected to be quite different from what is predicted by the simplistic model.

2.2.1 First glance at via effect

Since the cross sectional area of vias is generally smaller than that of the wires, it
may raise a concern that the resultant higher current density in the vias may generate
significant heat, deteriorating their effectiveness in heat conduction. However, as shown
in [33], the temperature rise in the via is not as high as that in the wire. A simulation
validation was obtained by using ANSYS, a three dimensional finite element thermal
simulation package. The configuration simulated, as shown in Fig. 2.2, is Cu wire/via
embedded in a low-k dielectric with via separation, L, varied as 250 pm, 100 ym and 5
Mm. The metal width is taken to be 0.3 um and both of the metal height and via height
are 0.6 pm. Polymer is chosen as the low-k insulator with nominal thermal conductivity

of 0.3 W/m-K. The electrical resistivity and thermal conductivity of Cu are assumed to

be 2.2 uQ-cm and 400 W/m-K. The RMS current density of 2.1e6 A/cm? is flowing in

17
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the wire. A uniform temperature, 7 , is assigned to the underlying layer of the block.
The temperature rise of wires on top of substrate temperature is represented by G,(x) =
T,(x)-Ty, where T,,(x) is the wire temperature. Adiabatic boundary conditions are applied

to the top and four sides of the block where symmetry boundary conditions are satisfied.

L= via separation

Fig. 2.2: Heat generated by Joule—heating is conducted downwards through both ILD

and vias. L represents the separation between vias.

Two extreme simulation conditions have been carried out in Fig. 2.3, with no cur-
rent flowing through the via, condition (a); and with all the current flowing through via,
condition (b). Therefore, only the thermal impedance caused by vias, Ry ,, is included in

the analysis in condition (a), while the extra heat generated in the via due to current

18
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current

current

(b) -

Fig. 2.3: Two extreme simulation conditions: (a) no current flows through via, so there
is no heat generation in the via; (b) all the current flowing through the wire
will also flow through the via and cause heat generation. It should be noted
that, in both cases, the via helps transfer heat to underlying layer and reduce

the temperature rise on the wire.
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density flowing in the via, J,, is also taken into account in condition (b). In practice, all
the vias do not carry the same amount of current as in the wire.

The comparison of temperature distributions along the metal wires are shown in
Fig. 2.4 (a), (b) and (c) for via separation of 250 pm, 100 pm and 5 pm, respectively.
The temperature profiles of the simplified 1-D thermal model, constant temperature
value, with via effect completely ignored are also plotted in Fig. 2.4 (a) and (b). It has
the same value as well for the case of 5 pm via separation, although it is not plotted in
Fig. 2.4 (c) to keep other curves more readable. It should be noted that, with shorter via
separation, the average temperature as well as the peak temperature in the wire is re-
duced. It appears that within a certain range from via, the temperature reduction with the
help of vias is particularly consumptious. In addition, the simulations show that the
temperature rise in the vias is minimal. Even though percentage wise, the via contact
exhibits a major contribution to the temperature rise in the wire for short via separation,
the absolute value is quite small. The vias are simply too short to produce much heat.
Furthermore, under normal operating conditions, all the vias are not conducting current at
the same time but they always help dissipate heat. Consequently, it is legitimate to
consider vias as efficient thermal sink paths. Finally, as long as the vias are connected to
lower-temperature underlying layers, they will help dissipate heat no matter how far they
are away from substrate. With the above preliminary observations in mind, in the follow-

ing sections, we will quantify via effect and evaluate if vias are always helpful.
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Fig. 2.4: Temperature distribution along the metal wire with via separation of 250
Mm (top), 100 pm (middle) and 5 pum (bottom) for case (a) and (b) of Fig.
2.3. It can be observed that there is no significant difference between the

two simulation conditions and temperature rise in the via is minimum.

21



Chapter 2: Analytical Interconnect Thermal Model

2.3 Interconnect Thermal Model and Assumptions

2.3.1 Energy conservation law

In either steady state or transient condition, the first principle of energy conserva-

tion law must be satisfied at any instance,

dE,
dt

t

Ein+Egen_Eout = (21)

where the thermal energy entering, leaving, and generated in the control volume are £,
E i, and Egen, respectively. The rate of change of energy stored within the control volume
is designated as dEg/dt. Consider a rectangular metal wire with cross-sectional area A,
and periphery p embedded in a dielectric medium as shown in Fig. 2.5. The temperature
variation can be modeled as a one-dimensional situation which refers to the fact that only
one coordinate (x) is needed to describe the spatial temperature variation. The tempera-
ture gradient along y and z directions is negligible for a long metal wire with relatively
small cross section and high thermal conductivity. Garden has proven that the error due
to this simplification is less than 1% even for larger cross sections [34]. The conduction
heat rate perpendicular to the control surface at x is indicated by the term g,.

q, =k, a—TAC (2.2)
: 0x

where £, is the thermal conductivity of the metal wire and A4, is the cross-sectional area
of the wire. The conduction heat rate at the opposite surface can then be expressed as a

Taylor series expansion where, neglecting higher order terms,
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Fig. 2.5: A differential control volume, from a conducting metal wire embedded in a

dielectric medium, shows energy balance.

0
qx+dx = qx + a?; dx (23)

dq.., represents the heat conducted to the surrounding medium. It is proportional to the
difference between the surface and the surrounding temperatures and the contiguous
surface area.

4, = MS",, dANT,(x) = T,,) 24)
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where the proportionality constant, 4, is termed as heat transfer coefficient. dA is the
surface area where heat in the control volume can be transferred into the medium. S°,, is
the spreading factor to model the multi-dimensional heat spreading phenomena. 7),(x) is
the metal temperature at x and 7. is the temperature of the medium far from the metal
surface.

As required by energy conservation law Eq. 2.1, the heat entering the differential
control volume (g,-gy+ax) plus the volumetric rate of thermal energy generation in the
control volume (¢ ) minus the heat dissipated to the medium (dqe.,) must be equal to the
rate of change of thermal energy stored within the differential control volume. Therefore,
the governing heat diffusion equation with temperature variation dominating in x direc-
tion can be concluded as

Dtk d 2= hst, p(T-T,)+ g™ 4, = pe,a 2L 2.5)
Ox Ox P ot

where pis the metal density and ¢, is the metal specific heat. The product, o ¢, [J/m’K],
commonly termed the volumetric heat capacity, measures the ability of a material to store

thermal energy.

2.3.2 Conduction dominant heat transfer

Since, in general, thermally insulated package materials encapsulate the IC chip,
heat convection to the ambient air is ignored by the application of the adiabatic boundary
condition on the four side walls and top of the chip. In addition, heat radiation is simply

too small to be taken into account. Therefore, only heat conduction will be considered as
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the prevailing heat transfer mechanism. Therefore, the net heat transfer processes can be
quantified by the rate equation known as Fourier's law,

g =-kOT (2.6)
where ¢~ [W/m?] is the heat flux and k& [W/m-K] is the thermal conductivity. Further-
more, the substrate, to which a heat sink is usually attached, is assumed to be the sole
heat dissipation path to the outside ambient, hence only heat conduction toward the
substrate will be considered in our interconnect thermal modeling. This assumption is
validated in Fig. 2.6, as Zhou has shown that, with heat sink attached, the majority of heat
will transfer through the substrate [35].

Eq. 2.4 can then be further simplified if we consider heat is only transferred down-

wards and only heat conduction mechanism takes place, i.e.

dq,,, = (t"—d)(S',,, W (T, (x) - T)) .7

ILD
where k,; is the thermal conductivity of the dielectric medium and #;;p is the underlying
dielectric thickness. k;/ t;,p acting as the proportionality constant and can be treated as
an equivalent conduction heat transfer coefficient. w is the width of the metal wire and
T) is the temperature of underlying layer. Accordingly, Eq. 2.5 results in

k, or
- (—=)(S" T-T)+tqg"A4d = A — 2.8
ax] (tlw)( T =T,)*+q"A. = pc,d, o (2.8)

i[kmAca—T
Ox
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Fig. 2.6: With the help of heat sink, particularly with fan, the majority of heat will
conduct to outside ambient through substrate rather than to printed circuit

board (PCB) [35].
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2.3.3 Seady statethermal modeling

In this section, we will develop the interconnect thermal modeling under normal
chip operation circumstances. The thermal environment on the interconnects is consid-
ered to be under steady-state condition. Transient stress analysis, such as under
electrostatic discharge (ESD), will be discussed in chapter 4. To begin with, consider a
rectangular metal wire with thickness H, width w_length L, electrical resistivity 0, and
thermal conductivity k,,, separated from the underlying layer by inter-layer dielectrics
(ILD) of thickness #;;p and thermal conductivity k;;,p. The two ends, at x=#L/2, of the

wire are connected to the underlying layer through vias (Fig. 2.7). The vias are modeled

4 K x=0
°©pL ©° w T,.(x) oo o
<>
4 d
A -~
tip T,(y T,
=0
D

Fig. 2.7: Geometry used to derive interconnect thermal model, representing parallel

metal wire array.

27



Chapter 2: Analytical Interconnect Thermal Model

as round pillars, with diameter D and height #;;p. The electrical resistivity and thermal
conductivity of vias are p, and k,. The underlying layer temperature set to be 7, and
therefore temperature at the via bottom 7,(0)=T), The temperature rise of wires and vias
is represented by ,(x) = T,u(x)-Ty and B,(y) = T,(v)-Ty, respectively. It is assumed that
heat only flows downwards toward silicon substrate which is usually attached to a heat
sink. Following Eq. 2.8, under steady state conditions, with uniform root-mean-square

current, j,.,s, flowing in the conductors, the governing heat equations for the wire and the

via are
d’6,(x) _6,(x) _ _61_;,'
o’ L,k 29)
d*6 e
ind W _60) __4a, 2.10)

2 2 s
dy Ly, k,
where ¢ (5 msmOn) and g, (=72 ms0) are the volumetric heat generation in the wire

and the via due to Joule heating. Ly, and Ly, are the thermal healing length of the wire

and the via, defined as

k, A, % k,wH %
Ly = = , (2.11)
kILDSm kILDSm
b 2 I
and L,. E{ k.4, } - |:kv(m /4)} ’ 2.12)
! k[LD SV k[LD SV

where S,, and S, are the shape factor per unit length of the wire and the via, respectively,

to represent heat spreading and, thus, to correct the deviation from one-dimensional heat
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flow. It should be noted that the shape factor is only a function of geometric parameters.
As it will be seen later, shape factor S,, and spreading factor S, are interchangeable and
both describe the multi-dimension heat conduction flow from metal surface to surround-
ing medium. The physical meaning of Ly, is that within the range of thermal healing
length, Ly, from vias, heat generated will flow through vias to the underlying layer.
Beyond Ly, heat will flow through ILD and the via effect is diminished.

The two boundary conditions used to solve Eq. 2.9 are the adiabatic condition at
the middle of the wire (x=0) due to symmetry, and the junction temperature &, at the two

ends of the wire (x=£L/2), with 8=8,(x=tL/2)=6,(y=t,.p).

d6, (x)

=0, Gu(=2L12)= 6, (2.13)
dx x=0

In addition, the two boundary conditions to solve Eq. 2.10 are the temperature rise ) at
the top of the via (y=t;.p) and zero at the bottom of the via (y=0).
6.(v=tun)= 0, 8.(y=0)=0. (2.14)

The temperature rise along the wire and within the via can then be solved from Eq. 2.9

and Eq. 2.10 as

6, ()= 6, <0 L) Guli (| cohly/Ly) ) 2.15)
cosh(L/ 2L, ) k, COSh(L/ 2L, )
o)=0 sinh(y/L,,,) , ¢/, 1_sinh(y/LH’v)+§inh[(z,w‘— /L] (2.16)
Y ! Sinh(tlLD/LH’v) k, Sinh(tILD /LH,V) ’
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with -L/2<x< L/2 and 0< y<t;p. It is instructive to note that we can define g,, ”’LH,mz/km
= j,,ms,mz ,OmLHmz/km = j,,ms,mz LWk pS,,) in the second term of Eq. 2.15 as AT, p, which
represents the temperature rise in the wire obtained from simplified 1-D heat conduction
model where via effect is not included. Thereafter, the wire temperature rise, 8,(x), from
Eq. 2.15 can be interpreted as the combined contribution from via self-heating and the
thermal impedance caused by the via (first term) and the Joule heating in the wire cor-
rected with the help of via effect (second term). The ratio of /AT, p has other important
indications as will be explained in a later section. To determine &), we need to realize the
continuous flow of heat at the junction of the wire and the via, which can be shown as the
continuity equation

-k A

m="m

(2.17)

x=tL/2 — M y=tup

i dHV(y)‘
dy

Substituting Eq. 2.15 and Eq. 2.16 into Eq. 2.17, &;can then be solved as

ALy 4., tanh(L/2L,, )

6, =

AZ”A’”tanh(L/2LH,m) + ];:}AV COth(tILD /LH"’)

H.,m H,v

+ AVLH,VQSV[COth(tlLD/LH,v) —cese h(thD/LH” )] . (2.18)

Ko tann(L 2L, )+ ’[ivAv coth(t,, /L, ,)

H.,m H,v

Effect of variation in electrical resistivity p with temperature was found to be small
for practical situations and is ignored in this model. It should be noted that we should
certainly include the temperature coefficient of resistivity (TCR) for electromigration

tests where very high current densities are employed. It is simple to do so because
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Section: 2.3 Interconnect Thermal Model and Assumptions

electromigration tests are usually conducted on isolated wires and not multilevel struc-
tures. Several papers have been devoted to study the case under electromigration test
condition [36, 37]. The focus of our work, however, is to incorporate the via effect and to
predict temperature distributions along multilevel interconnects under normal operation
conditions. Therefore, the resistivity used in this work is assumed to be a constant at
A(Tpie) to a first order approximation.

The last pieces of the puzzle in this model are the shape factors S, and S, which
accommodate 3-D heat spreading and different boundary conditions. The commonly used
Bilotti’s equation [29] is not adopted in this work to account for the deviations from 1-D
heat flow. This is due to the fact that it assumes a single heat source, whereas, in typical
IC layout, there are multiple heat sources due to parallel metal wire array. A new expres-
sion of heat spreading factor, S’,, is therefore derived here for uniformly separated
infinite number of parallel wires and will be used in the following analysis throughout
this work. For the worst case scenario, all metal wires are assumed to carry the maxi-
mum RMS current density and separated by spacing d. As shown in Fig. 2.8, the Joule
heat transfers downward as well as spreads laterally in the ILD. Assuming the lateral
spreading to increase linearly with vertical coordinate, the spreading thermal resistance,

Ry, can be derived as

d +
R, = h 1l _dy 1 h{w dj. (2.19)
‘ O ky, wt2y 2k, w
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where d is the spacing between wires and is shared by the two wires for heat dissipation.
Then, the total thermal resistance of ILD, Ry ;p, can be calculated by combing the

spreading resistance with the volume resistance,

1 [w+d}+ 1 tILD_%

R = In
Dok d k,, w+d - (2.20)

ILD

1-D Model Quasi 2-D

Y_N A YVYVYN V\x
d. W,

- heat

2 spreadin

Rrect 5}LD
A

Fig. 2.8: Geometry used for calculating Ry, R, and the spreading factor S’,. Cross
sectional view is shown on the left hand side. Quasi 2-D heat conduction is
used to correct 1-D heat conduction model. Space between any two wires is

shared for heat dissipation.
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On the other hand, Ry, ;;p can be also expressed as

t t
Ryyp=—"—=—"2—. (2.21)
, k ILD Weﬁ'ecti ve kILD WS 'm

By comparing Eq. 2.20 and Eq. 2.21, , S’ can be obtained as

_d/\"

t

P 1(W+dj+_w w93 . (2.22)
t,LD2 t

w p wtd

The next step is to convert spreading factor S’,, to shape factor S,, By the definition of

shape factor [38],

q(x) =S, k; 6, (x) = LAC) (2.23)

th,ILD
where g(x) is the heat transfer rate from the metal wire to the dielectric medium. Hence, ,
Ry, i.p can be manipulated as,

1
Ryup = Sk (2.24)
mfiLp

Again, by comparing Eq. 2.21 and Eq. 2.24, the conversion between S,, and S’,, can be

readily obtained as,

S =(—2ys (2.25)
tILD
and thus,
-1
s =([l1n(w+dj+ Lo “”Z]j (2.26)
2 w w+d
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Chapter 2: Analytical Interconnect Thermal Model

It should be noted that, depending on different layout and operating conditions, S,, could

have different expressions than Eq. 2.26. However, all the equations derived here can

still be valid as long as the appropriate S,, is determined by either an appropriate analyti-

cal expression or extracted from simulation. The S, is adopted from [38] for a vertical

cylinder in a semi-infinite medium attached to a constant temperature surface,

S, =2n/[In(4t,, /D)]. (2.27)

After the shape factors are installed in Eq. 2.11 and Eq. 2.12, the effect of the via separa-

Temperature Rise AT [°C]

Fig. 2.9:

Polymer, Analytical

#  Polymer, ANSYS
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Temperature profile along the Cu wires with 100 pm via separation.
H=tLp=0.8 pm, w=d = 0.3 pm, and jrms,m = 3.7E6 Alem’. kpoymer =
0.3 W/mK and k4. =1.2 W/mK are assumed here.
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Section: 2.4 Impact of Via Effect on Effective kKILD

tion and heat spreading on the temperature profile along metal wire can be captured
completely by Eq. 2.15. As can be observed form Fig. 2.9, the result from analytical
expression is shown to be within 3% agreement with the 3-D finite element thermal

simulation using ANSYS.

2.4 Impact of Via Effect on Effectivek,_p

2.4.1 Viacorrection factor

It should be noted that as predicted from Eq. 2.11 and validated from Fig. 2.9, the
thermal healing length, Lz, in a wire is longer if the ILD has lower thermal conductivity,
(kpotymer = 0.3 W/mK v.s. kovige =1.2 W/mK). Consequently, the via effect is more impor-
tant for low-k insulators. By defining a via correction factor (77), the via effect can be
incorporated into the effective thermal conductivity of ILD, kjp ey which can then be
used in place of the nominal kjp in the conventional thermal equations. An analytical
expression for k. p . incorporating the via effect is now derived here. AT, is defined as
the average temperature rise in one metal layer and it can be expressed as

Hw

A]—;ve qm th,ILD (I elec, m)Rth,ILD = jrzms,mlom - 4 (228)
leD,eijm

On the other hand, 47,,. can also be obtained from Eq. 2.15 as

AT,, = W——I ) =T, -—j 6, (x)dx
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tanh LL/ 2 tanh 2/2
o Hw 6, o i
=j° : +(1-
]nm,mlom kILDSm (M) L/2 ( L/2 )
kipS, Lt Lyt

Comparing Eq. 2.28 and Eq. 2.29, via correction factor, 77, can be deduced as

n=1-(1- 6, )tanh(L/2LH,m)
AT, L/2L

>
H.,m

which yields two important results.
leD,eﬁ” =kyp /N

and AT, , =DAT,_, n .

ave

2.4.2 Hot spot location

(2.29)

(2.30)

(2.31)

(2.32)

As implied by Eq. 2.31 and Eq. 2.32, via effect will help increase the effective

thermal conductivity of the ILD and, therefore, alleviate interconnect temperature rise if

N<l. On the other hand, if via self heating and thermal impedance caused by the via is

excessive, N>1 may occur and via effect will be detrimental to the wire. In addition, hot

spots can occur within the vias if N>1. The essential criterion to differentiate these two

domains is to evaluate the ratio of §/AT, p, as indicated by Eq. 2.30. With §/AT,; p,<1,a

beneficial via effect is guaranteed. This critical condition can be further shown to be

(DKo Lt Lup
l:l (q:')(k )(L )}COSh(L )<I,

m H., H,v

.2
.]rmx,m lom SV Am l
or [1 - (T)(_)(g)(/l_)} COSh(ﬁi) <l.

rms,v v v
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Fig. 2.10: Via correction factor, n, with two different D/W ratios, are plotted for three

types of dielectrics. Dielectrics with lower nominal %, experience lower n

even with longer via separation.
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Fig. 2.11: Effective ILD thermal conductivity increases with decreasing via separation.

The lower the nominal 4, the longer the L,,, and hence, the stronger is the via

effect.

37



Chapter 2: Analytical Interconnect Thermal Model

From Eq. 2.33 and Eq. 2.34, various interconnect parameters can be quickly evaluated to
determine the hot spot location (in the wire or within via) and the nature of via effect
(alleviate or enhance wire temperature rise). To illustrate the effect of the via, 77 and
kiLp,ep are plotted against via separation with two via diameter-to-wire width ratios, D/w,
in Fig. 2.10 and Fig. 2.11, respectively. Geometries of the interconnect structure are
taken from ITRS [5] 65nm technology node for global wires. It can be observed that,
under the condition N<1, incorporation of the via effect results in increased kj.p o espe-
cially for ILD materials with lower nominal thermal conductivity. This fact can explain
why the interconnect temperature is not as high as commonly assumed when low-k ILD
is implemented in the advanced interconnect structure. Fig. 2.11 also shows that the via
effect diminishes rapidly for the portion of wire beyond thermal healing length from each
end, the L,’s for oxide, polymer and air are about Spm, 10um and 30um as calculated
from Eq. 2.11. On the other hand, as shown in Fig. 2.10, for the case of D/w=0.1, the
cross section of the via is much smaller than that of the wire which results in substantial
via heating. The temperature profile along the interconnect is shown in Fig. 2.12. In this
case, short via separation suffers more heat backflow from the vias. However, in the
typical VLSI interconnect structure, D/w is generally greater than 0.5, so that the hot spot

locates in the middle of the wire and the via effect is always beneficial.
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Fig. 2.12: The figure shows the temperature profile along the wire from the middle of
the interconnect to the via at the right end. The hot spots usually locate in

the wire except for extremely small via dimensions.

2.5 Temperaturein Multilevel Metal Layers

2.5.1 Multilevel interconnect formula

Following the previous argument, Joule heat generated in metal wires is considered
to dissipate only through the heat sink attached to the Si substrate. This assumption is
fairly legitimate due to the fact that the chip is usually encapsulated with insulation
materials. Therefore, all the heat generated in the upper metal levels has to transfer

through the lower metal levels to the substrate. With A7, ; ; defined as the average
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temperature rise between metal layers i-/ and i, the temperature rise at the top layer for

an N-level metal interconnect can be obtained as

N N
AT T T'mbmatc ZA]—;’—l,i: Z Rth,iQi (235)
i=1 i=1
N N
oy —=4— Z o 1P OH (2.36)

i=1 kILD i S

mili =
where Q; is the accumulated heat dissipated through the i”" level interconnects and @ is
the metal coverage of the i" level metal layer. For the case when the via effect is ne-
glected, 77; is set to be 1. As can been seen from Eq. 2.35, there is more heat flowing
through the lower levels since Q; represents the sum of all the heat generated from i
layer to N* " layer. As a result, a substantial temperature rise will occur in local wires if
the effect of the dense via population is not taken into account. For the following demon-
stration of the importance of the via effect, some reasonable values of via separation are
assigned to each of the 10 metal layers with polymer used as the ILD in a 65 nm technol-
ogy node structure. In addition, a worst case current density, jims, of 2.1€6 Alem? is
assumed for all wires and 50% metal coverage is assumed for each metal layer. First, as
shown in Fig. 2.13, the overall temperature rise is much lower with the help of the vias.
Second, it can be observed that the temperature distribution among metal layers is quite
different in these two cases. Ignoring the via effect results in large temperature jump in

the lower layers and then the temperature rise levels off. On the other hand, with the via

effect considered, there is hardly any temperature rise in the lower levels even when
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Fig. 2.13: Temperature rise distribution along metal layers from substrate to top metal
level. In the case of via effect included, the via separations assigned to the

metal layers, from 1t to 10th levels, are 5, 10, 30, 50, 100, 150, 200, 300,
500 and 1000 metal pitches,respectively, based on 65nm technology node.

kpolymer 18 only one fourth of koxige. Most of the temperature rise is attributed to the upper
metal layers with long via separation. Therefore, from the thermal design point of view,
global interconnects are more problematic . The concern of RC delay in the global wires

may get worse with this additional temperature effect.

2.5.2 Interconnect temperaturerisetrend

The trend of interconnect temperature rise due to Joule heating is investigated in Fig.
2.14, curve (a). It is interesting to see that even with increasing current density and lower
thermal conductivity from the low-k ILDs used for the more advanced technology nodes,

the interconnect temperature rise will reach a plateau and then drop. This phenomena can
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Fig. 2.14: Trend of interconnect temperature rise along technology nodes for different
scenarios. (a) both j and k71D scale according to ITRS. (b) j scales with
ITRS, but k71D stops scaling at 65nm node. (c) j stops scaling at 65nm
node, while k77D continues scaling. (d) both j and k77D stops scaling at 65
nm node

be understood by realizing that the via separation keeps reducing due to scaling. The
same functionality can be reached within a shorter distance. On the other hand, the
magnitude of current density and the dielectric constant of the low-k insulators are
believed to encounter a bottleneck due to reliability concern at 65nm technology node.
Several scenarios are studied here to identify their impact on interconnect temperature, as
shown in Fig. 2.14. Overall, the interconnect temperature rise will be less if either the
trend of increasing current density or lower-k materials stops at 65nm nodes, while all the

other aspects of scaling continue.
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2.6 Summary

In conclusion, a compact analytical thermal model has been presented to evaluate the
spatial thermal distribution and the average interconnect temperature rise under the
influence of vias. Both the via effect and heat spreading have been taken into account to
ensure accurate predictions. This model provides a quick and accurate interconnect
temperature rise estimation as well as a comprehensive thermal design guideline. It will
be essential for high performance chip designer being able to comprehend the thermal
impact on the circuit performance and reliability implication in the early design stage. It
has been shown that with the help of vias as efficient thermal paths, the effective thermal
conductivity of the ILD materials can be significantly higher than their nominal values if
via separation is comparable to the characteristic thermal length. The interconnect
temperature can be substantially lower than that predicted from overly simplified 1-D
thermal model. Therefore, the thermal problem associated with low-k insulators is not as
bad as it appears.

Additionally, a closed form thermal model incorporating the via effect has been for-
mulated to estimate the temperature rise of interconnects in multi-level metal arrays. It is
shown that via effect must be considered in the thermal analysis of interconnect struc-
tures. It is observed that global interconnects would suffer much higher temperature rises
than local interconnects due to the much longer via separation. Beyond the 45nm node

closer packing of vias will alleviate the temperature rise problem.
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Chapter 3

Thermal Impact on Interconnect Design

3.1 Introduction

Thermal effects are very important in determining both reliability and performance
of interconnects. Accurate integrity estimation of on-chip interconnect temperature rises
caused by joule heating is essential for high performance chip design because the wire
current-carrying capability is stringently limited by interconnect temperature. Thermal
effects impact the interconnect design in the following ways. First, the wire slows down
with higher temperature due to increasing metal electrical resistivity. For the temperature
coefficient of resistivity (TCR) of Cu given in [39], wire resistance goes up by 5-10% as
interconnect temperature rises by 10-20°C. As a result, the delay reduction expected
from the introduction of low-k dielectrics, which have invariably poor thermal conductiv-
ity, will be discounted to some extent. Second, most of interconnect failure mechanisms

are temperature related including electromigration (EM). EM lifetime, mean-time to-fail
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(MTF), decreased exponentially with inverse interconnect temperature according to
Black’s equation [19]. It is reported that MTF could be reduced by 90% when intercon-
nect temperature rises from 25°C to 52.5°C [32]. Therefore, traditionally, the current
density design limits developed by reliability engineers for circuit designers are very
conservative. The interconnect temperature is commonly limited to ~105°C for
electromigration life time considerations [40, 41].

Having realized the importance of the temperature rise on interconnects, many ef-
forts have been devoted to estimate the interconnect temperature [24, 31] and propose
“self-consistent” analysis for allowed current density [30, 42]. However, without consid-
ering via effect properly, the estimated interconnect temperature rise can be much higher
than twice as high compared to the realistic case [43, 44]. The temperature and conse-
quent performance/reliability predictions with those overly simplified thermal analysis
will deviate even more profoundly with more advanced technology nodes as the via effect
is more effective for lower-k dielectrics and the via separation is shortened with scaling
[45]. Extending the work from Chapter 2, our multi-level interconnect thermal model
incorporating the via effect enables more realistic circuit timing simulation and reliability
assessment without being excessively conservative. In this chapter, the impact of Joule
heating on the scaling of deep sub-micron Cu/low-k interconnects will be investigated in
detail. [46]. In addition, traditional wisdom requires the on-chip interconnect temperature
to be no more than 5°C above the silicon temperature (100°C for a typical high perform-

ance microprocessor) for EM lifetime consideration. However, the prospects of rising
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interconnect temperature and the need for greater current carrying capability are not
compatible. Although it has been proposed to consider EM lifetime and wire self-heating
simultaneously in generating EM guidelines [23, 30, 42], the lack of realistic interconnect
temperature estimation makes the proposals fruitless. In a later section of this chapter,
combined with our new interconnect thermal model, a comprehensive EM evaluation
methodology is proposed from the view of coupled performance and reliability analysis
[45].

The remainder of this chapter is organized as follows. In Section 3.2, we discuss
how the interconnect metrics are influenced by thermal effect. Section 3.3 addresses the
foreseeable impact from interconnect scaling trend on wire temperature due to Joule
heating. Section 3.4 describes the definition of a ‘reasonable’ worst-case scenario of
interconnect thermal analysis and applies it to evaluate the thermal effect on Cu/low-k
interconnects. In Section 3.5, we perform a coupled assessment of EM reliability and
current drivability for global interconnects for 22-130 nm technology nodes. Section 3.6
investigates the trend of interconnect temperature rise under various scaling scenarios.

Finally, we summarize and conclude in Section 3.7.

3.2 Thermal Effect on Interconnect Metrics

It suffices to mention here that a non-negligible and increasing resistance of the

wires leads to a j°o (j is the current density) power dissipation in the form of heat. This
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raises the temperature of the interconnects above the device temperature, especially if
lower dielectric constant materials, which are also invariably poorer heat conductors, are

used.

3.2.1 RC delay

The delay of the wires can be well approximated by the product of resistance (R)
and the capacitance of the wire (C), if inductive effects are not important. The wire
capacitance typically has three components: inter-level, Cjp, inter-metal (within the
same level between metal lines), Cjp, (Fig. 3.1) and the fringe component. To model
the RC delay of the wires it is imperative to accurately model both the resistance and the

capacitance accurately.

< CILD

T CIMD

+—>
AR=HW W

Fig. 3.1:  Schematic showing the inter-metal and the inter-level components of capaci-

tance. Also showing aspect ratio (AR).
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It is well known that the electrical resistivity, pp,is a function of wire temperature,
and can be modeled as,

P.(T) =p, (L) + BT —T))] (3.1
here [ being the temperature coefficient of resistivity (TCR), and has the value of 4.3e-
3/K for Cu and 4.5e-3/K for Al. In terms of interconnect capacitance, to gain better
insight of the role of Cj;p and Cjyp, let us ignore any fringe capacitance for this moment.
The total interconnect capacitance per unit length can then be simply expressed as:

Co1a=2(Cro+Crup), (3.2)
where Cup=€np/2AR and Cump=€mmAR, (3.3)
with AR denotes wire aspect ratio, defined by H/w, where H is the metal thickness
(height) and w is the width of the wire. € represents the respective premittivity for IMD
and ILD. Thickness of the ILD is approximately the same as the height of the metal wire.
The factor of 2 in the denominator for Cjp accounts for the overlap with orthogonal
wires on adjacent levels. The length of overlap is taken to be half the length of the
interconnect based on the assumption that wire width is half the pitch. First, we notice
that, due to the high wire AR, the intra-level (line-to-line) capacitance, Cjyp, 1s dominant,
Second, since most of the heat is flowing downwards toward the heat sink, the ILD
assumes the major contribution to the thermal impedance and IMD being a minimal
factor. Therefore, heterogeneous dielectric schemes (with different dielectric materials
for ILD and IMD), should be exploited to optimize RC delay and subside thermal effect,

such as use low-k dielectrics for IMD and keep silicon dioxide for ILD.
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3.2.2 Dynamic power consumption

The second metric of importance, the power dissipation due to interconnects, is a
result of charging and discharging its capacitance and is given by the dynamic power
dissipation formula

P,.=S.C V'f (3.4)
Here, S,, is the switching activity factor representing the probability of a particular
interconnect switching during a clock cycle, Ciy is the total interconnect capacitance, V is
the voltage to which the interconnect charges and f is clock frequency. Thus, at a given

technology node, the interconnect power is heavily dependent on its total capacitance.

3.2.3 Crosstalk noise

Cross talk is proportional to the ratio of the inter-metal to the total capacitance [47]
of the wire. Thus, from the cross talk perspective it is more beneficial to lower just the
inter-metal capacitance. Hence, again, an heterogeneous dielectric approach will be

appropriate to lower coupling noise while contain interconnect temperature rise.

3.2.4 Electromigration reliablity

Electromigration is wildly regarded a major failure mechanism of VLSI intercon-
nects[28, 48]. The current through metal wires leads to metal atom migration due to
momentum exchange between electrons and metal atoms [19]. This migration, over time,
leads to depletion of enough material so as to initially increase the wire resistance and

finally cause an open circuit [49]. On the other hand, it also causes excess metal atoms to
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accumulate at a different location along the wire, which in extreme cases can cause a
short to the adjacent wire through metal hillocks. The primary factors, which influence
electromigration can be divided into those related to the physical structure of the metal
wire and those related to the conditions of operation. Certain crystal orientations of thin
films (metal wire) are more conducive to preventing electromigration. Among the
conditions of operation, temperature and the current density play the most important role
in dictating electromigration, as modeled by the well known Black’s equation, given by
Eq. 3.5,

MTF = A j"exp(Q/k,T) (3.5)
where MTF is the meat-time-to-failure (typically for 0.1% of accumulative failure or 10
years lifetime), 4 is a constant that is dependent on the geometry and microstructure of
the interconnect, j is the DC or average current density, the exponent » is typically 2
under normal operation conductions. The activation energy Q for Cu has been reported
in the range of 0.5-1eV [50-52], k3 is the Boltzmann’s constant, and 7}, is the metal wire
temperature. For a middle of the range Q value of 0.75eV, MTF will drop by 50% when
interconnect temperature rises from 100°C to 110°C. Usually, the maximum allowable
current density is limited by the goal that the electromigration lifetime will achieve 10

years with interconnect temperature maintained at or below 105°C.
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3.3 Scaling Trend of Joule Heating

As VLSI technology advances, interconnects have become the limiting factor to IC

chip performance [3]. Aggressive interconnect scaling has resulted in increasing current

density, more metal levels, and introduction of low dielectric constant (low-k) materials.

The growing demand of higher current driving capability and the aggressive shrinking of

metal pitch has resulted in significant current density rise in the wires (Table 3.1). Wire

width is half the wire pitch for all cases if not defined specifically, n is the number of

layers in each tier, ¢, ;.p and kjp are the relative dielectric constant and thermal conduc-

tivity of the inter-level dielectrics (ILD) for each technology node.

Local Tier Semiglobal Tier Global Tier
Tech. | ¢,up | kup Wire | Wire | Via Wire | Wire | Via Wire | Wire | Via
Node [Wm-K] n | Pitch | AR | AR |n | Pitch| AR | AR |n | Pitch| AR | AR
[nm] [nm] [nm]
130 33 0.7 21350 | 1.6 1.6 {4450 | 1.6 1.4 |{2]670 |20 1.8
90 2.8 0.45 21210 | 1.7 1.7 141265 | 1.7 1.5 |31]460 |2.1 1.9
65 2.5 0.36 21150 | 1.7 1.7 {41195 | 1.8 1.6 |4]290 |22 2.0
45 2.1 0.25 21105 | 1.8 1.8 [4]135 |1.8 1.6 {4205 |23 2.1
22 1.8 0.17 2150 2.0 20 | 4] 65 2.0 1.8 |5]100 |25 2.3

Table 3.1: Interconnect parameters for 130 nm to 22nm technology nodes based on ITRS[5].

So explosive has the growth been, according to ITRS [5], the rise of interconnect

current density will outpace the average chip power density by a factor of two for high

performance microprocessor throughout the technology nodes (Fig. 3.2).
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Fig. 3.2:  Trends of chip power density and interconnect J.x along technology
nodes suggested by ITRS [5]. Chip power density is calculated by total
power of the chip divided by chip size.

Furthermore, Cu resistivity will increase due to barriers, surface scattering and skin
effect [53, 54]. As a result, interconnect joule heating is becoming non-negligible. In
addition, thermal conductivity of low-k dielectrics is decreasing rapidly with the reduc-
tion of dielectric constant (Table 3.1). The combination of greater heat generation and
thermal impedance is leading to a continuous increasing interconnect temperature and
consequent impact on wire delay and reliability wires is fast emerging as an urgent issue.
Therefore, the impact of the interconnect “thermal”’scaling trend on wire temperature due
to Joule heating requires immediate attention. The work presented in this chapter is for
the 65nm technology node with all parameters quoted from the newly updated ITRS
"01[5]. We assign the first two metal layers as local tier, the following four layers as

semi-global tier and the remaining layers as global tier. The substrate temperature, Tier, 1S
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assumed to be fixed at 100°C (which will be true if two-phase microchannel cooler is
employed in the future [55] ), and the temperature of the top global wire is Ty=

Tref+ ATJ oule heating-

3.4 Temperature Effect on Cu/low-k I nterconnects

3.4.1 Definition of worst case condition

To provide robust thermal analysis for interconnects, it is important to identify a rea-
sonable worst case scenario. Previous work has attempted to evaluate the thermal
characteristics of interconnects neglecting vias as an effective heat conduction path [4].
However, ignoring vias in heat transfer predicts unrealistically high temperature rises
even with moderate current densities. This is especially true for dielectrics with lower
thermal conductivities [44, 46]. Therefore, this work includes the via effect in the
analysis to obtain more realistic results. Case (1) in Fig. 3.3 shows the widely used
condition, i.e., all wires flowing the same current density and the via effect ignored. Case
(2) represents an isolated global wire. Although there is no additional heat source be-
tween this wire and the substrate, the thermal impedance is higher in the absence of lower
level metal. Case (3) has the same current condition as case (1) but with vias taken into
account for all metal layers. Reasonable via separations are assigned for each metal level
from level one to ten: 5, 20, 50, 100, 150, 200, 300 ,500, 1000 and 2500 interconnect

pitches. As shown in Fig. 3.4, case (1) has the highest temperature rise (ATjoule heating)-
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But we will disregard this condition as unrealistic as vias are ignored. Case (3) is worse

than case (2) and we will use this condition for the following analysis.

Case (1)

vias

Case (2)

Case (3)

Fig. 3.3:  Configurations of the three thermally worst case scenarios. Current flows

through all wires at all metal layers in cases (1) and (3).

Temperature Rise, AT [°C]
0
o

—e—case (1)
—m—case (2)
—4—case (3)

1 2

3 4

Current Density . J [MA/cm?]

Fig.3.4:  Temperature on the top-level interconnects rises rapidly with increasing

current density.
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3.4.1 Thermal impact on Cu/low-k Interconnects

Fig.3.5 compares the thermal performance of several low-k materials. The materials

properties are shown in Table 3.2. As the figure shows, interconnects with lower dielec-

tric constant materials exhibit significantly higher temperature rises, thus higher

Parameter Conductor Dielectrics
Cu Al W | Air | Aerogel | Polyimide | HSQ | FSG | Oxide
k [W/m-K] | 400 | 240 | 180 | 0.03 0.17 0.3 0.54 | 1.05 1.2
p[uQ-cm] | 2.2 3.6 10 - - - - - -
er - - - 1.0 1.7 2.5 3.1 3.7 4.0

Table 3.2: Materials properties of various conductors and dielectrics used in this study. &
[W/m-K] is thermal conductivity, p [uQ-cm] is electrical resistivity near
100°C and ¢, is the relative dielectric constant

Metal Temperature T, [°C]

Fig. 3.5:

300

250

200

150

100

0.5

1
Current Density . J [MA/cm?]

——air (1=1.0; k=0.0)
———jcrogel(=1.7 k=0.17) /=2 FSG (=3 75; k=1.05)
& polyimide (1=22;k=0f3) —®—air-gap (1=22;k=1.

HSQ ([, .1; k=0 .54)

1.5

2

25 3

3.5

Temperature of top global interconnects rises sharply for Low-k dielec-

trics. & relative dielectric constant, k: thermal conductivity [W/Km)].
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Qd—'
|5}
g —>———HsQ
Qﬁ —_— O air-gap
| — & polyimide
40 — 4@ aerogel
—XK—air
20 I I I \I

0.5 1 1.5 2 25 3 3.5 4

Current Density ., J [M A/cm?]

Fig.3.6:  RC delay is strong function of current density on the wires because of
Joule heating. The lower the dielectric constant, the stronger the Joule

heating and greater RC degradation.

interconnect temperature, Ty,. The product of Ru,e(Ciotal per unit length for these dielec-
trics is shown in Fig. 3.6 as a function of current density. As the figure shows, the low-k
advantage of reduced capacitance can be offset by the increased temperature rise due to
poor thermal conductivity. It should be noted that for the case of air-gap scheme (ILD:
SiO; and IMD: Air), the RyetCiotar 1s relatively constant through the range of current
density and it is even better than polyimide. This is because air-gaps reduce the dominat-
ing line-to-line capacitance while leaving the SiO, ILD intact for better thermal

conductivity. Since electromigration mean time to failure (MTF) is exponentially de-
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pendent on wire temperature, the maximum allowable current density for a given tem-

perature rise is evaluated in Fig. 3.7 for different low-k materials.

—%—deltaT=50 C
5 —x—deltaT=30 C
—A—deltaT=20 C
4 —m—deltaT=10 C
—<e&—deltaT=5C

Current Density [MA/cm,]

1 2 3 4
Dielectric Constant €,

Fig. 3.7:  Maximum allowed current density is limited by the maximum allowed AT

on the metal wires. The constraint is more stringent for low-k dielectrics.

3.5 Delay and Reliability Optimization

With the possibility that much fatter wires may be used in the global tier to reduce
IR drop, it is important to know the thermal impact of using low aspect ratio lines on the
expected performance and reliability. In addition, ILD thickness should be evaluated to
assess the trade-offs of thermal impedance and capacitance. The contours of constant

RinetCrotal, 1n Fig.3.8 show the optimization of the wire aspect ratio (AR) and the ILD
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thickness for delay consideration. The value of H/S (=0.32um/0.15um) is fixed, where H
is metal height and S is wire spacing. It demonstrates that Joule heating can increase
delay of the interconnect by as much as 15%. Fig. 3.9 shows constant MTF contours,
with the temperature effect included. The MTF can never reach 50% of MTF at 105°C
which is the wire temperature specified in ITRS. We can conclude from Fig. 3.8 and 3.9
that although fat wires can provide better speed performance, but they are also more

subject to electromigration failure since the temperature is higher.

Global Wire Aspect Ratio (AR)

0.1 0.2 0.3 0.4 0.5
ILD thickness [Jum]

Fig. 3.8:  Constant Ry,(Ciora1 contour plots of global level wiring as functions of wire
aspect ratio (AR) and ILD thickness. Solid curves represent the case ther-
mal effect neglected. Dash-line curves include the influence of thermal

effect. (H/S=0.32/0.15 pm).
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445 TF(Tm=105°C)

0.3

05 0.25
%
0

0.1 0.2 0.3 0.4 0.5
ILD thickness [Um]

Global Wire Aspect Ratio (AR)
[
[

Fig. 3.9:  Constant normalized electromigration MTF, MTF(Tm)/MTF(105°C),
contour plots of global level wiring as functions of wire aspect ratio

(AR) and ILD thickness. (H/S=0.32/0.15 pum).

3.6 Impact of Joule Heating on Scaling Trend

Table 3.3 shows the coupled analysis of delay and electromigration MTF for vari-
ous technology nodes. Column 2 shows the maximum current density specified in ITRS
and column 3 shows the resultant temperature of the top global wires. The Ry,e(Ciotal delay
is shown in column 4 and the corresponding MTF is shown in Fig. 3.10 as the solid
curve. The achievable MTF is about 90% at 130nm node, but drops sharply for the

following technology nodes. The MTF(T,,) is compared to the MTF(105°C). To confine

the wire temperature at 105°C, the current density has to be reduced as shown in column
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5 and resultant current drive, compared to the maximum current density specified in
ITRS, drops drastically as can be observed in column 6. To relax the temperature rise to
10°C above substrate, the current drive can be improved as shown in column 7. We notice
that in both cases trying to match certain specific wire temperatures (105°C and 110°C),
the corresponding MTF rises above the required MTF, as shown in Fig.3.10. It implies
that this approach is overly conservative. Since the MTF of electromigration is also
inversely proportional to the square of current density, as modeled by the well-known
Black’s equation, we can achieve the expected MTF by optimizing both the current
density and wire temperature, which are related by Joule heating. The result is shown in
the last three columns of the table. The optimal current density is much closer to the
value specified in ITRS. On the other hand, although the wire temperature is higher than

105°C, as shown in the last column, the MTF is on target, as shown in the flat line in

Fig.3.10.
T T Rewoomt{ Tw] s Curart T Currart T prptimal Currart
Tech. | (ITES Tn momalinedtn | po=qggep | dmbiny | opgger | ddnidiy dmhiity | T,
Hode | MBlésm prp | BeeCeT=l08C) | [an Y] mﬂﬁ AT mﬂ mmmamm mﬂﬁeﬂ o
130 [ 0.%6 | 107 1.01 079 0.82 1.12 1.16 0.91 0.95 106
a0 1.5 117 1.05 082 0.55 1.16 0.7a 1.24 0.83 111
i) 2.1 122 1.09 1.0 0.4%8 1.41 0.a7 1.64 078 | 113
45 27 126 1.09 1.2 0.44 1.69 0.63 2.04 0.7a 114
a2 3.9 128 1.10 1.d 0.41 2.33 0.60 2.54 0.7 114

Table 3.3: Coupled evaluation of electromigration reliability and performance for global
interconnects for 22-130 nm technology nodes. T, is the top global wire temperature
with all the heat sources, including substrate and Joule heating from all metal levels un-

derneath, taken into account.
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100 - 6
S

< 80 = T2
< +Jmax,lTRs\-\ 1 a %
Fq§ 60 | W— —Jmax,Tm=l05C S g
9 ----A----Jmax, Tm=110C A 3 g
§ 40 | — - - --—Jmax, MTF=100% \\ Q
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Technology Node

Fig. 3.10: The solid curve shows the MTF (%) that can be achieved under the
current density specified in ITRS. The broken-line curves show the
MTF under various wire temperature (7m) criterions and the values re-

fer to the right axis.

3.7 Summary

In conclusion, a detailed analysis of the impact of Joule heating on the characteris-
tics of future Cu/low-k interconnects is presented using a realistic full chip model with
via effect included. Thermal effects can severely degrade both reliability and speed
performance. Optimization with various interconnect parameters is provided. Joule
heating will limit scaling of current density and use of low-k materials. Global wires will
be more problematic with higher operating temperature and careful consideration is

imperative.
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Chapter 4

SPICE-Based Electro-Thermal
Simulation M ethodology

4.1 Motivation

In Chapter 2, we analyzed the thermal effects in interconnects using analytical
thermal models and demonstrated the strong influence of vias on the temperature
distribution in metal lines. Nevertheless, without solving complex differential equations,
the eectro-therma simulation approach is desirable to facilitate quick estimation of
temperature rises and to investigate thermal coupling effects between wires in order to
provide thermal design guidelines for advanced interconnect structures [56, 57].

Teng [58] has used lumped thermal circuit model to predict interconnect
temperature. However, without including thermal capacitance, the model is not capable

of transient analysis. This chapter presents a fast SPICE based 3-D electro-thermal
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simulation methodology to characterize thermal effects due to Joule heating in high
performance Cu/low-k interconnects under steady-state and transient stress conditions.
The results demonstrate excellent agreement with experimental data and those using
Finite Element (FE) thermal simulations (ANSYS). The effect of vias, as efficient heat
sinking paths to alleviate the temperature rise in the meta wires, is included in our
anaysis to provide more accurate and redlistic thermal diagnosis. The simulation
methodology has also been applied to quantify the use of dummy thermal vias as
additional heat transfer paths to lower the temperature rise in the metal wires for the first
time. Furthermore, thermal coupling between wires is evaluated and found to be
significant. Finally, the impact of meta wire aspect ratio on interconnect thermal
characteristicsis discussed. All the dimensions of the interconnect structure in this paper
were taken from the 100 nm technology node based on the ITRS [59]. The remainder of
this chapter is organized as follows. To serve as a starting point, in Section 4.2, we give
an overview of our thermal simulation methodology. Sections 4.3 & 4.4 describe the
impact of via effect of interconnect thermal characteristics under steady-state and

transient conditions, respectively. Finally, we summarize and conclude in Section 4.5.

4.2 SPICE-Based Thermal Modeling

In order to provide robust therma analysis for deep sub-micron Cu/low-k

interconnects, it is very desirable to have an efficient 3-D simulation methodology to
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Section: 4.2 SPICE-Based Thermal Modeling

estimate the temperature profiles in the metal wires and evaluate the therma coupling
between them. Based on the thermal-electrical analogy (Fig. 4.1), a 3-D RC distributed
thermal circuit model has been developed, as shown in Fig. 4.2. This therma network
can be easily implemented and simulated using SPICE in the same manner as an
electrical circuit network by ssmply employing the proper counterparts as illustrated in
Fig. 4.1. For example, the thermal resistance along the metal wire per unit length, R,

and the thermal resistance of the insulator, R;, per segment can be computed as,

R, = kMAviH (4.2
Thermal Electrical
Temperature T [K] = VoltageV [V]
Heat QI[J = Charge Q [C]
Heat transfer rate q [W] = Current i [A]
Thermal resistance R; [K/W] <=  Electrical resistance R [V/A]

Thermal capacitance C; [JK] <=  Electrical capacitance C [C/V]
Governing eguations

Steady-State condition

Temperature Rise Voltage Difference
AT =g R, — AV =iR
Transient condition
Heat diffusion RC transmission line
ar o
DZT:RTCTg <= DZV:RCE

Fig. 4.1: Thermal-Electrical analogous parameters.
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Hested

00O

Metal Wire

Nei ghm

Metal Wires< Moy

Fig. 4.2: 3-D thermal circuit RC transmission line model for transient thermal
analysis of interconnect structures.

4

and R, =
K, ADw

(4.2)

where A¢ is the unit length of metal wire, w is the width of metal wire, H is metal height,
t; is the thickness of insulator, and 4w is the width of the chosen insulator segment. k),
and k; are the therma conductivity of metal wire and insulator, respectively.
Furthermore, the thermal capacitance along the metal wire per unit length, C,,, and the
thermal capacitance of the insulator per segment, C;, can be shown as,

C, =c, Py (WHAL) 4.3

m

and C, =c,, p,t,AlDwW) (4.9
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where c,,»; o and c,,; o are the specific heat and density of metal wire and insulator,
respectively. Inclusion of the lateral therma impedance in the model captures the heat
spreading effect and thermal coupling from nearby interconnects. Therefore, there is no
need to add any data-fitting modification in the circuit model asin [58]. In addition, RC
transmission lines are used to model the heat diffusion due to the similarity of the
governing equations as illustrated in Fig. 4.1 and transient thermal effects in
interconnects can, thus, also be conveniently analyzed. To account for the temperature
dependence of the metal resistivity, the heat generation (¢) in each segment of the wire

has been modeled as a voltage (temperature) controlled current source,
: A/
4= (o WH)* (0(T)—) (4.5)
wH

where j,,s 1S the root-mean-square current density flowing through the wire and
A(T)(=pp(1+LPT)) is the temperature dependent metal resistivity. o isthe metal resistivity
at 0°C and S is the temperature coefficient of the resistivity (TCR). The main advantage
of this SPICE-based methodology is that once layout data is available, the thermal
anaysis can be quickly done. HSPICE was used for the 3-D simulations of the
distributed thermal RC circuits in this work. This technique was validated by comparing
with both experimental data [60] and simulation results carried out by ANSY S, a finite
element (FE) ssimulation package. It will be shown in the following sections that it

exhibits excellent accuracy within 5% agreement.
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4.3 Seady-Sate Analysis

4.3.1 Impact of Via Separation on Effectivek p

In the steady-state analysis, thermal capacitance can be removed from our RC thermal
circuit model for the obvious reason. The resultant simplified model is shown in Fig. 4.3.
The temperature profiles along the embedded Cu wires with 100um via separation for
two different dielectrics are shown in Fig. 4.4. Simulated temperature profile along Cu
interconnect with current density J=3.7x10° A/cm? and via separation of 100 pm.

Current isflowing in aternate wires, i.e. current is not flowing in the nearest, third

Fig. 4.3: (a) Interconnect configuration. (b) Correspondent distributed thermal circuitry.
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Temperature Rise, AT [°C]

Section: 4.3 Steady-State Analysis

— - -Polymer, ANSYS
Polymer, HSPICE
----Si02, ANSYS
— — Si02, HSPICE

Location along metal wire [um]

Fig. 4.4. Validation of HSPICE thermal simulation with Finite Element

Analysis (ANSYS) data.

nearest, fifth nearest and so on neighboring wires but current is flowing in the second

nearest, forth nearest and so on neighboring wires. Geometries used in the simulations

are metal height 7#=0.8 um, wire width (w)=wire spacing (S)=0.3um, and ILD thickness

tzp=0.8 pm. The interconnect geometries used in the simulations are stated in the

caption and the materials properties are listed in Table 4.1. The diameter of the viasis

assumed to be the same as the width of the wire for the damascene process. Since the

Parameters Conductor Di€lectrics
Cu Al Oxide Polymer Air
k [W/m-K] 400 220 1.2 0.3 0.03
p [kg/m3] 8933 2720 2220 1380 0.87
Cp [Jkg-K] 385 900 745 1195 1014
p [MQ-cm] @ 0°C 1.67 2.66 - - -
TCR x 103/K 4.3 45 - - -
er - - 4.0 25 1.0

Table4.1: Materials properties used in this work
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substrate, to which a heat sink is usually attached, is assumed to be the sole heat
dissipation path to the outside ambient, only heat conduction downwards is considered in
this interconnect therma modeling. Heat convection to the ambient air is ignored by the
application of adiabatic boundary condition on the four side walls and top of the chip.
This is a reasonable assumption because, in genera, the chip is enclosed by thermally
insulated package materials. Owing to the lack of available experimental data for such
small spatial resolution under steady-state current, the results from SPICE simulations are
compared against with those using finite element therma simulation (ANSY'S), and it
demonstrates excellent agreement (Fig. 4.4). However, because of the wide familiarity of
SPICE to the circuit design community, this approach, as compared to traditiona finite
element ssimulation, can be adopted more easily and it requires much less effort to set up
as well as less CPU time to run. It can be observed in Fig. 4.4 that the temperature
profiles along the wire for dielectrics with lower thermal conductivity (yonme-= 0.3 W/m-
K compared to ksi0, =1.2 W/m-K) ismore curved. Thisis due to the larger ratio between
the thermal conductivity of Cu and the dielectric and hence a stronger influence from vias
is expected. The distance over which via effect is important can be roughly estimated by
thermal healing length Ly, (SkutipH /kips)”? [45], which is 14 pm and 30 um for SiO,
and polymer respectively, where k,,, is the metal thermal conductivity, H is the metal
wire thickness, separated from the underlying layer by ILD of thickness ¢, and thermal
conductivity k;p and s isthe heat spreading factor to accommodate the deviation from 1-

D heat flow between a metal wire and the underlying layer. It can be thought that within
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100 ¢

— - —— LD SiO2

é 10 + —8— ILD: polyrrer

E —a— LD air

— Ksion
T
d kpolymer
=

=< k

air

Via Separation [um]

Fig. 4.5. Effective ILD therma conductivity increases with decreasing via

separation. The lower the nominal 4. p, the longer the Ly, and hence, the

stronger is the via effect.

the range of L, from vias, heat generated will flow through the vias to the underlying
layer. Beyond Ly, heat will flow through the ILD and the via effect is diminished. It can
be observed that the lower the nominal &;.p, the longer the L, and the stronger the via
effect. Since the via separation for the local interconnects is generally much shorter than
Ly, via effect can not be ignored in local interconnects. Even at the global level, large
portions of the wires are still under the influence of vias. Therefore, the effective thermal
conductivity of low-k dielectrics is considerably higher than the nominal values with the
help of vias, as shown in Fig. 4.5, where the k;.p .4 is plotted against via separation for
three different ILD materials. Knowing the temperature profile (e.g. Fig. 4.4), the kyp,op

is obtained by taking the average temperature of the wire and adjusting from the nominal
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kip accordingly It can be observed that incorporation of via effect results in increased
kip,er especialy for ILD materials with lower nominal thermal conductivity. This fact
can explain why the interconnect temperature is not as high as commonly assumed when
low-k ILD is implemented in advanced interconnect structures and, thus, via effect has to
be included for accurate interconnect temperature estimation. As concluded from Fig. 4.4
and 4.5, significant difference in temperature profiles aong the wires and in the
maximum temperature rise can arise between the realistic situation of heat dissipation in
the presence of vias and the overly ssmplified case that ignores via effect. In addition, it
should be noted that the steeper temperature profile for the low-k dielectrics can

exacerbate electromigration due to the larger temperature gradient.

4.3.2 Thermal Coupling Effects

Thermal coupling between wires in the same layer and different layers has become an
important issue due to the scaling of wire spacing. It is very difficult to solve the
coupling effect analytically. However, our SPICE-based electrotherma methodology
provides a very convenient solution. To investigate the parallel thermal coupling effect
between wires, the configuration shown in Fig. 4.3(@) is examined and symmetrical
boundary conditions applied. The interconnect structure used here is the same as that
used for Fig. 4.4, but with wire width fixed at 0.3 um, and wire spacing varied from 0.1
pm to 2 um. Furthermore, polymer is used as the insulation material. In Fig. 4.6(a), the
middle wire is carrying a current density of J,(=1.4x10° A/cm?), which is the maximum

current density specified for the 100 nm technology node from ITRS[58]. The tempera-
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200 —e—S=0.1um
~ 150 - —— S=0.3um
X —A— S=0.6um
< —%— S=0.8um
o 100 4 —x—s=1.0um
= —@S=2.0um
> 50 4
|_
! 0
|_
N—r
'50 T T T T T 1
0 0.2 0.4 0.6 0.8 1
Current Density in Neighboring Wire, J [x J,]
(a)
1400
1200 - ——S=0.1um

1000 - —-S=0.3um

800 4 —&—S=0.6um
—>¢—S=0.8um
600 - —k—S=1.0um
—-@—S=2.0um

(T-TIT, (%)

-200 T T T T \
0 0.2 0.4 0.6 0.8 1

Current Density in Neighboring Wire, J [x J,]
(b)
no current current
flowing flowing wire

(ii)
(c)
Fig. 4.6: (@) T is defined as the maximum temperature in the middle wire. Reference

temperature Ty is the maximum temperature in the middle wire with no current
flowing in the nearest neighboring wires and with equal line width and spacing (S).
The current density in the middle wire is J,, 1.4x10° A/cm?. Line width is kept at
0.3um in this simulation. (b) The current density in the middlie wire is one third of
Jyp. Line width is 0.3um. The temperature of wires carrying lower current density
is strongly affected by the heat coupled from the neighboring wires. (c) Top view
of interconnect structures, with different spacing, used in this simulation and

current flow patterns showing current flowing on aternate wires.
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ture variation due to thermal coupling is normalized to Ty, which is the maximum
temperature in the middle wire when there is no current flowing in the nearest
neighboring wires and with equal wire width and wire spacing, S (=0.3um in this
simulation). It can be seen that both the current density of the neighboring wire and the
line spacing greatly affect the temperature of the middle wire. In the case of equal line
width and spacing (0.3um), the temperature of the middle wire can be increased by
nearly 100%. The negative values are due to the symmetric boundary condition chosen
in this simulation and the temperature variation is normalized to To, which iswith S equal
to w. Fig. 4.6(c) depicts the top view of two current patterns and can be used to
understand the results. With S1 < S2, more current isflowing in Fig. 4.6(c)(i) for agiven
area, thus causing higher thermal coupling effect to the middle wire. The coupling effect
can be even more drastic when the wire is carrying a low current density, which
represents a typical signal line. In this case, only one third of J, is flowing in the middle
wire and the thermal coupling effect is shown in Fig. 4.6(b). The strong thermal coupling

may cause resistance variations and further enhance crosstalk problem.

4.4. Transient SressAnalysis

Apart from normal circuit operating conditions, ICs also experience high-current
stress events, the most crucia of them being electrostatic discharge (ESD), which causes

accelerates thermal failures [61]. Semiconductor industry survey has indicated that ESD

74



Section: Transient Stress Analysis

is one of the major causes of the failure of 1Cs [62]. Furthermore, 1/O circuitry also
exposes to high current events since it interfaces between multiple power supplies [63].
Therefore, it isimportant to be able to analyze interconnects heating under transient stress

conditions.

4.4.1 Analytical Model vs. SPICE-Based Simulation M ethodol ogy

In general, a high-current short-pulse (J > 10MA/cm?, and pulse width ,,;,, < 200
ns) usually causes much higher A7,,.., the maximum temperature rise on the wire, due to
more severe self-heating than under normal operating conditions and the heat diffusion is
limited to the immediate materials in contact with the metal line. Again, only heat
conduction is considered in this analysis. The governing heat diffusion equation of
temperature rise during brief transients can be written down based on energy

conservation law as [60, 64],

0 or, o0 or, 0 p(T) _ oT
—(ky, —)+—(k K, Oy 4+ lmPE) o
6x(M6x) ay(’“’ ay) 0z (IMD )

4.6
0z wH S (46)

where

Ceﬁf Oley pyWH +2¢,,, 0,55, WA @ pt + ZCIMDp[MDSle] - 4.7)
and ¢y, cip, coup @ Oy, Pup, Pp are the specific heat and density of metal, ILD and
IMD materials respectively. S, and S; are shape factorsin vertical and lateral directionsto
account for three-dimensional heat spreading. a;p and anp are the thermal diffusion

coefficients of ILD and IMD materials respectively. C.; can be understood as the

effective thermal capacitance per unit length to absorb the heat. Due to the nature of heat
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diffusion process, C.y is increasing with time as heat diffuses through larger volume.
Therefore, temperature rise on the wire under current pulse i,,,, with duration ¢, can be

shown as,

AT =—— (4.8)

irzms p(T)tpulse
wH

O [cy PywH +2¢,,, PupSyWA A pt + 2¢p IOJMDSIH\/ a]MDt]_l (4.9)

where E is the pulse energy. It should be noted that, unlike in the case of normal steady-
state operation condition, the temperature dependence of o(7) absolutely can not be
ignored because of the large temperature rise. Together with the time-dependent C.y,
there is no easy analytica solution available for Eq. 4.6. Therefore, an efficient
simulation methodology is desirable and will be discussed in details in the following. In
contrast with the unsolvable nature of the analytical analysis, SPICE-based simulation
methodology provides a convenient and efficient transient thermal analysis. RC
transmission lines are used to model the heat diffusion (Fig. 4.2) due to the similarity of
the respective governing equations as illustrated in Fig. 4.1. The distributed thermal
resistance and thermal capacitance components are constructed, using Eq 4.1-Eq. 4.4, to
form thermal RC network. Heat generation, calculated by EqQ. 4.5, is realized as voltage
(temperature) controlled current sources as shown in Fig. 4.2. After substituting these
thermal quantities into the correspondent electrical identities in the thermal circuit model,

the temperature along the interconnect, manifested as node voltage, can be easily
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obtained through SPICE simulation. This technique was validated by comparing with

experimental datafrom [60] as shown in Fig. 4.7, where it shows excellent agreement.

3um

(a)

¢ t=0.6um exp.data

800 - —  t=0.6um, simulation
t=1.2um, exp. data

t=1.2um, simulation

200 -

Temperature Rise, AT, [°C]

0 A=

0 2 4 6 8
Current Density, J[x107 A/cm?]

(b)
Fig. 4.7: (a) Schematic cross section of Al and Cu interconnects with cladding layers
used in model validation Fig. 4.7(b) and for simulationsin Fig. 4.8.
(b) Vaidation of HSPICE thermal simulation with experimental data from
[60]. Al interconnect test structure shown in Fig. 4.7(a) is used. Two different

wire thickness, ¢, are under examination.
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4.4.2. Alvs. Cu lnterconnects

With the interconnect structure of Al and Cu wires described in Fig. 4.7(a),
temperature rise is simulated and the comparison is shown in Fig. 4.8. 1t should be noted
that the simulation is done for a 3-D parallel meta array, but only the wire under
examination has a current pulse flowing through it because event like ESD usually strikes
very few wires at atime. The materials properties again are listed in Table 4.1. Ascan
be observed from Fig. 4.8, for the same cross section, current density, and surrounding

dielectric, Cu wires would experience lower AT, than Al wires, due to their higher

o 1200
° ---¢--- Al, t=0.6um

. 1000 | | ...m-.. Cu, t=0.6um
- Al, t=1.2um ¢
< 800 Cu, t=1.2um ]
& ;
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q) . '\
3 a0 R e
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g 200 1 ‘," '."

o- -
I_ 00'" —Ple .;%'; :;ﬂ‘ T T T
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Current Density, J [x107 A/cmé]

Fig. 4.8: For the same wire cross sections, shown in Fig. 4.7(a), Cu wire shows much
lower temperature rise compared to Al wire under a 200 ns pulse stress.
Symbols represent simulation data.
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thermal conductivity and thermal capacity, and most importantly, due to their lower
resistivity. This along with higher melting point (~1100 °C) than that of Al (~660 °C)
would provide more therma margin to Cu interconnects. However, AT, can till be
high when metal dimensions are scaled down and low-k dielectrics are incorporated.
Therefore, it is prudent to study the effect of vias on the thermal characteristics of Cu

wires to make reliable use of them in deep sub-micron designs.

4.4.3 Impact of Via Separation and L ow-k Dielectrics

Before continuing our discussion, we would like to remind the readers again that, if
it is not otherwise mentioned, the interconnect dimensions used throughout the following
sections are taken from global interconnect levels from the 100 nm technology node
based on the ITRS [58] with meta height #=0.8 um, wire width w=wire spacing
S=0.3um, and ILD thickness #;;,5=0.8 um. If alocal interconnect is ssimulated, then the
dimensions are metal height /#=0.26 pum, wire width w=wire spacing S=0.13um, and ILD
thickness ¢, p=0.32 pm.

Fig. 4.9 compares the normalized spatial temperature distribution along an
interconnect line with polymer as insulation material and a via separation of 100 pm,
subjected to transient current pulses of 200 ns and 2 us duration. It can be observed that
the temperature rise profile for the 2 us pulse is more gradual due to the increased
influence of vias for longer diffusion time, which results in longer diffusion lengths. The
heat diffusion length, L, O (ar)’?, is 5 pm and 16 um for the 200 ns and 2 ps pulse
durations respectively, where a is the thermal diffusivity of the interconnect materials.
Thermal diffusion length L, can be interpreted as the distance over which via effect is
prominent, which is a function of time and should not be confused with the thermal
healing length L under steady-state condition as mentioned in Chapter 2 and Section 4.3.
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The temperature decay after a 200 ns current pulse with J=8x10" A/cm?, for
Cu/low-k (polymer) global wires. The decay is facilitated by the presence
of vias.
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Lp is afunction of time under transient condition and L is only a function of materials
properties and is not varying with time. Fig. 4.10 plots the temperature decay after a 200
ns pulse. It can be observed that the temperature decays more rapidly with vias placed
closer. This shortens the high temperature span that the interconnect would experience
and thus reduces thermal problems. AT, vs. via separation for different dielectrics is
shown for high current pulse duration of 200 nsin Fig. 4.11(a) and 100 nsin Fig. 4.11(b).
AT, is higher for the 200 ns pulse due to higher pulse energy, which results in greater
Joule heating. However, both Fig. 4.11(a) and Fig. 4.11(b) indicate that AT, would be
reduced dramatically for smaller via separation. For larger via separation AT, Saturates
since the effect of vias diminishes. This is dictated by thermal diffusion length (Lp),
which can be interpreted as the distance over which heat generated in the wire flows
through the via. It can also be observed in Fig. 4.11(b) that for shorter pulse duration the
differences between AT, for various dielectrics is much smaller. Thisis due to the fact
that heat does not have sufficient time to diffuse through the surrounding dielectrics.

The maximum temperature rise, at the end of a 200 ns pulse, AT, iS shown for
globa (Fig. 12(a)) and local interconnects (Fig. 12(b)) for different dielectrics as a
function of the current density. It can be observed that while the temperature rises
sharply and low-k dielectrics show worse situation for a typical global line with via
separation of 100 um, the temperature rise is significantly alleviated for local
interconnects due to a smaller via separation of 1 um. Even if air is used as both the ILD
and the IMD dielectric (worst case therma scenario), no significantly higher AT, is
observed for the local interconnects. This observation is further validated in Fig. 13 with
1 pum via separation, which shows that the spatial temperature distributions for various
dielectrics are similar and A7, is nearly independent of the dielectric material. This

suggests that they are al within L and via effect dominates the thermal characteristics.
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Fig. 4.11: (a) AT,.. of globa interconnects for a 200 ns current pulse with
J=6x10" Alcm?. AT, increases with via separation and saturates
when via effect has diminished. (b) For a short pulse of 100 ns, with
the same current density as in Fig. 4.11(a), A7T,,.. of the globa Cu

interconnect is much less dependent on the dielectric materials.
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Fig. 4.12: () AT, of Cu global interconnect with 100 um via separation under a 200

ns current pulse. Temperature rises sharply with current density. (b) A7, of

Cu local interconnect with 1 um via separation under a 200 ns current pulse.

Temperature rises are much lower and nearly independent of the surrounding

dielectric materials.
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Fig. 4.13: Temperature profiles along local Cu interconnect under a 200 ns pulse
are gradual for all the dielectric materias and A47,,,, are about the same
with J=1x10% A/cm?.

4.4.4 Impact of Dummy Thermal Vias

Dummy thermal vias, which conduct heat but are electrically isolated, can be
instaled in Cu/low-k structure to lower the temperature rise. Since a high-current short-
pulse (J > 10MA/cm?, and touise < 200 ns) usually causes much higher A7, due to more
severe sdf-heating than under normal operating conditions and the heat diffusion is
limited to the immediate materials in contact with the metal line, the transient condition
will define the most stringent via separation requirement for lowering the temperature of
the metal wires. It should be noted that the simulation methodology developed here is
quite general, and can be easily extended to study steady-state stress conditions by using
longer pulses. The advantage of the dummy via effect can be demonstrated by using the
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Fig. 4.14: (a) AT, of Cu/air and Cu/polymer can match AT, of Cu/oxide global

interconnect if dummy thermal vias are added every 20 um and 30 pum,
respectively, with £, = 200 ns and J=6x10" A/cm®. (b) Cu/air with

thermal vias every 20 um shows nearly the same AT, as that of Cu/oxide

global interconnect with 100 um via separation under a 200 ns and J=6x10’

Alcm? current pulse.
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lowest-k dielectric, air, in ULSI interconnects despite its poor thermal properties. In the
case of global interconnect, Fig. 4.14(a) shows that thermal vias would be required
approximately every 20 pum in Cu/air and every 30 um in Cu/polymer interconnect
structures to match the temperature rise of Cu/SiO,. For the purpose of comparison,
under normal steady state operating condition with the J,,.. specified in the ITRS [17],
the thermal via separation can be much more relaxed based on a smple analytical
evaluation. The temperature profiles for Cu/SiO, with via separation of 100 pm, and for
Cu/air with via separation of 20 um, experiencing the same A47,,,. under a 200 ns pulse
are shown in Fig. 4.14(b). It can be observed that the temperature rise along the Cu/air
wire varies spatialy and that the average temperature is much lower than that of Cu/SIO,
wire, resulting in reduced thermal problems and may relax the requirement for thermal

via separation.

4.4.5. Impact of Interconnect Aspect Ratio

Finaly, the effect of wire aspect ratio on the thermal characteristics is evaluated.
For the same meta thickness, wires with smaller aspect ratio would suffer higher AT,
because of the smaller surface area-to-volume ratio (Fig. 4.15(a)). For the same cross
section area, indicating same current capability, a larger perimeter would result in lower
AT,... by offering larger area for heat to diffuse out of metal wires, as shown in Fig.
4.15(b). However, for embedded air gap (ILD: SIO, and IMD: Air), AT, increases
slightly with aspect ratio. This can be explained by the fact that with higher aspect ratio,
embedded air gap interconnect structure would have increasing area contacted by air.
Fig. 15(a) and (b) can be used to provide thermal design guidelines for interconnect.
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Fig. 4.15: (a) For the same meta thickness (2.5 um), globa interconnects with
lower aspect ratio (AR), shows higher AT, due to lower surface area-to-
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wire cross section area (5 um?), the impact of aspect ratio (AR) and
dielectric structure strategy is shown. AT, peaks at aspect ratio=1 due to
the smallest perimeters. £, = 200 ns and J=6x10" Alcm®,
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45 Conclusions

In this chapter, a ssimple SPICE-based 3-D thermal circuit simulation methodology
for steady-state and transient stress conditions is presented which alows quick evaluation
of various Cu/low-k interconnect structures. The SPICE simulation results show excellent
agreement with rigorous finite element ssimulations and experimental data and can be
employed for accurate reliability and performance analysis. It is demonstrated that via
density strongly affects the spatial temperature distribution as well as the maximum
temperature rise in interconnects and should be considered in interconnect design. In
fact, the effective thermal conductivity of ILDs can be significantly higher than the
nomina vaue if via separation is comparable to the thermal characteristic length.
Additionally, the impact of dummy therma vias on the thermal characteristics of
interconnects has been presented. It is shown that by optimal spacing of dummy thermal
vias the Cu/low-k structures can have the same therma capability as Cu/SiO..
Furthermore, it has been demonstrated that thermal coupling can be significant for wires
in densely packed structure. The impact of wire aspect ratio (AR) on the thermal
characteristics has also been shown to be important for the thermal design of deep sub-
micron interconnect structures. Finaly, as technology keeps scaling, therma effects
should be carefully evaluated not only to address reliability concerns, but aso for
accurate interconnect performance analysis. It has been shown that, to accurately
estimate the temperature rise and the thermal characteristics of interconnect, the effect of
viaas efficient thermal paths must be considered properly.
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Chapter 5

Thermal Analysisof 3-D ICs

5.1 3-D Integration: Background and Motivation

Interconnect RC delay is increasingly becoming the dominant factor determining
the performance of advanced ICs. On the other hand, System-on-a-Chip (SoC) designs
are often driven by the ever-growing demand for increased system functionality, heading
to dramatic increase in chip area and the use of numerous digital blocks with many long
global wires. The three dimensional (3-D) IC architecture has emerged as a unique
solution to alleviate the interconnect delay problem [65-67]. Additionally, 3-D ICs
provide a vehicle for heterogeneous integration to realize SoC designs, e.g., to incorpo-
rate such diverse combinations as embedded DRAM, high-performance logic, analog, RF
ICs and optical interconnects [68-72], as schematically illustrated in Fig. 5.1. Further-
more, the noise generated by the interference between different embedded circuit blocks

containing digital and analog circuits can be minimized.
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Fig. 5.1: Schematic of a 3-D chip showing integrated heterogeneous technologies.

3-D integration (schematically illustrated in Fig. 5.2) to create the vertical stacking
of multilevel active layers of Si ICs is a concept that may significantly improve deep
submicron interconnect performance, increase transistor packing density, and reduce chip
area and power dissipation. Each Si layer in the 3-D structure may have its own dedi-
cated or shared interconnect network. FEach of these layers are connected together
through Vertical Inter-Layer Interconnects (VILICs) and common global interconnects as
shown in Fig. 5.2. Souri [73] has demonstrated the basic concept for this 3-D analysis, as
depicted in Fig. 5.3. A general representation of a wire-pitch limited 2-D IC is consid-
ered as consisting of a number of logic blocks. By migrating to a 3-D structure it is

assumed that logic blocks can be rearranged in some fashion so as to occupy any number
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Section: 5.1 3-D Integration: Background and Motivation
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Schematic representation of 3-D integration with multilevel wiring network
and VILICs. TI: first active layer device, T2: second active layer device,
Optical I/O device: third active layer I/O device. M’1 and M’2 are for T1,
M1 and M2 are for T2. M3 and M4 are shared by T1, T2, and the I/O de-

of active layers of Si. Such an arrangement makes the vertical dimension available for

logic block interconnectivity. For instance, a global wire in the 2-D IC connecting two

logic blocks across the chip and contributing to the chip size can now be replaced with a

VILIC connecting the same two blocks, which can be arranged vertically stacked on top

of another. This VILIC is characterized by its much shorter length and smaller contribu-

tion to chip size as compared to the original global wire. By performing such
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replacements across the entire interconnect network, a significant fraction of lateral wires
can thus be replaced with VILICs which ultimately reduces the horizontal wiring re-
quirement and chip size and prevents the interconnect delay problem from dominating IC

performance.

_______________
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Fig. 5.3: Horizontal interconnects are replaced with VILICs, reducing wiring

requirement, chip area and interconnect delays.

However, there is concern of poor heat dissipation and consequent chip tempera-
ture rise in 3-D ICs due to increased power density and lower thermal conductivity of
inter layer dielectrics (ILD) [24]. The majority of the thermal power dissipated in

integrated circuits arises due to signal switching. This heat is typically conducted
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through the silicon substrate to the package and then to the ambient by a heat sink. With
multi-layer device designs, devices in the upper layers will also generate a significant
fraction of the heat. Furthermore, all the active layers will be insulated from each other
by layers of dielectrics (LTO, HSQ, polyimide etc.) which typically have much lower
thermal conductivity than does Si [74, 75]. Assuming low thermal conductivity of the
ILDs, the heat dissipation issue may become even more acute for 3-D ICs and may cause
degradation in device performance, and reduction in chip reliability due to increased
junction leakage, electromigration failures, and by accelerating other failure mechanisms
[76].

In this chapter, a detailed thermal analysis of high performance 3-D ICs is pre-
sented under various integration schemes [77]. The analysis presented here is the
culmination of collaborative work with Shukri Souri at Stanford University. In Section
5.2, a complete thermal model including power consumption due to both transistors and
interconnect joule heating from multiple strata is presented. The vertical links (VILICs)
and vias have much higher thermal conductivity and hence can effectively reduce the
thermal resistance caused by the ILD layers. Ignoring the effect of these structures can
result in overly pessimistic estimations predicting unacceptably high 3-D chip tempera-
tures. Section 5.3 shows schematically the power analysis of 3-D ICs. Tradeoffs
between power, performance, chip area and thermal impact are evaluated. Section 5.4
discusses the thermal impact on heterogeneous 3-D integration and the main results are

summarized in Section 5.5.
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5.2 3-D Thermal Modeling

The significant increase in device switching speed and current density in the inter-
connect layers, together with increasing Cu resistivity, due to barriers, surface scattering
and skin effect, have augmented heat generation in IC chips. Exacerbated by the low-k
dielectrics with poor thermal conductivity, thermal effects will not only lead to higher
interconnect temperature in 2-D ICs but also impact the device temperature in various

active layers in 3-D ICs (Fig. 5.4).

interconnect Bonding Interface

interconnect
interconnect
Package
_l’_
Heat Sink

Fig. 5.4: Schematic of multi-level 3-D IC with a heat sink attached to Si substrate.
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As seen in Fig. 5.5, even for the case of two active layers, the ratio of thermal resis-
tance caused by the ILD layers (Rj;p) to the required package (including glue layers, heat
sink) thermal resistance (R,i,) increases rapidly for future technology nodes. The re-
quired R,i; 1s the maximum allowed value which gives the maximum junction
temperature specified in the ITRS [58]. With multiple active layers, R;;p will become the

dominant factor to determine temperature rise in 3-D ICs.
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Fig. 5.5: The required package thermal resistance, R,g, to achieve the maximum
junction temperature specified in ITRS and the ratio of R;;p and R, vs.

technology nodes.
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The analytical expression derived based on first principles, to evaluate temperature

rise in 3-D structure is given below [77]:

TSz Ts Z{[ZMUW(ZJWSW ZCD )I+R (Z‘D )}

ILD ,mn > mn Jj=m+l
\ —~ — —_—
Temperature rise caused by ILDs Temp. Rise caused by
PKG, glue layer, Si sub.

where:

e T,u»:ambient temperature.

M : number of strata.

N,, : number of metal levels in the m'" stratum.

mn : the n™ interconnect level in the m™ stratum.

tip . thickness of ILD.

*  kyp: thermal conductivity of ILD materials.

s : heat spreading factor [45].
e 1 :via correction factor, 0< <[ [45].

* Jjms . root-mean-square value of current density flowing in the wires.

p: electrical resistivity of metal wires.

H : thickness of metal wires.

@ : total power consumption of m™ stratum, including power consumed by active

layer and interconnect joule heating.

R : thermal resistance of glue layer and Si layer for each of the stratum, with R,

represents the total thermal resistance of package, heat sink and Si substrate.

Via effect is incorporated in the expression by the via correction factor n (0<n<l1),

with Ky p o= kup/N, where kjzpepis the effective thermal conductivity of ILD with the
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help of via effect and kj;p is the nominal thermal conductivity with via effect ignored
[45]. Power consumption due to both active (device) layers and interconnect joule
heating are included. This expression can be better understood by comparing it with the

Elmore-delay model following an electrical-thermal analogy (Fig. 5.6).

Elmore-Delay Analogy

Q
V > — AT3 = Q3R3+(Q3+Q2)R2+(Q3+Q2+QI)R
R
Q 3
. — AT, = (Q;+Q,)R,+(Q;+Q,+Q )R,
Q1 R2
+«— AT, = (Q;+#Q,+Q))R,
v R
1

v

Fig. 5.6: Elmore-Delay model — electrical analogy for the thermal mode em-

ployed [45].

The model has been validated by comparing it with full chip thermal simulations
done using ANSYS [24]. The two-layer 3-D structure with wafer bonding technique
used for the validation is shown in Fig. 5.7. Since it is too complicated to construct the 3-
D structure with thousands of vias in ANSYS, the validation is done for the case where
via effect is ignored (N = 1). The results obtained from analytical expressions show

excellent agreement with ANSYS (Fig. 5.8), where J,,; is 4.85x10° A/cm?® and power
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density of each active layer is assumed to be 0.615 W/cm?”. Interconnect parameters are
quoted from the ITRS 100 nm technology node. For the case where via effect is in-
cluded, the via separations assigned to the metal layers, from 1% to 8™ levels, are 1, 5, 15,
30, 50, 80, 200 and 500 pm, respectively. However, the analytical model takes much less
computation time and provides key design insight. Furthermore, as shown in Fig. 5.8, via
effect greatly helps with heat dissipation and the resultant temperatures are much lower
as compared to previous works [24, 67, 78]. Therefore, it is crucial to include via effect

for thermal analysis of 3-D ICs.

Metal wires
and ILD

I !nter—stratum
interconnect

——— Vias

Si_1

Fig. 5.7:  Schematic of 3-D structure fabricated by wafer bonding using Cu

pad thermocompression.
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Fig. 5.8: Temperature distribution along the vertical layers from the Si substrate
surface (Si_1) to top metal level of the second stratum. The 3-D structure

is shown in Fig. 6. M, represents the first metal level in stratum 1, etc.

5.3 Power Analysisof 3-D ICs

In general, performing any comparison between 2-D and 3-D configurations of
the same IC is problematic. At issue is the lack of common ground on which to perform
an objective comparison. For instance, the operating frequency can be maintained
constant, yet the chip area and hence power densities must change. Conversely, if the
chip areas are assumed invariant, then the operating frequencies are necessarily different.
Such an assumption serves well for a performance comparison. Comparing power

dissipation and temperature rises as a result of migration from 2-D to 3-D, on the other
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hand, is a different matter. To address this thermal comparative issue, the analysis in this
section is again focused on the ITRS projection at the 50nm technology node. However,
several 3-D integration cases and scenarios are explored to cover an adequate space for
the comparison.

A summary of this wire-pitch limited 2-D case and different 3-D integration
cases used in this comparative study is listed in Table 5.1. All the data in this table are
calculated based on the 50nm technology node and the thermal resistance of the package
is assumed to be 2.15cm? °C/W for a constant supply voltage of 0.6V from ITRS projec-
tions for 2-D ICs at the 50 nm node. The data in the 2-D column represents the standard
2-D IC. 3-D, Case 1, is a special 3-D integration case in that memory and logic from the
2-D are each dedicated to separate active layers without any modifications to the wiring.
The resulting chip area, 4., is determined by the larger logic area and power dissipation is
unchanged relative to the 2-D case. The remaining four 3-D cases are obtained, and
compared to 2-D, by modifying the chip wiring and assuming the memory is interspaced
with logic. Their characteristics are summarized below:

* 3-D, Case 2: Equal /. and decreased 4,;
* 3-D, Case 3: Equal /. and 4;
e 3-D, Case 4: 2f. and equal 4;
* 3-D, Case 5: Equal 4. with f. determined by maintaining 2-D Pry,;.
where A, is the chip area, f. is the operating frequency and P, is the total power dissipa-

tion. The different characteristics of these 3-D integration cases give rise to different
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power dissipation results as summarized in Table 5.1. The dynamic power dissipation
components considered are due to logic, interconnect (local, semi-global and global),
clock distribution and repeaters and are calculated using Ppynamic=1/2aC Vddzfc where 0 is
the activity factor (assumed to be 0.1), V4, is the supply voltage obtained from ITRS, f. is
the operating frequency and C is the capacitance. Other power dissipating components
include memory, I/O pads and static components, such as leakage and short-circuit

currents, are all combined under Pogper.

2-D |3-D, Case 1{3-D, Case 2|3-D, Case 3|3-D, Case 4|3-D, Case 5
Active Layers 1 2 2 2 2 2
f. (MHz) 3000 3000 3000 3000 6000 3559
Feature Size (nm) 50 50 50 50 50 50)
Chip Area (sz) 8.17 4.25 451 8.17 8.17 8.17
Memory Area (sz) 3.92 3.92 3.92 3.92 3.92 3.92
Logic Area (cm?) 4.25 4.25 5.1 12.42 12.42 12.42
Py ooic (W) 34.8 34.8 34.8 34.8 69.6] 41.28
PrLoca (W) 17.4 174 17.44 20.66 10.44 6.19
Psemi-Giobal (W) 14.63 14.63 6.89) 8.16 30.68 18.2
PGiobal (W) 6.96 6.96 4.18 5.63 11.78 6.99
Pciock (W) 34.8 34.8 22.97 27.21 56.93 33.76
Prepeaters (W) 45.24 45.24 29.7 35.19 73.6] 43.65
Pother (W) 20.17 20.17 20.17 20.17 40.34 23.93
Prota (W) 174 174 136.15 151.82 293.37 174
Power Density Per
Active Layer Och'z) 21.30 20.47 15.09 9.29 17.95 10.65

Table 5.1: Comparison of power dissipation due to logic, interconnect, clock distribution
and repeaters for 2-D and 3-D ICs with 2 active layers for ITRS 50nm technology
node. 3-D IC cases are presented for comparison by varying the chip area, A, and
operating frequency, f., and represent the same 2-D IC (conserving feature size,

number of transistors and functionality) converted to 3-D with 2 active layers
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The capacitance, C, is calculated for each component to determine the associated
power dissipated. For Ppogc, the device capacitance is calculated by considering gate
oxide capacitance, overlap capacitance and junction capacitance all of which are calcu-
lated from ITRS data [58]. Interconnect capacitances for the local, semi-global and
global tiers are found from the wire-length distribution and the dimensions of the wire
pitches for each tier [73]. Clock distribution capacitances are calculated using the
BACPAC model proposed in [79] by considering a buffered H-Tree model. Power
dissipated by repeaters is calculated based on the driver capacitances and the number of
repeaters. Pogper 18 determined in the 2-D case to be the sum of remaining components to
achieve the ITRS projected total power dissipation for this generation. Since this compo-
nent is assumed dominated by dynamic dissipation, it is considered linearly dependent on
the operating frequency for all 3-D cases.

In 3-D Case 2, the total power dissipation is seen to decrease primarily due to the re-
duction in the wiring requirement thus reducing the interconnect power dissipation,
reducing number of required repeaters and reducing the clock distribution network. 3-D
Case 3 is associated with a larger chip area which requires longer interconnect lines, a
larger number of repeaters and clock-distribution network all of which increase the power
dissipation. However, lower power density is achieved due to larger chip area. 3-D Case
4 shows a dramatic increase in the power dissipated primarily due to the significant

increase in operating frequency. 3-D Case 5 illustrates the increase in the operating
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Fig. 5.9: Comparison of temperature performance among 2-D ICs and five dif-

ferent two-active-layer 3-D ICs scenarios

frequency if the chip area and the power dissipation requirements are maintained constant
to 2-D.

Although the total power consumption as shown in Table 5.1 is reduced by going
from 2-D to 3-D ICs due to the reduction in the interconnect and the clock network
related capacitance, the heat removal capability could deteriorate as the upper active
layers experience a longer heat dissipation path to the heat sink. Fig. 5.9 compares the
temperature rise for different 3-D integration scenarios. The lowest temperature achieved
is that for 3-D Case 3. Here, although the wiring has been reduced by migrating to 3-D,
the operating frequency and the chip area have been maintained constant as compared to
2-D. The power density, then, is significantly lower than in the 2-D case giving rise to a

lower die temperature. It should be noted that, in most of the cases, 3-D ICs have similar
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temperature rise but have the advantage of either reduced chip area (Case 2) or increased
operating frequency (Case 5). In the case of equal chip area and operating frequency
(Case 3), lower temperature than 2-D ICs can be achieved. Note that to double the
operating frequency (Case 4), temperature will invariably increase. Nevertheless. the
temperature is still much lower than that estimated with via effect ignored [24, 67, 78].
Furthermore, it is desirable to put memory in close proximity to the logic circuitry
in order to reduce latency in high performance microprocessors. 3-D IC technology
provides an excellent opportunity to stack memory and logic. The power consumption in
on-chip memory is generally less than 10% of total power consumption and the area
occupied by memory and logic are comparable at 50 nm node. With these assumptions,
several schemes are developed, and applied in the following analysis to 3-D Case 4.
These schemes are illustrated in Fig. 5.10 where four 3-D stack schemes are shown, each
with a different configuration of memory and logic. Fig. 5.10 shows four 3-D stack
schemes along with their temperature performance. It can be observed that with logic in
the bottom active layer and memory in the upper layer (Scheme 1), the resultant tempera-
ture rise is the lowest. On the other hand, stacking logic parts back to back will

experience much higher temperature rise.
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Fig. 5.10: Thermal capability of high performance 3-D ICs (Case 4) for four
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Fig. 5.11: The noise performance of a typical low noise amplifier (LNA) under
the temperature effect is evaluated. NF is assumed to be 2dB @
290K.
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5.4 Thermal Impact on Heter ogeneous 3-D Integration

Heterogeneous integration of RF circuit in 3-D ICs, e.g., with a microprocessor to
facilitate wireless communication, has attracted major interest with the intent to isolate
substrate-coupled noise between digital and analog components [67]. Evaluated in Fig.
5.11 is the noise figure, indexing RF performance, that deteriorates rapidly with tempera-
ture rise, imposing more stringent design requirements for 3-D integration.

Employing optical interconnects in the global signaling or clocking could eliminate
many problems associated with large multi-GHz chips like reducing timing skew, power
and area for clock distribution [80]. An initial investigation to look at the thermal aspects
of the required optical components is shown below. In an on-chip optical interconnect
system, photodetectors are responsible for optical-to-electrical signal conversion. Usu-
ally, the detector photocurrent is ~100JA. Even the dark current (noise) increases rapidly
with temperature (Fig. 5.12), a photo-to-dark current ratio of 100 is still retained, which is
enough for reliable communications. In a dense optical interconnect, the receivers are
not noise-limited, but indeed gain-limited aiming at low power.

Focusing on the transmitting components like lasers and modulator diodes, the three
major temperature-induced changes in performance are drop in quantum efficiency,
degradation of laser threshold current, and shift in transmitter wavelength. Employing

strained multiple quantum well (MQW) active regions with effective facet coatings [81],

106



Section: 5.3 Power Analysis of 3-D ICs

1.E-05
1.E-06 -
1.E-07 -
1.E-08 -
1.E-09 -
1.E-10 -
1.E-11 | | |
25 125 225 325

Idark (A)

Temperature [C]

Fig. 5.12: Temperature effect on optical receiver performance is evaluated. A
typical example of Ti-Si metal-semiconductor-metal (MSM) PD dark

current vs. ambience temperature is shown here.

[83] and a bimetallic heatsink [84] were explored to get around the detrimental wave-
length shift. Recently, a quantum-dot laser with a maximum operating temperature of
160°C in pulse mode [85] has been demonstrated.

The last major components are the waveguide-related devices like modulators, optical
attenuators, and electric field sensors, etc. For a waveguide (attenuator) with an InGaAsP
MQW active layer and InP claddings, a negligible change in absorption coefficient (an
index for fiber loss) has been demonstrated from about 20 to 120°C [86]. Even up to

170°C, the absorption loss is still tolerable.. From the above analysis, the incorporation
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of optical interconnect into the 3-D architecture may require some more device design

efforts for higher temperature operation.

5.5 Conclusions

In conclusion, a compact analytical thermal model to evaluate temperature distribu-
tion in 3-D ICs including via effect is presented. It is demonstrated that via effect must
be considered to evaluate the thermal capability of 3-D ICs. Temperature performance of
various 3-D integration schemes has been examined thoroughly. It is shown that with
careful thermal designs, 3-D ICs can have the same thermal capability as that of 2-D ICs.
For the high performance case where higher temperature is not avoidable, better circuit
design and advanced package solution will be necessary. Finally, examples of 3-D
heterogeneous integration of RF circuits and optical interconnects have been explored

from the thermal view point.
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Conclusion

6.1 Summary

Due to scaling trends of VLSI technology, Joule heating at the interconnect levels
is becoming non-negligible. Asaresult, not only will thermal effects be a mgjor reliabil-
ity concern, but also the increase of wire electrical resistivity with temperature can
degrade the expected speed performance. In this thesis, both a compact analytical
formula and a convenient SPICE-based simulation methodology are developed to evalu-
ate the temperature rise on interconnects under steady-state and transient stress
conditions. The results demonstrate excellent agreement with experimental data and with
Finite Element (FE) thermal simulations (ANSYS). With the effects of vias, as efficient
heat transfer paths, being taken into account, more realistic and accurate interconnect
therma analysis is finally possible. Significant differences in temperature distribution

and maximum temperature rise are observed between the redlistic situation of heat
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dissipation with vias and the overly ssimplified case that ignores the via effect. Further-
more, it shows that the effectiveness of vias in reducing the temperature rise is highly
dependent on the via separation and the dielectric materials used. The effective thermal
conductivity of ILDs can be significantly higher than the nominal value if via separation
is comparable to the therma characteristic length. Therefore, the thermal problem
associated with low-k insulators is not as bad as it might appear. It should be noted that
global interconnects would suffer much higher temperature rises than local interconnects
due to the much longer via separation and further away from heat sink. Additionally, the
thermal advantage gained by using dummy thermal vias in advanced Cu/low-k intercon-
nects is quantified, which may offers a solution to alleviate hot interconnect phenomena.

The impact of Joule heating on the scaling trends of advanced VLSI interconnects
has been evaluated in detail. Coupled analysis of delay and electromigration MTF for
various technology nodes suggests that Joule heating will limit scaling of current density
and use of low-k materials. It shows that the interconnect Joule heating can strongly
affect the maximum operating temperature of the globa wires which will, in turn, con-
strain the scaling of current density to mitigate electromigration and, thus, greatly
degrade the expected speed improvement from the use of low-k dielectrics. Optimization
with various interconnect parameters is performed to provide therma design guide-
line/insight in the early design phase.

Finally, potential bottlenecks and opportunities of future heterogeneous three di-

mensiona (3-D) ICs with various integration scenarios are identified from the thermal
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point of view. It is shown that under certain scenarios, 3-D ICs can actually lead to better
thermal performance than planar (2-D) ICs. Tradeoffs among power, performance, chip

real estate and thermal impact for 3-D ICsis evaluated.

6.2 FutureWork

In our analytical thermal model under steady-state normal operation condition, we
assume the wire resistivity is at a constant value. Although errors introduced because of
this ssimplification are minimal, more accurate results can be obtained by including the
temperature dependency, carrier scattering and skin effect etc. This will lead to a non-
closed form formula, and require a few iterations. However, with the help of computer,
this process should not be too difficult.

On the other hand, we consider the heat sink as the sole thermal dissipation path to
the outside ambient and assume adiabatic boundary conditions on the top and on all the
four side walls of the chip, with the reasoning that the chip is encapulated by some
insulating materials. These assumptions are fairly accurate with wire bonding package
and dtill quite reasonable with the current flip-chip technology. However, with the
increasing number of bumps for each generation, more heat will be dissipated through
these thousands of metal balls. The effect of this additional heat transfer path should be

investigated to ensure valid thermal analysis.
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Lastly, the therma modeling and insight developed in this work should not be lim-
ited to interconnect level; it can be easily extended to device level and chip level with
certain modification. The thermal effects will continue to be a major issue for years to
come in chip design, hopefully, more accurate and convenient methodologies can be built

upon thiswork to facilitate the continued advancement of semiconductor industry
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