Seventh International Dielectrics and Conductors for ULS Multilevel Interconnection Conference (DCMIC), Santa

Clara, CA, March 5-9, 2001, pp. 38-50.

Trendsfor ULSI Interconnectionsand Their Implicationsfor Thermal,
Reliability and Perfor mance | ssues

(Invited Paper)

Kaustav Banerjee
Center for Integrated Systems
Stanford University, Stanford, CA 94305
kaustav@stanford.edu

Abstract

This paper provides an overview of ULSI
interconnect scaling trends and their implications
for thermal, reliability and performance issues
simultaneoudly. It shows how interconnect scaling
requirements for deep sub-micron (DSM)
technol ogies cause increasing thermal effects. The
paper then examines the impact of thermal effects
on both interconnect design and e ectromigration
(EM) reliability. Specifically, it discusses the
impact of thermal effects on the allowable current
density limits. Furthermore, it also discusses how
thermal and reliability constrained current density
limits may conflict with those obtained through
purely performance based criterion. Additionaly,
high-current interconnect design rules for ESD and
I/O circuits are also examined.

1 Introduction

As VLSl technology scales, interconnects are
becoming the dominant factor determining system
performance and power dissipation [1], [2], [3].
The ever-increasing demand for speed and
functionality of Si-based advanced high
performance chips has caused aggressive scaling of
ICs beyond 0.25-um minimum feature size. These
technology nodes, commonly referred to as deep
sub-micron, (DSM) dlow VLS circuits to meet
the required device density and various circuit
performance specifications. This trend has
resulted in a dramatic reduction of the interconnect
metal pitch and increased the number of
metallization levels to accommodate the increasing
number of wired circuits per chip. A schematic
cross-section of a multilevel interconnect scheme
isshown in Figure 1. This aggressive interconnect
scaling has resulted in increasing current densities
and associated thermal effects.
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Figure 1. A schematic cross section of a multi-level
interconnect scheme employed in present VLS| circuits.
The metal pitch is defined as (W + §) and the aspect
ratio is defined as (H/W).

Thermal effects are an inseparable aspect of
electrical power digribution and signa
transmission through the interconnects in VLS|
circuits due to self-heating (or Joule hesting)
caused by the flow of current [4]. Thermal effects
impact interconnect design and reliability in the
following ways. Firstly, they limit the maximum
alowable RMS current density, jrusmax (Since the
RMS value of the current density is responsible for
heat generation) in the interconnects, in order to
limit the temperature increase. Secondly,
interconnect lifetime (reliability) which is limited
by electromigration (EM), has an exponential
dependence on the inverse metal temperature [5].
Hence, temperature rise of metal interconnects due
to self-heating phenomenon can also limit the
maximum allowed average current density, javg-max
since EM capahility is dependent on the average
current density [6]. Thirdly, thermally induced
open circuit metal failure under short-duration high
peak currents including electrostatic discharge



(ESD) is dso a rdiability concern, [7] and can
introduce latent EM damage [8] that has important
reliability implications.

Additionally, low dielectric constant (low-k)
materials are being introduced as an aternative
intra-= and inter- level insulator to reduce
interconnect capacitance (therefore delay) and
cross-talk noise to enhance circuit performance [9],
[10], [11]. These materias can further exacerbate
thermal effects owing to their lower thermal
conductivity than silicon dioxide [12].

Furthermore, it isimportant to understand how
thermal and reliability constraints may conflict
with the performance optimization steps employed
at the circuit level. Hence, thorough analysis of
thermal effects in DSM interconnects is necessary
to comprehend their full impact on circuit design,
accurately model their reliability, and provide
thermally safe design guidelines for various
technologies.

In the next sub section interconnect scaling
requirements as per [13] are examined and their
implications for therma effects are discussed
briefly.

1.1 Trendsin Interconnect Scaling and
Implicationsfor Thermal Effects

As VLSl circuits continue to be scaled
aggressively, arapid increase in functiona density
and chip size is observed as shown in Figure 2.
This has resulted in increasing number of
interconnect levels and reduction in interconnect
pitch in order to redlize al the inter-device and
inter-block communications. Figure 3 shows this
trend with interconnect levels increasing further in
the near future, from 6 levels at the 250 nm node to
9 levels at the 50 nm node. This increase in the
number of interconnect levels causes the upper
most interconnect layers to move further away
from the S substrate making heat dissipation more
difficult. Additionally, decreasing interconnect
pitch will cause increased thermal coupling.
Furthermore, the critical dimensions of contacts
and vias are also decreasing with scaling as shown
in Figure 4 resulting in higher current densities in
these structures. Compounded with the
introduction of low-k dielectrics as alternative
insulators, whose therma conductivities are also
much lower than that of silicon dioxide (Figure 5),
it is envisioned that thermal effects in

interconnects can potentially become another
serious design constraint.
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Figure 2 Present and projected functional density and
chip size of microprocessors for different technology
nodes and year of first product shipment. The
functional density is expected to increase from 3.7
million in 1997 to 180 millionin 2012.
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Figure 3. Present and projected interconnect levels and
minimum contacted/non-contacted interconnect metal
pitch of logic circuits for different technology nodes and
year of first product shipment.
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Figure 4. Present and projected minimum contact/via
critical dimensions (CD) of logic circuits for different
technology nodes and year of first product shipment.
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Figure 5. Therma conductivity and approximate
dielectric constants (k) of some insulating materials
used (or being introduced) in high performance circuits.

Figure 6 (a) An interconnect of length | between two
buffers (b) The equivalent RC circuit. Vg is the voltage
at the input capacitance that controls the voltage source
Vy. Ry is the driver transistor resistance, C, is the
output parasitic capacitance and C_ is the load
capacitance of the next stage, r and c are the
interconnect resistance and capacitance per unit length
respectively.

A simple andysis to demonstrate the
implications of technology scaling on technology
performance is now presented [4]. Thisanalysisis
instructive since these in turn have important
implications on thermal effects and on reiability
requirements for interconnects.  Consider an
interconnect segment of length | between two
inverters as shown in Figure 6 (a). Figure 6 (b)
shows the equivdent distributed RC
representation. Here the inverter on the left that is
driving the interconnect is represented as a voltage
source controlled by the voltage Vg at the input
capacitance. R, is the equivalent transistor

resstance, C, is the parastic capacitance
composed mainly of the drain capacitance of the
transistors. C, is the load capacitance or the input
capacitance of the second inverter. Also, c and r
are the capacitance and resistance per unit length
of the interconnect line.

Using this simple model the performance of a
technology can be most simply summarized by the
overall delay time 7 for a signal, which can be
expressed as,

r= Rtr(Cp +C|_)+(Rtrc+rC|_)I +%rcl2 (@D}

Ry, Cp, and C are functions of the transistor design
and the circuit design WL ratios used. The
interconnect resistance per unit length, r, depends
on the resigtivity of the interconnect metal while ¢
depends on the didectric constant of the
surrounding insulating material, interconnect meta
pitch, interconnect geometry, and underlying
insulator thickness [14]. The three terms on the
right hand side of (1) represent the intrinsic gate
delay, the load delay, and the interconnect delay
contributions, respectively. The factor of half in
the interconnect delay arises due to the distributed
nature of the interconnect. A more genera
expression for Twill be provided later.

Now if sisthe scaling parameter, which can be
defined as the ratio of the feature size at a newer
technology node to the feature size at an older
reference technology node, then s is aways less
than one. There are two simplified scaling
scenarios for interconnects:

e Scale meta pitch (W + § at constant metd
thickness (H) (see Figure 1)
e Scale metal pitch and the metal thickness

Under the first scenario, the load delay, line delay
and current density will scale as 1/s, V<, and s
respectively. Under the second scenario, the load
delay, line delay and current density will scale as
1<, 1/, and 1/s° respectively. In either case, it
can be seen that interconnect delays begin to
dominate technology performance, and that current
density increases with scaling.

The interconnect scaling requirements drive
several technology enhancements. Use of low-k
materials lowers the interconnect capacitance per
unit length ¢ (particularly intra-level) in (1) and
therefore lowers the total interconnect delay



(05rcl®).  Lower interconnect capacitance also
helpsin minimizing cross-talk noise. Furthermore,
lower interconnect capacitance also helps in
reducing the dynamic power dissipation (Pgyn)
during the switching of gates in digital circuits,
which can be estimated by

Peyn :%aCVZf )

where a is the activity factor or switching
probability, C is the total capacitance, V is the
power supply voltage and f is the clock frequency
of the circuit.

Hence, it is the minimization of interconnect
capacitance that is driving the introduction of low-
k dielectric materials. Similarly, lower
interconnect resistance and higher current density
requirements drive the use of new metalization
(namely Cu). Since these low-k materials aso
have lower thermal conductivity than silicon
dioxide (Figure 5), heat dissipation becomes even
more difficult. Thus VLSI technology scaling has
important implications on thermal effects as
discussed in this section. The various trends in
technology scaling that causes increased thermal
effects in interconnects can be summarized as.

e Increasing current density

* Increasing number of interconnect levels
e Introduction of low-k dielectric materias
e Increased thermal coupling

1.2 Implications of Thermal Effects on
Reliability and Performance

In current VLS interconnect designs, current
density design rules are typicaly based on EM
lifetimes [6]. However, the actua current densities
are determined by the interconnect parameters
(resistance and capacitance per unit length and the
length of the interconnect) and the strength of the
buffer which is driving the interconnect length. In
a typical design, long interconnects, which can
potentially have large current densities, are usually
split into buffered segments to improve
performance (signal slew and delay) [15]. The
signa line length and buffer sizes are optimized to
give maximum performance for a given
technology. Signa lines longer than the optimum
length would increase interconnect delay while
buffer sizes larger than the optimum would result

in an increase in buffer delay. Moreover,
increasing buffer size would increase the current
density of the signal line connected to the output
and may also cause excessive power dissipation.
Hence, it is important to quantify whether the
associated current densities in signa  lines
optimized for maximum performance also meet the
EM design limits.

As mentioned earlier, in DSM technologies,
low-k materids invariably have poor thermal
properties and therefore the use of such materials
can significantly impact the EM design limits. On
the other hand, the use of Copper, which has lower
resistivity, aleviates the problem to some extent.
It is therefore important to quantify whether EM
reliability or performance is the dominant factor
determining the optimal signal line length in
various low-k/Cu based interconnect systems.

Recently a methodology for quantitative
comparison of the impact of EM, thermal effects
and performance on the optimization of the signa
line length has been formulated [16]. The
methodology has been applied to various low-k/Cu
interconnect systems [17]. The next two sections
deal with this methodology. In Section 2, effect of
self-heating on EM is briefly discussed followed
by an analysis of the sdf-consistent design
approach that takes quasi-2D heat conduction into
consideration. The modified self-consistent
approach is then used to quantify the impact of
new interconnect materids (Cu and low-k
dielectrics) on allowed current density limits.
Section 3 introduces the methodology for
computing the current densities from performance
considerations only, and then provides a direct
comparison  between the reliability and
performance based current density design limits

[17].

2 Interconnect Reliability
2.1 Influence of Self-Heating on EM

EM lifetime reliability of metal interconnects
ismodeled by the well known Black’s equation [5]
given by,

Q
e BC

TTF=Aj Mexp(

where TTF is the time-to-fail (typicaly for 0.1%
cumulative failure). A is a constant that is



dependent on the geometry and microstructure of
the interconnect, j is the DC or average current
density. The exponent n is typicaly 2 under
normal use conditions, Q is the activation energy
for grain-boundary diffusion and equals ~ 0.7 eV
for Al-Cu, kg is the Boltzmann's constant, and T,,
is the metal temperature. The typica goa is to
achieve 10 year lifetime a 100 °C, for which (3)
and accelerated testing data produce a design rule
value for the acceptable current density, jo, at the
reference temperature T, However, this design
rule value does not comprehend self-heating.

The effect of self-heating can be analyzed from
the following: The meta temperature, T, in (3) is
given by,

Tm =Tref + ATdlf —heating (4)

and,

ATl - —heating — (Tm Tref)—lrmsRRe )

where T, is typically taken as ~100 °C, AT neating
is the temperature rise of the metal interconnect
due to the flow of current, R is the interconnect
resistance, and Ry is the effective thermal
impedance of the interconnect line to the chip. s
is the RMS current for a time varying current
waveform, or the DC current for a constant current
stress. It can be observed from (3) and (4), that as
self-heating increases, the metal temperature
increases, and hence the EM lifetime decreases
exponentially.  Therefore, it is important to
accurately account for self-heating in (3).

22 Sdf-Consistent
Analysis

Interconnect  Design

In this sub-section the formulation of the self-
consistent solutions [18], [16] for alowed
interconnect current density is summarized, and
then applied to analyze low-k/Cu interconnects in
the next sub-section. The ATwiheating 1N
interconnects given by (5) can be written in terms
of the RM S current density as,

J2 _(Tm Tref)KlnsWeff
rms tins tm Wm 2m(Tm)

(6)

Here t, and W, are the thickness and width of
interconnect metal line, and p(T) is the meta

resistivity at temperature T,,. Note that the thermal
impedance Ry in equation (5) has been expressed
as,

t.
Rg = — 1" _— ()
Kins L Wegt

Here t;s is the total thickness of the underlying
dielectric, Kiys is the thermal conductivity normal
to the plane of the dielectric, and L is the length of
the interconnect. In this expression for the thermal
impedance, Wy has been modeled as the effective
width of the metal line taking quasi-2D heat
conduction [16] into consderation from
experimental datafor high aspect ratio lines.

Now, in order to achieve an EM rdiability
lifetime goal mentioned earlier, we must have the
lifetime at any (jag) current density and metal
temperature T, equal to or larger than the lifetime
value (eg. 10 year) under the design rule current
density stress j, at the temperature T, This value
of jois dependent on the specific interconnect metal
technology. Therefore we have,

ool @ H apd Q L
H(B mH D%BTfef E

2
Javg Io

(8)

Using the relationship between jayg, jpeaks jrms, @Nd r
for arectangular unipolar pulse, (jag = I jpeaks & Jrms
jpeak) we have after eliminating j peak,

j2

avg _, ©
2

Irms

Substituting for j3,c from (6) and j §Vg from (8) in
(9) we get the self-consistent equation given by,

HexpE Q EH
F:jgg Kg Tm Etlnstmwmpm(-rm)

H BD(Tm Tref )KlnsWeff
Hex H‘B Tref HH

Note that this is a single equation in the single
unknown temperature T, Once this self-consistent
temperature is obtained from (10), the
corresponding maximum allowed j;ms and jpea can
be calculated from (6) and the current density

(10)




relationships given above. The self-consistent
equation given by (10) for unipolar pulses is aso
valid for more genera time varying waveforms
with an effective duty cycle rg [19].
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Figure 7. Sef-consistent solutions for maximum
allowed values of jims and jpea for Metal 6 in 0.25-um
technology for different values of K., Interconnect
metal is Cu with py(Ty) = 1.67 x 10°[1 +6.8 x 102 °C™?
(Tm - Trer)] Q-cm. The activation energy is assumed to
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maximum allowed jpex for Metal 6 in a 0.25-um Cu
technology, as a function of duty cycle for different
values of jaq (0r jo) for SiO, and air as the dielectric.

2.3 Impact of New Materialson Current
Density Limits

Allowed interconnect current densities are
expected to be dstrongly influenced by low-k
materials, which cause increased Joule-heating due
to their lower thermal conductivity [12], [20].
Therefore we begin by anayzing the effect of
introducing new interconnect and dielectric
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Figure 9. Comparison of the maximum alowed jpea
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values for Metal 8 of a 0.10-um technology shown for

different dielectric materials.
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Figure 10. Comparison of the maximum allowed jpea
values for signal (r = 0.1) and power lines (r = 1.0) for
Metal 8 of a 0.10 um technology shown for different
dielectric materials. The lower values of jpex in power
lines is because of their higher temperature rise resulting
from carrying DC current.

materials on allowable current density limits. In
Figure 7 the self-consistent values of jims and jpea
are plotted as a function of the duty cycle r, for
different dielectrics. It can be observed that jims
and jpea decrease significantly as dielectrics with
lower thermal conductivity are introduced. For
small values of r, jms varies very slowly with r.
Thisis due to increased Joule-heating. In Figure 8
we plot jpex and T, as a function of r for SiO, and
air as the didectric for different values of the
design current density, jag. It can be observed that
Jag does not change e appreciably, and as r
reduces, the increase in jpea With jag becomes
negligible. Furthermore, for a dielectric material
with low thermal conductivity such as air, jpea IS
amost independent of j., This indicates that
introduction of better interconnect materials



becomes increasingly ineffective in increasing jpeax
for dielectrics with poor therma properties.
Figure 9 summarizes the impact of low-k
dielectrics on allowed jpe for both Cu and AlCu
interconnect systems. It can be observed that the
difference between the maximum allowed jpey for
AICu and Cu interconnects reduces as dielectric
materials with poor therma properties are
introduced. For the specific case of air as the
dielectric, the j e values are very similar for AlCu
and Cu. This is demonstrated for two different
values of a4 for Cu, one value identical to that of
AICu and the other three times higher than this
value, which accounts for the improved EM
performance in Cu. We also compared current
carrying capabilities of signal and power lines and
the results are shown in Figure 10. Consistent with
Figure 7, it can be observed that the j e Values are
about an order of magnitude lower for the power
lines due to increased thermal effects.

3 Interconnect Performance
3.1 Implications of Performance Optimization
on Signal Line Current Densities

As a next step we demonstrate a methodology
for computing current density from performance
considerations only [16], [17]. Consider an
interconnect of length | between two buffers. The
schematic representation is shown in Fig. 6(a).
Fig. 6(b) shows an equivalent RC circuit for the
system. The voltage source (Vy) is assumed to
switch instantaneously when voltage at the input
capacitor (V) reaches afraction x, 0 < x < 1 of the
total swing. Hence the overall delay of one
segment is given by:

r=b{(x)Ry (CL +Cp)+b(x) (cRy + rC )l +a(x)rcl?
(11)

where a(x) and b(x) only depend on the switching
moded, i.e, x. For instance, for x=0.5, a=0.4 and
b=0.7 [21]. If ro, Co and C, are the resistance, input
and parasitic output capacitances of a minimum
sized inverter respectively then R, can be written
asro/swhere sis size of the inverter in multiples
of minimum sized inverters. Similarly Cp = s ¢,
and C_ = sc,. If thetotal interconnect of length L
is divided into n segments of length | = L/n, then
the overall delay is given by,

Tdelay :”T:%b(x)ro (Co +Cp)+b(X)§:r—2+srcog|_

+ a(x)relL
(12)
It should be noted in the above equation that s and
| appear separately and therefore Tgyay Can be

optimized separately for s and |.  The optimum
values of | and sare given as:
b(X)ro (co+Cp)
| = | 1
opt a(x)rc (13)
lbC
= | 14
Sopt rco (14)

Note that s, is independent of the switching
model, i.e., X.

Since, for deep sub-micron technologies, a
significant fraction of interconnect capacitance, c,
is contributed by coupling and fringing
capacitances to neighboring lines as shown in
Figure 11, a full 3D-capacitance extraction using
SPACE3D [22] for signa lines at various metal
levels was used to obtain the values of ¢ for SPICE
simulations.

Thisinverter-interconnect structure isused as a
delay stage in a multi-stage ring oscillator and the
current waveforms and current densities along the
interconnect are be obtained. In practice, the input
capacitance C_ of the inverter is amost constant
but the output resistance R; and output parasitic
capacitance Cp are bias dependent and therefore
change during the output transition. Therefore
accurate values of optimal interconnect length and
buffer size need to be determined by SPICE
simulation. For this, we take advantage of the fact
that the optimal interconnect length does not
depend on the buffer size. Therefore, we first set
the buffer size to an appropriate value and sweep
the interconnect length and find the optimum
length which minimizes the ratio of the ring
oscillator stage delay and interconnect length.
Using this optimum length, we subsequently sweep
buffer sizes and find the optimum buffer size,
which minimizes the stage delay. Thisallowsusto
obtain the values of |, and s,y taking into account
the bias dependence of transistor resistances and
capacitances and the switching model.
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Figure 12. Optimized buffer and interconnect segment
showing location of maximum current density.

Thisanalysisis carried out for every metal layer in
the two technologies under study.

Note that due to the distributed nature of the
interconnect, the maximum current density occurs
close to the buffer output (Figure 12). Hence, we
need to verify whether this maximum current
density, which is obtained from performance
considerations (j-performance) ONlY, also meets the EM
current density limits (j_reianiiy) Obtained earlier
using the sdlf-consistent approach.

The interconnect current waveform in the
metal lines for 0.25-um and 0.1-um technologies,
as obtained from SPICE simulations, were found to
be bipolar as expected (Figure 13). It should be
noted that (3) represents the EM lifetime riability
equation for a unipolar pulse or dc current. The
EM lifetime under bipolar stress conditions is
known to be higher than that under the unipolar
case. In this work, the unipolar EM lifetime
reliability equation is used as aworst case limit.

Also, the relative rise and fall skew was found
to be same across both technologies. From our
simulations it was observed that drivers and
interconnects optimized using (13) and (14),
maintain good dew rates for rising and faling
transitions for all the metal layers and across both
technologies with an effective duty cycle (re =

i3/ iéns) Of 0.12+ 0.01 as shownin Table 1.
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Figure 13. Current waveforms in the top layer metal
lines obtained from SPICE simulations for the 0.25 pm
and the 0.1 um technologies.

Since for the signal lines the current waveform
is symmetric and bipolar, jag and j.ms are computed
over haf the time-period to obtain rg. Table 1
aso lists the maximum values of the average and
peak current densities.

In the above analysis it was assumed that the
line capacitance per unit length is constant. In an
actual design this is not necessarily the case.
Consider the interconnect structure shown in
Figure 11. The total interconnect capacitance Ciygy
can be viewed as a sum of capacitance to lines on
the same metal layer Ciagwor and lines on other
metal layers Coner (sShown by solid and dashed lines
respectively in Figure 11) Creghbor and  Cother
consist of both paralel plate and fringing
capacitances. Lines on adjacent metal layers are
typically routed orthogonal to each other. Hence
the total capacitance between metal lines at two
adjacent layers is very small. On the other hand
the capacitance to neighboring lines is large. This
is specidly the case for deep sub-micron
technologies where the aspect ratio of the lines is
greater than 1 and as a result, (Creghvor / Ciotal) 1S
very high (0.7 to 0.9). The effective capacitance of
the line ranges from (2CagnbortCother) 10 Cother
depending upon whether the neighboring line



Layer [ opt Sopt J avg ] peak Fef
(mm) (x10°A/cm? | (x10°A/cm?)
1 2.51 75 3.06 27.02 0.11
2 241 | 80 291 26.38 0.11
3 479 | 157 1.67 14.69 0.11
4 548 | 148 1.32 13.48 0.10
5 125 | 494 0.61 5.18 0.12
6 139 | 454 0.52 4.69 0.11
@
L ayer [ opt S)pt J avg ] peak Fef
(mm) (x10°A/cm?) | (x10°A/cm?)
1 0.85 | 36 5.13 38.99 0.13
2 0.9 40 5.10 39.48 0.13
3 157 | 97 273 20.93 0.13
4 1.79 85 2.39 18.27 0.13
5 447 | 276 1.28 9.78 0.13
6 4.68 | 249 1.21 9.00 0.13
7 8.8 | 500 0.49 3.67 0.13
8 9.58 | 522 0.44 35 0.12
(b)

Table 1. Optimized interconnect length (log), buffer size
(Sopt), corresponding average and peak current densities
and duty cycle (r) for (@) 0.25-um Cu technology with
insulator dielectric constant = 3.3 and (b) 0.1-um Cu
technology with insulator dielectric constant = 2.0. The
optimum repeater size given by s, means that the width
of the NMOS and PMOS for this inverter are obtained
by scaling the width of the corresponding transistors in
aminimum sized inverter by a factor of Syy.

signals are switching in the opposite direction or
the same direction.

Furthermore, it is observed from simulation
and can be shown that the interconnect current
remains almost the same if the load capacitance of
a buffer changes. The rise and fall time will get
affected significantly but the interconnect current
does not change appreciably if the buffer drive
strength is unchanged. However, for the slower
transition, r increases and for the faster transition, r
decreases (typica values observed in simulation
are 0.2 for dower transition and 0.05 for the faster
transition).

3.2 Comparisons between Reliability and
Performance Based Current Density Limits

Figure 14 shows the comparison of
javg—performanceWith the Val ues Of javg—reliabilityfor a0.25-
pm technology based on [13]. It can be observed
that j avg-performance IS AlWays lower than jayg-reiiaiiity for
al the dielectrics. However, for low-k dielectric
materials we find that the difference between
javg—reliability and javg—performance reduces. Thisis due to
the fact that these didlectrics have lower
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Figure 14. Comparison of ja.4 values obtained from
reliability and electrical performance considerations for
Metal 6 of a0.25-um Cu technology. rer = 0.11.

thermal conductivity than oxide which leads to
greater interconnect Joule-heating and therefore
lower allowable current densities.

Finally, it should be noted that the jaugraianility
values generated above were for an isolated line.
In real ICswith multiple layers of interconnect, the
Joule-heating of interconnect lines is known to be
significantly more severe due to thermal coupling
between neighboring lines [23]. Figure 15 shows
comparison of jayg-performance With the values of
Javgretianiity fOr a 0.1-pm technology including the
Javgreianiity  values  for redistic  interconnect
structures using finite element simulations to
demonstrate an optimistic scenario of thermal
coupling using various dielectrics.
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Figure 15. Comparison of ja.4 values obtained from
reliability and performance considerations for Metal 8
of a0.1-uym Cu technology. re = 0.12. The effect of
thermal coupling in redlistic multilevel interconnect
arrays on the j,,4 values is also shown here for various
dielectric materials.

O Performance



It can be observed that the jagpeformance ValUES
remain lower than the jaygraianiiyy VAlUES even after
thermal coupling in realistic structures is taken into
account. However, in this simulation it is assumed
that rg = 0.12 at al times, which can actualy
increase (to ~ 0.2), if neighboring lines switch in
the opposite direction as discussed earlier. This
increase in rg; Will further lower javg-reiiabiiy- HENCe,
impact of switching states of signa lines on
allowed current density design rulesisimportant.

4 Thermal Effectsunder High-Current Stress

Conditions

In this section we will briefly address
interconnect design issues for high-current
robustness. Apart from normal circuit conditions,
ICs also experience high current stress conditions,
the most important of them being the electrostatic
discharge (ESD), that causes accelerated thermal
failures [24]. Semiconductor industry surveys
indicate that ESD is the largest single cause of
failures in ICs. ESD is a high current short-time
scale phenomena that can lead to catastrophic open
circuit failures, and to latent damage [25].

Interconnect failure due to ESD is becoming
an important issue as VLS| scaling continues. As
the number of wired gates (G) per chip increases
(see Figure 2) the number of 1/O pins (Np) aso
increases as per Rent’s Rule [26], which is given
by

Np =K G# (15)

where K is the average number of 1/Os per gate,
and S is the Rent exponent that can vary from 0.1
to 0.7. As a conseguence of this increasing I/O
pins, the package floor planning is changing from
peripheral package connections to array grids in
order to accommodate the increased 1/0 pin count
[27]. In the array architecture, the interconnect
widths between external pads and the ESD
structures must decrease to preserve chip wirability
and to prevent timing delays in critical pathsand in
the receiver and driver networks. This trend can
increase the susceptibility of interconnects to ESD
failure. Furthermore, technology scaling and the
transition to new interconnect and dielectric
materials necessitates a growing need to
comprehend the high current behavior of these
structures and analyze their failure mechanisms in
order to provide robust design guidelines.

In [7] it has been shown that the critical current
density for causing open circuit metal failure in
AlCu interconnects is ~ 60 MA/cm?. A short time
scale high-current failure model for designing
robust interconnects to avoid thermal failure under
high peak current conditions is also formulated in
[7]. This model can be used to determine the
critical current for open circuit metal failure in
terms of the pulse width and the line width as
shown in Figure 16. These curves provide design
guidelines for ESD protection circuit and 1/O
interconnects. For example, a typical Human
Body Model (HBM) ESD pulse, which can be
described as a ~100 ng1.3 A event [24], would
require the width of the metal line to be greater
than ~2.5 um. Similarly for an electrical overstress
(EOS) event of 1 ps the minimum line width
should be more than ~7 um. Hence a safe design
guideline for these stress conditions would be ~10
pm. A study from IBM has shown that the model
can aso be applied to design damascence Cu
interconnects [27].
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Figure 16. Design rules for high-current robustness[7].

As mentioned earlier, interconnects can also
suffer latent damage if the lines resolidify after
melting and this has been shown to degrade the
EM lifetime [8]. Figure 17(a) shows a TEM
micrograph of an unstressed 3.0 pm wide AlCu
line. It can be observed that the grain sizeis~ 1.5
pm. A TEM diffraction analysis result is aso
shown in Figure 17(b). The diffraction pattern,
which consists of diffraction spots, confirms the
information from the TEM micrograph, that the
unstressed lines have small number of large grains.
The sparse spatial formation of the diffraction



spots is typical for a polycrystalline material with
small number of large grains. Figure 18(a) shows
a TEM image of a line (segment) that has been
stressed by a high current pulse but has not shown
any physical damage or change in line resistance.
The change in the microstructure is clearly visible.
The diffraction patterns shown in Figure 18(b) are
ring shaped, which is due to the presence of alarge
number of grains with random orientations,
indicating that the defect areas have smaller grain
size. Such grain size reduction will result from
rapid resolidification from a molten state.

The model presented in [7] can also be used to
avoid this latent reliability hazard. These
interconnect design rules must be obeyed for high
current robustness.

(b)
Figure 17 @) TEM micrograph of an unstressed AlCu
line with the b) corresponding TEM diffraction pattern.
All materials above and below the AICu line (including
the TiN layers) were removed by ion-milling process.

(b)

Figure 18 a) Microstructure of the metal within
resolidified sections showing small grain sizes b) TEM
diffraction rings validating the presence of a large
number of small grains with random orientations. The
innermost faint ring (shown by the arrows) indicates the
appearance of anew phase.

Summary

ULSI scding requirements are causing
increased therma effects in interconnects due to
increasing metallization levels, current density and
therma coupling, along with the introduction of
low-k dielectric materials with poor thermal
conductivity. Coupled anaysis of EM, thermal
effects and interconnect performance optimization
is necessary to quantify their impact on current
density limits and to understand various tradeoffs
between technology, reliability and performance
issues. A methodology, which  allows



determination of both reliability and performance
based current density limits, was discussed. This
technique can be effectively applied to study the
impact of technology scaling and performance
optimization on interconnect reliability. For the
low-k/Cu interconnect systems (based on NTRS),
it was shown that as long as point-to-point
interconnect performance can be optimized, EM
design limits for those signal lines will be satisfied.

Additionally, high-current design rules for
interconnects in ESD and 1/O circuits were
discussed, and a latent damage mechanism that can
cause overall product reliability degradation was
also examined.

In conclusion, therma effects are a growing
problem for deep sub micron interconnects and
require careful considerations. In fact, a recent
study that employed full-chip thermal analysis
using data from the International Technology
Roadmap for Semiconductors, showed that the
temperature of the global metal lines are increasing
inspite of the total chip power density remaining
more or less constant across various technology
nodes (180 nm to 50 nm) [28]. If reiability based
current density limits begin to conflict with those
based on performance, employing dummy thermal
vias might provide a solution for dleviating
thermal problems[29].
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