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Abstract

This paper presents both compact analytical models and fast
SPICE based 3-D electro-thermal 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
additional heat sinking paths to alleviate the temperature rise in
the metal wires, is included in our analysis to provide more
accurate and realistic thermal diagnosis. It shows that the
effectiveness of vias in reducing the temperature rise in
interconnects is highly dependent on the via separation and the
dielectric materials used. The analytical model is then applied to
estimate the temperature distribution in multi-level interconnects.
In addition, we discuss the possibility that, under the impact of
thermal effects, the performance improvement expected from the
use of low-k dielectric materials may be degraded. Furthermore,
thermal coupling between wires is evaluated and found to be
significant. Finally, the impact of metal wire aspect ratio on
interconnect thermal characteristicsis discussed.

1. Introduction

The scaling of ULSI leads to continuous increase in current
density that results in ever greater interconnect Joule heating. In
addition, a variety of low-k materials have been introduced to
reduce the RC delay, dynamic power consumption and crosstalk
noise in advanced technology [1, 2]. Together with the poor
thermal conductivity of such materials and more metal levels
added, the increasing thermal impedance further exacerbates
temperature rise in interconnects [3]. As a result, not only will
thermal effects be a major reliability concern [4, 5], but aso the
linear increase of resistivity with temperature can degrade the
expected speed performance. On the contrary, overly pessimistic
estimation of the interconnect temperature will lead to overly
conservative approach. Hence, performing a more realistic
thermal analysis and modeling of interconnectsis critical.

The fact that the interconnect temperature does not increase
inversely proportional to the nominal thermal conductivity of
dielectrics suggests that the vias, which have much higher
thermal conductivity, serve as efficient heat dissipation paths.
The predicted temperature will be significantly higher than the

temperature in practical situation if via effect is not properly
considered. Since the cross sectional area of vias is generally
smaller than those 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 [6], the temperature rise in
the viais not as high as that in the wire. The vias are simply too
short to produce enough heat. Furthermore, all the vias are not
conducting current at the same time but they aways help
dissipate heat. Consequently, it is legitimate to consider vias as
efficient thermal sink paths.

In this work, using compact models and SPICE-based
electrothermal  simulations, impact of vias on the therma
characteristics of deep sub-micron interconnects is investigated
thoroughly and the temperature distribution along multi-level
interconnects is then evaluated. An analytical expression for the
effective thermal conductivity of ILD (inter-layer dielectrics),
KiLp e, incorporating via effect is derived. Additionaly, the
thermal advantage gained by using dummy thermal vias in
advanced Cu/low-k interconnects is quantified.  All the
dimensions of the interconnect structure in this paper were taken
from the 100 nm technology node based on the ITRS[7].

2. Thermal Analysis M ethodologies Overview

Both analytical models and SPICE based 3-D electrothermal
simulation methodology for thermal analysis of interconnects are
provided in this paper. Each of the analysis methods (analytical
and SPICE) has its own unique advantage and can be
complementary. The analytical expressions facilitate quick
estimation of temperature profile along metal wires and average
temperature rise for multilevel interconnects to provide thermal
design guidelines. On the other hand, the SPICE methodology
provides more accurate estimation of thermal coupling effects
and convenient transient analysis. Furthermore, due to the wide
familiarity of SPICE to the circuit design community, this
approach, as compared to traditiona FE simulation, can be
adopted more easily and it requires much less effort to set up as
well asless CPU timeto run.

2.1 Analytical Model and Assumptions

Various papers are devoted to derive analytical expression for the
temperature distribution in IC chips [8-10]. 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. In this work, parallel-array metal wires are
considered and a compact analytical thermal model incorporating
via effect is developed

In either steady state or transient condition, the first principle
of energy conservation law must be satisfied at any instance,

Ein+Egen' Eou =d—E§ (1)
dt

where the thermal energy entering, leaving, and generated in the
control volume are Ein, Eou, and Egen respectively. The rate of
change of energy stored within the control volume is designated
as dEg/dt. Since the substrate, to which a heat sink is usualy
attached, is assumed to be the sole heat dissipation path to the
outside ambient, only heat conduction downwards is considered
in this interconnect thermal 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. Thisis a
reasonable assumption because, in general, the chip is enclosed
by thermally insulated package materials. Heat radiation is
simply too small to be taken into account. Therefore, the net heat
transfer processes can be quantified by the rate equation known
as Fourier’slaw,

q =-kNT ©

where " [W/nf] is the heat flux and k [W/mK] is the thermal
conductivity.

2.2 SPICE-Based Electrothermal Simulation M ethodology

Based on the thermal-electrical analogy (Fig. 1) a 3-D distributed
thermal circuit model has been developed using SPICE.
Inclusion of the lateral thermal resistance in the model captures
the heat spreading effect and thermal coupling from nearby

Therma Electrica
Temperature T [K] = VoaltageV [V]
Heat QM = Charge Q [C]
Hest transfer rate q [W] = Current i [A]
Thermal resstance R [K/W] <=  Electrical resistance  R[V/A]

Thermal capacitance C; [JK] =  Electrica capacitance C [C/V]
Governing equations
Steady-State condition

Temperature Rise Voltage Difference
DT =gR: = DV=iR
Transient condition
Heat diffusion RC transmission line
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Figure 1. Thermal-Electrical analogous quantities.

interconnects. Therefore, there is no need to add any data-fitting
modification in the circuit model as in [11]. Furthermore, by
employing RC transmission lines in the circuit model, transient
thermal effectsin interconnects can also be analyzed.

2.3 Modd Validation

Both the closed form analytical thermal model and the SPICE
based simulation technique have been validated by comparing
with either experimental data [12] or simulation results carried
out by ANSYS (Fig. 2), a finite element simulation package. It
shows excellent accuracy within 5% agreement.
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Figure 2. Temperature profile along the Cu wires with 200 mm
viaseparation. H=t, 5 = 0.8 nm, w=d = 0.3nm, quoted
from ITRS[7] 100 nm node for global interconnects.

3. Steady-StateAnalysis
3.1 Temperature Distribution along Wires

Consider a rectangular metal wire with thickness H, width w,
length L, resistivity r (T) and thermal conductivity ky, separated
from the underlying layer by ILD of thickness t, p and thermal
conductivity k; p. With xcoordinate set to zero at the middle of
the wire, the two ends, x=+L/2, of the wire are connected to the
underlying layer through vias. The temperature at the ends of the
wire is assumed to be the same as the underlying layer
temperature, Ty, thus T(xL/2)=Ty. It is further assumed that heat
only flows downwards toward silicon substrate for the same
reasonsexplained in Section 2.1. Therefore, under steady state

conditions, with uniform root-mean-square current density, jrms,
flowing in the wire, from (1) and (2), the governing heat equation
isgiven by,

dr . dT  hw ,

- - —_ - + = 3
Kige " ImeMe ” Ty 1)+ i 1N =0 ©)
where mis the Thomson coefficient and r (T)=r o(1+b(T-Tp)),
with b being the temperature coefficient of resistivity (TCR).
The term hwe(T-To)/HW represents the heat loss downwards
through the dielectrics and h is the heat transfer coefficient
Kio/tip- The weg is used to represent the deviations from one-
dimensional heat flow. The Thomson effect is generaly small
and is neglected hereafter. The temperature distribution along
the wire can then be solved as,
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It can be thought that within the range of thermal characteristic
length, Ly, 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.

Effect of variation in r with temperature was found to be
small for practical situations and is ignored here. With further
simplification, the resistivity used in thiswork is assumed to be a
constant at r (Tpje) to afirst order approximation. Equations (3)
and (5) can then be written as,
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where heat spreading factor, S =Wy, /W ®)

The heat spreading factor, s, is employed to correct the deviation
from 1-D heat flow between a metal wire and the underlying
layer. wegs is the effective width of the dielectric through which
heat conduction takes place. As aresult, the spatial temperature
distribution along the wireis given by,

_ __cosh(x/Ly) 8, L oexeLre (9)
T(x) TO+DTMax§ Sosn(L/2L,)5

where DTyax(= jrms2t Li?/Ky) is the temperature rise in the wire
when via effect is ignored. In the above equation, T(0) is the
temperature at the middle of the wire (x=0) which represents the
maximum temperature in the metal wire.

The commonly used Bilotti’s equation [10] is not adopted in
this work to account for the deviations from 1-D heat flow. This
isdueto the fact that it assumes a single unpassivated heat (line)
source, whereas, in typical IC layouts, there are multiple heat
sources due to parallel metal wire array. A new expression of
heat spreading factor, s, is therefore derived here. For the worst
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Figure 3. Geometry used for calculating Rspr, Rrectand the
spreading factor s. Cross-sectional view is shown on the left hand
side. Space between any two wiresis shared for heat dissipation.

case scenario, all metal wires are assumed to carry the maximum
RMS current density and to be separated by spacingd. Asshown
in Fig. 3, the Joule heat transfers downward as well as spreads
laterally inthe ILD. Hence, the total cross sectional area through
which heat conduction takes place can be divided into two
regions whose per unit length thermal resistances are Ry, and
Rrect. Assuming the lateral spreading to increase linearly with
vertical coordinate, the spreading thermal resistance, R, can be
derived as
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Then, the total thermal resistance of ILD, Rnp, can be
calculated by combining Rspr and Riee: @,
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Riio = (113)

On the other hand, by definition, Rinj.p can also be expressed as

t ILD tILD (12)

kILDWefffective kILD\NS

Rh,ILD =
By comparing (11) and (12), s, can be obtained as
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After the s factor is installed in (7), effect of the via
separation and heat spreading on the temperature profile along a
metal wire can be captured completely by (9). As can be
observed from Fig. 2, the result using analytical expression
shows excellent agreement with the 3D finite element thermal
simulation using ANSYS. It should be noted that, dependent on
different layout and operating conditions, s could have different
expression than (13). However, al the equations derived here
can still be valid as long as the appropriate s is determined by

either an appropriate analytical expression or extracted from
simulation.

3.2 Impact of Via Separation on Effectivek, _p

As concluded from equation (9), 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 simplified case
that ignores via effect. In addition, it should be noted that as
predicted from (7) and validated from Fig. 2, the thermal
characteristic length, Ly, in the wire is longer if ILD has lower
thermal conductivity, (Kpolymer = 0.3 W/MK v.S. Koxige =1.2 W/mK).
Consequently, via effect is more important for the low-insulators.
By defining a via correction factor ), the via effect can be
incorporated into the effective thermal conductivity of ILD,
KiLp est, Which can then be used in place of the nominal k. pinthe
conventional thermal equations. An analytical expression for
KiLp et inCorporating via effect is now derived here. The average
temperature rise, DTy, in ONe metal layer can be expressed as,
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Comparing equations (14) and (16), via correction factor, h, can
be deduced as

2 /20
tanhg——=
h=1- Ly g, Ofh£l (17)
Tz
Ly
« 1
and kILD,eff = kILD F (18)

The K pes iS plotted against via separation in Fig. 4 for three
different ILD materials. The geometries of the interconnect
structure were taken from the ITRS [7] for the 100 nm
technology node for global wires. It can be observed that
incorporation of via effect results in increased K p e« especialy
for ILD materials with lower nomina 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.
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Figure 4. Effective ILD thermal conductivity increases with
decreasing via separation. The lower the nominal k), p, the
longer the Ly, and hence, the stronger isthe via effect.

3.3 TemperatureRisein Multilevel Metal Layers

Generally, Joule heat generated in metal wires is considered to be
dissipated only through the heat sink attached to the underlying
Si substrate. Therefore, all the heat generated in the upper metal
levels has to transfer through the lower metal levels before
reaching the substrate. With DT;.; ; defined as the average
temperature rise between metal layers i-1 and i, the temperature

%) 70
2. @4 —H—viaeffectignored
5 s
? 1 —e—viaeffectinduded
T O
L 30+
% 4
20_
(o)
§' 101
— O \ 4 + T T
0 2 4 6 8

Metal Layer Number

Figure 5. Distribution of temperature rise along metal layers
from metal one to the top metal layer. For the case that includes
the via effect, the via separations are 1, 5, 15, 30, 50, 100, 250
and 500 nm, for metal one through metal eight, respectively.

rise at the top layer for an N-level metal interconnect can be
obtained as

& N
DTy =Ty - Taaae =A DTy =Q G Ry, (19
i=1 i=1
3 tILDj h 3 2 (20)
@ak i Jrmsj T H;
i1 Kipj § =i

This is a closed form analytical equation that can be used to
compute the temperature rise of interconnects in a multilevel

interconnect system. For the case when via effect is neglected, h;
is set to be 1. As can been seen from (20), more heat flows
through lower levels since q; represents the sum of all the heat
generated from i layer to N layer. As a result, substantial

temperature rise will occur in local wires if the effect of the via
population, which is usually dense, is not taken into account. For
the purpose of demonstration of the importance of via effect,

some reasonable values of via separation were assigned to each
of the 8 metal layers and a polymer was used as the ILD for the
100 nm technology node. In addition, a worst case current
density, jus, Of 1.466 A/cnf was assumed for all wires. It can be
observed from Fig. 5 that the overall temperature rise is much
lower if effect of the vias is included. Secondly, it can be
observed that the temperature distribution among metal layersis
quite different for these two cases. Ignoring via effect resultsin
large temperature rise in the lower layers before leveling off. On
the other hand, with via effect considered, the temperaturerisein
the lower levels is significantly lower even when the ILD
material’s nominal therma conductivity is approximately one
fourth of Kgyige. 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 could be more
problematic [5] and the concern of increasing delay in the global
wires may get worse with this additional temperature effect.

3.4 Thermal Effect on RC Performance

In this sction the impact of thermal effects on RC delays are
evaluated for various low-k dielectrics. Severa dielectrics
schemes are evaluated in Table 1, homogeneous SiO,, polymer,
air, and heterogeneous air gap, where air is used for intra-level
and SiO, for inter-level dielectrics. The interconnect dimensions
and assigned via separations were the same as in Fig. 5 except
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Figure 6. (a) Interconnect configuration. (b) Distributed thermal circuit.

that, in the global levels 7" and 8" layers), four different via
separations, 100 pm, 200 pm, 500 pm and 1000 pum were
considered to analyze the via effect. Ignoring any fringe
capacitance, the total interconnect capacitance per unit length can
be simply expressed as. Ciota=2(Cip+Cimp), Where
CiLo=aLp/2AR and C,yp=empAR, where AR denotes wire aspect
ratio. Thickness of ILD is assumed to be the same as the height
of the upper metal layer. The factor of 2 in the denominator for
CiLp 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 (lineto-line) capacitance, Cyyp, is dominant. About 90% of
Ciotar IS contributed by Cyvp even if Miller effect is not
considered  Temperature in the global interconnect level is
estimated using (20). From Table I, it can be observed that the
lower the nominal k;_p, the stronger isthe via effect due to longer
Ly. Furthermore, as the distance between vias increases, the via
effect diminishes. In the case of using homogeneous air as
dielectrics, RC improvement can deviate from the expected value
by as much as 60% when via separation islong. From the data, it
can be seen that the heterogeneous air gap structure has the same
low temperature rise as the homogeneous SiO,, and has even
better RC performance than homogeneous air dielectrics after
considering thermal effects. This can be explained by observing
that for the air-gap structure most of the heat is flowing
downwardsto the heat sink while the capacitance is reduced by

(T-To)/To (%)

_50| T T T T
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Current Density in Neighboring Wire, J[X J)

Figure 7. T is defined as the maximum temperature rise in the middle
wire. Reference temperature T, isthe maximum temperaturerisein
the middle wire when there is no current flowing in the nearest
neighboring wires and with equal line width and spacing (S). The
current dendty in the middle wireis J, 1.4x10° Alcm2. Linewidhis
kept at 0.3nm throughout the simulation.

the presence of air as an intra-level dielectric. Finaly, it should
be noted that as current density keeps increasing for future
technology nodes, the RC performance expected from low-k
dielectrics may deviate from its nominal value further if thermal
effects are not managed properly.

3.5 Thermal Coupling Effects

To provide robust thermal analysis for deep sub-micron Cu/low-k
interconnects, it is very desirable to have an efficient simulation
methodology to estimate the temperature profiles in the metal
wires and evaluate the thermal coupling between them. Based on
the thermal-electrical analogy (Fig. 1), a 3D distributed thermal
circuit model has been developed. Thisthermal network can be
easily implemented in the same manner as an electrical circuit
network by simply employing the proper counterparts as
illustrated in Fig. 6. It isimportant to include the lateral thermal
resistance in the model to account for the heat spreading effect
and, therefore, there is no data-fitting modification in the circuit
model. The main advantage of this SPICE-based methodology is
that once layout data is available, the thermal analysis can be
done quickly. As validated in Fig. 2, the results using HSPICE
show excellent agreement with those using ANSY S. It should be
noted that the steeper temperature profile for the low-k
dielectrics could exacerbate electromigration due to the larger
temperature gradient. To account for the temperature
dependence of the metal resistivity, the heat generation (@) in
each piece of the wire has been modeled as a voltage
(temperature) controlled current source (q=J°r (T)).

To investigate the parallel thermal coupling effect between

Didlectric CIMD CILD thtal DT (OC) R (kQ/Cm) RC (nS/CmZ) Rea“Sth RC‘ Nomi na_l RC
Schemes (pFlem) | (pFfem) | (pF/cm) | (global wireviasep.) | ( global wire viasep.) | (global wireviasep.) | Normalized to SIO; | Normalized
(&/ K[W/mK]) 100/200/500/1000 [m | 100/200/500/1000 [ | 100/200/500/1000 [ 100/200/500/1000 to SOz
S0,
(4.0/12) 0956 | 0066 | 2043 | 83/87/9.0/90 | 1.07/1.08/1.08/1.08 | 2.20/2.20/2.21/2.2 v 1
Polymer
(25/0.3) 0598 | 0041 1.277 23/25/27/28 | 1.14/1.15/1.16/1.17 | 1.46/1.47/1.48/1.49 | 0-66/0.67/0.67/0.67 0.63
Air
(1.0/0.03) 0.239 0.017 0.511 59/95/145/165 | 1.30/1.46/1.69/1.78 | 0.67/0.75/0.86/0.91 | 0.30/0.34/0.39/0.41 0.25
Air gap
0239 | 0.017 0.609 8.3/8.7/9.0/9.0 | 1.07/1.08/1.08/1.08 | 0.65/0.66/0.66/0.66 | 0.30/0.30/0.30/0.30 0.30

Table 1. Redlistic RC performance of the top level interconnect, under the impact of thermal effect, is evaluated for various dielectric
schemes with different via separations. Thermal effect is not considered in the calculation of nominal RC performance.
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transient thermal analysis of interconnect structures.

wires, the configuration shown in Fig. 6(a) is examined and
symmetrical boundary conditions applied. In Fig.7, the middle
wire is carrying a current density of Jo(=1.4x10° A/cm2). It can
be seen that both the current density of the neighboring wire and
the line spacing greatly affect the temperature of the middie wire.
In the case of equa line width and spacing (0.3um), the
temperature rise of the middle wire can be increased by nearly
100%. The negative values are due to the symmetric boundary
condition chosen in this simulation. The coupling effect can be
even more drastic when the wire is carrying a low current
density, which represents a typical signal line. Consequently,
The strong thermal coupling may cause resistance variations and
further enhance crosstalk problem.

4. Transent StressAnalysis
4.1 Analytical Modé

In general, a high-current short-pulse (J > 10MA/cn?, and toulse
< 200 ns) usualy causes much higher DT« 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
riseduring brief transientsis

M, T, Mo inr@_ T ()

T, m. 1T m
(o) gy (oo g )+ o) + 20 T

Where Ceﬁ @CMWH +ZQLD S/W\Ja'ILDt +20IMDSH \la‘IMDt]-l (22)

and cy, ¢ p and c;yp are the heat capacity of metal, ILD and
IMD materials respectively. S, and S are shape factors in
vertical and lateral directions. a;p and a;yp are the thermal
diffusion coefficients of ILD and IMD materials respectively. It
should be noted that, unlike in the case of normal steady-state
operating condition, the temperature dependence of r(T)
absolutely can not be ignored because of the large temperature
rise. Together with the time- dependent Cg4, there is no easy
analytical solution available for (21). Therefore, an efficient
simulation methodology is desirable and will be discussed in
details in Section 4.2. On the other hand, a rough estimation of
temperature rise can be shown as[13],

ff

0.05um L #TiN <—>3 i TaN

o.mm‘ Al / O_GUNJ ((

o15um i 0.0 Un|
Sio, Sio2

Figure 9. Schematic cross <ections of Al and Cu interconnects with cladding
layers used in model validation [12] and for simulations in Fig. 10.
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4.2 SPICE-Based Simulation M ethodology

RC transmission lines are used to model the heat diffusion
(Fig.8) due to the similarity of the respective governing equations
as illustrated in Fig. 1. This technique was validated by
comparing with experimental data[12].

4.3 AlCu vsCu Interconnects

As shown in Fig. 10, for the same cross section, current density,
and surrounding dielectric, Cu wires would experience lower
DTmax than Al wires, due to their higher thermal conductivity and
thermal capacity, and most importantly, due to their lower
resistivity. This along with higher melting point (~1100 °C) than
that of AlCu (~660 °C) would provide more thermal margin to
Cu interconnects. However, DT can still 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 submicron designs.
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Figure 10. For the same wire cross section, shown in Fig. 9, Cu

wire shows much lower temperature rise compared to Al wire under

a200 ns pulse stress. Symbols represent simulation data.

4.4 Impact of Via Separation and Low-k Dielectrics

Fig. 11 compares the normalized spatial temperature distribution
along an interconnect line with a via separation of 100 um,
subjected to transient current pulses of 200 ns and 2 s 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, Lp p (at)¥?, where a is the thermal
diffusivity of the interconnect materials, are 5 um and 16 pum for
the 200 ns and 2 ps pulse durations respectively. Thermal
diffusion length Lp can beinterpreted as the distance over which
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Figure 11. Simulated normalized temperature (DT/DTmay) profile

along global Cu interconnect for two pulse durations with curent

density J=4x10” A/cm?. Polymer is used as dielectricsin this case.
via effect is prominent. Fig. 12 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. The maximum temperature rise, at
the end of a 200 ns pulse, DTnyax, is shown for globa (Fig. 13)
and local interconnects (Fig. 14) 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 pum,
the temperature rise is significantly aleviated 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
thermal scenario), no significantly higher DTy is observed for
the local interconnects. This suggests that they are all withinLp
and via effect dominates the thermal characteristics.

4.5 Impact of Dummy Thermal Vias

DTmax VS. Via separation for different dielectricsis shown for high
current pulse duration of 200 nsin Fig. 15. It indicates that DTyax
would be reduced dramatically for smaller via separation. For
larger via separation DT Saturates since the effect of vias
diminishes. Consequently, dummy thermal vias, which conduct
heat but are electrically isolated, can be installed in Cu/low-k
structure to lower the temperature rise. The advantage of the
dummy via effect can be demonstrated by using the lowest-k
dielectric, air, in ULSI interconnect structure despite its poor
thermal properties. In the case of global interconnect, Fig. 15
shows that thermal vias would be required approximately every
20 uym 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
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Figure 12. Thetemperature decay after a 200 ns current pulse,
for Cu/low-k (polymer) global wires. T hedecay isfacilitated

by the presence of vias.
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Figure 13. DTmaxof Cu global interconnect with 100 nm
via separation under a 200 ns current pulse. Temperature
rises sharply with current density.
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Figure 14. DTmaxof Cu local interconnect with 1 mm via

separation under @200 ns current pulse. Temperaturerises are

much lower ad nearly independent of the surrounding

dielectric materials.
condition with the Jnax specified in the ITRS, the thermal via
separation can be much more relaxed based on a simple
analytical evaluation. The temperature profiles for CwW/SiO, with
via separation of 100 pm, and for Cu/air with via separation of
20 um, experiencing the same DTk under a 200 ns pulse are
shown in Fig. 16. It can be observed that the temperature rise
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Figure 15. DTmaxof Cu/air and Cu/polymer can match DTmof Qulaxick
global interconnect if dummy thermal vias are added every 20 nmand
30 mm, respectively, with touse = 200 ns and J=6x10" A/cm?.
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Figure 16. Cu/air with thermal vias every 20 um shows nearly the
same DTmaxas that of Cu/oxide global interconnect with 100 nm
via separation under a 200 ns and J=6x10" A/cm? current pulse.



aong the Cu/air wire varies spatially and that the average
temperature is much lower than that of Cu/SiO, wire, resulting in
reduced therma problems and may relax the requirement for
thermal via separation.

4.6 Impact of Interconnect Aspect Ratio

Finally, the effect of wire aspect ratio (AR) on the thermal
characteristics is evaluated. For the same metal thickness, wires
with smaler AR would suffer higher DT..x because of the
smaller surface areato-volume ratio (Fig. 17). For the same
cross section area, indicating same current capability, a larger
perimeter would result in lower DTax by offering larger area for
heat to diffuse out of metal wires, as shown in Fig.18. However,
for embedded air gap (ILD: SiO, and IMD: Air), DTy increases
dightly with AR This can be explained by the fact that with
higher AR, embedded air gap interconnect structure would have
increasing area contacted by air. Fig. 17 and Fig. 18 can be used
to provide thermal design guidelines for interconnect.
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Figure 17. For the same metal thickness, global interconnects with
lower AR, shows higher DTmaxdue to lower surface areato-volume
ratio. touse = 200 ns and J=6x10" A/cm?.
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Figure 18. For the same metal wire cross section area, theimpact of
AR and dielectric structure strategy is shown. DTmaxpegksat AR=1
due to the smallest perimeters. touse = 200 ns and J=6x10" Alon?.

5. Conclusions

In this paper, both compact analytical models and a simple
SPICE-based 3-D thermal circuit simulation methodology for
steady-state and transient stress conditions are presented which
alow quick evauation of various Cu/low-k interconnect
structures. The compact analytical models and the SPICE
simulation results show excellent agreement with rigorous finite
element simulations and can be employed for accurate reliability
and performance analysis. It has been shown that, to accurately
estimate the temperature rise and profile in the interconnect, the

effect of via as efficient thermal paths must be considered. In
fact, the effective therma conductivity of ILDs can be
significantly higher than the nominal value if via separation is
comparable to the thermal characteristic length. Furthermore, it
has been demonstrated that thermal coupling can be significant
for wires in densely packed structure. Additionaly, 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. Finally, as technology keeps
scaling, thermal effects should be carefully evaluated not only to
address reliability concerns, but also for accurate interconnect
performance analysis.

Acknowledgement

This work was supported by the MARCO Interconnect Focus
Center.

Refer ences

[1] J. Ida, et d., “Reduction of wiring capacitance with new low
dielectric SIOF interlayer film for high speed/low power sub-half micron
CMOS,” VLS Technology Symposium, Dig. Tech. Papers, pp. 59-60,
1994.

[2] E. M. Zidlinsky, et a., “Damascene integration of Cu and ultra-low-
k Xerogel for high performance interconnects,” Tech. Dig. IEDM, pp.
936-938, 1997.

[3] K. Banerjee, A. Amerasekera, G. Dixit, and C. Hu, “The effect of
interconnect scaling and low-k dielectric on the thermal characteristics
of the IC metal,” Tech. Dig. IEDM, pp. 65-68, 1996.

[4] B. Zhao et a., “A Cu/low-k dual damascene interconnect for high
performance and low cost integrated circuits,” Symp. VLS Technology,
Tech. Digest, pp. 28-29, 1998.

[5] K. Banerjee, A. Mehrotra, A. Sangiovanni-Vincentelli and C. Hu,
“On thermal effects in deep sub-micron VLS| interconnects,” 36" ACM
Design Automation Conference, pp. 885-891, 1999.

[6] J.T. Trattles, A. G. O'Neill, and B.C. Mecrow, “Three-dimensiona
finiteelement investigation of current crowding and peak temperatures
in VLSl multilevel interconnections,” IEEE Trans. Electron Devices,
vol. 40, No. 7, pp. 1344-1347, 1993.

[7] The International Technology Roadmap for Semiconductors, 1999.

[8] R. V. Andrews, “Solving conductive heat transfer problems with
electrical-analogue shape factor,” Chemical Engineering Process, vol.
51, No. 2, pp. 67-71, 1955,

[9] P.R. Gray and D.J. Hamilton, “Analysis of electrothermal integrated
circuits,” |EEE J. Solid-Sate Circuits, vol. SC-6, pp. 8-14, Feb. 1971.

[10] A.A. Bilotti, “Static temperature distribution in IC chips with
isothermal heat sources,” IEEE Trans. Electron Devices, vol. ED-21, pp.
217-226, 1974.

[11] C.C. Teng, Y.K. Cheng, E. Rosenhaum and S. M. Kang, “iTEM: a
temperature dependent electromigration reliability diagnosis tool,” IEEE
Trans. Computer -Aided Design, vol. 16, No. 8, pp. 882-893, Aug. 1997.

[12] T.Y. Chiang, K. Banerjee, and K. C. Saraswat, “Effect of via
separation and low-k dielectric materials on the thermal characteristics
of Cu interconnects,” Tech. Dig. IEDM, pp. 261-264, 2000.

[13] K. Banerjee, A. Amerasekera, N. Cheung, and C. Hu, “High-
current failure model for VLS interconnects under short-pulse stress
conditions,” IEEE Electron Device Lett., vol. 18, No. 9, pp. 405-407,
1997.



	Main
	ICCAD01
	Front Matter
	Table of Contents
	Author Index




