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Analytical Thermal Model for Multilevel VLSI
Interconnects Incorporating Via Effect

Ting-Yen Chiang, Kaustav Banerjedember, IEEEand Krishna C. Saraswdtellow, IEEE

Abstract—This letter presents compact analytical thermal conductivitykrz,p. With x-coordinate set to zero at the middle
models for estimating the temperature rise of multilevel VLSI  of the wire, the two ends; = +L/2, of the wire are connected
interconnect lines incorporating via effect. The impact of vias to the underlying layer through vias. The temperature at the ends

has been modeled using 1) a characteristic thermal length and 2) fth N d to be th i derlving |
an effective thermal conductivity of ILD (interlayer dielectric), O (€ WIr€ IS assumed 1o be the same as the underlying layer

K1zpess, With krizpess = krp/m, where n is a physical temperature]y, thusT(£L/2) = To. Itis further assumed that
correction factor, with 0 < n < 1. Both the spatial temperature heat only flows downwards toward the silicon substrate which
profile along the metal lines and their average temperature js ysually attached to a heat sink. Under steady state conditions,

rise can be easily obtained using these models. The predicted, ih uniform root-mean-square current density,, flowing
temperature profiles are shown to be in excellent agreement with . the wire. th ina heat tion is i b
the three-dimensional (3-D) finite element thermal simulation Inthe wire, the governing heat equation 1s given by

results. The model is then applied to estimate the temperature

rise of densely packed multilevel interconnects. It is shown that 4277 7T — Ty ijmS
for multilevel interconnect arrays, via density along the lines a2 2 = - [
can significantly affect the temperature rise of such interconnect H M .
structures. L Ht 1\12
o _ whereL; = |“MZIED (2310 (1)
Index Terms—Heat dissipation, interconnect, Joule heating, krrp s

low-k dielectrics, thermal conductivity, thermal modeling, via
effect, VLSI, wire temperature distribution. Herep is assumed to be a constant at the die temperature for a
first order approximation, anfl ; denotes the thermal charac-
teristic length. Within the range di; from the vias, heat gen-
erated in the wire will flow through the vias to the underlying
ECENT publications have addressed the issue of lowpyer. Beyond.;, heat flows through the ILD and the via effect
dielectrics and their impact on interconnect temperaturg,diminished. Here is a heat spreading factor that is employed
reliability, and performance [1], [2]. However, the effect ofg correct the deviation from one-dimensional (1-D) heat flow
vias, which have much higher thermal conductivity than thgetween a metal wire and the underlying layer, and is defined
dielectrics and can serve as efficient heat dissipation paths, B8Ss — w, ;;/w, wherew, ;; is the effective width of the di-
not been adequately addressed. Consequently, if via effeckictric through which heat conduction takes place. The spatial

ignored, the predicted temperature rise of interconnects cantgperature distribution along the wire can then be solved as
much higher than those for actual layouts with vias. Recently,

we have demonstrated the strong influence of vias on the b (o
mperature distribution in metal lin ing an electrothermal COS(L—)
temperature distributio etal lines using an electrothe nl?(x) A
a cosh (ﬁ)

. INTRODUCTION

circuit simulation methodology [3], [4]. However, analytic
thermal models are desirable to facilitate quick estimation of
temperature rise in order to provide thermal design guidelines for —
for advanced interconnect structures. In this letter, a compact

analytical thermal model incorporating via effect is developed

and has been applied to estimate the temperature rise‘t’\r’]&ere.AT"g”(_. J”’f’_'f’s ’;j.:”. /k’”)d's the temperature rise in
multilevel interconnect structures. € wire when via eflect Is ighored.
Effect of variation inp with temperature was found to be

small for normal operating conditions and is ignored here.
Meanwhile, the much less complex expression fgf could
Consider a rectangular metal wire of thicknésswidth w, provide more insight for design guidance. A similar derivation
length L, resistivity p and thermal conductivity,,, separated that includes the linear temperature dependent resistivity under
from the underlying layer by ILD of thicknes$g;, » and thermal electromigration test conditions can be found in [5], [6].
It should be noted that the commonly used Bilotti’s equation
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Il. INTERCONNECTTHERMAL MODEL AND ASSUMPTIONS
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Fig. 1. Geometry used for calculating, .., R.... and the spreading factor Location along metal wire [m]
s. Cross-sectional view is shown on the left hand side. Space between any two

wires is shared for heat dissipation. ) ) . . ) )
Fig. 2. Temperature profile along the Cu wires with 10® via separation.

H=t;1p=08um,w=d=0.3 um, based on the ITRS [9] 100-nm node

. - for global int ts. Current density used here is 3.7 MA/
separated by spacinf As shown in Fig. 1, the Joule heat transt 90 o Inierconnects. Lurent densty used here 1s e

fers downward and also spreads laterally in the ILD. Hence, the _ .
total cross-sectional area through which heat conduction takiigereg is the rate of heat generation. On the other haXxif, .

place can be divided into two regions whose per unit lengf@n also be obtained from (2) as
thermal resistances ar®,,. andR,..:. Then, the total thermal

L
resistance of ILD R, rrp, can be calculated by combining AT, e :l/z (T (z) — Tp)dx
R, andR,..: [8] as Lj_z
L
4 j2 thILD . (tanh m) (7)
1 w+d 1 trp—35 =lrmsP 7 - -
R = 1 2 (3 krips S
thILD = r— < J ) [——— ) Ln

Comparing (6) and (7), we can exprsg.p ey = krnp/n

On the other handR ;.. » can be also expressed as . . . ;
o P andy is defined as the via correction factor

trLp trop L
Rinrip = = . (4) k (tanh - )
’ KrLpWeffective  KILpws = _MED g TH, 0<n<1. (8
KrLp.esy I

By comparing (3) and (4), can be obtained as . . . o
The krrp.ss is plotted against via separation in Fig. 3 for

. three different ILD materials. The dimensions of the intercon-
) nect structure were taken from the 100-nm technology node for

w 1 w+d trLp — g
=\t |2 hl( w ) T wtd (3)  global wires based on the ITRS [9]. It can be observed that in-
corporation of via effect results in increased p . s especially
After the s factor is installed in the expression g, the ef- for ILD materials with lower nominal thermal conductivity. This

fect of the via separation and heat spreading on the temperaft#8 result in a significant difference between the interconnect
profile along a metal wire can be captured completely by (2). Agmperatures obtained with and without considering the effect

can be observed from Fig. 2, the analytical model given by (8§ the vias.
is shown to be within 5% agreement with the 3-D finite element
thermal simulations using ANSYS. Ill. THERMAL MODEL FORMULTILEVEL INTERCONNECTS

It should be noted that as predicted by the expressiohfor  Generally, Joule heat generated in metal wires is considered
and validated from Fig. 2, is longer if ILD has lower thermal {5 pe dissipated mainly through the heat sink attached to the un-
conductivity. Consequently, via effect is more important for thge(lying Si substrate. Therefore, all the heat generated in the
low-k insulatorskperymer = 0.3 VS kogige = 1.2 W/MK). By ypper metal levels has to transfer through the lower metal levels
defining a via correction factorj, the via effect can be incorpo- pefore reaching the substrate. WiNT}_; ; defined as the av-
rated into the effective thermal conductivity of ILB;p.cs,  erage temperature rise between metal layersandi, the tem-
which can then be used in place of the nomihglp in the perature rise of the top layer in an N-level interconnect system
conventional thermal equations. An analytical expression f8&n pe obtained as
krr.p.eyy incorporating via effect is now derived here. The av-
erage temperature ris&y7,,., in one metal layer can be ex-
pressed as

N N
ATn =1Tn — Tsubstrate = E AVE E qi R
=1 =1

N N
Htp ~ trop, 2 % 9

Al ave = 4 -Rth ILD — J 1Y k
> 5 ms . ;i S
kILD,e,ff S i=1 ILD,i i

j=i
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Fig. 3. Effective ILD thermal conductivity increases with decreasing via
separation. The lower the nominkl;, , the longer thel ;, and hence, the
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among metal layers is quite different for these two cases. Ig-
noring via effect results in large temperature rise in the lower
layers before leveling off. On the other hand, with via effect
considered, the temperature rise in the lower levels is signif-
icantly lower even when the ILD material’'s nominal thermal
conductivity is approximately one fourth éf ;... 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. As a result, the
concern of increasing delay in the global wires may get worse
with this additional temperature effect.

IV. SUMMARY

In conclusion, a compact analytical thermal model has been
presented to evaluate the spatial thermal distribution and the av-
erage interconnect temperature rise under the influence of vias.
Both via effect and heat spreading have been taken into account
to ensure accurate predictions. It has been shown that with the
help of vias as efficient thermal paths, the effective thermal con-
ductivity of the ILD materials can be significantly higher than
their nominal values if via separation is comparable to the char-
acteristic thermal length. Additionally, a closed form thermal
model incorporating the via effect has been formulated to esti-
mate the temperature rise of interconnects in multilevel metal ar-
rays. Itis shown that via effect must be considered in the thermal
analysis of interconnect structures.

Fig. 4. 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 50, for metal one through metal 8,
respectively. [1]

This is a closed form analytical equation that can be used tg,
compute the temperature rise of interconnects in a multilevel
interconnect system. For the case when via effect is neglectec{S]
7; 1S set to be 1.

As can be seen from (9), more heat flows through the lower
levels sincey; represents the sum of all the heat generated froml4]
the ' layer to theN'" layer. As a result, substantial temper-
ature rise will occur in local wires if the effect of the via pop- [5]
ulation, which is usually dense, is not taken into account. For
the purpose of demonstration of the importance of the via ef-[6
fect, some reasonable values of via separation were assigned to
each of the eight metal layers and a polymer was used as th&]
ILD material for the 100-nm technology node. In addition, an
ITRS based current density,..s, of 1.4 MA/cnT was assumed  [g]
for all the wires. It can be observed from Fig. 4 that the overall
temperature rise is much lower if effect of the vias is included. (g
Secondly, it can be observed that the temperature distribution
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