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Abstract : The effects of adjacent metal layers and space between metal lines on the temperature rise of multilevel
UL SI interconnect lines are investigated by modeling a three-layer interconnect. The heat dissipation of various
metallization technologies concerning the metal and low- k dielectric employment is simulated in detail. The Joule
heat generated in the interconnect is transferred mainly through the metal lines in each metal layer and through
the path with the smallest thermal resistance in each leld layer. The temperature rises of Al metallization are ap-
proximatelypPai/Pcs times higher than those of Cu metallization under the same conditions. In addition,a thermal
problem in 0. 131 m globe interconnects is studied f or the worst case,in which there are no metal linesin the lower
interconnect layers. Several types of dummy metal heat sinks are investigated and compared with regard to thermal
efficiency ,influence on parasitic capacitance,and optimal application by combined thermal and electrical simula-

tion.
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1 Introduction

In advanced UL S| interconnection systems,
low dielectric constant materials are adopted to
mitigate parastic effects such as capacitance,time
delay ,and cross talk noise. As a maor by-efect,
the problem of heat disspation becomes more criti-
cal dnce the thermal conductivity of low dielectric
constant material is normally very low™ . For in-
stance , nanoporous silica (aerogel or xerogel , de-
pending on thefabricating process) isa good candi-
date for insulators since its effective dielectric con-
stant can achieve an expected value below 2%,
However ,low thermal conductivity causes serious
heat trander problems in UL SI circuits. The heat
generated by current propagation along metal lines
(Joule heat) must be dissipated across the dielec-
tric filmsinto the substrate to avoid the deteriora
tion of the device performance and premature de-
vice failure. Thus,thermal behavior in modern UL-
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S| interconnect systems must be taken into ac
count. Therefore ,analysis of the heat dissipationin
the metallization systemis very sgnificant.

Shieh et al.™®! smulated the temperature dis
tribution of a five metal layer interconnect struc
ture with different dielectric configurations (S0: ,
low dielectric constant material , and air gaps) .
Chiang et al . investigated the effect of via separa
tion and low-k dielectric materials on the thermal
characteristics of multilevel VLSI Cu intercon-
nects*®!. Chen et al. smulated the temperature
rise of apower line to the substrate of the intercon-
nection in the three cases of a sngle power line,a
power line with a parallel sgnal line in the same
metal layer ,and a power line with an orthogonal
line array in the lower metal layer'® . We proposed
heat snksto improve heat transport in modern in-
terconnection systems’'. We aso smulated the
thermal performance of a five-multilayer UL SI in-
terconnect'® and deduced a set of compact quas-
analytic equations for estimating the temperature
distribution of various UL Sl interconnection struc-
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There are many factors that affect thermal dis X X y y
tribution and heat trander in metallization inter- —a%(kz%z) +9=pGC %—tT (1)

connection systems,such as the thermal conductivi-
ty of the dielectric material s,redstivity of the met-
al lines,current dendty of the metal lines,and geo-
metric parameters of the metallization system.
Many researchers have studied the thermal behav-
ior of interconnects with structures whose geomet-
ric parameters are fixed. However ,the configura
tion of a multilevel interconnection may greatly af-
fect the heat disspation of the system. Therefore ,it
isimportant to plan carefully the interconnect con-
figuration. Generally ,the heat dissipation of a mul-
tilevel interconnection can be studied in a s mplified
structure. In this paper ,a three-layer metallization
interconnect is modeled to investigate the influence
on thermal disspation of adjacent metal layers,
space between metal lines,thermal conductivity of
the inter-layer dielectric (leld) and intrarlayer die-
lectric (lald) ,and power supply. Al and Cu metalli-
zations with various interconnect cases are studied
in detail. The traditional dielectric SO: and the low
dielectric constant material aerogel are applied in
smulation of both Cu and Al metallization. In addi-
tion ,a thermal problemin O 131 m globe intercon-
nectsis studied for the worst case,in which there
are no metal linesin the lower interconnect layers.
Several typesof dummy metal heat snksareinves
tigated and compared with regard to thermal effi-
ciency ,influence on parasitic capacitance ,and opti-
mal application by combined thermal and electrical
smulation.

2 Simulation of thermal dissipation

In heat trander ,the thermal energy of matter
inone regionistranderred to matter in another re-
gion. The thermal analysis of a system is based on
the energy balance law. In this mechani sm ,molecu-
lar collisons cause thermal energy to be trans
ferred from one molecule to another. Very energet-
ic moleculeslose energy in the transer process ,and
lower energy molecules receive energy. The only
motion is at the molecular level™ . Heat can be
conducted through a stationary solid. The tempera
ture at any location in the system can be found by
wlving the heat conduction equation:

where T is the temperature, qis the heat genera
tion ratep is the density ,G is the heat capacity ,t
isthe time,and k«, ky , k; are the thermal conductiv-
itiesin the x,y,and z directions,respectively. For
static heat trander , T isindependent of t.

In an interconnect ,the Joule heat generated by
current in the metal lines should dissipate easly in-
to the substrate to avoid limitations of device per-
formance and premature device falure. The heat
generation rate qof the metal lines can be calculat-
ed by

2

g =150 = (A Pras - X Tx = TP (2
where V isthe volume, | isthe current ,Risthere
dstance of the metal line,J is the current densty,
Pmea is the metal resistivity,and | and A are the
length and area of the metal line,respectively.

Figure 1 shows a cross section of the simula-
ted interconnection,in which M and Sare the dis-
tances between the two metal lines in the first
metal layer and the second metal layer, respec-
tively. The temperature distribution of the inter-
connects depends on geometric parameters, resis-
tivity of the metal ,thermal conductivity of the di-
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Fig.1 Schematic cross section of the simulated inter-
connection structure

electrics,and power supply. The main objective of
this study is to investigate the influences of adja-
cent metal layers and the distance between the
metal lines on the heat dissipation. It is assumed
that heat flows only downward to the silicon sub-
strate,which is usually attached to a heat sink.
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The finite element software ANSYS is applied to
simulate the thermal dissipation. Figure 2 shows
the temperature distribution on a three-metal-lay-
er Cu metallization system. Here, the current
propagates only through the top metal line. The
dielectric insertion case is SiO2/ aerogel (leld/

lald) . In this study, the substrate temperature is
) ERN

88.403
88.803
89.204
= M89.604
il ©0.004

Fig.2 Temperature distribution (in ) of a three
metal-layer Cu interconnect structure (the leld is SiO:
and the lald is aerogel)

set at 85 . The thermal conductivities of SiO:,
the aerogel applied for the leld, and the aerogel
applied for the lald are 1 0, 0. 010", and
0. 065W/ mK™ | respectively. Figure 3 shows the
corresponding heat flux vector distribution in this
structure. It is obvious that the heat transfers
mainly through the metal lines in each metal lay-
er ,and through the path with the smallest L/ k
(the order of the thermal resistance) in each leld
layer ,where L is the distance between the upper
and lower metal lines.

Fig.3 Heat flux vector distribution in the intercon-
nection case of Fig.2

Figure 4 shows the temperature distribution
at different locations on the path of x =0 of the
interconnection system shown in Fig. 1. Ti, T2,
Tz ,and Ta are the interconnect system tempera-
tures for the material insertion cases: (1) as de-
picted in Fig.1; (2) the second metal layer is com-
pletely occupied by aerogel,i. e., there are no
metal lines in this layer; (3) the first and second
metal layers are completely occupied by aerogel;
and (4) the first metal layer is completely occu-

pied by aerogel. The curves indicate that the main
thermal resistance comes from the aerogel layer.
One aerogel layer leads to a temperature increase
of about 10 in thisstructure. The thermal resist-
ance of SiOzfilm is about two orders of magnitude
smaller than that of aerogel film of the same
thickness. Therefore, suitably designed metal in-
sertions in the dielectric layers, especially in the
aerogel layers, are desired for the heat dissipa-
tion.
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Fig.4 Temperature distribution of the three-metal-
layer Cu interconnect structure at x = O (refer to
Fig. 1) for various technologies

Figures 5 7 show the temperature rises from
the substrate to the top metal line for the inter-
connect structure of Fig. 1. Various kinds of met-
allization technologies are simulated to investigate
the effects of different factors (such as geometric
configurations, current density, metal and dielec-
tric employment ,and power applications) on the
heat dissipation of interconnection systems.

These studies indicate that temperature rise
varies for different interconnect technologies. The
temperature rises in Fig. 5 are from the substrate
to the top metal line for the dielectric employ-
ment of SiO2/ aerogel (leld/lald) for Al and Cu
metallization. The temperature rises of Al metalli-
zation are approxi matelypPai/Pcu times higher than
those of Cu metallization under the same condi-
tions. It is found that the second metal layer is
more critical than the first for heat dissipation.
For the (c) and (d) cases,the temperature rise in-
creases first with the decrease of 1/ S but suffers a
decrease when 1/ S =0, corresponding to the case
in which thereis no metal linein the layer. Thisis
because there is no heat source in this layer,and
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the heat generated in the first metal layer is easily
conducted to the substrate through the SiO2 film
underneath. Temperature rise increases continu-
ously with the decrease of 1/ M. Even though

there is no heat source in this layer in the case of
1Y M =0,it is more difficult for the Joule heat
generated above to dissipate into the substrate.

Fig.5 Temperature rises from the substrate to the top metal line for dielectric configuration of SiO2/ aero-

gel (leld/ 1ald) for Al and Cu metallization with J =0 5MA/cm?

(a) Al,current through the top metal line;

(b) Cu,current through the top metal line; (c) Al ,current through all metal lines; (d) Cu,current through all

metal lines

Figure 6 presents temperature rises from the
substrate to the top metal line of Cu metallization
for various dielectrics employed for leld/ lald. For
the same situation ,temperature rise is proportion-
al to J®. It is found that temperature rises for the
dielectric leld/ lald cases of SiO:/ aerogel and aer-
ogel/ aerogel are very different. Temperature rises
are lower when metal lines are located close to
each other in the case of SiOz/ aerogel but higher
in the case of aerogel/ aerogel. When aerogel is
employed as leld,it is difficult for the Joule heat
to be conducted to the substrate due to the ultra

low thermal conductivity of the aerogel. There is
much more Joule heat generated per volume when
the metal lines are near than when they are far.
Therefore ,the temperature rise decreases with the
increase of S and M. However, the behavior of
temperature rises is reversed when SiO: is em-
ployed as leld because the generated Joule heat is
easily conducted to the substrate through the SiO2
film.

Figure 7 gives temperature rises from the sub-
strate to the top metal line of Cu metallization for
various dielectrics employed for leld/ lald. Tem-
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perature rises for the leld/ lald dielectric configu- kso,/ Kaeroge times higher than those in the SiO2/
ration aerogel/ aerogel are approximately aerogel or SiO2/SiO2 configurations.

AT/K

(b) aerogel/aerogel

(c) SiO,/aerogel (d) aerogel/aerogel

Fig.6 Temperature rise from the substrate to the top metal line of Cu metallization for various kinds of dielectric employ-
ment of leld/lald Here the current propagates through all metal lines with J=0. 5(a,b) and 2MA/cm?(c,
d) ,respectively.

(a) Si0,/SiO, (b) SiO,/aerogel (c) aerogel/aerogel

Fig.7 Temperature rises from the substrate to the top metal line of Cu metallization for various kinds of dielectric
employment for leld/ lald Here the current propagates only through the top metal line with J =2MA/cm?.
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The above simulation indicates that heat dis-
sipation is a crucial aspect of ULSI interconnects.
This thermal problem is more critical for higher
technology node ICs since they have much more
interconnect layers and are inevitably employed
with low- k materials. The simulated results show
that the vital thermal problem occurs in the cases
in which there are no metals under thesignal line,
correspondingto 1/ M =0,1/ S=0,and so on. Such
a situation might be the globe signal line between
function blocks!” . To understand the heat dissipa-
tion in high technology node ICs,the globelinein
the case with no metal lines underneath is investi-
gated for a 0. 131 m UL Sl interconnection. The a
dopted geometric parameters of the interconnection
are the results of an electrical multi-objective opti-
mization™ . In the structure ,the globe lineis locar
ted in the 6th metal layer. Figure 8 shows the tem-
perature risesin the globe line for different dielec
trics: (A) homogeneoudy inserted aerogel;
(B) embedded aerogel ; (C) homogeneoudy insert-
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Fig.8 Temperature rises on the globe line(in the 6th
metal layer for 0. 131 m generation) in the case without
metal lines in the lower metal layers for different die-
lectric configuration (A) Homogeneously inserted
aerogel ; (B) Embedded aerogel ; (C) Homogeneously
inserted polymer low- k material ; (D) Dense SiO2

ed polymer low-k material ;and (D) dense SO..
The gray bands cover the range of substrate tem-
perature ,which is assumed to be from 80 (lower
bound) to 150 (upper bound) . Four stuations,a,
b,c,and d,stand for aerogel/ aerogel ,S90:/ aerogel ,
polymer/ polymer ,and SO:/ SO. employed as the
leld/ lald, respectively. The thermal conductivity
for polymer low-kisaround 0. 25W/ mK. In thefig-
ure,the xaxis parameter of therma conductance
per unit line length between the heated metal line
and the substrate is proportional to the thermal
conductivity of the medium on the heat trander

path and the cross section through which the heat
flows,and inversely proportional to the length of
the heat transfer path™ .

Compared to the worst case discussed above
for along global line with no locally occupied lower
metal layers,the actual temperature of the global
interconnects can be locally reduced by high metal
dendgties in the lower levels or by dummy metal
lines which can reduce the thermal res stance be-
tween the global lines and the substrate. The tem-
perature increase above the densely metal-packed
areaisfound to be several degrees. Thus,the globe
line temperature above the unoccupied area de
pends on the span distance between the densely
packed functional blocks,as shown in Fig. 9. The
resultsindicate that a long span and poor thermal
conductivity of the material's cause this vital ther-
mal problem in such globe interconnects.
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Fig.9 Temperature distribution aong the global lines
above unoccupied lower metal layers between function
blocksof 0. 5,1,2, and 4mm distance for 0. SMA/ cm?

To improve heat transport from global inter-
connects downward through the less occupied low-
er metal layers, additional dummy metal lines
(metal plugs conssting of Winlevel M1 and of Cu
in the higher levels,depending on the technology)
acting as heat dnks can be placed. However ,dunm-
my metals s multaneoudy increase the RC constant
snce they increase the capacitance. The optimal
configuration and distribution of dummy lines
should be determined by a combined thermal and e-
lectrical calculation. Three kinds of heat snks de
picted in Fig. 10 have been investigated with regard
to their thermal efficiency and to their influence on
the parasitic line to ground capacitance. Figure 11
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demonstrates the resulting impact of dummy heat
snk insertion on the thermal conductance and ca
pacitance between global interconnects and sub-
strate for different properties of the dielectrics.
Fecia values of conductivity and dielectric con-
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Fig.10 Different types of dummy heat sinksfor cool-
ing globa interconnects
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Fig. 11 Dependence of normalized thermal conductance
(solid line) and capacitance (dashed line) on the ratio
of thermal conductivity and dielectric constants for dif-
ferent types of dummy heat snks, respectively The
quantities are normalized to the corresponding val ues of
a 10 m long uncooled interconnect of level M6
(0. 131 m) . Horizontal lines refer to uncooled inter-
connects of different lengths.

stants are marked on the top edge of the frame,re-
spectively. A dielectric constant of 1. 3 corresponds
to a 0. 01W/ mK dielectric and 1 8 to 0. 065 W/
mK!'. To calculate the thermal conductance and
capacitance of a cooled interconnect ,the respective
values of the uncooled line and the additional con-
tributions of the heat snksin Fig. 11 have to be
added. In the case of the homogeneous insertion
scheme ,conductance and capacitance are increased

by the same factor. For the embedded insertion of
an aerogel ,however , (e. g.A jaa/Ajag =0 01/ 1 £ 1aa/
€ad¢ = 1 3/4 1) the thermal conductance of a
10 m long segment of a global interconnect,
cooled by one heat snk of type HSL ,is increased
4. 6 times,whereas its capacitance isincreased only
by afactor of 1 24. The study finds more effective
cooling of the same line segment by heat snk HS2
(therma conductance is increased 10. 2 times)
would increase paradtic capacitance by 1 7 ,which
is unacceptable. Otherwise ,HS2 is efficient for the
cooling of long interconnects. Furthermore ,the re-
gstivity of metal increases with the temperature
rise and can be approximated by P+ =P (L +0+ (T
- Tw)). Herepr andP are the metal resistivities
at temperature T and reference temperature Tre ,
respectively. The coefficientOr is the temperature
coefficient of resistivity. For Cu,Qr is around
0. 004/ ,which means the resistance of Cu will
be increased by around 1 4 if the temperature in-
creases by 100 . Therefore,keeping the tempera-
ture of the metal line low is also important to pre-
vent the increase of the RC time delay. A proper
heat sink designed at the key location of the inter-
connection system is necessary to avoid undesired
thermal effects such as electron migration in the
metal line and degradation of the chip. According
to the above study ,the effective cooling of global
interconnects depends on line length and should
be adjusted by a combined thermal and electrical
design.

3 Conclusion

Interconnection configurations and metal line
geometry have a strong influence on the heat trans
fer capability of interconnection systems. There-
fore,very careful planning of the interconnect con-
figuration is necessary. The results obtained here
can be applied to qualitatively estimate the thermal
dissipation of the smilar structures.

The electrical resstivities and thermal conduc-
tivitiesof Cu and Al ,as well as the therma con-
ductivities of SOz and aerogel ,are crucial factorsin
the heat dissipationin a UL Sl interconnection at a
certain power level. When aerogel is employed as
leld ,the thermal problems of interconnection sys
tems are critical due to the ultra low thermal con-
ductivity of aerogel. It isfound that temperature ri-
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sesfor the dielectric leld/ lald configuration of aer-
ogel/ aerogel are approximately kso,/ kewog times
higher than those in the case of SO/ aerogel or
S02/ SO:.

Longer vertical distances from the upper line
to the substrate and poor thermal conductivity of
the dielectricsinhibit the dissipation of heat to the
substrate. This stuation will be much more serious
for a global line above locally unoccupied metal
layers,asin the case of global lines between func-
tion blocks. The insertion of dummy heat sinksis
an appropriate means to restrain interconnect tem-
peratures. Various types of the heat snks differ
with regard to their thermal efficiency and to their
contribution to paradtic capacitance. The optimal
choice and placement of the different types depend
on the properties of the dielectrics and on the indi-
vidual interconnect length. The combined electrical
and thermal optimization of the interconnect cool-
ing is becoming more important for future UL Sl
interconnection design.
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