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Based on the heat diffusion equation of multilevel interconnects, a novel analytical thermal model for multilevel

nano-scale interconnects considering the via effect is presented, which can compute quickly the temperature of multi-

level interconnects, with substrate temperature given. Based on the proposed model and the 65 nm complementary

metal oxide semiconductor (CMOS) process parameter, the temperature of nano-scale interconnects is computed. The

computed results show that the via effect has a great effect on local interconnects, but the reduction of thermal con-

ductivity has little effect on local interconnects. With the reduction of thermal conductivity or the increase of current

density, however, the temperature of global interconnects rises greatly, which can result in a great deterioration in their

performance. The proposed model can be applied to computer aided design (CAD) of very large-scale integrated circuits

(VLSIs) in nano-scale technologies.
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1. Introduction

With the development of the complementary
metal oxide semiconductor (CMOS) process, the rapid
scaling down of very large-scale integrated circuits
(VLSIs) and interconnect size, and the continuous in-
crease of current density and interconnect levels, the
heating problem is becoming more and more serious
in VLSIs. The increase of temperature rise of on-chip
interconnects has been a very important restriction on
high-performance VLSIs.l!=12] A serious interconnect
temperature rise results in not only a great deterio-
ration in the VLSI’s performance, but also the falsity
of electro-migration and reliability. In recent years, a
variety of low-k insulating materials have been used to
reduce the RC delay, dynamic power dissipation and
crosstalk noise.?3] These insulating materials, how-
ever, also have poor thermal properties which result in
the increase of interconnect temperature rise, thereby
reducing the reliability of chips and increasing the re-
sistance and RC delay greatly. Therefore, for VLSI
design, it is important and necessary to give a detailed
analysis of the self-heating and heat diffusion of inter-
connects, and to achieve a more realistic temperature
distribution of interconnects.

The number of interconnect layers of the nano-
scale CMOS process has reached 9,21 and a low-k
insulating material is used, so nano-scale interconnect
temperature distribution must be more complicated
than deep submicron interconnect temperature distri-
bution, and the multilevel interconnect temperature
distribution is even more complicated. At present, the
main research work of thermal analysis concentrates
on the single interconnect;*~9 these thermal analy-
sis models include only the self-heating effect and the
heat fringing effect. In fact, however, heat conduc-
tion occurs between neighbouring interconnect layers,
which means that the interconnect can absorb heat
from the upper interconnect layer. So these thermal
analysis models have a big flaw when used to estimate
the temperature of multilevel interconnects.

In the present paper, based on the heat diffusion
equation for multilevel interconnects, a novel thermal
distribution model for multilevel interconnects consid-
ering the via effect is first proposed. Based on the
proposed model and the 65 nm CMOS process param-
eter, the temperature rise of multilevel interconnects
is computed and a discussion and analysis of its in-
fluence on the via effect and thermal conductivity are

given.
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2. Thermal distribution model

for multilevel interconnects

Figure 1 shows a multi-level interconnect struc-
ture model. The mth interconnect layer width is
Wyn,m, and its thickness and temperature distribution
are tp, m and T, (x) respectively. The (m+1)th inter-
connect layer width is Wy, m+1, and its thickness and
temperature distribution are ¢, ;11 and Tp,11(x) re-
spectively. The (m — 1)th interconnect layer width is
Wy m—1, and its thickness and temperature distribu-

tion are t,, m—1 and T,,_1(x) respectively.

Fig.1. Multi-level interconnect structure model.

For the mth interconnect layer, under the steady-
state condition, the heat diffusion equation is as fol-
lows:

0T, 2T 2T, e
@) , PTa) | PTn(x) | Qe
Ox? Oy? 022 K,

—0. (1)

Note that Qeg is the effective heat generation per
unit volume (W/m?), and K, is the thermal conduc-
tivity of the metal (W/m-°C).

The length of the interconnect line is sufficiently
larger than its thickness or width, i.e. the thermal gra-
dients along the thickness and the width of the inter-
connect line can be ignored in the study of these long
interconnects. In that case, Eq.(1) can be reduced
into a one-dimensional (1D) heat diffusion equation
as follows:

FTn(@) | Qex _ (2)
Ox? K,

Qe includes three parts, i.e. the heat generated by
the self-heating effect, the heat flowing from the mth
interconnect layer to the (m — 1)th interconnect layer,
and the heat absorbed from the (m-+1)th interconnect
layer, but most thermal models do not take this situ-
ation into consideration.[>” In order to give the ther-
mal model easily, we assume that the heat conduction

goes through the interlayer dielectric layer between
neighbouring interconnect layers, so the heat gener-
ated by the self-heating effect at the mth interconnect
layer with width wp, i, thickness t,, ., and length
is as follows:

__PoTo (3)

)

Qg,m = (jm:s,m'wm,mtm,m)2

Wi, mtm,m

where jyms,m is the root-mean-square current density

passing through the mth interconnect layer, and pg is
the interconnect electronic resistivity.

Heat flowing from the mth interconnect layer to

the (m—1)th interconnect layer through the interlayer
dielectric layer m is given as follows:

- Tm(.ﬁ) — Tm_l(l‘)
Qout,m - ARm(fE) ’ (4)
where .
ARm (33) _ ins,m (5)

Kins,mWm.mTo

with AR, (z) being the thermal resistance of thenin-
sulator with width wp, ,,, thickness tiys m, length xg,
and kins,m being the effective insulator thermal con-
ductivity. In fact, the heat flow path is assumed to go
through the bottom side and partially through the two
sides along the length of a rectangular shape, and a
more accurate expression for Kins », was given in Ref.[§]
as follows:

t: t: —0.59
kins,m = Kins S . 1.685 [log <1 + ms>:|

m,m m,m

. ~0.078
X ms 6
<wm,m> , (6)

where kins is the insulator thermal conductivity.

Likewise, heat absorbed from the (m + 1)th in-
terconnect layer for a partial length xy through the
interlayer dielectric layer m + 1 is

Trng1(z) — Topy (m)
ARy i1 ()

Qin,m = (7)

where ;
ins,m+1

ARerl(m) - kins,m—&-lwm,sz’ (8)

with tinsm+1 being the thickness of the interlayer di-

electric layer m + 1, and kins m+1 being its effective
thermal conductivity.

Eins,m and kins m+1 do not include the via effect,

so we introduce a via correction factor 7, and klg ,,, is

defined as follows:

*

eff, m — ki*ns,m/na (9)
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*

off,m 15 the effective insulator thermal conductivity, with the via effect included; the via correction factor

where k
71 was given in Refs.[9] and [10] as follows:

where L,, , is the length of the mth interconnect layer, Ly, is the thermal characteristic length, and Ly =
(kmtmtins / kinss) 1/ 2, where s is a correction factor when the heat fringing effect is considered, and is defined as

*

‘ns,m 8lven in the former part of this paper includes the heat fringing effect, so we let

§ = Weft /Wwy,. However, k
s=1.
Based on the above analysis, the effective heat generation per unit volume of the mth interconnect layer is

as follows:

Q o _ Qg,m + Qin,m - Qout,m
eff, m —

Wi, mbm,mTo

o R T () = Tn(@)) Ko () = Toa(a) "

tins,m-‘rltm,m tins,mtm,m

Substituting Eq.(11) into Eq.(2) yields

k:ff,m+1(Tm+1(x) - Tm(x)) k:ﬁ‘,m(Tm(x) - Tm—l('r))

-2
J po + N
P (w) oo tins,m+1tm,m Fiosmbm,m —0. (12)

(9‘752 km

In order to simplify the computational process, we substitute average temperature T; for T;(z), namely,
assume that the temperature of each interconnect layer is constant, therefore 82T, (z)/0z% = 0, and Eq.(12)
can be simplified into

amTm—1 + 0T + cmTs1 = dmy, (2<m<n-—1), (13)
where
A, = 7ti!ls,m+1k:ﬁ7m7 bm - tins,erlk:ﬁ"Jn + tins,mk:ff_,m-&-la
Cm = _tins,m Zﬂf,erla dpy = j?ms,mpotins,mtin&erltvmm7

and n is the number of interconnect layers.
When m =1, Eq.(13) is as follows:

b1T1 + ClTQ = dl - alTo, (].4)

where a1 = —tins,gkgﬁ,l, by = tins,gk;‘f_m + tins,lk:fﬂga c = —tins)lkz;kf_m, To is the substrate temperature, and

dl = ermsylpOtins,1tins,2tm,m-
When m = n, obviously, Qin»=0, then Eq.(13) is as follows:

anTh_1 + b, T, = dy, (15)

where a,, = fk:ff}n, b, = k;‘ff’n, and d,, = jrznls,’ntins,ntm,n-
Combining Eqs.(13), (14) and (15) yields
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az by o 0 0 0 T do
0 as by c3 0 0 0 T3 ds
0 0 Qy b4 0 0 0 T, d
Y= ! (16)
0 0 0 bn,Q Cn—2 0 Tn72 dn72
0 0 0 Qp—1 bn—l Cn—1 Tn—l dn—l
0 0 0 0 Ay bn L Tn i L dn 1

Equation (16) is an n-dimensional linear equation,
and this matrix has a characteristic: the values of the
main three diagonals are not zero, and other places
are zero. So long as the substrate temperature Tp,
we can easily calculate the temperature of each level

through Matlab.

3. Model verification and discus-
sion

For the 65 nm CMOS process, copper (Cu) is the
interconnect material, and the interlayer dielectric is
Based on the 65 nm CMOS pro-
cess parameter of BPTM,[!3] the electronic resistivity

a low-k material.

of the copper interconnect line is 2.2 u)-cm, the limit
current density is 1.72x105 A/cm?, the effective di-
electric constant of interlayer dielectric is 2.2. Assum-
ing that all interconnect lines are on and the current
density reaches its maximum value, the 65 nm CMOS

interconnect process parameters are obtained as listed
in Table 1.

Table 1. Thermal conductivities and dielectric con-
stants of novel low-k materials.

n Wm/pm  tym/pm space/pm  tins/pm  King

global 3 0.45 1.20 0.45 0.20 2.2
semi-global | 3 0.14 0.35 0.14 0.20 2.2
local 3 0.10 0.20 0.10 0.20 2.2

In recent VLSIs, the vias in local interconnect
lines are very crowded. If the via effect is neglected,
this must result in a big temperature rise in the local
interconnect lines and also cause a big error. In order
to explain the importance of the via effect, we suppose
a reasonable via separation for the 65 nm CMOS pro-
cess parameter of BPTM with 9 interconnect layers

(1, 5, 15, 30, 50, 100, 250, 500, and 1000 pm, from
metal one to metal nine, respectively).

From the analytical thermal model proposed in
this paper, we calculate the temperature distribution
of multilevel interconnects with and without includ-
ing the via effect (n = 1), separately, as shown in
Fig.2 on the assumption that the substrate tempera-
ture is 0°C (Tp = 0). As can be seen from Fig.2, the
temperature reduces obviously when the via effect is
included, which implies that it will cause a big error
if the via effect is not included; the top layer has the
biggest temperature error. Compared with the models
in Refs.[4] and [7], the proposed model is closer to the
fact. Metal one and metal two have almost no temper-
ature rise, because local interconnect lines have small
via separations, that is to say, there is a big via den-
sity in local interconnect lines, which is favourable for
heat diffusion from a metal to a substrate (the ther-
mal conductivity of the via is much bigger than that of
the interlayer dielectric), and it also explains that vias
are the main heat diffusion path for local interconnect

lines.
60 —e— via, effect includ /./-/.
|— —=—via effect ignore
O 40
o
~
&~
) .i//
0 L L L L

Fig.2. Temperature rise of a multilevel interconnect.

Based on the proposed model, the temperature
rise of a multilevel interconnect with different double
via separations is shown in Fig.3 on the assumption
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that substrate temperature is 0 °C (Tp = 0). As can
be seen from Fig.3, almost no temperature rise takes
place when there exist double global via separations
(1, 5, 15, 30, 50, 100, 500, 1000, and 2000 pm, from
metal one to metal nine, respectively), and only a lit-
tle temperature rise is observed when both global via
separations and semi-global via separations (1, 5, 15,
60, 100, 200, 500, 1000, and 2000 pum, from metal
one to metal nine, respectively) are doubled; however,
there is a big temperature rise when all via separations
(2, 10, 30, 60, 100, 200, 500, 1000, and 2000 pm, from
metal one to metal nine, respectively) are doubled. As
can be seen from Fig.3, local via separation has a great
effect on the temperature of the multilevel intercon-
nect and metal two has an obvious temperature rise
compared with substrate temperature; this is because
when local via separations are doubled, which means
a small via density and a reduction of the effective
thermal conductivity of the lower interlayer dielectric
layer, the heat cannot dissipate effectively for local
interconnects. However, the heat generated by both
semi-global interconnects and global interconnects can
dissipate through the heat sink which is attached to
the underlying Si substrate, so it cannot dissipate ef-
fectively too. Consequently, this results in a big tem-
perature rise of the multilevel interconnect, and it also
explains that local vias have a great effect on the tem-
perature rise of the multilevel interconnect.

60+
o 40} ——no double
g —=—double glabal via
&~ separations
20t —— double semi-global
and global via
I separations
0 —— double all
1 2 3 45 6 7 8 9

n

Fig.3. Temperature rise of multilevel interconnect with
different double via separations.

Based on the proposed model, the temperature
rise of the multilevel interconnect with increasing cur-
rent density is shown in Fig.4 on the assumption that
the substrate temperature is 0 °C (Tp; = 0). With
increasing current density, temperature rises rapidly,
especially for global interconnects when the current
density reaches 2.00 mA/cm?. As shown in formula
(3), the joule heat generated by the global intercon-
nect is more than that for the local interconnect with
its bigger width and thickness, so the increase of cur-
rent density has a great effect on the global intercon-

nect. Although the local interconnect generates more
joule heat with increasing current density, there is no
or only a little temperature rise, because the presence
of the via effect results in a high thermal conductivity
for the lower interlayer dielectric layer and the effec-
tive dissipation of heat.

120
—-J=1.30 MA/cm?
- J=1.56 MA/cm?
o 80 +J=1.72 MA/cm?
2. - J=2.00 MA/cm?
=~ 40 - J=2.56 MA/cm?

1 2 3 4 5 6 7 8 9
n

Fig.4. Temperature rise of multilevel interconnect with
current density increasing.

Based on the proposed model, the temperature
rise of the multilevel interconnect for different values
of k is shown in Fig.5 on the assumption that the sub-
strate temperature is 0 °C (Tp = 0). The global inter-
connect lines have big via separations, which means
a small via density, so heat must diffuse through the
interlayer dielectric that has a poor thermal conduc-
tivity, and temperature rises rapidly as thermal con-
ductivity reduces, which must leads to a great deterio-
ration in the performance of global interconnect lines.
However, the local interconnect lines have a big via
density, and the thermal conductivity of the via is
much bigger than that of the interlayer dielectric, so
in spite of using a low-k interlayer dielectric, there is
almost no temperature rise compared with the sub-
strate temperature. Consequently, it is important for
an interconnect optimization designer to pay great at-
tention to the temperature rise of the global intercon-

nect lines.
100
%0 —~—k=0.16 "
—=—k=0.1

——k=0.19
—— k=0.065

.
N

Fig.5. Temperature rise of multilevel interconnect for dif-
ferent values of k.
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4. Conclusion

Based on the heat diffusion equation of multilevel
interconnects, a novel analytical thermal model for
multilevel interconnects considering the via effect is
presented, which can compute quickly the tempera-
ture of multilevel interconnects, with substrate tem-
perature given. Based on the proposed model and
the 65 nm CMOS interconnect process parameter, the

computed results shows that the via effect has a great

effect on local interconnects, but the reduction of ther-
mal conductivity has little effect on local intercon-
nects. With thermal conductivity reducing or current
density increasing, however, the temperature of global
interconnects rises greatly, thereby leading to a great
deterioration in the performance of global intercon-
nects. The model proposed in this paper can be used
to make an accurate estimation for interconnects, or
a period estimation for high-performance chip design
considering the effect of interconnect temperature.
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