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Abscract

Analytical soluctions of che steady-stace temp-
erature distributions as well as the one-dimension-
al and two-dimensional (constriction) resistances
ware obtained for a compound thermal spreader which
bas a circular heat source (device) on one face and
an annular sink on the other face. The resistances
wvere found to be functions of seversl thermal and
gecmetric parametsrs. The results of a parametric
study are given in graphical form for a range of
the parameters which are of some interest to the
device thermal analyst.

Nomenclaturs
a - d..vicn radius
Aéi) = Fourier coefficients ({=1,2)
b = gink inner radius
Bi") o Fourisr coafficients (i=l,2)

3 = chermal spreader radius

C{i) ,Cgi) = Fourier coefficients ({=1,2)

Jo(-).Jl(o) = Bassel functious of the first kind
of order zero and one

kL,kz = thermal conductivities

qi(:) ® device heat flux discribucion
q, = gink heat flux

Q = heat flow rate

T,2 = polar coordinates

one~dimensional resistance
= constriction resistance
= total resistance (!T-&wﬂc)

o o® P

R» = dimensionless resiscance (R*-éklax)

:1,:2.: a thickness of each component
(:-clﬂz)

11.1'2 = temperacure distributions

T ”.f e = average temperatures of heat source
and sink

" Greek Svmbols

Y = b/e
Gn = roots of ‘1“;’ =g
3 = a/¢
x - kllkz
xn = separatict conszants where
Jl(x ¢)=o
a
T = pi
TyTast - :llc. :zlc, (= tlﬁz)
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Introduczion

Thare are two primary cbjectives ia the thermal
‘design of microelectronic equipment. The firsc is
to ensure, during worst case operating conditions,
cthat all component temperatures are maincained be-
low specified maximum functional limits. The second
objective is to ensure, during nominal operating
conditions, that the relatively lower component
temperature reliability requirement is sacisfied.
Successful thermal management requires an accurate
determinacion of the individual thermal resiscances
inherent in the package, including the often crucial
thermal contact and conscriction resistances asso-
ciated with the microelectronic devices found within
modern high speed computers.

Thermal Conseriction (Spreading) Resistance

Heat transfetr from a semiconductor junction is
often modelled as a small singly-comnected planar

. heat source of some simple shape (circular, square,

rectangular, etc.) in perfect contact with a chip
which {s assumed to be a semi-infinite body [1,2].
Furthermors, it is assumed that the thermal energy
generstad by the semiconductor is released uniforumly
over the junction area. As showu in Fig. 1, heat
flows from the junction through the chip, spreads
in some complex manner and lesves the chip through
scme interface locaced at 3 distance which is large
relative to the characteriscic dimension of the
junccion area. This spreading of the heat flow
lines gives risa to a spreading (or coanstriccion)
resistance. The maximum Cemperature within the
Junction area will occur at or near the cencroid of
the junction area, depending upon whether it is
symmetTric or anonsymmetric. The average junction
temperacure will always be below the cencroidal
temperature for all geomesries [3,4].

The spresading (or constriction) rasistance is
defined as the temperature differance becween the
average junction temperature and some refarance
tamperaturs, divided by the total heat flow rate
from the junction. It should be noted that an
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Fig. 1 Device junc::l.onv on half-space
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vith q = Q/ﬂ'(cz-hz) and Q 1s the tocal heat flow
zate from the device.

By the method of separation of variables and
the superposition principle, the two Cemperature
distribucions can be exprassed as

) 1)
;=" +Cs

+ I aPeasnr 2 + 3 stan0 013,00

a=1 b
and
1, = P + c{?s
* E [Aiz)cosh(l\nz) + li”sinh(knz)].! o(Ag?) (8)

as=l

where J (-) is the Bessel function of the first kind
of orde? zero. The Bessel function of the second
kind of order zero, Y (°), was eliminaced to. sat~
isfy the boundedness 2ondition along the axis r=o.

The separation constants A sppearing in both
. equations are the positive roots of

Jl(z\nc) -0 (9

wvhers J, () is the Bessel function of the firstc kind
of orde? omne.

The first two terms of Eqs. (7) and (8) re-
presenc the linear temperature distribution corres-
pouding to A=o. The terms under the summation sign
tepreasent the spreading or comstriction of the heat
flow lines due to the circular device (heat sourcs)
and the annuylar area (hsat sink).

The temperature gradients in the z-direction
will ba required and are thersfore given:

T

ks Qe

3z c2

H @ 1)

+n§1.x“[“ sinh(A 2)+8 cosh(xnz)].!o(lur) (10)

and

T

T2
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+ § A (A% stan(a 2)+8)

cosh(i_2)]J (A_r) (11)
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Sincs the linear and two-dimensional tempera~-
ture discributions are independent, tha boundary
couditions can be applisd separately to obtain the
Fourier coefficients appearing in Eqs. (7) and (8).

For the linear cemperaturs discribution it can

(1)

be showm that C is tha average temperature of

the surface z=o, 1{i.s.,
e Lo rr,02trar @ o) (12)
nc” /.
o
Also Cén is determined by
T
1 (1)
R e Ml 1 @)
so that
et - - 2 (16)
Hﬂrc
The perfect conctact couditions along z-cl require
(¢)) (2)
ch = kzcz (1s)
so that
Y 6
. kzﬂ'c
and
c{l) - cé].):1 - c{2) - c}(.Z)cl an
so that
@ ; XL _L
Cl 't° nz [kl kz (18)

The linear temperature distributions are there-
fore

‘rl-‘fo-qu—i Q:::g

klm:

1 (19).

and
Qe
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The one~dimensionsl thermal resistance of the com-
pound cthermal spreader can be determined by means
of the following definition:

@, =T -7, (21)
vhere
i: - -—1-2- rr(:,:)zm:
Tc °
Therefors,
1.5 %2
.= (22)
welIn Ty

For the two-dimensional temperacure discribu-
tions the perfect contact conditions along z-tl

require
) ) -
A cosh(lntl) + Bn sinh(xncl)

2) ()

‘n colh(xntl) + Bn sinh(kutl) (23)
and kl[Aél)linh(kn:I) + Bil)cosh(,\ncl)]'
kz[Ainsinh(xn:l) + Btiz’cosh(kntl)] (24)




* (1) * (1) ,
A, co.h(ﬁnfl) + B, auh(anl)

"3 P coan(s 1,3 + 3P atancs 7)) (42)
(A stancs 1)) + 8 couns 71 =

* (2) * (2)

A sinh(dnrl) + B co-h(énfl) (43)

The total coustriction resistance, Eq. (36),
becomas

: J,(8_€)
n: e2 [ MWD —r—% -+
ael 8 ER
v 5 3,61
2 3 )} (.Aincosh(dnr)-r*n:z)gm(sng)]_1_“.(“)
(1=r") e=t (CIRY)

The simultaneous solution of Eqs. (40) through (43)
wich Eq. (44) gives us the total dimensionless coan-
strziction which is seen to be dependent upon ¢, v,
<, tl and t or ,

* ]
‘C - lc(‘oYr"tlﬁf) (65)

Parametric Study and Results

As showa in tha previous section the dimension-
less toctal constrictiocn resistance depends upon
several geometric and thermal parametsrs. To illus-
trate the effect of these parameters for a typical
microeleccronics applicacion without having to
resort £o numerous graphs, anocther parameter was
introduced which is the vatio of the total comstrice
tion resiscance for a unit disk twcel co the total
constriction resistance of the same unit disk of
couductivity kz- kl and full sink ares, b=o, thus

»

R _(e,Y,%k,T,,t=1)
L g
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xc(c.v-O.x-l.tl-t)
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Fig. 4 Effact of several geomecric paramecars upon
the dimensionless resiscance for silicon
on xovar

This parameter, called the dimensionlass resistance,
was computad for xw=l0 which corresponds to the case
of silicon in contact with kovar for an interesting
range of the parameters ¢, v and t,. The results

of the study are given in Tigs. 4 %hrough 8.

We observe that when t,=0.1, l* is consider-
ably greacer chan one for ;h values of >0 when
€>0.3. This is due primarily to the comstrigction
resiscance of the thermal sink and the lower con-
ductivity of che kovar. As t, increases, the dim-
ensionless resiscance R* decr eg approaching
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Fig. 5 Effect of saveral geometric parameters upon
the dimensionless resistance for silicon
on kovar
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Fig. 6 Effect of several geomectric paramecars upon
the dimensionless resiscancs for silicom on
kovar
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Pig. 11 Effect of copper or gold substraca upon

the dimensionless resistance whea tl-o.l.

Fig. 12 shows the effect of t, upon 2" vhen
x=0.375 and v=0.9 for a range of vhuu of c. It
can be seen that whea rl>0 .2, R*>1 for all ¢, but
when t.<0.2, R"<l for ~£<0.5. The greatestc de-

c.rusclin R* occurs when 0.2<¢<0.3 for t,=0.1.

The graphical results given in Figs. 4
through 12 {llustrate how the analytical solution
can be used to demonstrate the effect of the sev=
eral geomecric and tharmal parametars which {n-
fluencs the total dimensionless conscriction
rasiscance of a compound thermal spreader.

Conclusiocus

An analytical solution has been presented for
steady conduction through a compound thermal
spreader. By means of the expressica developed for
the dimensionless total constriction resistance a
paramecric study was undertaken to demonstrate how
the variocus parameters influeace the resistance for
cypical ranges of the parametsrs such as conductive
ity ratio, relacive device size, relative sink size
and the relative chicknessas of the chip and sub-
strate.
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