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ABSTRACT

In this work, thermal resistance characterization of typical
microelectronic packages is presented in terms of an optimiza-
tion factor, which can provide a useful standard for design
and modelling package performance. The present, inconsis-
tent use and definition of junction-to-ambient thermal resis-
tance is addressed, by outlining the dependence of package
thermal performance on the actual operating environment.

The various heat Sow paths from a typical modile are out-
lined, and a variety of package types are modelled, including
single-chip and multi-chip packages. Numerical and exper-
mental date is shown for typical microelectronic packages in
use in the industry. The importance of mounting & package
on a printed circuit board and its effect on the estimalion of
thermal resistances ia discussed in detail.

Theotetical issues such as isothermal package assump-
tions, estimation of film coefficient, and two-sided circuit
boards are addressed. The study shows that the optimiza-
tion factor and associated thermal resistances provide a more
concise modelling approach to thermal analysis of microglec-

ironic packages.
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Nomenclature
A;  junction surface area, m?
App package-board interface area, m?
A, total package surface area exposed to ambient
cooling conditions, m?
Faupe thermal optimization factor, %
H package height, m
h convective film coefficient, W/mK
ka PCB thermal conductivity, W/mA
ky thermal conductivity of ambient medium, W/mK
Ly characteristic board length, m
L, package lengih, m
Nu  dimensionless Nusseit number
Qs PCB heat flow at package location, W
Q, total junction heat flow, W
R thermal resistance, *C/W
R;s  junction-to-ambient thermal resistance, "C/W
R,  junction-to-board thermal resistance, *C/W
R;;  juntion-io-case thermal resistance, "C'/W¥
R  case-to-ambienl thermal resistance, °C'/W
Ry  board-to-ambient thermal resistance, °C/W
Ames mMmaxinmm package thermal resistance, °C' /W
Rua  package therrpal resistance under natural
convection cooling only, °C/W
R, optimum package Lhermal resistance for isothermal
case conditions, °C/W
Ta board {PCB) temperature, *C
T, mean package junction temperature, *C
T. mean package case temperature, *C
T local ambient mean temperature, °C
Twy  mean top of package case temperature
. ambient coolant flow velocity, mfs

Greek Symbols

&
d

lemperaluare rise above ambient, = T' =T °C
pariial derivative
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1 Introduction

Thermal resiatance characterization of microelectronic pack-
age components has often been reported in terms of & function-
to-ambient thermal resistance, Rj.. Unfortunately, as noted
by [1,2,3,4], a specific Rj, value will not adequately reflect
the dependence of package thermal performance in the ac-
tual operating environment, I the package ia mounted on
a printed circuit board (PCB), then the board temperature,
hence board thermal resistance, will directly affect any pack-
age solution for R,,.

The complete thermal resistance network for a single-chip
package (SCP) is illustrated by the achematic in Fig. 1. R,
ia the case-to-ambient, and Hy, is the board-tc-ambient ther-
mal resistance. The resistances f,, R.. cannot be neglected,
aince they are direcl components of the heat fow analysis,
and therefore must be inherent in any procedure used for es-
timating junction temperature rise. Rj, is properly defined

ax
= -1
M=t (i) O
i} QJ Rj: + Rm R_ﬂl + Rh
This shows that any experimental or numerical estimate of
R;, will be dependant on the package construction (f;,/H;:),
the package cooling conditions (M), and the circuit board
thermal resistance { Hy, )

The form (1) embodies 2ll the possible heat flow paths
that exist within an SCP except for microchannel and /or heat
pipe cooling of packages, or where liquid cooling to enother
ambient heat sink ia considered. This form of A;; ig valid for
typical microelectronic packages currently in use in the indus-
try, such as dual in-line (DIP), pin grid array {PGA), ceramic
and plastic quad packages (CQUAD, PQUAD) plastic leaded
chip carrier (PLCC), and leadless ceramic chip carrier (LL-
CCC). Also, it readily holds for single and muitiple package
boards,

The details pertaining to pariicular package construction
become part of the package resistances, £, R;.. The junction-
to-board thermal resistance, R;, must include all heat flow
patha to the circuit board. There are essentially two such
paths. as shown in Fig. 2, namely through the leadframe

attachment, and from the bottom surface of the package via
radiation and conduction. A mean board temperature is usu-
ally assumed at the package-to-board mounting location. The
leadframe attachment could also accomodate mounting of the
package to a socket assembly, which in turn is sttached w
the PCB. A combined package-socket sasembly was neetly
discussed ia [1}],

A is the junction-to-case thermal resistance which mod-
els the heat flow paths between the junction and the package
casing, from which heat will directly eacape to the ambient
Ty eventually through R.. [t is important to note the dis-
tinction between R;. and R,y given special instances. Even
if the PCB was presumed to be at ambient temperature 1},
then R, = 0, but the form (1} still ahows that A, and Hj
have independent flow paths, If the package was compleiely
detached from a board mounting, then R;. and R, could
be combined as one A value, This shows the error that
19 Introduced in quantiflying fi; as per a vendor-supplied
thermal resistance under natural or forced convection con-
dilions, since the mere mounting of the package to a PCB

completely modifies the form of the R;, expression, affecting
directly the estimation of chip junction temperature, Addi-
tionally, o vendor-supplied value of R;, under netural con-
vection conditions should not be considered as a standard
specification, since inherently natural convection cooling im-
plies a relatively low film coefficient, resulting in high junction
temperature. Combined with the relative sensitivity of nat-
ural convection experiments, which have shown to yield very
different R;, values depending on the test enclosure particu-
lars, [1], cleatly a more suitable standard, if any, should be
determined,

R.. i3 the case-to-ambient thermal resistance, which in-
cludes both radiation, conduction and convective heat losses
from the exposed surfaces of the package to the ambient Huid
Ty. Usvally a single uniform convective film coefficient s
assigned to all package surfaces which are exposed to the am-
bient. This is generally applicable to the top and side surfaces
of a package, however as can be seen from Fig. 2, the bottom
package surface, when not flush-mounted to the PCB, also
foses heat to the surrounding ambient. For typical microelec.
tronic packages, the package-to-board gap ia on the order of

107? m. Flow sirmulations have shown that the correspond-
ing film coeflicient beneath the package is much lower than
that found on the other surfaces (3], since the predominant
flow path is up and over & low profile package mounted on &
PCB. R, is the board-to-ambient thermal resistance, which
includes the conduction resistance through a particular PCB

and the Alm resistance on the top andfor bottom exposed
surfaces of the PUB.

The use of f;, has become fairly standard in the indus-
try, and rather than replacing standard supplied values, An-
drews [1] proceeded with justified modification to its defini-
tion. This atudy aims te clarify appropriate thermal mod-
elling techniques in order to be able to compare the thermal
performance of packages under a more astandard reference,

An optimal cooling configuration for a typical package
could be realized if all external package surfaces were maip-
tained at ambient temperature, resulting in an izothermal-
case package. This effectively removes f.,, R, from the cal-
culations. We thus define

Rwrﬂ&# = IL—_Ei T::ETI (2]
d g

a8 being the isothermal-cave package resistance, and addition-
ally define a percentoge oplimizetion factar
Fop = 10625224
opt T {3:}
R;

A value of ft,, cannot be precisely obtained from experi-
ment, and Ltherefore only an accurate theoretical-numerical
estimate would have to suflice. Vendor-supplied, standard
values of R pt, rather than R, under natural or forced condi-
tions, would probably best serve ihe needs of package design
and optimization, as concurted by [2]. Typical R;, deter-
mination for a package in an enclosure under natural convec-
tion conditions was outlined in [6]. Unfortunately, the natural
convection for a package in an enclosure differs {rom a package
mounted on a prinied circuit board. A figure-of-merit {actor
(FOM) was introduced [1}, sccounting for the configuration
dependance of f,, which removed Ry, from the analysis, but
not fi... The FOM factor is a subset of F,,; for optimization
pPUrposes,
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In this work we will examine a number of mportant is-
sues regarding package thermal modelling and optimization.
Firatly, several packages are examined using the F,,; opti-
mization factor tntroduced above. Thia then leads into a look
at approximations copncerning aciual non-isothermal pack-
ages, and some effective modelling technigues, Included is
a discussion concerning the effectiveness of heat sink attach-
ment on actually reducing junction temperature. A section is
devoted to an outline of current 2, models which estimate
the local package film coefficient, and comparisone are noted
between several models. The use of i, B, for PCB analysis
is described, which forma the basis for effective determina-
tion of junction temperature rise. This type of procedure is
in use with META [7], an analytically based PCB-package
thermal analyzer. A discussion i3 also made concerning the

necessary modifications to equation (1) for multi-chip pack-
ages {MCPs).

2 Fopt Modeling

The definition of the optimum package resistance H.y in eq.
{2) asaumes that a package hus case temperature T specified
as uniform over its surfaces, Since @;, the applied heat power
to the chip is assumed fixed, then the junction temperatore
T; will need to be computed based on particular T, values.
For instance, a mittoelectronic packege operating under iwo
different ambient system temperatures would of course have
two separate estimates of T; based on the form {2).

Several typical microelectronic packages were analyzed in
(8], and we will use these in this study to examine optimum

package modeiling. Two typical SCP packages one consid-
ered here, namely & 68 pin plastic quad (PLCC), and an B84

pin ceramic quad (CQUAD). Values of R,y and F,, are
shown in Table 1 for the referenced packages, Also shown
are R, values which were obtained under the forced con-
vection operating conditions, with flow velocities as shown.
The package fitm coeflicienis and ambient system tempera-
ture are shown, as obtained from [8]. Additionally, the mean
junction temperature rise, and top of package temperature
rise (8o, = Tiop — Ty) are noted, Vendor supphied R, val-
ueg obtained under natural convection conditions are supplied

also,

‘Table 1 shows that, under the typical system operating
conditions of the packages, as they were tested experimen-
tally, their performance assessed using the F,,; criterion is
quite poor. When an optimum heat sink was attached to the
{op or bottom surfaces of each of these packages (A —+ oo
at the exposed top or boitom surfaces), with the remain-
ing surfaces having the apecified film coefficient as nofed, the
results that were obiained are shown in Table 1. Respec-
tively, the packages could be considered am isothermal-cap
and isothermal-bage.

Although the assumption that ke or by — 00 is not
quite achievable from standard heat sinks available to the in-
dustry, the results however give a ciear indication of the heat
flow paths within these typical package modules, For the ce-
ramic packages, which were of a cavity-up die configuration,
the top surface cap attachment of a heat sink is geen to be
not anywhere near as effective as when a bottom surface at-
tachment was made. However, the opposite resulis could be
realized if the packages had 2 cavity-down die arrapgesment,

91

The results frozn Table 1 clearly show the tremendous
possibility of reducing junction temperatures in typical mi-
croslecironic packages. Given the etandard package design,
hence a value of K., a relative measure of performance can
be determined under typical operating conditions, Clearly, a
quick, optimum operating junclion temperature could be esti-
mated using R, for the particular package given on ambient
temperature. This naturally raises the possibility of estimat-
ing the worst operating condition, or conversely &n R,
which could predict Lhe maximum junction {emperature for
a particular package. Use of H,,,, a natursl-convection pack-
age thermal resisiance, has often times been reported for this
type of measure, however inconsistencies in experimenptal con-
ditions have led to a variation of repotted R, values. As a
yearilt, we consider a more fundamental alternative.

The extreme condition, as all package surfaces approach
insulation, is tco harsh an extremum Lo use 88 Ro... It is
therefore proposed that the diffusive limit for convection from
an isolated body [9,10] be used. Any form of natural, forced
or rmixed convection, and radiation heat transfer will achieve
& surface film coefficient larger than the diffusive limit value,

The diffusive limit may be approximated by the dimen-
sionless form of Nusgelt number {10] as

Nu = 3.385 + 0.082 (%) (4)
hv/A,
= % (5)

where A, is the tota) package exposed surface area, M is the
package height, and k; is the thermal conductivity of the
ambient mediurm.

A more general form of (4), applicable to arhitrary isopo-
tential bodies was proposed in [11], which describes to with
+ 5%, the diffusive limit to be

Nu = 345 5% (G)

Any natural convection system will have a Nussell number
greater than the form {4). This Lthen provides a convenient,
lower bound estimate of the film coeflicient over a package,
which immediately can lead to a very accurate prediction of
the maximum possible operating junction temperature.

We will therefore define an f,.; by

o Umee LT
Rna: = 0, ; (7)

where all the package surfaces have an A film coefficient as
determined frow (4) or (86).

;:J Nu
VA,

Values of R, ., are also shown in Table 1 for the pack-
eges being studied, where the form (6) was used to esiab-
lish the film coeflicent in {8). The fluid medium waa taken
as air, with &; = 0.026 W/mX, and the respective areas

h=

(8)
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Figure 1: SCP Thermal Resistance Network

T PLCC CQUAD
Q, 05[] 65 057 05
Ve, 35 51| 35) 52
Ty 2097200 2151 218

Experimentz! Temperatures

Beup 52] 54] 41] 29
7, 122113 11.8] 109
R 43| 43| 38] 38

Numerical Predictions

Paug 45,2 ‘ 536 | 488 8.5
a1l
| Srop 4 6.3 3.8 2.8
0 951 83 1391 130
i 16.2 16481 27.2)| 253
Optimum Package Predictions
R, 27| 27] 11] 1.1
Fu(RY| 15[ 17 4] 4
hiop — 0o Predictions
 8; 26 25| 131 125
R 501 5.0 25.7( 24.5
fye — oo Predictions
#; 53| 8.0 1.0 1.0
A, i7.3 1 16.0 1.2 1.2
Diffusive Limit Predictions
h 23| 23| 20 2.0
b i8.4 [ 184 ]1355]135.5
y 368 |36.8]| 267| 267
Fort (%) 7 7 04| 04

Table 1: PLCC and CQUAD Package Simulations ([1]}
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Figure 2: Resistance Modelling

were: PLCC, A, = 0.001568 rn?; CQUAD, A, = 0.001923
m?, QOther pertinent details may be found in [8).

The results offer some very useful insight into the thermal
behaviour of plastic and ceramic -type packages currently be-
ing used in the industry. It is important to note that the
PLCC contained a highly conductive leaditame (& = 300
W/mX) compared to the CQUAD (k = 11 W/mK). The
numerical predictions agree quite closely, with 2 —3°C, of the
experimental data. The A,,, shown was cbtained using the
PCB modeler [7], in conjunction with the package modeler
[8]. The Ry, predictions of the experiment, under 2 differ-
ent flow velocities shown, are about half the reported R}, for
natuzal convection conditions.

The Leat sink attachment studies, 2lthough optimum, dis-
tinctly show the differences between the two types of pack-
ages, For the PLCC (plastic ¥ = 0.63 W/mX), having cap
thickness equal to half of its substrate {beneath die) thick-
ness, the condition hy,, — oo appears more favourable. For
the CQUAL (ceramic k = 16,7 W/mK ), the reverse pitu-
ation, l.e. Ay — o0, provides better performance enhance-
ment. It is important to remember that the ceramic package
had & cavity-up die configuration. Interestingly, there in a
teemendous F,,e = 92% realization for the ceramic package,
compared to the plastic package F,,, = 54%. This can be
explained by the difference in thermal conductivities used for

the packages.

‘The diffusive limit predictions show that the ceramic pack-
age performance is strongly affected by the film coeflicient
specified. Indeed, Rpqey is well above the RY, value. Further
nurnerical validation is needed o verify this finding. For the
PLCC, it appeara that B, is unaccountably larger than Ry,
further details concerning reported experimental values need
to he locked into,

3 R;,R;. For PCB Analysis

The separate package thermal resistances R, ;. can be
incorporated quite adequately within a PCB modelier frame-
work, which is used to compute specific local flm coefficients
and board temperatures. A PCB modeller, such as META,
[7), uses specified local package heat fluxes, which are input
to the flow field and board. The flow (coolant) local ambi-
ent temperaiures and film coefficients are strong, position-
ally dependent functions of heat fluxes which are leaving the
board/package surfaces, However, the magnitude of these
heat fluxes are directly influencod by the ratio of R;, to R,
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The procedure for including R;;, R, into a generic PCB
analyzer, which determines Tp and Ry, will now be briefly
outlined, It is assumed that the Suid-solld interface boundary
condition is of a general convective form, At package (heat

source) locations, this boundary condition can be modified to
the form

adTy

Lp—7— + Bi {4 (T —-Ty) = @ s fn (9)

on A kz

where f;; is defined as
fiv = (L+h/hyu)™ (10}

and we have defined

Bi = Ms (11)
kp
ha = {ApaRp)™ {12)

The film convection coefficient h is & modified coefficient
combining an efflective conductance from f;; and the fluid
side filin coefficient hy in A...

Thus,

i

h_."".t, = f;; + H {13)
where A, now significs only the package surface {l.e., cass)
that is exposed to the flow.

The discrete form of (9), applied to the PCH system with
arbitrarily located packages, determines the local board tem-
peratures Ty, from which Hj, is readily deterruined,

Hype = _b_o',-iﬂ (14)

where T, is the mean board temperature at a particular pack-
age location, and @ is the total heat fow entering the board

from the supplied package power (i.e., Qs > Q).

4 MCP Thermal Analysis

The analyass up to this point hawe centered on SCP wysietrs
where there is & single heat source die, residing within the
package. Multi-die systems are slso fairly comimon to the in-
dustry, and to characterize these multi-chip packages (MCPs)
some minor adjustmenta are necessary to the earlier defini-
tions,

A double-chip thermal resistance analog ks shown in Fig.
3. By having more than one die {chip) in the package, the
individual R — R;, network are in paralle] format given that
cormmon package case and board attachments are assumed.
Since supplied heat fiux levels to particular chips may diffes,
it is possible to define two distinct resistances. The {orm
(2) applies to each individual chip of the MCP, and also, an
overall MCP resistance would be:

T, T,

Hons @i

, (MCP)

The individual chip thermal reeistance is basically the
same a8 €. (2). The overall package resistance involves a
mean-junctions temperature T;, as well as an overall heat
supply ¥ @};. Since many MCP systems involve more than
two chips residing within the package, it would appear that
both the forms (2) and (8) would provide useful information
to the package analyst. However, individual chip resistances
could be much larger than the overall MCP resistance, and
individual chips could have higher juaction temperature lev-
els.

Figure 3: MCP Thermal Resistance Network

5 Summary and Conclusions

The aim of this study was to provide a more coherent stan-
dard for microelectronic paclage performance assessment. An

optimmm package thermal resistance snd optimization factor
were defined, which can be used by a thermal designer to

mensurs the variation of performance under given system con-
giraints. These system constraints and the individual ther.
mal resistances existing for any package-on-board arrange-
ment were outlined, and shown to beld for both SCP and
MCP designs.

A convenient upper bound on the thermal resistances of
packages was introduced, based on the diffusive limit of heat
flow from arbitrary body shapes. R;, values obtained from
natural convection experiments, which may differ, must lie
within the bounds determined by this study.
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