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1 Introduction

For power electronics to be used as motor drives and convert-
ers, the preferred packaging approach as well as the design rely on
a capability for assuring that the junction temperature be main-
tained below a maximum: beyond which performance and reli-
ability are compromised. For silicon devices, this ternperature is
typically, 120°-150C [1-3]. For emerging devices fabricated from
wide bandgap materials, such as silicon carbide or gallium nitride,
this temperature is above 200C [4]. The specific temperature
maximum depends upon the thermal impedance of the package, as
well as the terporal profile of the power [5]. The temperature
elevations that occur during power pulses represent one of the
challenges in this arena. While it has been demonstrated that the
heat generated by such pulses can be absorbed by introducing
phase-change materials (PCMs) [6,7], it remains to establish the
tradeoff between the enhanced thermal capacity and the decrease
in steady-state thermal conductance. One intention of this article
is to address this tradeoff by providing straightforward relation-
ships relevant to preliminary design. Detailed designs will still
require full-scale numerical analysis. The relaiionships are devel-
oped with reference to a specific packaging approach for an
integrated-gate bipolar transistor (EGBT), based on a two-sided
design (Fig. 1} that ameliorates the thermal resistance.

Previous thermal analyses provide guidelines [8-11] General
solutions for heat spreading subject to heat transfer boundary con-
ditions have demonstrated the advantages of a dielectric compris-
ing AIN, rather than alumina [8]. These same results identify the
preferred thickness of the dielectric and base-plate required for
lateral heat diffusion. Other results [9] have demonstrated the
highly debilitating influence of an insulating Jayer (such as a ther-
mal grease) between the base-plate and the heat sink. For the
present analysis, it has been assumed that this problem can be
obviated by using new heat sink designs [10]. Previous analyses
of PCM melting [[2—14] have given insight about the materials
and layer thickness needed to be effective in this application.

The electronics comprise the power source located near one
surface of the chip. The dielectric consists of AIN with a relatively
high thermal conductivity, in the range 150-220 W/mK. It has
width larger than that for the chip, in order to facilitate heat
spreading. PCMs are located between the chip and the AIN. On
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A thermal analvsis has been performed for a package design pertinent to power electron-
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the side without the electronics, a metallic PCM is used. On the
electronics side, an organic PCM within a metallic open frame-
work is envisaged (Fig. 1{a)). The highly conductive framework
helps obviate the inhibition of the temperature suppression caused
by the low thermal conductivity of the organic, especially for
short power pulses. It also acts as a nucleation site for melting and
solidification that inhibits the formation of large shrinkage voids
near the interface with the electronics. The AIN is transient liquid
phase bonded (TLP) to a Cu heat spreader. However, the results
are presented in a generalized form that allows them to be applied
to a heat spreader fabricated from Al/SIiC (which has a much
smaller thermal expansion misfit with the chip than Cu}.

The dimensions of the elements comprising the IGBT are given
on Fig. 1(a} and the thermal properties are summarized on Fig.
I(») and Table 1. For initial calibration purposes, interface resis-
tances are neglected, largely becavse they are unknown for the
design depicted on Fig. 1. Since it does not seem usetul to guess
at these, their effect on the thermal design will be addressed in a
subsequent analysis, after preliminary experimental measurements
have provided estimates of their magnitudes for the dominant in-
terfaces.

Various thermal boundary conditions are used. In all cases, in-
sulating conditions are imposed at the perimeter. Air-cooling is
represented by an effective heat transfer coefficient, 7, at the
surfaces of the base-plate. Water-cooling is simulated by impos-
ing a constant temperature boundary. These two conditions give
substantially different temperature distributions and, accordingly,
establish differing requirements. Some preliminary numerical cal-
culations demonstrating these differences are presented in Section
3. Thereafter, generalized results for heat transfer boundary con-
ditions are developed.

The objective is to provide straightforward scaling relation that
allow preliminary design calculations concerning the sizes of the
constituents needed to maximize the power density while main-
taining the junction temperature. Basic analytical resulis are de-
rived that define the general dependencies of the junction tem-
perature on the variables, with coefficients known only in an
approximate manner. Numerical results are then generated that
both validate the trends and also provide explicit values for the
coefficients.

An axisymmetric configuration has been chosen (Fig. 1(a))
with the expectation that this most closely resembles a rectangular
IGBT package. That is, the radial heat spreading effects are
largely simulated (the extra material in the corner of the rectangle
is deemed relatively important). The results will be restricted to
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Fig- 1 (a) A schematic of the double-sided configuration: PCM, is a metallic and PCM, is an
organic embedded within a Cu medium. The layers are attached by transient liquid phase bond-
ing (TLP). {b) The thermal conductivities of the constituent materials.

Table 1 Thermal properties cases wherein the temperature rise in the fluid coelant is smalil.
For designs that allow the fluid to become relatively hot, a full
Room temperature Latent heat  3-D simulation becomes essential. Such scenarios are beyond the
Materiat Thermal conductivity {(WmK} (kJ/kg) scope of the present Study_
Sic 400 -

AIN 30-222 - 2 Boundary Conditions and Preliminary Results
[Ca‘EIjMI {metallic) 33920 300 The package (Fig. 1{a)) has several thermal features inherent to
PCM, {organic) 10-100* 250 its design, elucidated by performing preliminary numerical caleu-
lations that establish key aspects of the temperature distributions.
*Metal [ramework used 1o ephance thermal conductivity, They allow choices for the thermal domains governing the behav-
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Fig. 2 The finite element mesh used in the calculations

ior. Subject to these findings, approximate analytical formula, are
derived, with unkrnown nondimensional coefficients to be deter-
mined by numerical analysis. For the latter, a general-purpose
finite element code, ABAQUS, has been used. A typical mesh for
the two-sided system has 2090 4-noded linear diffusive heat trans-
fer elements (Fig. 2). The melting of the PCM is simulated by
using a temperature-dependent specific heat (Appendix). A power
density is imposed at the electronics at time zero and temperatures
calculated through the transient to steady-state.

The temperatures that develop in the package are strongly in-
fluenced by the boundary conditions used at the base-plate. The
effects are illustrated by comparing and contrasting the tempera-
tures that develop at the junction for temperature and heat transfer
boundaries. In both cases, the peripheral boundaries are taken to
be thermally insulating: a condition most appropriate to a mulii-
chip configuration. For the former, the temperature, T,, on the
outer boundaries of the base-plates is held constant. Such condi-
tions may be approached when water-cooling is used. For the
second, a heat transfer coefficient is used to characterize the heat
flowing from the base-plates into a flowing fiuid having inlet tem-
perature, T, , typical of forced air cooling. Once this contrast has
been demonstrated, all of the subsequent analysis is performed for
heat transfer boundary conditions.

For temperature boundary conditions, the time taken for the
system to reach steady-state, after applying the power, is rela-
tively short (several ms) and the steady-state junction temperature,
T3, is largely governed by the lowest thermal conductivity con-
stituent, at the appropriate thinness. Noteworthy features pertain-
ing to 73" are illustrated on Figs. 3 and 4.

(i) It is increased by the presence of the PCMs, because of
their relatively low thermal conductivity. However due to their
thinness compared with the other layers, the effects are not sig-
nificant (Fig. 3).

{(ii) It is quite sensitive to the thermal conductivity achievable
in the dielectric. Notably, a high grade AIN (k=220 W/mK)
reduces Tj-“r appreciably relative to a lower grade material
(kdi::leclric=50 W'ImK) (Flg 3) .

(iii) The ratio of the radii of the base-plate and chip, R4 /R,
has essentiatly no effect when T, is prescribed.
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Fig. 3 Axial steady-state temperature distribution for a con-
figuration subject to temperature boundary conditions appli-
cable to water-cooling. Note the appreciable effect of the ther-
mal conductivity of the AIN on the steady-state temperatures.

Heat transfer boundary conditions with air-cooling are different
because, for all realistic values of the heat transfer coefficient,
there must be an appreciable temperature differential, AT, be-
tween the surface of the base-plate and the cooling air. This dif-
ference is essential for realization of the heat flux into the coolant.
This effect causes higher, more uniform axial temperatures (along
7). Upon using a representative f,r (100 W/m?K), a preliminary
result (Fig. 5) for the configuration depicted on (Fig. 1(a}) illus-
trates this and other features. For R3/R,=40 and kg
=220 W/mK, the temperatures along the axis (z at r=0) now
vary from 110C at the junction to 72C at the base-plate surface
(Fig. 5(a}). This profile allows the temperature jump into the cool-
ant (AT=47°C) to be consistent with the imposed power density.
For the configuration of Fig. 1(a), the relatively thick base-plate
acts as an effective spreader that minimizes the radial gradient
(Fig. 4). This finding is used in the analytical derivation described
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Fig. 4 Radial temperature distributions in the SiC chip for
both temperature and heat transfer beundary conditions
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In the next section. Other package designs would admit apprecia-
bly larger gradients and could not be approached in the present
manner.

In contrast to the behavior found for thermal boundary condi-
tions, the temperatures now depend sensitively on the radius ratio,
Ry/R,. For example, at smaller Ry/R; (20 instead of 40) the
temperature differential, AT, between the surface of the Cu base-
plaie and the cooling air is substantially larger (AT=135C) (Fig.
5h). The temperature drop and its dependence on the base-plate
size are reflected in the following analytical expressions.

3 Basic Analytical Results

The thermal behavior to be analyzed is shown schematically on
Fig. 6. There are three main phases: (1) The junction temperature
attained in steady-state, T, at power density, g, . (2) The addi-
tional transient temperature rise AT, ;. that develops upon ap-
plying a power pulse, Ag. (3) The duration At,,,, of the tempera-
fure suppression enabled by PCM melting. The subsequent
temperature rise (4) after the liquid front has passed through the
PCM is not of interest for a correctly designed system.
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Fig. 6 A schematic showing the four phases subject to
analysis
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3.1 Heat Diffusien. Before proceeding, an estimate of the
heat diffusion distance gives perspectives on the interdependen-
cies of the first two phases: (1) and (2) in Fig. 6. The pulses of
interest have on-chip power densities in the range 107 1o
10° W/m? for up to about 1 ms. The distance, z, traversed by the
heat pulse, from the electronics plane, after the pulse is applied, is

[8]:
2=\t ]

where &, is the thermal diffusivity. Inserting typical diffusivities
for the chip and for Cu (Table 1), the distance traveled in 1 ms is
about 100 pm. Accordingly, the heat does not reach the outer
surface of the base-plate (5 mm away) before the pulse terminates.
The temperature response at the junction is thus unaffected by the
thermal conditions at the outer boundaries. The implication is that
the steady-state and pulse problem can be addressed separately
and the results superimposed.

3.2 Steady-State. For steady-state, two aspects of heat dis-
sipation can be separated: (a) heat transfer from the bottom of the
base-plate into the cooling medium, and (b) heat conduction from
the junction to the base-plate. Heat transfer for a symmetric, two-
sided system can be expressed in term of the average temperature
of the fluid, T,,, and that at the bottom of the base-plate, Ty, «
through the exact result [8],

Tbnrmm_Tp:{q.rs/2heff)(Rl /RB)?_ (2)

The preliminary numerical results (Fig. 4) have indicated that the
heat spreading enabled by the base-plate is sufficient (o assure that
Thorom is quite uniform. Hence, for preliminary analysis, the ef-
fect of conduction on the temperature through the base-plate can
be expressed using [8]:

kCu&AT/azEQM (3)

which upon integration provides an estimate of the temperature
drop across the base-plate along the center-line:

Trppi Tba.‘.‘m.u = (qss '{kCu)HH 4)

where T,,,,, is the temperature at the top of the base plate. Com-
parison of (4) with (2) using representative values of the param-
eters reveals that the temperature drop across the base-plate is
quite small compared to the temperature difference between the
bottom of the base-plate and the cooling medium. The difference
in temperature between the electronics and the top of the base-
plate is similarly small. It is convenient to express the total tem-
perature drop across the device as

T3 = Thonon=[(,s kc.) Halx (%)

where T}" is the average temperature at the junction. The gradient
coefficient, x, depends upon the thermal properties of the other
constituents in the system (PCM, SiC, TLP), which must be de-
termined numerically. Combining (2) and (5) gives the nondimen-
sional result:

TSSE[T;S_ Tn](he_,ff/q:.r) =[(Rl /R?)2+XBI] (6)
with Bi being the Biot number {8]:
Bi=h, ol ey fhey

Expression (6) will be tested numerically and the coefficient y
determined.

The utility of (6) is governed largely by the relative invariance
of x. Namely, if y depends weakiy on g,, and Hy, as well as
Ry /R; and R, /R4, it can be used to establish scaling effects with
minimal numerical analysis.
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3.3 Transient Temperatures. During the power surge, a
propartion e of the pulse power. Ag. fiows into the PMC adjacent
Lo the junction, and the remainder (({ —a)A¢) flows into the
chip. The partitioning factor « is given by [§]

ksicvipey I

1+ ——— (7)

Kpea v Ksic
This relation is valid during the transient, before melting of the
PCM, and before the interfaces above the PCM and below the
chip begin 10 influence the temperature pulse. Equation (7) is
obtained by solving the thermal diffasion equation for the tem-
perature increase. AT, above and below the electronics junction
plane (3=0) [8]:

FAT 1 AT ‘ i
P = (k= Kpegy for 2>0ix= ke for z<0)
(8a}
subject to the three conditions
AAT(0" 1) dAT(07 1)
penT o = @i, Aa.c—(L* =(1-alAg.
- _ (8D)
AT .y=ATI0" .
The solution to this boundary value problem is:
] adgikpeyt
AT(z)= ——————f1&) for z=0 where &=z (kpept)
kpep
(1 —a)Ag vrget
AT(zy= IS qe o o
ki
where &=z/{xget) (8c)

The function f(£) satisfies a4 second order ordinary differential
equation on the interval 0<Cf< =, This function will not be de-
tailed here. The primary value of interest is f(0)=2//7 [9]. This
value provides the transient temperature rise at the electronics
Junction plane due to the power surge:

AT(0) = Mﬂ 0) (9)
Poa
As emphasized. this solution provides the temperature rise for
times less than those at which the neighboring layers become
affected by the pulse. For presenting numerical simulations, (9)
motivates the introduction of a nondimensional temperature in-
crease due to the surge as

T=ATON K pear HAG K ppyl)

When the conditions for validity of (9) pertain, A 7= af(0).

Numerical calculations are used below (o determine the relative
constancy of A7 for typical pulses. Again, provided that the de-
viations from constancy are smali, (10) establishes the predomi-
nant scaling.

34 PCM Melting. It is anticipated that, upon PCM melt-
ing. the junction temperature will remain relasively constant and
equal to the PCM melting temperature 7, until the melt front
extends through the PCM, at time At,,,, . This assertion wiil be
validated below by numerical analysis. For pulses longer than
Alper» T will begin o rise rapidly (Fig. 6).

If all of the power from the pulse were consumed in PCM
melting, the transient would be [8]

At

(1

=(LpH)pey g (1la)

meft ™

where L is the latent heat per unit mass. p the density and o pey,
the thickness of the PCM. The actual time should exceed this,
through a proportionality, b

Ab ey =bAtkE (1)
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This proportionality is related to the partitioning coefficient. e,
indicative of the fraction of the heat entering the PCM. It is of
order:

ba{l-a)”' {11e)

By evaluating b numerically and determining its deviation from
unity. its merit as a characterizing parameter for the melting tran-
sient will be established.

4 Numerical Results

4.1 Steady-State. It is apparent from (5) that the trends in

. steady-state are most effectively expressed by exploring the coef-

ficient. x. for various designs. Accordingly, the numerical results
for the steady-state junction temperature are plotted using the or-
dinate:

X= ['\\ ([2)

Results for a full range of heat transfer coefficients (10 to 200
W/m’K) and constituent thermal conductivity, as well as a large
range in size ratio, B3 /R |, are plotted in this manner on Fig. 7. It
is apparent that y is relatively invariant with heat transfer coeffi-
cient, as weli as the power density (in the ranges studied). but
varies somewhat with the thermal conductivity of the dielectric:
changing from 6 to 8 X 107% as k4;,p.00i. changes from 220 to 50
WimK. Because of ils constancy, the utility of y for scaling pur-
poses is validated.

(R IR Bi

4.2 Transient Temperatures. Calculations absent PCM
melting (Fig. 8(c)) indicate that the temperature transient is, in-
deed, independent of the heat transfer coefficient. The role of the
partitioning coefficient. a {7). is illustrated by comparing the ther-
mal transient for Si and SiC chips (Fig. 8(5)). The higher thermal
conductivity of the SiC, relative to Si, reduces a by about 30%,
This reduction is reflected in the correspondingly lower tempera-
ture, AT(r), shown on Fig. 8(&), as anticipated by (9).

All other calculations are conducted for SiC. The results are
replotted with A7 (10) as the ordinate (Fig. 9) and time as the
abscissa. It is apparent that. except at short times (=1 ms), A7 is
ime-invariant. The nonconstancy at very small times alinost cer-
tainly reflects numerical error, rather than a deviation from (10),
as evident from a few calculations performed with a shorter time
step.

The numerical results reveal that there is an influence of the
pulse amplitude. Ag, on Ar. However, the effect is quite small:
A7 increases by less than a factor 2 for a two order of magnitude
increase in Ag. The behavior arises because of the temperature
dependence of the thermal coaductivity of SiC has been ac-
counted for i the numerical simulation, which causes @ to vary as
the pulse amplitude changes.
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Fig. 7 The magnitude of the gradient coefficient, y, for a range
of system variables
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4.3 Melting Times. Ilustrative calculations incorporating
PCM melting are presented.on Fig. 10(z). As anticipated by (11),
thermal damping is strongly influenced by the PCM thickness. To
explore this transient, the non-dimensional parameter b (115} is
plotted against PCM thickness (Fig. 10(b)). It is relatively con-
stant and has magnitude, b= =1.5. It is larger than unity becanse
of the partitioning of the heat between the PCM and the chip (7).
Accordingly, {11a) may be used with this b to estimate At,,,;, and
to obtain the PCM thickness and thereby, to design the thickness
of the PCM to assure that it does not fully melt before the pulse
has been switched off. For example, using the parameter set indi-
cated on Table 1, with Ag=10° W/m? and a 1 ms pulse, then for
a metallic PCM, it would be required that H pe, = 120 pm. This
thickness would increase in almost direct proportion with the
pulse amplitude. For organic PCMs, even though L per unit mass

) L — T
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(= To Numerical Error
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Q.75 -

o
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e
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Fig. 9 The variation in the nondimensional temperature, Ar

(10), with time (absent PCM melting) for three different pulse
magnitudes
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can be about the same as that for the metallics, their lower density
requires that the PCM layer be substantially thicker.

5 Implications for Package Design

5.1 Steady-State Temperatures. An initial design goal that
can be readily addressed using (5}, with the above numerical val-
ues for y, concerns the compactness of the system, manifest in its
minimum overall volume:

Van=27HgR3 (13a)
which with (5) becomes:
2/h
eff
Vain™ 1

[T IPHg— X ke, R} (136)

where P is the power on the chip
P=nR3g (13¢)

Here 2H represents the overall thickness of the package.
This result can be interpreted in several ways.

(i} ‘There is an inverse linear dependence of the volume on the
heat transfer coefficient. That is, increasing here has a major in-
fluence on compactness.

(i) Changing from Si to SiC electronics to increase T” also
reduces the package size. However, the impact depends on other
aspects of the design. The maximum possible effect is inverse
linear: wherein the factor 3 increase in T“ achieved with SiC
{relative to Si) reduces the volume by 1/3.
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(iii) As the power requirements increase, the system volume
must increase. The increase in overall volume could be amelio-
rated by increasing the chip diameter 2R, .

Another perspective is gained by rearranging (5) to express trends
in the power:

T'J’-‘."HB
P= 7 7
VaH R g5+ X! Tk o, R

(14)

The important implication is that, for fixed overall volume, en-
hancements in the power capabilities depend linearly on the junc-
tion temperature, such that SiC electronics are preferable to Si.
Also, larger chip size, R, allows P to be increased, but the details
are design dependent.

5.2 Transients. The behavior following a pulse can be as-
sessed by combining the results from {10) and (115) and noting
that, k=k/pc,, with ¢, being the specific heat. The most impor-
tant parameter is the total time taken to melt the PCM, 1, ,
given by:

' - Prcm (kcp)PCM(Tm_Tjis)l
melt Aq‘ A‘Tz

where T, is the PCM melting temperature. By setting ¢, to be
less than the pulse time, the peak junction temperature is limited
to about Ty, . Accordingly, (15) may be used to design the pack-
age using A7 from (13} and b from Fig. 10(b}).

5.3 Other Considerations. The absence of interface resis-
tances in the calculations and in the formulas are clearly a limita-
tion. These can be readily introduced once realistic values for this
package have be estimated by experimental measurements. It is
hoped that, because transient liquid phase (TLP} bonding is used,
that the resistances would be small. However, within the PCM
layer, upon melting and resolidification, some shrinkage porosity
might develop, resulting in an appreciable degradation. It is hoped
that this effect would be minimized by using the metal frame-
work, which should act as a pucleation site for solidification. This
remains to be determined.

+B(LH) pey | (15)

6 Conclusion

For the power package design depicted on Fig. 1(a) it has been
possible to derive straightforward expressions for the junction
temperature that can be used to establish guidelines for designing
compact systems. The expressions involve three coefficients to be
determined numerically: y, Ar, and b. Results obtained for a full
range of heat transfer coefficients and for a wide range of material
properties relevant to this package, have established that these
three coefficients are nearly invariant. Accordingly, they may be
used as constants for preliminary design and sizing of the pack-
age. Subject to these preliminary designs, full numerical calcula-
tions would be needed to converge on a final design.

For most of the designs envisaged, the entire system would
operate at temperatures within a few tens of degrees of the junc-
tion temperature itself. This would have the added benefit that the
residual stresses at steady-state operation are reduced, compared
to a package that operates subject to a large temperature gradient.
This favorable situation arises because the stress-free temperature,
that at which the package has been fabricated (by transient liquid
phase bonding), is above the junction temperature.

Appendix

Numerical Medeling of Melting. Most of the codes avail-
able for analyzing thermo-mechanical problems such as
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ABAQUS cannot directly model the propagation of a melting
front. However, the codes do accommodate a temperature depen-
dent specific heat, and it is possible to employ this dependence to
account for the latent heat of meliing. To this end, let ¢ denote the
volume specific heat (in J/mK} of the PCM with ¢_ its value
prior to melting and ¢ . in the liquid state. Consider the tempera-
ture dependence of ¢ shown in Fig. 11 where T,, is the meliing
temperature and the elevated value within a very small tempera-
ture interval, €7, , centered on the melting temperature is:

(A1)

The term (¢_ +c¢,)/2 in ¢, ensures that the heat absorbed per
unit volume as the temperature increases from below (1—¢g)T, to
above (1+g)T, is exactly, ¢ (T,—T\)tc (T;—T,)+L.
Thus, a temperature dependent specific heat can account for heat
absorbed by melting. The finite temperature interval (¢T,,) during
which the elevated specific heat operates must be chosen to be
sufficiently small that the errors incurred are small relative to the
predictions for a material with a distinet melting temperature.
However, the smaller £ T, , the smaller must be the time step used
in the numerical simulation. There are additional implications for
the spatial meshing in the PCM, but these are less restrictive than
the Iimitations on the time step.
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