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ABSTRACT

With recent advances in the state-of-the-art of power electronic devices, packaging
has become one of the critical factors limiting the performance and durability of power
electronics. To this end, this study investigates the feasibility of a novel integrated package
assembly, which consists of copper circuit layer on an aluminum nitride (AIN) dielectric
layer that is bonded to an aluminum silicon carbide (AlSiC) substrate. The entire
assembly possesses a low coefficient of thermal expansion (CTE) mismatch which aids
in the thermal cycling reliability of the structure. The new assembly can serve as a
replacement for the conventionally used direct bonded copper (DBC) — Cu base plate —
Al heat sink assembly. While improvements in thermal cycling stability of more than a
factor of 18 has been demonstrated, the use of AlSiC can result in increased thermal
resistance when compared to thick copper heat spreaders. To address this issue, we
demonstrate that the integration of single phase liquid cooling in the AlSiC layer can
result in improved thermal performance, matching that of copper heat spreading layers.

This is aided by the use of heat transfer enhancement features built into the AlSiC layer.
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It is found that, for a given pumping power and through analytical optimization of
geometries, either microchannels, pin fins and jets can be designed to yield a heat
transfer coefficients of up to 65000 W m K!, which can result in competitive device
temperatures as Cu-baseplate designs, but with added reliability.

Keywords - power electronics, thermal management, direct bonded copper, channels, single

phase cooling, jet impingement, computational fluid dynamics (CFD).

1. INTRODUCTION

Power electronic components are widely used in applications from high voltage electric
grid power management to low voltage battery chargers and encompass a broad power spectrum
[1-3]. These devices help to control the current and voltage waveforms as power is transmitted
between power sources and loads. A typical power electronic package contains an electronic
device fabricated from silicon (Si) or a wide band gap material like silicon carbide (SiC) or
gallium nitride (GaN) [4]. The devices are soldered on to a metallized dielectric substrate, which
provides pathways to form the electric circuit, heat spreading, and electrical isolation from the
other devices on the substrate. For high performance systems, substrates containing copper (Cu)
metallization on aluminum nitride (AIN) dielectrics (e.g., direct-bonded copper or DBC) are
used for mounting the power device circuitry. The substrate in turn is attached to a metal
baseplate and a heat sink using a thermal interface material as shown in Fig. 1(a). Under thermal
cycling, DBC substrates and solder layers are often subjected to complex state of stress due to
mismatch between coefficients of thermal expansion (CTE) of different layers. As a result,
delamination and cracking of DBC substrates are common [5, 6]. In addition to the potential
failure of the DBC, the resistances imposed by multiple interfaces and layers used in the
conventional DBC-cold plate packaging architecture, limit the ability to produce compact

designs with low thermal resistance.
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Figure 1. (a) Conventional power electronic package showing multiple material layers
and interfaces. (b) Improved design considered in the present work showing Cu
— AIN — TLP bond — AlSiC stacking. Cooling features are embedded in the
AISiC heat sink.

Proposed Package

The issues raised in the reliability and design of the conventional packaging architecture
utilizing DBC substrates and cold plates (Fig. 1(a)) are addressed in the package design
undertaken in the present work. In this new design, an AIN dielectric substrate is directly
bonded to an AISiC baseplate/heat sink that has a similar CTE, as shown in Fig. 1(b) using a
transient liquid phase (TLP) bonding approach [7]. The minimization of the CTE mismatch
between the two layers results in a lower probability of fatigue and aging failures. Table 1 [8-
10] shows the CTE and thermal conductivity of typical materials used in power electronic

packaging.
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Table 1. Thermal conductivity and CTE of materials used in electronics packaging at
room temperature.

Material Coefficient of thermal Thermal

expansion (CTE) Conductivity

(10° °C1 (Wm' K"
Copper 16.5 395
Aluminum 22.2 200
Aluminum Nitride (AIN) 4.5 175
Silicon 4.0 148
Silicon Carbide (SiC) 4.0 280
Aluminum Silicon Carbide (AISiC) 8.0 185
Copper Molybdenum (CuMo) 7.0 200
Copper Tungsten (CuW) 6.5 175

The details of this TLP bonding process as well as the thermal, mechanical and
metallographic characterization of the bond material are reported elsewhere [7]. The thermal
conductivity of the bond material was found to be 120 = 6 W m™' K'! (more than twice that of
the typical solder materials), whereas its Young’s modulus and hardness values were 84 GPa
and 6.3 GPa, respectively (Young’s modulus for AuSn solder is 59 GPa) [11]. Sixteen samples
bonded with this technique, when subjected to thermal cycling between — 40°C to 150°C for
1800 cycles and aging tests at 150°C for 1400 hours, have shown no change in void fractions,
no failures, cracking or delamination. Thus, along with favorable thermal, mechanical and
fatigue strength properties exhibited by these bonds, the package thickness is reduced by up to
6 mm, compared to the conventional designs as shown in Fig. 1(b). Here, the structure under
consideration has Cu — AIN — AISiC heat sink, instead of DBC — solder — base plate — thermal
grease — heat sink as in the conventional stack. It should be noted that the Cu layers in the DBC
assist in heat spreading in the package, which is attributed to the high thermal conductivity of
Cu layers. Therefore, as the amount of Cu in the stack is reduced or eliminated, the AISiC heat
sink bears the responsibility of effective heat spreading. Hence, cooling features must be
introduced into the AISiC heat sink to assist with the heat removal. These cooling features,

namely mini- or microchannels, pin fins and impingement jets aid in heat transfer area



enhancement. Optimization of these features is essential for the package being developed in the
present work, so that these features can compensate for the removal of Cu layers and make the
device temperatures with the use of the improved package design competitive with the DBC-
based packages.

The present work focuses on single-phase cooling to reduce the thermal resistance of the
AISiC baseplate packaging systems and to show that they can be competitive with DBC copper
heat spreader designs. Single phase liquid cooling provides a better heat transfer coefficient than
air-cooling under the same fluid flow conditions, and it has been extensively studied for novelty
of designs. Zhou, Dede and Joshi [12] performed a computational analysis of a hybrid slot jet
system, which combines a channel design and a slot jet geometry. They were able to achieve a
heat transfer coefficient (HTC) of 34 kW m? K! at the heat sink with a pressure drop less than
10 kPa. In a similar fashion, Lau, Han, Yue, Lu and Xiaowu [13] fabricated a silicon
microcooler, the design of which is a combination of spray cooling and microchannel cooling.
Sakanova and Yin [14] conducted a computational investigation of cooling using microchannel
structures embedded in the backside Cu layer of the DBC. Pautsch et al. [15] analyzed a double
sided microchannel cooling embedded in AISiC plate below a silicon power device and
predicted 26% over single sided cooling devices. Standalone jet impingement studies have been
documented for characterization of jet geometry in terms of HTCs and Reynold’s number (Re)
[16]. Additional techniques studied for power electronics cooling include immersion cooling
[17] and nanofluid cooling [18].

In the present work single phase cooling techniques were chosen to be integrated with
the AISiC heat sink described earlier. Three approaches for heat transfer enhancement was
investigated to reduce the convective thermal resistance, namely single phase flow through
minichannels, single phase flow through pin fins and pin fins with jet impingement cooling.

For initial comparison, the approaches were compared at a fixed pumping power. The use of



pumping power (Wpump) as a governing metric is justified, because as shown in Eq. (1), it
implicitly governs the mass flow rate of the coolant denoted by 7t and the induced pressure
drop (AP) as a result of this flow simultaneously. The density of fluid is denoted by p. As the
mass flow rate and pressure drop are intimately coupled, the cooling system design based on

independent design limitations on both these variables is often complicated.

AP x m. .
WPump = “ (1)
yo,

Analytical calculations were performed to investigate the effect of design parameters, such as
channel size and aspect ratio, pin size and spacing, and jet diameter on variation of HTC on the
backside of the base plate and AP for a fixed pumping power. These calculations aided in the
selection of design variables for each of the cooling scenarios that led to the best possible heat
removal for each technique.

For the next part of the analysis, 3-D models of the package with the stacking shown in
Fig. 1(b) and parameters selected from the analytical study were developed, and CFD
simulations were conducted in ANSYS FLUENT™. This study was performed to observe the
effect of coupled heat spreading and fluid flow on device temperatures with the new AlSiC
baseplate/heat sinks. Finally, a detailed comparison among all methodologies was performed to
determine the relative differences in the various cooling methods. In this fashion, the
competitive advantage of the present design over DBC-based designs was retained in terms of
heat dissipated per unit mass of the package and its reliability. The novelty of this work lies in
the design of AIN - AlSiC low CTE based packaging combined with heat transfer enhancement
features which allow it to perform similarly to copper based cooling designs from a thermal

perspective.



2. PARAMETRIC STUDIES ON ALSIC BASEPLATE THICKNESS

Figure 2. Toyota Prius inverter geometry dissipating 2400 W.

For a model system, the power electronics component of a Toyota Prius inverter was
integrated with the Cu-AIN-AISiC and modeled with the geometry as shown in Fig. 2 and
material layer sequence as shown in Fig. 1(b) [19]. The Toyota Prius design was chosen or a
one-on-one comparison of device temperatures and heat spreading with the new package. The
conventional power electronic package dissipates 2400 W through 12 pairs of an integrated gate
bipolar transistor (IGBT) device and a diode. Each IGBT dissipates 120 W ¢cm™, whereas each
diode dissipates 95 W cm, leading to a 200 W total heat dissipated by a pair of an IGBT and a
diode. While not all IGBTs and diodes may be dissipating heat at the same time, they are
assumed to do so in the present work, as this is comparative exercise. Table 2 shows the
summary of the operating conditions and thicknesses of the individual layers used in the steady
state thermal simulations, which are adapted from the work by Malu, Bora, Nakanekar and
Tonapi [19]. The footprint of the devices and the rest of the material layers remained the same
as the original geometry, the details of which are described in the work by Malu, Bora,

Nakanekar and Tonapi [19].
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Figure 3. Boundary conditions applied on the exposed surfaces for the parametric study to
determine the optimum thickness of AlSiC baseplate. This figure shows a pair of
IGBT and a diode of the 12 pairs shown in Figure 2.

Table 2. Details of material layers in the modified package.

Layer Thickness Thermal
(mm) Conductivity
(Wm'K")
Diode 0.32 120
IGBT 0.51 120
Solder 0.10 50
Copper 0.41 401
AIN 0.64 155
TLP Bond 0.10 133
Baseplate 3.00 170 — AlSiC
6.00
9.00

As shown in Fig. 3, a range of convection HTCs at 30°C was applied on the backside of
the AISiC heat sink and the maximum device temperature was noted for each of these
simulations. Although 30°C was not a realistic value of the coolant inlet temperature for
automotive applications, it was chosen for this set of simulations for a one-to-one comparison
with the conventional module studied by Malu, Bora, Nakanekar and Tonapi [19]. Furthermore,
while detailed fluid flow modeling accounting for coolant heating are described in the later
section, this study of thermal modeling was conducted to analyze the effect of AISiC layer
thickness on device temperature only. For the surfaces that were exposed to the ambient, a

constant HTC of 5 W m™ K was assumed. The radiation becomes significant, when



temperature of the surface is high and natural convection is the predominant convection mode.
In this case, however the heat removal is dominated by how effectively the heat transferred from
the device to the heat sink, where the heat transfer coefficient values considered in the simulation
were greater than 10000 W m™ K'!. Approaching this problem from the resistance network
standpoint, the addition of radiation heat transfer from the exposed surfaces would reduce their
heat transfer resistance by nearly up to 2.6 times, however despite this change in the resistance,
the surface resistance is still significantly larger than the conduction resistances of the material
layers and that of the convection heat transfer from the heat sink. For comparison, the least
conductive material layer is AlSiC with the thermal conductance at 56000 W m? K™! when
compared with 5 W/m? K'! with only convection and 13 W m? K™ with convection and
radiation. So, the heat generated in the device finds a much easier way through the conducing
material layers and fluid flow through the heat sink. Hence, radiation heat transfer is neglected
in the simulations. The geometrical models were developed and meshed in ANSYS
ICEMCFD™ and steady state simulations were carried out using ANSYS FLUENT™ platform.
The simulations were checked for mesh independence and energy conservation equations were
solved until they converged within 0.5%. Sample temperature contours are shown in Fig. 4 for
the case with a 3 mm AISiC baseplate applied with an HTC of 40 kW m™ K'!, where the IGBT
temperatures were seen to rise to 66°C, compared to the coolant temperature of 30°C. This
results in a ATwmax (the difference between the maximum device temperatures and coolant

temperature) of 36°C.



Figure 4. Sample temperature contours with the TLP bond with 3 mm AISiC heat sink
with an HTC of 40 kW m? K.

An interesting pattern was observed, when simulations were conducted for different
AISIC thicknesses with varying HTCs. The differences between the maximum device
temperatures and coolant temperature (A7wmax) were plotted as shown in Fig. 5. For a low HTC
value such as 10 kW m™? K, thick baseplates (9 mm) aided in spreading heat effectively,
yielding to lower ATwmax values compared to their thin counterparts. However, as HTC was
increased to 30 kW m™ K! and beyond, the pattern changed and thin heat sinks started
performing better as compared to their thick counterparts. This reversal of trends was clearly
due to the change in relative magnitudes of conduction heat transfer resistance in the heat sink
and the convection heat transfer resistance applied at the heat sink wall. For low HTCs, the
convection heat transfer resistance was large, therefore thicker plates acted as more efficient
heat spreaders before heat was removed. On the other hand, for high HTCs applied at the heat
sink wall, heat could be readily removed from the system and any additional thickness of the
heat sink acted as an additional barrier to heat removal. Therefore, thin heat sinks performed
better than thick heat sinks in terms of device temperatures at high HTCs. Furthermore, they
were found to be more responsive to the change in HTCs due to reduction of thermal mass in

the system. In contrast, the change in device temperature with any change in HTC was found to

10



be minimal for a 9 mm thick AISiC plate. The 9 mm thick baseplate and heat sink assembly (Cu
baseplate and Al heat sink) beneath the solder attach studied by Malu, Bora, Nakanekar and
Tonapi [19] exhibits a similar behavior when HTC values are changed. This means that, for a
conventional stack, any major increase in HTC may not yield appreciable decrease in A7wax.
Using thin heat sinks can result in a compact and inexpensive package.

Another aspect of these simulations was the performance of Cu-AIN-AlISiC design with
respect to the conventional Cu — Al base plate — heat sink designs. As shown in Fig. 5 [19], the
device temperature rise values in a conventional package reported by Malu, Bora, Nakanekar
and Tonapi [19] were between 36°C and 39°C for an HTC range of 10 kW m™ K'! to 20 kW
m™ K. Extrapolating the curves for the conventional package using a hyperbolic function
consistent with Newton’s law of cooling, an AlSiC heat sink could be competitive with the
conventional power electronics package in terms of device temperatures, if a 3 mm plate were
used with an HTC of 50 kW m™ K and above. It could be argued that extrapolation of the
device temperature curves for the conventional device could have the slope consistent with
thinner AlSiC plates, yet it has a 6 mm thick Al heat sink in addition to the 3 mm thick Cu base
plate. The use of steeper slopes for the conventional devices could have been justified only when
a 3 mm Cu heat sink were incorporated in the conventional design without any Al layer, and
this was not the case. Furthermore, using a linear extrapolation is not physically consistent and
would result in unrealistic device temperature values. Hence, single-phase cooling techniques
were investigated analytically and system and geometry parameters that could yield HTCs
greater than 50 kW m™ K were sought. The thickness of AlSiC heat sink then chosen for the
analytical and further computational modeling was 3 mm.

Another argument regarding the thickness of the AlSiC heat sink can be sustained as to
why thicknesses smaller than 3 mm were not analyzed. While it is possible to use even thinner

AISiIC heat sinks and they may well result in more effective heat removal for a given HTC
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consistent with Fig. 5; it is not practical to use such thin AlSiC plates, because the cooling
features such microchannels or pin fins are to be embedded within the plate. It is critical to
understand that these thermal simulations assume HTC values at the AISiC wall, however, the
coolant flow must be able to generate this high HTC in the heat sink to realize this performance.
For instance, as it will be shown later in the article, the minichannels with 2 mm or greater size
result in effective fluid flow through the AISiC heat sink, hence the AISiC heat sink must be
thicker than that to be able to fabricate channels of 2 mm size and still retain its structural
rigidity. If 1 mm thick AISiC heat sinks were to be employed, channels smaller than 1 mm
would have to be carved in the AISiC plate, which in turn worsens the heat removal
performance. Therefore, in this set of simulations AlSiC plates thinner than 3 mm were not

simulated.
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Figure 5. Variation of the difference between device temperature and fluid temperature
(ATwmax) with HTCs for different thicknesses.

3. ANALYTICAL MODELING

The parametric studies conducted in the present work were based on a Toyota Prius
inverter geometry [19] as shown in Fig. 6(a), which also shows one of the identical sections of
the complete module. Each pair of an IGBT and a diode dissipates 200 W and a set of two pairs,

or the identical section as shown in Fig. 6(b), dissipates 400 W.
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For the direction of the coolant flow as shown in Fig. 6(b), any of the six sets of
electronic device pairs, which dissipate 400 W, can be viewed as the domain of interest. This
simplification avoided the computational cost and time of simulating the entire package. The
direction of the flow of coolant is also shown. This direction was chosen to minimize the
pressure drop and to limit the temperature rise of the coolant while flowing through the package.
The pumping power assumed for the analytical calculations for channel flow and pin fin flow
was 8 W, which is 2% of the total heat dissipated by the two pairs. This value was taken as 4 W
for jet impingement, wherein the flow of coolant was assumed to be perpendicular to the surface
of the substrate, and only one IGBT-diode pair is sufficient to describe the temperature
distribution and heat spreading. This value of pumping power was estimated based on an
independent exercise that studied the effect of coolant mass flow rate on pumping power and
pressure drop, simultaneously trading it off with HTCs and is described in a later section. This
pumping power as shown in Eq. (1) is a function of mass flow rate, ri4ot and pressure drop, AP
through the system. With Eq. (1), the efficacy of any geometry can be assessed independently
based on how small the pressure drop is for any given mass flow rate.

The coolant considered in the present work is a mixture of water and ethylene glycol
(50/50) and was selected for its broad range of operating temperatures. The inlet coolant
temperature was considered to be 80°C and the fluid properties, such as density, p, viscosity, u,

specific heat, ¢, and and thermal conductivity, &, were evaluated at this temperature [20].
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Figure 6. (a) Schematic showing an identical segment of a Toyota Prius inverter
dissipating 400W (b) Magnified view of the identical segment selected for
simulations also showing minichannels.

1.1.  Channel cooling

The aspect ratio and the channel width of the channels were considered variables in the
calculations for the channel cooling design. The friction factor and the HTC were estimated
using Churchill equations shown in Egs. (2) through (4) [21, 22]. The effect of aspect ratio, a,
hydraulic diameter Dy, surface roughen eps, Reynolds number, Re and Prandtl number, Pr on
Nusselt number, Nu and friction factor, f were taken into account. The details of the geometry

and other factors considered for analytical modeling of channels are shown in Fig. 7.
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The pressure drop components in the package consisted of contraction at the channel
inlet, friction at the channel wall and sudden expansion at the channel exit. Respectively, these
components were calculated as shown on the right hand side (RHS) of Eq. (5) [23]. In these

equations, ¥ is the channel velocity and Vi, the header velocity.

2 2 2 2
P+l 5 2 g LA o565k 2 p
2 2 D, 2 2 (5)
AP=P,-P,
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These equations, when solved together with Eq. (1), yielded HTC and AP as a function of
channel width and aspect ratio. By independently varying channel width from 0.4 mm to 2.0
mm and aspect ratio from 0.1 to 1, HTC and AP were mapped as shown in Fig. 8(a) and 8(b)
respectively. Note that the aspect ratio values below a certain threshold for larger channels were
not analyzed, as the height of the channel, H was assumed to be limited to 2 mm and width, W
is allowed to vary. The height was limited to 2 mm, because as described earlier the total

height/thickness of the AlSiC heat sink was selected as 3 mm.
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Figure 8. (a) HTC (b) AP variation with aspect ratio and channel width.

For the smallest channel size of 0.4 mm, the coolant flow was laminar, and therefore
the HTC was at least 75% smaller than those obtained with larger channels. As channel size
increased, it could carry more coolant with a small AP. For turbulent flow through minichannels,
HTCs greater than 60 kW m™ K™! were achievable at the AP smaller than 40 kPa. Therefore, a
square channel with a width of 2 mm was selected for the CFD/HT simulation to predict the

device temperature using this cooling scheme. This geometry yielded an HTC of 65 kW m™ K-
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"'and a AP of 40 kPa with a mass flow rate of 0.2 kg s™!. Figure 6(b) shows the minichannels
embedded in the AlSiC heat sink with a square cross section of side 2 mm.

It must be noted that bigger channels might have yielded a better HTC, as compared to
the 2 mm case, because they can carry more coolant with smaller pressure drop. However, this
would have then required a thicker AlISiC plate in the first place. However, as shown in Figure
5, the use of a thicker AlSiC plate would have required a greater HTC to be then competitive
with the Cu base plate, negating any potential benefit that would have be achieved by making
larger channels. Furthermore, increased thickness of the AISiC plate results in more material,
more cost and weight to fabricate the package with analogous thermal performance. Hence, the

use of 2 mm minichannels is justified.

1.2.  Pin fin cooling

Pin fins provide additional surface area for heat spreading and rejection, thereby
requiring small temperature difference between the coolant and the surface to be cooled. The
analysis becomes complicated, when pumping power becomes the deciding factor, as excessive
pressure drop for the flow through pins can severely decrease the mass flow rate and HTC at the
pin fin surface. Zukauskas correlations shown in Egs. (6) through (8) were used to calculate the
HTC and AP over the pins. A staggered pin arrangement was chosen and appropriate equations
for constants C> and C were applied, depending on the number of pin fin rows and Re. For
determination of K and f'in Eq. (8), curve fitted planes as functions of fin spacing St and fin
diameter, D were determined and incorporated [24]. These geometry parameters and their

locations within the considered geometry for pin fin cooling are shown in Fig. 9.
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Figure 10 shows analogous spectra of HTC and AP for the pin fin flows. The diameter,
D is varied from 0.5 to 3 mm, whereas two pin heights, 1.0 mm and 1.5 mm, were chosen for
analytical calculations, whereas St and Si, the lateral and axial pin fin pitch values were varied
from 1.25 mm to 5.0 mm. The pin fin height is again consistent with the maximum thickness of
the AlSiC plate of 3 mm and has a similar justification as in case of the channels.

The HTC values obtained with the pumping power of 8 W with pin fins peaked at 60
kW m? K'! as shown in Fig. 10(a), because of high pressure drop offered to the flow of the
coolant as shown in Fig. 10(b). For this geometry, increase in pitch values resulted in a reduced

resistance to the flow and a reduced AP, however the HTC values did not improve despite this
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increase in mass flow rate. This is because, HTC values for pin fins are a strong function of total
surface area available for heat transfer, which decreased as fin pitch and diameter increased. The
total base surface area was constant; hence, any increase in D and and St and St results in a
small number of rows and columns, in turn, small surface area available for heat transfer. A

similar logic can be applied for describing the effect of fin height on HTC and AP.
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Figure 10. (a) HTC (b) AP variation with pin fin pitch and diameter.

Therefore, unlike the channel flow, reduced AP cases for pin fins at a constant pumping
power did not result in improvement in HTC wvalues. The best possible scenario for
computational simulation then was the pin diameter of 0.5 mm and pitch values of 1.25 mm and
pin height of 1.0 mm. This combination resulted in a AP of 146 kPa, while yielding an HTC of
60 kW m2K-!. The mass flow rate corresponding to this set of parameters was 0.053 kg s\

Figure 11(a) shows the assembly of the power electronic package and the pin fin
assembly attached at the bottom of the AISiC layer. Although Fig. 11(b) shows the pin fin

assembly separately, pin fins can be fabricated as an integral part of the AISiC material layer,
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by melting a mirror mold of the fins from the bottom side. The pin fin diameter, fin pitch and

heights shown in Fig. 11(b) are those mentioned in the previous paragraph.

Flow Area ~

AlSiC Side Blocks

Figure 11. (a) Complete assembly of power package with pin fin assembly attached at the
bottom of AlSiC plate (b) Pin fin assembly (pins in blue) showing flow region in
the red. Flow cross sectional area is smaller than the total area, because pin fins on
the sides are not found to aid in heat spreading and are therefore not needed.

1.3. Spray or jet cooling

For the analytical model of the spray cooling scheme, a single pair of an IGBT and a
diode was sufficient, as the flow of the coolant was normal to the base surface. The results from
a single inlet stream could be easily applied to the other stream in the package shown in Fig. 2.
Figure 12 shows the schematic of the package and jet manifold assembly used for analytical
calculations and computational simulations, whereas Fig. 13 shows the details of the geometry
and schematic of the overall domain. The coolant flowed from the inlet manifold to several rows
of jets. It was then directed on to the target surface or the backside of the AlSiC plate. At the
target surface, the coolant stream bent by 90° and then exited the zone. The pressure drop

components encountered for the coolant flow were that at the jet constriction, friction in the jet
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body, sudden expansion in the cooling zone, bending of the flow, and friction to the flow through

cooling zone were calculated as shown in the right hand side of Eq. (9). [10, 23].

Inlet Manifold 4

Figure 12. (a) Schematic o the complete geometry used for spray cooling (b) Jet array
inlet manifold assembly.
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Equations (10) through (14) were used to estimate HTCs achievable by the jet array
cooling as a function of jet spacing S, jet diameter D, distance between jet exit and the target

surface H. These parameters were varied in the present work to determine the best possible

cooling scenario.

21

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted
manuscript. The published version of the article is available from the relevant publisher.



Front View

Electronic Devices

Jet Length

Jet Stream Direction

Diameter, D

Top View

Figure 13. Schematic showing the geometry parameters and arrangement of layers
considered for modeling jet impingement.
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Figure 14. (a) HTC (b) AP variation with jet spacing S, D, and H.
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Figure 14 shows the variation of HTC and AP as a function of S, D and H. Three different
H values, 0.5 mm, 1.0 mm and 1.5 mm were analyzed; however, results with only 0.5 mm are
described here for brevity and them being better than the other two. As shown in Fig. 15(a),
HTC value achievable with a power of 4 W and with the smallest jet diameter of 0.3 mm was
57 kW m?2 K! and a jet spacing of 1.8 mm. The corresponding value of pressure drop is 41 kPa
as seen in Fig. 15(b) and the mass flow rate is 0.094 kg s, which were chosen for the
computational investigation.

Overall, it can be inferred that optimized geometries of channels, pin fins and jets for a
given constant pumping power can yield HTCs above 50000 W m K'! and thereby create the
possibility of achieving a competitive performance to Cu base plates, when employed to cool

the power electronic package. Table 3 shows the summary of the analytical modeling results.
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Table 3. Summary of the analytical modeling exercise.

Features Channels Pins Jets
Geometry 2 mm square 0.5 mm diameter 0.3 mm jet diameter
1.0 mm height 1.8 mm pitch
1.25 mm pitch 0.5 mm jet length
HTC 65000 60000 57000
AP 41 146 40
Mass flow 0.2 0.053 0.094
rate

4. COMPUTATIONAL MODELING

The analytical models in the previous section provided insight into the minichannel, pin
fin and jet geometries that yielded the best individual cooling performances. Next, the
computational investigation to predict heat spreading in the substrate and the subsequently the
temperature of the device was conducted with these three geometries.

With the coolant mass flow rates mentioned in the preceding sections and Table 3 and
the material layers defined in Table 2, the natural convection heat transfer coefficient for the
surfaces exposed to ambient was assumed to be 5 W m? K! as in case of thermal simulations
described in a previous section. For the computational simulations, all the boundary conditions
are the same as shown in Figure 3, except the additional fluid flow boundary conditions. The
fluid inlet boundary condition is the fixed mass flow rate with the input fluid temperature of
80°C. The fluid outlet boundary conditions is pressure outlet, which assumes that the gauge
pressure is zero. The geometries were built and meshed in ANSYS ICEMCFD™ and steady

T™ platform. The turbulence model

state simulations were carried out using ANSYS FLUEN
selected for the fluid flow analysis was Spalart Allmaras for its robustness and its default
parameters in ANSYS FLUENT™. The simulations were checked for grid independence and
the mass, momentum and energy conservation equations are solved until they were converged

within 0.5%. Temperature predictions from these simulations can be applied with these

generalized error estimates. The heat flux boundary applied at the IGBT and diode surfaces were
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120 W cm and 95 W cm?, respectively. The summary of simulation parameters is shown in

Table 4 [10]. The coolant is chosen to be water and ethylene glycol mixture (50/50).

Table 4. Fluid boundary conditions and channel geometry details selected for modeling
the heat spreading and removal.

Parameter Value
Total heat dissipated 400 W
IGBT heat flux 120 W cm™
Diode heat flux 95 W cm™
Coolant Water - ethylene glycol
Coolant density 999 kg m>
Coolant specific heat 3820 J kg' K
Coolant conductivity 0.391 Wm'! K!
Coolant viscosity 0.0011 Ns'm!
Coolant inlet temperature 80°C
Coolant Pumping power 8 W
Minichannel cross section 2 mm X 2 mm
Coolant mass flow rate - channels 0.2 kg s™!
Pin fin diameter 0.5 mm
Fin pitch 1.25 mm
Fin height I mm
Coolant mass flow rate - fins 0.053 kg s™
Jet diameter 0.3 mm
Jet spacing 1.8 mm
Jet — target surface gap 0.5 mm
Total mass flow rate - jets 0.094 kg s™!

Figure 15(a) shows the temperature contours for the plane parallel to the coolant flow at
the minichannel centroid. AISiC body temperatures adjacent to the channels up to 94°C were
observed, while a gradual increase in temperature up to 1°C was seen as coolant flowed through
channels and picked up heat. Coolant flowing through the manifold at low velocity could be
seen accelerating at the channel entrance reaching velocities of up to 8 m s in Fig. 15(b). This
velocity was responsible for generating the HTC of 65 W m K'! at the channel side walls and
the maximum device temperature of 116°C or a ATwmax of 36°C. At the exit of the channels in
the manifold, jets could be seen as a result of channels emptying the coolant in the exit manifold.
Pressure contours as shown in Fig. 15(c) also correspond to the same flow pattern. Pressure drop

due to sudden contraction at the channel entrance, negative pressure at the channel exit followed
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by pressure recovery at the manifold exit as seen in Fig. 15(c) were also observed in the
analytical calculations. The interplay between increased velocity and decreased pressure was
accurately captured by these simulations. While the pressure at the channel outlet becomes
negative, it does not mean that the flow direction is reversed. The pressure at the outlet of the
assembly is assumed to be atmospheric and the outlet header has a greater cross sectional area
than the channel size. Hence, the pressure values at all locations adjust themselves depending
on corresponding velocities. Qualitatively, the velocity of the coolant through the inlet header
is small, followed by acceleration in the channels and the deceleration in the outlet header, which
is consistent with Bernoulli’s principle.

Additionally, the total AP of 40 kPa was in agreement with the analytical value of 40

kPa indicated in Fig. 8(b).
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Figure 15. (a) Temperature (b) Velocity (¢) Pressure contours parallel to channel flow at
the minichannel centroid.

Similar contours are plotted for coolant flow over pin fins in Fig. 16. Unlike local hot
spots below the IGBT devices for minichannel flows, pin fin hot spots were larger. The
temperature locally within the downstream pins reached up to 88°C as shown in Fig. 16(a).

Coolant was seen to significantly warm near the exit with a rise greater than 3°C. Overall, this
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resulted in a ATmax of 38°C. This was attributed to small coolant flow rate, which was
determined by analytical calculations. The velocity profiles in Fig. 16(b) showed a uniform
pattern with significant variation around pin fins only, where the flow contracts and expands
repeatedly. Although much of the bulk velocity remained as small as 2 m s™!, it reached up to 7
m s! at corners and flow contractions around pin fins. Despite these low velocities and low flow
rate, pressure contours shown in Fig. 16(c) suggest that the pressure drop over these pins was
significantly greater than that in the channels with the total AP up to 130 kPa. This value
matched satisfactorily with the predicted value of 146 kPa in the analytical calculations.
Finally, fluid flow in a jet impingement scenario was more complicated than the previous
two due to multiple bends and contractions. As shown in Fig. 17(a), the cross section parallel to
the fluid flow includes the source device/IGBT, thereby showing the maximum temperature as
120°C or the ATwmax 0f 40°C. Figure 17(b) and (c) illustrate the fluid flow more clearly, as coolant
could be seen entering the jet body and imparting on the backside of the AISiC plate with
velocities as high as 8 m s!. The selection of jet diameter and spacing via analytical calculations
made sure that the jet core made contact with the AlSiC, thereby maximizing the cooling effect.
Local variation in the jet velocity as a result of pressure variation in the cooling space was also
observed. As the fluid outlets were located on either side of the cross section, the coolant stream
flowed from the center of the cooling space toward the sides for removal. It means that the
pressure at the center was greater than that at the sides to facilitate this flow. Such variation
impacted the local jet exit velocities as each jet body saw different APs across its entrance and
exit. Specifically, jets near the fluid exit went through a larger AP than those near the center,
resulting in high coolant velocities. Despite these local velocity variations not being accounted
for in the analytical calculations, the total AP value of 39 kPa in the computational simulation

matched well with the 41 kPa estimated by the analytical calculations.
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Figure 16. (a) Temperature (b) Velocity (c) Pressure contours parallel to fluid flow at the
pin fin centroid.
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Figure 17. (a) Temperature (b) Velocity (c¢) Pressure contours parallel to fluid flow in
spray cooling scenario (perpendicular to the heat source device).
Figures 18(a), (b) and (c) show the device temperature contours for the channel cooling,

pin fin cooling and jet array or spray cooling, respectively.
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Figure 18. Temperature contours for (a) channel cooling (b) pin fin cooling (c) jet array
cooling.

As shown in Fig. 18, ATwmax for the channel-cooling scenario was found to be 36°C, while
that for the pin fins and jets was found to be 38°C ad 40°C. These temperature rise values are
competitive with the conventional Cu-Al based heat sink design and therefore it can be

concluded that all three methods, channels, pin fins and jets can lead to similar cooling
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performances for a fixed pumping power and can be strong candidates to design an integrated
AISiC heat sink for this new package.

The important inference from this part of the study was that all three techniques can
achieve competitive performance to yield an HTC above 50000 W m™ K-!, thereby leading to
competitive ATmax values with Cu-baseplates. However, the pumping power chosen is also a
critical factor in this result. The set of operating conditions with a pumping power of 2% of heat
dissipated resulted in good heat transfer and pressure drop scenarios, specifically for the
minichannel geometry. However, it is opportune at this stage to evaluate, if the 4 W pumping
power was indeed able to generate the best cooling scenario for the system. Therefore, with the
available set of analytical equations, the pumping power and the mass flow rate were allowed
to vary with a fixed minichannel side of 2 mm square. Because mass flow rate and AP were
directly coupled with HTC through the analytical approach, it was possible to further understand
the effect of change of HTC on ATwmax through computational simulations. This analysis was
analogous to that shown in Fig. 5, except that a minichannel geometry was incorporated in
computational simulations for very large values of HTC and mass flow rates and pumping power
values could be correlated with A7vax.

As shown in Fig. 19, the performance enhancement of the cooling system (for any
geometry in general) diminishes as HTC increases beyond a certain limit. This was apparent, as
drop in ATmax was only 3°C for a considerably large increase in HTC from 10° to 105 W m™ K-
!, Contrary to this small drop in ATwax, the increase in AP and corresponding pumping power
were prohibitively large. For example, the AP, mass flow rate and pumping power values for an
HTC of 10° W m? K™ and a ATwmax of 27°C were 13000 kPa, 4.5 kg s and 60 kW, respectively.
Therefore, while a high HTC is always desired, so that heat removal is efficient and independent
of any change in HTC itself, it is not always economically viable to achieve it. Contrary to these

high values, the selected case of 8 W pumping power yielded an HTC of 65 W m? K™! with a
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ATwmax of 36°C. This constraint is much smaller than the total heat dissipated of 400 W by two

pairs of IGBTs and diodes and therefore, is justified.
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Figure 19. (a) Variation of ATwmax and AP with HTC for the best performing minichannel
geometry — 2 mm square cross section (b) Variation of ATwmax and pumping
power with HTC for the best performing minichannel geometry.

The computational analyses gave thorough insights into the fluid flow and heat transfer
in these three geometries and better avenues to reduce AP and enhance HTC further can be
explored based on these simulations. As the channel cooling was proved to be the best case,
minor modifications in the channel designs, such as adding fillets at the channel entrance could
further reduce the AP further by at least 20%. This could lead to increased coolant mass flow
rate, in turn yielding an even better HTC value.

Finally, these channels were fabricated using reverse copper mold in the AISiC heat sink
to build a prototype package as shown in Figure 20. The channels have a 2 mm cross section

and they run across the width of a single pair of devices. The set of channels is sealed with a

cover plate that houses the inlet and outlet manifold to form a closed coolant loop. Such

33



prototypes have been subjected to fatigue and aging tests have shown excellent durability as

discussed earlier.
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AlSiC Heat
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Figure 20. Fabricated prototype showing minichannels carved into the AISiC heat sink.

5. CONCLUSION

An improved power electronics package that minimizes the interlayer CTE mismatch by
directly bonding AIN to AISiC heat sink is being investigated. The modified material layer
sequence is Cu circuit layer — AIN dielectric — TLP bond — AISiC heat sink, as compared to the
conventional DBC (Cu — AIN — Cu) — solder — Cu base plate — thermal interface material — Al
heat sink. This modification not only minimizes the CTE mismatch in the stack by up to 84%,
thereby improving the lifetime of the package by at least 18 times under test conditions, but also
makes the package more compact and light. This is because, a combination of 3 mm Cu base
plate and 6 mm Al heat sink is replaced by a 3 mm AISiC heat sink. The TLP bond has shown
very promising mechanical, thermal and metallographic properties.

However, due to replacement of Cu layers with AlSiC, heat spreading and removal need
to be upgraded to match the thermal performance of this package with that of DBC. Through

thermal simulations, thin AISiC plates with high HTCs were recommended, so that A1SiC-based
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design remains thermally competitive with the conventional Cu-Al heat sinks. Next, channel
flow, flow over pin fin and jet array cooling were investigated in this work and HTC and AP
were optimized for each of the cooling scenarios for a fixed pumping power of 2% of the heat
dissipated by an individual identical unit. While all single phase techniques competitive
performance, minichannels were found to provide the best cooling performance with an HTC
of 65 kW m? K! and a AP of 40 kPa. Heat spreading limitations of the AISiC plate were
overcome by the quick and efficient heat removal using channels. This resulted in a ATmax of
36°C with channels, while that for the pin fin cooling and spray cooling were 38°C and 40°C
for the same coolant pumping power. These temperature differences are minor, however, for a
long term fatigue performance can induce a large difference, as to how many fatigue cycles the
package can endure. It could be recalled that the ATwmax documented for a conventional package
with the existing techniques was between 36°C and 39°C.

It must be noted this is a standalone comparison between channels, pin fins and jets for
the power electronics geometry considered in the present work, when pumping power is kept
constant for all three designs. While a comprehensive comparison is necessary that can
transcend to any geometry, each of these designs have advantages in peculiar scenarios and their
use can be appropriate in presence of specific requirements. For instance, a local hot spot can
be effectively cooled by using localized jet cooling. This study provides insight into how much
these three geometries can be effective in cooling the new AIN-AISiC design being investigated

by the authors [7].
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