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Abstract—As wide-band-gap silicon carbide (SiC) power 

module increases in power density with high switching speed, 

parasitic oscillation and localized hot spots caused by power rating 

degradation become an un-neglected problem in the electric 

vehicle application. This paper proposes an ultra-low inductance 

power module integrated with an integrated low temperature co-

fired ceramic (LTCC) jet impingement cooling. Ultra-low 

parasitic inductance leads to low voltage overshoot and low 

switching losses. The parasitic inductance of a 1200 V/300 A half-

bridge SiC power module was reduced to 0.93 nH utilizing wire-

bondless connection. To improve power density continuously, a 

high cooling capability LTCC jet impingement cooler was 

integrated tightly into the power module with a junction-to-

coolant thermal resistance of only 0.06 Kcm2/W. Compared with 

the conventional cooling integration structure, the junction-to-

coolant thermal resistance was reduced by approximately 71%. 

The proposed design structure was under development to verify 

its electrical performance and cooling performance by 

experiments. 

Keywords—SiC power module, low parasitic inductance, 

integration, cooling 

I. INTRODUCTION 

Wide bandgap semiconductor devices, such as SiC, GaN, 
have been proven to have prominent characteristics of high 
temperature, high frequency and high blocking voltage in 
electric vehicles, more electric aircraft, photovoltaic and grid 
applications [1]-[7]. Lightweight, high power density, and 
reliability are key goals for power electronics system in electric 
vehicle applications. However, these goals come at the cost of 
significant challenges for power module packages. High power 
density packaging and integration will cause a severe cooling 
issue in the converter design, which also reduces the reliability 
of the power electronic systems. Meanwhile, SiC devices are 
highly sensitive to the parasitic inductance of module packages 

because of the fast switching speeds. They will lead to high 
voltage overshoot and parasitic oscillations [2]. Reducing 
parasitic inductance in the power module, the voltage overshoot, 
parasitics ringing and switching losses can be reduced 
effectively, which also benefits its EMI performance and long-
term reliability [8]-[13]. Therefore, to fully realize the benefits 
offered by high-speed and high-temperature SiC devices, it is 
essential to develop advanced power module packaging 
architectures with low parasitics and excellent cooling 
performance. 

For the power module, the high parasitic inductance is 
mainly the result of bonding wires and the power loop length, 
resulting in high overshoot and parasitic oscillations [1, 2]. 
Eliminating bonding wires or reducing power loop length leads 
to lower parasitic inductance [14]. Low parasitic power modules 
are built by applying the P-cell and N-cell concept [15]. In [16], 
a flexible printed circuit board based SiC power module was 
proposed. Benefitting from the flexibility of the PCB and thin 
PCB substrate, the optimized power loop inductance is 0.79 nH. 
Flip-chip solder ball interconnection bumped on the chip surface 
pads effectively reduces the loop parasitics and improves the 
reliability of the interconnection section. [17, 18]. 

To combat the thermal challenges raised by improving 
power density in electric vehicle applications, some novel 
cooling methods such as spray cooling, jet impingement cooling 
and microchannels cooling have been presented [19]. Utilizing 
spray cooing benefits cooler cooling capability improvement at 
the expense of cooler size increment and coolant pressure drop 
cased pump power increment. Hirshfeld demonstrated a 
microchannel cooling with heat fluxes up to 1430 W/cm2 [20]. 
3-D shaped polymer impingement cooler with a 4×4 nozzles 
array can achieve heat transfer coefficient up to 6.25×104 
W/mK with a pump power as low as 0.3 W [21, 22]. With high 
efficiency jet impingement cooler embedded into the power 
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module, the power converter can achieve a higher power density 
[23, 24]. 

In this paper, a wire bondless power module integrated with 
jet impingement cooler is proposed. The paper's organization is 
shown as follows: In the first section, wire bondless power 
module design and development are proposed. In the second 
section, jet impingement cooler design and development are 
introduced. In the third section, the integration structure of wire 
bondless power module and the LTCC jet impingement cooler 
are analyzed. 

II. WIRE BONDLESS POWER MODULE DESIGN AND 

DEVELOPMENT 

The parasitic inductance of the power module is reduced by 
both the chip connection inductance and the commutation loop 
inductance. A solder ball array is applied to minimize the chip 
connection inductance in the power module. The parasitic 
inductance of a single solder ball is determined by the bump 
radius and height. The typical geometric structure of a solder 
ball is shown in Fig. 1. For a single solder ball, parasitic 
inductance decreases with bumped radius increases. With 
consideration for both the manufacturing process, 0.25 mm 
bumped height solder balls were selected. 

  
Fig. 1: Solder ball geometric model 

The commutation loop inductance is mainly dependent on 
the mutual inductance cancellation effect and commutation loop 
length. As shown in Fig. 2(a), the inductance of two parallel 
conductors with opposite current can be calculated by [9]: 
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where l is the conductor length, a is the conductor width, t is the 
conductor thickness and d is the distance between two 
conductors. As shown in formula (1), while l and d increase, the 
total inductance will increase, as shown in Fig. 2(b). Self-
inductance increases with length l, and the mutual inductance 
increases with length l and distance d. Meanwhile, the mutual 
inductance is more sensitive to the distance d [4]. Fig.  2(c) 
shows that with a specific length, decreasing distance d can 
reduce total inductance significantly. With a distance lower than 
0.4 mm, the commutation loop inductance of the power module 
can be reduced to under 1 nH. 

 

(a) mutual inductance principle 

 

(b) mutual inductance related to distance and length 

 

(c) estimated power module design point 

Fig. 2: Mutual inductance cancellation effect 

The optimized power module structure is proposed with an 
optimized low-inductance solder ball array connection and 
commutation loop design, as shown in Fig. 3(a). A laminated 
terminal design structure reduces the parasitic inductance and 
improves the current-carrying capability. The laminated busbar 
can reduce the system’s loop parasitics and enhance system 
compatibility. The gate signal layout is on the top side of the 
power module. The cooler will be integrated on the bottom side 
of the power module. The fabricated functional power module 
is shown in Fig. 3(b). Fig. 3(c) and Fig. 3(d) show the double 
pulse test platform for power module dynamic performance 
characterization and test waveform. The overshoot voltage is 70 
V under 800 V DC bus voltage. 

 

(a) power module structure (exploded view) 
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(b) functional power module 

 

(c) double pulse test platform 

 

(d) double pulse test waveform 

Fig. 3: Proposed power module structure and its dynamic 
performance test 

III. JET IMPINGEMENT COOLER DESIGN AND DEVELOPMENT 

A polymer-based impingement jet cooling manifold using an 
additive manufacturing fabrication process was developed, as 
shown in Fig. 4. The experimental and CFD modeling studies 
show that thermal resistance can be reduced to 0.05 cm2K/W for 
a flow rate of 1 L/min and a pressure drop of 0.3 bar [3].  

  

Fig. 4 Cross-section of the 3D printed polymer-based jet 
impingement jet cooler and bottom view 

 

(a) comparison of thermal resistance with nozzle diameter 
between 3D printed polymer-based and LTCC-based cooler 

 

(b) comparison of pressure drop between 3D printed 
polymer-based and LTCC-based cooler 

Fig. 5: Cooling performance comparison between polymer-
based and LTCC-based impingement cooler 

Compared with the polymer-based structure, the LTCC-
based cooler is capable of high-temperature operation with low 
structure deformation. Meanwhile, the LTCC 50 μm precision 
manufacture capability provides the potential for a large number 
of nozzles, which guarantees a more uniform cooling area 
temperature distribution and low thermal resistance. The 
comparison of thermal resistance with different nozzle 
diameters and flow rate between LTCC and 3D printed poly is 
shown in Fig. 5(a). The thermal resistance of LTCC jet 
impingement cooling can be reduced by 50% compared to a 3D 
printed polymer jet cooler. Fig.5 (b) shows the pressure drop 
comparison between the polymer-based and LTCC-based jet 
impingement cooler as a function of the nozzle diameter for a 
constant inlet diameter. A large number of fine nozzles improves 
thermal performance with lower thermal resistance and more 
uniform cooling area temperature but at the cost of pressure 
drop. 

Authorized licensed use limited to: Purdue University. Downloaded on January 16,2023 at 19:51:32 UTC from IEEE Xplore.  Restrictions apply. 



 

Fig. 6: LTCC-based jet impingement cooler fabrication flow 

The LTCC ceramic is composed of multi-layer green tape 
lamination and firing. The fabrication flow of the LTCC jet 
impingement cooler is shown in Fig. 6. First, before applying 
via punching and cutout, the LTCC green tapes are 
preconditioned at 80 ℃ oven. The preconditioning process is 
performed to remove the mylar layer from the green tape. Next, 
the vias are punched by a punching machine with a user-defined 
punch profile. For the LTCC jet impingement cooler structure, 
9 different kinds of green tape are required for the following 
steps. The thickness of each single green tape is 10 mils. For 
each kind of layer, multiple layers of green tape are required. 
Then, after punching each kind of blue tape, DuPont silver-
based solderable co-fire paste is used to print the metallization 
on LTCC. The top side metallization layer is used for soldering 
to fluid connectors. The bottom side metallization layer is used 
for soldering the LTCC jet impingement cooler with the power 
module bottom DBC layer. After the printing process, the silver 
paste with green tapes is dried inside an oven at 80 ℃ oven. 
Then, the stacking and lamination process is performed in 
several steps to guarantee the high uniformity of the laminated 
structure. Step 1: tape 6, 7 and 8 are laminated at the pressure of 
3000 PSI; Step 2: tape 1, 2, 3, and 4 are laminated with a pressure 
of 2500 PSI; Step 3: the remaining layer are laminated together 
with previous laminated layers with a pressure of 2000 PSI. 
Finally, the laminated LTCC structure needs to be fired in an 
800 ℃ to 850 ℃ oven with the defined temperature profile over 
10 hours. 

 

(a) coolant flow loop in LTCC jet impingement cooler 

 

(b) Cooling area nozzles array 

Fig. 7: LTCC jet impingement cooler flow loop and cooling 
area nozzles array 

Fig. 7(a) shows the coolant flow loop inside the LTCC jet 
impingement cooler. The coolant flow splits in different 
directions and flows through the inlet nozzles, which directly 
impinging on the backside of the power module AlN layer. 
Then, after the heat exchange, the coolant flows through the 
outlet nozzles routing to the outlet port. As shown in Fig. 7(b), 
the outlet nozzles are designed to layout around the inlet nozzles 
to minimize the pressure drop of the LTCC jet impingement 
cooler. Meanwhile, the inlet nozzle surrounded by outlet 
nozzles’ structure performs with uniform temperature 
distribution. 

IV. JET IMPINGEMENT COOLER DEVELOPMENT AND 

INTEGRATION WITH POWER MODULE 

The integration structure of the LTCC jet impingement 
cooler with the wire bondless power module is shown in Fig.  
8(a). The impingement jet cooling structure with alternating 
feeding and draining jets contains N×N inlet nozzle arrays with 
outlets surrounded. The jet flow can directly impinge on the 
backside of the power module. After impinging on the surface, 
the spent fluid can be efficiently extracted through the outlet 
nozzle. For the integrated LTCC jet cooling into the power 
module, the LTCC impinging jet with nozzle diameter of 0.05 
mm offers improved thermal performance of 0.06 cm2K/W for 
a flow rate of 1 L/min and pressure drop of 0.3 bar. 

The jet impingement cooler was bonded to the DBC AlN 
layer with no leakage of fluid, which guarantees the cooling 
performance of the jet impingement cooler. By eliminating the 
baseplate layer, the DBC bottom copper layer and two solder 
layers, the junction-to-coolant thermal resistance achieved is 
0.06 cm2K/W. Compared with the conventional cooler bonding 
to power module baseplate structure, the thermal resistance is 
reduced by approximately 71% as shown in Fig.  8(b).  
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(a) proposed schematic of the LTCC jet impingement cooler 
with wire bondless power module 

 

(b) thermal resistance comparison with conventional 
structure 

Fig.  8: Proposed integration structure and junction-to-coolant 
thermal resistance comparison 

CONCLUSIONS 

In this paper, an ultra-low inductance power module with 
integrated LTCC jet impingement cooling is proposed. The 
fabrication process of the LTCC impingement cooler has been 
developed. The optimized parasitic inductance of a 1200 V/300 
A half-bridge SiC power module was reduced to 0.93 nH by 
simulation. The overshoot voltage of the proposed power 
module is 70 V with an 800 V DC bus voltage. A high cooling 
capability LTCC jet impingement cooler was integrated tightly 
into the power module with a thermal resistance low to 0.06 
Kcm2/W. Compared with the conventional cooling integration 
structure, the junction-to-coolant thermal resistance was reduced 
by approximately 71%.  
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