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ABSTRACT SiC MOSFET allows higher temperature capability with higher switching efficiency than
that of conventional Si devices, due to its superior electrical and thermal properties. Nevertheless, there
are few reports on the systematic characterization of the SiC MOSFET power module operating at
high-temperature. In this paper, a SiC MOSFET power module with planar interconnection was designed
and fabricated to achieve low parasitic inductance and improved thermal performance. The static and
dynamic performance of the SiC power module were characterized at 200◦C. The thermal resistance of
the double-sided cooling power module is 28.5% lower than that of the one with single-sided cooling.

INDEX TERMS Wire-bondless, SiC MOSFET, high-temperature.

I. INTRODUCTION
Compared with conventional Si devices, silicon carbide (SiC)
semiconductor features high thermal conductivity, high
switching speed, low switching loss, and excellent heat
resistance, allows it to work for high-temperature and high-
frequency applications [1]. However, traditional packaging
technologies for Si-IGBT could not meet the harsh require-
ment of SiC power devices. For example, the emitter of the
Si-IGBT chip is usually connected by bonding wires, which
induces significant parasitic inductance and would thus limit
the switching frequency [2]. Furthermore, only one-sided
cooling can be provided in the traditional wire-bonding
packaging, leading to high thermal resistance.
Recently, many efforts have been made by removing bond-

wires, enabling double-sided cooling. Advanced packaging
technologies, such as die-attach materials with high thermal
and electrical conductivities, integrated radiator for improved
heat dissipation, module design with low parasitic inductance
and double-sided cooling capability for significant thermal
resistance reduction [3], [4], [5]. The switching transients,
thermal performance, and parasitic inductance have been

characterized at room temperature. For example, up to 75%
of the parasitic inductance and 40% of the thermal resis-
tance can be reduced by integrating the radiator with the
SiC power module [6]. It was clear that the parasitic induc-
tance of a double-sided power module could be reduced as
low as 1.63 nH by only removing bond-wires [7], [8], [9],
and the maximum junction temperature could be decreased
by a range from 15% to 35 % in the double-sided cooling
way [10]. Moreover, in industry, ALSTOM used flip-chip
technology to achieve double-side cooling and improve the
heat dissipation capacity of its power modules [11]. The
second-generation Camry hybrid vehicles used planar power
modules under the double-sided cooling to improve the heat
removal as well as reducing costs [12]. it is incomplete to
only characterize the performance of the double-sided power
modules at room temperature [13]. Lack of performance
characterizations of the wire-bondless SiC MOSFET mod-
ule at high temperatures could limit the applications, e.g.,
electrical vehicle.
This paper presented a demonstration of 900-V/196-A

wire-bondless SiC MOSFET module with the double-sided
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FIGURE 1. Schematics of a wire-bondless 900-V/196-A SiC MOSFET
module.

cooling capability and extremely low parasitic induc-
tance. The static and dynamic electrical properties
at high-temperature were characterized. Great thermal
performance under different cooling conditions was verified
for the wire-bondless SiC module due to its double-sided
cooling capability.
This paper was organized as follows: Section II

described the packaging structure and material selection
of the 900-V/196-A wire-bondless SiC MOSFET module.
Section III and Section IV evaluated the electrical and the
thermal performance of the SiC MOSFET power module at
temperature up to 200◦C, respectively.

II. MODULE DESIGN AND FABRICATION
A. PACKAGE STRUCTURE
Fig. 1 shows the iso-view of the wire-bondless half-
bridge SiC MOSFET modules. Each arm contains one SiC
MOSFET (CPM3-0900-0010A, CREE). The MOSFET body
diode was used for freewheeling.
The SiC chips are sandwiched between two AMB sub-

strates. Cu spacer was employed on the top side of the chips
to reduce the thermomechanical stress. For the high-side
switch, current flows from the terminal “P” of the bottom
substrate to the terminal “O” of the bottom substrate. For
the low-side switch, current flows from the terminal “O” of
the bottom substrate to the terminal “N” of the top substrate.
P and N are stacked together to shorten the length of the
power loop as well as reducing the parasitic inductance.

B. MATERIALS
Packaging materials for each part of the wire-bondless
SiC MOSFET are summarized in Table 1. The top-side
metallization of AlSiCu is not suitable for soldering or
sintering, so the top source electrodes of the SiC chips
were metalized with Ti/Ni/Ag using the magnetron sput-
tering technology. The nano-silver paste was used as the
die-attach material because of its high melting tempera-
ture, excellent thermal, electrical conductivities [14] and
high reliability, especially at high temperatures [15]. Si3N4
active-metal-brazing substrates (AMB) with high thermal

TABLE 1. Materials for the wire-bondless SiC MOSFET module.

FIGURE 2. Fabrication process of a 900-V/196-A SiC MOSFET module.

conductivity were used due to their low thermal expan-
sion coefficient (CTE) as well as excellent high-temperature
stability. Epoxy resin (EME-G780 Type C from Sumitomo
Bakelite) with high-temperature stability was used to as
the encapsulant. Such encapsulation could be stable up to
200◦C and provide sufficient mechanical support for the
wire-bondless SiC module.

C. MODULE FABRICATION
Fig. 2 shows the fabrication process of the wire-bondless SiC
MOSFET module. Both the AMB substrates and the termi-
nals were cleaned by acetone/alcohol/DI water. Nano-silver
paste was screen-printed at the terminal of AMB substrates,
and followed by preheating for 10 min at 100◦C to remove
most of the solvents before sinter-bonding. Another 80-µm
thick nano-silver paste was screen-printed onto the bottom
AMB substrate. Both the SiC dies and Cu buffer spacers were
placed on the as-printed paste separately using a pick and
place system (T-300-F-C3, TRESKY). The AMB substrate
with the as-mounted chips and the Cu buffer spacers were
pressureless sinter-bonded in a vacuum reflowing furnace
(RO716, ATV) under a formic acid atmosphere to prevent
the oxidation of the AMB substrates.
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FIGURE 3. (a) I-V curves and (b) transfer characteristics at different
temperatures.

The gate and kelvin source the as-attached SiC MOSFETs
were interconnected with the corresponding terminals by
aluminum bonding-wires only to monitor the Vgs and Vds.

80-µm-thick nano-silver paste was screen-printed onto the
top AMB substrate and followed by heating for 10 min at
100◦C.
The top AMB substrate and the as-sintered bottom one

was sinter-bonded together by sintering the as-dried nano-
silver paste under the help of 4 MPa pressure using the same
heating profile.
Finally, the as-assembled wire-bondless half-bridge SiC

module was encapsulated with the high-temperature epoxy
resin using transfer molding technology. The dimensions of
the demonstrated SiC module are 54 mm × 22 mm × 5 mm.

III. ELECTRICAL PERFORMANCE
A. STATIC ELECTRICAL PROPERTIES
The static electrical characteristic of the wire-bondless
SiC MOSFET module were tested using a curve tracer
(371A, TEKTRONIX) at different junction temperatures
ranging from 25◦C to 200◦C, with drain current, Id, up
to 196 A. Fig. 3(a) shows the relationship between the mea-
sured Id and the drain-source voltage Vds of the low-side
switch. At the gate voltage of 15 V, the Rds(on) increases
monotonously with the junction temperatures. At 25◦C,
the drain-source saturation voltage, Vds(sat), of the low-side
switch is 1.81 V when the Id is 196 A, which is lower
than the typical value, 1.9 V, from the device datasheet
(CPM3-0900-0010A, CREE). It was likely that the supe-
rior conductive sintered nano-silver as die attachment and
the elimination of the bonding wires reduced the packaging
resistance.
At 200◦C, the drain-source saturation voltage rises

to 3.12V rapidly, which is 72% higher than that at 25◦C. At
room temperature, it was believed that MOSFET channel
resistance dominated the total on-resistance. With an increase
of the junction temperature, other scattering mechanisms
such as Coulomb and phonon scattering play a dominant role
in the thermal emission of electrons from interface traps, so
that their collective effects on the channel resistance were
somewhat canceled out, increasing the total on-resistance
of the SiC MOSFET [16]. Significant improvement was
needed to allow the SiC MOSFET operating at the junction
temperature of more than 200◦C.

FIGURE 4. (a) Parasitic inductance network of the wire-bondless SiC
MOSFET module; (b) Simulated and measured power loop inductance.

Besides the Vds(sat), the gate threshold voltage, Vgs(th),

is also sensitive to the junction temperature. The transfer
characteristics of the SiC MOSFET module are shown in
Fig. 3(b). Vgs(th) decreases from 3.2V at 25◦C to 1.7V at
200◦C, resulting in a leftward shift in the I-V curve. Due to
its faster switching speed, it was suggested that a negative
turn-off bias was required to improve the threshold margin
and dV/dt immunity to avoid false triggering during the
switching process [17].

B. PARASITIC INDUCTANCE
Fig. 4(a) shows the parasitic inductance network
of the wire-bondless half-bridge SiC module. The
parasitic inductance of the power loop consists of
L-HD, L-HS, L-LD, and L-LS. The high-side switch driv-
ing circuit inductance consists of L-HG1 and L-HS1 and
the low-side switch driving circuit inductance consists of
L-LG2 and L-LS2. The DC parasitic inductance of the
wire-bondless MOSFET module was extracted using the
Ansoft Q3D Extractor. The power loop inductance between
the “P” and “N” terminals affects the ringing and over-
shoot in the drain-source loop of the module [18], and was
estimated using the following:

Lpower−loop = L+M (1)

where L is the parasitic inductance, and M is the mutual
inductance between the parasitic inductors [19].
A KEYSIGHT E4990A impedance analyzer was used to

measure the parasitic inductance between the P and N ter-
minals experimentally. Fig. 4(b) shows the simulated power
loop parasitic inductance is ∼5 nH at 4 MHz, which agrees
well with the measurement.

C. DYNAMIC ELECTRICAL PROPERTIES
The switching transients of the MOSFET module were
characterized by double pulse testing. Fig. 5(a) shows the
experimental platform and circuit diagram of the double-
pulse tester. The DC bus voltage, VCC, is 450 V. The pulse
current, Id, ranges from 100 A to 150 A. An extra gate
resistance, Rg, of 10 � was introduced. The load induc-
tance, L, is 100 µH. A specific ceramic heater was used
to rise the junction temperature, i.e., T j, to a specific stable
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FIGURE 5. Double-pulse test: (a) test bench and circuit diagram; (b) on
and off transients at 200◦C.

TABLE 2. List of switching time, switching loss, and voltage spike.

value ranging from 25◦C to 200◦C for further measurement.
The case temperature was monitored by a thermocouple
underneath the bottom AMB substrate. The high-side switch
was always forced off by applying Vge of −3.5V. Vds and
Id were recorded by a high-voltage differential probe and
a Rogowski Coil, respectively. However, the induced cur-
rent was easily influenced by the surrounding electric field,
so the current waveform has some spurious and unexpected
peaks. Only the switching transients of the low-side switch
were recorded at different junction temperatures as shown
in Fig. 5(b). Table 2 lists the switching time, the switching
loss, and the voltage spike of the wire-bondless SiC module.
When the Id was fixed as 150A and the T j varied from

25◦C to 125◦C, the turn-off time increases, and the turn-on
time decreases. Due to the presence of parasitic inductance,
Vds could generate an overshoot voltage during the turn-
off transient of the SiC MOSFET device. The peak voltage
dropped by ∼7.2% as from 664V to 616V. The voltage
overshoot decreased as the junction temperature increases.
The voltage overshoot dropped by ∼22.4% as from 214V
to 166V. As the junction temperature increases, the volt-
age overshoot decreases due to the short turn-off time. At
high temperatures, the latching current decreases due to the

increased current gain of the NPN and PNP transistors. The
decrease in mobility leads to an increase in the resistance of
the P-base region, which increases the shutdown time [20].
Although the turn-off time was increased, the turn-off volt-
age spike could reduce. Consequently, the turn-off losses
could be almost constant. As the T j increases, the gate turn-
on voltage decreases and Vgs remains at 15V, resulting in
a decrease in turn-on time. The decrease in gate turn-on
voltage leads to a decrease in turn-on loss.
When the T j was raised to 200◦C, the device can switch

normally at Id = 100 A. If continuing to increase the Id to
150 A, it was observed that the device could not be turned on
normally anymore after multiple pulse tests. It was believed
that the SiC MOSFET was damaged due to its gate reliability
and trapping effect at the SiO2 interface. Therefore, it was
not recommended to operate the SiC MOSFET at the drain
current of >150 A at 200◦C continuously.

IV. THERMAL PERFORMANCE
Junction-to-case thermal resistance, i.e., Rth−jc, is an impor-
tant parameter for evaluating the thermal performance of
power packages. The Rth−jc of MOSFET modules can be
measured by electrical methods by recording the forward
voltage drop of the body diode to estimate the junc-
tion temperature in transient condition [21], and Vsd as a
temperature-sensitive parameter (TSP) was used as follows:

Rth−jc = Tj − Tc

P
(2)

�Tj = �Vsd/K (3)

�Vsd = Vsd_i − Vsd_f (4)

where P is the MOSFET body diode power, Tc is the case
temperature, which is directly measured by a thermocouple,
and T j is the junction temperature. Vsd_i and Vsd_f is the
voltage variations of the switching process Vsd obtained by
a real-time recording, and K is the correlation coefficient
between TSP and T j.
Based on the temperature dependence of the forward volt-

age drop of the diode, the oil bath heating module was
used to calculate the K-factor to characterize the relationship
between the forward voltage of the diode and its junction
temperature. Fig. 6(a) shows the equipment for thermal resis-
tance measurement. The body diode associated with the SiC
MOSFET connects with the IGBT in series. The heating
period and the cooling period is controlled by turn-on and
turn-off the IGBT. To avoid MOSFET chip spontaneous heat-
ing, the K factor was measured at a small inductive current
of 30 mA. Fig. 6(b) shows the measured K factor of the
low-side switch MOSFET body diode, i.e., 2.32 mV/◦C.

For single-sided cooling, the SiC module was placed on a
water-cooled plate, and the heat of the SiC module was car-
ried away by the flowing circulating cooling water, keeping
Tc at 25◦C. Then a second water-cooled plate was placed on
the module’s top substrate and the operation was repeated to
measure the thermal resistance under double-sided cooling
conditions.
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FIGURE 6. (a) Thermal resistance measurement equipment; (b) K factor of
body diode; (c) thermal resistance comparison under different cooling
conditions.

Fig. 6(c) shows the thermal impedance of the SiC module
measured at heating times ranging from 0.001 to 7 s and
heating power is 28.68 W. When the heating time is less
than 250 ms, the heat dissipation is so small that the thermal
impedance of the SiC module under the double-sided cooling
and the single-sided cooling are 0.17◦C/W and 0.19◦C/W,
respectively. When the heating time is greater than 3 s,
the transient thermal impedance changes slightly with the
heating time. It was believed that the heat dissipation of
the wire-bondless SiC module reach dynamic equilibrium.
Therefore, in this paper, we assumed the thermal impedance
at a heating time of 7 s as the steady-state thermal resis-
tance, the measured Rth−jc and the junction temperature of
the wire-bondless SiC module under the double-sided cool-
ing are only 0.51◦C/W and 39.63 ◦C, which are ∼28.5%
and∼12.8% lower than those under the single-sided cool-
ing, respectively. Therefore, the double-sided cooling can
improve the power density of the SiC module greatly.

V. CONCLUSION
In this paper, a 900-V/196-A wire-bondless SiC MOSFET
module has been designed, fabricated and characterized
up to 200◦C. The thermal resistance of the SiC module
under the double-sided cooling condition could reach as
low as 0.51◦C/W, which is 28.5% lower than that under
the single-sided cooling condition. The excellent electri-
cal performance and low parasitic parameters at 200◦C
prove the feasibility of the SiC module for high-temperature
application.

REFERENCES
[1] M. A. Huque, S. K. Islam, B. J. Blalock, C. Su, R. Vijayaraghavan,

and L. M. Tolbert, “Silicon-on-Insulator based high-temperature
electronics for automotive applications,” IEEE Int. Symp.
Ind. Electron., Cambridge, U.K., 2008, pp. 2538–2543,
doi: 10.1109/ISIE.2008.4677170.

[2] R. Wang, Z. Chen, D. Boroyevich, L. Jiang, Y. Yao,
and K. Rajashekara, “A novel hybrid packaging structure
for high-temperature SiC power modules,” IEEE Trans.
Ind. Appl., vol. 49, no. 4, pp. 1609–1618, Jul./Aug. 2013,
doi: 10.1109/TIA.2013.2257977.

[3] H. Lee, V. Smet, and R. Tummala, “A review of SiC power module
packaging technologies: Challenges, advances, and emerging issues,”
IEEE J. Emerg. Sel. Topics Power Electron., vol. 8, no. 1, pp. 239–255,
Mar. 2020, doi: 10.1109/JESTPE.2019.2951801.

[4] S. Seal, M. D. Glover, and H. A. Mantooth, “3-D wire bondless switch-
ing cell using flip-chip-bonded silicon carbide power devices,” IEEE
Trans. Power Electron., vol. 33, no. 10, pp. 8553–8564, Oct. 2018,
doi: 10.1109/TPEL.2017.2782226.

[5] M. Barrière, A. Guédon-Gracia, E. Woirgard, S. Bontemps, and
F. Le Henaff, “Innovative conception of SiC MOSFET-Schottky 3D
power inverter module with double side cooling and stacking using
silver sintering,” Microelectron. Rel., vols. 76–77, pp. 431–437,
Sep. 2017, doi: 10.1016/j.microrel.2017.07.037.

[6] Z. Liang, “Integrated double sided cooling packaging of pla-
nar SiC power modules,” in Proc. IEEE Energy Convers. Congr.
Exposit. (ECCE), Montreal, QC, Canada, 2015, pp. 4907–4912,
doi: 10.1109/ECCE.2015.7310352.

[7] H. Zhang, S. S. Ang, H. A. Mantooth, and S. Krishnamurthy, “A high
temperature, double-sided cooling SiC power electronics module,” in
Proc. IEEE Energy Convers. Congr. Exposit. (ECCE), Denver, CO,
USA, 2013, pp. 2877–2883, doi: 10.1109/ECCE.2013.6647075.

[8] F. Yang, Z. Liang, Z. J. Wang, and F. Wang, “Design of a low parasitic
inductance SiC power module with double-sided cooling,” in Proc.
IEEE Appl. Power Electron. Conf. Exposit. (APEC), Tampa, FL, USA,
2017, pp. 3057–3062, doi: 10.1109/APEC.2017.7931132.

[9] A. Solomon, A. Trentin, and A. Castellazzi, “3D integration of a three-
phase bi-directional power switch acknowledgments switch imple-
mentation, characterisation and functional testing Implementation,” in
Proc. 14th Eur. Conf. Power Electron. Appl., 2011, pp. 1–8.

[10] K. Brinkfeldt et al., “Design and fabrication of a SiC-
based power module with double-sided cooling for automo-
tive applications,” in Advanced Microsystems for Automotive
Application. Cham, Switzerland: Springer, 2016, pp. 157–171,
doi: 10.1007/978-3-319-20855-8_13.

[11] M. Mermet-Guyennet, A. Castellazzi, P. Lasserre, and J. Saiz, “3D
integration of power semiconductor devices based on surface bump
technology,” in Proc. 5th Int. Conf. Integrated Power Elect. Syst., 2008,
pp. 1–6.

[12] T. Burress and S. Campbell, “Benchmarking EV and HEV power
electronics and electric machines,” in Proc. IEEE Transp. Electrif.
Conf. Expo (ITEC), 2013, pp. 4–9.

[13] R. Riva, C. Buttay, M.-L. Locatelli, V. Bley, and B. Allard,
“Design and manufacturing of a double-side cooled, SiC based, high
temperature inverter leg,” in Proc. HiTEC, 2014, p. THA27.

[14] K. S. Siow, “Are sintered silver joints ready for use as interconnect
material in microelectronic packaging?” J. Electron. Mater., vol. 43,
no. 4, pp. 947–961, 2014, doi: 10.1007/s11664-013-2967-3.

[15] K. Sugiura et al., “Reliability evaluation of SiC power module
with sintered ag die attach and stress-relaxation structure,” IEEE
Trans. Compon. Packag. Manuf. Technol., vol. 9, no. 4, pp. 609–615,
Apr. 2019, doi: 10.1109/TCPMT.2019.2901543.

[16] L. Cheng, A. K. Agarwal, S. Dhar, S.-H. Ryu, and J. W. Palmour,
“Static performance of 20 A, 1200 V 4H-SiC power MOSFETs at
temperatures of −187◦C to 300◦C,” J. Electron. Mater., vol. 41, no. 5,
pp. 910–914, 2012, doi: 10.1007/s11664-012-2000-2.

[17] Z. Chen, Y. Yao, D. Boroyevich, K. D. T. Ngo, P. Mattavelli, and
K. Rajashekara, “A 1200-V, 60-A SiC MOSFET multichip phase-
leg module for high-temperature, high-frequency applications,” IEEE
Trans. Power Electron., vol. 29, no. 5, pp. 2307–2320, May 2014,
doi: 10.1109/TPEL.2013.2283245.

[18] N. Zhu, H. A. Mantooth, D. Xu, M. Chen, and M. D. Glover,
“A solution to press-pack packaging of SiC MOSFETS,” IEEE
Trans. Ind. Electron., vol. 64, no. 10, pp. 8224–8234, Oct. 2017,
doi: 10.1109/TIE.2017.2686365.

[19] B. Aberg, R. S. K. Moorthy, L. Yang, W. Yu, and I. Husain,
“Estimation and minimization of power loop inductance in 135
kW SiC traction inverter,” in Conf. Proc.–IEEE Appl. Power
Electron. Conf. Expo.–APEC, vol. 2018, Mar. 2018, pp. 1772–1777,
doi: 10.1109/APEC.2018.8341257.

970 VOLUME 9, 2021

http://dx.doi.org/10.1109/ISIE.2008.4677170
http://dx.doi.org/10.1109/TIA.2013.2257977
http://dx.doi.org/10.1109/JESTPE.2019.2951801
http://dx.doi.org/10.1109/TPEL.2017.2782226
http://dx.doi.org/10.1016/j.microrel.2017.07.037
http://dx.doi.org/10.1109/ECCE.2015.7310352
http://dx.doi.org/10.1109/ECCE.2013.6647075
http://dx.doi.org/10.1109/APEC.2017.7931132
http://dx.doi.org/10.1007/978-3-319-20855-8_13
http://dx.doi.org/10.1007/s11664-013-2967-3
http://dx.doi.org/10.1109/TCPMT.2019.2901543
http://dx.doi.org/10.1007/s11664-012-2000-2
http://dx.doi.org/10.1109/TPEL.2013.2283245
http://dx.doi.org/10.1109/TIE.2017.2686365
http://dx.doi.org/10.1109/APEC.2018.8341257


CHEN et al.: HIGH-TEMPERATURE CHARACTERIZATIONS OF HALF-BRIDGE WIRE-BONDLESS siC MOSFET MODULE

[20] Z. Xu, M. Li, F. Wang, and Z. Liang, “Investigation of Si
IGBT operation at 200◦ C for traction applications,” IEEE Trans.
Power Electron., vol. 28, no. 5, pp. 2604–2615, May 2013,
doi: 10.1109/TPEL.2012.2217398.

[21] T. Funaki and S. Fukunaga, “Difficulties in characterizing transient
thermal resistance of SiC MOSFETs,” in Proc. 22nd Int. Workshop
Thermal Investig. ICs Syst. (THERMINIC), Budapest, Hungary, 2016,
pp. 141–146, doi: 10.1109/THERMINIC.2016.7749042.

YUE CHEN received the B.S. degree in mate-
rial forming and control engineering major from
the Heilongjiang University of Science and
Technology, Heilongjiang, China, in 2015, and
the M.S. degree in material processing engineer-
ing from the Lanzhou University of Technology,
Lanzhou, China, in 2018. He is currently pursu-
ing the Ph.D. degree with Tianjin University. His
current research interests include high-temperature
packaging for high power-density.

GUANGYIN LEI (Member, IEEE) received the
M.S. and Ph.D. degrees from the Department
of Materials Science and Engineering, Virginia
Tech in 2005 and 2010, respectively. From 2010
to 2018, he was with Ford Motor Company,
Dearborn, MI, USA, as a Research Engineer for
the development of power module for electrified
vehicle applications. In 2018, he joined NIO, a
startup EV company in Shanghai, China, respon-
sible of advanced technologies in e-powertrain.
In 2020, he joined Fudan University as a Full

Professor, with research focuses on the development of electronics packag-
ing material as well as advanced power modules. He has over 20 peer-
reviewed publications and over 30 U.S., and international patents in
electronics packaging.

GUO-QUAN LU (Fellow, IEEE) received the
Ph.D. degree in applied physics/materials sci-
ence from Harvard University, Cambridge, MA,
USA. He is currently a Professor with the
Department of Materials Science and Engineering
and with the Bradley Department of Electrical and
Computer Engineering, Virginia Tech, Blacksburg,
VA, USA. He developed several 3-D packaging
technologies for making double-side cooled-power
modules, a nanomaterial for pressure-less bond-
ing of power devices, and magnetic materials for

additive manufacturing and heterogeneous integration. He has authored over
250 journal and conference articles. His current research interests include
transdisciplinary between electrical engineering and materials science and
engineering and power electronics packaging and integration.

YUN-HUI MEI (Senior Member, IEEE) received
the B.S. and Ph.D. degrees from Tianjin University
in 2006 and 2010, respectively. He was an
exchange student with the Center for Power
Electronics Systems, Virginia Polytechnic Institute
and State University, Blacksburg, VA, USA. He
was a Full Professor with Tianjin University.
He is currently a Full Professor with Tiangong
University. He has authored more than 130 papers
and ∼20 patents. His current research interests
include high-temperature packaging, materials,

and reliability for high power-density power applications. He had won
the IEEE CPMT Young Award, the IEEE APEC Best Presenter, and the
IEEE ICEP Best Paper Award. He had won the National Natural Science
Foundation of China for Distinguish Young Scientists, and the First Prize
of Technology Invention of China Power Supply Society.

VOLUME 9, 2021 971

http://dx.doi.org/10.1109/TPEL.2012.2217398
http://dx.doi.org/10.1109/THERMINIC.2016.7749042


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


