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Abstract: In these days, importance of the power electronic devices and modules keeps increasing due to electric
vehicles and energy saving requirements. However, current silicon-based power devices showed several limitations.
Therefore, wide band gap (WBG) semiconductors such as SiC, GaN, and Ga,O; have been developed to replace the silicon
power devices. WBG devices show superior performances in terms of device operation in harsh environments such as
higher temperatures, voltages and switching speed than silicon-based technology. In power devices, the reliability of the
devices and module package is the critically important to guarantee the normal operation and lifetime of the devices. In
this paper, we reviewed the recent trends of the power devices based on WBG semiconductors as well as expected future
technology. We also presented an overview of the recent package module and fabrication technologies such as direct
bonded copper and active metal brazing technology. In addition, the recent heat management technologies of the power
modules, which should be improved due to the increased power density in high temperature environments, are described.
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Fig. 1. Power module market by EV/HEV type (Source: Power Electronics for EV/HEV report, Yole Development, 2018).
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Table 1. Electrical properties of various WBP materials”

Materials parameters Si GaAs 4H-SiC GaN F-Ga,05
Bandgap, E, (eV) 1.1 1.43 3.25 34 4.85
Dielectric constant, ¢ 11.8 12.9 9.7 9 10
Breakdown field, Ec (MV/cm) 0.3 0.4 2.5 33 8
Electron mobility, z (cm?Vs) 1480 8400 1000 1250 300
Saturation velocity, v (107 cm/s) 1 1.2 2 2.5 1.8~2
Thermal conductivity 2 (W/cm-K) 1.5 0.5 4.9 2.3 0.1~0.3
Figures of merit relative to Si
Johnson = E>V/4n’ | 1.8 278 1089 2844
Baliga = ¢-uE;’ 1 14.7 317 846 3214
Combined = A-&u-V'E;? 1 3.7 248.6 353.8 37
Baliga high frequency = u-E.’ 1 10.1 46.3 100.8 142.2
Keyes = A-[(c-V )/(4m-€)]"? 1 0.3 3.6 1.8 0.2
Huang HCAFOM, &-1%3-E¢? 1 5 48 85 279

Low voltage Medium voltage High voltage
r PVinverter Motor
control
PFC and power supply
- ﬂ m
Audio amplifier g < -
xEV UPsS
<200V 600V 900V 1.2 kV 1.7kV 3.3kV 6.5kV+
| GaNwansistors 2015 |

* Based on current development status. |

N

SiC transistors 2020

Fig. 2. WBG market segmentation as a function of voltage range (source: GaN and SiC for power electronics applications report, Yole

Developement, July 2015).
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Fig. 3. (a) Cross-section view of FP -Ga,0O; MOSFET structure
of a source-connected FP, (b) Optical microscope of
finger-type MOSFET taken after gate electrode formation,
(c) Top-down SEM image, and (d) Cross-sectional SEM
view of source-connected FP-MOSFET."”
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Direct Bonding Copper Active Metal Brazing
Chemical oxidation Ceramic + active metal
of the copper w “ (filler or paste)
D 4 D
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J— —_—
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4 D 4
2nd Etching Laser cut,

Plating (Ni,Au/Au/Ag)

.
Laser cut, . _
Plating (Ni,Au/Au/Ag)

Fig. 5. Schematic illustration of process flow for DBC and AMB substrate.

Table 2. Mechanical properties of various ceramic substrate materials'>2?

Materials parameters Al,O4 AIN SizNy
Thermal conductivity (W/m-K) 20~40 150~220 86~170
Coefficient of thermal expansion (ppm/°C) 7 2.5~5 2.7~3.1
Dielectric breakdown strength (kV/mm) 10~35 14~35 10~25
Dielectric strength (kV/mm) with 300 um Cu ~15 (DBC) 15~20 (DBC) ~18 (AMB)
Dielectric constant 9~10 8~9 8~9
Bending strength (MPa) 300~380 250~350 600~900
Young modulus (GPa) 300~370 300~320 200~300
Fracture toughness (MPa-m'?) 3~5 2~3 4~7
Heat capacity (J/g-K) 0.88 0.78 0.71
Density (g/cm?) 3.96 3.26 3.25
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Fig. 6. Schematic comparison of (a) conventional indirect cooling
structure and (b) direct cooling structure.

mholZ2 A2 A 37]7d 88 A] A26¢ A3 (2019)

2] (direct liquid cooling)] +Z& R ogFt} 7HE Wzt
Hle AEued REo HAe o B2 959 Cu
= AlSIC 59 &A1& AF8-38h= MMC(metal matrix
golEo] M=, HFZHOE 3
E A3 JFHE +2E el -z A
Al Ho| & FH Ol Ex AR F W2 RE al WAsh=
%*4 A 52 sl Asl7] fste] Ni mwo] F7HH o=
ok WHH, FH 2ol Wo] & S o] EE AJgkelaL
A A0 2AE A7) 98 Wz whale] o
TF7F AP E 3 Qo 71EL] Al A9 S| E QA AE Cu
E= AlCu 2412 g @ A5, Wlol = SH | EE AN
A gethe A HEY Ni =50 28 glern=
FojH o g ve v ow FA F3o] 7hssitt
HastE FRE G ol FAH R Fo & vE Aol
wrolx| o, st 9 22 A7) T A S eI

Unbz 0 & EV/HEV A9 A 2dolA 2913 23tz
AREE = Si 719 IGBTE ¢F 150°C ©]7d2] 374 ol A
TE AS, 4% 54 2 A At e g3
EAE Yep B R wd v S ol del A 3l
03439 §iC 2 GaNE A 2 sk A 2zt s 2
T 3ol B ol BE, d #AU HS T8 AL
2 e 553 At e F3AdE st g
2 A ZHA, elastomer, 99 H 3 B2 53 7S TIM
(thermal interface material)-> TC(thermal cycling)3} 72
Algol|A] &Tle} 713 Abe) o] whe] F3 42 EAE W
AAZITEAL G A ) olei gt A A A1 U
2 2R 7he] @4 B EwE v @AT Aol
2 HIEAT

George 5%0) 2]31H, TC A Fo|A wtE-2 o 2 713
Ae g 2o 7+ A7 o] AT 2ol = <le}
of fo] WAL, Fo] WA shs FPREAA AY
HT e ATy Bt WSHo = dutdr st
k. v = FE AztE e o] 7Rk oA FE Al
zhato] Algty] HH O R [ty = FE o] A o] Ayt
ool SHGTE B, S5 @ oA 2 7F Hojzl FiEe] A
T, #ES Aty *259] shHo| A Ao Z AIZ Y S
7vate] Alete S W] £ 02 Hujdr. 2e
2 AgueH 73] Bee] odte] MANS A
FE AT B Al Fofl o] HAY S o
A o] A WA= 7 2 olfre AR ETH IS
AERT A8 W 545 Rl 7] dj ot A2t
9 Zo F2E AEE = ALOS A EE A5 =

H] L3k 12%, SNy= 16% TS WEPA T el A

EE

composite) H o] 2 &

ol
oL

Q
.
E

ol i,



A dHREA] ) 8 7R He 71 21

T A=A A2 Si 719k Alx7]ol A x|
2ANE AHEshE 1 719ke] Wshrt dojukal Qhet. Sic,
GaN, Ga,0; 53 775 WBG AA}to| thgh A= 7]uke
B FEAEE WFAL, a5 293, s A e, v
FUE A AR oF 1/109] &2 272 &8
o] 7F&stth. WHH, 71E9] Si 7]9ke] A=A A=

&3S A&t oM, S e 72 2 A
Mg} B§ Fof s Asford &A1 7} ‘40} JN= s =y

TA Lzte] Aol Frheel wet, BE 7|9 LRl =
Z1ERT P48 TAF/ZAY R LEENS 273
2T} 714 DBC 2 AMB 7| oA A5 & ALO;,

Wk B BN FEe) 993
Zeo] WA A W, SigNy ©F 3-4 ]
FHAH 54E N fens ¥

A=)
2
o
mﬂ

2

_>|~l_‘

©

o

ol

L

.
oy

2, |

o

re

2

2

>

Y

>,

N

N

>~

>

o] e
o2 FYHUF

Mg et mu sl X9l

Yt
References

1. N. Dharmarasu, “AlGaN/GaN HEMT grown on SiC with car-
bon doped GaN buffer by MOCVD?”, Electron Devices Tech-
nology and Manufacturing Conference(EDTM), 434 (2019).

2. S. S. Moosavi, A. Kazemi, and H. Akbari, “A comparison of
various open-circuit fault detection methods in the IGBT-
based DC/AC inverter used in electric vehicle”, Engineering
Failure Analysis, 96, 223 (2019).

3. X. Liang, S. Srdic, J. Won, E. Aponte, K. Booth, and S.
Lukic, “A 12.47 kV Medium Voltage Input 350 kW EV Fast
Charger using 10 kV SiC MOSFET”, 2019 IEEE Applied
Power Electronics Conference and Exposition (APEC), 581
(2019).

4. J. W. Yoon, J. H. Bang, Y. H. Ko, S. H. Yoo, J. K. Kim, and
C. W. Lee, “Power Module Packaging Technology with
Extended Reliability for Electric Vehicle Applications”, J.
Microelectron. Packag. Soc., 21(4), 1 (2014).

5. P. Roussel, “SiC Market and Industry Update”, International
SiC Power”, Electronics Applications Workshop (ISICPEAW),
Sweden (2011).

6. K. Shenai, M. Dudley, and R.F. Davis, “Current status and
emerging trends in wide bandgap (WBG) semiconductor
power switching devices”, ECS J. Solid State Science and
Technology, 2(8), 3055 (2013).

7. F. Roccaforte, A. Frazzetto, G. Greco, F. Giannazzo, P.
Fiorenza, R. L. Nigro, M. Saggio, M. Leszczynski, P. Prist-
awko, and V. Raineri, “Critical issues for interfaces to p-type

10.

12.

13.

15.

16.

17.

19.

20.

2

—

22.

. T. Kimura, S. Sato, K. Kataoka,

SiC and GaN in power devices”,
258(21), 8324 (2012).

Applied Surface Science,

. J. Millan, P. Godignon, X. Perpina, A. Perez-Tomas, and J.

Rebollo, “A survey of wide bandgap power semiconductor
devices,” IEEE Transactions on Power Electronics, 29(5),
2155 (2014).

. S. J. Pearton, J. Yang, P. H. Cary IV, F. Ren, J. Kim, M. J.

Tadjer, and M. A. Mastro, “A review of Ga,0; materials, pro-
cessing, and device”, Applied Physics Reviews, 5(1), 011301
(2018).

D. J. Spry, P. G. Neudeck, L. Chen, D. Lukco, C. W. Chang,
and G. M. Beheim, “Prolonged 500°C demonstration of 4H-
SiC JFET ICs with two-level interconnect”, IEEE Electron
Device Letters, 37(5), 625 (2016).

. T. P. Chow, “Wide bandgap semiconductor power devices for

energy efficient systems”, Proc. IEEE Workshop on Wide
Bandgap Power Devices and Applications (WiPDA), 402
(2015).

S. Dimitrijev, and P. Jamet, “Advances in SiC power MOS-
FET technology”, Microelectronics Reliability, 43(2), 225
(2003).

F. Zimmermann, G.Gartner, H. Strater, C. Roder, M. Barchuk,
D. Bastin, P. Hofmann, M. Krupinski, T. Mikolajick, J. Heit-
mann, and F. C. Beyer, “Green coloring of GaN single crys-
tals introduced by Cr impurity”, J. Luminescence, 207, 507
(2019).

T. Morikawa, and D.
Nakamura, “Self-assembled single-crystalline GaN having a
bimodal meso/macropore structure to enhance photoabsorp-
tion and photocatalytic reactions”, ACS applied materials &
interfaces, 11(4), 4233 (2019).

S. S. Kang, “Advanced cooling for power electronics”, IEEE
International conference on integrated power electronics sys-
tems (CIPS), 1 (2012).

M. H. Roh, H. Nishikawa, and J. P. Jung, “Trasient Liquid
Phase bonding for Power Semiconductor”, J. Microelectron.
Packag. Soc., 24(1), 27 (2017).

F. Ren, J. C. Yang, C. Fares, and S. J. Pearton, “Device pro-
cessing and junction formation needs for ultra-high power
Gay0; electronics”, MRS Communications, 9(1), 77 (2019).

.J. Yang, C. Fares, R. Elhassani, M. Xian, F. Ren, S. J. Pearton,

M. Tadjer, and A. Kuramata, “Reverse breakdown in large
area, field-plated, vertical 3-Ga,O; rectifiers”, ECS Journal of
Solid State Science and Technology, 8(7), 3159 (2019).

J. K. Mun, K. Cho, W. Chang, H. -W. Jung, and J. Do, “2.32
kV Breakdown voltage lateral B-Ga,0; MOSFETs with
source-connected field plate”, ECS Journal of Solid State Sci-
ence and Technology, 8(7), 3079 (2019).

K. Chu, Y. Sohn, and C. Moona, “A comparative study of Cn/
Sn/Cu and Ni/Sn/Ni solder joints for low temperature stable
transient liquid phase bonding”, Scripta Materialia, 109, 113
(2015).

. H. Tatsumi, A. Lis, T. Monodane, H. Yamaguchi, Y. Kashiba,

and A. Hirose, “Transient liquid phase sintering using Copper-
Solder-Resin composite for high-temperature power modules”,
IEEE Electronic Components and Technology Conference
(ECTC), 564 (2018).

H. Tatsumi, A. Lis, H. Yamaguchi, T. Matsuda, T. Sano, Y.
Kashiba, and A. Hirose, “Evolution of transient liquid-phase
sintered Cu—Sn skeleton microstructure during thermal

J. Microelectron. Packag. Soc. Vol. 26, No. 3 (2019)



22

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

m
ol
l-olv

aging”, Applied Sciences, 9(1), 157 (2019).

D. Mu, H. Huang, S. D. McDonald, and K. Nogita, “Creep
and mechanical properties of CugSns and (Cu,Ni)sSns at ele-
vated temperatures”, Journal of electronic materials, 42(2),
304 (2013).

H. Feng, J. Huang, J. Yang, S. Zhou, R. Zhang, and S. Chen,
“A ftransient liquid phase sintering bonding process using
nickel-tin mixed powder for the new generation of high-tem-
perature power devices”, Journal of Electronic Materials,
46(7), 4152 (2017).

T. Ishizaki, M. Usui, and Y. Yamada, “Thermal cycle reliabil-
ity of Cu-nanoparticle joint”, Microelectronics Reliability,
55(9-10), 1861 (2015).

M. Ali, K. M. Knowles, P. M. Mallinson, and J. A. Fernie,
“Microstructural evolution and characterisation of interfacial
phases in Al,O;/Ag-Cu-Ti/Al,O5 braze joints”, Acta Mate-
rialia, 96, 143 (2015).

I. Krasniy, A. Berkin, G. Minskiy, A. Denisova, and S.
Kumacheva, “Research of the DBC joining interface”, Inter-
national Forum on Strategic Technology (IFOST), 185
(2016).

A. Kar, and A. K. Ray, “Ceramic-Metal Joining Using Active
Filler Alloy-An In-Depth Electron Microscopic Study”, The
Transmission Electron Microscope, 317 (2012).

J. H. Harris, “Sintered aluminum nitride ceramics for high-
power electronic applications”, The Journal of The Minerals,
Metals & Materials Society(TMS), 50(6), 56 (1998).

L. Sim, S. R. Ramanan, H. Ismail, K. N. Seetharamu, and T.
J. Goh, “Thermal characterization of Al,O; and ZnO rein-
forced silicone rubber as thermal pads for heat dissipation
purposes”, Thermochimica acta, 430(1-2), 155 (2005).

X. Huang, P. Jiang, and T. Tanaka, “A review of dielectric
polymer composites with high thermal conductivity”, IEEE
Electrical Insulation magazine, 27(4), 8 (2011).

K. Hirao, Y. Zhou, H. Hyuga, T. Ohji, and D. Kusano, “High
thermal conductivity silicon nitride ceramics”, Journal of the
Korean Ceramic Society, 49(4), 380 (2012).

Y. Wang, S. Jones, A. Dai, and G. Liu, “Reliability enhance-
ment by integrated liquid cooling in power IGBT modules for
hybrid and electric vehicles”, Microelectronics Reliability,

nto]Z 22 4 7717 83]A] A26d A|3% (2019)

'Y
o

35.

36.

37.

38.

39.

o

54(9-10), 1911 (2014).

. A. Uhlemann, and T. Fath, “Investigation on AlCu clad base

plates and a new by-pass cooler concept for pin fin power
modules”, International Conference on Integrated Power
Electronics Systems (CIPS), 256 (2014).

C. Qian, A. M. Gheitaghy, J. Fan, H. Tang, B. Sun, H. Ye,
and G. Zhang, “Thermal management on IGBT power elec-
tronic devices and modules”, IEEE Access, 6, 12868 (2018).
I. W. Suh, H. S. Jung, Y. H. Lee, Y. H. Kim, and S. H. Choa,
“Heat dissipation technology of IGBT module package”, J.
Microelectron. Packag. Soc., 21(3), 7 (2014).

J. P. Gwinn, and P. L. Webb, “Performance and testing of ther-
mal interface materials”, Microelectronics Journal, 34(3), 215
(2003).

A. J. George, M. Breitenbach, J. Zipprich, M. Klingler, and
M. Nowottnick, “Nonconchoidal Fracture in Power Electron-
ics Substrates due to Delamination in Baseplate Solder
Joints”, IEEE Electronic System-Integration Technology Con-
ference(ESTC), 1 (2018).

“Material Properties Charts”, Ceramic Industry Magazine
(2013) from https://www.ceramicindustry.com

A%

o A g3s)E sk

o LReITO 1§58 39l kAl 5 334

o AAAF 7, F-AEH, HEF A=
e e-mail: kittun81@gmail.com

o A F

o A& 87 & g

o LT ARG sk
9 A=}, MEMS, BH=A] #17)4, 1}
* 34

e e-mail: shchoa@seoultech.ac.kr




