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Abstract: Insulated-gate bipolar transistors (IGBTs) are the predominantly used power semiconductors for high-
current applications, and are used in trains, airplanes, electrical, and hybrid vehicles. IGBT power modules generate a
considerable amount of heat from the dissipation of electric power. This heat generation causes several reliability
problems and deteriorates the performances of the IGBT devices. Therefore, thermal management is critical for IGBT
modules. In particular, realizing a proper thermal design for which the device temperature does not exceed a specified
limit has been a key factor in developing IGBT modules. In this study, we investigate the thermal behavior of the 1200
A, 3.3 kV IGBT module package using finite-element numerical simulation. In order to minimize the temperature of
IGBT devices, we analyze the effects of various packaging materials and different thickness values on the thermal
characteristics of IGBT modules, and we also perform a design-of-experiment (DOE) optimization
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A2 Hkw=A|e] <l IGBT 2AH= MOSFET#} H}
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Table 1 Dimensions of various materials in IGBT module
package used in the finite element analysis

Dimension (mm)
Item
Width Length Thickness
IGBT 13.7 13.7 0.4
FRD 13.7 13.7 0.4
Solder 13.7 13.7 0.15
Copper 54 45 0.3
Substrate 59 49 1
Copper 56 48 0.3
Solder 56 48 0.2
Base plate 79 69 5

C°PPEr
Ceramic Substrate

Copper
Solder

Baseplate

Fig. 1 Schematic drawing of IGBT module package
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Fig. 2 (a) Picture image of IGBT module package (b)
Schematic drawing of IGBT devices in IGBT
module package

Fig. 3 Three-dimensional FEM mesh modelling of IGBT
module package
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Table 2 Material properties of various materials in IGBT
module package used in the finite element

analysis
Thermal
Item Materials conductivity
(W/m'K)
Chip Si 148
AlLO; 43
Ceramic SizNy 46
substrate AIN 170
BeO 265
Metallization Cu 393
Solder SAC305 58
AlSiC 180
Al 270
Base plate
Cu 393
Cu-graphite 356
IGBT:180 W  FRD: 120 W 3 W/mK

_________1._______J-

2000 W/m?K

Fig. 4 Thermal and boundary conditions used in finite
element analysis
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Aol mlste], AAEAFTE P wE 71as)
BeO (265 Wm'K)y& A8 4 2ake] &57) of
BCHA Astde € F Atk SkN, 7l
ALOR T @HE=AFTE oF 3 WmK o Axt
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7] Wil aake] £x7F oF 21T Faskith
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Fig. 5 Temperature distribution of IGBT package module
package (a) Top view (b) Cross sectional view
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Fig. 6 Temperature distribution depending on various
DBC substrate materials
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Zl#e] A AE Ho 2 dgte] QvkE
3%, DBC ¢ <3} (dielectric breakdown)”}
sk 4= glon | o] IGBT EE I 7] A 9
W3S Z# 3} Table 3 & 7|39 AE FFHo
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Thickness of substrate (mm)

Fig. 7 Junction temperature as a function of the thickness
for different DBC substrate materials
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Table 3 Dielectric properties of various substrates

Dielectric Diclectric Volume
strength constant resistivity
(kV/mm) (ohm-cm)
ALO; 14.6 9.8 >10"
SisNy 16 9.5 >10"
AIN 20 9.0 >10"
BeO 12 6.6 -
10
S 9
= gl
& 7l
(1]
)
5L
c
g 4f 3,300 V
2 sl
[}+]
o 2|
@ |
00.0 0:1 0:2 0:3 D:4 D:5 D:Ei Oj?' 0j8 DjQ 1.0

Thickness (mm)

Fig. 8 Breakdown voltages for different dielectric substrates
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Table 4 Thermal properties of various solder materials

o,
o
fol

Solder materials Therrr.1a1' Melting
(Wt %) conductivity tempoerature
(W/m'K) O
AuSi (97/3) 27 363
AuGe (88/12) 44 356
PbSnAg (92.5/5/2.5) 53 -
SnAgCu (96.5/3/0.5) 57 217
SnCuNi (99.25/0.7/0.05) 64 227
SnCu (99.3/0.7) 65 227
SnAg (96.5/3.5) 78 221

vz 8 A d@el wAd 5 9la, IGBTS] <&
SAE AAA 2AE He A 5 8l
b, EHel Ad FAR Qg aake] 2=

Wals BAsy] fe) 4 dAS sk
A IGBT EEoIA £EZA  PbSnAgE
ARgStar om, FE Fd EUe g

a#HE I At E AFdAE A=A
teFsl £ AA, = 97Au-3.0Si, 88Au-12Ge,
92.5Pb-5.0Sn-2.5Ag, 96.5Sn-3.0Ag-0.5Cu, 99.25Sn-
0.7Cu-0.05Ni, 99.3Sn-0.7Cu, 96.5Sn-3.5Agell a4
1 JEEs HESUH

Table 4+ T3t E0o] HAEAFTE e
1t} AuSi (27 W/m'K)oll Al SnAg (78 W/m-K)7}4]
7ty tE GAREASTE 23 e 7 MY &Y
et & siA AdE vaskglth Fig 9v &4
DBCE| 7| FFo W& LAl &%

el Aoty dA=ASTT M =2 &
Hel SnAge EAEATTE 7P 92 &yl
AuSioll Hlate], QA EAGE oF 50 WimK 2ol 7k
U, IGBT £AHe] &% SnAg £0lo A$ oF
170C, SnAg £+ <9 160CE 9F 10T 7433
o webA dAAew & w &9 AZo] IGBT
27 250 vA & 94 DBC Hr} A5S &

L,
(e

= 9
Fig. 10&= &£099] T mE xxle] =&
Ueld Aelty, 2 dAFolA AMEE &Y
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2o &= oF 150Co|th &9 F77F 0.05
mm = $FobA™ 140CT=E ok 10C ZAsg o,
FAC we Walshs d=rt 7-g A
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142Col™, 0.05 mm¥ @ 137CE °F 5T
Aastdtt, @HEAT7E 7HY =2 SnAg U 9
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Fig. 9 Junction temperature depending on various solder

materials
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Fig. 10 Junction temperature as a function of the
thickness for different solder materials
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Fig. 11 Pareto chart of the factor effects

Main Effects Plot for Junction_Temperature
Data Means
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Fig. 12 Main effects plot for junction temperature

HEAT zpol7b A7) wiitel 4 AY Zh(heat
spread angle)o] AA| 3, 12 <l&) d-fF5 2L &E-
A WA o] yolx7] wZo|tt. wela| DBC
g T FAE UF A & Fav gl o]

gk A A4 Ay 7)1EY] AT =l #
A3 e QLeRts

AEXORE IGBT BE #7|x9 axAel 4
&S e dHdE AL ¥ DBC 7%
AHEFE o]~ EFHo]E ¥ DBC 7|#e] FAE
$FAl st o] s 83ttt

Fig. 12 QR Aye] g Fade
(main effect plot)©] T}, Table 5= L.QI1H]X]H 2] <QlA}
2 A4dd Az dAEALFet FA FES Y
ERlal glom, 6 12k 2 o] 12 - 89l A
Al (fractional factorial designs)E 3dle] F 32 3] 43

shoitth QRlujxIy e 48 AIZHEH IGBT 4
kel 2R E HaAager] gk HA AAZTS
DBC 7|9l IAZ=AGF7F 265 WmK, FAE
025 mm, £ AA=AGF7} 78 WmK, T/
0.05 mm, Hlo]~ ZolE+E 393 WmK, 181
DBCY &% F9 T/ 1 mm¥Y wlo]t} Fig. 13
9 Fig. 14t HA3d AA w45 23S A8
sto] & AFS Hasishk R 2 Fxolt)
HAA sty 2dg A3t
Z}o] L%7) ¢F 130T = 0] 5}
F oAt A AFgE wdo] IGBT Axte &%
7F 160TCAS #Atald, HA AAE F3lo] &%
E % 30C #A2AE F s & T A
oA AZE IGBT 25 37| A oA
IGBTAAS] €54 S S3olo 2

Table 5 Factors and levels in DOE matrix for numerical

simulation
Factors Low High
Solder 27 78
Thermal
conductivity DBC substrate 43 265
(W/m'K)
Baseplate 180 393
Solder 0.05 0.3
Thickness DBC substrate 0.5 1.75
(mm)
Copper of DBC 0.3 1
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