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Abstract

Press pack insulated gated bipolar transistors (PP IGBTs) have been gradually used in the
high-voltage and high-power-density applications, such as the power system and elec-

tric locomotive, with its advantages of double-sided cooling, higher power density, and

easy to connect in series compared with traditional wire-bonded power IGBT modules.
However, the clamping force is quite important for PP IGBTs because too much clamping

¢">71 'eelES7Z1-ZE'S—"ESe1eS-SeZ1e 171’ E"—1E" ™,
increase the junction temperature of the silicon chips due to the increased thermal contact
resistance. And eventually it leads to thermal damage. Furthermore, the clamping force
sleer’cze’ " —1 7' —1 1  ®1'elS ZE+Z+1<¢1-S—¢1eSE+">®d1S
" e7>—Se18—e17iZ>—Se1eSE*">eil ‘Z1 —'eZ17272-7—+15—S=
@' Ze1<SeZel"—1'Z21'27>¢17017+See E1-ZE'S— E®1+"17 ¢S’
including the external clamping modes, spring design, thermal stress, the machining accu-
>SECHLIS —ele 1™ —il ‘Z1E " —e>'<2e'"—1"e1¢ " 7218 ZE+1SE+">
is ranked, and this can be a guideline not only for users but also for the manufacturers.
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1. Introduction

1.1. Opportunities for PP IGBTs

Nowadays, the challenges such as globally increasing demand of electrical energy, the strin
gency of conventional energy resources (such as oil, gas, and coal), and so on are arising
o721 Zeel elZeZE o> ES ML ZZ24¢ e ¥ ™ WSoalZ1lye' > ZE o1 EZ>>7 —o

[ 7KH $XWKRU V  /LFHQVHH ,QWHFK2SHQ 7KLV FKDSWHU LV GLVWULEXWHG
|ntech0pen &RPPRQV $WWULEXWLRQ /LFHQVH KWWS FUHDWLYHFRPPRQV RUJ OLFHQVHV E
GLVWULEXWLRQ DQG UHSURGXFWLRQ LQ DQ\ PHGLXP {9l KH RULILQD
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to the passive power grid (i.e., islet), the independent control of the active and reactive power,
S—ele'Z1 Zi'<eZ1"™Z7>3pTM— VA 2Zoeely—™ >¢S—e1 ™S 001 el
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with higher voltage and higher capacity ratings are developing to meet the requirements and
the reliability as the most important issue. This high-voltage and high-reliability application has

greatly promoted the development of IGBTs. There are two packaging styles for high-power
IGBT devices: typical wire-bonded IGBT modules and press pack IGBTs (PP IGBTs). The high
™~ 751 1-"e7¢7Z17¢1YYVV1 &W[VV1 1'Sel1<Z7Z—1 'eZe¢17Z"1
system. While with the growing demand of capacity, the IGBT module cannot meet the increas -
ing voltage and capacity requirements, and PP IGBTSs are gradually applied with its advantages
“ele'Z> ™™ 75167 —@’¢81Z2S®C1eTIE ——ZE1l'—1eFA>'Zedl
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" —81'e1Z[VV1 &W[VV1 il eeZ>1¢ @81 1 017+1YYVV1 &XVV
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1.2. Challenges for PP IGBTs

The press pack packaging style for high-voltage and high-power density IGBT can be divided
'—e~1 «SFiQuitd 2) and press pack Figure 3). The original motivation in most cases was the
poor power-cycling capability of early versions of wire-bonded modules and their explosion
<Z'SY'Plit ‘Z1 +S” S"1I™SE"Se'—eleeteZ1'@1™SeZ—01™5%e7
*S” §71'e1VYZ5¢1e —"eZeil ‘Z1™>7Z@e1™SE"1'cel 'eZCl7eZ
(ZESZ2@Z17e1e'Z1Z{™Z>'Z—@EZ1 '¢'1e'Z1™MSE"Ss’ —e1 el'’e' ™
sy’ee">edle’ " Z®edl 6] 1ahd-mangeredcarctiey are based on this packaging style
Therefore, the PP IGBTSs discussed in this chapter are the press pack style as shown iRigure 3.

IGBT HVDC Breaker Position

HVDC Breaker Cell

(b)

Figure 1.1 "1-"0eel1' =™ >eS 1 E"-™"—7 —ecel’'—1'Z1 Zj'<eZ1 l1erS—e-"coe' " —
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Figure 3.1 >Ze @1 ™MSE"1™MSE"Se’ —el1TheteZle> -1 ZeeE 721y

Figure 3 shows that the PP IGBTs have a multilayered structure. The electrical and ther
—Sel™MSe'@leH1le'Zl@'sE —1E" " ™M®E1S>Z1®z™™e’'Zelctle
Furthermore, the needed clamping force also should be applied on the two electrodes to
make all components to contact well. The recommended clamping force for applications in
S1eSeS®'Z71'w1S1>S—+7281S—+1S1E-Ss-ittalacchifing toerominting
ey ZE T —oele>” - 1 P-TavoSr@ybdedureplages surrounding the silicon chips
S>Z1e"17—"0">-1e'Z1EeS-™"'—ele"5EZLle' o> <2¢' " —1S—el>Ze
between the molybdenum plates and silicon chips when the press pack IGBT undergoes high-
temperature variations. A silicon chip subassembly is consisted of a silver shim plate, together

'e'1S1e'ET—1E ™IS —ele T1-"e¢ceZ—7-1™eSeZ®il S—¢1
in parallel to form a press pack IGBT and the current rating is determined by the paralleled
number.

With the increasing demand of higher voltage and current ratings, more and more silicon

chip subassemblies are needed to connect in parallel. Therefore, there are many challenges

' Z1™MSE"Se —eleZE ' —"¢"eCB1Z0™ZE 'See¢le'Z1le " —ele’eZle
1esS—ee—";ee’'"—leteeZ-1Smle " ®i
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1.3. Clamping force distribution

For PP IGBTS, the clamping force is a special and very important parameter that many other
parameters are correlated with this value, including the electrical and thermal behavior,

reliability, and so on. For example, the current and junction temperature distributions are

S ZEeZe1<t1e'Z1ES—™"—o1+" EFthroughethexdecticallafd thesmal con -
*SE-+1>7ce’ el FedEnlithyaMmping force will mechanically damage the silicon chip

S—ele™ " 1e4eZ1EsS-—™" —ele"5EZL 'sel'—E>ZS®Z1'21"2—0a
thermal contact resistance. Eventually, this leads to the silicon chip thermal damage as
shown in Figure 4 129]. Therefore, the clamping force distribution within PP IGBTs is quite

M5 eS —el1e'Sel’el —"el1"—e¢1S ZEelc< e 1l Z1Z2eZE>"ES-
time reliability of PP IGBTSs.

‘Z521S5721-S—¢1leSE+">01¢'Se1-S¢1l'— 2Z—EZ1+'Z1ES-™
—"el " —eClezs —ele'ZleZe'e—1™s"EZe®lczel1Se@ ™1 —1'21
o'Y'eZel ' —e"1ZieZ>—Se1S—e1'—eZ5—SeleSE+"5011 sele'Z1sS
sTRe>’ <z T —1 T’ —1 1 ®1S>721®'™ —1ez2«weZ822Z—e+¢1S—
—Z—el—Ze'"eil T51er, ™™ 751 1-"e2eZ®1™>1 1 ®dle -2Z1
chips are always connected in anti-paralleled with the IGBT chips to provide the current path
‘"eZ1e'71 1E " ™Ee1S>Z1e72>—Z17 i1 Ee2See¢d1+'Z1-SE"’ -
71 —eZ>—SeleS¢ 7171 1E"™MElS—e1l 1E""™El '+ —
clamping force distribution. However, the electrical and thermal behaviors, for example, the
collector current and junction temperature distributions, of the PP IGBTs depend on the inter -
nal layout or matching of the silicon chips to a large extent. Therefore, the matching of the
R eE —1E "™Eelee' 221l ™SE1-">21S47Z—«'"—1e "1 217272 E-
clamping force distribution.

A. j*Z>—Se1S ZE+1+SE+">

 external clamping modes

* design of disc spring

B. —eZ>—Sel1S ZE+*1+SE+">e

slim plates

thermal stress

machining accuracy

internal layout

design of electrodes
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Figure 4.1 S’eZel®@’ « E"—1E"" ™M ®e1ES7@Z1«¢ 120/ AINS Iy T NEFE MV R e DIEZLS -
2. Basic theory

2.1. Governing equations

ZE'S— E®l' ®lS1YZs¢170Ze7e1le®@E ™e' —71Z®eSce’'®'Z
nature, for example, material mechanics, structure mechanics, elastic mechanics, elastic—plast
- ZE'S— E®d1S—el® 1™ —il SeZ>'Se1-ZE'S— Exl' el1-S"-
single simple object. Elastic mechanics can be used to research the micro-deformation phe
nomenon, and elastic—plastic mechanics is mainly used to explain the macro-deformation, for
example, nonlinearity, material yield problem, and so on.

PP IGBTs consist of many components that undergo micro-deformation as stated before, thus
©'217+Ses E1-ZE'S— E®l el®ez’'+SceZ1e51'e®@1-ZE'S—"ES-
material can be explained through the physical properties of materials, deformation, and the
«SeS—EZ17 el H>EZ®il 2esle'"Z1’'—1'212ZEs>’ ESelZ—e'—7
Zi™eS'—1SeelZeZEe> " —Se—7Z' E1™'Z—"-7—Sil "2™eZel "e'1lce-
tions, including the constitutive equations of materials, geometric equations, and equilibrium

equations of force as shown in Egs. (1)—(3), are used to solve all the elastic mechanics problem

0.7 ETF (1)
EE % )
%7 7u 3)

where —is stress,F is external force, E is elasticity modulus, %s strain, and u is displacement.

2.2. Finite element model

Egs. (1)—(3) can be used to explain all the elastic mechanics phenomena, and the equatio
e 701 ™ZE’ E1<Z—eSH>C1E —o " —@el'SYZ17—<"7—eZs1l0e’
©'7521-70@*1<Z1S1e™ZE’ Eloe " +2¢' " —il ‘281 Z1—7Z1+"1¢
— 275 —e1 ™5 ¢eZ—@le"1leZele'Z172—"872Z1 @ ez’ "—il —1e" el

®1'EL™> ™ @Zele 1l ™s7¢' Eele'Z1EeS-™ —ele>EZLl "
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Figure 5. Boundary conditions of the mechanical model.

the boundary conditions are set as follows. In the application of PP IGBTs, a force spreade
or a clamp stack is used to transmit the clamping force to the heatsink and then transfer
from the heatsink to the surface of the PP IGBTSs. A disc spring, usually changing several mm
under the clamped phase, is needed to compensate the physical movements, usually sex
eral um, during the process of clamping and thermal expansion. To approximate the work -
ing conditions, a prescribed displacement, which is equivalent to the rated clamping force,
is applied to the disc spring on the surface of the heatsink of the PP IGBT collector side. A

iZeleZz™™5e] '@l MeSEZel " —1¢'7Z102>¢SEZ1"01+'71'ZSece?
™o’ 701 e'Se5S 1701 71¢"72—eS5¢1E " —e'o'"—0ele">1+'Z1FgLeE K

‘Z1-ZE'S— " ESel-"eZel@ " 7ee1Se®@ " 1E " —@'*Z>1e'Z1e> Es'~—
layers. The interconnections between heatsinks and PP IGBT are set as the bonded interco
nection, and the interconnections between multilayers within PP IGBT are set as a frictional
E"—+SE*il 1>’ Ee'"—1E"Z E'Z—+17+1Vi[1l’1Sceoez-2+1D 27}
(ZESZ70Z1e'Z1e> Ee'"—1E"Z E'Z—*1'Sele’4e71 — 222 ELI—
ment models used in this chapter to analyze the clamping force distribution within PP IGBTS,

et 1e'Z1ZiEZ™e’ " —17ele 710 ™ZE’ Hgldre5sZ7°0d1S>71Z+1S0e

Yil j*Z>—Se1S ZE+1eSE+">0e

—"— 01 ¢ Z1eSEe">01+'S5¢1-S¢1S ZEe1+'Z1EeS—™ _e1">E
o7 —7Ze1e'7Z1eSE+">1le> —1¢'Z1S™M ™Mo ESe’" —21 510" " Zeel™
eSE*">1"Ze’e 721701721 1 el1Sele'Z12ijZ2>—S51S ZE-1
o' 757217i'ele "17ieZ>—SeleSE*">01'Se1-S¢1S ZE+1+'Z1CE
clamping modes and the design of disc spring.

3.1. External clamping modes

‘Z1™>70e el ™MSE"L1 ™MSE"Se'—eleeteZle">1 el celeZS>—71
EeS—™'—e] je7>7Z1"1072™Me¢le'Z1—7707¢1E«S—™ —_el1e">EZ
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spreader is used to transmit the clamping force to the heatsink and then transfer from the heatsink
to the surface of the PP IGBTs as shown irFigure 6. The disc spring is also needed to compensat
the displacement during the clamping phase, and this parameter will be analyzed in the next part.

‘Z1eH>EZ1@™>72Se751'01872'¢2Z1' =™ >eS—e1’'—1e'Z1ES-™"
®eCeZ1eZY' EZele 1lesS—0e—"01e¢'Z172—"0"5—1E+S-™"—e1+75(
e ZY' EZoel 'e'1e'Z1 ‘"eZ1 SeZ>81+'"Z1e'¢> e >0l 831S—-1
which are connected in parallel to improve the current rating. The uniform of the clamping
*H>EZ1"—1'Z1®75+SEZ171 1 @1 'eele>ZSeetl’ — 27— (.
and lower the reliability. Thus, the design of the force spreader is quite important to ensure
its basic functions and improve the reliability of the whole system.

According to the basic principle of elastic mechanics, there are two boundary conditions to
solve the elasticity problems: force load and displacement load. Force load is the most usec
("7—eSHC1E T —e " —1"—1e' 21 —'eZ17¢7-7—21l® —7Se’"—i
clamping force distribution within PP IGBTs used the force load principle. However, the PP

RC1EeS-—™Z7e1c¢1e'Z1EeS-—™"—e]1 je25721S5>7Z1>7Zce> EeZe1l<
boundary condition is suitable for the mechanical analysis of PP IGBTs is unclear. Those twc
boundary conditions directly applied on the surface of the PP IGBT are compared based on
©'Z1 —'eZ1Z2e7—-7Z—el-"eZel—-7—""—7e17S5e'7>5i1 '—Z1 OBigureET,
and the clamping force of each silicon chip is shown in Table 1.

»"—1e'Z1>7Z07e2®@d1 Z1ES—10ZZ1«'Se1E " ™I1[le"ESeZel —1e
clamping force than other chips with the force load boundary condition, and the error is about
OYViYX—-il cele19 slmwsg, ¢eltiijermal contact resistance existed in the contact interfac
within PP IGBTs depends on the clamping force to a large extent. Thus, the uniform clamp-
el > EZLle’ e <20’ T —1 ool — 77— EZ1'Z1E'S>SEZ> "’
the clamping force distribution within PP IGBT is relative even with the displacement of load
E"—e'e'"—1¢'Se1e721-Si'—=72-17>>">1"@1S<Z2¢1WiY_—-i1 —1¢‘Z
sZ@e> EeZelcCle'Z1l™>s7Z@E>'<Zele’®@™eSEZ-Z—e1le'>"7e'1E-
sible to ensure a uniform displacement on the surface like the displacement load boundary

Figure 6.1 '— ™’ Zel@E'Z-Se' E1e’'Se>S—le™ 51 Z1E+S-™ _eletesZ-A10Silce:
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Figure 7. Finite element model: (a) chip number and (b) schematic diagram for simulation.

No Rated (N) Force (N) Error (%) Displacement (N) Error (%)

1 1000 WV]Zi\ 17Z\ MV OWITY _
2 1000 1001.0 0.10 1010.1 1.01

3 1000 WV]Yi[ 17Y[ _ATTVA OWIiX
z 1000 1001.0 0.10 1009.7 0.97

[ 1000 \_\irz °YVIiY X 1011.3 1.13

6 1000 1000.9 0.09 WVWViz Wivz

7 1000 1076.1 7.61 CATRY OW i X\

n 1000 1002.3 0.23 1011.9 1.19

9 1000 WV]Yin ]Jiyn _MITV CWITY _

Tablel.1 ¢S—™'—ele s EZ1le'ee>'<Z2e' " —17—eZ>1e’ Z57Z—01c<"7—eS>¢1E " —se'¢'"—cei

condition. Furthermore, the clamping force will increase due to the thermal stress when the
PP IGBT is heated up, and the force load condition is not suitable anymore in this situation.

The reason why the clamping force distribution within PP IGBT with force load conditions

is worse than the displacement is because the displacement on the surface of PP IGBT

uneven. Therefore, the force spreader is designed to transmit the clamping force to the PF

IGBT and ensure that the displacement on the surface is uniform. The clamping force distri-

bution within PP IGBTSs is related with the height of the force spreader as shown in Figure 8
'etle' 715700701 1E ™I

‘Z1>Se’7@1"ele'Zloeeze’Z1 1 1'ce 1 Fiylire 8D NS Z 1 7S:@1IRZ1AE
to be stable when the height of the force spreader will be higher than 30 mm. That is to say
the displacement on the surface of the PP IGBT is relatively uniform and will not change
with a higher force spreader. This is very important in the application. The height of the force
spreader should be larger than the radius of the PP IGBT to ensure the clamping force distri-
(Ze'"—i1 —e1e'Z175> 5171 E " ™1[1’celcee’eel ’e'7Z51e'S—1e'71
the displacement load condition on the surface of PP IGBT or heatsink is too ideal.
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Figure 8.1 ZeSe'"— @' ™1<«Ze ZZ—1Z1°Z ¢ o1 el >EZ10e™>257>15—2175>"5171(

Based on these results, it is shown that the design of the force spreader is quite important tha
¢ Z1'Z'¢' 0170l e > EZL1®™>Z2SeZ>1 @' "20e1<Z1eS>0751¢'S—1e'7Z1>
EeS—™' _e1-"e71"@1IYZ>¢1 =™ eSS 01’ —1e'Z1 —'eZ217272-7—
displacement load on the force spreader.

3.2. Design of disc spring

The disc spring is another quite important parameter in the application of PP IGBTs because
it can not only compensate the displacement during clamping process but also absorb the
thermal stress generated by the high temperature. Firstly, the importance of the disc spring
is explained by the single IGBT chip submodule as shown in Figure 917 —eZ>1¢’ 7>z
e’ @il —Z1'®@1e'Z1EeS-—™"'—e]1 ™M‘Se/Zle'Sele'Zlzc—"927
another is the heating phase that the submodule is heated up with a desired clamping force.

Figure 9.1 '—7¢Se’"— 10 E'Z-S+'E1+'Se>S-1"ele’'—+Z1 loez«="e2eZf10S01 'o*"2
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As mentioned earlier, the rated clamping force of the single IGBT submodule is obtained
through the displacement on a proper designed force spreader. The calculated clamping force
Tele'ZleZz«—"e70721'w170Z1 "1 E-™S5Z1 "e'le’ Z57—e1E "~
force existing in the submodule after the submodule is clamped by the desired displacement.

Furthermore, the selection or the design of the disc spring is also quite important in the appli -
ESe’"—@il ‘Z1-"@el’'-™ " 5eS —e1™S,S_7eZ51e 51’ @ELe™>’ -
higher this value, the disc spring is harder to deform which means higher force is needed to
obtain the same deformation. And the lower this value, the disc spring can compensate more
displacement with the same clamping force. Therefore, the selection of the equivalent elastic
E"Z E'Z—1'®©1S1e>SeZ” 1™>7¢eZ—i1 'Z1>SeZe1E+sS-™"—els
W1” 1S—ele'Z1e’@™eSEZ-Z—1'1W1-—=i1 ‘Z>Z">281+'2Z1>¢

&—T1 'Z1@z<—"07292172—7>1'21'ZSe’—el™'SeZl 'e'le’ Z>7—
le7, is also analyzed and the results are shown inTable 2.

where “without” means no disc spring is applied in the simulation and the value with a unit
"ol &-1'01°Z172872'YSeZ—+17See’ ELE"Z 'Z—e1"ele'Z1"
sZezeseloe'” 1e'Sele'Z5721'1—"1" Z252—EZ1' —1+'Z1ES-EZ+
ule whether a disc spring is applied or not during the clamping phase. And the calculated
value is almost equal to the rated clamping force of 1 kN. That is to say, the disc spring has nc
'— 27— EZ1"T—1¢'Z1EeS-™'—e1™M'SeZ1SeeZ51e'Z17c<—"027
slow down the change rate of the clamping force during the clamping process but it will not
S ZEe1e'Z1 —Se1VYSe2721SeeZ51e'21072¢—"072221"01E+S-—™Zsj:
is used to restrict the change rate of current.

However, the clamping force will increase sharply due to the thermal stress generated by the
VetleZ-_™758e7571 ‘Z—1¢'Z1le’e E"—1E""™1'1'ZSeZ17™i1l
rated clamping force. This high clamping force may mechanically damage the silicon chip.
‘Z152S®"—1'@®l1e'Sele'Z1lic—"9221"1E " —*> EsZelcC1le
is needed to compensate the displacement or deformation due to the thermal stress, and the
calculated clamping force can be controlled to some extent. The increment of the clamping
e H>EZ1'e1See™1l — 7Z—EZe1<G1+'21282'YSeZ—e1Z2+Se+' E1E
2177251 'e'1S17'Z251YSe221701282'YSeZ—el1ZSe+s E1E"Z
WVIil\[81S—e1XWiV\-1'1See ™1™, "™~ e'" __Sele"1e¢'21YVSe771"
is that the allowed displacement of the disc spring is 1, 0.2, and 0.1 mm with the same clampec
conditions. Actually, the increment of the clamping force cannot be eliminated if the submod -
ule is clamped even if adequate disc spring is applied. And this will not only increase the cost
<791Se@™1 'ee1<Z1YZ>C1le’ EZeele 17¢eS' —1e'Z1eZ®'>Ze1E*S—-
R ELlEe™y —ele' i lE " —@’'eZ>1' 21528252 -2Z—e@1s>"-1S"

Clamping phase (N) Heating phase (N)
Without 1e6 (N/m) Without 1e6 (N/m) 5e6 (N/m) 1e7 (N/m)
SeEz7eSe7o 10 s WYd_zZ~n WVXWizZ  1210.6WW V\i]

Table2.1 Se@E7¢SeZ¢1EeS—™'—ele " >EZ1 0le'Z1lezc—"02eZ1E -™S> ™ —]|
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Z11l —eZ>—Se1S ZE-*1SE-*">e

‘"eZl1eSE+">®1e'Se1-S'—e¢1Zj'eZ1'—1 1 ®l ™ >1leZ> —
©'71"—+7>—Se1S ZE+1+SE+"5i11l ‘Z1' —+Z>—Se1+SE+">1+'S
should be analyzed and optimized because it is quite important for the structure design of

1 @il 'Z>21S>21 YZ1™S>S—-ZeZ>01+'Se1-S¢1S ZE+1+'7210
IGBTs a lot: slim plates, thermal stress, machining accuracy, internal layout, and the design of
ZeZEe>"eZ®il —"—ele'"®@Z1S ZE+1+SE+"5081'Z>-SelmeerZce
E'S—eZelezs —ele'Zlees2Ee2>Z10Z0®"'s—il Zele''®1+SE*">1
ence the layout or the matching of silicon chips.

4.1. Slim plates

—e'el—" §1+'725721S>71e "1-S'—1™MSE"Se’'—eleeteZele"51 1 ¢
packaging style contains a spring to distribute the clamping force which is patent protected by
ABB and the research is very limited. The press pack is widely used by Poseico, Fuji, Westcode
S—e1 ~oe 20, XAl the researches are based on the press pack, and there are also some var
" —@lcZe ZZ—1¢e Z>7Z—e+1-S—7S Fighre/3 andistaret] befére—alslim plate of
silver is proposed to mechanically support the single chip submodule and compensate few defor -
mations because of its good softness.

The contribution of slim plate to the clamping force distribution within PP IGBTs is revealed with

o >72721e 75Z—e1E " —e'o'"—@il ;el’e1'e1"—" —381'+s1'els’ EZeel
due to the machining accuracy of each component within PP IGBTs or some errors during the
Se®Z—<e'—e1™>"EZeeil ~—+'¢'"—1 1'ele'SelSeele'Z1lic—"27
E"—e'e’"—1 1'ele'Sel”—717ele'"@Z1l®zc—"e7eZ1’®@1Vi[le—1e"
“ele'"@Zlezc—"e7eZ®@1'1Vi[le—1""Z51e'S—1"e' 75011l ‘'Z1 —'+7Z
alsoshownin Figure 71 "¢'1—" —Z1e’'« E"—1E""™edlS—ele'Z1Z e e1"
EeS—™ —ele5EZLe’@e>'¢Z2e’ " —1 ¢’ —1e¢'Z1 1 1 ’e‘le’ Tabile3.e1

No Rated (N) | [ Il

Without With Without With Without With
1 1000 1016.9 WV VI[iw WVZYi]_ WVZZin _ATiX]
2 1000 WV Vi i WVZYiz WV Z[i\ \[T[X
3 1000 1013.3 1000.9 WVZWi]_ WV Z\iY CMIYW
Z 1000 WVVZi[ 976.62 WVZYirw WVZ\iW C\[i[X
[ 1000 _XZiWwz W\ \[_7_Y630.19 1200 WW_ Zi\
6 1000 1002.9 990.6 WVZWiZz\ WV Z\i] _\[1966.3
7 1000 WVWI[iW 999.31 WV ZXi[] WV Z[in _ALi)Z i
A 1000 WV VXi| _AYTN WVZWiVY WVZ]iw \[inY
9 1000 WVWI[iw 1001 WV ZXiWA WVZ]i] _ATTIX _

Table3.1 ¢S—™'—ele"sEZLle’ o>’ <2’ —1 'o'le’ 7257 —elE " —e'¢'"—cel
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‘Z1>Zoezeeele'” 1—"1<'ele’ Z>5Z—E&Z1<Ze ZZ—1e'Z10e' —eeZ1
'e'"7eil ‘Sel’®@1e"1®@SEdLe' 21— 7Z—EZ1 e1le'Z1l@e’—1™eSe,
be ignored. The reason is that the deformation of the silver slim plate is very limited even it
‘Se1S81>72¢Se’YZ1e—-Seel "7—e @l-—"e7e70ei

4.2. Thermal stress

A clamping force is needed to ensure the basic functions, and all the components within PP
IGBTs contact well. The silicon chips will produce much heat and increase the temperature
under working condition of the PP IGBT. Thus, this high temperature induces thermal stress
(ZES7®@Z1Seele'Z1E -™"—7 —e®@1S>Z1E"—@e>' EeZelctle'Z
move when they are heated up. The thermal stress during the heating phase will change the
' Z1E"—EZ™ez2Se1 1 leeze’' Ze1E " —@' ®ee1l™e1ZZ1®’ s E"
and the chip number is marked as shown in Figure 10.

1 —'eZ1ZeZ-72—el—-7¢¢" ™' CR'E®LI-"Zs1E ", E"Z2™eZel "e'1ES
—~ZE'S—"ESel Zeel' 1™ ™ @Zele 1™ 7’ Eele'Z1E+S-™" —o
®eSe7l ™ ele'Z1EsS-™" —e]1 ™' SeZl'els'Sels'Z1 1 1'el™ -
a prescribed displacement. And the heating phase is the state where the clamped PP IGBT |
‘2SeZe17™I1ESZ®Ze1<C1e'Z1E eeZE">1EZ>>Z—e1le"1S™ ™,
*"51¢ 71 ™S5 1 ES—1<Z1 2 Fhelsimulh#od resaltsare siown in Figure 11.
The contact pressure distribution within the studied PP IGBT is relatively uniform under the
clamping phase. However, this situation changes a lot when the PP IGBT is heated up. The

pressure distribution is extremely uneven and is mainly concentrated in the center. That is to
say, the clamping force distribution will also be uneven, and the change trend will be the same

Figure 10. Internal layout and chip numbers of the conceptual PP IGBT.



&ODPSLQJ )RUFH 'LVWULEXWLRQ ZLWKLQ 3
KWWS G[ GRL RUJ LQWHFKRSHQ

Figure 11.1 "—eSE+1™>7Ze@z>Z1* ' @e> <z’ "—a@l '¢*'—1 1 ALOSULES-™ —e1™

'] e Z1E"—eSEe1™>70072>211 ‘Z1SYZ>SeZ1EeS—™" —ele">
E"™EeliUYd10281S—e1UWYUle " ESeZe1l —1+721S;’ ceHiguellD)
and compared in Table 4.

The reason is that the collector electrode presents a warpage when the PP IGBT is heate
up, and this leads to an extremely uneven clamping force distribution. However, there also
Zi'oeeel1S1e'4e71e’ 757—EZ1S-"—ele'Z1le’«' E"—1E" " ™Mel —
clamping phase because of the warpage of the collector electrode. Another reason is that th
pedestal is too hard to absorb the thermal stress generated by the high temperature of silicor
chips. Therefore, a harder collector electrode and a softer pedestal can improve the clamping
force distribution within PP IGBT.

4.3. Machining accuracy

As stated before, the PP IGBT has a multilayer structure and all components are stacked. It i
impossible to control each component having the same size because of the machining accurac

‘2572757281 21 Z>7Z—EZ175175>" 51" —1'Z10’£21S-"—+1E"
the size error existing in each component will also be summed up during the assembling
process as the components are stacked. Adding up all factors means that the height of eac
®Z«—"e7eZ1 'eel—"e1<Z1'Z100S-Zil ‘Z®Z1Zi' e —ele’ Z>7—

'e01S Z@Ee1e'Z1EeS-™ —ele 5 EZLle @e> <z’ —il ‘Z1 —eZ2127
S—el YZ1 1E' ™oe Figé 0271 5117 ¢S’ e 1 ES—1<Z118}—+1"-

‘Z1 1ECT™MI[L 'e'ldle’ Z>Z7—el1'Z'e'elee7>S—EZ®d1I>S—eZ01
' Z1EsS—™' _ele"sEZLle o> <2’ "—1 "o’ —1e'7Z1ceeze'Z1 1 -
eSEZ17 171’ E"—1E""™e1ll 1281 1791 X&81S8S—-1

and shown in Figure 1371 7>¢'Z>—-">7Z81'Z1SYZ>SeZ1E«S-™" _el1">E
7—eZ>1e’ 757 —e1'Z’¢'ele”e7>SFighEMMISele'~ —1"—1

‘Z1sZ@zee@le’” 1¢'Sele'Z1EeS—™"'—ele™>EZ1" 1 1E*™I1[1
erances is increasing. The clamping force decreases to less than 100 N, which is much less th
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Chip no. Rated (N) F (N) Deviation (%)
Case 1 Case 2 Case 1 Case 2
U X 1660 WI[_\iY NZTNZW °oyinz °_Zi’
oy Wi[[” W[Z_iX 23013 oV i\ Z]i]W
0~ WA W\ _iW X_z 1i\071 A TY X
owy WA WI1Tin YV]Xi[ 1.27 97.21

Table 4. Average clamping force comparison.

Figure 12. Finite element model and chip number.

Figure 13.1Y"—1 '@ Zale’'e> ' <Ze'"—1"ele'Z1@ZsZE+Z1l’'« E"—1E" ™l
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Figure 14.1 ¢S—™’ _el1e">@EZ1"e1l 1E*"™1[1Z—eZ>1 Z>72—EZ1'Z’+'s1¢"e2>S—EZx

the rated clamping force, when the height tolerance is 3 um. It is assumed that this chip will
c"@Z1IE " —eSEel'ele' 212’ e ele”eZ25S—EZ1'®1-">21'S—1Y1
—7S><¢1e'721 1E"™I1I[1 'eel’ —E>ZSeZ1e‘S>™e¢d1Z0e™7ZE
the active area and the terminal area. This area is very easy to crack if too much clamping
e >EZ1’e1S ™ ™. 790 SlmeteforeSthe sbchining accuracy should be controlled to
a certain extent to ensure the clamping force distribution. The maximum height tolerance of
each submodule should be controlled within 3 um based on this simulation result.

4.4. Internal layout

>"—1e'Z1e’—72eSe’ " —1>7 007 MNR0P Ol ZbRleteet AWl Zi ceee1l ™ -7
submodules in the clamping force distribution within PP IGBTs because of the warpage of
' Z1@E e Z@E 517272 Ee>"0Z212ZYZ—12YZ5Ce" —e1l’1l ZeelE ™ —=
the clamping force in this packaging style is inevitable. However, the internal layout can be
E'S—eZe1e" 1522 @®Z1e' 21— 2Z—EZ17e1e' 21272 E*>"¢Z21S—-1
*S¢ 72e@1S571e7Z 0’ e—221S—e1S—SeCEZele'>" 70171 FiglseZ 157

Figure 15.1 ‘>ZZ1e’ Z>72—1S¢"72eef10SU1E >E 25512« Z@E+>"eZ el ’¢'1+'Z1052S>,
square internal layout, and (c) circular electrodes with the circular internal layout.
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Proposal | is the circular electrodes with the square internal layout; proposal Il is the square
electrodes with the square internal layout, and proposal lll is the circular electrodes with the
E' >EZ72¢S>1'—Z>—Se1eS¢ 20l ‘Z1e’ Z5Z—+1'—e7>—SeleS¢ 7
“ele'Z1Z2eZEe>"eZ®@1S—e1e'7Z—1S ZE1+'Z1ES-™'—ele">EZ
of each silicon chip is extracted and listed in Table 5.

>T—1¢'Z1EeS—™"—_ele"sEZLle’' o> <7’ " —1"ele's771e’ 757 —e1'—-=
'Y ZeCl7—"0">-18—e1¢'217>>51'1SEEZ™eSceZi1l "—ee'eZ> —
S—el 1E""™MEA1I™>" ™M " @Sel 1'1cZ47>1¢'S—1 1S—e1 1 '¢'1
E"™M@®El1S—el 1E"™Eel1 e1ZiY-10Xi\[-1«"10°WIi\[-U0T1 ‘Z1Z>:
WI[i][-01>Z0e™ZEe'YZeCil "—oe'eZ>'—ele'Z1e’ 7>72—EZ215-"—-1
<ZA47>1<ZES72071Seele'71 1E " ™MEe1™>1 1E' " ™el1S>Z1«"ES-,
o7 >—Se' "1 " ZYZ>581'217>>"518-"—>+1 1E“ " ™MEl™>1 1E'T
" 1 'e'1S1VYSe2Z17¢1Vi 1S—e1ViY_ -081>Ze™ZE+'YZ+¢il —1CE
e "1™, M e See1«ZESZ®eZ1e' 217272 E > 0717 —e75¢"Zle' 47107

4.5. Design of electrodes

S—C1leSE+">®@1¢'Se1S ZEe1le'Z1E+S-™ —ele"5EZL1e' s> <20’
before because it is known that most of those factors lead to warping the electrode. Therefore
the design of the collector electrode is also quite important for the clamping force distribution

No Rated (N) Average clamping force (N) Error (%)
I 1] 1 | l 1l
IGBT1 1129 WWI]Xi[ 11192 W VAT Yin OVin] o[
IGBT2 1129 1179.3 1111.9 WV\_Ti[ ZiZ\ Wi [W °f
IGBT3 1129 WWI\T[ 1111.2 1069.6 ZiXW OWi[A o[ X
Z 1129 WW\NTW WWW_in WV _i[ Yiz\ ovin
[ 1129 WW\ANTW  1120.0 1069.6 Yiz\ oVinrv O[T X\
IGBT6 1129 1026.2 WWWYVi~n WV ° TWW SWi\W
IGBT7 1129 WV XZi\ WWWViz WV\_T[ ° IX[ OW T\
A 1129 WW\ X[ W W X Vi1070.0 2.97 °oVi][ °[TXY
IGBT9 1129 1010.3 — 1069.3 CWVI[ — O[T X _
IGBT10 1129 WvVvVvVzi_ — 1070.0 SWWiV — o[ XY
IGBT11 1129 1136.6 — — 0.67 — —
W 1161 1207.2 WW_Win WXAWiTW Yi_» 10.3971\ [
X 1161 WW _Ai_ WWAM\TW W 3729/ '\ 2.16 10.36
Y 1161 WWA_ 7 WWATiX WXAWITY  226Xi1Z_ WViY]
z 1161 1192.3 WW_Vi~n W X "W RXO0 Xi[] WVIiX~?
[ 1161 WWAXTW — W XAVIY Wi *%— WViYZ

Table5.1 YZ>SeZ1EeS—™'—ele">EZI1E" -™S>' ge"— 1510’

Z>7—e1'—e7>5—Se1eS¢"2
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Tel 1 @il 1eeZ™1'Sele"1l<Z1leZe'e—Ze1'—1'Z1ZeZE >
SIE — —Z+1@™SEZL+"1™>"eZEele'Z1e's"E —1E""™@El1 7
parameters in this part are shown in Figure 16 and are explained.

Where A is the diameter of the electrode andB is the equivalent diameter of the pedestals. The
parameter A is the most important parameter because it is used to conduct the current, hea
7i01S—e1e'Z1E+S-—™ —ele">EZiI1l —eleZ>e'7>-"Bidalso VEry irppr-
¢S—e1e'Sele' Z1EeS-™" —ele > EZL1'®1e>S—0—"4Z1e'> 7" RAei§
matchedwith B17>1—"¢1 'e¢1S Z@Eele'Z1E+S-™'—e1e " 5EZ1e"1S1+S
7eZel —1le'®l1®eZEs " —1E —®’';eee1”12ZV1 1E " ™El1S—
metry. Only half of this model is simulated to save time, and then the results can be expanded
e"1e'Z1 ‘TeZ1-—"eZeil '>eeeCdLle'Z1ZeZEe>"0Z1’'S—7Z7517¢1W X
pressure on the surface of the silicon chips is shown inFigure 17.

‘2>21°721YSe727217«1WX[1--1"@1le@—-SeeZ>1¢'S—1+72123872'YSe.
is larger than that value. The simulation results show that the pressure will concentrate in
the center of the PP IGBT when the diameter of the electrode is smaller than the equivalen
diameter of pedestals. And the pressure will concentrate in the boundary of the PP IGBT
when the diameter of the electrode is too large. The reason is that the electrode undergoes
o ZsZ—ele>ZEe " —1 S>™SeZ17—eZ51¢'"®@Z1e "1E " —'"—ce
SEeIWX[01WX]d1IWYWSIWY[d1IWY _81S—«1WZW1--1S>71c’-
the average clamping force of each silicon chip is extracted. The clamping force error of eacl
silicon chip is shown in Table 6 with half model.

el'el’ ®leZZ—1"—1'Z1>7Z007°2@31'Z1-S“"> e¢17e1e'2Z1 1
ZeZ@Ee>"0e71¢’S—7e751"@1®@—-SeeZ>1¢'S—1WY[1--1S—e1e'Z¢1"

Figure 16. Explanation for important parameters.

Figure 17.1 >Ze0ez>Z1s’@@e>'<72e’ " —1"—1e'Z1007>+SEZ1"ele'Z1le’'«*E" —1E""™efAld
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No. 125 127

IGBT FRD IGBT FRD IGBT FRD IGBT FRD IGBT FRD IGBT FRD

1 °X_iY[ °\WizZz OoXYi[\ °[Zi[Y °WYiYZ ©°Y _iZ[3.02°Zi°[\i "°&90i]\ XizA

2 WAIXY OX[i][ [TYX MI0_ [ °ZiY[ Zi1X.32 °OVi]\  WAIVA  0Yi]]

3 Wi_[ O\Vil\\l  WATX\ °08O_W °YATW[  YIW[ °XWiV] °Yi\V °Yi_V
z Jirw O\TW [ivv °OX WV _izy iy Yilr o YiY] CWIiVY
[ Yi[X YiX][ AW WIRBDX Wi\ ZiX\  Yi[W °YizZ] °Yi\Z o\
6 XiZW Xi\z WATYX  1WHOI [ X ViA] Yi\[3.61 °Yi]Y °YiX] °]iw]

7 OXVIi[V  XViWw] CWBBKV °[i[_ iWZ 201 232 _iXZ °Yi1X96 °\i\\
A Viny O\WiVvVz ]iz\ °[ZIWY  _iZ] OYATYA  XTVA  OXVIiAA L O[fY:
9 Xi]z OX[TW\  WAIA[ °W]iYZ  VIiAY3.77 °Wi@3  °YirZ  WI]i]Z  °]iW]
10 017 O\WiVY \i[X °[Zi]X  i[] °Y_iYY  Xi[V = °XXiAA oYij]z o
11 °XVi[] OW [TW X °[iYW  2.30 9.16 12.99

12 2.39 WAIZV 9.92 Xilz o[V A OAFAN
13 XXi]A WATAY 0.91 Yiz] °ZiX _ o\iAX
WZ  XViX~? W\T[X 9.37 Xi[_ oy \A °1IXV
W[ 7.19 WZi[_ 9.10 3.30 OW i X X °Zin\

16 XXiry WAT [ WWi[A Zi[W °OYiX]

17 21.72 wlilz 10.71 3.36 °ZiVV °]iZ X

WA iz WI[iX] _inv [iV] °oViYZ c
19 273 ATLY WViV][ Xi]A °Yi\] AVES
20 °X_iZ] OX YiX\ CWYTWZ ©77302 Jiva
Table6.1 YZ>SeZ1EeS—™'—ele > EZ1Z5>">01S-"—ele’« E"—1E " ™M@l "« 1'Seel_"

©S50751¢'S—1AIWY[1-=i1l —el1e'Z1E+sS-—™ —ele "5 EZLe’ s> ¢Z7e""

1E " ™Edle'Z>Z21Zj' @eele™-Z1s Z>Z—EZ1S-"—ele""®Z1(
o' 7217272 @Ee>"0Z1’S—7¢7>1"¢1WY[1-—-1"®@1e‘Z1c¢Zel1S-"—ele"'"
to the equivalent diameter of pedestals. That is to say, the best way to improve the clamping
force distribution within PP IGBTs is to match the electrode diameter with the equivalent
diameter of pedestals during the electrode design process.

5. Conclusions

‘Z1EeS—™'_ele">EZLle’'®e>'<Z2e’"—1 "¢’ —1 1 el eld§z'eZ1 -
ZeZE o> ESe1S—01¢'7Z>—-Se1E‘'S>SE+Z>' e’ ELlcze1See™1e'Z1>7Z¢"
e >EZ1'Se1‘Sel«ZZ—1E*Smee’ Z¢1S—e1S—SetEZele'> 2017

T
<
<
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and the simulation results are well presented and explained. Based on the simulation results,
Z1"—" 1e'Sel Z10e'"2ee1™S¢1-">721S47Z—¢'"—1e"1e'Z1¢'7Z5-Se1c
layout, and electrode design during the structure design process, especially the thermal stress
The disc spring is very important for the PP IGBT application, and this factor also should be
E"—@’'eZ>Ze1le2> —e1e'Z1-7ZE'S—" ESelme'-2+Se’"—il ‘Zloee+'-1
simulation that it is too thin and its contribution to the clamping force distribution is very limited.

‘Z1E+ZS>1E*See’ ESe'"—1S—e1S—Set@’'®l™+1Ses1e'71+S(
can give a guideline not only for the semiconductor manufacturers to optimize the structure
design but also for users to take full advantages of the PP IGBTSs.
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