Power Electronics: From Semiconductor
Basics to Advanced Design and Testing:
part 2

Matteo Santoro, Commissione Elettronica e Microelettronica Ordine degli Ingegneri della
provincia di Roma

Product Manager Semikron Danfoss.

)

m
MMM
i
Ordine degli Ingegneri
della Provincia di Roma

IV aadBId

osped,

ansooaTeoY
l'l_g A
aepboonoe

e owau



https://calendar.app.google/NceQUiEARQbuvEnB9

Power Electronics

4. Power Module Design and
Manufacturing




From Chip to System
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Manufacturing substrate : «<Power Hibrid»

Thermal capacity for different
material's substrate

o AlOs :24-- (Allumina)

e AlNda 130 a 180% (Alluminio Nitruro).

Solder
Input: resist & Pick&_Place Die_
Thermal expansion coefficient is DBE corcs it Die Soicerng
comparable with silicon
AloOq & di 7.1 EERLTF X-ray solder Wire DBC Blectrical __.Q.Lfm.L.l.t 2
- 2 3' e I ; control bonding > separation pre-test |4 Tested power

{optional) hy brid (Pt I

AIN & (4.128™m)

silicio ( 4.052=)

DCB: Direct Copper Bonded (pre-
lasered or laser-cut in the
manufacturing line)

Classified as



Module Manufacturing (dal Power Hibrid) ( DA3, DB3...)

Soft molding,
vacuum and
Thermal curing

Power hybrid Pins (P&P + Housing, gluing
(PH) soldering) and UV curing

100% final
measurement

Output Finished
Module

'Y Laser marking |g

- Test static Elettrici

- Test dinamici (doppio
impulso

- Test di isolamento
(2500 Vac e.q.)

- Test visive

Resa (Yield) =(1/scarto)

= N. totale moduli buoni /Numero totale scarti

- Rilavorazione?

Classified as



Power Modules Classification

Bare die E Power semiconduc- |Soldered/bonded Power semiconduc-
tors power semiconduc- |tors with pressure
double-sided solder- |tors contacts
ing

Technology Bonddraht Lot
Functions

Discrete power semi-
conductors
(non-insulated)

Insulated modules
with base plate

Insulated modules
without base plate

IPM (intelligent
power modules,
insulated)

Figura 1.4: Classificazione dei moduli di potenza in funzione della tecnologia

Classified as
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Example: Power Module with base-plate

Press-Fit “sense” terminals
Cover

Housinm

Rivets

N

WE]LU@wz-T;J

AC L4
T2

S
ot D4-72-D3 )

Power Hybrid

Base Plate

SKD “true” 400A TNPC
(SEMiX405TMLI12E4B)

Power terminal (screwable)

7 Classified as



... Driver...

SKiM®4 MLI adaptor PCB SKiM®4 TMLI adaptor PCB

SKYPER" 42 L driver

SKiM"4 module

100/125kwsolar I 250KkwSolar 500 KW Solar

Classified as
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...Intelligent Power Module ...

* Intelligent power module with
integrated driver, sensors and
cooler

Gate driver

* High power halfbridge or sixpack
configuration
(0.5-2MW)

* Blocking voltage 1200V or 1700V
e Current ratings 500-3600A

» Safety isolated current,
temperature and voltage sensors

* Basic protection functions Heat sink

Half bridge v ‘AC current sensor
power module

Classified as



... Stack

Classified as
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Design Flow 1/3
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Design Flow 2/3

Customer Offer
Technical (Target
DS) Commercial
(Price, Lead
Time ...)

J
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Design Flow 3/3
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Power Electronics

5. Datasheet




Datasheet, Absolute Maximum Ratings

* VCES (Max BLOCKING Voltage!)
GE shorted! This is Max value which should be

IGBT turned off

diorF
Vet L < W
For Diode is Vg, gy dt \ g

e Ic. max conduction current strongly

dependeMv Rth!

Ic = Piotmax /VeE

RBSOA
* ICRM (*) Repet. Pulse Curr.

* VGES (max GE sustainable voltage)
* {psc (70us for IGBT4, NOT possibile M7!)
* Tj(Tv,jmax Tj op)

(IGBT4)
*) ‘ lcrMm ‘ lcrm = 3 X Icnom
tp = 100us; repetition rate limited by .
IR Timax; Duration: <10% of total time SI C D
15

SEMiX305MLI12E

Tj

Regular operation = Overload = Regular operation

Regular operation

o
h

..Overload. Regular_

T< TJDP

including thermal r|pp4e

T< Tj{maxl

including thermal ripple ]

SEMiX® 5

3-Level NPC IGBT-Module

. -40...+150°C)

* Product reliability results valid for T;
<150°C (recommended Tj,op=

E

3200

2400 1 T .

[A]
2800

o) 1,2 53
\Dl/ D)
5. = et
Ti Cde ]l
8 12019 1718 1413

P
(¥)both/all pins have to ~
be connected externally @5 \
(to support the full =
output current)

MLI

— 3 AKX
2000 4
| o =
‘(L e Chip_| A

1112 1600 /, \
@ 1200 .

Fc Modul l‘

6 O \
U
& ‘ 800 — T,=150°C
Ve = £15V
h 400 [ Rgoq =050

3

7 o L1 1
0y, 40 800

1200 [y} 1600

Fig. 6: RBSOA IGBT

Time
tpac Vees 1200 V al / =
T; -40...175 7 s
IGBT2

Module
level

The maximum allowable
temperature for the chip
during conventional
continuous operation is
specified in T,,. Please

ensure the maximum chip
temperature stays at or
under T, during
conventional continuous
operation. The maximum
allowable temperature for a
chip during short-term
overload or abnormal
operation is specified

inT,

i(max)*

“SHOULD BE" always present but is a MUST for “small chips” like SiC where bond
wires are |Imll'((_:‘|‘ass| Orns case IFRM is less then 3 times IChom!

~ . 1°
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SOA (for Linear Amplifier! Not used in Switcing Power Elec.)

SOA is different is FORWARD
current and maximum nominal
current

Not available in modern datasheet

Depend on the time and limited by
Ron

SOA is mainly used or “linear
operation” in CONTINUE operation
which is typical of transistor in
Active Area (so this is the reason
you do not find often in Power
Module working in PWM)

Ip, Drain Current [A]

Figure 9. Maximum Safe Operating Area

1 un Lo

10 b1

3 | Oneraton i T e

- is Limited by Rpsjon)

0.1} o T
© 1.Tg=25°Cc ==
2.T,=150°C |
3. Single Pulse B
0-01 i i B O | : P
1 10 100

Vps, Drain-Source Voltage [V]

®" Rof FCH25N60N N-channel Mosfet

I
FAIRCHILD
]

SEMICONDUCTOR®

FCH25N60N

N-Channel MOSFET
600V, 25A, 0.1260

Features
" RDS(On) =0.108Q ( Typ.) at Vgg =10V, I5 = 12.5A

Classified as



Datasheet, STATIC Characteristics

" VCE(sat) (ON
" Chip level Effect of Rec:e

" VGE(th)

. VCEO, I"CE (values at ON state) VCEtot is provided by the
linear model of the ON-State Diode, see after)

diode
VeE(sat)y = Vego +7cE - Ic ppdel

ON

" Ices (max leakage in blocking state, limit for
reliability test: It defines ithe value the module
should withstand AT THE END of 1000hours
HTRB (see reliability); it is PRODUCTION
PROCESS dependent!: and COULD BE different
with respect ICES value defined at bare dies
level! (very often is different)

" Cies, Coes, Cres (directly linked to bare die
characteristics)

17

3-Level NPC IGBT-Module

Characteristics
Symbol ‘ Conditions ‘ min. typ. max. ‘ Unit
IGBT1
VeE(say | lc=300 A ‘Tj =25°C | 1.80 2.05 | v
Vge=15V
- — [+]
‘chiplevel ‘T,_ 150 °C ‘ 220 240 ‘ v
Static Characteristics (tested on wafer), TVJ:25°C) BARE DIE IGC142T8RM
- Value .
Parameter Symbol Conditions - Unit
min. | typ. | max.
Collector-emitter breakdown voltage Vier)ces Vee=0V, Ic=5.7mA 1200
Collector-emitter saturation voltage Vegsat Vge=15V, Ic=45A 097 1.32 \Y
Lol
L R 600 T 5 Characteristics
c cc I[Al| T=25C ,
O-’YV‘—:I—] Ve=18V — |  / / Symbol ‘ Conditions
%0 In=1s0'c i IGBT1
xglé; 1;5 i VeEsan lce =300 A Tj =25°C
ZS TOP 400 [Vee=11V - / — Vee=15V
\/‘%/ chiplevel Tj=150°C
e ! Veso chiplevel Tj=25°C
&/ T,=150°C
OJ ZS BOT 200 A rce Vge=15V Tj=25°C
/ chiplevel Tj=150°C
L R 100 / Ve Vae=Ver lc= 12 mA
J lces Vege=0V, Vee=1200V, T;j=25°C
0 = Cies 25y f=1MHz
0 1 2 3 4 CE= -
VeelV] Coes V=0V f=1MHz
Cres f=1MHz
Fig. 1: Typ. IGBT1 output characteristic, incl. Rec: ge Qe Ve =-8V..+15V
Raint Ti=25°C

min.

typ.

1.80
2.20

0.80
0.70
3.3
5.0
5.8

18.6
1.16
1.02
1700
25

max.

2.05
2.40

0.90
0.80
3.8
5.3
6.5
4.0

Unit

<< < | <

m&2

mA
nF
nF
nF
nC
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Still some consideration on Ices and how is defined in Datasheets

e Evenin n-type are presents p,(and in p-types
n) which are intrinsic in semiconductors

o This causel ., in inverse polarization which

is “small” compared to forward current (which
is very small as n<<p and p<<n): some pAin

IGBT4 for instance.

« I..=Func(technology, geometry, if several

leak™

chips in antiparallel, process soldering,
reliability tests...)

* Process assembly = introduction of dielectric
impurity on the p-n “naked” vertical junction
- surface ione impurity furtherI .,

ContribUtor 9 ILeakTot= ILeak1+ILeak1> ILeak1 z A|203
* No clean improve. Synther ok (but Ag+!) Cu
* Reliability > 1000H HV3TRB further impurity
(H20 iones, dendrides, electromigration) > I defined in IGBT MODULE datasheet usually is higher than
| ICES in bare die datasheet. And is also linked to TEST
SPECIFICATION

Warning: Test specification define also the production scrap rate!

18 Classified as



Datasheet, Characteristics (switching : Eon, Eoff, rise time, fall
time)

SEMiX® 5

3-Level NPC IGBT-Module

Vee

VGE

IS S ——

|/1;°/o

|
Wasol—
|
|
|
|
|
|
|
|

—~+ ¥

idealized waveform

5
B0l
e

80 T, =150°C
E[mJITO ViCE: 600 V /
Vge = +15/-8V /
Reon = 0.5 Q
60 R(‘,-‘.off =1.50Q //
50 %
E / /
40 off Eor
38.77F ///,
30
Y En//,/
20 / i /
17.4 s
T0 //
0 Y
0 100 200 300 400 500 600
Ic[A]

700

100

Egr(}).l]
80
70
60
50
40
30
20
10
0

T, =150°C L
Vee = 600 V !
Vp = +15/-8 V //
lc =300A / Eon

// Eoff
T
/
: T

T I
* |Err
0 2 6 8 10 12

RglQ]

Fig. 3: Typ. IGBT1 & Diode5 turn-on /-off energy = f (I¢) Fig. 4: Typ. IGBT1 & Diode5 turn-on /-off energy = f(Rg)

~Y

Turn-off

En _ (Rgy=052;

ta(off) Regoi=1.5Q

t di/dty, = 5700 A/us
di/dt.f = 2300 A/ps

Eo dv/dt = 3500 V/ps

T;=150°C 17.4 mJ
Tj=150°C 48 ns
Tj=150°C 148 ns
T;=150°C 38.7 mJ

19
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Datasheet, Characteristics: commutation speed

chip transcond.

dicoff ’ Ver
dt fSC;ES  Beses

" di/dtorr

" Overvoltage during switch off

dloFF
T il 2
_ dt
Note:
L = F[Area_Module + Area_driver]
di/dtorr = F[g,C,RgOff]

di/dtorr QP dynamic bench >> di/dtorr
production DPT (x4!)

L(dyn-bench QP) << L(pm

- compensation!

<>
C., in and out with CE shorted C,.with CE direct
9 )’ / 3-Level NPC IGBT-Module
‘ min. typ. max. ‘ Unit
| / f=1MHz 18.6 nF
CO&S/VGE:OV f=1MHz 1.16 nF
Cres f=1MHz 1.02 nF
Qg Vge =-8V...+15V 1700 nC
Raint Tj=25°C 2.5 Q
td{on) Vee =600V Tj =150°C 71 ns
t lc =300 A T,=150°C 51 ns
Vaep=+15/-8V —150°C
Eon RG on = 0.5 Q l = 5 17.4 mJ
Lot Reor=1.5Q =150°C 488 ns
t di/dten = 5700 ATS [T, = 150 °C 148 ns
di/dtor = 2300 A/us
Eoff dv/dt = 3500 V/ps |7;=150 °C 38.7 mJ
3
slower

20

Important parameters to design gate driver!

Classified as



Datasheet, Characteristics (Gate Charge, Rth)

Qc: Gate charge (allows to calculate the
average total gate driver current in function
of switching f

Gate
Driver

Igavy=Qc - s .
Design

Rth(j-c) MAX: not very impacted by TIM (a
little bit yes...), only for modules with
baseplate

Rth(c-s): strongly dependent by TIM
material

Rth measure

" Require thermal stability to be
measured

" Thermal interference and statistical
impacts

21

3-Level NPC IGBT-Module

Characteristics
Symbol ‘ Conditions ‘ min. typ- max. Unit
IGBT1
Qs |Vae=-8V..+15V | 1700 nC
Rihgc) \ per IGBT 0.1 K/W
Rih(c-s) | per IGBT (Agrease=0.81 W/(m*K)) | 0.077 K/W
Runic-s per IG:_BT, pre-applied pha‘se change 0.037 K/W
material
20 —— 7 ooy [219 pulse ==
V[l = 3004 - biodes |
Vv 16 1, = 20us t—t—t+—1 -
G(Oﬂ) - o o ------------------ 01
:GUDV 7 0 O MR RA 1 TEJ K]
12 R i
13 . 4
0 W
8 fo 0.01 AL
)
‘8 V4
. K o
)
fe 0.001 |4/
0 ; : 7
(8
]
-4 I3 0.0001
Veae te 0.0001 0.001 0.01 0.1 1 10 100
VG{_ofﬂ--:!-l : tals]
[
0 1000 2000 ° 300¢ . . . .
:: Q > e Fig. 9: Transient thermal impedance of IGBT1 & Diode5
Q¢

Classified as
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Technological Challenges in Power Electronics Silicon devices

manufacturing...

All the classic silicon manufacturing challenges

Alternative way to see: As we have seen in slide
64 n;(T) «< T°C so intrinsic carrier concentration of
silicon increase with temperature 2 so there is a

decrease of the resistance of the semiconductor if T

increase! (negative coefficient)

negative temperature coefficient risk to cause thermal runaway in case of chip parallelization!

" The problem of the Thermal runaway and the temperature coefficient troubles of PN junction

13

D15,/ D2/ D3/ D4/ D5

t1°C | t2°C | t3°C| wec| t5°C |

L . L - »

" If Vg, then PN voltage barrier is lowering <

Vo function of T

; q = I(T)

IS(T) = Is(Ty) - 2T —11)/101 4

I. double every 10°C increase of T°K!

dVp

~ —2.2mV/°C

d T’

" Ten current flow easier in the diode—> I increase - T°K increase!

22
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PN junction has negative temperature

Consideration on the temperature coefficient vs static losses and
parallelization: where is evident in the datasheet?

coefficient

23

Direct Forward PN Junction

V = EI-:rm(Jir/j’S)
q

Theoretical analysis of PN junction (Si) indicates
that Is change by 7% per °C and because
1.07exp10 = 2 :In other words Is double every
+10°C Increase. Know Is(T1) Is at T can be
calculated with

Is(T) = I(Ty) - 207 =T1)/10[ 4]

If steady state conditions, increase of
temperature cause an increase of Is so Voltage
decrease by

dVp
dT

~ —22mV/°C

In the datasheet the temperature coefficient can
be evaluated by analysing the static losses
diagram for different temperatures

A

300

200

100

I

0

- 1 i
" [ltyp. |
A/
1]
! 1/
i
i
/
il ¢
AR
i
7’
1
-J —
s —T,j= 25°C—
// __TV!=125°C_
/ ——
e T | 1 1 1
n Ve ns 1 1R o 2K v A

Epi diode with negative temperature
coefficient

Good for reducing static losses

Critical for parallelization

800
/

Io[A] /

7czo / /

640

560 T,
480 AN

t, =80 pys
P
400 'VCE=2UV"_____""__"_7

320

240

\
1 —
60 T, = 150 °C
80

: A

0 5 10 15
VeaelV]

IGBT (or CAL4 diode) and positive temperature
coefficient in the nominal range

- Parallelize is easier!

The design of the intrinsic region (n-), the introduction c
implantation, and other techniques can enable power
diodes to reverse their temperature coefficient behaviol
at high currents/voltages from a negative coefficient to
positive one.

Classified as



Turn off Oscillations during reverse recovery in parallel

connection of diodes

If a parallel connection is given and oscillationsin the reverse
recovery of free-wheeling diodes are found, it also has to be
investigated whether this is caused by asymmetrical
arrangement of the wirings and interconnections.

Oscillations have even been found with a single soft-recovery
diode, if the condition is fulfilled that the switching time of the
diode t,, agrees with half the period of the resonance of an LC
oscillator circuit.

In applications with MOSFETs and IGBTSs, this can be verified
easily: the modification of the gate-resistor RG of

the used IGBT or MOSFET can vary the turn-on slope of the
transistor and with it the commutation velocity di/dt. So the
switchingtime t,.,- of the diode is modified, and in this case the
oscillations should vanish.

for SIC MOSFET this can be CRITICAL for LAYOUT DESIGN!

24 Classified as

e S —

Fig. 14.8 Course of the —l_—}
current during reverse

recovery in a parallel

connection of diodes with

different wiring inductances.

50 ns/div, 50 A/div, 25 °C,

Vbar approx. 300 V.
Figure from [EId98]]



Layout chip positioning - trade off - design choiches

. . (b)
In power modules, often a lot of single dies are = - =
connected in parallel. | | |
IGBT1 IGBT2 IGBT3

It is very difficult to give all single dies identical
symmetrical conditions in respect to the length of
the current-conducting path to the main terminals as
well as in respect to the length of the wiring of the
drive signals.

L10I L11 I |.12'

. TR T
IGBT4 IGBTS
|.13l L14 l L15 l
-

- -
L7 L8 L9

Fig. 11.33 (a) Realistic power circuit consisting of 5 parallel IGBT chips and one anti-parallel
freewheeling diode chip (b) schematic circuit diagram showing the power devices plus the
parasitic inductances formed by the current tracks

Thermal conditions must be considered, too.

Often trade-offs must be made. Figure 11.33 shows an
example of parallel connection of five IGBT dies (to

form ONE switch with 1 APD FW Diode), in which
asymmetric tracks for the main current to the
respective die are given.

: & : :
160.00 ns 660.00 ns 1.16000 us

The wires for the drive si s, for which also a
symmetrical setup'is of importance, are not dr A b e e el
the schematic circuit diagram of 11.33b. 1999 EPE

Despite total current appears ok single chips carhassa}

[ P | I A - o) ol Y4 P o



Power Electronics

6. Power Module Design 2:
Simulations




Simulation example of DISCRETE Power Semiconductors: LTspice
Models

Classified as



LTSpice simulations with discrete Power Devices (eg. TO)

Discrete Semiconductors libraries: ex
https://www.wolfspeed.com/tools-and-support/power/ltspice-and-plecs-models/

Models B All SPICE Models

Documents > €LTspiceXVIl lib > sym > _WOLFSPEED_SYMBOL Sean

.
Wolfspeed.

View ~ “aan

Name Status Date modified Type C3M0045065K

Silicon Carbide Power MOSFET C3M™ MOSFET Technology

o ~ 31D L 3 - . I
1+ C3D16065D1.asy = 23/03/2025 15:35 LTspice Symbo NEGh=RRal Enbancemat Mada
. - Features v
1+ CeD20065D.asy = 23/03/2025 16:44 LTspice Symbo RoHS
*  C3M™Silicon Carbide (SiC) MOSFET technology
«  Optimized package with separate driver source pin A
. 8mm of creepage distance between drain and source (e
1+ nmos_TO247_4Lasy 4 23/03/2025 15:09 LTspice Symbo = High blocking voliage with low on-resistance 4
- - ° ° *  High-speed switching with low capacitances oy
Fast intrinsic diode with low reverse recovery (Q,)
Documents [TspiceXVIl > Search LTspiceXVII Q.
= View - aes (1) Preview
: C6D20065D1
Name Status Date modified Type Size
6th Generation 650V, 20 A Silicon Carbide Schottky Diode
examples 18/12/2023 11:54 File folder
Description
lib 23/03/202517:03 File folder
With the performance advantages of a Silicon Carbide (SiC) 1
ROHM_MOSFET_LIB_SIC_FOLDER = 23/03/2025 17:20 File folder Schottky Barrier diode, power electronics systems can expect 2
to meet higher efficiency standards than Si-based solutions, 3
WOLFSPEED_LIB_MOS_SIC 51 23/03/2025 15:13 File folder while also reaching higher frequencies and power densities.
SiC diodes can be easily paralleled to meet various application PIN 1 O——————NC
WOLFSPEED_LIB_SHOTKY 5] 23/03/2025 19:.05 File folder demands, without concern of thermal runaway. In combination PIN 2 CASE
with the reduced cooling requirements and improved thermal Halogen-Free PINZ
WolfspeedSHOTCKY = 23/03/202516:16 File folder performance of SiC products, SiC diodes are able to provide
) lower overall system costs in a variety of diverse applications. Package TYPES: 102473
. Draftl.asc 19/12/2023 10:22 Tspice Schematic 1KB Marking (602006501

28 Classified as
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https://www.wolfspeed.com/tools-and-support/power/ltspice-and-plecs-models/

LTSpice simulations with discrete Power Devices (eg. TO)

Discrete Semiconductors libraries: ex
https://www.wolfspeed.com/tools-and-support/nower/|
O EmE 3 Aa

ice-and-plecs-models/

Flib/inc Editor

How to netlist this fext Justfication
() Comment Left &
Q) SPICE Iib directive
() SPICE inc directive [ Verical Text

Documents|\LTspiceXVINWOLFSPEED _LIB_MOS_SIC\CIMOTA5065K Iib"

B e e e T T e T T T T oY

Wolfspeed S5iC MOSFET C3M0045065K Spice Library

| ****  Version 1.0 Date: 01-19-2021
bt b Vera1on 2.0 Date: 10-27-2021
LR e e e
*kk K

Revision record

Revision 1 1Initial Release, Datasheet Rev 1, 1-2021

Revision 2 Improved 3rd quadrant and hody dlDdE
*hk

khkkhkkh kR A A dhhhh kA kAR Ak b AR Ak Ak kA hhh b hhhhhak hkhkkkhkrhdhhxd
ParaSJtlcs Included

*‘*‘T] = Junction Temperature

***¥Toc = Case Temperature

****) = Drain

*k%k%kG = Gate
***%*51 = Kelvin Source

****32 = Power Source
**********************************************************

d g s1 32 Tj Tc

.param p12 = 19
.param Rgint = 3

Tjc 0 1E6

29

Classified as
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=
OK
Cancel
Open
Browse
" The same for diode
" Make sure device name
matches the library name!
| ]

Then RUN

" right click


https://www.wolfspeed.com/tools-and-support/power/ltspice-and-plecs-models/

I(L_load)

V(n003)

V(n003)

V(n003)

........

Ra|5|ngedge(TurnOffT|me)

as900zag
cn| ™eud

ase) cuid

; Tuld
o1 1

gs
PULSE(-4 150 0 0 {Ton}{Tp})

)

vDC
400

¢

.param fs=200k D=0.75 Tp=1/fs Ton=D*Tp

O

.tran 5m startup uic

Classified as
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V(NDO03)*Ix(U1:D)+V(N004)"Ix(U1:G)+V(N0O5)*Ix(U1:51)

Dynamic
Losses 1/2

0.0ms U,Slms 1.0ms 1.5Im5

P Waveform: VINOOZ) b(UT:D) + V(NO... X
LEFTCLICK+CTRL: power
consumption averaged over RRAGE S 445ms
the selected range Interval End: sms
Average: 40.051W
(DEPEND by TIME RANGE) e -

40 Watt dissipated in the MOS:

a lot?

the RLOAD dissipate 400Vx15A = 4,5 kW! Only 40Watt
dissipated over the power switch (1000 times less!)

Ei

ALT+ probe

(probe power consumption)

3 Classified as



Losses 2/2

,g Waveform: V(NOO3* ba(U1:D)+ V(... X |

Dyn a m I C R : Interval Start: 4 68505ms |
Irterval End: 4 685105ms
Average: 2516TKW
I ‘ i Integral: 138585
(A " possible stimate also
I | | ically (zoom on Turn
|l |

32

on, Left cick + CTRL on
title (not very accurate)

4428 x 7 %X 1072 x 103 24 % 2 % 10~2 % 103

EOT& = 2 = 155“] EOFF — 2

= 24

Warning : Datasheet Turn ON / OFF calculated differenlty!

C3M0045065K
Turn-On Switching Energy (Body Diode) Eon — 57 — Vps=400V, Ves=-4V/15V,1 =176 A,
Refe) = 2.5 Q. L=99 pH. T,=175°C
Turn Off Switching Energy (Body Diode) E.x — 14 — pJ FWD '
| ig.

Excercise: explain why this difference from semiconductor’s physics concepts
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Conduction
Losses

Need to zoom a lot! > 11,9 W
Multiplied by the duty cycle=0.75 > 8,925\W
What is Rpscony ? 2 Won = Vonlon = RD;@N)I&.[ = 8,925W
roap = 154

8,925 8,925

R = = 0.039 = 40mQ
bS(ON) ™ 152 225
Check datasheet: ok (Typical is +/- 10%)
Parameter Symbol | Min. | Typ. | Max. | Unit | Conditions Note
— || 45 || e0 Ves=15V,1p=17.6 A Fig
Drain-Source On-State Resistance Rosion mQ) i
— 61 — 4,56

Ves=15V, 1,=17.6 A, T,=175°C

33
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Esercizio

V(n007)-V(n010)

R3
D1
pay e
D
§R %L_Lﬂm
2m
1500

R1

\\\ u ‘
(L Y s W SCT4018KR

SEMICONDUCTOR

Vgs

~R2 N-channel SiC power MOSFET Datasheet
< m
PULSE(-4 180D E}D&G 62.5e-6 3200)
®Outline
‘r\,«’ﬂ‘f Voss 1200V TO-247-4L
Robs(on) (TYP-) 18mQ
=T .param fs=16k D=0.8 Tp=1/fs Ton=D"Tp | 1 81A
tran D 0.5ms 0 5e-9 startup uic 2
Po 312w J
2@y
@ Features @®Inner circuit
1) Low on-resistance )
2) Fast switching speed o
3) Fast reverse recovery §§§ Si’.“vf! g;;rf:
() (4) Gate
4) Easy to parallel @) “1 Body Diode
5) Simple to drive @

. Classified as
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Simulation example of POWER Semiconductor MODULE SEMISEL
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Feasibility Details

Immaginiamo che il nostro cliente voglia usare un modulo di potenza come
convertitore per applicazioni fotovoltaiche. Alla fine della prima fase di
discussione bisognera quindi avere chiarito

1.
2.

Il livello di tensione di ingresso

La corrente media di uscita o RMS (si parla sempre di corrente medie
nell’ambito della conversione della energia per grandezze sinusoidali: Il
mondo esterno é a 50Hz o 60Hz!)

Il cosy (per applicazioni solari é 1)3

La frequenza della rete di uscita (in USA 60Hz, in Europa 50Hz) : stiamo
progettando un convertitore che fornisce una tensione continua dal sistema
fotovoltaico e che dovra allacciarsi su una tensione di rete alternata.

La frequenza di switching del convertitore (switching frequency) perché
come sapete la conversione di energia a semiconduttori si fa con le tecniche
di switching.

La potenza di uscita richiesta (per un modulo di media potenza puo essere

250 kW)

1. Circuit Parameter
DC/AC: 3 Level NPC

1.1 Nominal Load

Input voltage (Vi) Output voltage (V)
1250 V 600 Vrms
Output current (lgyt) Output power (Pg)
240 Armrs 24942 kW
cos(g) Output frequency (fo)
1 60 Hz
Switching frequency (fe,,) Modulation
6 kHz Sinus triangle PWM

Figura 2.4: Esempio di parametri elettrici per un Modulo di Potenza per
applicazioni fotovoltaiche

3Questo & un obiettivo. Stiamo progettando un inverter fotovoltaico che deve generare una ten-
sione alternata da immettere in rete e deve convertire quindi la potenza solare in potenza di rete intro-
ducendo la pit piccola distorsione armonica quindi cercando di riuscire a generare tensioni e correnti
perfettamente in fase. Questo perché esistono delle normative entro cui il sistema fotovoltaico puo
scambiare energia reattiva con la rete e questo non deve essere inferiore a 0.8, Soprattutto perché il
distributore valuta (e fattura) la potenza «ATTIVA» prodotta o consumata (e NON quella «reattivay).
Infine quando I'impianto non ¢ attivo (di notte) Pinverter deve comportarsi come un’utenza passiva.
Generazione o consumo di energia in impianti solari in ore notturne NON sono permessi __')

36
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Example: Design Power Module for Photovoltaic DC/AC
application. Project Simulation: SEMISEL 1/7

SemiSel Simulation
| Semikron Danfoss

Topology & circuit

AC/DC AC/AC (DC/AC ) DC/DC

Define the Topology and Circuit...

Inverter 1 Phase Inverter 3 Phase m 3 Level TNPC

, H
E

3 Level ANPC LFHF 3 Level ANPC HFLF Direct Inverter

37 .
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https://www.semikron-danfoss.com/service-support/application-support/semisel-simulation
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https://www.semikron-danfoss.com/service-support/application-support/semisel-simulation

Example: Design Power Module for Photovoltaic DC/AC
application. Project Simulation: SEMISEL 2/7

define the Input parameters ...

1 Topology & circuit Product selection »
Nominal load i
Input voltage (Vin) i Output voltage (Vou) i Circuit: 3 Level NPC - DC/AC i
1250 v 600 Vrms '
1 T
= £
Output current (Iy,) i Output power (Poy) i
D54 T2
240 Arms N
L1 Iout
Power factor (cos @) i Output frequency (four) i Vin J_N g
D6 T3 V
1 60 Hz ZX Lo out
| ~ -f0 "
Switching frequency (f,) i Modulation (M) i — T4 L3 —
6 kHz Sinus triangle PWM » "—|_

Additional losses per heatsink (P.ys) i

0 w

38 .
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Example: Design Power Module for Photovoltaic DC/AC
application. Project Simulation: SEMISEL 3/7

module which matches the
specifications.

SEMiX305MLI12E4V2 seems to be a
SEMiX305MLI12E4V2

Absolute Maximum Ratings
Symbol ‘ Conditions ‘ Values | Unit
Let's verify if this module work under IGBT
h of. d o, . d b VCEE TJ = 25 DC 1200 V
the specific conditions requested by . i T pos <
the application : T.=80°C 347 A
ICnom 300 A
lcrm 900 A
® Vaes -20...20 v
SEMiX® 5 i 300:800 V,Vge =15V, T,= 150 °C, ” =
ces <1200V
T -40 ... 175 °C
3-Level NPC IGBT-Module IGBT2
Woes T,=25°C 1200 Y
le T =175 °C Te=25°C 453 A
SEMiX305MLI12E4V2 i= T.=80°C 248 A
P 300 A
Features* :‘:F"“' 2{?0020 C
» Solderless assembling solution with 2es . i
PressFIT signal pins and screw power L Vec =800V, Vee 15V, T;=150°C, 10 us
terminals Vees <1200V i
* IGBT 4 Trench Gate Technology Tj -40...175 c
* VcEsay With positive temperature Diodei

39 .
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Example: Design Power Module for Photovoltaic
DC/ACapplication. Project Simulation: SEMISEL 4/7

Cooling @ P2 @ ) o

Circuit Configuration Product Cooling Calculate

Once chosen the defined module we
must chose the cooling system « Poduct selecton Catculati

For IGBT4 with Tj,op=150°C a possible _
. . . Heatsink
cooling temperature in stationary

state can be 98°C Freely configurable Fixed heatsink temperature

Heatsink Temperature (°C) i
... based on real (?) case © - e
Circuit: 3 Level NPC Heotsink model P O @ Q Fit 66%
Product: SEMiX305MLI12E4_PCM
Product arrangement: i
Technische Information / Technical Information iff’ Number of phase legs per heatsink
IGBT-Modul n lneon_.
IGBT-modules F3L400R12PT4_B26 k_/ 3 .
Vorldufige Daten
Preliminary Data Number of parallel switches
IGBT, T2/ T3/IGBT, T2/ T3
Hochstzuldssige Werte | Maximum Rated Values 1 =
Kollektor-Dauergleichstrom Tc =0°C, Tymas = 175°C Ic pam 400 A
Continuous OC collector current Te =25°C, Tyjmax = 175°C 3 360 A
st gl el ime It 909 2 Number of heatsinks: 1
B Te = 25°C, Tumau = 175°C P 850 w Number of modules/housings per heatsink: 3
Gate-Emitter-Spitzenspannung Voee 0 v Total number of modules/housings required: 3
Gate-emitter peak voltage

40
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Example: Design Power Module for Photovoltaic DC/AC application.
Project Simulation: SEMISEL 5/7

Product Selection ...

" Possibility to customize some key
static and dynamic losses for the
product selection

-

X Ve T,
1

" Static losses

Rth' rCE

T..irmaz - Tca.se

SEMiX305MLI12E4V2
dtiC LOSSesS

_V
IC‘ {Tca,se) = ﬂ

o

\/(VCE(D))2
+
2 - TeE

2- rToE

Ripj—c) -roE /

*" Thermal Resistances ]

)

[ " Dynamic Losses

M

3-Level NPC IGBT-Module

SEMiX305MLI2E4V2

Features*

+ Solderless assembling solution with
PressFIT signal pins and screw power
terminals

+ |GBT 4 Trench Gate Technology

* Vggjga With positive temperature
coefficient

* Lowinductance case

* Reliable mechanical design with
injection moulded terminals and
reliable internal connections

* UL recognized file no. 63532

* NTC temperature sensor inside

Characteristics
Symbol | Conditions | min. typ.  max | Unit]
1GBT1
Ve |lo=300A T=25°C 180 205\)| V
— VGE =15V N
chipevel Ti=150°C 220 240 |V
\l T=25C 080 0% | V
0 chiplevel ' 0]
poa— Ti=150°C 070 080 | V
e Vge=15V Ti=25°C 33 a8 ([ mo
| chiplevel T.=150°C 50 55| m
GEm) | VGE = VCE 1= 12TMA 5 5E 5 7
lees Vee=0V, Vee= 1200V, Tj=25 °G 4.0 mA
Cies f=1MHz 18.6 nF
G 2V i 116 F
V=0V
Cres f=1MHz 1.02 nF
Qﬁ VGE =-8V..+15V 1700 nC
Raint Ti=25°C 25 Q
oy |Voo=600V Ti=150°C | ns
b lc=300A Tj=150°C 51 s
Vae=+15-8Y =
Esi Rom=050 Ti=150°C 174 mJ
)  |Rog=150  |T,=150°C 488 ns
i difdtan = 5700 Alps [T;= 150°C 18 s
difdty; = 2300 Alus
o3 oA R T N\
Wio | perIGBT o | k]
- per grease=0.81 W/(m* 0.077
Mivce IGBT (A Wim'K KW
per |GBT, pre-applied phase change
Rrics material i il

Heatsink

__—— Base plate

“~— Ceramic (DBC)

Thermal grease (TIM)

J

Dynamic Losses

Garacterlstlcs

Symbol | Conditions ‘ min. typ. max. ‘ Unit
IGBT1

= AR R === p— —

tan) Veo =600V T;=150°C 71 ns
e Vmosigiay  [TI=1500 ! "

GE = +15/+ o
Esi Rau =050 T;=150°C 17.4 mJ
taer Rooi=150 T,=150°C 488 ns
[ difdt,, = 5700 A/uis |T, = 150 °C 148 ns
di/dtor = 2300 A/pus
Eui dv/dt=3500 V/ps |T, =150 °C 38.7 mJ

\C
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Example: Design Power Module for Photovoltaic DC/AC
application. Project Simulation: SEMISEL 6/7

Simulation outputs

0 This configuration works fine.

Efficiency: 98.56 %
Circuit losses: 3656.62 W
Total losses per heatsink: 3656.62 W

Temperature | Power losses

Temperature (°C)

Junction Temperatures under working = - — s =
e 150 150 150 150 150
conditions
1 140 140 | 140 140
130 130 130 130 130
120 120 120 120 120
110 110 110 110 110
“:ICI‘I =Ug 1 i “jl:ll IUEI- - l 1UI:I‘I
925 923 '- 928 9238 '.- 928
TLiT4 (°C) D1/D4% (°C) T2/T3 {°C) D2/D3 (°C) D5/06 (°C)
= TjMaox: 141.29 == TjMax: 98.00 == TjMaox: 135.23 = TjMox: 98.00 = TjMax: 136.01
TjMin: 13272 TjMin: 98.00 = TjMin: 12828 TjMin: 58.00 TjMin: 126.69
T 10581 Tc 98.00 Tc: 11002 T 98.00 Tc: 10611
- Ts: 98.00 - Tg: 98.00 L [ 98.00 == Tg: 95.00 - Ts: 98.00
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Example: Design Power Module for Photovoltaic DC/AC
application. Project Simulation: SEMISEL 7/7

Simulation outputs

Power losses (W)

Power Losses under working

conditions =
250
0
150
100
50
o
T1/T4 (W) D1/D4 (W)

== Total:267.79 == Total:0.00

== Cond: 139.64 == Cond: 0.00

Om: 3975 On: 0.00

Off:  B8.40 Off: 0.00

TZIT3 (W)
== Totol:214.08
== Cond: 214.08

On: 0.00

Off: 0.00

D2/D3 (W)
== Total: 0.00
== Cond: 0.00

On: 0.00
Off: 0.00

D5/D6 (W)
== Total:127.61
== Cond: 75.76

On: 0.00

Off: 51.86

43 .
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Datasheet characteristics can be customized (useful for power
module comparison)

Circuit Configuration

Product

=» To selected product

SEMiX305TMLI12E4B
SEMiX305TMLI12E4B_PCM

SEMiX405TMLI12E4B

@ sEMixs05TMLI12E48_PCM

SEMiX453GB12E4p

SEMiX453GB12E4p_PCM

Products 1to 6 of 6

1

1

1200

1200

&

Product

i i
hd |""".CES hd

Typical values

Tj max
Vi@ 25°C, Tref
Vie Tjop, Iref
RgOn
Rgos

Ecn

Eoff

Rehj-c) (K/W)  0.068

Réh(c-s) (K/W)

REENBHO

7.8

0.1

R thic-s) per Module (KJ{W)

0.006

Classified as



Semisel exercise: Power Module comparison
(facile)

Make a comparison between this module

https://www.semikron-danfoss.com/products/p/semix405tmli12e4b-21919490

https://www.mitsubishielectric.com/semiconductors/powerdevices/datasheets/igbt/t series/cm40

Ost-24t e.pdf

1) which type of chips are used for each switch?

hints : for SEMiX5 IGBT look here https://www.infineon.com/cms/en/product/power/igbt/

For SEMiX5 Diode look here:

https://www.semikron-danfoss.com/products/bare-dies/freewheeling-diodes

for Mitsubishi look here: https://www.mitsubishielectric.com

2) based on the datasheet of power modules which modules could have bigger chips inside?
Explain why you reached these conclusion

3) Make a comparison with Semisel of the two modules for a typical UPS application ( Input
Voltage: 800Vm Output current 350Arms, Fswitch 5Khz)

4) Explain the difference of the power losses make assumption on the internal chipset
and/or other internal packaging/manufacturing dependencies.

45 Classified as
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I

ID1I:
Icar
Vi

MITSUBISHI
ELECTRIC

<|GBT Modules=>

CM400ST-24T

HIGH POWER SWITCHING USE
INSULATED TYPE

fourpack (BRIDGE & AC SWITCH)



https://www.semikron-danfoss.com/products/p/semix405tmli12e4b-21919490
https://www.mitsubishielectric.com/semiconductors/powerdevices/datasheets/igbt/t_series/cm400st-24t_e.pdf
https://www.mitsubishielectric.com/semiconductors/powerdevices/datasheets/igbt/t_series/cm400st-24t_e.pdf
https://www.infineon.com/cms/en/product/power/igbt/
https://www.semikron-danfoss.com/products/bare-dies/freewheeling-diodes
https://www.mitsubishielectric.com/

Semisel exercise2: Power Module comparison (marketing)
(difficile)

Make a research on www.semikron-danfoss.com website (specifically

for SEMITOP CLASSIC, SEMITOP E1 or SEMITOP E2 and find a product
which has similar performances on this one (at same voltage ,nominal
current and power level)

https://www.infineon.com/dgdl/Infineon-IMO6B20AC1-DataSh
eet-v01 20-EN.pdf?fileld=8ac/78c8c92bcfOb0019368a29d805f6
e

o 650V TRENCHSTOP™IGBTTT7

* Evaluate the losses between the two product 32 Inverter section
Description Symbol Condition Value Unit
* Evaluate the thermal losses based on a typical motor drive Max blocking voltage Vs 650 v
DC link supply voltage of P-N Ven Applied between P-N 450 v

application (use 5Khz of switching frequency)

DC link supply voltage (surge) of P-N Venisuge) | Applied between P-N

500

Te=25°C, T,<150°C

+20

* When the module is convenient for drive application (is there a Output current? I e e——— i A
breakeven for power for instance?) : try to make a sort of “fighting — k . T 10 ;
. 17} . aximum peak output current 0 (peak) +40
guide” (pro/cons DIP-IPM vs Module) based on some technical KPI ) i " lessthan1ms
. Power dissipation per IGBT Prot 32.05 W
for power eleCtronlcs Short circuit withstand time tse Ve < 360V, Ty= 150°C 3 us

* Estimate the “cost” to have this product embedded in a servo drive.
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https://eur02.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.infineon.com%2Fdgdl%2FInfineon-IM06B20AC1-DataSheet-v01_20-EN.pdf%3FfileId%3D8ac78c8c92bcf0b0019368a29d805f6e&data=05%7C02%7Cmatteo.santoro%40semikron-danfoss.com%7C658d5c1db930457e1c4308dd6c83fd1b%7C097464b8069c453e9254c17ec707310d%7C0%7C0%7C638786036454892875%7CUnknown%7CTWFpbGZsb3d8eyJFbXB0eU1hcGkiOnRydWUsIlYiOiIwLjAuMDAwMCIsIlAiOiJXaW4zMiIsIkFOIjoiTWFpbCIsIldUIjoyfQ%3D%3D%7C0%7C%7C%7C&sdata=yVN4SizLbSE1W0%2B9ffXe88HgyCtZjA1iOzz4f%2FMVf7c%3D&reserved=0
https://eur02.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.infineon.com%2Fdgdl%2FInfineon-IM06B20AC1-DataSheet-v01_20-EN.pdf%3FfileId%3D8ac78c8c92bcf0b0019368a29d805f6e&data=05%7C02%7Cmatteo.santoro%40semikron-danfoss.com%7C658d5c1db930457e1c4308dd6c83fd1b%7C097464b8069c453e9254c17ec707310d%7C0%7C0%7C638786036454892875%7CUnknown%7CTWFpbGZsb3d8eyJFbXB0eU1hcGkiOnRydWUsIlYiOiIwLjAuMDAwMCIsIlAiOiJXaW4zMiIsIkFOIjoiTWFpbCIsIldUIjoyfQ%3D%3D%7C0%7C%7C%7C&sdata=yVN4SizLbSE1W0%2B9ffXe88HgyCtZjA1iOzz4f%2FMVf7c%3D&reserved=0

Customization vs full re-design

" Check if available modules fits the customer application (design effort is zero)
First level of design : chip customization (reiterate simulation with static and dynamic losses from similar packages)

If Semisel cannot found a suitable module even with small chip change we need for a full custom design. Critical parameters
need to be reviewed

a. Where losses comes from? Inductances - Over voltages

di
V=1L . —
v dt
o(B) = LI
----- - Geometry dependant! - DCB re-layout? L — ;anES FEM result PF -1

PF-1V2 PF-1V1

" Temperature heat flow? FEM simulation to evaluate packaging performances?

47 .
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Simulation example of POWER Semiconductor MODULE IPOSIM

https://www.infineon.com/design-resources/simulatio
n-modeling/iposim-infineon-power-simulation-tool-ple
cs

48 Classified as


https://www.infineon.com/design-resources/simulation-modeling/iposim-infineon-power-simulation-tool-plecs
https://www.infineon.com/design-resources/simulation-modeling/iposim-infineon-power-simulation-tool-plecs
https://www.infineon.com/design-resources/simulation-modeling/iposim-infineon-power-simulation-tool-plecs

DC/AC @

Filter Devices

._I v 'i '_i Circuit configuration Half DC link voltage Vpc/2 @
DC/AC Applications 1 1] '
! b 4
-:‘ i -:‘ A - ' Blocking voltage Rated current
. P |
1] a L
Filter by packaging
INDUSTRIAL MODULES
Three Phase - 3 Level NPC2 ‘ Al ~ ‘
V
D eaN s Pack Vees/Vpss lenom/lprom 1;:’:':’Dsm, EE:n+ Rin Tijmax
evice Name ckage a
e V] Al s e [K/w] el
[mWs]
O FZ400R12KE3 b 62mm ES 1200 400 92.00 0.07 125
| @ FZA0OR12KE4 -0 62mm ES 1200 400 83.00 0.08 150
Circuit & Control
Modulation algorithm @ Half DC link voltage Vpc/2 Therm al
SPWM ~ ‘ —9 325 V
Heatsink model @

/ Output current Iy Qutput frequency Fixed heatsink temperature N
Steady-State Heatsink temperature Ty, @
Power and thermal calculation at a single Switching frequency Modulation index

0] 80 °C

Power factor cos(d) Output voltage Vo

VI
2
2!
@
®
- o o —
®
®

Confirm /f Run —

®
®
operating condition over time.
o :
®
®

Reactive power type

Inductive load (lagging) ~ ‘
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DC/AC

swreneves 105.22°C 246.39 W 31.43W 277.81W OJ ZiN
80°C 0.00 W 0.00 W 0.00 W

swrenanes 84,65 °C 52.9W ow 52.9W
wooroies 90.38 °C 48.24 W 14.09 W 62.33 W Yo TN

I neern = 400A, [ lese = BOOA
MAXIMUM JUNCTION CONDUCTION LOSSES SWITCHING LOSSES TOTAL LDSSES

TEMPERATURE

HARAE B / Technical Information —
Infineon
coran FZ400R12KE4 Cinfineon

62mm C-Series R 3/ WO A MHl/5H42 FIGBTAN WA E S H2H 0T
62mm C-Series module with Trench/Fieldstop IGET4 and Emitter Controlled 4 diode
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Simulation example of POWER Semiconductor MODULE
VINCOSIM

https://www.vincotech.com/support-and-documents/si
mulation-software.html

£ .0
Mgl §

TOPOLOBY ~ sSuB- PRODUCT VOLTAGEIN _ MAINCHIP _ HOUSING
TOPOLOGY LINE v TECHNOLOGY FAMILY
—

-~

= =

. S
N
| N N
N &
S S ?
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DC/AC NPC

1. Circuit Parameter
DC/AC: 3 Level NPC

1.1 Nominal Load
Input voitage (Vin) Output voltage (Vout)
1250 vV 600 Vrms TOPOLOBY ~ SuB- PRODUCT CURRENT MAINCHIP HEIGHTIN
Ok Gt T g et P TOPOLOGY LINE INA TECHNOLOBY MM
240 Ars 24942 kW
cos(q) Output frequency (fo,)
1 60 Hz
Switching frequency (fg,) Modulation
6 kHz Sinus triangle PWM

Figura 2.4: Esempio di parametri elettrici per un Modulo di Potenza per
applicazioni fotovoltaiche

1@-EY122PABBSMS- Samples Half-Bridge- flowDUAL 1200 290 SiC MOSFET flowE2 @ 12 AlpD REQUEST
LU39F78T available NTC © E2 SiC SIMULATION
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Power Electronics

7. Reliability




Design for Reliability

THE RELIABILITY CHALLENGE IN INDUSTRY SEEN BEFORE., TODAY AND IN THE FUTURE

Customer — Replacement 1f failure — Low risk of failure — Peace of mind
expectations — Years of warranty — Request for mamienance — Predictive maimtenance
Reliability target | — Affordable market retms (%) | — Low market retun rates — ppm market refum rates
— Reliability test — Robusmess tests — Design for reliability
R&D approach . . L
— Avoid catastrophes — TImprove weakest components | — Balance with field load / nussion profile
—  Product operating and — Testing at the limts — Understanding failure mechanisms, field load, root cause
R&D key tools function tests — Multi-domain sumulation

TaBLE IT
TyPicAL LIFETIME TARGET IN DIFFERENT POWER ELECTRONIC APPLICATIONS

Electronics \ Applications Typical design target of Lifetime
¢ i Aircraft 24 years (100,000 hours flight operation)
Commmsl oy e | Automotive 15 years (10,000 operating hours, 300,000 km)
oo Anelviical Industry motor drives 5-20 vears (60,000 hours 1 at full load)
Physics Railway 20-30 years (10 hours operation per day)
Wind turbines 20 vears (24 hours operation per day)
Photovoltaic plants 5-30 years (12 hours per day)

(a) (b)

Classified as
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Design for Reliability: Rimmen Model - Robust Design Process

" Design limits

‘ Customer expectation

3pecification B i e R e T

EolL: End of Life

* “Sudden Failure” (spontaneous, unpredictable): eg a cosmic ray

* “Drift Failures” (predictable, which develop slowly over the time: “fatigue”)

55 .
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Design for reliability : statistical units and accelerated tests

EA r{ IIRE RATE 2

N. Of components Total number of defects

(4.0.2) Failure Rate

Failure In Time

1FIT = (4_[]_1) #times system fails in

a
10%A normalized to 10° jours

Eg. n=4, on tot N=8000 devices (sold in the field!) on 5000h

Working time in the field

RELIABILITY — DESIGN FOR RELIABILITY

Accelerated test law

t
AF=_—2_

Acceleration Factor

Eq. 14.5
tSIress

Generally, a test can be accelerated if, for example, temperature, voltage, or the rates of
change are increased.

Different acceleration models are used, depending on the focus of the test i.e. which
failure mechanism is to be examined (Eq. 14.6 to Eq. 14.9). Common to all is that the
operating test point (indexed as "stress”) is set higher than the target operating point in
the later application (indexed as "op"). The tests are performed on a selected number of
components in order to validate the electrical, mechanical and thermal parameters as

4 1 1{]— T h—l specified in the datasheet. Furthermore, these type tests also serve to determine the
)\ — — » — — 100 FIT test limits of routine tests in the current production.
8000 - 5000n ~ 107h 10-%h~1 (e Eq. 1.6
Arrhenius Model' AF(T)=g- * ' ™ T
, ) Eyring Model AF(UT) = AF(T) . gl® Usress Voo Eq. 14.7
) 1 Mean Time Between Failure ]
RH
ﬂITBF — ﬂITBF — __'L U 5 Pack Model® AF(RH,T) = AF(T) [Fil?ltress} Eq. 14.8
Z )k FIT ( ) op
Sum over several . \ ATeress | Ea 148
components of the the most defective components dominate the MTBF Gofin-Manson Mode! AF(AT){ AT, ] "
system (chips... wires)
ppm = Nfailed 10° (Field returns, samples excluded) Note: FIT depends by Application conditions
Ndelivered temperature of usage and stats observations.
- / . QEo
Eg SKIM4 2013-2021 >MTBF= 0,25 - 108 Top= 85°C
56
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Reliability Requirements and Reliability Tests

Reliability requirements

" Temperature and current density
increasing

" Severe environmental conditions

" Extension of MTBF for critical
applications (automotive...)

The needs of “accelerated tests”
" Failure criteria

* Test for chip qualification (HTRB,
HTGS, H3TRB)

" Test for Package Stability (LTS, HTS,

TC, PC)

* Test for mechanical integrity (V, MS)

Failure Criteria

57

Conditions

Standards

Name

Conditions

Standards

Name
|HTRB High temperature
reverse bias te§
HTGS High temperature
(HTGB)  gate stress test®
H3TRB High humidity
(THB) high temperatur,
| reverse bias tes
|LTS Low tempegatuge
storage t
|HTS High temperature
storage test®
| TST Thermal shock®

MOS/AGBT: 1000 h, Tijmas,
VeEmax(= 2.0kV),
0.8 x VeEmax(= 2.0kV)
Conv: 1000 h. 7 = 125°C,
Fam = 0.9 x Prem.
FeM/ VDM =
0.8 x VrrM/VDRM®
1000h, + VGEmaxJ} =125%¢

1000h. 85°C, 85% RH.

Vee = 0.8 x VCEmax: however,

max. 80V, Vge =0V
T = Tstgmin. 1000h

T = Titemax, 1000h

Tstgmin — Tstgmax: —40°C to
+125°C., but ATmax < 165K

Tsworage = 1h

Tchange < 30s

High power, standard: 20 cycles

High power, traction: 100 cycles

Medium power: 50 cycles

Conv.: 25 cycles®

IEC60747-9:1998

IEC 60747-2/6 Kap. V

TEC60747-9:1998

IEC60749:1996

IEC60068-2-1

IEC60068-2-2

IEC60749:1996

Failure criteria IEC60747-9(2001)

Igss/IcEs
Ipss/Ices

Rps(on)/ VeEsan/VF
Vason / Voeh)

Rityj-c) [ Rinij-5)
VsoL

+ 100% USL
+ 100% USL
+20% IMV
+20% USL
— 20% LSL
+20% IMV

Not below specification limit

USL. uover specification limit: LSL. lower specification limit: IMV.

IMV : Initial Measured Value

TC

TC

PC

PC

v

MS

Temperapus
c’_\,-'clin

Tempe e

cyc %
Power cyc ﬁn@
Power cyclm@

Vibration

Mechanical shock

External heating and cooling
2 min. < fre < 6 min:
ATc = 80K,
e
High power. standard: 2000 cycles
Medium power: 3000 cycles
Conv.: 5000 cycles®
Two-chamber air system,
Tchange = 30s
Tiem N Tetemax: 100 cycles
Conv. modules: 25 cycles®
Internal heating and external
cooling
0.5 < Teyel = 1051 AT} = 60K
Timax = 125°C, 130.000 cycles
Internal heating and external
cooling
ATy =100 K. 20.000 cycles
Conv. modules: 10.000 cycles®
Sinusoidal sweep: 5 g, 2 h per axis
(x.y.2)
Half-sme pulse, 30 g. three times

(a) Infineon, (b) SD

TEC60747-9:1998

IEC60747-2/6 Kap. IV

TEC60068-2-14 Test Na

IEC60747-9:1998

IEC60749-34

TEC60068-2-6 Test Fc

IEC60068-2-27 Test Ea

Classified as
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Reliability Tests : HTRB (chip qualification)

Tested in Inverse, and close to Tj,0p .

Iogs limit in DS
+ 1 | IcEs ' 4.0 | MA ko

Long term current losses stability

Residual of the production process
can impact this test

Leakage current [mA]

Leakage current constant
monitoring

Examples of 8 DUTS and failure 0

0 100 200 300 400 500 600 700 800 900 1000
after 900 hours ") + SUAI203

Cu

Inverse Polarization where Leakage
comes from

Residual and contamination could
increase the accumulation of
mobile ions which could cause

[N

passivation degradation of the
junction and leakage increase.

o

leakage current [mA]
o
®

Possible to detect also tome design
defect of the package Bl

» Post test analysis highlighted
missing of the “ring loop” of one

chip wire bond . After bond wire
layout correction the “peak”

0 100 200 300 400 500 600 700 800 900 1000 1
i disappeared
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Reliability Tests : HTGS (chip qualification)

" Monitor the IGBT or MOS current gate current losses stability (max limited to +20V)

" Thin dioxide surface of 100 nm generate intense Electric field through the gate oxide (2MV/cm! even at few
volts like +20V )

" Gate oxide must be defect free (otherwise Tunnel Effect is facilitated!)and only low surface carriers' density is
acceptable

" Testis accelerated by increasing the max Tjop

" As the losses current trough the oxide are very small (< 10nA) the test is very sensible to eventual
contaminations (thermocouples+glue perturbation increase gate losses for instances!)

T

" Possible cause of failure is production residuals (glue solvents... etc...)

" So this test is also important to verify the cleanliness of the chip surface during assembly

Classified as
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THB (H3wrcnumTRB or HV-H3TRB) (chip qualif)

" This test evaluate the impact of the impact of the humidity on the long term performances.

" Perfect sealing is not possible (and even unwanted for the condensation creation or for high linear coefficient
expansion of the silgel)

" Silgel/soft mould can be penetrated by water ions accelerated by high electrical field.
" The test target is to detect weak points of the chip passivation or process contaminations.

" The current target is 80% of maximum voltage limited to 80V but new chip technology allow to go beyond this
limit (from H3TRB to HV-H3TRB which is mandatory requirement for Solar application for instances)

" Possible to enhance the stress of the HVYH3TRB during switching conditions, the so-called “climatic test under
operation” (see after: for PV system need to simulate the night/day transient, and also static inverse operation is not realistic in real operations!)

" The impact of second soldering...

Classified as



AC-HTC

Alternating Current - Humidity Temperature Cycling

Failure
probability

100%

AC-HTC 2.0

——EEEL .

1 AC-HTC 1.0

3120h

=130d

L

time

- . freezing electrical operation P diiina - blocking voltage
HIRB T=1v),max; Vgs = 0V, 1000h  No humidity and rising temperature X remaining for the night
Vds=80%...100% Vnom
H3TRB T =85°C; rH=85% Vgs = 0V; 1000h Very low voltage level )
Vds=80V AC HTC 1.0 td@ profile
HVH3TRB T =85°C; rH=85% Vgs = OV; 1000h Harsher more realistic 100°C 120%
Vds=80% Vnom requirements then H3TRB . _—
AC-HTC T=-20°C...85°C; >30g1h/Even more realistic to PV 60 °C — $
" ¥ ] ) gy
rH=85...100%; field scenario than = 80%
Vds=66% Vnom HVH3TRB and reproducing w 40°C B
Active operation specific field failures "g’_ 20 °C B ng
Q Q
= 0°C ‘ 40% E
o
20° 20% 2
background A ge——
P . —_— -40 °C 0%
Fmdmgs i hum'qlty robustness of 0 min 100 min 200 min 300 min 400 min 500 min 600 min
early SiC devices in 2010
=@=T amb ['C] ==@=RH [%] operation
Under standardization?

61 Classified as
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Reliability Tests : HTS LTS High/Low Temperature STORAGE
(Package Qualification)

Target is to verify plastic materials integrity over life time.

To be intended as NON operative temperature limit for assembled Power Module (it is NOT a storage limit of
not-assembled modules...)

Soft mould can have degradation at temperatures higher than 180°C.

Low temperature is critical for plastic materials and they lose elastic capabilities.

The same the silicon soft gel “cracks” at temperatures below -55°C.

Non operative storage limits for power modules are typically -40°C / +125°C.

New application require this range to be extended: this will generate more challenges for this test in future.

Classified as
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Reliability Tests : TC and TS (1/2) (Package qualification)

" Temperature Cycling > temperature (from EXTERNAL sources) change rate between 10°C and 40°C in one
minute. No Voltage (the temperature is changed by external sources)

" Temperature Shock > Temperature changes in rate below than 1 min (air chamber with elevator, or if faster
with liquid to liquid : warm oil and liquid nitrogen: not for power modules, YES for DBCs)

" Need to reach the temperature equilibrium after the change (between 30 minutes and 2 hours)

" The definition “temperature cycling” can be slightly different from different power module manufacturers

" The test simulate the temperature change from external sources - the DUT is not under operation!

Classified as



Reliability Tests : TC and TS (2/2)

This test cause mechanical stress on
materials with different thermal
expansion coefficients and the effect
can be evaluated by delamination or
cracks on the copper/Al203 layers
with SAM analysis

Here two solder materials are
evaluated on module with 34mm
baseplate. Standard SnPb(37) after
200 thermal cycles from -40°C to
125°C performed with two air
chamber show more “white” areas

SAM image after 200 temperature
cycles (-40/+125°C)

standard 34mm-modules Initial SAM image

base plate solder SnAg(3.5)

base plate-to-substrate
interface

base plate solder SnAg(3.5)
substrate-to-chip interface

base plate solder SnPb(37)

base plate-to-substrate
interface

(high acoustic reflexion) due
delamination which absorbs the
acoustic wave). Black areas indicate

base plate solder SnPb(37)

substrate-to-chip interface

absence of acoustic reflection
because delamination(*)

64

(*) SAM signal it sent from baseplate surface, closer reflections reduce the power signal which does not
penetrate the deeper layer

Classified as



Conventional SAM vs Laser (Optical) Microphone based SAM

* Conventional SAM has better resolution vs X-Ray for detecting voids
between baseplate and DCBs

* Conventional SAM need mechanical parts and the microphone to
interface acoustic signals received by reflection and transformation to
electrical signals to be analyzed in post-processing.

* New technologies™ make usages of laser microphones (or optical
microphones): based on principle that sounds impact speed of light!

* Photo-Acoustic imaging: Fabry-Perot Interferometer. Acoustic pressure
modify the air refraction index. This change the optical wave-length of
the light transmission. No mechanical parts needed - faster

* Much better resolution and sensibility of X-Ray (good for in-line mass
production test) but still not able to detect small cracks (so for post-
processing analysis after thermal cycling reliability test still conventional
SAM is better)

(1) XARION, https://xarion.com/en/technology/technology

Solder voids detected by laser microphone

Balthsar Fischer, Optical microphone hears ultrasounds, Nature Photonics, June 2016, Vol 10 N.6

Preil3er S., Fischer B. and Panzer N., Listening to Ultrasound with a Laser, Optik & Photonik Volume12, Issue5, Dec 2017
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https://xarion.com/en/technology/technology

Package Stability: Reliability Tests : PC (1/4)

" Power Cycling is performed with active chip which
warm the module with the electric dissipation during
cyclic switch on and switch off

" This test target the chip power losses mounted on a
specific modules, so it is key to qualify the chip itself
working on a specific package.

" The smaller is the chip the more challenge is this test
as power dissipation is more critical

" DUT is mounted on heatsink under nominal working
condition. After reaching of Tvj,max the DUT is switch

off and cool down is started :. : ; § § b T
, , , , L +dissipatec L e ; sy
* When Tmin is reached the current is switch on again ;d'ss’pé'lte? power P\{ : r
and the cycle restart. 0 ' : :
L o 0 10 20 30 40 50 60 70
" Asignificant temperature gradient is generated time [s]

during the test

Example of Power Cycling test and temperature shape during the cycling

Classified as




Reliability Tests : PC (2/4)

" Heatsink temperature is used for control purpose. 540 ‘ . : ' .
: : T, = Thioh — Tiow | Thign | i AT = Toon-Tow |

n Typ|ca| PC parameter is VT; = Thigh — Tiou n the §120 ----------- .. - T - WS RG _ EE : SR
i S

RS i 7 N 5 7Y e f e S B

. T T, I-:Iii::j'lli — Thow 1Ty H i by

" Another key parameter is m = liow + ——5—— ) R S § I S S SR R
[

. 1 e e B et et R L R s T et SEAS et

" Longer temperature cycle represents higher stress a 2N ! ‘ , :

40 ----.-.%.heatsink:lemperaufre T B e T .

" This thermal stress leads to the generation of fatigue ol 3 N N N L.
marks on materials which can he highlighted by the ey power Py T
increase of forward Voltage which is constantly e i b % 4B 5
monitored Wi

" Thermal resistance (Rth4h initial value is measured with o
the 32.4 + --------------- *ﬁ -------------

" Rth NOT steady state Rin(a—b)y = — = | S R ;

| | | A D S B T
" Rthjh increasing during the test cause also an increase X S— SV N S S— 4 T—
. . . . . . .. P ; + ~ (=
of the Vc which is typical indication of the reached limit 20 - i ; ; | j 03
of PC (in this case after 90k cycles) PO Bt o g s o SRR JOVON R |7
: = : 120% increase of Ry,
18 ; : : f ; 0.2
0 2000 4000 6000 8000 10000 12000

power cycles
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Reliability Tests : PC (3/4)

" Afirst 5% VC increase can be an indication of bond
wire lift off.

" This cause further increase of the resistance and
further static losses till the bond wire damaging

" This cause the reaching of EOL

Failure conditions for the PC tests

" VCincrease from 5% to 20% depending by measure
accuracy. First step is due to bond wire lift off.

" Rthincrease beyond the 20% values “measured” at the

starting of the test (this is NOT the Rth indicated in DS
which is STEADY STATE! But for comparison purpose is ok to
use this measure)

" Failure of typical device characteristics (f.i blocking
capability or gate emitter isolation capacity

68 .
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Reliability Tests : PC (4/4)

.
Bottle-neck during power cycling is Recostruction of Al chip surface (Power Cycling)

often the wire-bond. But especially for
“small” chips this could not be the
case and also the chip surface can
generate failure mechanism

a) Microscopic image of emitter metallization of b) Microscopic image of emitter metallization of
chip from phase not cycled (cell structure clearly failed chip after power cycling test (cell structure
visible) not visible)

Failure mechanism of power cycling
- Destruction of chip metallization

69
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Reliability test limits depend by the application!

Motor drive: 100Kcycles (elevator
OTIS!))

UPS, Solar : 15kpcs is ok!

PC and TC stress require CTE similar
for different materials.

SiC life times is 1/3 of IGBT (Ok for
Solar and UPS where efficiency is the
key parameter. Not OK where PC
100Kcycles is required)

Design strategy to increase the PC/ TC
level

" Removing Baseplate

* Sinter technology

70

Stress!
Example: Length L= 1cm; dT=100K

Material CTE| T | AT | Al Power Cycling AT Al Temperature Cycling
109K{ [°C]| [K] [*C]] K]

Chip (IGBT) Si 3.5 100 | 100 | NS

AIN -DCB 8,2 80 | IS 100 | IS

Al,O, - DCB 10,7 80 | NN 100 | D ——

AISIC base plate| 7 55 | IS 100 | I

Cu base plate | 17 55 | EE—— e atum

Bond wire Al 23 75 100 | IS 23um R |

Figure 2.7.9 Linear expansion of different material layers in a power semiconductor module with an as-
sumed edge length of 1 cm. Left: for a temperature gradient in the module as for a typical
power cycle; right: for heating up the entire module as for temperature cycling with identical
AT

Sinter-Technology: removing of chip solder joint

A ® e iR
Chip ' i
A S ::::rfll*l_; o e I ]
[ I : ' nllllI ]uul:- [TTTP
- b | M
DBC - Substrate i L@-,A;.,_ :#i.;,l,j trine e ..,]:.“.L.;-
matenal CIE| T | dT dL Temperature Cycling

1085 [*C]| [K]
die (IGBT) 4 |125]100

ICeramic AIN 44 | 125( 100 _Xx

Ceramic ALO, | 83 | 125] 100

Bondware® Al | 23 | 125( 100] NN 23urm®

Stress does not disappear, but sinter layer is able to handle the stress!
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Reliability: Challenges for the Future

H2S requirements
HALT test

Mission Profile

Challenges for the Future
" Current density continuously increase and silicon area decreasing
" Power density
" PCtest for wideband gap material (SiC, GaN)...
" Switching frequency increase ad Stray Inductance limits
" Efficient way to drain heating
" HVH3TRB more than 2000 hours, H2S ...

71
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Power Electronics

8: Emerging applications in

power electronics based on

Silicon Carbide and Gallium
Nitride




Wide Band Semicondutcors Power Devices

2 2
4BV 4BV
ANODE Ronse = T :
T ELECTRICFIELD Eoll B esM, Ec
El
R, DRIFT
REGION
W, Resistance
SUBSTRATE RD s
227/ B D
CATHODE Flow

Rif: , J. Balyga My Quest for the Ideal Power Switch, NC State ECE Lecture 09/2023
https://www.youtube.com/watch?v=mDnOyzMpu1s&t=22s
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Overview

Strong covalent bonds between Si and C make SiC extremely hard,
chemically inert and with high thermal conductivity

It has wider “forbidden” band gap , so more difficult to bring electron from
the valence band to the free electron state (conduction band) and is more
difficult to have “impact” ionization

Silicon T, . .=150°C. After T>T___ n, inside p-type (or p, inside n-type) start

jmax jmax '

becoming preponderant and p-n junction inverse polarized loses his
isolating characteristics

[Ec-EV](SiC)>>[Ec-EV](Si) = Tjmax SiC 200°C theoretically up to 1000°C.
Corollary—> SiC easy to develop cooling system (smaller)

Note: Power Cycling bottle neck often due to “surrounding” materials not to
SiC! (less bond wires as SiC chips smaller, plastic, CTE...

“Baliga Figure of Merits” linked to the semiconductor properties

74 Classified as
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Figure of Merit (BFOM) comparison SiC vs Si and R,

Hexagonal, 4 bistrateRamsdell notation

SiC Ry << Si Ry, because the material Si GaAs | 4HSiC | GaN
characteristics BFOM =¢,u, 2, 1 17 119 537
éiLﬁ%, /////////,,////””" (normalized to Si)
Ron = Bandgap (eV) Liid 1.43 3.26 35
Critic BrD El Breakdown Electric Field (V/cm) | 3:10% | 3.5-10° | 35-10° | 35 - 10°
Electron mobility p, (cm?/V's) at 300K | 1350 6000 800 1200
Relative dielectric constant €, 11.8 12.8 9.7 9

SiC enable much higher
performances than Silicon

SiC MOS usually can have higher
Voltage BD level (reason why Si MOS
does not exist at 1200V and at parity
of voltage shows much higher R,)

Ron key DS characteristics

75

\')

DS

l,@25¢

RDS(on} @

1200V
63 A
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Silicon Carbide Power MOSFET
™
C3M MOSFET Technology
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Comparison MOS Unipolar SI vs MOS Unipolar SiC (not in scale)

In off-state, high voltage is blocked with Blocking voltage is equivalent to

n- epi layer (drift layer) : i ~

=In on-state, drift layer is current path => Ron the area of triangle => V), = £,W/2
SIC

Field £ Ol Field £
. T .
Eb(Si) | bt | ED(SE) j—ﬁi_ﬁ-j—
D || ('? SiC n—epi
0] ' j=1
T ’ @ SiC n+sub
r%D"_ ||I Si n-epi g- |
z_} ;' ,g Slope ceN,
l =
?(_Q / 0] 100 timesof Si!
] 3 g Drift layer thickness
w0
2|l < 1/10 of si
% / v
R, (SiC) === R, (Si
Si ntsub arit(SIC) = 500 arift(S1)
v :
- with the same BV.

76 .
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Power MOSFET

N-DRIFT

)
REGION

Power SiC MOSFET : Ry o\ Vs Silicon

Ronsp(4H-81C) =

Wep
qu, N

D

———1

10'

- T -
— ! —

Silicon :rf" >

107 |

102

1073 |

104 |

10.5 I/ 1 y-g- gy

Specific On-Resistance (Ohm-cm?)

106 [ 1 1]

Ll LUl

m - — )

, “Fundamentals of Power B
o 3 === Semiconductor Devices”, Springer-Science, =

7/ ! HH 2008

]
T

L 4]

102 103

Breakdown Voltage (V)

104 10°

W, (4H-SiC)=2.33x10" BV"
N, (4H-SiC)=1.98x10°BV**

M, (4H - SiC) =

4.05x10" + 20N

3.55x10° + N
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Market Tends

TRANSFORM: Trusted European SiC
Value Chain for a Greener Economy

Yaieo SIEMENS

) Errrre D
Complete EU supply chain from U s —
silicon wafer to system SEMIKADY g 0
demonstrators NANOtIOIN Zamld (= i

) BOSCH ey SURAGUSQ)
Zraboter Ky7 (9

Supply chain critical (pandemy, q E controtiian : TRIUS
geopolitical situation) but also EU SiC SAINT-GOBAN  geitec | AIXTRON
gap vs US/Japan merseN LI

e @NARRKER \ Lasertec

m
<
)

New factory 8 inches SiC STM started
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Advanced SiC Manufacturing Technology

SiC with conventional A - 1. Initial silicon B < ‘ -
manufacturing of single |

crystal ingots: 2400°C ‘A : ___.....- 2. Oxidation

(vs 1500°C for Si) A : » 3. Implantation
Time: several weeks for (‘/ ) 4. Cleaning and bonding

growth (vs some days
for growing time in Si) N

v ( L
Smart-Cut idea: growth B ™ |
single crystal wafer on
poly-silicon wafers and
re-usage

5. Splitting

6. Annealing and CMP
touch polishing

Kys. Siitec
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Application landscape

SiC and GaN not new! Already known

i

GaN : High frequency, RF, satellites where €/A is
never a problem (Power Electronics - commodities
—> cost is a bigger KPI). GaN : widely used in
optoelectronics Laser Blue (Blue Ray!)

SiC much more used and studied in Power Electronics
but also in space > wider gap = less sensibility to

Cosmic Ray, impact ionization (CAL4 is silicon and is less
sensible too> exploit but is an exception)

Still cost gap vs Silicon of 1 order of magnitude

2011 forecast (source IFX) on Power vs Frequency
application (will expand more in area typically served by
silicon (lower frequency and higher power) the more
cost optimization will happen

80

IFX 2011

power by application [W]

m HVDC
1G e T T rmmnes ® High-current-
: : : : i Ultra high power Elpblies
. P . { S I pa b T ® Large drives
100 M : ! i i m Ships

H'gh p0\‘~er ® Locomotives
m Large solar
plants

@

10M

1M s ® Trams, busses
*‘h‘ m Electric cars
— ; ® On-roof PV
= m Small drives
i - m Airconditioner
m Robotics
® Washing
1k - - e machine
aN B Switch mode
100 e — e power supplies
10 100 1k 10 k 100 k iM i0M 100M
freauency [Hz]

Classified as



Esempi di convertitori DC-DC “leggeri”, “ottimizzati nei cost

“alta efficienza” per automotive

Product Portfolio
Power Modules

Shower
AN =55
Technology

Bond
Buffer®
Technology

DCM™

Flexible Design through Customization

Direct
v Pressed Die
—=_ Technologyx
eMPack®

High Performance Package for e-mobility

Si IGBT and full silicon carbide MOSFET technology

Silicon carbide MOSFET and full silicon carbide technology

750V/1200V half-bridge design for upto 900 A

750V / 1200V Sixpack compatible package for up to S00A, .

DBB Sintering Technology for high reliability

Double Sided Sintering package for automotive grade reliability

Low thermal resistance thanks to ShowerPower®3D

Low thermal resistance thanks to DPD Technology

Robust molded module packaging,
low warpage and reliable mechanical integration

Flexible cooler arrangements

Highest power density

Multisourcing thanks to chip independency

" Fonti:

2.5nH package stray inductance including terminals

Multisourcing thanks to chip independency

" Bodo's Power #Novembre 2024

" Semikron Danfoss

81

Classified as

~ . 1°

n
I

e ad

Peak power of Vicor s automotive product line modules:
BCM6135-A06 800V to 48V and 48V to 800V - unregulateH

DCM3735-AN2 48V to 12V and 12V to 48V - regulated 2.0 an
PRM37355-AB4 48V to 48V - regulated 2.5 kW.

" Vantaggi chiave

" Riduzione della massa e del
peso e quindi del costo (nelle
applicazioni automotive é un
aspetto chiave)

" Miglioramento efficienza,
riduzione dei consumi

SEMIKRON
DANFOSS
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[1] Introduzione alla fisica dei Quanti, Giovanni Battimelli, Seminario tenuto al liceo

2]

3]

[4]

7]
[8]

9]

Classico Mamiani di Roma il 20/03/2014. disponibili su YouTube https://
youtu.be/ky-55xzuTe(?si=m26p2y13VZKOuGPQ

Fisica Matematica Lagica,Valerio Pattaro - (link consultato i109/11/2024) https:
/ /www . youtube. com/@ValerioPattaro

C. Mencuccini, V. Silvestrini, Fisica Il Elettronagnetismo - Ottica, Liguori Editore,
Terza edizione Italiana: 1998

C. Mencuccini, V. Silvestrini, Fisica I Meccanica Termodinamica , Liguori Editore,
Seconda edizione Italiana: 1987

Mazzoldi P., Nigro M., Voci C., Fisica, Eletromagnetismo ¢ Onde, EdiSES, Terza
Ddizione Italiana: 2021

R.P. Feynman, R.B. Leighton, M. Sands, I.a Fisica di Feymann , volume 3 Meccanica
Ounantistica, Zanichelli seconda edizione 2007,

J. Milman, A. Gravel, Microelettronica, McGraw-Hill, 1994 (edizione italiana)

R. Muller, T. Kamis, Dispositivi Elettronici nei Circuiti Integrati, Bollati Boringhieri,
1993

G. Vaccaro, A. Carfagna, L. Piccolella, I egioni di geometria e algebra lineare -
Zanichelli 1999

[10] Papoulis, A. Prebability, Randem Variables, and Stochastic Processes - Third

International Edition - McGraw Hill 19991

[11] Iannaccone, Giuseppe, Corso di Elettronica di Potenza, Universita di Pisa. A.A.

[22] Fleisch D. Guida allo studio dellequazione di Schrodinger, Editori Riuniti 2021

2012-2020, disponibili su YouTube
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[12] N. Mohan, T.M. Undeland, W. P. Robbins, Power Electronics, Converters,
Applications and Design, Third Edition, John wiley & Sons, Inc, 2003

[13] Neil W. Ashcroft, N. David Mermin Sofid State Physics - Harcourt inc. 1976.
Versione consultata in francese: Physique des solides, EDP Science, 2002.

[14] Luigi Palumbo, Le Origini della Teoria Quantistica, Appunti del corso
di Fisica Moderna 2017-2018, Iegione 4, disponibile on line all'indiriz-
zo https:/ /www.sbai.uniromal.it/sites/default/ files/ LEZIONE%20N.4%20-
%20CONDUZIONE%20NEI%20SOLIDI.pdf

[15] Sze SM. Kwok K.NG. Physics of Semiconductor Devices, 2007, John Wiley & Sons,
Inc.

[16] Sze Simon M. Dispositivi a Semiconduttore Comportamento fisico e Tecnologia, Hoepli
1991.

[17] Ledermann Leon, Hill Christopher T. Fisica quantistica per poeti, 2013, Bollati
Boringhieri (ed. or. 2011 Quantum Physics for Poets)

[18] Peter W. Atkins, Chimica Fisica, terza edigione condotta sulla quinta edizione inglese,
Zanichelli, 1997

[19] Classic Papers in Physics, Hans Kangro editor, 1972
[20] Segré Emilio, Personaggi e scoperte della fisica contemporanea, Mondadori 1996

[21] Segré Emilio, Personaggi e scoperte della fisica classica, Mondadori 1996.

[23] Pierret F. Robert, Advanced Semiconductor (vol VI) Fundamentals, 2™ edition, Prentice
Hall 2003

https://nanohub.org/courses/sfun (Mark Lundstrom, Perdue University, ultimo
accesso al link : 16/03/2025)
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Iannaccone, Giuseppe, Corso di Elettronica di Potenza, Universita di Pisa. A.A.
2012-2020, disponibili su YouTube

A. Volke, M. Hornkamp, IGBT Modules Technologies, driver and applications, Infineon
Technologies AG, Third edition , 2017

A. Wintrich, U. Nicolai, W. Tursky, T. Reimann, Application Mannal Power
Semiconductors, SEMIKRON International GmbH, 2nd revised edition 2015

J. Lutz, H. Schlangenotto, U. Scheuermann, R. De Doncker, Semiconductor Power
Devices Physics, Characteristics, Reliability, Springer, 2011

N. Mohan, T.M. Undeland, W. P. Robbins, Power Flectronics, Converters,
Applications and Design, Third Edition, John wiley & Sons, Inc, 2003

J. P. Uyemura, Fundamentals of MOS Digital Integrated Circnits, Addison-Wesley
Publishing Cpmpany, 1998

SEMISEL, SEMIKRON Power Electronic Simulation Tool, https://www.
semikron-danfoss.com/service-support/semisel-simulation.
html , SEMIKRON-DANFOSS

PSIM 2021A, Stmulation environment for power conversion and motor control, https:
//powersimtech.com/products/psim/capabilities-applications,
POWERSIM

N. H. E. Weste, K. Eshragan, Principle of CMOS 171.ST Design, 2nd edition 1993

C. Mencuccini, V. Silvestrini, Fisica II Elettronagnetismo - Ottica, Liguori Editore,
1998
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J. Milman, A. Gravel, Microelettronica, McGraw-Hill, 1994 (edizione italiana)

M. Santoro, M. Hansmann, M. Muscolino, SEMiX5 Technical Explana-
tions,  Revision 03, 23-06-2021 https://www.semikron-danfoss.
com/dl/service-support/douwnloads/dounload/
semikron—technical-exzplanation-semizr5-en-2021-06-23-rev-03.

paf
https://youtu.be/bmsWgA8bxdA

T. Kioto, J.A. Cooper, Fundamentals of Silicon Carbide Technology, John Wiley &
Sons, IEEE PRESS, 2014

R. Muller, T. Kamis, Dispositivi Elettronici nei Circuiti Integrati, Bollati Boringhieri,
1993

B. Jayant Baliga, The IGBT Device Physics, Design and Applications of the Insulated Gate
Bipolar Transistor, Elsevier, 2015

B.J. Baliga, Semiconductors for high voltage vertical channel field effect transistors, |. Appl.
Phys. 53 (1982) 1759-1764

https://www.soitec.com/en/products/smart-cut

P. Beckedahl, J. Rudzki, M. Spang, Trends in Power Module Packaging and Impact of
Wide Bandgap Semiconductors, SEMIKRON-DANFOSS, ETG 2023



Riferimenti “classici” per i dispositivi e moduli di potenza (IGBT,
MOS,...)
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POWER MOSFETS
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Semiconductor Power Rectifier Power MOSFET
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| Fundamentals

Advanced High .

Voltage Power : il of Power
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