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Power Switches




. - Dispositivos de potencia

Formas de onda tipicas

ENCENDIDO APAGADO

BLOQUEO CONDUCCION BLOQUEO

Los semiconductores actuan como interruptores casi ideales




Power Semiconductor Switch: Performances
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Brief history of semiconductors

= 1874. Karl Ferdinand Braun — "“unilateral conduction” of crystals
= 1894. Jagadish Chandra Bose — crystal for detecting radio waves
= 1925. Julius Edgar Lilienfeld — first patent on the Field Effect transistor
= 1940. Bell labs — inexpensive germanium diodes
= 1947. William Schoklley and Gerald Pearson — first bipolar transistor
= 1959. Dawon Kahng and Martin M. (John) — first MOSFET
Atalla — HEMT idea
= 1979. Takashi Mimura
2001 2008 2010 2010 2011 2012 2013 2016
nieron Il somsaun ff Inematona
. . . /
sic J?:lé:_r GaN eGaN sic 1200V GaN
diode device MOSFET 600V GaN 3rd generation

SiC MOSFET

CEIUPM Impact of new SiC and GaN semiconductors in power conversion
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y1 j.GeneraI Parameters to look at...

# Physics

# Static characteristics:

v" ON: Voltage drop, imayx
v" OFF: Breakdown voltage

# Dynamic characteristics :
v" Rise & fall times, losses

# Safe Operating Area
v Voltage, Current, Power, Latch-up

# Package, Thermal resistance

5




Classification,

History
& trends

Power semiconductor devices

2-terminal devices 3-terminal devices
= =
~— —
T ~

Minority carrier devices Majority carrier devices Minority carrier devices




Power Semiconductor Switches
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Infineon Portfolio of Power Technologies

power by application [W]
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Application for Power Semiconductor Cinfineon
Components

B

Capacity of the converter system

HVDC

yristor@ Ultra high power
1GW 7
Year 2005
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the switching frequency
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Power Semiconductor Switches
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Table 1.2

Power electronics semiconductor devices

semilc’ o o | Symbol | Equivalent I-V Ideal I-V
device circuit characteristics characteristics
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Table 1.2

Power electronics semiconductor devices

Power
. Equivalent I-V Ideal I-V
Symbol . .
semn:l::‘l,licz:ctor ymbo circuit characteristics characteristics
A
. Ia
Thyristor, SCR
Silicon Control
Rectifier © A
K
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Gate Turn-off % N fe
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Diodes
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DIODOS DE POTENCIA

Concepto de diodo ideal

En polarizacion directa, la caida
de tension es nula, sea cual sea
el valor de la corriente directa _
conducida I

N
Anodo

V curva caracteristica

Catodo

En polarizacién inversa, la corriente
conducida es nula, sea cual sea el valor
de la tension inversa aplicada



DIODOS DE POTENCIA

Ecuacion caracteristica del diodo
VvV

i = Ig-(eV -1)

donde:
V;:=k-Tiq Is = A-q- n2:(D,/(Np-L,)+D,/(NA-L))
 Polarizacion directa con Vg > V >> V;
v
i~ lg-eVr (dependencia exponencial)

* Polarizacion inversa con V << -V;

| = 'IS Corriente inversa de saturacion (constante)



DIODOS DE POTENCIA

Curva caracteristica

i}i
.

P

M

\ 0.8~

(constante)

1_“ i [mA]
(exponencial)
—
T 0 —
0.25 0.25 V [V]
i [uA]
T 0 >
-0.5 V [V]




DIODOS DE POTENCIA

Curva caracteristica

Avalancha primaria

R

i + V -

La corriente aumenta
fuertemente si se
producen pares electrén-
hueco adicionales.

V [Volt.]

i [LA]
o |



DIODOS DE POTENCIA

El diodo semiconductor

Anodo

Anodo Encapsulado
(cristal o resina

sintética)

Marca
Catodo sefalando el
catodo

Catodo

Terminal

Contacto metal-
semiconductor

Oblea de
semiconductor

Contacto metal-
semiconductor

Terminal



DIODOS DE POTENCIA

Curvas caracteristicas y circuitos equivalentes

Curva

Curva caracteristica . ..
caracteristica real

ideal

/ Curva caracteristica
asintotica

pendiente = 1/r

\'

ideal
Circuito equivalente asintético Z r
d
*

real (asintético) VY




DIODOS DE POTENCIA

Caracteristicas fundamentales

* Tension de ruptura

» Caida de tension en conduccion
e Corriente maxima

* Velocidad de conmutacion

Tensidén de ruptura

Baja tensidn Media tension Alta tension
15V 100 V 500 V
30V 150 V 600 V
45V 200V 800 V
55V 400 V 1000 V
60 V 1200 V

80V



DIODOS DE POTENCIA

Tension de codo

Curva
caracteristica real

<« pendiente = 1/ry

v

S
v

A mayor tensién de ruptura , mayor caida de tensiéon en conduccién

Senal Potencia Alta tension
VRuptura <100V 200 -1000V 10 — 20 kV
Veodo 0,7V <2V >8V




DIODOS DE POTENCIA

Curva real de un dispositivo
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DIODOS DE POTENCIA

Caracteristicas dinamicas

Indican capacidad de conmutacién del diodo

Lv
v, T —— °

R

ays Nep ||
¥

Transicion de “a” a “b”

Comportamiento
dinamicamente ideal



DIODOS DE POTENCIA

Caracteristicas dinamicas

Transicion de “a” a “b”

t; = tiempo de almacenamiento
(storage time )

t; = tiempo de caida (fall time )

V,IR tei (i= 0,1-V,/R)

t

t,, = tiempo de recuperacién
inversa (reverse recovery time )

A 4

'V2 b s = s



DIODOS DE POTENCIA

Caracteristicas dinamicas Transicién de “b” a “a” (encendido)

El proceso de encendido es mas
rapido que el apagado.

R e

tr ty = tiempo de retraso (delay time )
t, t, = tiempo de subida (rise time )

t; =ty + t, = tiempo de recuperacion directa
(forward recovery time )



DIODOS DE POTENCIA

Caracteristicas Principales

Corriente directa
Tension inversa

Tiempo de recuperacion
Caida de tension

en conduccion

MAIN PRODUCT CHARACTERISTICS

keav 12A

VRrM 600V

tr (typ) 28ns

Ve (max) 1.5V
FEATURES AND BENEFITS

a SPECIFIC TO "FREEWHEEL MODE"
OPERATIONS: FREEWHEEL OR BOOSTER
DIODE,

s ULTRA-FAST AND SOFT RECOVERY,

s VERY LOW OVERALL POWER LOSSES IN
BOTH THE DIODE AND THE COMPANION
TRANSISTOR,

s HIGH FREQUENCY OPERATIONS.

» INSULATEDPACKAGE: TO-220AC
Electricalinsulation : 2500Vams
Capacitance< 7 pF

D’PAK
STTA1206G

Insulated
TO-220AC TO-220AC
STTA1206D STTA1206DI

L3

A

Encapsulado




DIODOS DE POTENCIA

Pérdidas en el diodo

. Estaticas

2 Tipos

. Dinamicas

Pérdidas estaticas

A

D
idea
Iy

+i
|

Vi

- VY | V.

Pp (t) = vp (t)ip (t) = (V, + rp - i(t)) - i(t)

1 T
Po = ! P, (t)dt

Pp =V, Ip +1p - I

Ip : Valor medio

l.s : Valor eficaz



DIODOS DE POTENCIA

Pérdidas en el diodo

Pérdidas dinamicas (Perdidas de conmutacion)

Las conmutaciones no son perfectas

Hay instantes en los que conviven tension y corriente

Pp (t) = vp (t)-ip
(t)




Rectifying contacts (lll) @

A0 0 0 Ao
o6 6060

* There is a type of diode based on the operation of a rectifying
contact. It is the Schottky diode. Schottky diodes are widely
used in many applications, including RF (telecom) circuits and
low-voltage, medium-power power converters.

* Main features:

» Lower forward voltage drop than a similar-range, PN-

junction diode. Schematic
Symbol

» They are faster than PN diodes because minority carriers
hardly play any role in the current conduction process. They
are majority carrier devices.

» However, they always have a higher reverse current (this
is not a big problem).

» When they are made up of silicon, the maximum reverse
voltage (compatible with reasonable drop voltage in forward
bias) is about 200 V.

» However, Schottky diodes made up of wide-bandgap
materials (such as silicon carbide and gallium nitride) reach
breakdown voltages as high as 600-1200 V.

29



Ohmic contacts

* There are two different possibilities to obtain ohmic contacts:

a) According to the previous slides, to have an MS junction
corresponding to Case #3 or to Case #4.

b) To have MS junctions corresponding to Cases #1 or #2, but
with an extremely-doped semiconductor side (10'° atoms/cm?).
In this situation, electrons can flow in both directions by a

tunneling process. Beyond the scope of this course, as well.

Ohmic contacts

Ohmic contacts

N\
(+( E N r = PN diode

Na =10 Np, =106 Np, =106 N, = 10

Rectifying contacts Ohmic contacts
y4

N+ Schottky diode

N
Np; =101 N, = 10?1° 30




¢ 2B Schotcky diode

Ip Corner or "knee” )
’ OJL P .. Junction
' : Schottky | Silicon ¢
'g? I ms-junction | pr-junction Anode : Cathode
S 08 4 : +—{ Diod
= Do | / e | e‘ Metal |, gitype
e con
< 06 Blocking : : :
= Region | | .
£ 04 ' | >
= .
O | [ 0.3V Difference | very small
= > Forward
g 02 : ; Biased
[ . + -
(£ | ! Region Vo Il I}
07 01 02 03 04 05 06 07 08 09 10 Biasing Voltage

Forward Voltage, (Volts)




Packages for diodes ()

e Axial leaded through-hole packages
(low power).

A\
\ X
A\

219

1

ot N 553 %n %n I s %n
O O S 0 . T M~
” > 008 1 g
@ 0.52 'l‘ ?1.2°%
— >
v A 4 v A S
DO 35 DO 41 DO 15 DO 201

32



Packages for diodes (ll)

e Packages to be used with heat sinks.

K

TO-220AC

4]

1 2

Cathode connected to case

DOP3I 1

33



Packages for diodes (lll)

* Packages to be used with heat sinks
(higher power levels).




Fphase
AC
input

"Y't MES01210

v FO36201
9 JAPAN

Packages for diodes (XI)

e Assembly of 6 diodes
(Three-phase bridge rectifiers)

_*%

DC
Output

35



MOSFET




Internal structure of power MOSFETSs (I).

e A typical transistor is constituted of several thousand cells.
 As all the FET devices, MOSFET can be easily connected in parallel.

e They are vertical MOSFETSs.

c |
e Examples of cells: e—
I—‘ 5

Gate Source Gate

Source
Source-body

connection

Body

N+

Drain

V-groove MOS (VMOS) Drain
Double diffused MOSFET (DMOS) 37



Internal structure of power MOSFETSs (V).

¢ Tridimensional structure of a DMOS:

Gate

Source _
Drain

Drift region
Body

40



Packages for power MOSFETSs (l).

ﬁnwnﬂ { ﬂﬂ
f 1]
TEE\ = 291

e Packages are similar to those of power diodes (except axial leaded

through-hole packages).
e There are many different packages.

e Examples: 60V MOSFETs.

® e Qe

SO-8

International
Rectifier

THE POWER MANAGEMENT LEADER

I: TO-220AB D2Pak T0-262
IRF7855PbF IRFZ44VZPbF] IRFZ44VZ IRFZ44VZ

R :9,4mQ,| =12A
DS(on) D Rps(on) = 12 mQ, Ip=57 A

G

DirectFET™ ISOMETRIC

TO-247AC

IRF6648 IRFPO54VPbF] DePa7 Pin
RDS(on) =5.5 mQ, |D= 86 A RDS(on) =9 mQ, |D= 93 A IRF83006'7P PbF

Rosion = 1.5 MQ, Ip=240 A 1



Packages for power MOSFETSs (l1).

e Other examples of 60V MOSFETSs.

(infineon

gate :;
pin 1
|_

source
pin 3

Type IPBO34N06L3 G IPI037NO6L3 G IPPO37NO6L3 G
”
1 2 (tab) e 2
. 3
Package PG-TO-263-3 PG-TO-262-3 PG-TO-220-3
Marking 034NO6L 037NO6L 037NO6L

RDS(on) =3.4 mQ, ID =90 A

42



Af Af
A A NN o

6660 76000

Parasitic capacitances in power MOSFETSs (l). /’“‘@f‘\

e Power MOSFETSs are faster than other power devices (such as bipolar
transistors, IGBTSs, thyristors, etc.).

e This is because MOSFETs are unipolar devices (no minority carriers are
stored at the edges of PN junctions).

e The switching speed is limited by parasitic capacitances.
e Three parasitic capacitances should be taken into account:
- C,5, Which is a quite linear capacitance.

- C4, Which is a non-linear capacitance.

- C4g, Miller capacitance, which is also a non- J_
linear capacitance.
gs ‘
54

MTT
]




Power losses in power MOSFETSs (l). @

6660

60060

e Static losses:

- Reverse losses = negligible in practice due to the low value
of the drain current at zero gate voltage, Ipgs.

SYMBOL |PARAMETER CONDITIONS MIN. | TYP. | MAX. | UNIT
Ipss Zero gate voltage drain Vs =100V; Vg =0V - 0051 10 A
current Vs =80V;Vgs=0V; T,=175°C - - 250 A

- Conduction losses, due to Ryg,p):

Pmos_cond = RDS(ON)'ID_RMSZI
where I rus is the RMS value of the drain current.

» Switching (dynamic) losses:

- Turn-on losses and turn-off losses.

* Driving losses.

67



Power losses in power MOSFETSs (l1).

Vps
- . 2
I:)MOS_cond - RDS(on) ID_RMS
. - Pmos_s = fs(Won + W)
IpT
I:>V| W,, Switching losses

Conduction
losses

68






Principle of operation and structure of the IGBT (lI).

Collector

Collector (C)

Gate @

C
Emitter (E)
. Schematic symbol for a N-channel IGBT.
Emitter
Simplified equivalent c

circuit for an IGBT.

E
n-channel

Another schematic symbol also used.

78



Emitter

Gate

I_l

Collector

Principle of operation and structure of the IGBT (lII).
#O

AN
i1
bo

e Internal structure (l).

Emitter (E)
Gate (G)

-

Collector (C)

Emitter Gate

N- P

N+

P+

Collector
79



Vgs = 4V

Vas < Vas(to) = ‘3V

| | | | | g
0 ‘ 2 4 Vps [V]

e Static output characteristic curve
of a MOSFET.

e |t is also the one corresponding to
the MOSFET part of a IGBT.

ic [A]
6 1 VGe = 10V
f VGe = 8V
. VGe = 6V
4
2
VGe~= 4V
Vae < Vee(th) = 3V
0| |
2 4 Vee |V
N e [V]
Ve BIT

e Static output characteristic curve of a IGBT.

e |t can be easily obtained from the MOSFET
characteristic curve by adding the voltage

drop Vg g corresponding to the emitter-to-
base junction of the BJT part of the IGBT.

94



General characteristics of the IGBTSs (l).

* We will use a specific IGBT to address the general IGBT characteristics.

International
TGR Rectifier IRG4PCS0W

INSULATED GATE BIPOLAR TRANSISTOR

Vces = 600V

G VCE(on) max. — 2.30V

E @Vge =15V, Ic = 27A
hn-channel TO-247AC

95



General characteristics of the IGBTSs (l1).

* General information regarding the IRG4PC50W.

Features

» Designed expressly for Switch-Mode Power
Supply and PFC (power factor correction)
applications

e Industry-benchmark switching losses improve
efficiency of all power supply topologies

* 50% reduction of Eoff parameter

» | ow IGBT conduction losses

» Latest-generation IGBT design and construction offers
tighter parameters distribution, exceptional reliability

Benefits

» Lower switching losses allow more cost-effective
operation than power MOSFETs up to 150 kHz
("hard switched" mode)

[« Of particular benefit to single-ended converters and|

boost PFC topologies 150W and higher

[¢ Low conduction Tosses and minimal minority-carrier]

recombination make these an excellent option for

resonant mode switching as well (up to >300 kHz)

96



= Tiristor (SCR)
Silicon Controlled Rectifier

# Controlable el encendido
# Apagado:
v' Natural: la corriente

decrece por si sola
(rectificadores)

v Forzado: hacen falta
componentes
adicionales para
bloquear la corriente

P
4

On-state

Oft-to-on
if i pulse is

applied

Reverse
Reverse _+__b|ocking—" \< gg{e
breakdown region / 4

* 0 = /‘ > VAK
Forward
bfez‘;(%rg;n breakdown
voltage voltage

(b)

VAK

% Caida de tension ~ 2V s
blocking oCKIN
fc)
126
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A? Anode ' A
A p I:= Ir
Jq A lg: = lez
—> n ; ir [}
G J2 .
° P i 4 2 |
k Gate Js ) 1 - Ct
n G JQ J2 G,_ N . - 02 I/az
L o—»— P p >
k © Cathode Is s I -
Q, n
Ik
K X K
[+]
z Form aS de d iSparO (a) Basic structure (b) Equivalent circuit

v’ Corriente de puerta
v' Luz: light activated thyristors (LASCR)

v' Formas no recomendadas:
* Tension alta
» Estrés térmico
« Alta derivada de tension dv/dt

127




¢ - Tiristor (SCR)

Circuito de bloqueo

Yac [
— US

2V

# Tiristor adicional
INE # Condensador
# Bobina
# Circuito de disparo

128



> .Triac

# Controlable el encendido
# Bi-direccional |
# Casi simétrico LA "
# |deal para control de fase en CA

MT,

: . . . hﬂ'l’2 MTg
# Aplicaciones de baja frecuencia (@) Equivalentof TRAC (5 TRIAC symbol
y potencia Terminal 2 P
Quadrant Il
N4 Quadrant [ (MT + v,}
P1 Triggered,
le
-V —\
N1 0
Off-state
Puerta P2 Triggered,
ot e Quadrant Il (MT2 - ve) Quadrant IV
N
U On-state L—l
! (c) v-i characteristics
J'Terminul 1

129




ia

1
i \
Turn-off
+ Arnon
———

-

On
Off-state \1 Off

- Vak
VAK 0
fc)

{b)

# Encendido y apagado controlado por puerta

# Necesita gran corriente para apagarlo por puerta
# Mayor frecuencia que el SCR (pocos kHz)

# Aplicacion tipica: inversores de alta potencia




(-GTO

/ / /l
P2
NN NNz NN

IPuertq

a ) Catodo

# Estructura interna similar al SCR pero con mayor influencia
de la puerta

# Mayor caida de tension en conduccion (3V) que el SCRy
dependiente de la corriente de puerta

131




Wide bandgap semiconductors
How do we define them?

) Wide bandgap — electronic band-gaps significantly higher than 1 eV (Si has a gap of 1.1eV)

4

S| |5 unfilled band
-t

HEE e

; s forbidden
3| |2 S ee® fermi level | band

> S v v

= g (a)metal °

@| | = : ¥ . " filled band
= I (b) semiconductor

s| =

w

(c) insulator

BeSe
NS A HHE 0 We will little bit of physi
== e WIll see a littie DIt O SICS...
N o T [Migse Phy
(208 B ) ...and some applications, of course
— BeTe . . .
3 ) Two devices will be considered:
g AP ZnSe ZnTe
I‘ﬁ' | w— » SiC MOSFET
& CeP e >  GaNHEMT
N GeAs [ +— T e | LCdSe
S| | olce]
36 51 52 55 ' 6.0 6.2
Lattice Constant [4]
@ v O HmI-v O I-VI £
CEIUPM Impact of new SiC and GaN semiconductors in power conversion .n.v-
EEEEEEEEEEEN -
Centro de Electronica Industrial 132




CIGRE. Comité Nacional de Espafia

1. Comparacion materiales semiconductores

Ventajas
o . 7 . 1000 — - 7
= Para la misma tension, el SiC es m silicon AsiC .
. e ' ® GaN O Silicon-Shenai Si Limit
220 veces menos resistivo £ - Si Super Junction i IGBT / i
L] L] o GI a
= Para la misma resistencia, o 20 | GaNDevices
. , . s = a. Panasonic 2007
la de SiC soporta 15 veces mds tension & b, Bin Lu 2010 /
%) c. Khan 2007
‘n d. Sanken 2008 SiC Limit
&l) 10 | e. Toshiba 2007 / /
[ f. Toshiba 2007 oA
8 g. IR2009 ® .d b
H 2 h. EPC 2009 e Ogc
Inconvenientes E | oo .
s ! i
, n A
= Tecnologias no maduras:
o Crecimiento de obleas o pk | |
o El sustrato se comba 10 100 1000 10000
. ;. Breakd Voltage (V)
o Efectos piezoeléctricos reakdown
o _ K. Shenai et al,
= El encapsulado limita algunas de las ventajas IEEE Transactions on Electron Devices

= Mucho mas caros

/
? 133
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3. Estado del arte

Application of SiC devices
60

CIGRE. Comité Nacional de Espafia

* Manchester, 97%

@ ETH Zurich, 96.6%

3
=
§ 30 Virginia, 98.6%
°
o ®
20
North Carolina, 98.5%
10 —*
0,
Valencia, 99.2% §"™§°% S (o ran 254
@ Arkansas, 98%¢ £TH zurich, 99.14% @ Zaragoza, 99.03% Oviedo, 97.5%
@ Fraunhofer ISE,|99.03% ®
0 ;
0 200 400 600 800 1000 1200
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3.

Estado del arte

Application of GaN devices
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4. Ejemplos del IEEE APEC 2014 (Tim Heidel ARPA-E)

SiC Galvanically-Isolated Vehicle Battery
Charger Provides 10x Increase in Power Density

Prototype

\F{gix;"ret"c 7.4 W/in®  83.3 Wiin®
i3 A3
Density (387.5in*)  (73.21in%)
Gravimetric 4 44 kg 3.8 kWikg
Power 66kg)  (1.6kg)
Density ' '
Power 2.88 kW 6.1 kW
Efficiency - 95% peak

The charger was
integrated into a
2010 model Toyota 10x Increase in Power
Prius Plug-in Density and Increased
~ Hybrid Efficiency!

As shown at booth #544.
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4. Eiemplos del IEEE APEC 2014 (Tim Heidel ARPA-E)

15kV+ SiC IGBTs
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Conclusiones

" Los nuevos dispositivos de SiC y GaN empiezan a ser una
alternativa real sobre los de Si.

" De manera comercial solo hay algunos dispositivos
disponibles:

o SiC: diodos, JFETs, MOSFETs (tipicamente de 1200V)
o GaN: HEMTs de 100 y 650V
" La tecnologia no esta madura pero avanza muy rapido.

o Hay prototipos de tensiones mas altas

o Hay prototipos de IGBTs y dispositivos bidireccionales
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‘2 Relevant applications infineon
Where could GaN play a role?

vorsge vy Potential target for GaN HEMT (non Auto)
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