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Power Semiconductor Devices (PSD)
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Deals with power Made of Has particular
[ semiconductor functionality
*Why semiconductor’? J

» Power e Which one? |
=cu | e What?
= current x voltage
v Wt
e Electrical circuit «— Where"
e How?
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Category of PSD

Power semiconductor devices

POWER SEMICONDUCTOR
DEVICES

| UNCONTROLLED \ | CONTROLLED I 2-terminal devices 3-terminal devices
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POWER SILICON BJT IGCT PiNdiode || Schottkydiode | | Power MOSFET JFET IGBT BJT Thyristor
DIODES DIAC MOSFET PIC
FREDS Zenner 1681 INTELLIGENT - ~ AN — Y,
SCHOTTKY MoV POWER MODULES o Y D

Minority carrier devices Majority carrier devices Minority carrier devices
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Role of PSD

Switching converter is a power processor

Power Switching Power
imput converiter output
‘ Control
input
Dc-dc conversion: Change and control voltage magnitude
Ac-dc rectification: Possibly control dc voltage, ac current
Dc-ac inversion: Produce sinusoid of controllable

magnitude and frequency
Ac-ac cycloconversion: Change and control voltage magnitude

and frequency
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Applications of Silicon PSD
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Applications of WBG PSD

Low Voltage ) Medium Voltage High Voltage
PFC / Power supply " PVinverter Mqtor control Ships Power Grid

Wind energy
Train transportatnon
< 200V . 600V 900V | 1.2kV 1.7kV  3.3kV >6.5kV

|

m/Medium Voltage) e . SiC (Medium/HighVo'!“

B Power Semiconductor Device Lab, SOGANG Univ., Seoul, Korea




Applications of WBG PSD
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Power System Performance vs Frequency
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MOSFET vs Bipolar Tr
e

Base Emitter Collector

Gate - Insulator
P-Substrate
Feature MOSFET BJT
Control Type Voltage-controlled Current-controlled
Input Impedance High (MQ-GQ) Low (kQ)
Output Impedance High Low
Switching Speed Fast (suitable for high frequency) Slow
Power Dissipation Low High (due to base current)
Thermal Stability Good (prevents thermal runaway) Poor (prone to thermal runaway)

Analog amplification, low-frequency

Common Applications  Switching, RF circuits, digital circuits .
power amplification

Carrier Movement Majority Minority
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Silicon Power MOSFET Limit

100 T T [T 7
——1 & Planar MOSFET 7
— O3-E1 Trench MOSFET Vi )

e | 1GET i 10 ,
E — — VDMOS Limit y |
E 1o 57 T 10 “

? |

=) /,.- % A
R &/ »

2 - g 10
% 7 i .';‘

7 =

pé a =0
o i 2
g W/ 7
= ol o & 10 |

LT A
2 4 10"
& i 7 10
D A | f U-Ulm 100 1000 0000 Breakdown Voltage (V)
Breakdown Voltage (V)
Rps(on) = Rsue * Rorier + Ry-rer + Ren + Ry Rep Vs BV Ry, Vs BV

11
Power Semiconductor Device Lab, SOGANG Univ., Seoul, Korea




Discovery of SiC

In 1891 Edward G Acheson (USA) produced a small amount of Silicon
Carbide while conducting experiments with the aim of obtaining a hard
material from the reaction of clay and carbon.

He passed a strong electric current from a carbon electrode through a
mixture of clay and coke contained in an iron bowl, which served as the
second electrode.

Acheson recognized the abrasive value of the crystals obtained, had
them analysed, found the formula to be SiC, incorporated The
Carborundum Company in September 1891, and filed application for a
patent on May 10, 1892.
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The milestones of the development process of SiC power
electronic devices.

Mass production of 6H-51C by Cree

SiC FET launched by
SemiSouth Mass production of 6H-SiC
Full SiC BIT power T devicesby Cree
{modules commecialized 27kV SiC IGBT launched by Cree
= R My HmaRS | Mass production of 1200V/180A
RSO The cost of 45-SiC full SiC power moudles by Rohm
T decreased 0 $1500 T 1700V SiC-based AC/DC IC by Rohm
I >
| | | | I | | | | | | | | | {J | |
2000 2002 2003 2004 2005 | 2006 | 2007 2008 2009 2010 | 2001 Eﬂl!l.?l}]}! 2014 2015] 2016 2007 2008 2019 2020
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| er modules Infineon : presatee '

§ L, W ' N — ' : power module by Rohm

b i Commercial zation of S1C :

E Rohm ﬂartcEE& produce SiC LE displa:,'edil SiC ME?STFpErl?duﬁddmnm'dud heat
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ot h:,-: MOSFET = : dissipation miniature package
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Wafer Diameter Evolution by Material
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Power SiC Market Forecast

2024 : $3.1B (~5%) >

SiC device 7 2030 : $15.3B (~41%)
market 4 e I
revenues Wolfspeed. Renewable
CREE %+ Energy
> $3B ¢ Cinfineon . ‘
S @'
E;/ l E ; ON Semiconductor
4 2 — ‘,”' 0 i;: 3 - Infrastrjicture
$2B ¢ : : S ™
Yole Développement’s analysis on leading players’ SiC device ranking in 2019
*GeneSiC & Microsemi.
$IB & EV/HEV
First POW?I‘ é
device supply @. 74
\ AV
e L >
;EfSiC device iﬁcludes discrete 2000 2010 2020 2030
diodes, transistors and modules.
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OUTLINE

1. WHY 1s SIC better than silicon?
2. HOW do we make SIC devices?

3. WHICH SIC devices have been made?
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1. Why is SIC better than silicon?

® What is SIC?
® Properties of SIC

® What Is advantageous for devices?
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What is SIiC?

Silicon face

(0001)

S1 atom

@ (C atom

Fig. 4. The tetragonal bonding of a
carbon atom with the four nearest
stlicon neighbours. The distances

a and C-Si are approximately 3.08A
and 1.89A respectively.

© Olle Kordina

l (O C atom

(ooo1) @ Si otom

Carbon face
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Crystals of SiC

ClRF

© Shun-ichi Nakamura
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Properties of SiC

Property Si GaAs | 3C-SiC | 6H-SIC | 4H-SIC | GaN | Diamond
Melting point [C] 1420 1238 2830 2830 2830 1123 4000
Thermal conductivity
(W/emK] 1.3 0.54 5 4.9 4.9 1.3 20
Bandgap [eV] 1.12 1.42 2.23 3.02 3.26 3.39 5.45
ntrins . : _ _ _ _
cr;rrll(r:];ctr(;?irc:fzcmg) 10% 1'8X106i ........ ~1O ............ ~105 ........... N 107 ~10%0 ~10%7
Electron mobility [cm?/Vs] 1500 8500 1000 370 1000 1500 2200
Hole mobility [cm?/Vs] 600 400 50 90 50 150 1600
Saturati lect drift
velocity [x107cms] 1 N 2.5 2. e B 3.0 2.7
Breakdown field [x105 V/cm] 3 §) 20 25 30 50 100
e 119 131 CPPY Prrrrr 97 ............. 966 ............ 97 ........... oc e
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Properties of Si, SiC, and GaN

Semiconduchar Prropariities
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Properties of SiC

® Figures of merit

v KFM — Key’s Figure of
Merit (Switching
Speeds)

v KFJ — Johnson’s
Figure of Merit (High
Power Applications)

\\3* Power Semiconductor Device Lab, SOGANG Univ., Seoul, Korea
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Device basics

Non punch-through

design for 1 kV: Si SiC
E . Ec (Mv/icm) 0.25 2.5
E. W (um) 100 10

=

W E

n- drift
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On resistance

- . 2V, Py - 2eV, eE;
g N, Pogw?r 2qV,

For 1 kV: Si SiC

W (um) 10K 10
No (cm) —
w4y Vi _EMLEC
on ,sp qunND gﬂnE; Rgnpap 4
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High voltage devices

1000 N T 1 T 1 T 1 1 1 T ” 1 1 I I I 1 1 |
- o Silicon .

100 [prereereveemeenssssssss e e .

— SiC incl. substrate

Specific On-Resistance (mQcm?)
o

----- SiC theoretical

100 1000 10000
Breakdown Voltage (V)
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High frequency devices

T = i C
2vsm‘ - g"
at 300 K Si GaAs 4H/6H-SIC  GaN
Ec (Mvicm)| 0.25 0.3 2.2-2.5 3
Er 11.9 13 10 9.5
Vsat cm/s) |1x107  1x10’ 2x107  3x107
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High temperature devices

- 1000 °C 350 °C 200 °C 50 °C
10 ' : : :
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1016
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. . . . -3
Intrinsic carrier concentration (cm ™)

0.5 1 1.5 2 2.5 3 3.5
1000/T (1000/K)
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High power devices

[
AT=RTHP—/1AP PS;!'C leXPSf

A : thermal conductivity //LSjC ~ 2 o 3 X /,l’Sz'
ATy = 5X AT,

SiC device
/‘/*—*\A\ k§older Rtn,sic
Rth,solder
Rth,heatsink
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High integration devices ?

® Needs good material, few defects
® Not for SIC!

SIC VLSI ?




Summary Why SIC ?

® High critical field
=> low on-resistance (high frequency)
® Low permittivity and high vsat
=> high frequency
® \Wide bandgap
=> high temperature
® High thermal conductivity
=> high power and high temperature

Power Semiconductor Device Lab, SOGANG Univ., Seoul, Korea
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2. How do we make SiC devices?

SIC wafers
SIC epitaxy
Heteroepitaxy
SIC doping
SIC etching
SIC Isolation
SIC contacts

=L

(&2 B} Power Semiconductor Device Lab, SOGANG Univ., Seoul, Korea
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SiC wafers

® SiC Growth Methods
v'Acheson process (Acheson 1892)
v'Lely process (Lely 1954)

v Modified Lely process ( Tairov and
Tsvetkov 1978, Tairov and Tsvetkov 1981)

0B
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SiC wafers

1 Lid
aaiflE 2 RF source
| 3 Source

2= 4 Crucible
Iz}) 5 Insulation

% 6 Seed Crystal

2300 °C

1T mm/h

© Olle Kordina
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Schematic drawing of a modified Lely setup
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SiC wafers

® The crystal growth gquality
In 2013
v’ 6” wafers available
v with 0.2 micropipes/cm?
v less than 30 dislocations/cm?

j-Lr:‘ Power Semiconductor Device Lab, SOGANG Univ., Seoul, Korea
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SIC epitaxy

1400-1600 °C 3 um/h

RF coll

%% %\ . Quartz
) A g\é ; \ tube

Susceptor
with substrate

s L Ll TL e v
uuuuuuuu

The Principle of SiC CVD. The precursors are transported by the
hydrogen to a zone where the reactions takes place
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Heteroepitaxy

] I ' ! |

6 — I | I ZNO -
> | 1 A —\\ | (0001)
- | (0110) | |
> 5 I
5o | 1\ )
L | 4H-SiC | |
Z L (0001) : | 7
% | 1
Q3 | | lGaN — CVD:
Z | Al203 ] | 900-1200 °C
<
o | 1(0001) || | InN ~_| MBE:

2 I | | I I I I I 700-800 °C

I
2.8 3.0 3.2 3.4 3.6
LATTICE CONSTANT (A)
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SiC doping

I (| IV || V

Dopants in SiC:

n-type and p-type S
Si

14

Si+C+B
- -
Epitaxy 1400-1600 °C Diffusion > 1800 °C iImplant 700 °C

Anneal 1200-1700 °C
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SiC etching

® Wet etching using KOH (500°C) ?
® Dry etching using CF4, SFsetc

LLLLL L[] — Alorn

SiF,

A

v




SiC isolation

Thermal oxidation of SIiC (>1,100 °C):
2 SiC +30, = 2 Si0, +2CO

Thermal oxidation of silicon:

28i+20, = 28Si0,

Thermal oxide 1100 °C Deposited oxide 700 °C
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SiC contacts

Metal SiC | &
—»
Schottky
— >
1016 cm-3
QDD °C
| &
E Ohmic
_____________________________ ...
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Summary How SiC ?

® Similar to silicon
® Much higher temperatures
® Nothing is iImpossible

® Material quality largest obstacle

\ ] Power Semiconductor Device Lab, SOGANG Univ., Seoul, Korea
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3. Which SiC devices ...?

® Diodes
® Transistors

® Thyristors

Power Semiconductor Device Lab, SOGANG Univ., Seoul, Korea
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pn Diodes

lon implanted Mesa etched

Field crowding causes
premature breakdown
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Junction Terminations

Junction Termination Extension Ar Implant (damaged area)

Field Plate on SIO, Field Ring(s) (circular)

B Power Semiconductor Device Lab, SOGANG Univ., Seoul, Korea




Schottky Diodes

Schottky

VF,S{?merky =Roy Jr + Dy
V. =Ry Jp 1,

F.pn

® Application: protection for silicon IGBTs
® No reverse recovery from majority carriers

® Forward voltage drop lower than pn diode

B Power Semiconductor Device Lab, SOGANG Univ., Seoul, Korea




JBS Diodes

Combined Schottky / Ohmic contact

0.6 ® Combination of
¢ OHMm Schottky and pn
diode

W = 27um

Schottky region

Implanted
p* stripes

Backside Ohmic contact
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2 terminal devices

2 3
IIDD{} - T T T T T T T T L
: ' VB _ £ U ] E C
- ®  SiC Schottky diode ; R — 4
a A SiCpn T on ,sp
5 B SICUBS e
- 100 —;-' ---------------------------------------------------------- -
é - 7 g Purdué
@ f Linkoping e .
c .-’ H :
i .’ : -
7] Py ; .
O L i el - et -
L - P i .
12 - - EF’uru::iue .
[ i ##’ : .
O e NCSU '
=2 [ L] . :
i | e T N SO —
O C Siemens : . . i
g Siemens -
w :
\j
: CREE A
.D_-'] 1 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1
100 1000 10000

Breakdown Voltage (V)

® Schottky and now JBS
diodes are commercially
available up to 1.2 kV:
CREE, Infineon basically.

® PIN diodes will be only
relevant for BV over 3 kV.
- Need to overcome its
reliability problem
(forward voltage drift)
before commercialization

Power Semiconductor Device Lab, SOGANG Univ., Seoul, Korea
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MOSFETs

* MOSFET Advantages
« Simple planar structure
* \Voltage gate control
» Extensively used in Si technology
* Normally-off

= MOSFET main problems
* Low channel mobility in SIC
« High temperature operation ?
« Gate reliability ?

Bl Power Semiconductor Device Lab, SOGANG Univ., Seoul, Korea
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Lateral MOSFETs

lon implanted Mesa etched

S G D

S G D
il pinsns

Source Gale p,ugilicon Drain

” | Si102
] P Base J |/

Depleted

Insulating 4H-SIC Substrate
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Vertical MOSFETs

DMQOSFET versus UMOSFET

G
I

G

S S

Rcmntis

Rchan

Rpinch

3 R drift

§ Rsub

% Rcmnt;d

D
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MOSFET Channel Mobility

o, Z A

oV, L

R

on,sp

Jp = = T Hest Cox (VG _VT) = [—)

Inversion channel:

ﬂéﬁ — % Aun._bm’k (SI)
fue;ﬁ‘” — %O A‘un,bufﬁ' (SICT)

Accumulation channel:
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MOSFET Reliability

E = —¢ E

oxide .ON

oxide ,OFF

= F

SiC

SiC

oxide

® E. . =2.5MVicm
oF = 10 MV/cm

C,oxide

® For long term reliabllity:

®E < 3 MV/cm

oxide
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Bipolar Transistors

® High voltage or High frequency
® Hetrojunction od Homojunction

E B C
> |
Wi, Ts —/—\
W =
B
v\

>3] Power Semiconductor Device Lab, SOGANG Univ., Seoul, Korea
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3 Terminal Devices: high Vg

IID{}{} i T T T T T T T T T » = T T T T T T T ]
- § .- Purdue ]

i A-Northrop-Grumman
i -4 CREE/KEP

[ 4 UMOSFET (4H) ]
00 L™ UMOSACCUFET(H) s % ]
© & Lateral DMOSFET (4H),-” Purdue S ;

L e Bipolar (4H) -

o NCSU ® Purdue

Specific On-Resistance (mQcm?)

.D"] 1 1 1 1 1
100 1000 10000

Breakdown Voltage (V)
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JFETs

® Junction gate difficult to reduce in length
® Semi-insulating wafer ?

B Power Semiconductor Device Lab, SOGANG Univ., Seoul, Korea




MESFETSs

® Semi-insulating wafer to reduce capacitance
® Source via-hole to reduce inductance
® Schottky gate

S G D
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HFETs

® Semi-insulating wafer to reduce capacitance
® L ow doped GaN channel layer (piezo)
® Schottky gate

B Power Semiconductor Device Lab, SOGANG Univ., Seoul, Korea




3 Terminal Devices: High Frequency

e SiCSIT
—~ 10 F ® SiC MESFET . |
& i ® AlGaN MODFET UCSE ® i
é ¢ Non-SiC HRL ]
2 . |
- CREE * i
= HRL |
c [ ]
Q C
T “‘ CREE .
b GaAs MODFET
2 .
n 1r Northrop-Grumman

i o
- Silicon MOSFET
I Lo | L L I N B L L L
1 10
Frequency (GHz)
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Thyristors

cathode

gate

log N

anode

® Needs long minority carrier lifetime

® Needs large area

Power Semiconductor Device Lab, SOGANG Univ., Seoul, Korea




Summary Which SIiC ?

® Many devices demonstrated

® Vertical (power) vs lateral (high frequency)
® Breakdown voltages close to theoretical

® MOSFET mobility obstacle

® Production economy - yield - chip size

Kj'Lr) Power Semiconductor Device Lab, SOGANG Univ., Seoul, Korea
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CONCLUSIONS

WHY SiC?

Excellent Properties!
HOW SiC?

Higher T than Silicon!
WHICH SiC?

Small Area for Economy!

jl-'r, Power Semiconductor Device Lab, SOGANG Univ., Seoul, Korea




