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An Introduction to GaN-on-SiI Power
Device Technology




HUGRH Outline

HUGA OPTOTECH INC.

* Why GaN on Si for Power Device Application

« Epitaxial and Device Design Concepts

e Current Market & Technology Development Status
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Why GaN on Si for Power Device
Application




HUGMA Prerequisites for a Good
E %= (Semiconductor) Power Device

HUGA OPTOTECH INC.

o Large forward and/or reverse blocking, small leakage current
* High on-state current, small on-state voltage

o Fast switching — short turn-on and turn-off time

« Small control power — large input impedence

« Withstanding of high voltage and high current during switching
— Good SOA (Safe Operating Area)

» Positive temperature coefficient of on-state resistance
e Large dv/dt and di/dt ratings
 Normally off

Power Devices
= High current, High voltage, Low loss (P, Ps,),
Reliable, Easy to control




HUGH Materials Property Comparison

HUGA OPTOTECH INC.

Comparison of semiconductor material properties at room temperature

Property Si GaAs 4H-SiC GaN
Bandgap - Eg (eV) 1.12 142 3.25 34
Dielectric constant - = 118 128 9.7 9
Breakdown field
Ec (MV/em) 0.3 04 3 4
Electron mobility 1500 8500 1000 1250
L {cm:A/-s)

Maximum velocity

Vs (107 cmis) 1 1 2 3
Thermal conductivity
A (Wiem-K) 1.5 0.5 4.9 2.3 High-speed
CFOM =1 & nVsEcY 1 36 | 358 | 520 3 _» High-power

$.C .
(A &nVEL“) si High-temperature

« Si : lowest cost, large volume, bad Trr characteristic at HT.
» SiC : so far high crystal quality, but high cost.
» GaN : low cost, highest CFOM value.




HUGR Advantage of High Breakdown and
BEXE |Low On-resistance

While the performance of Si power devices are approaching the theoretical
limit of material, GaN and SiC have much room for both of reduction of
specific resistance and improvement of breakdown voltage.
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HUGR Advant

® B % E

HUGA OPTOTECH INC.

GalN and 51

Devices have Eh

Recovery Time that
does not change
Wlth '['f:n]_pmml-ﬂ
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HUGRH
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Power Dersity (Normalized to Si)

Advantage of High-Temperature
Application

Rpsion) vs- Temperature
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HUGMR Advantage of Microwave High-Power
i x = Application

HUGA OPTOTECH INC.

“‘h a
‘h\“ .
H .
i * Some devices are pushing 5i
s - boundary
BV - » 51C/GaN offers promise for

improvement

1K 10K 100K IM
Operation Frequency (Hz)

Modified from an Application Mote of Powerax, Inc, Youngwood, P&,




H ETEEE Comparison of Best Power Device R& D Results

HUGA OPTOTECH INC.

Comparison of Best GaN HEMT R&D Results

Vb, | and A/imm? with Existing SJ MOSFET and SiC MOSFET

A/mm? as a function of V and |

Furukawa
1204
s8.0A/mm* G M 5\1!
105 A
100 A 8!
- urukawa

= i M 4
E 5.3A/mm
= §) MOSEET |nﬂnann] Gal Systems
- GaM
§ 10 A 4.4

12 &
mz
SiC MOSFET [CREE)
Mll:raGaN 10A
H R L 1.1 n...fmm*

1.9 A,.n"mm’
r 1.6 A,.I'mm*

v 200V 400 vV 600 V goov 1000V 1200V 1400V 1600V 1800V 2000V

Voltage Breakdown (Volt)
p | mm?® Technolog
3.21 mm> . 1.9 Almm? GaM-on-5i
3.20 mm= 4.4 Almm? GaM-on-SiC
3.13 mm* 1.6 Almm?® GaM-on-5i
3.20 mm?> 3.8 Almm? GaM-on-SiC
15.00 mm> B.0 Admim? GaM-on-Si

14.40 mm= 8.8 Almm? GaMN-on-SiC

15.00 mm? 5.3 Almm? GaM-on-5i
1440 mm= 7.3 Almm® GaMN-on-3iC

SJd MOSFET (Infineon) f 2 2500 mm* 2 0.8 Afmm? Silicon
SiC MOSFET (CREE) 2 f H = 1.1 Afmm® SiC-on-SiC

— 2012 - 59
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HUGR o\ g Sic Added Values

HUGA OPTOTECH INC.

Intrinsic
properties
Impact on No recovery time
operation during switching
Impact on Low losses High switching
power module less energy to dissipate frequency
Less cooling Smaller filters
needs and passives
Impact on
power system
System size
and weight
reduction

11



H E GA Advantage of Enhanced System Efficiency

HUGA OPTOTECH INC

GaN & SiC Use

Expected added-value in power conversion

Expected improvement (%) Efficiency value
compared with Silicon improvements

DC-DC (POL, boost...) +10% points A\ V"85% > 95%

AC-DC (PFC, UPS...) +5% points 85% -2 90%
DC-AC (Motor, PV...) +2 to +3% points 96% -2 99%

— __Power conversion efficiency expected improvements|

9% - e
96% ———+—--—=r-——--——-——- W Silicon W WBG (GaN, SiC) |-~

ga% -
80% -

88%

BE6%

82% -

B0

AC-DC DC-AC

O S oo e e Do Ex AT e GaN power electronics

12



HUGH Advantage of Enhanced System Efficiency

HUGA OPTOTECH INC.

GaN power devices are expected to become the key to power saving and
downsizing of the system by optimizing the surrounding circuit and
components to take maximum advantage of GaN HEMTs that the gate charge
can be reduced without increasing the on-resistance.

Si MOSFET GaN power devices
On-resistance loss: about 1/5

Switching speed: x40 — x100
Operation frequency: tripled

Change to GaN Two-thirds cut |
power devices in power loss

Total efficiency 87% Total efficiency: 95%

13



HUGRH Advantage of Cost and Circuit Integration

HUGA OPTOTECH INC.

Materials/ Wafer size Die area Circuit
technology integration

SiC X X X : Best
GaN-on-Si (f;) (’?) : Middle
S| X X : Poor

6-inch (and above) AlGaN/GaN wafer on Si (111) substrate is
now technologically feasible, low cost and possible integration
with Si-based circuits.

14



H Eigca Advantage of Product Cost

HUGA OPTOTECH INC.

Manufacturing Price of a 200V/12A Transistor

Comparison Si, GaN & SiC

We have used our proprietary reverse costing tool: CoSim+ to simulate the
manufacturing price of the same device made with Si, GaN and SiC technologies.

« Manufacturing price is the result of the following operation:
— _Manufacturing cost + G&A (General & Administrative) + R&D expenses + Cost of Sales +
- : E -
— That is the sale price right at the facility door. The distribution costs (DigiKey...etc...) are not
included here.
— Manufacturing price + Distribution costs = B-to-B floor price

Manufacturing price comparison 200V/12A transistor

5
Si MOSFET GaN HEMT SiC MOSFET e

5iC MOSFET
SL12

b @ 2011 - 1T

e e e GaN Manufacturing Cost Y
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HUGH Toyota: Inverter Cost Comparison

HUGA OPTOTECH INC.

Case Study

Silicon vs. GaN HEV inverter cost breakdown

Hypothesis: seal HEYV inverter cost comparison Silicon vs. GaN
- No more water-cooling system $28
with GaN $500 _$28

« Passive costs will decrease 30%
with the use of GaN

=« Chassis cost will decrease 30%
due to size shrinking and
simplification of thermal

management $300

« Connector cost will remain the

same 200

- GaN technology is available and B Chassis

reliable! N Connectors
$100

N Passives

B Cooling system

W Power module

$0 .
Silicon GaN GaN
2010 2012 2015
-6% -15%

16



HHHHHHHHHHHHHHHH

Epitaxial and Device Design
Concepts

17



HUMEH Growth of GaN on Si Substrate

HUGA OPTOTECH INC.

Buffer layers.

Difficulties of GaN-on-Si epitaxy:

1. Large-area epitaxial technology

2. Ga reaction with Si substrate

3. Large lattice mismatch (~17% )

4. Large thermal expansion
coefficient difference (~54%)

18



HUGR
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Buffer Structure

GaN(AlGaN) &
Interlayer

Compositional
graded layer

AIN seed layer

(111) Si

substrate

LT-AIN interlayer
LT-GaN inetrlayer
SiN interlayer

C, Fe...etc doping

1.AlGaN step or linear graded layer
2. AlGaN/AIN SL

/
/
T

1. HT/LT AIN buffer (MOCVD)
2. PVD AIN buffer (or Al203, Ga20s3...etc)

1.Thick substrate

2. Selective area growth

19



HUGR pyffer Breakdown Behavior

HUGA OPTOTECH INC.

Pad

AlGaN

/

Pad

u-GaN +Buffer

Si substrate

—&— 6um
—— 10um
—A— 15um
—w— 20um
—<4— 25um
—»— 35um
—— 50um
—e— 100um

—&— 200um

Si substrate

-1600

-1200 -800

V(V)

-400 0




HUGR Typical GaN-on-Si 2-DEG Epi Wafer
Specification

HUGA OPTOTECH INC.

|tems

Huga

Mobility

~1300cm?/V s

Sheet concentration | ~1 10%3¥cm?
FWHM of GaN(002) | ~590 arcsec
FWHM of GaN(102) | ~850 arcsec

Roughness | ~0.5nm
Bowing | <20 um
Crack area | 2mm from edge

Thickness of GaN& buffer

4~7 um

AlGaN Composition U%

Edgeto center <2%

Buffer Vbr
(Pad width=160um)

>1000V

Buffer leakage current
(@600V, Pad width=160um)

~3E-9A

P.W(315.91) P1{0.002) m%m.ﬂ'.') FWHM(1
P.D(-322), [1(0.03), R F(0.00), T.H(0.000)

PL Composition
Mapping

1 MBC AR 3446 23

T Y
- -E-. - -‘;""'if E7Il2
L {i Al comp.: 28.86% i3
r . SRRy i . ggiéo
rH) 'F""" P Noa  WakeD  PWAw PN AlGmphw  NompSd 1 e W
Con

%4 PHEMT_07402_1152




HUGR Spontaneous Polarization

HUGA OPTOTECH INC.

Wurtzite (hcp)

U, = red/blue

@® GaorN
O NorGa
lal = Ibl
uo1idea|:0.375
TABLE I. Structural parameters for AIN, GaN. and InN.
ag (bohr) colag B _H; o
AIN 5.814 1.6190 : 0.380
GaN 6.040 1.6336 I 0.376
InN 6.660 1.6270 I 0377
Cation and anion centers
do not overlap. AIN |-0.081 C/m?
P = _ 2
Spontaneous s GaN | -0.029 C/m
polarization InNN | -0.032 C/m?




HUGH Plezoelectric Polarization

HUGA OPTOTECH INC.

Note: Polarization is oriented from negative to positive charge.

Cation-terminated surface

e.g.,
AlGaN coherently strained
to GaN (AlGaN is under

tensile stress)

Al/Ga
sz Psp N

¢ Al/Ga
N

Al/Ga
N

stress

® N
O GaorAl

Y Al/Ga
N

AlGaN

When the AlGaN lattice is compressed in c
direction:

> Bonding length ¢ u,is the same; angle
becomes even smaller.

i Negative charge move upward and
positive charge moves downward.

N Direction of piezoelectric polarization is
towardpp01], Which is the same as Pg,.




HUGRH

HUGA OPTOTECH INC.

AlGaN/GaN Heterojunction

Polarization direction: Cation-terminated surface

e.g., |
AlGaN coherently strained . AVGI\?
to G_aN (AlGaN is under J' AlGa
tensile stress) N
Al/Ga
Pcp = PcopZ N
> °F Y Al/Ga
Ppr = PppZ [0001] N
- - = AlGaN
a—ag | C5\| 1112014 [1100]
P :2 11— @y
PE ag L 31 33C33J

Both P¢, and Py are toward
For AlGaN: [0001] direction.

| a—a
[e31—e33(C13/C33)]<0 >0

dg




HUGRHR Polarization-Induced Electrostatic
B 35 % Charge and 2DEG

HUGA OPTOTECH INC.

e.g., For AlGaN/GaN heterostructure with cation-terminated surface

Psp Ppe o AlGaN
v tensile strain
+0
+FEF GaN
relaxed
Substrate

Induced positive electrostatic charge at the AlGaN
layer of the AlGaN/GaN interface is

o= P(top)— P(bottom)

={ Pgp(top) + Ppg(top)} —{ Psp(bottom) + Ppg(bottom)}.

where the determination of Pgx and Pp are mentioned
earlier.




HUGRH

HUGA OPTOTECH INC.

Charge and 2DEG

Polarization-1nduced Electrostatic

e.g., For AlGaN/GaN heterostructure with cation-terminated surface

Psp Ppe o AlGaN
v tensile strain
+0
+Ps|= GaN
relaxed
Substrate

w/o polarization and
heterojunction,

no interface 2deg

IS generated.

Conduction band edge [eV]

GaN effective conduction band density of
states 1.2 x 10'® cm3 compared to GaAs
4.7 10 cm=3at 300 K

1.2

08

0.4

0.6

| ! 1 b | ¥ |
- =« without polarizations
« without spont. polarization
= With both polanzations

TR e e




HUGRH
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Polarization-Induced Electrostatic
Charge and 2DEG

AlGaN thickness and composition effect on Ns:

HFET ng vs. AlGaN thickness

2x 1013
c’;ﬁ N
£ _
o i
- 1.5x10!3
: -
s
.S [
= i
g 1x10!3
(9]
Q
=
8 =
s 5x102 [
[«B]
=
W

0- 1
0 50 100 150 200 250 300 350 400
AlGaN thickness (A)
() +o(x) [ e€ge(x)
de-

+0

Fsp PF‘E o AlGaN )
v tensile strain
+PSP GaN
relaxed
Substrate

J [eds(x)+Er(x)—AE(x)].




H 'F;{ig AlGaN/GaN Heterojunction

HUGA OPTOTECH INC.

GaN HEMT is a device utilizing two-dimensional electron gas generated at
the interface of GaN and n-AlGaN by the difference of the lattice parameter.
This working mechanism allows GaN HEMT to suppress gate capacitance and
to achieve high-speed switching with low power loss.

an polarization 1 1013/ sz
Source Gate Drain with 1500 cm? / Vs

n

Conduction band

. 3
/. Fermi level

n-AlGaN layer H\\ GaN layer

n-AlGaN

GaN

Si/Sapphire/SIC substrates Electrode

2-dimensional electron gas

Cross section of GaN HEMT
(Normally-on)

two-dimensional electron gas

Band structure of GaN HEMT

28
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Current Market & Technology
Development Status




HEE‘: GaN-related Power Device Application

HUGA OPTOTECH INC.

GaN Devices in Power Electronics

Possible applications

GaN devices in power
electronics

Power management Power Switching

IT, consumer
& lighting

DCiAC DC/DC Inverter
inTrter Converter / \
bt =t
T

Motor control UPs

EVIHEV PV inverter

LY
TNITULE




HUGRH
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GaN-related Power Device Application

Power Range of the Targeted Applications  [JEE&R: X

Compatible with Silicon

i Ships & Vessels
Rail tractlon

i Wind Turbme i

Grid energy T&D

T evney N

GaN-on-sic  CANOIEAN

1kW 10kW 100kW MW T0MW 100MW Y 1GW+  power

Compatible with SiC & lateral GaN devices

O -

b @ 2017 - T




Product Type and Market

Power discrete Power module Power IC




GaN vs SIC Market Growth
Prediction Comparison




Competitors and Development
Roadmap




Schottky Barrier Diode (SBD)

TLM
Rsh =400~500 ohm/sq
c ~1E5 ohm-cm2

Q § Rc ~1 ohm-mm
Q >
= O
- Q.
© 5
| For IF=8A at VF 2V and
; VR=600V, we typically have

Total finger length=50~150mm
Finger spacing= 15~30 um
Finger width  10um

Finger metal thickness  2um

Finger spacing

Cathode

35



Schottky Barrier Diode (SBD)

I % % | $% ($%9
! + ) +
“E 0 +11! &l 2 $11 2 1
I 3- # 0$11, )11 +1 4 1(551
! +11 +11 +11
! # &l )1 51
$ $) 5 (&%
7 # $%& (1%
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Gate

Hybrid E-mode FET (Cascode)

S MOSFET \

[N I—— cac  Drn  sure

‘ ‘ D-mode GaN FET

37



Hybrid E-mode FET (Cascode)

I # |
Y& & % ( )** )** %
& I &
& & *x :
| & ' & ! *0 *0 1
%2/ 2 3 # 4 ( 5 -$ 6 7** ))* %
% It % 6 % 8 %
! (9 ( ;¥ ))*
<( ; 8*
[ 41V "4 X * !
< [ 41V ] "4 , O ) 8*
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E-mode FETs

Fluorine-plasma treatment

P-GaN capped JFET

T. Sugiyamal, H..Amanol, D. lida, M..lwaya,
S..Kamiyama, and |. Akasaki, “High-
Temperature

Operation of Normally Off-Mode AlGaN/GaN
Heterostructure Field-Effect Transistors with
p-GaN Gate,” JJAP, vol. 50, 01AD032011,

2011.
Recessed gate
Lg=1 m,Lsg=1 m,Lgd=2 m.
Y. Cai, Y. Zhou, K. M. Lau, and K. Chen, “Control
of Lg=0.25 m,
Threshold Voltage of AIGaN/GaN HEMTs by Lsg i4.45 m,
Fluoride- Lgd =27 m.

Based Plasma Treatment From Depletion Mode to
Enhancement Mode,” TED, vol. 53, p. 2207, 2006

M.Kanamura, T. Ohki, T. Kikkawa, K. Imanishi, and N. Hara, “A Normally-Off GaN
HEMT with Large Drain Current,” (Fujitsu)

D.-S. Kim, S.-N. Ki_m, K.-W. Kim, K.-S. Im, H.-S. Kang, E.-H. Kwak, J.-H. Lee, S-G.
Lee, and J.-B. Ha,“High Performance in a Normally-off Al203/GaN MOSFET Based on
an AlGaN/GaN Heterostructure with a p-GaN Buffer Layer,” (Samsung)




What Huga Do?

Huga
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What Huga Do?

1 . Devices that Huga is developing

L-—-a

(2-terminal devices)

(3-terminal devices)

41




Huga's 6” GaN-on-Si Device Wafer

SBD D-mode HFET




Summary

« GaN is promising material for power device application.
GaN-on-Si solution is an excellent option for balancing
the requirement of performance and cost.

* Performance of GaN-on-Si power devices is similar to that
of SIC power devices and much better than that of Si
power devices. Plus, cost of GaN-on-Si power devices is

In between.

 Though 600V GaN-on-Si power device products started
appearing in the market recently, | believe it will take some

time to have end users willing to widely apply them into
various modules/systems.
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Thank you !




