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4J Overview

Electronic Material Lab

Main Research Area
« Single Crystal Growth of Compound Semiconductor
» Electronic Ceramics
e Ceramic Thin Film / Component
« Wafer Processing and Analysis

« Numerical Simulation



4 Overview
Crystal Growth

« Single crystal growth of various materials used in
semi-conductor or display by Sublimation
Growth or Solution Growth

- SIC, AIN, Semi-insulator SiC

« Epitaxial growth on substrate using PVD or CVD
= GaN, ZnO, TlOz, SlC, Ga203
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Processing (Wafering)

Equipped to process grown ingot into
wafers (Wafering)

Cutting : Multi-Wire Saw, Single-Wire Saw,
Blade Cutter

Surface : Grinder, Lapping, DMP, CMP
Others : Lateral Grinder, Edge Grinder,
Seeding Equipment, Plasma Etcher




4J Overview

Analysis
 Analyzing crystallographic quality and
defect of single crystal
- XRD, HR-XRD, Goniometer
« Surface quality analysis
- OM, AFM, Wetting Angle, SEM /EDS
« Electrical properties analysis
- Hall measurement, UVF
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Simulation

Optimization of experiment condition by
simulating a single crystal growth to predict
temperature distribution, growth rate and
fluid flow

- CGSim, Virtual Reactor

STR CGSim 2013 Ingot: 400 mm

Crystal Growth Simulator Charge: 300 kg
www str-soft.com Crucible rotation: 6 rpm
Seed rotation: -8 rpm
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[Ref.] STR Group, www.str-soft.com



/4 SiC Single Crystal

SiC

« SIC (Silicon Carbide) is a promising
substrate applicable to power device
working at high power, high frequency and
high temperature.

Advantage
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[Ref.] Fundamentals of Silicon Carbide Technology_ Growth, Characterization, Devices and Applications-Wiley-IEEE Press (2014)

Application

Substations, AC, 6600 V
Power transmission > transformers,
power lines rrargmission,

AC :
over 100 KV voltage conversion

Homes AC, 100V DC.12to 24V,

e

f l - Factories

A ',$ Ll

Conversion to suitable voltage,
current by equipment power
supply:

power loss5 to 10%

3 to 5% power losses

WITH SiC:

Unnecessary Energy Loss
during Power Conversion
Can Be Greatly Reduced

~ Physical properties surpassing Si
N i
Switching

~
loss: | reduced 85%!!

Compared with IGBT modules and full-SiC modules

3-phase AC
: E & :,\;Appliances =



PVT
« PVT (Physical Vapor
Transport) is sublimation
growth with seed and
standard method for

growing single crystal
SiC

Growth

Heating

PVT grower - - SiC Ingot



JTSSG

TSSG

« TSSG (Top-Seeded Solution
Growth) is alternative method
growing high quality SiC crystal
under a close condition to
thermodynamic equilibrium state

Seed

Heating /

Carbon dissolution

| SkiC Ingt

< Rotation

Convection /
Diffusion

$
0000

Grown
Ingot

Supersaturation /
Growth




4/ Manufacturing Process

Source Growing Lateral Grinding Multi-Wire Saw Lapping

L EXernal Grinding Machin- s

2008/12/10 13:

SiC
Single Crystal

Grinding Edge Grinder



/4 Analysis system for Single Crystal

Flathess Tester

Hall Measure System

gll HALL EFFECT MEASUREMENT SYSTEM
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Single Crystal
Wafer

* Flatness tester: wafer Bow/Sori

* HR-XRD: Rocking curve data

* FE-SEM/EDS: Microstructure, composition

» OM/Polarizer: Stress, Defect
* CL/PL: Defect
 Large Area AFM: Roughness

» Hall Measure System: Electrical data

HR-XRD

FE-SEM / EDS

tensity (a. b.)
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350 400 450 500 550 600 650 700 750
wavelength (nm)

@ @ w A @ M



SIC Substrate

Doping

N-type(N)
P-type(Al, B)
Semi-Insulating (V, High Purity)

Secondary Flat
Plane [11-20](11-20)

on-axis (c-axis)
off-axis(4.0°-off, 8.0°-off)
Positive Polarity : Si-face
Negative Polarity : C-face
Non-polar : a-plane, m-plane
Semi-polar : r-plane

Surface

Si-face, C-face

Optical polish: single, double-side polish (R,£3nm)
Standard polish: Epi ready (R,£2nm)

CMP, Epi ready (R,£1nm)

P
<«

| Defect
Si-face
[0001](0001) + Micropipe (MP)
« Foreign Polytype
« Edge exclusion
* Dislocation
« Stacking Fault
Primary Flat . 20W h
[1-100](1-100) crate



/4 SiC Epitaxial Layer and MOSFET Device

2"-SIC epitaxial layer .
Source Drain

. Gate ;
N (Ohmic) (Schottky) (Ohmic)

10pm-thick
SiC layer

10
Voltage [V]

Publications

- High Quality SiC Crystal with New Crucible Design, Mater. Sci. Forum. Vol. 527-529 (2006) 83-86.

* Epitaxial Growth of 4H-SiC (0001), Mater. Sci. Forum. Vol. 527-529 (2006) 267-270.

* Inserted Epitaxial Layer for High Quality SiC Single Crystal, Mater. Sci. Forum. Vol.556-557 (2007) 9-12
» Hydrogen Effect on SiC Single Crystal, Mater. Sci. Forum. Vol.556-557 (2007) 25-28

* p-type Epitaxial Layers using Various Si/Al ratios, Mater. Sci. Forum. Vol. 556-557 (2007) 153-156

* CMP Process Parameters of 6H-SiC(0001), Mater. Sci. Forum. Vol .600-603 (2009) 831-834

« Initial Stage Modification for 6H-SIC Crystal, Mater. Sci. Forum. Vol. 615-617 (2009) 7-10

» Seed Polarity Dependence of SiC Crystal Growth J. Kor. Phys. Soc. Vol.54, No.5 (2009) 1834-1839

* Non-polar SiC substrate, Mater. Sci. Forum. Vols. 645-648 (2010) pp 37-40

* a-plane (11-20) 6H-SIC Crystal Grown, J. Korean Physical Society, Vol. 58, No. 5 (2011) pp1541-1544
« Comparative study on dry etching of a- and B-SiC nano-pillars, Materials Letters 87 (2012) 9-12

» Modified Crucible Design and Seed Attachment , Mater. Sci. Forum, Vols. 740-742 (2013) pp 77-80



Gazog,'based POWQI' DeVICeS Structural Anisotropy of -Ga,O;

(100) ! 7
] © M - e

(a) S A0, (20 nm) D X« -
Le CSHETIENCS] Unintentionally N-doped SRETVRERESN | - | \ \ W \
m-Ga,0, Ga,0; channel n*-Ga, 0,4 o) o) d =R

B | 4 ’ A-\,

Anode (Pt/Ti/Au)| SiO,

¢200' 400 um (300 nm) (AlGa),04 back barrier 100 nm -
— Q52—
HVPE-grown Fe-doped semi-insulating
Si-doped n'—Ga2093(001) drift layer <w4> Galh) f
(7-um thick) . = o —
| — —_ 5pm2.5pm  ALO, 2.5pm 5pm 0.05 pm Ga(ll)
_Sn-doped n*-Ga,05 (001) substrate P e o—
~08 pm 0(111)\ E
: - v
Cathode (Ti/Au) o3 _— ~4.2 ym { .
X n-Ga,; ariit layer b
Ga,0; field-plated SBD structure = it

Surface energies (¢, Jm~2) for the ideally-terminated and the relaxed or
reconstructed surfaces

Ga203 MOSFET DeVice Area Ideal ¢ Relaxed o
(100)-A 0.1760 1.68 1.13*
. (100)-B 0.96 0.68°
Unit cell of B-Ga,O.. (010) 0.6874 278 2.03°
. N 2==3° . (001)-A 0.1852 3.35
Gallium atoms Ga(l) and Ga(ll) are coordinated tetrahedrally (001)-B 265 1.40°
and octahedrally, respectively. Inequivalent O atoms have 1ol o 2 7
y' p y. q . . The area (nm?) is that of the primitive (1 x 1) surface unit cell. The labels
threefold (O(l) and O(ll)) and fourfold (O(lll)) coordination. “A” and “B” refer to different lattice terminations.
. e . . . * Relaxed (1% 1) unit cell. 1 eV nm > =0.160219 J m >,
Unlt CE" Of m0n0C|InIC B-Ga203 WIth Indlcated CIeavage ® Reconstructed (2 x 2) unit cell. A minimum-energy configuration could

planes {1 00} and {001 } not be located by relaxing a (1 x 1) unit cell (see text).



Properties of p-Ga,O;

Properties Si 4H-SiC GaN B-Ga,0,
Bandgap (eV) 1.1 3.3 3.4 ~4.8
Breakdown Field (MV/cm) 0.3 2.5 3.3 8
Electron Mobility (cm?/V-s) 1450 1000 2%%%0(%';2) 200-300 (Bulk)
Saturation velocity (x 107 cms™) 1 2 2.5 ~2
BFOM / BFOM ¢ (g, p E3¢,) 317 846 3214
JFOM / JFOM ; (V. Ec,)? 278 1089 2844
Substrate cost High High Low
Heterojunction No Yes Yes

Si GaAs 4H-SiC

20 10
= | AN — ~GaN
5§ - Diamond  \_~ S
= 15¢+ ®
-.%4 : B—Gazos(est_)\ g 1t ~3-Ga,O,(est.)
ke
2 10 \ . S
s 4H-SiC * %] ~ Diamond
3 s 0.1
—%\i 5  GaAs s
e Sl .." o
N / .® T~GaN

0 TR © i N S S S TN 001 L 1
o 1 2 3 4 5 6 7 10 100 1000 10000

Bandgap (eV) Breakdown voltage (V)



Various growth methods of Ga,O;

FZ VB CZ EFG

Source

Melt

Crystal
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= Ga,04 single crystals can be obtained through various solution growth methods
such as FZ(Floating-Zone), VB(Vertical Bridgman), CZ(Czochralski), and EFG(Edge-
defined Film-fed Growth) methods.
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Various growth methods of Ga,0O,
G

CZ (Germany, IKZ _dia 2cm)

B-Ga,0; B-Ga,0;-B-Ga,0; B-Gi
1,0, B-”G/azo3 B-Ga,0, [‘?I—G‘azo3
B-Ga,0; B-Ga,0; B-Ga,0; B-G¢
1,0, B-Ga,0; B-Ga,0; B-Ga,0,
B-Ga,0; B-Ga,0, B-Ga,0; B-Ge *
2,05 B-Ga,0; B-Ga,0; B-Ga,0;
B-Ga,0; B-Ga,0; B-Ga,0; B-Ge ;

A key feature of the EFG
method is the ability to
precisely control the
cross-sectional shape and
size of the crystal ribbon
using a die at very fast
growth rates.

Ref. Novel Crystal Technology, Inc.

EFG (Japan, NCT _ dia 2, 4, 6inch)



Intensity (cps)

Ga,0; Single Crystals

' Ga203-EFG ZHH|

— front

(200)

100000
— cleavage

10000

1000

2Theta(®)

Edge-defined Film-fed Growth Method

Seeding Necking

-

Shouldering Body growth

A UID B-Ga,04 single crystal



Ga,0; Wafer Manufacturing

Ga,0,

single crystal N .

! 4 o > {091}

! : » (001) » -

| (001)

‘ - e Sliced wafer

- Block Block (Multi-wire saw)
got
Crystal growth (Cutting ) (Annealing)

(Wire electric
discharge process)

» »{ Cross section

Wafer Chamfering
(Beveling)

» Grinding, Lapping, Polishing » Washing, |
Ga,0; Commercial Substrate

Orientation
(001) (201) (010), (100)

(;:f i % (1?)13 )15mm
o LY Y

) —— o

10X 15mm

» T |
M |

« Schematic drawing of process for manufacturing
wafers with a surface orientation different from that
of the principal plane of the bulk crystal

* Process optimization should be done in different
ways appropriate for each plane.

« Optimization of this process may have significant
impact on the future of B-Ga203 manufacturing
cost.

Thickness= 650um
FWHM <150-350arcsec

I

Doping

N-type (Si, Ge, Sn)
Insulating (Fe, Mg)
Unintentionally-doped |

P-type (?)

Nano-void
Dislocation

Surf :
=urace Stacking Fault

Front; CMP
Back; Grinding/CMP

1 Twin

32.542.5 Usable area
w SYNOPTICS
CETC46

Novel Crystal Technology, Inc.



Growth Zone for 3-Ga,O; Crystals Block

(001) plane

: "

B-Ga,0; melt

EFG Schematic

Crucible

Multi-slit structure

B-Ga,0, crystals block were grown in the Ir die consisting of multi-
slit structure by the edge-defined film-fed growth (EFG) process.



/4 GaN Epitaxial Wafer

GaN

GaN (Gallium Nitride), which is used in semiconductor power
device as well as RF components and LEDs, enables high-

speed, increase efficiency and higher power density

Application

Uses of GaN — Power Electronics

IT & Consumer Automotive

DC/AC DCiDC
inverter Converter

/ Inverter \
, e / o

o Gy =

=

UPS

S
” .‘(“'“'.Na
jlolom gy

Electronic appliances & Computing
{< 500W, UPS 1-5KW)

Motor control
PV inverter
i (5- 100KW! (100KW - 1MW)
(5 - SoKW) ) Wind Turbines
=1vw)

> 1200V

600V

30V

Power Discrete, Power IC Power Module, PIM/CIB, IPM, Power Discrete

[Ref.] http://uef fei.stuba.sk/moodle/mod/book/print.php?id=7920

Advantage

Mu|iip|e 3GHz Few

competing , i competing
19::|mo|cagies E Technofogies
1000 — .
. SiC MESFET ,
100 — SiIiCDI'I \E GaN HEMT
2 GaAs HBT !
5 10— -
; ]
2 i
1= GaAs HEMT
0.1 _l I I
1 10 100
Frequency (GHz)
. Johnson’s FM 3 g
SiC il Si |
Breakdown = N
voltage
Electron ' ‘
saturation \
velocity / 1/Ron
{GaAs-HEMT

Electron mobilit>\' “fo  GaN-HEMT

[Ref.] http://uef.fei.stuba.sk/moodle/mod/book/print.php?id=7920



# HVPE system for GaN crystal growth

HVPE

HVPE (Hydride Vapor Phase Epitaxy),
which is which gaseous metal chlorides
react with ammonia to produce the group-
lll nitrides, is an epitaxial growth method
such as GaN, GaAs and InP.

n----——p-'

: 700°C - 900°C

(2 |nch) AFM data

........
........
.....

5 B

:::::::::::::::::::

1000°C - 1100°C

2 I




/4 GaN growth by HVPE method

FWHM = 579arcsec
500000

400000 4

GaN(002)
FWHM : 579arcsec

300000 4

Nomalized Intensity

200000 4

100000

16.5 I 17.0 I 17.5 ' 18.0
o(deg.)

Recent Publications

* GaN by HVPE technique, Phys. Status. Solidi C Vol. 7 (2010) 1770-1774
* GaN by HVPE and MOCVD methods, Phys. Status. Solidi C Vol. 7 (2010) 1794-1797
* Epitaxy of GaN on Si(111) substrate, Journal of Crystal Growth, (2013)

Intensity(a.u.)

——Subs.
——GaN

2Theta(®)

GaN/AlGaN bhuffer/Si Structure



4/ PEALD system for oxide films
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Carrier & purge gas

Pulsed source l
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Vaporizer
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Main specification

5-inch wafer loading
RF generator for plasma enhancement

Injector(Vaporizer) for liquid source
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/4 Dielectric thin films by PEALD / PLD

Middle TOP

Bottom

KBSI 2

Recent Publications

* Gallium Oxide thin film, J. Appl. Phys. Vol. 98 (2005) 023504

* Ga,0;-TiO, nanomixed films, Appl. Phys. Lett. Vol.87 (2005) 082909

» Ga,0;-based thin films, J. Electroceramics, 17 (2-4) (2006) 145-149.

» Growth Temperature Dependence of TiO2. J. Korean Phys. Soc. Vol. 50 (6) (2007) 1827-1832

* Al0.016In0.003Zn0.9810 by PLD, J. Electrochemical Soc.,Vol. 155, 10 (2008) H786-H790

* Bi3NbO7 Films by Nanocluster Deposition, Electrochemical Solid-State letter, 12 (5) (2009) G23-G26
* ITO by NCD technique, J. Electrochemical Soc., Vol. 157, 10 (2010) H937-H941

» Atomic layer deposition Al-doped ZnO films, J. Appl. Phys. 108, (2010) 043504

* 0.65Pb(Mg,;5Nb,,3)O;—0.35PbTiO; epitaxial films, Sensors and Actuators B 155 (2011) 854—-858

« Structural and Optical Properties of TiO2 Films on Glass Substrate, Jpn J Appl Phys 51 (2012) 09MF12
« Selective growth of pure magnetite thin films, nanowires, J. Mater. Chem. C., (2013) 1, pp.1977-1982



4 PLD system for ZnO / doped-ZnO
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4 Zn0O / doped-ZnO Thin Films

100 -
Zn0 / Sapphire{0001)
80 -
9
S 60}
c
- g L
:: E 40
© ﬂ g i
z A |
[ Y i e Ae~r 0 ; - - -
c - : . o SO A i i 150 300 450 600
g A N 200°C Growth Temperature (oC)
- - s \(J_ - 500°C 0 . . 1 N 1 N 1 . 1 .
R D 600°C 300 350 400 450 500 550 600
. . 1.8 21 24 27 30 33 3.6 Wavelength (nm)
Recent Publications Photon Energy (eV)

» Mg doped ZnO thin films and aging, J. Appl. Phys. Vol. 95(9) (2004) 4772-4776

« ZnO thin films on sapphire (0001) substrates J. Electroceramics. 13 (2004) 189-194

* Deep-level emission in ZnO thin films Appl. Phys. Lett. 86 (2005) 221910

 Transparent Conductive ZnO thin films on glass substrates J. Crystal Growth. 277 (2005) 284-292
« Stokes shift, blue shift and red shift of ZnO J. Crystal Growth. 291 (2006) 328-333.

* Ga:ZnO thin films on sapphire substrates J. Electroceramics, 17 (2-4) (2006) 287-292.

* In,O5-Doped ZnO Thin Films J. Korean Phys. Soc, Vol. 50 (3) (2007) 626-631.

* The role of oxygen vacancies in epitaxial-deposited ZnO thin films. J. Appl. Phys. Vol. 101 (2007) 053106
* Na-Doped ZnO Thin Films, J. Nanoscience and Nanotechnology, Vol. 8, (2008) 5203-5207

» Boron and nitrogen co-doped ZnO Thin Films, Ceramics International, Vol. 34 (2008) 1011-1015

* Codoping in ZnO by AIN, Vacuum Vol. 83 (2009) 1081-1085

» Zn1-xCrxO thin films, J. Alloys Compd. Vol.478 (2009) 45-48

* In-doped ZnO nanorods, Appl. Phys. Lett. Vol. 94, (2009) 041906

* ZnO/SIC, J. Crystal Growth Vol.312 (2010) 2393-2397



st 4 Thank you

Material

Lab =# Questions & Comments !



