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FIG. 4. Temperature- and energy-dependent terms in electron capture

FIG. 1. Measurement procedure; (a) energy-band diagram, (b) surf
tential and capacitance transient during DLTS measurement.

cross section at surface states in an n-MOS diode.
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InP
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VFF model:

v/

short-range force parameters
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Crystal Growth Method (Melt Science)
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Flow visualization of metallic melt of Si (BHZ%
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Global Simulation for CZ-Si Growth (Generalization)
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Temperature distribution and gas flow

Gas flow rate=10 SLPM
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Increase of flow rate caused the larger velocity nearthemelt =%

surface, and intensive convective heat transport in the gas.
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UCL: Global model (Dupret’s algorithm)
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In-situ observation of S/L interface of Si
by X-ray radiography (JSPS Pj)
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W.O. Dislocation: ;
Flat interface ;
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W. Dislocation:

Rough interface



Droplet formation in Si? w. 0. Dislocation

* Melting process: CZ crystal, 20° /min.

dot images
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Time-interval: 10 sec.
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Thermal conductivity of Isotope Si, Ge & SLs

Siv)

_
iy .
Gedankerf experiment:

Control of thermal conductivity by
phonon engineering: Modify V/G ?

29.
Si

Thermal conductivity[W/mK]

1) Atsushi Murakawa, Hideo Ishii and Koichi Kakimoto, J. C. G., 267 (2004) 452.
2) Hideo Ishii, Atsushi Murakawa and Koichi Kakimoto, J. A. P., 95, (2004) 6200.
3) Takahiro Kawamura, Yoshihiro Kangawa, Koichi Kakimoto,

phys. stat. sol. (¢ ) 4, (2007) 2289.

1004

a-axis m-axis

o —E—case 2 a—axis
'/D% —®—case 2 m-axis
o —A—case 2 c-axis

—0—case 3 a—axis
—0— case 3 m-axis
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Superlattice period[A]

Ge?
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polycrystalline 3C GEIE)

undoped 250 W/mK

(5.0x1017cm3)

N: 2.2x1020¢m3 200 W/mK
8.0x10%0 ¢cm3 130 W/mK

N and B: 4x1029°cm= 42 W/mK

L. M. lvanova, et al., Inorganic
Mat. 42 (2006) 1205.
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Si— N
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1) N. T. Son, et al., Phys. Rev.
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3) A. Fukumoto, Phys. Rev. B
53 (1996) 4458.
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Temperature distribution in a SI-TMCZ furnace
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3D interface shape induced by 3D thermal flow

melt surface

Bird view Top view
3D interface shape and temperature distribution
on the melt surface

crystal F—goF——

plane = —=— I E

melt —1640—
Y=0 BERmItgem— o
}\\\ % \\‘\i \\ \ y -
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= ) Experiment data (Kajigaya et al.)

!

T. Kajigaya, et al, J. Cryst. Growth,*;’

. . . Fﬁ/
Convective flow, thermal field and interface 112(1991), 123-128 ; &\ﬁ/é

profiles in two symmetric half-planes



Melt-crystal interface Vs. crystal pulling rate and
magnetic field intensity

Axial temperature gradient (K/mm)
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Electrical conductivity & Emissivity of Silicon
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=) e
S B

0.0 E
200

11

Calculated Values

O From Sato

O From Vandenabeele
and Maex

0 N A

300 400 500 600 700 800 900
Temperature (°C)

(o]
1S e I T

FEUWE FETE 0

1

Fig.3.1.4.(4)-3 The total hemispherical emissivity of the lightly(78 Qcm) and

heavily(0.012Qcm) doped silicon specimens as a function of tem-
perature. The solid curves are fits to the data point. (Reprinted
from the Journal of Applied Physics, 74, 6353(1993).)

Emissivity vs. T.



Tfemperature, Elow distributions in Si of MEZ
(a) TMCZ /%\ (b) Cusp-shaped I\/I(/Zg\

X
T — X

1745
1740
1735
1730
1725
1720
1715
1710
1705
1700
1695
1690

Tem
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Comparison of exp. and num. results

Measurement points

Temperature. Trna
Contour Temp
. 1.719e+003
1.716e+003
©1.713e+003
1.710e+003
1.707e+003

1715
1710
1705
1700

l ' 1.705e+003
| ' 1.702e+003
I 1.699e+003
1.696e+003
I 1.693e+003
1.690e+003
(K]

e

25mm below surface

1695
1690
1685

Temperature [K]

EXp. & Num.

—— Calculated Temperature
-#@- Measured Temperature

AR\

Almost reproduced.

w4 —
l, ‘\\ / .'--.~_
\ u
\
\‘ \j,’l
\ 7
| 1 !’ 1 |
90 180 270 360
Angle 0 [deg.]
v

[ref] R. Yokoyama, et al., J. Cryst. Growth 519 (2019) 77-83.
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Oxygen distribution in Si melt of MEZ

(a) TMCZ

(b) Cusp-shaped MCZ

* Thin boundary layer
 Precise control

« Rather thick boundary fayer
 Stable operation # \§
: 7 W



Impurity Transport in a Solidification Furnace of Si

12-15 : Heater 12
3 1T ?([r]([)l L (ﬁ
4 4 ] o7 |
3C4mdb1e 1 1600 mj \/f/(
13 1500 1\ /| | \/ [}
1400 ‘
1300 Lul [
) 1200 -/
— % 1100 T~ crucible
1000 —
14 900 | | met
800
5-6 : Pedestal UGN 700
600
| 500
?Igiat shield 400
7
B. Gao, S. Nakano, K. Kakimoto:
Journal of the Japanese Association of Crystal Growth Ly \%/
Vol.36, No.4 (2009) 261-267 Rt g\w/é
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Time develo

temperature and

pment of melt flow,
Impurities distributions ®

Stream function of melt flow

iron distribution

Iron concentration

Fi
0.0015

" o001

0.0005

0
-0.0005
-0.001
-0.0015

1.40E+06
2.85E+05
5.81E+04
1.1BE+04
241E+03
4.91E402
1.00E+02

temperature distribution
and interface shape

1738
1720
1705
. 1890

1675
1660
1645
1630
1615
1600

Temperature distribution

Carbon distribution in an ingot (C/C,)}




Fe distribution and minority carrier lifetime

[ 6hsolification

xlOlzatoms/cm3
P 1.40E+06
2 85E+05
5 81E+04
1.18E+04
, i
T 1.00E+02
807 | =
£
N
50 r:18.0mm
—_ Z:14.9mm
e
£
N 40
2ol [ 2006#8-6
O L L L L L L | L L
-40 -20 0 20 40
r (mm)
r:18.8mm r:18.0mm
Z:16.3mm Z:14.9mm r:18.8mm
Z:16.3mm

Assumption: Exp. (Multi) <->Num. (Single)
Impurity transfer: almost same

x10"%atoms/cm’

B 1.40E+06
2.85E+05
5.81E+04

| 1.18E+04
241E+03

. 4.91E+02
1.00E+02




Impurity reaction & transfer

J

Impurity distribution=Time dependent calculation

37
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, Desoluve impurity \ Si(l)-N-O Phase diagram®
[} [ P y, (atm)
- 1 0-05 10-04 10-03 10—02 -01
$i02 :
: - e Si,N,O [ 10%
Si melt O®="*— S|02 g 4 L E
N 2 29 10 3
- = q LI [ 20 S
S/L 2 o SigN, F10 &
. £ Sl(l) 3 10-21
Si crystal 5 2 -2
= ; e S 1022
067 133 27 4 6 NinSi() (10%cm®
_ 05 1 2 3 45NinSi(s) (10° em®)
« NV < 4 SisN, luti . :
. 02 Sio, solution 1{2Si(l) + 2N + O — Si,N,O
2| 3Si(1) + 4N — Si,N,
1) A.K. Sgiland et al., Mater. Sci. Semicond. Proc. 7 (2004) 39.
L 2) H. Matsuo et al., J. Crystal Growth 310 (2008) 4666. 3) J. Lu et al., J. Crystal Growth 269 (2004) 599.
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Si;N, Distribution

Calculation FTIR (experiment)
O Si;N,
80
[atoms/cm3]
= 2.1x10™® I
1.7x10"'® 60 -
1.3x10"™" _
9.0x10"" 40
. 5.0x10"" i
1.0x10""
20
020 40

[ Precipitatres?)

| [atoms/cm3] ( ds ! m

4.5x10%
4.1x10%

3.7x10%5
3.3x1015
2.9x1015
2.5x1015 ( )

1) H. Harada, et al., private communication. //mn\\\
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Time evolution of distributions of O, N, Si,N,O,
Si;N,, and precipitates

Oxygen distribution

Si,N,O precipitation

x1018 atoms/ cm3

PO S
—_— D ) e O ] OO

x1018 atoms/ cm?

0.055
0.045
= 0.035
0.025

0.015
- 0.005

Nitrogen distribution

SizN, precipitation

x10%° atoms/ cm3

= 4.5
4.1

3.7
3.3
2.9
2.5

x1018 atoms/ cm3

COooOm =
— W =] O — W ]
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Progress: seed casting

Multi-seed method

W

0 Dislocation can generates between the seeds, and could explosively
multiply when crystal grows up.

0 Crystallization process could be broken by high dislocation at top.

O High cost for multiple seeds

High dislocation
region

Objective:
B Propose new method to grow complete single-Si in whole
ingot by seed casting o \\%///

L=
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Single Seed Cast method of Si

) e

Iron concentration inside crystal

Numerical analysis: Kyushu Univ.

atomsfem’

20E+15
2.3E+14
28E+13
3.2E+12
3BE+11
4 5E+10
5.3E+09
6.2E+08
7 2E+07
8.5E+06
1.0E+06

Seed Cast: Kyocera
011 eomcm————

S-L interface

-0.08 0

Effi. (%)

19.4
19.3
19.2
191

19
18.9
18.8
18.7
18.6
18.5
18.4

Cell efficiency before light degradation

' 19.162

¢

.

¢ CZ

+ Seed cast

\ 4

Cell Area 245cm?

Thickness 160 um

Seed cast: 19%, No light degradation

CZ-Si: 19Y%, Light degradation

e\




Improved furnace for C reduction

51C gas tube

— S1C cover
l !
reduction
«— Carbon crucible cover
554min square

| 1.E+18 ¢

Hot zone were
re-designed

1.E+17 §

=O-poly cast
—-&-mono cast

: » W

Distance from ingot bottom (mm) =&

Carbon concentration (cm-3)

1.E+16




Improved crystal surface

Conventional surface
= SIC, SizN,

——

(111)




50cm? Si ingot grown by seed cast

Seed cast

Lab. scale:10cm® 500m ]

‘=t

Single seed

=

Multi-seed

50 cm X 50 cm X 10 cm (60kg)

Miyamura et al., JSAP
(2015)

Collab. : Toyota Institute,
Kyocera

Carbon Oxygen
107 M= mms, s oeas 0 o
EEERHF-B, 7’02 o
SRERHF-A 7' 0ER-2
Seed D\D\D\D\D
& o
CHEER#1-B, 7 00A-1
R | ERA-B, 7'0bR-2
v SHBH-A 70222
1015 [-.]. " 1017 L L L L L " L
0 50 100 0 50 100
Ingot height (mm) Ingot height (mm)
Gas flow: Low carbon Rev. of coating: Low oxygen
Dislocation Efficiency
10% i 20
@%’ o g @ o ©
& ° 0% % Z 16 | o ©
E o c
s 1 :%% %%?;3 o%oﬁ@ .g 14
Q M- £ 12 |
10 .
1 12 3 4
10° ‘ l I I Cz Seed cast
0 20 40 60 80 100
Z (mm)
o
Dislocation <3 x 10¢ /cn? cZ

8 Et__a; —
=5



NaZ5vHRi&; GaN
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) RRIZERE (1 m/h)
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T[K]

1700
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Time history

<+«— ——heater power[W]

crucible position[mm] ]

0 200 400 600 800 1000 1200
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T (K)

Inverse problem: Si (Temp. impose)

1600

1400

1200

1000

800

600

400

Numerical data|
ercals

[Designed data] A ==

1
200 400 600 800
Time (min)

T onit=1150 °C

1000

5.00E+01

T

10000

8000

6000

Q (KW)

4000

2000

Side heater power

Top heater power

monit

1 1
200 400

Time (min)

=1250°C

1250 °C

[0o1]
Zs

[100]
10
et

751E+03
4 55E+03

5.00E+01

T

monit™

1350 °C

1350 °C

[001]
Z

[100]
10]
X \&_/m v

751E+03
4 55E+03
2 7BE+03
1.67E+03
1.01E+03
B.13E+02
3.71E+02
2.25E+02
1.36E+02
8.25E+01
5.00E+01

T(K)
1700
1560
1420
1280
1140
1000
860
720
580
440
300

T onit=1450 °C

monit

1450 °C
[001]
i

[100]
10]
X \]5/“] Y

7.51E+03

1 4.55E+03
= 2.76E+03
. 1.67E+03
| 1.01E+03
| B.13E+02
i 3.71E+02
2.25E+02
1.36E+02
8.25E+01
5.00E+01
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Numerical & Experimental

Dislocation-density distribution

ad .. gL o
ers AveR ‘.) § f;mi A1

(a) Simulation (b) Experiment

Both show high dislocation-density at
» two corners of bottom, center of both ends, middle of side surface;
» two diagonals near four corners

Numerical data agrees well with experiment. G \\;q//



Exp. & Numerical results

Y T e

Slice 2 Sllce 3 Slice 4 Slice 5 Slice 6

(ar) @) (a5) ) (as)

(by) (by) (bs) (by) (bs)

Both show a
» decrease-increase-decrease variation around edge
» Rectangle rotation in the interior of slice

Numerical data almost agrees with experiments %3 \\ﬁ"’ﬁ//
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Strain distributions along z-axis at R.T.

Core
(20 mm)

! |
0.08

1.0E-04 -
- 30 Cal (Crystal1)
........ 3D Cal (Crystal2) :
8.0E-05 Exp (Crystal1)
........ Exp (Crystal2)
— 6.0E-05
<
<
— 4.0E-05
2.0E-05
OOE+00 L 1 I I 1 | ..\." "
0 0.02 0.04 0.06
z (m)

K. Jiptner, et al., Physica Status Solidi C, 10 (2013) 141.

- 105mm_
1.0E-04
- 3D Cal (Crystal1)
-------- 3D Cal (Crystal2)
8.0E-05 Exp (Crystal1}
-------- Exp (Crystal2)
—_ 6.0E-05[
= :
< o
— 4.0E-05
2.0E-05 F
00E+00 L ) 1 L ) 1 L L ) ]
0 0.02 0.04 0.06 0.08

z (m)
K. Jiptner, et al., J. Crystal Growth, 408(2014) 19.
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Dislocation density vs. Stress relaxation

Elastic Plastic

(No Dislocation)

(with dislocation)

Coolin i '
T:high 8 T-h'gf‘\_ Cooling N
"-_ Dislocation .'.
T: low T:low ¥ .
Stress:large Small

[ Stress-Strain Curve (Constant strain rate) ]

A

Elastic
deformation

Stress o

Relaxatiopf

P

y \4

/
/,

v

Strain ¢

2.5 :
5l T S Plastic
= oy oches = == == = Elastic
C i
é B ZE 1! b .
"U(T; 1.5 = %l' E % N m— S
& 51!'| ¥ /M
= Ir '= T
N E I\l'\,- Relaxat on/(“
g 0.5 0
<

Average dislocation density

Plastic-elastic deformation vs. Temperature
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Growth orientation dependence of dislocations

Dobrockat J. Cryst. Growth, 104 (1990) 428.
4 [211]growth gives minimum total resolved shear stress
v [001]growth gives maximum total resolved shear stress

Iwaki and Kobayashi®, j.Cryst. Growth, 82 (1987) 335.
v' [111] growth gives minimum total resolved shear stress

(172)  [fo1] [001]
Y/ . 1
= [211]
N _
‘ {110]
‘* - -
[121]
o011} =
growth axis [311] arowth axis [001] Total RSS for [111] Total RSS for [100]
growth growth

Kitano and MatsuiBl, Jap. J. Appl. Phys. 27 (1988) L740.
v' [110] growth gives minimum dislocation generation

[o]e]]

The conclusions are obviously inconsistent

with each other.

Effect of growth orientation on dislocation

A generation deserves further investigation.
[1] E. Dobrocka, J. Cryst. Growth 104 (1990) 428. ) )
[3] T. Kitano, J. Matsui, Jon. J. App. Phys 27 (1988) L740. [2] T. Iwaki, N. Kobayashi, J. Cryst. Growth 82 (1987) 335.
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Dislocation distribution on the surface of ingot

[001]

— o]
ll%(U] 7

Nm {cm?)
7.5E+03

[110]
5.7E+03

lUU\}]
4 4E+03

3.3E+03
[112] [112]

1 2.5E+03
[110] 11
X \é. |

§ 1.9E+03
1.5E+03
1.1E+03
8.6E+02
6.6E+02
5.0E+02

[111]

R o1 1 |
[110] ; [112]
%

&4

—~

N — 7900 cm™
N2 — 8300 cm™
NL =4300cm™

NI =17 cm™

o [110] growth produces
the lowest dislocations

o [112] growth produces
the highest dislocations

o [111] growth can reduce
dislocations by almost 50%
compared to [001] or [112]
growth

AAAAAAA %ﬁé
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Dynamic pulling modeling

Pulling modeling

Deformation mesh

Melting modeling

Remeshing must be realized for puling crystal with fix melt level and mesh quality.



Dislocation density: 300mm & Particle incorporation

Temperature Dislocation density (3sec)

Particle incorporation




BRI ST EETIL (BERILELTET L)

<k Dislocation
® Oxygen atom

[ ELLSICEFTABRERFDIR N
ck —cP
Aatoms = D, OlAr 90 2T ¢ore
\_ Flux Surface area )
(BRI )
AC Aatoms
0
\ core T[TCZOI"G )

(BRICEB L -ERREE

p+1 p p
. CO core CO core +ACO core X At}

f N GaE

\_

aC, 9%C, 10C,
W—Do(arz M

D, = 0.13exp(—2.53/k,T) cm?/s

CO "
t YL Et e RE R
Ar #
>
p p Cp Cp r
COO C01 On 0 nmax

mEREY — )

Teore =5b=19x10"°m
'R=4.0X10""m
 Co(r,0) = Cocrysml atoms/cm3
Co (Teore, t) = (Oxygen solubility)
- Co (R, t)=Cocrystal atoms/cm

pppppp

AAAAA

//mm\\ N0 /

(3) J. Cochard, I. Yonenaga, S. Gouttebroze, M. M’'Hamdi, Z. L. Zhang; J. Appl. Phys. 2010 108, 103524.
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> Oxygen conc. vs. dislocation density
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Time-dependent crystal growth: SIC

Experiment Calculation
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Physical Vapor Transport meth
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SiC Physical Vapor Transport (PVT)

: B € Governing eq.
0.4 E-M eaq. ,
ol ol1l2o 10w,
i —| - += =—
9 ar[r or (WB)J r oz’ Mo
| 5 = C(r, z)cos wt + S(r, z)sin ot
Cc(r,zf +5S(r, z)
00| | 8 ute-r Sl st
11 Energy eq.
o 0 V(k,VT)+S,=0
o4 O 1
0 i Radiation eq.
7 2 (X) wl-e(X) ..
[ a9 _ K. (X, X X )rds
10 T [ K6 = S5 0()
i Sl R T [ K(xX)oT*(x)rds’
-0.2- _:I X eV
4
B — € Condition
1 *Steady
*2D symmetric
-0.47 Diffuse gray
02" "201""0" "o o2
R [m]
Components
1. SiC powder 5. Reflector
2. Crucible 6. Furnace walls
3. Insulation shield 7. Coils
4. Pedestal

-100+

Power generation

Temp.

Qrate[W/m?]

. 6.0x 10""

5.5x10"
5.0x107"
4.5%10"
4.0x10"%
3.5x10"
3.0x10""
2.5x10"%
2.0x10'%
—1 1.5x10™"

1.0x10"
I 5.0x10™

1.0x10""
5.0x10"

SN

V!

____UIEEENNEEEEEN

-150

R [mm]
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TIK]
2380
2360
2340
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2300
2280
2260
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2220
2200
2180
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2100
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L.J. Liu and K. Kakimoto, int. J. Heat Mass Transfer,
48(2005), 4481-4491
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Comparison with experimental data

T°C Q(eV) A
150
T=800°C 300 0.9(2.6) | 0.2(0.7)
T=1104 °C 1200 3.9(3.2) 1(1.1)
T=1145°C
g100 T=1194"C
£ —— Tum'c Q-S. Chen et al, CAS
a K. Kakimoto et al, Kyushu Univ.
50

strain%

B. Gao, et al., Cryst. Growth
Des., 14 (2014) 1272-1278.
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BPD distribution at room temperature (SiC)

z

e

Nm (cm'z}
4 4E+04
24E+04
1.3E+04
T1E+03
3 3.9E+03
| 2.1E+03
1 1.1E+03
6.2E+02
| 34E+02
1.8E+02
1.0E+02

B. Gao, et al., Cryst. Growth
Des., 14 (2014) 1272-1278.

__ Experimental results!l ~~ Numerical results
4x10" o ! _
3x10* e reae .
n S. A. Sakwe, P. Wellmann, et al.
10 ~;-’—1-0><1°‘”“ Silicon carbide. 2010
1x10" 5.0%10""
0 ! i 1 N 4 M ¥ v Dox‘lo‘””i AR RN SRS S S
0.0 02 0.4 e 0.6 0.8 1.0 : 0 0.2 0.4 r,ro 0.6 0.8 1 % 'rl'n'
° T\
S.G.Muller,et al., Mater. Sci. Eng. B. Gao, et al., Cryst. Growth S &:‘J é
B80,2001,327-331. Des., 14 (2014) 1272-1278. ? e



HAS model parameters (GaN, Sapphire)
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0 5 L —— 20 25 -0.045  -0.04 ~ -0035 -003 -0025 -002
Strain (%) Elongation (inch) A
1) Velocity of mobile dislocations
@ |
n kgT
v eff € r I
2) Multiplication rate of dislocations density a3 «<+— prismatic
(a) (@)@ (1) basal _
AN / dit KN v N\ |
>
*N| (@), (@) () (B)
+ KNS f N ]
P=a 1
1) M. L. Kronberg, J. Am. Ceram. Soc.,45(1962)274. 3) I. Yonenaga, et al., J. Appl. Phys. 90, 6539 (2001).

2) B. Gao, et al., Crystal Growth & Design, 14 (8), (2014) 4080.4) B. Gao, et al., Journal of Applied Physics,117,035701(2015).
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BPD distribution in room temperature (Al,O,)

Nm (cm?)
3.1E+03
2.2E+03
1.6E+03
1.1E+03
7.8E+02
5.6E+02
3.9E+02
2.8E+02
2.0E+02
1.4E+02
1.0E+02

(a)
Before cooling

B. Gao, et al., Cryst. Growth
Des. 124 (2014) 4080-4086.

Fig. 10. A mosaic of photos of an etched c-axis grown F J. Bruni . et al . Acta PhySica

wafer showing how dislocations (indicated by etch pits)

are focused into re?gio_ns_ ?‘long thfa a—axes‘. ‘ £ POlOﬂ i ca A, 124 (2013) 213.

Six-fold symmetry for BPD distribution in Al,O; ‘ ‘‘‘‘‘ \.../Z
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Dislocation core in atomic scale

Velocity of mobile dislocations

Undetermined parameters

Cohesive Energy (eV/bond)

O -—_____
N e‘kﬁ{ _____________ > (1) Activation enthalpy: ~ Q
F;astlc strain rate S~ - : ________ »(2) Stress exponent: n
i =N,vb -~ =~ (3) Constant:
dt - : k
Z’:::;t’:;iﬂgr;;i:t;f (4) Second stress exponent:
_______ >
dNTjn _ QI’I*\/‘-; ———————— (5) Multiplication constant:
___________________ N
Effective stress for dislocation &
multiplication
Top =Tq — DLIN,
ko K m A | QeV)
Si 8.57x10™ 3.1x10* 1.1 1.0 2.2
SiC (T>10000C) 8.5x10715 7.0x107° 2.8 11 3.3
SiC(T<1000C) 8.5x10°1° 7.0x10°° 2.8 0.6 2.6
Al,O, 1.08x10°8 1.7x1073 3.0 0.9 4.71
GaN 8.9x10°1° 5.9x10°"7 2.1 2.7 2.4

A F. Wright et al., A. P. L., 73 (1998) 2752

Cohesive energy

&~
-——‘5‘5“\'(@34575974:9‘1703

POWOR LOWOM
3010 7 8- 8
e TTT X ’Qolo’o

low coordination atoms

3. [1120] e
3 _ ¥ sic:c(c-C)
Py
2.5 ® O O L Z
) Si(Si-Si) 9 O
PR () Si” (h)
1.5 pe X c ”
‘f o (d)
1 P4 T |§
, =
0.5 P 2
. N
0 - i (a)
0 L 5 (1120) .

30°-Si(g) partial
Pierrs potential (eV)

7-folded symmetry of BPD: SiC
8-folded symmetry for PPD: GaN
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Controlling the growth of polytypic SiC crystals
Y. M. Tailov and V. F. Tsuvetakov

» Stacking fault vs. I0NICIY p—)
O f,=C?/E?, E°=E,*+C?
J.C. Phlllps, Bonds and Bands in Semiconductors

(1973) A. Press
J. A. van Vechten, A simple man’s theory.

» Hexagonality (D) vs.
crystal structure

Hexagonality: Fig. 2. Corgelation between stacking-fault energy Y in
Lo . AR ounds and orbital coordinate R..
charge distribution in third e %o

Polytypic structures

Stacking sequences in [111] and [0001]-direction for the most
common closed-packed polytypes

3C (Diamond) 6H 4H 2H (Lonsdaleite)

mc BR AR AR AR AAALP AAAL
L QA A1
0% 33% 50% 100%

Hexagonality %y
Orientation of the bilayers with cubic (c) o hexagonal (h) character o ey
rotation ofthe sp? bonding tetrahedron e S %
- Nics
. °
Andreas Fissel an lfl g H

///mn\\\




Argon gas effect on growth rate; SIC

Experimental & numerical results Numerical results
—— A -T=2125°C
1E4 ¢ ) e
E 0 -T=2000°C 350
T =1800°C :
300 |
= __ B P=1 Torr
E 1000+ C al reSU It -..E_ 250 :_ P=3 Torr
= ] :T=2000C E | P=5 Torr
£ . < 20347 P=10 Torr
S 100F /
C 150 |-
2 £
o -
@) 5 100k
10F ’ i
e s el 50
107 10" 10° 10'
External pressure, Torr 10 R (Iglm) 10 20
[1] Segal, et al., Mater. Sci. Eng.,B61-4
[2] Augustine, et al., Phys. Stat. Sg¥.
Pressure I Growth rate‘

Growth rate at center| > | Growth rate at edge

. 2

Non-uniform distribution by 2D flow =% \ //

[3] S.Nishizawa, et al., Materials Science Forum, M
457-460(2004)29-34.
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Polytype stability (2D Nucleation)

Sublimation : SiC bulk crystal growth (layer by layer growth)

Issues
®Large diameter - 6 inch crystal[1] Seed
®Crystal quality
*Micro pipes[2] _
Poly type control -> Our work S|
Al Si,C | |2
GFI/\ SiC,
e
(= 4H g
i 8
&, {:f /L Powder
| ‘ A
e 4H-SiC
-
t ! I - » 2D nucleation
% '@ I * 2P nucleation mode
= . ” .
o 2D nucleation stability analysis
O
[1] 2"""; & //
[2]D. Nakamura et al.,NATURE,vol.430(2004), @’O ==



http://www.cree.com/press/press_detail.asp

Classical 2D nucleation theory

Interface

Vapor phase
Si, Si,C, SiC,, Ar

1
1
1
1
1
1
1
1
1
1
1
1
1
1
+

2D Hexagonal nucleus

I. Markov, R. Kaischew, Kristall und Technik, 11 (1976) 685-697.

Relation between probability of nucleation & nucleation energy : P o« exp

Seed crystal (6H) o,

<0001>
direction

Nucleation Energy

4 2
AG; = \/5 2
0 T
2 Rtomic Scalg
Ap = kT|)Macr-0 Scale

Psi,c + 2 Psic,

__P _
‘ p°(T)  pgc(T)+2pdc,(T)

O, : Surface energy of the layer
O, : Surface energy of the substrate
O; : Interface energy of the layer/substrate

Au - Chemical potential change

1
= | >
®

__l



Polytipism analysis: SIC by 2D nucleation

B b*g? 2vig?
= 3An—b (o + o, —0,)) NGa=—pz (@+ai—o0.)

AG,

Surface energy:
Impurity, dislocation
o(3C): 1.7242 3/m?)  4H on 4H 6H on 4H

Splralgrowth 0'(6H) 1.767
o(4H) : 1.8

l'ﬁ'l

Dominant growth mode
Spiral growth @"-3 O

piral irowth £D nucleatio

A
g
|
i
|
i
i
!

2D nucleatlon

<1

Splral rowth Dnucleatlo

Growth rate

ics

Supersaturatlon Supersaturatlon MMMMMM \
e %
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Surface energy of SiC calc. by SIESTA

Bulk 6H Surfacel

Surface?

Surface3
C
c
h
C
Stacking c
direction
[0001] h
e Surface energy of SiC ~N
5.60 2.80+ Sl
4 | |
& 5.55- - 2H ~ ] e C face
c _ Sl face S « h NE 2.58 -
; 5504 4H = 3:c S3
< | @ ch 2561
o 5454 o @
0 1 S1 O 254
S 5404 s3 @ S
® | - O 252
O 5.354 iH @) | 4H 2H
HCE ] ¢ E 82 ch h
S 530 e 5 2:509 netea=heic2heteznetc2.. - =
U) - U) | with c2 site at the surface
1 hele2= helc2hele2helc2... with c2 site at the surface
30— 248
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
\_ Surface hexagonality Surface hexagonality .
. =
» Minimum surface energy was used for calculatiod®” %\ﬁ’ Z
g",--"

<
F. Mercier, S. Nishizawa, J. Crystal Growth 365%012@@



Global analysis

Heat

Temperature

[K]
2390
2370
2350
2330
2310
2290
2270
2250

Species

[
I

—

Temperature

Partial pressure

Super saturation

[-]
1.035
1.030
1.025
1.020
1.015
1.010
1.005
1.000
0.995

Nucleation energy

[eV]
1000
900
800
700
600
500
400
300

-

—Epx3
3;25_

—

=

N

J
7



Nucleation free ener

. C-, SI- faces

® Nucleation energy ® Condition
4G = b'o! Sub. Temp. Tyeeq : 2250 T. Shiramomo, et al., 352
2= \@ [K] J. Crystal Growth,
Aﬂ_zbz(o'l to, _O.S) Pressure Py, : 1 [torr] 177 (2012).
o 4H-SiC = 4; SiC
—_— -Sij . —_— -ol
- |-f
C-ace —eHsic| %000 - _gnsic
200 -
2500 -
= 150 —
3 3 2000 -
* * o
3 100 | Small difference G 1500 -
1000 -
50 - — /
500 -
0 l
0 20 25

Growth cond.
Seed : C-face

4 v Toeeq | 2150 K

Y Teource & 2300 K

total -

¢y | vP,.. :10 torr

Growth cond.
v'Seed : Si-face
VTopeq | 2150 K
VT : 2265 K

\/PSOUFCG 0 IEI
tofal
aogy
TS

v




REE

2000
|

2005
|

2010

(REXICES )

SiClEmE
O—KFBA%
(Prof. X.

JLIN I Ha—FE%:

A - ey

=: (gmﬁjﬁﬁi BESL (Prof. L.
MDIZ k5Pt H#E

R . BRARRTA

Chen)

\_ J

GaNfE R &

(FEIR)

)ALV KBE
mA—AmE
SEELESICH
#RIZHTS
JEE AR
(Prof. B.

KB —ARH
REFEA
—FFr b
EDREL:
(FHK. B

& J

HREE:

(FHEE, &
[R5EHE)

= hEKXSE
ACZEE R
E: (ﬁmEx
'é.'_'ﬁﬂ'm Dr. X
Liu, Dr. X Hanj)

IN)—TFTINLR
FCZ. FZ#5 &
& (FEEHIR.
FHE. BEfK
Dr. X Liu, Dr.
Han)

ICCGE: &4 E
FBFTE, X
FhHE. HE
4. FaKEAE.
REAFELE, b

\_ J

Ga,0,fE &k
: (FIE®
X. Han)

A;%’ sl
=W

=N



Save energy: Invertor’s history

2000

2010

SiC@
Mitsubishi
Si-Diode > SiC-SBD CR in Diode
- Si-IGBT>SiC-MOSFE
I Si o -
9] | = c
= = )
3 © = i
— Si Si 3 I
E Switching ' _i__—_jl
2 loss -
[a

30

Conduction loss

Si- 4@ Si- i 46 sic. Sic- —iEi} sic.
IGBT Diode |GBT SBD MOSFET

SBD

* Long carrier life time
 Low defects
e Reasonable cost 77
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Carrier lifetime vs. Carrier conc. of Si

Lifetime killer by SRH: bulk resistivity 4, (2 GnReported data: FZ-Si

| 3 2
Point defects: V, | L 010 10 10 0
Oxygen precipitates o b \\ o
Thermal donors; O-point defects? S RN
% -2
Others 107 a7 10
- -3
4 10° ¥ 577 del Alamo et al. LN 10
tintr o 0 Dingemans etal. Ay . NSl -
£ 10 & Dziewior et al. N o N 0
.= 9 <1 Hécker et al. N . ~ 5
s %  Trupke et al. LA . &
3] B A 1
e 10 [>  Yablonovitch et al. ¥ R 0
@ 107 O this work ':1;{. 107
lifetime from literature: X
tEff 10° F — =1 ——— e 10°®
rad, Trupke rad, Alermatt “,
TR er, Diziewiar N -4
1/teff 1/tmtr 1/tSRH + 1/tsurf 10 d s 10

10° 10" 10" 10" 10" 10" 10" 10¥
dopant concentration Nmp {cm'a}

1/teff = 1/trad + 1/tAuger + 1/TSRH + 1/Tsurf

A. Richter, S. W. Glunz, F. Werner, J. Schmidt, Phys Rev. B 86, 165202 (201%? %\\H/%
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Monitoring points; Num. & EXxp.

[Simulations & Experiments }

> A and B for measurements

(Ref. [18a-D103-3] by Miyamura, et al)
» A, B, Par and Psi for both
» P, Qandd for parameter setting

100

o]
o

Heater power [kW]
(=]

Orr

Modeling of Crystal Growth Processes Il Thursday, August 1,
11:30 - 11:45: Xin Liu, et al.

CcoO
Power I

solid + melt|

melt‘

510*

-
<
w

1
- -
o o
L L
= )

1
—
(=]

L
~

1015

0

60 120 180 240 ~300 360 420 "480

Heating time [min]

CO near outlet [mol/cm”]

Ref. P=20 Torr
Ref. Q= 20 SLPM

Ref. d= 20 rrlwmI |

.

Exp.

Num.

Geometry and monitors

P: 12~150 Torr Q: 20~80 SLPM d: 20~60 mm
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In-situ CO measurement in CZ furnace

Ar

€CO

£
eV R IN

Gas chromate. o

000000

€Co,

S\

000000

GL Science Co.
GC-4000 PLUS C IF

"Every 11min.
- CO, CO, detection

5.082 1391 0.100

00000

g g
T s
1.068 6634 0.507
i
}) CcO02
&

00000

N

Time (min.)

CZ furnace
18” Crucible

4 torr ;q

Vacuum pump

Y. Miyamura, H. Harada, X. Liu, S. Nakano, S. Nishizawa,  Z=% &
Y = g\\ ),

Mecy,
AAAAA
1L!4':::::

K. Kakimoto, Journal of Crystal Growth 507 (2019) 154-156. T o=



CO concertation (mol/cm3)

CO measurement

pressure
Ar: 20 slm, Gap: 20 mm
107
108 O
O
10° —
10-10 » Y
P OA
B
10-11
10 100

Pressure (torr)

CO concertation (mol/cm3)

Ar flow rate Gap width
P: 15 torr, Gap: 20 mm Ar: 20 sIm, P: 15 torr
10°® o 108
e
? 5 OO
Fan (@]
10'9 O === E _ ~
= 109 A
: 9,
i D S
10 10 :§
<O & 101 O
-11 -
1050 A =S S OA[
|¢ B A d o) i
1012 O 10-11 oﬁ IBI
10 100
Ar gas flow (sIm) 10 Gap (mm) 100
A: Exhaust
B: Above melt



Lifetime (msec)

C conc. Vs. Lifetime of Si

Cs and LT Dopant conc. and LT
102 ¢
2 [
10 Low-Cs: O Low-Cs
1x10%cm A High-Cs
3 | o
& g
10! ©0 g 107 Q\
£ [ f ~
- = : 0
IEE . 2 [ RN
o1 } High-Cs = | High-Cs: o
| om | 1-3x10'%cm" ‘\\
ow |l LOWECS 30 00m
100 ) il i 100—|—|-|-|-u-ul P ETTT A AT T B A W
1014 1015 1016 1017 1013 1014 1015 1015 1017
Carbon concentration (/cm?) Dopant concentration (/cm?3)
=Carbon conc.: Small dependence: 10'%¢cm™=, LT > 10 msec

High—Cs : 1-3 X 10'%¢m™3
Low—Cs : <2 X 10'5¢cm™3 Y. Miyamura et al., J. C. G. 486 (2018) 56.
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Experimental setup of CO monitoring

Ar ‘20 sim

Carbon
crucible

H1 X2

:

(1)Reaction between outgassing and carbon

Quartz
crucible

#2

X2

c

(1)+(2)Reaction between quartz and carbon

Crucible %2

with Poly-Si
(100g)

(1)+(2)+(3)Reaction b/w SiO from melt and C

#3

3

Gas
Chromato-

#Ha

Crucible 4

with Poly-Si
(100g)\&

(WHR)+E)2 }g\\ﬁﬁ//;

— ale —
=\




CO Concentration (mol/cm3)

CO concentration

1040

1011

1042

#3

Ramp-up Hold
i |
| _e-Batt1 I =
L _o-Bat#2 #4 (Carbon crucible +
| 4 Bat#3 _A—A—A—A—A
=-Bat#4 (Carbon crucible +

Quarts crucible + PolySi 100g) x 4

Quarts crucible + PolySi 100g) x 2

#2

(Carbon crucible + Quarts crucible) x 2

-9

Carbon crucible x2

2 3 4 5
Time (hour)



CO concentrations by (1) (2) (3)

3x10-1! [

= IRamp-up | Hold
£ -e-Bati#1
S L - #2-#1 .
€ 2x101 | -a#3#2 — (1) Outgassing
c - (18" HZ)
:% A (3) Reaction of SiO from Si melt
© -t = -
§ 1x 101 / ) (|¢4 cruc:ble X2)
£ I (2) Reaction of Quartz & Carbon
&) [ *’ | |
(@) [ ~@®—¢@ (4" crucible x2)
S !
0
0 1 2 3 4 5
Time (hour)
(1)Outgassing: 1.7x10* mol/cm3 (d18”HZ), in ramp-up
(2) Quartz & C: 0.6x1011 mol/cm3 (b4 " crucibles) Ui \\;_,;//

(3) Simelt: 1.3x10 mol/cm3 (b4  crucibles) ;,:85§.‘y’,é



CZ furnace in Kyushu University

18” Hot zone

Axis (100)

Dopant P(n-type)
Crystal Diameter 3” & 9”

No. Carbon Resistivity
I High-C 30 Qcm

I High-C 30 Qcm ,
I Low-C 30 Qcm  Power devicest ,
IV Low-C 30 Qcm

V Low-C 50 Qcm

VI Low-C 2Qcm  PVs

ENRR RN e

“4.2E10 7.4E10 1.1E10 2.1E10 <2E9 <2E9 1.6E11 3.3E11 <1E9

- 6.2E9 <2E9 <2E9 <3E9 <2E9 <2E9 5.3E10 4.2E10 <1ES
3E9 2E9 2E9 3E9 2E9 2E9 3E9 2E9 1E9

(Units: atoms/cm?)




N-type: 8 inches CZ-Si 10msec bulk lifetime

¢ 8" Lifetime

100

Max: 24809

¢ 8 ” CFYS"L'&' Min: 144

;
?
1

Lifetime (msec)

0 50 100 150 200 250 300 350
Crystal length (mm)

App,



Numerical modeling

Electromagnetic model

Calculation program: COMSOL

Feed rod

~

Current
supplies

N\,

Crystal

7

ped

Main slit: 1 mm

Inductor geometry

Electromagnetic model

Ho] =V XB

J =oE
B=VXxA
E=-Vp—-jwA
V-J=0

Inductor

100mm (4 inch)
3D model of FZ




Results and discussion

Melt flow and dopant concentration distribution in Y plane

Velocity vector distribution

Dopant concentration distribution

\elocity (cm/s)

= N W hHh UTAA] O

o

Dopant concentration (a.u.)

1.8
I..
— 1.6

— 1.5

N
N W H
4



Results and discussion

Comparison between calculation and experimental results.

5
5 1.0
> 0.5 |
."; OO ] ! | v I ! I ' I ' | ! | '= | ' I I I' 1
% -0.10 -0.08 -0.06 -0.04 -0.02 0.00 0.02 j0.04 0.06 0.08I 0.10
= Radial position (m) | i

| l

: l

2000 :
|
avg 1423 Ohmcm
1800 I TROMF +£126% '
5 3 wirs/ fracks 0°/90° l
E 1600 - 7 l -.‘*
o
E: ."‘.. * . o ® | . “|‘.
S 1400
® 3 ‘s .! .t
& . 3
€1200
1000 T T r ' . . r r v
100 80 60 4D 20 0 20 40 60 BO 100

[4] Altmannshofer, L., et al. ISPSD'03IEEE 15th International Symposium on Power Semiconductor Devices and ICs, 2003. Proceeﬂ@s.,

Radial position (mm)

Calculation
result

Experiment
result [4]
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Crystal growth ?
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Crystal:Condensed matter with ordered structure of
atoms and molecules
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