JP 2012-182475 A 2012.9.20

(19) BFREREHFT (JP) X M A EA) (1) s A RS
15 §82012-182475
(P2012-1824754)
(43 BB FR245£9H 208 (2012.9.20)
(51) Int.CI. F1 F—=a—F (%)
HO1L 21/205  (2006.01) HOT1L 21/205 4GO77
C30B 29/38 {2006.01) C30B 29/38 D 4K0O30
C30B 25/18 {2006.01) C30B 25/18 5F045
C23C 16/  (2006.01) C23C 16/34
FSEER E BREOM 2 OL HESEE (&6 5
(2l HEES $5$EE2012-101472 (P2012-101472) |(71) HEEA 591060898
(22) B TE245F48 268 (2012, 4. 26) T4 Av D
62) FElDOFRT $FEE2004-371050 (P2004-371050) I MEC
D E ~SHFH—, R——300 1 N—"TFr A
HHER ERRIGE12H22H (2004.12.22) SRIVEY—7 7L
@Bl EEEREE  60/531930 (74 R A 100101454
(32) @ 5e B TR I54128 220 (2003, 12.22) #E+ WA &=
(3) EEETHRE  KE S (74) I A 100081422
Bl ESTIETERES 04447087.0 #E+ HY i
32)&EH SERC16E4A2H (2004. 4. 2) (72) AT S AL—7 - BKNTA
(33) EEIETEE MR EP) MF—, =301 O 72, A

FRTTE BT od
1. 77w

DR EFREER)

WIANS— 7 0%

BARRIZA

(64 [READEM] 2V aBREIC] | 1 EEHEERESRELDOFERUFZDIHDOER

(GHoooo

gooooooooooomnmbobooooooooo

gbooobooobogooooboobogoboon

gbogoooboobooboobooobooboao

oooooooooooo
gbooobooobooboobooboooboo

gbooooooboomoooooboooboooon

ooooooooogd

gooooooooooooomooooooooo

RHE (a0

gbooobooobooboobooboobooobooo
gbooooobodabod

goooooo




e e e Y Iy
e s e e s e e e e ) e ) e e e e s e s Y Y Y
v e Y Iy

I e o

O 0O0oOooooaog
OOoo0ooooaoo
O 0O0o0ooooaog
O
O

s e e . [

g

O oD oooogogog
O

O
O

0
0
g
U
0
g
t
0
g
g
U
0
g
U
0
g
t
0
g
g
U
O
g
t
0
g
g
O
O
0
L]
O

OoooooooooooooDooooooooogdg
O

O

O

O

goooC

(2) JP 2012-182475 A 2012.9.20

oooobOoOOoO0oooooooooaon
gooboooooboooobooogao
Inigoogogoooooooboooooboooooban

gogoboooooobboooboboooobbooobbooooao

goobooooooboogooboogooboboogooboboo

uogbobobodooobbooobbooooobboooobbooooodan

uogbobooooobobooobboooooboooobboooooan
oooooObOO0oO0oo0ogao

uooboboooooboboooobobooooooboooobobooooobobboooondd
ooooO0oan

O
O
O
O
(]
O
O
O
O
O
O
O
O
O
O
O
OJ
O
]
O
[
O
O
O
O
O
O
O
O
(]

10

20

30

40

50



OooooooooooooooOoooOoooOoooOhoooDoDoooOooooooDoooooooooooOoooOod
) ) e A A

Iy e ey e s I e [

OoooDOoooDooooooooooogogoogao
OoOooo0oogoad

Ooo0ooooo o0 oo ooo o0 ooooogQgoQg

OO0 ooouogddooDooog oo ooogogog

Oo0ooooo o0 oo ooo o0 ooDooogoQgoQg
O

1
a
a
O
g
a
O

O

O

O

O

gooano

O

O OooOooo

O0Ooo0oo0ooaoo

€))

JP 2012-182475 A 2012.9.20

goooooooboooooobboooooboooooan

goooboooooboobooooobobooooobbooooban
goboooobboooobooogado

gooooooobooooobboooobobooooban

gmnmoooooooboogogobboooobbooo 10

gooano

InoooooooooooooObbob0oooooooao

goboboboooobbooooboboooobbooooobbooooan
gbboboboooobboooobboooobooooboboooooan
ooocoobOO0ooooooan
gooboooommmooboooobboooobooobboo
gnmmooooogooboooobbooooooooobooad

20
goobobooooobbooooommmoooooobooooboboooooban
uogoboboooobbooobboooobbooobbooooboboooobobooOoao
oooObObOO0OO0ooooocoobbooooooooooboao
oggogao
gooobooooooan ugoooooooboooooobboooooboboooooan
oooobODbOO0OO00o0od
gggao
gooobooooooan goooooooboooooobboooooboooooan
gogoobooooooan ugogoano
oooOao 30
oooobooooooan goooboooooboobooooobbooooobobooooan
gogoobooooooan gogoboboooobbooogogoobboooooboooooan
ooobDODDbOO0O000d ooocooobOoooooooooooao
gogao
gooobooooooan ugoooooooboooooobboooooboboooooan
oooobODbOO0OO00o0od gooao
goggao
gooobooooooan gooooonmooooboooogobboooobbooan
goobooooooan uogoboboooobboooooobboooooboooooan
oooobODbOO0OO00o0od oad 40
oggogao
gooobooooooan ugoooooooboooooobboooooboboooooan
oo
gggao
gooooooooan goooooooooooobobboooooboooooan
oooOoDOO0O0ao
oooOao
niooogoooooogooboooooboboooooboooobobooooboobooogano
oooOao 50



s ey e s e e e e e s e [ Iy

O 0Oooo

Iy e A e . e e . e e

Oooooooooogogoogogo

Oooooooogdg
OO0 oooogg
O 0Ooo0oooao
O Ooo0oooao
O 0Ooo0oooao
O Ooo0oooao
O 0Ooo0oooao
O Ooo0oooao

Iy L ) A A
Ooo0oo0ooOooano

O

4)

JP 2012-182475 A 2012.9.20

niooogooooooooboooooobooooobooooboobooooobooooaon
ooao
oooOao
niooogoooooogooboooooboogoobooooboooobobooogaon

oooOao
niooogooooooooboogooboboooobooooboboboooobobooono
gbooooooban

[
|

Oooocoooooogooog

OO0 oooogogao
OooooooQgogoo
OO0 oooogogo
OooooooQgoo

O

Ooooooooooodg

OOoooogd
O0Ooo0ooogd

O

OoDoDooooooooggdg
OoooooooooogQgQg

0

[ Ry |

Kuykendal 10

gooboooobobooooooooobbooooboooobobooo
gbooboooobboooommmooooooobooooboooooban

gboboboooobbooooboooobboooooboooobbooadd
goooobooao

Iniooogogooooogoobboooobbooooooooooboooaogao
gooooobOobooboooooooobobbooooooooooboboooo

gboobooooboboooooooooobooboooooboooooboboooao
oooooooobooooooobooobobboboooooooooobooboao

O O ogoo
O 0Ooo0gooo
O O ogoo
O 0Ooo0gooo
O Ooogoo
O 0Ooo0gooo
O Ooogoo
O 0Ooo0ooo
O Ooogoo

O

O

O

O

O

goooao

O
U
t

O
g
a

O
U
u

O

O

O

O

O 0Oooo

O

ooooOao

goooao
ooooDao
gooooao
gooooao

goooao
goooao

O 0Ooo
O 0Oooo

O O

gogobooooboboboooobboooboboooobboooobooooboboao

ooooaon
oooDobDoboOooooooooboao
ooano
oooobObooOooooooooooao

uogoboouoooodooobobod
ooooaon

ugogbobooooboboboooobbooooobboooobbooadd

ooooobOobOoOoooooooooobboboooooooooobooboao
ooobDDbDOoOoOoooooooooD

O

O

2003,Vol .3,No.

O oOoooo

Iniooooooooooboboooobboooobbooao
uogbobooogogbobooogoboooooboooooboo

ooooOao
goooao
goooan
gogooano
ooooOao

ooocooboOooooooooobobooood
goooooobbooooboogoboboboo
goooooooboboooooboooooobooboao
gogoboboooobboouoobooooobood
gooocoobObbooooooooobooood

8,1063-100 0 0 0 0 0 0O0OoODODOOO000

10

20

30

40



O
O

O
O

O 0Oooo

O Oooo
O Oooo
O Oooo
O 0Oooo
On;m o o
I o A |
On;m o o
I o R
O 0Oooo
O Oooo
O 0Oooo
O Oooo
O 0Oooo
O Oooo
O 0Oooo
O Oooo
O 0ooo
O Oooo
O 0O oo
O Oooo
O 0O oo
O Oooo
O 0O oo
O Oooo
O 0Oooo

O
O

O
O

O 0Oooo

(5) JP 2012-182475 A 2012.9.20

gooboboooooboboboooobobooooboboooobobooooan

O O
O g
O O
O O
O O
O O
O O
O O
O O
O O
O O
O O
0O O
O O
0O O
O O
O d
O O
O
O
O
O
O
O
O
O
O
O
O
O
O
O

O oOooo
O 0Oooo
O o0Oooo
O 0Oooo
O o0Oooo
O oOooo
o= 00O
O oOooo
O o0Oooo
O oOooo
O 0Oooo
O 0Oooo
O o0ooo
O oOooo
O O
O O
O O
O O
O O
O O
O O
O O
O O
O O
O O
O O
O O
O O
|
O O
O O
O O

O Oooo
O
O
O
O
O
(]
O
(]

O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
]

OooOoooOoEooooooooooooooooooO0oOgoao
OoooOoooDOh oo o oo ooOoooD oo oDooooogogoogao

O

Oooooooogoogooao

Oooooogd
OO0Oo0ooodg
OoOoo0ooog
OOo0o0oooogdg
OooOoo0oooogod
OO0oo0ooogd
OoOoo0ooog
O 0Ooooo

O

Oooooogoogoodg

OoooO0oo0oooOooOood
Ooooooooogodg
OoooO0ooooOoooO

O

O

OoOoooooooooooo00 oo ooo o ooDooogQgog
Oo0o0ooo|oooooDoouUoUddoooDooUoUooDooogogg
Ooooooooooooo00 oo ooo 4o ooooogoQgg
Oo0o0ooo|oooooDoouUooddoooDooUoUgooDoooggg

O

O

O

ggao

O

O

0

O
O

O
O
O
|I:IEJI:I
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O

googoboooobobbooobbooobbooooboboooboboboo
gagao
oooooOobOoOooooooooooboooos=0obo*cob0bbOb0O0o0on

O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
OJ
O
OJ
O
O
O
O
O
O
O
O
O

ooDO0oooDOoo000O0O0O0oD0oo0DO0Ob0O0D0OAIXCronD 0o ooooooool
In-voooom-vooooooooooobboooooommi-vooooooboogaunn-
voOoOoooooDOooOoIunmn-Vv germination layer0 0000000 ODOOODODODOO

0
g
t
0
g
g
U
O
g
t

O0Ooo0oooaoo
O 0Ooo0oooog
O0Ooo0oooaoo

O

O

ooob0O0OBoufadenD DO ODOQOQODODDODODOOOOODOODDDOO
OoDOoooO0OO0O0OCwetting O OOOODODOODODOOOODOODOO
OO0O0O00OD0O340 20030 843-8480 U U D OOoOOOOOOOOORO
oooooODbOOoOOoOoooUooo0onta0 D0 0DDDODODOOOOOORO
gooboboboooobbooooooooobobobooooobooooboboboao

O O 0O (threading dislocation) 00O 0ODDOO0OO0OOOOODODGO

0 0 0O (A.Krost,A.Dadgar ,Phys.Stat.Sol.(a),Vol.194, Issue2,2002,pp-361
-375) 00 00D0o0ooooo

0

oogobobooooobobboooobbooooobbooooobooboooooboobooboao
insitul 00 0000000000000 ex-situ00O000O00DOOO
OD0ex-siwu0 0000 DOOO0OOODOO0OODOODOOOOODODODODO

ogoboooobobboooobbooooobbooobobooooboobooboao
uogboboboooobbooooboboooobbooooboboooooboboOoo
oooobOOO00oDoooooooObObbOoooooooooboboboooo

10

20

30

40

50



(6) JP 2012-182475 A 2012.9.20

OCoOO0O0O0O00O0O0DO0OOoOO0ODOO0O0O0O0E®endec) 0 00O0O0DO0ODODOODQO (Cantilever
Epitaxy) D O OO OOODODO0OODO0ODODODODODOOODODODOODODODDODOOOODODODODO

I:II:II:II:II:II:II:II:II:II:II:II:II:II:II:I'I:II:II:II:II:II:II:II:II:II:II:IDDDDDDDDDDDDDDDDDDDDDD
e s s e e e e e s e e s e e s e Y o A
[ s v e ey v v e s
e s s e e ) e e s e s e e s e o B
[ s e e ey e s v e

0

O

0

O

s s s e e e e s e e e s e [

O OO0 ooooogodg

O O

O 0Oooo
O 0Oooo
O

O o0Oooo
O

O 0Ooooo
O 0OoOooo
O 0Ooo0ooo
O 0OoOooo
O 0Ooo0ooao
O OooOooo
O 0Ooo0ooao
O OooOooo
O 0Ooo0ooo
O Ooooo
O O I:I||:l O
O 0Ooooo
O 0Oo0ooOoao
O 0Ooooo

O Oooo

[ |

O Oo0oooao

ocoooao
ooooao
ocoooao
ocoooao
ooooao
Phys.Stat.

goooood

O O
O O

O

O 0Oooo
O 0Oooo

||:IDI:IEJ
O Oooo

O d
[ |

O
O

O
O

(]

O

O
O

oo

O

O

goooooooooooooonn
ogooogano

gooogoao

2003,Vol .3,N0.8,1063-10
0o0o0o0oboodDooad 340 20030 843-848
Sol.(a),Vvol.194, Issue2,2002,pp.-.361-375)

g

ugboboooobboooobboooobbooconmgoobao
goooooOoooooooan

Iniooogogoooouogobooogobooooboooaogan

goommmoooooooooobboooobobooooban
ooocooooboboooooano
O

ooocooObO0OO0oooooan

goboboooobbooobbooonDb
Iniooodogooooooboooobbooooboooooobod

O oOooo

O Oooo

O OO

O d

O o0Ooo
O oOooo

O Oooo
O Oooo

[ |
O d

O o0Oooo

O 0Oooo

[ |

gooobooooobobooogoobooooobbogoo
oooboboooobobooooobooooooboobooodao
castellatedD 0 O 00 O0DODOOCDOOOOODOOOO
oo

O 0Oooo
O 0Oooo
O oOooo

Oooao
oadd
O0o0ao
oo
oadd

00000 texturedD O O 0O
ooooooooooooao
inclusionD OO0 OO0 0O0OA0O
ooooooooooooag

O 0o 4
O oOood
I
O 0o o|g

O
OJ
O
OJ
O
OJ
O
OJ
O
O
O
O
O
O
O
O
O

O Oooo
O O0ooo
O Oooo
O O0ooo
O Oooo
O O0ooo
O Oooo
O 0Oooo
O Oooo
O 0Oooo

O

O

O

O

O

O

O

O

O

O

O

O

(]

O

O

O

O

O d
[ |
O d
[ |
O d
[ |
O O
[ |
O d
[ |
O d
O d
[ |
O d
[ |
O d
[ |
O d
[ |
O d
O O
O d
O O
O d
[ |
O d
[ |

10

20

30

40

50



e e e Y Iy

I s Iy
Oo0oocooooOooooooooooooooooooooOoooOoad

OO0 oDoogogogooooogogg
OoooooooooogooQgdg
OO0 oDoogogogooooogogg

OO0 0DoDooggUoooDoogogogoooaog
Oo0ooooooooooogogooooog
OO0 o0ooDoogogUooDoDoogogoooaog
Oo0ooooooooooogogooooo
OO0 o0ooDoogogoooDoogogoooaog

OO0 oOooogoQgoooao
Oo0oooogogoooao
OO0 oooogogoooao

O oOoooo
O Oooogoo
O oOoooo
O Ooooo
O oOoooo
O Ooooo
O oOoo0ooo
O Ooooo
O oOoooo
O oOoooo
O oOoo0ooo
O oOoooo
O o0Ooo0ooo
O oOoooo
O 0Ooo0ooao
O oOoooo
O 0Ooo0ooao
O oOoooo
O 0Ooo0oo0oao
O oOoooo
O O0Oooo
O oOoooo
O O0Oooo
O oOoooo
O Ooooo
O oOoooo
O Ooooo
O oOoooo
O Ooooo
O oOoooo
O oOoooo
O oOoo0ooo
O oOoooo
O oOoo0ooao

I I B B
O 0oo0on0oond

) JP 2012-182475 A 2012.9.20

oogoboooooboboooooboobooooobobbooobobooooboboooao
oooooboooooao

O O
O O
O O
O O
O O
O O
O O
O O
O O
O O
O O
O O
O O
O O
O O
O
O
O
O
O
O
O
O

O 0Ooooao
O 0Oo0ooo
O 0Ooo0ooo
O 0OooOooo
O 0Ooo0ooo
O OooOooo
O 0Ooo0ooao
O OooOooo
O 0Ooo0ooao
O OooOooo
O 0Ooo0ooao
O 0Ooo0ooo
O 0Oo0ooOoao
O 0Ooooo
O 0Oo0ooOoao
O Ooooo
O 0Oo0oo0oo
O 0Ooooo
O 0Oo0oo0oo
O 0Ooooo
OO o0Ooo
O 0Ooo0ooo
O 0Oooo
O Oooo
OO oo
O Oooo
O 0Oooo
O Oooo
O Oooo
O 0Oooo
O Oooo
O Oooo
O Oooo
O 0Oooo

ud

O

gooboooobboooooboboao
ud gogoboooobobooooboboad
gad ooobOboOOoooooooobooao
pullingD OO0 O0O0ODOOCODOOOODOO

O

O Ooooo
O OoOooo
O Ooooo
O OooOooo
O Ooo0ooo
O Ooooo
O Ooo0ooo
O Ooooo
O Ooo0ooo
O Ooooo
O Ooo0ooo
O Ooooo
O Ooo0ooao

O Oooo

O 0Oooo

O

O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O

U
goooooobobobooooooooobbobooooooooobobbooooo
niooo0goooooobobooobbooobobooobobbooooDbnob
gbobooooobbooooobooooobobooooobboooobboooooan
gooocomnooooobboboooooooobobbooooooooooboao

gogboboocdoommoobooooobbooooobooooboogoooDan
goocoooboobobobooooooocoobbooooooornn
goooooooboooonb

[ |
O d
[ |
O d
[ |
O O
[ |

gooooobooooao
ggoooano
goooooormioano

O 0Oooo
O O0Ooo
O 0Oooo
O 0Oooo
O 0Oooo
O 0Oooo
O 0Oooo
O 0Oooo
O 0Ooo
O 0Oooo
O 0Oooo
O 0Oooo
O 0ooo
O 0Oooo
O 0Ooo
O 0Oooo
O 0Ooo
O 0Oooo
O 0Ooo
O 0Oooo
O 0Ooo
O 0Oooo
O
O
O
O
O
O
O

O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O

ooooao
ooooao
ooooObOOO0OO0oDoooocoobboooooooobOboboooooooboao

O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
OJ
O
OJ
O
OJ
O
O
O
O

10

20

30

40

50



Y )y I e ) ) ey e [y A I |
. e e e ) e A A A |

O oOoooo
O 0Ooooo
O oOoooo
O 0Ooooo
O 0Oooo
O 0Oooo
O oOooo
O Oooo
O o0Oooo
O 0Oooo
O 0Oooo
O 0Oooo
O 0Oooo
O oOooo
O o0Oooo
O 0Oooo
O o0Oooo
O oOooo
O 0Oooo
O oOooo
O 0Ooo
O 0Oooo
O 0Ooo
O 0Oooo
O 0Ooo
O 0Oooo
O 0Ooo
O oOooo
O 0Oooo
O oOooo
O 0Oooo
O 0Oooo
O 0Oooo
O o0Oooo
O oOooo
O o0Oooo
O 0Oooo
O o0Oooo

Iy e . e ey e e [y [ |

Oooooooogogoodg
OooOooooooobod

O 0Ooogoo
O O ogogog
O 0Ooogoo
O Oogoog
O Ooo0gooo
O O ogoog
O 0Ooogooo
O Ooogoog
O 0Ooo0gooo
O Ooogoog
[ I |

[ o R |

OoOoOoooo0oooo oo oD oo ooooogogoogogoo
OoooooocoooooooooooooooooooOoao

O
O
O
O
O

O Oooo

OoOoooood
OOooooogod
OoOoooood
OOooooogod
OoOoo0oood
OOooooogod
OoOoo0oood
OOooooogod
OoOoo0ooood
OOooooogod
OoOoo0ooood
OOoo0oooogod
OoOoo0ooood
OoOooooogod
Oo0Ooo0oood
o= OoOooogod
OoOoo0Oo0oood
OOoooood
Oo0Ooo0Ooood
OOoooood
OO0Ooo0oooogod
OooOoooood
OO0Ooo0oooogod
OoOoooood
OOooooogod
OoOoo0oood
O0Ooo0oooogod
OoOoooood
OOooooogod
OoOoo0oood
OOooooogod
OoOoo0oood

O0Ooo0oooao
O 0Oo0oooo
O0Ooo0oooao
O Ooo0oooao
O0Ooo0oooao
O 0Ooo0oooao
O0Ooo0oooao
O Ooo0oooo
O0Ooo0oooao
OOoo0oooao
O0Ooo0oo0ooao
O 0Ooo0oooao
O0Ooo0oo0ooao
O 0Ooo0oooao
O0Ooo0oo0ooao
O0Ooo0oooao

e s s e e ) e e s
O 0Oo0oo0ooao

g
go

O Oooo

O

O Oooo

O

O Oooo

O

oon
gooooooboobooooogooooobboboboooooooobobboboooo

O 0Oooo

a
a

O

g
u

(8) JP 2012-182475 A 2012.9.20

ooobooboooooboboboooobooooboboooobboodo

O
O
O
O
O
O
O
O
O
O
O
O
O
O
OJ
O
OJ
O
OJ
O
O
O
O
O
O
O
O
O

O Ooo0oooao
O 0Ooo0oo0oo0oao

O Ooooo
O 0Ooo0ooo
O Ooooo
O O0OoOgoao
O Ooooo
O O0OoOgooo
O 0Ooooo
O Ooogoo
O 0Ooooo
O Ooogoao
O Ooo0ooo
O Ooogoo
O 0Ooo0ooo
O Ooogooo
O 0Ooo0ooo
O Ooooo
O 0Ooo0ooo

oogooboooobobobooooboboooobbooobbooo
uooboboooobobobooooboooooboboooobboogdano

ooooboooboboboooboboooooboboooobbooooboooooboOirrno

gboboboooobbooooooooooobooooobboooooboboooooan
gooooad
ogoao

oad

O Oooo

g
U
0
g
t
0
oo
g

uoao
ooan
goao
uoao

goo

O

O Oooo
O Oooo

O

O
O

O

uogboboooouobboouoouoboouoooboboooouobbooadd
oooobOOoOO0oO0oooooooooao

ugdgao
ooao
ggao
ogaao

goooano
oono
goooao
goooano

udadg
ooao
ggd
ugadg

gboboboooobbogd
gooooobooooao
gooboooobobogd
go

O Oooo
O 0Oooo
O
O
O 0Ooo
O Oooo
O Oooo

gooobooooobobobooooboooboboboooobbooog

oogoboooooboboooooboobooooobobbooobobooooboboooao
uogoboboooobobboooobboooooboocoobommooooobooooooao

IniooooocooObbob0oooooooobbboboooooan
00

O 0o oo
O Oooo
O 0o oo
O Oooo
O 0o oo
O Oooo
O 0o oo
O Oooo
O 0o oo
O Oooo
O 0o oo
O Oooo
O O ogo
O Oooo
O O ogo
O Oooo
O O oo
O 0o oo
O O oo
O Oooo
O O oo
O 0Oooo
O O oo
O 0o oo
O 0o oo
O Oooo

10

20

30

40

50



goooogao
gooooooao
goooooao
goooogao
ugooooagao
ooooooao
gooooao
goooogao
ooooao

11
goooogag
ugooooagao
goooooao
gooooogao
gooooagao
ooooooao
goooogao
goooogao
ooocooao
gooooooao
goooogao
ugooooagao
ooooooao
gooooogao
goooogao
oooooao
goooogao
goooogao
rtd dooagad
goooooao
gooooogao
gooooagao
ooooooao
goooogao
goooogao
ooocooao
goooogao
goooogao
ugooooagao
gooooooao
gooooogao
goooogao
gooano
goooogao
goooogao
gooooooao
gooooooao
goooogao

0

O O0Oo0oooogod
OoOoo0ooood
O Ooo0oooogod

O Ooo0oooao
O Ooo0oooao
O Ooo0oooao
O0Ooo0oooao
O Ooo0oooao
O 0Ooo0oo0ooao
O Ooo0oooao
O0Ooo0oo0ooao
O Ooo0oooao

O
O
O
O
O
O
O
O
O

O
O
O
O
O
O
O
O
O
O

O
O
O
O
O
O
O
O
O
O

O Oooo O Oo0oooao O OoOooo

O Oooo
O Oooo

O

O Oooo

OOoo0oooao

O

O O oo

O Ooo0oooao

O

O 0Ooo0oooao

O Oooo

O 0Oooo

O

O

O

O

O

O

9 JP 2012-182475 A 2012.9.20

gooooooobooboooooboooooooboooao
goocoobobooooooooooboao

O
O

goooooobbooooboooboboboo
ugogoboboooobobbooooobooooboobod

O
O

goobooooooboboboooooobooooooboobooodao

gooooooboobobooooooooobbobooooooooobobboboooao
gooooooboooooooooobbboooooooboobbbbooooo

gormmmboooooooooobboooobbooooDban
goooooboobooboooooooobobboboooooooao
goboboboooobbooooboboooobbooooobbooooan
gbobobooooboboooooooagdao
gooocooOomooooboobooooooooobbooood
Inooo0ogooooo0ooobooobobbooooboboooobab

O 0o oo

[ o R
O 0Oooo

O

O 0Oooo

O 0o oo

O oOooo

O 0Oooo

O 0Oooo

O 0o oo

O oOooo

O 0Ooo0ooo
O Ooogoo
O 0Ooo0ooo
O Ooogooo
O 0Ooo0ooo
O Ooogooo
O 0Ooo0ooo
O 0Ooogooo
O 0Ooo0ooo
O 0Ooooo
O O oOgogao

O O0ooo

O 0Oooo

ooooObObOO0ooooooao
gmnmoooooooooan

ugogoboboooooboogadd
ooooObODOO0ooooooao
goooboooobobogoao

Oo0oo0ooo0ooooooooooooooOooooao
close space vapour transpo
oooooad

O O
O O
O O
O O
O O
O O
O O
O O
O O
O O

goooboooobobogoao
uggb,o0oo0oooboboogd
ooooObODOO0ooooooao
goooboboogoobobogod

O Oooo
O 0o oo
O Oooo
O 0o oo
O Oooo
O 0o oo
O Oooo
O 0o oo
O Oooo
O O oo

nooogoooooobooboooooboooobao

gooooooobooboooooboooooooboooao
ugogobooocoobobboooooooooobooadd
goocooboboboboooooooobobobooodo

Mniooogooboooooobobooobbooooboooobboo
uooobobobooobobboooobboooooboooobbooooodan

ooobooooboboooooobooomooooooobooao
ooooobOoOooOoooooooooobbooooooooooobooao
ooooboboooooooooobobboboooooooooboboao
ooobooboboooobobboooobbooooobboooboboooooan
MnibogogooodoooobobodoouobbooooobboooobbooooboboooobDbOoOoad
ooocooboobooboooooooooobobbooooooooobobobobooooooooobooao

10

20

30

40

50



e e e Y Iy
e s e e s e e e e ) e ) e e e e s e s Y Y Y
v e Y Iy

I e e [y

(10)

JP 2012-182475 A 2012.9.20

goobooooobooooobobobooooobooooboogoao
ooao
oooboboo0oooooooobbbooooooooobbboooooooooboao
goommmooooooooooobooooboboooooboooobooogao

Inigooogogooocoogooocmmooooboocoogobbooooboooooboboao

0

O

s sy e ey s [ Iy

O
O

O
O

O 0Ooooao
O 0OoOooo
O 0Ooooao
O 0OooOooo
O 0Ooo0ooao
O 0Ooooo
O 0Ooo0ooao
O 0Ooooo
O 0Ooo0ooao
O Ooooo
O 0Ooo0ooao
O 0Ooooo
O 0Ooo0ooao
O 0Ooooo
O 0Ooo0ooao
O Ooooo
O 0Oo0ooao
O 0Ooooo
O 0Oo0oo0oao
O 0Ooooo
O 0OoO0ooog
O 0Ooooo

O Oooo

O Ooo0oooo
O Ooo0oooao
O 0Ooo0oooao
O Ooo0oooao
O0Ooo0oooo
O Ooo0ooogoao
O0Ooo0oooao
O Ooo0oooao
O 0Ooo0oooao
O Ooo0oooao
O 0Ooo0oo0ooao
O Ooo0oooao
O 0Ooo0oo0oo0oao
O Ooo0oooao
O 0Ooo0oo0oo0oao
O Ooo0oooao
O 0Oo0oo0oo0oao

O
O
O

O
O

O OOoooood

O

e s s e ) e e e e e e s s R s s [
O

O

O

O
O

O
O

1
U
u
O
g
g
U

O

oooooOoOoooooooan
Mniooooooocooob0imo

O

O

O Ooooo
O OooOooo
O 0Ooooao
O OooOooog

O

O

O O
O O
O O
O O

O
O
O

O

O
O
O
O

O
(]
O
O

O

O

gooooo

O
O
O

ogaao
ooao
oggao
oggao

oggao

gooooad

O
O

O Oooo

O 0Oooo

O O

O

O O
O O

O
O

O
O

O
O
O
O

O
O
O
O

O

O

O

goao

goao
ooo
gogao
goao

goao
goao

O

O

ooooobooboooooooooooao
oooobobooOooooooocoooao

gboboboooobboodgad
gooooobooooad
gmnmmoooooobao
gboooooobboogdd
goooooao

O
O
O
OJ
O
O

oooooboooood
oooooboOoo0oooao
goooobobooooooooobooao

O
O
O
OJ
O
]

gmnimooooocoobboobood
gooboobooooobobbooobbooo
gogoboobooooobboooobobooodd
ooocoobobooOooooooooooboao
gooboooooobbooobbogod
ad
goooobobooooooooobooao
gooboobooooobobbooobbooo

InoooooooooooooooODbObOoooooooooobobooooo

goooano
oooobobooOooooooocoooao
goooogao
gooooooobboooobbooao

gooboobooooobobbooobbooo

Imooooooooooboboooobbooooboboooobboo

gboboboooobobooooooooooboobooooobboooooboboooooan
gooooooboobobooooooooobbobooooooooobobboboooao
Nnioooocoobobobooooooooobobboooooocoobobooooo

gbooboboooobobooooooboooooobooooobbooobboooooban
gboboboooobboooooboouooboboooobboooboboooooan
goooao

10

20

30

40

50



e e e Y Iy

Oo0ooooooooogogoogogoo
Ooo0ooooooooooooogooao

OO0 OoDooDo40ooooogUooooogogdg
Ooo0ooooo o0 oo ooo o0 ooooogQgoQg

e A A A |

Oo0oooooooooooooooooooooooooOod
Ooo0ooooooOooobgoo oo oD oo oDooooogogood

O OO

|
O

g

OO0 oooogogooooaog

O

g
U
0
g
g
0
0
g

Oooooogogo
OoOoooogogoQg
OoO0oo0ooo|jgoogono
OO0Oo0ooojgogog
Iy

O

O Ooooo

O

(11) JP 2012-182475 A 2012.9.20

InooooooooooooooboboboooooooooDbao

O oad
1d

O

O

O |g
-1

O Ooo0oooao
O 0Ooo0oo0oo0oao
O Ooo0oooao
O 0OooOoim;moao
O Oooio;moao
O 0OooOoio;moao
O Oooio;moo
O Ooi;| oo
I 1 R
Y [ Y
O 0Ooooo
OO ogogo
O 0o ogoo|io
I I o I
O 0o o oo
s I o I
O 0o ogoo|io
Iy o I
O 0o o oo
[ O I R |
I I |
[ O I R |

|
O
0
O
O
O
O
O

Ry
OOoo0oooogd
R B
O0Oo0ooojgd
O0Ooo0o0oogod

O O
O O
O O
O O
|
O O
|
O O
(|
O O
O O
O O
O O
O O
O O
O O
O O
0O O
O O
O O
O O
O O
O O
O O
O O
O O
O O
O O
O O
|
O O
O O
O O

gboboboooobboooooooooobobooooooboooooobobooado
goooooboooooooooobobooooooooobobbooooo
goobooooboboogooooboooobboooobooooboboogoo
gboobooooboboooooooooobooboooooboooooboboooao
oooooao

gmnmmoooooooooooooocmmooooboooooooboooao

IniooggooodogoobobodooouobobooooboboooobbooobooooDban
goooooobobobooooooooobbobooooooooobobbooooo
gooboboooobboooooboooobooogoobbogoobboooobnn

o0

Ooooooo0oooooooDoDoDooo0ooDoooogogoooao

OOo0OoOooo0o4ddooDoouUoUUoooDoogggoooooogod

0

O

O O

O0Ooo0oooaoo
O 0Ooo
O 0Oooo

O oOooo O Ooooo
O OooOooo
O Ooooo

O

goommooooooboooooboobooooobooooobooooao

goobooooboboogooooboooobboooobooooboboogoo
gbooboboooobobooooooooooboboooooboooooboobooodo
gbobobodooobooooooogdo

castellated0 0 0D 0O DOOCOCODODOODODDOODODOOODODODODODO
gooooad uoao
ooo
goao
uoao

O OooOooo
O 0Ooo0ooo
O Ooooo
O 0Ooo0ooao
O Ooooo
O 0Oo0ooOoao
O 0Ooooo
O 0Oo0ooOoao
O 0Ooooo
O 0Oo0ooOoo
O 0Ooooo
I R = o
O 0Ooooo
OO o0Ooog
O 0Ooooo
OO oO0ooo
O 0Ooooo
O 0OoOooo
O 0Ooo0ooo
O 0OoOooo
O 0Ooo0ooo
O 0OoOooo

O 0Oooo

O 0Oooo

gooao
oooao
oooano
oooao

gooboboboooobbooooooooobobobooooobooooboboboao
gboboboboooobboooobooooobobooooobooooboad
gooooooboobobooooooboobobboboooooooooobooao
DouglasD 0 0 DO O0O0O0OOODDODDOOOOOOODODODDDOOOOO
(1986),vol 480 100 676-6780 0 0D OO0 OO OOO

gooboooobobooobobooobboooobbooo
goboboooobbooooobobooooboboooobboodao
ooocooooboobooooooocoobboboooooooao
goocooObbooooooooobbooood

O 0Oooo
O o0Ooo
O 0Oooo
O o0Ooo
O 0Oooo
O o0Oooo

O
O
O
O
O
O
O

uogoboboooobboooooboooooobd

10

20

30

40

50



e e e Y Iy

(12) JP 2012-182475 A 2012.9.20

googoooonmoooobooooobooboooooboooobooooooooan
goooao
ooocoobooooooooobobboooooommMoooocooobbooodo
goooooooobooomooobooboooobooobobboooboboooobab
gogoommooooooocouoobobooooboooobbooooboooobaO
ooo

oggoao
gormnmmoooooobooooobobooooobooooboboooobooooDban
oooooboobooOoooooooooboboboboooooooobbbooooooooobooao
g

oggoano
gogoboocoooboocomouoobobooooboooobboooobooooban
ooocooObooooooooobobooooommMMooooocooobobooodd
gooobooao

uagoano
goocmnmmooooobobooooooooobbbooooooocooobobooooo
1

oooobooobobobooobooooooboooobboooooommMooooonob
goooooooan

ooobOboOO0oooooooobboooooooobObboooooooboao
oooooooooooommmMooooooooobbooboooooonn

O O

Mniooooooooooboboooboboooobooooobboogan
gboobooooboboooooooooobooboooooboooobooboooao
gooocoooboooooooocoooboboboboooooooormnooan
goobooooboboogooooboooobboooobooooboboogoo
gbooboboooobobooooooooooboboooooboooooboobooodo
Ingoodgugobooouogoobboouoobbooooooooobobooogaao
gooooboooooao

Ooo0o0oooodg

O O
O O
O O
O O
O O
O O
O O
O O
O O
O O
O O
O O
O O
O O
O O
O O
O O
O O
0O O
O O
O O
O O
O O
O O
O O
O O
O O
O O
O O
O O
O O
O O
O O
O O

O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O

I Iy A Iy
|
O
|

OO0 ooooooD oo ooo0o o0 oo ooogogooooo

O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O

e s e e e e e e e s e [ Y I Y
Ooooooooooooo0o oo oooo0 oo oooo0oooDooogooao
e s e e e e e e s e [ Y I Y

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O 0Oooo
O Oooog
O 0Oooo
O Oooo
O 0Oooo
O 0Oooog

OO0 ooogo-gogoao
|I:II:II:II:II:II:II:II:II:I
O O
O O
O O
O O
O O
O O
O O
[ |
O O
O O
O O
O O
O O
O O
O O
O O
O O
O O
O O
O O
O O
O O
O O
O O
O O
O O
O O
O O
O O
O O
[ |
O O
[ |
O O



e e e Y Iy

A I A
OooOoooooooooOoooOoooDooooOoooOoooOoooOoooDoooooooooooOooobod
Iy e A A A
OooOooooooooooooOooooooDoOoooOoooOoooOoooDoooooooooooooOod

OO0 ooDoogooooaog

O
O
O
[

O

OO0o0ooodoooDooUDoooDooUgUoDoDooggogoooao

O O o

O
O
O
O
O

a
u

O Ooooo
O OoOooo
O Ooooo
O OooOooo

O
O
O
O
O

O 0Oooo

O Oooo

O 0Oooo
O d
[ |

O
O
O
O
O

O
O
O
O
O

O Oooo
O O oo
O Oooo
O O ogo
O Oooo

O
O
O
O
O
(]
O
O

g
u

O
O
O
O
O
O
O

O

O O ogo

goooano

O

O
O
O
O
O
O
O
O
O
O
O
O
O
O
OJ
O
OJ
O
O

O

O

O

O

(13)

oono
oo

uoao
oono
goao

ooo

goooao

O

O

O

O

O

O
O
O
O
O
O
O
O
O
O

O O

O

O
O
O
O
O
O
O

O

g
u

g
u

JP 2012-182475 A

goooano

O

O

O

O

0

oooooDoao
ooooooao

gogoooagdo
ooooooao
gooooogao

oooao
oooao

gugooano
gooao
gooano

oooboobooooobboooobboooooboboooboboooooan
Inibgogooobodooooboocouobbooooobooobbooad
ooooObOobooOoo0oDooooooobobboboooooooooboboao

oooboooooboao

O

0

gooooaad

O
O
O
O
O
O
O
O
O

O
O
O
O
O
O
O
O
O

InibooooooobobobooooooocooboboboooooooboooDoan

oo

gogoboooobobboooobboooobboao
uogobobooooobbooooobooooobbooooboobooooobbooado

2012.9.20

10

20

30

40

50



e e e Y Iy
e s e e s e e e e ) e ) e e e e s e s Y Y Y
v e Y Iy
e s e R e e ) e ) e e e s e s Y Y Y
e ey I
e s e e e R e ) e ) e e s e s Y Y

O 0Oooo
O 0Oooo
O oOooo
O 0Oooo
O o0Oooo
O oOooo
O o0Oooo
O 0Oooo
O 0Oooo
O 0Oooo
O o0Oooo

O
O
O
O
O
O

O
O
O
(]
O
O

O
O
O
O
O
O
O

O 0Ooooao
O 0OoOooo
O 0Ooooao
O 0OooOooo
O 0Ooo0ooao
O 0Ooooo
O 0Ooo0ooao
O 0Ooooo

OoOoo0oood
OOoo0ooodg
OoOoo0oood
OOoo0ooog
O0Ooo0oood
OOoo0ooog

O
O
O
O
O
O
O

O
O
O
O
O
O
O

O
O
O
O
O

O 0Oo0oooo
O O0Oo0gooo
O 0Ooo0oooo
O Oo0gooo
O 0Ooo0oooao
O O0Oo0goooao
O 0Ooo0ooo
O 0o oo

O oOoooo
O 0Ooooo
O oOoooao
O Oooogoo
O oOoooo
O oOoooo
O oOoooao
O oOoooo

OooOoo0oood

O
O
O
O
O
O

OOoo0ooodg
O o0Ooo

O
O
O
O

O 0Oooo

O o0Ooo

O 0Oooo

O O
O O

O
O
O

(]
O
O

O 0Oooo
O Oooo
O 0Oooo
O Oooo
O 0Oooo
O Oooo
O 0Oooo
O Oooo
O 0Ooo
O Oooo
O 0Oo o
O Oooo
O 0O oo
O Oooo
O 0Oooo
O Oooo
O Oooo
O 0Oooo
O 0Oooo
O Oooo
O Oooo
O 0Oooo
O Oooo
O 0Oooo

O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O

(14)

|

JP 2012-182475

A 2012.9.20

O
O
O
O
O

O Oooo
O 0Oooo

oooboobobooobobbooooboooooboooobboodo
MniooooocoobobobooooooocoobobbOob0oooooan
ooobObOO0oO0ooooooobboooooooooobooboao
gogooboooooboooooommoooooboooooban
uogboboooobbooooboooooboooobbooodo
O

ooooooobooooooooocobobboboooooooao
ooocooooboobooooooocoobboboooooooao

Mnibggooboboooguoobbodoouobbooobbooooban

ooobObOOO0oooooooooboao
gooboooobbooobbooo
gogoboooobobboooobobooadd
oooobObOOO0oOooooooooobooao
goobooooboboooobbooo

O

O o0Oooo O
O oOooo O

O
O

O 0Ooo0ooo
O Ooogoo
O 0Ooo0gooo
O 0Ooogoo
O 0Ooo0ooo
O Ooogoo
O 0Ooo0ooo
O Ooogooo

O 0Oooo
O 0Oooo
O 0Oooo
O 0Oooo
O 0Oooo
O oOooo
O 0Oooo
O oOooo

O o0Ooo

O
O
O
O
O
O
O
O
O
O
O
O
OJ
O
OJ

O 0Oooo

O o0Ooo

O oOooo

O o0Oooo

O oOooo

O o0Ooo

O oOooo

IniooooocooOobobooooooan
goooooooooooommooaob
ggoooano

g
u

O o0Ooo

g
u

O oOooo

goooan

O

O o0Ooo

O

O oOooo

O

O Oooo

O

O

O o0Oooo

0

O 0Ooo

O

O
[
O
O
O

0

O

0

O

g
u

gogooan
gogooano

gogooan

gogooano

ooooao
ooooOao

10

20

30

40



O

OoooooogoQgdg

Oo0ooooooooogogoogogoo
Oooo0oogogood

O

O

0

OoooooogogoQgoo
OooooogoQgoao

O

O Ooooo
O Oooo
[ i R

O
O
oad

,pp422-4310

O

O

O

go

(]
O

O
O

O

(15)

JP 2012-182475 A 2012.9.20

gormnmmoooooooooooboooooboooobbooooboboooooban
oooooboboOoooooooooao
goono
goooooooboooooboooobbooooboooommMooboooobaob

gogobobooooobooooboooooboooobooooboooobbooaao
Inioooooooooboooooooocoommoooobboboooooooan

Iniooogoooooooobboocoobbooooooooooboooogdan

oooooooboao
gooooooboao
goooooooan

O 0Oo0oooaog
O0Ooo0oooaoo
O 0Oo0oooaog
O0Ooo0oo0ooaoo
O0Ooo0oooaog
O0Ooo0oo0ooao
O Ooooo

O
O
O
O
O
O
O
O
O
O
O
O
O
O
O

O

O Oooo
O 0Oooo
O 0Oooo
O 0Oooo
O 0Oooo
O 0Oooo
O 0Oooo
O 0Oooo
O 0Oooo
O 0Oooo
O oOooo
O 0Oooo
O oOooo
O 0Ooo
O 0Oooo

uoao

O

e e e Y Iy

ey I
OoooooooOooooooooooooooo)iIboocoooobooOooOoabo

Oo0oDoo40odo0oooDoooooooooggdg

OoooooooooooooooogQgQg

Oo0ooo40odo0ooDoDoo4ogoooooggdg
O

OOoOooogoogooood
OoIOoocoooooodg
OO0oIoOooogogoooao

O

O
O
O
O
O
O
O
O
O
O
O

O
O
O
O
O

O

O
O
(]
O
O
O
O
(]
O
O
O
O
O
O
O
O
O
O 0O O
O OO
O O o

O

O

O

O

O

O

O0Ooo0oo0ooao
O0Ooo0oooao
O0Oo0oo0ooao
O0Ooo0oooao
O0Ooo0oo0ooao
O0Ooo0oooao
O0Oo0oo0ooao
O0Ooo0oooao

ogaao

O

O

gogooano

O

O

O

O

O

O

O

g
u

g
u

O
g
g
u

g
O

O
O
g
u

g
u

Canham{
oooao
oooao
oooao

[ I |

0
4
O
0
O

O
0
a
u

g
u

0
0
g
U

g
U

O
O
a
u

g
u

0ooo0C0o0O0O0O0n0
oooooo0o0o00
J.Appl .Phys_70(1),19910
Oooo000O0O0O0O0O000
Dooo0oO0O0O0O0O0O000
00000000000

O

OO0 ~NOQ

goobooooommoooooooanb
gogmnmmumooooooboooooban

gommmoooooooocooooooaodao

gogooano

O

O

O

O

O

O
O

O
O

oooooOoooooooooomnmooooobobooooooooooDbao
InimoooooobbbooooooooooobopooooooooooDoao

gogooad

O

O

0

]

O

O
]
O
[
O
O
O
O
O
O

0

ggooano

O

O

O

O

O

Mmoo oggoooouooboocooobooooboodrng
oooobooobooboobooooooooobboboooooooao

gogbbooobobobooooboboooobbooobbooooobooboooodd
guooooaad

gooooad

O

O

O

O

O

O

10

20

30

40

50



e e e Y Iy

Iy [y

(16) JP 2012-182475 A 2012.9.20

goooobooooobooooobooooobooooboboooobobooooboboooao
oooobOobooDoooo,O0obObObOO0OO0Do0ooooocobobbbobooooooooobooao
ooobObOO0OO0DO0ooooooobObbOooooooooobObbobOoooooan
goonoan
iInigoogogooooooobooouoobooooboooobbooobooooban

O gooooooboobobooooooooobbobooooooooobbboboooao
goboboooobobooooobooooboboooobbooobboooobonn
gooooaoao
goooooooobooboooommooboooooobobooooboooobnoD
oogoboooooboboooooboobooooobobbooobobooooboboooao
uogobobooooobbooooobooooobbooooboobooooobbooado
ooooObObOO0OO0oDoooooooboboooooooooanb
gogormmmooooooboooobboooooooooooomnoogdo
ooooObOoOOooooooooooboooomMoooooooooDbao
goooboooooboboooooooooobommoboogoboooobnoD
ooobooooobooad

O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
]

Oo0oooooooooooogodg
OO0 oDooooooooooogdg
Oo0oooooooooooogodg
OO0 oooooooooooogdg
Oo0oooooooooooogodg
OO0 oooooooooooogdg
Ooooooooooooooogodg
OO0 oDooooooooooogdg
Oooooooooooooogodg
Oo0oooooooooooogodg
Oooooooooooooood
Oo0ooTooooooooogdg
OoooooooooogogoQgoao
Oo0oDoooooooggogao
OoooooooooogoQgoao
Oo0oDoooooooggogao
OoooooooooogoQgoao
OooDoooooooggogao
Ooooooooooogoogoao
OooDooooooogogogao
Ooooooooooogoogoao
OooDooooooooggoao
Oooooooooooogoao
Oooooooooooggoao
Oooooooooooogoao

s e e e e o
OO0 Do ooogogogoooooogdg

e s e e e e e e e s e s e Y o
s e ey

e s s e e ) e ) e e e e A

OoooooooooooooDooooooooogdg
OOo0ooooooooooo0oooDoDoo4gogoooogg

OoooooQgoogoao
Ooooogogao

OooooooooooooooDooooooooogdg
OoooooQgoogoao

OOo0oooo0oUooooDooUooooDoDoo4gogooooggdg
OoooooooooooooDooooooooogdg
OOo0ooooU0ooooDoo4ooooDoDooogoooogg
OoooooooooooooDooooooooogdg
OOo0ooooooooooooooDoDoo4ogooooggdg

O

O

O
O 0Ooo0ooao
O oOoooo
O 0Ooo0oo0oao
O oOoooo
O 0Ooo0oo0oao
O oOoooo
O O0OoOooo
O oOoooo
O 0Ooooo
O oOoooo
O 0Ooooo
O oOoooo
O Ooooo
O o0oooo
O Ooooo
O oOoooo
O Ooooo
O oOoo0ooao
O oOoooo
O o0Ooo0ooao

ooo

10

20

30

40

50



Ooooooo4ooooooo0 oo ooooo0D oo oooo LoD oDoDoooooDooogooao
e A s e e ) e e e A s e Y Y
OoOooooo4oooooo40ooDoooo 40D oDoDoooo oo oDooo0oooDooogooao

OoOoo0oogogooOogao

I Iy

OooDooooooooQgogoao
OO0 oDooogogogoooogogogao

O 0Oooo
O Oooo
O 0Oooo
O Oooo
O 0Oooo
O Oooo
O 0Oooo
O Oooo
O 0Oooo
O 0Oooo

Oo0oooooooooogogQgog
OO0 oDoDoogogooooogogg

Ooooooogdg
O Oo0ooogoao
O Ooo0oooao
O Oo0oooao
O 0Ooo0oooao
O Oo0oooao
O 0Ooo0oooao
O Ooo0oooao
O 0Ooo0oooao
O Ooo0oooao
O 0Ooo0oooao
O Ooo0oooao
O 0Ooo0ooo0oao
O Ooo0oooao
O 0Ooo0ooo0oao
O Ooo0oooao
O 0Ooo0oo0oo0oao
O Ooo0oooao
O 0Oo0oo0oo0oao
O Ooo0oooao
O 0Oo0oo0oo0oao
O Ooo0oooao
O O0Oo0ooogoaog
O Ooo0oooao
O OoO0ooogoaog
O Oooo

O Oooo

O Oooo

O Oooo

O Oooo

O Oooo

O Oooo

O Oooo

O 0Oooo

O Oooo

O 0Oooo

O

Oooooooooao
Oooooooooao
hydrodynamic forcel

OooooogdgoQg
Oooooggdg
OooooogQgoQg
Oooooggdg
Oooooogodgao
Oooooggog
Oooo0ooogoQgQ
OOoooogQgoQg
sy |
OooooggoQg
oo oOoogoos

O
O
O
O
O
O
O
O
O
O

O 0Ooooo
O Ooogoao
O 0Ooo0ooo
O Ooogoao
O o
O 0Oooo
O o0Oooo
O oOooo
O 0Oooo
O 0Oooo
O o0Oooo
O 0Oooo
O 0Oooo
O oOooo
O o0Oooo
O oOooo
O 0Oooo
O 0Oooo
O 0Ooo

O
O
O
O
O
O
O
O
O
O

O
O
O
O
O
O
O
O
O
O
O

O
O
O
O
O
O
O
O
O
O

O

O
O
O
O
O
O
O
O
O
O
OJ
O

OoooogoQgQg
OoOoo0oooogodgaQg
OooooogQgoQg
s [y |
OoooogoQgoQg
I [ |
OoooogdgoQg
I [ |

an

OooooogQgodg
OOoooooggdg
Oooooogdgog
OOooooggdg
OooooogQg™g

O oOooo
O 0Ooo
O 0Oooo
O 0Oooo
O oOooo
O 0Oooo
i B |

O

JP 2012-182475

gooooad

oad

O
O

O

OO0O0o0ooood
OOoo0ooood
O O0Oo0ooood
OoOoo0ooood
O O0Ooo0ooood
OoOoo0ooood
OOoo0ooood
OoOoo0oo0oood
OO0Oo0ooood
OoOoo0ooood

O

O
O
O
O

O

O

O 0Oooo
O 0Oooo

O

O
O
O
O
O
O

2012.9.20

gooano

O

O

O

O

10

20

30



(18) JP 2012-182475 A 2012.9.20

ogogoano

| BEHSS—UBRSNERLE |

| GeaEYE |
BT =—)
i MEEESSANE
! EESENE
Fig.l
Ooooao
23
...... DN s
2 ,{ HF /=
CH;COOH +
21 4
1 L
T
¥ 25

Fig.2



(19) JP 2012-182475 A 2012.9.20

ogogoano

|

I

: : |

| 25000 F[\\/ I - _ _ -
|

| /
| 320000 4

=
el U

o

0 2000 4000 6000 8000 10000 12000,
el (70) !

Fig.3a

i Sif111
e GaN[0002]
100K~ /ﬂ\
1
10K~ :
1K |
.l i .
| | 1 1 | 1
f I ) | | l ¥ I
l 1]

! l\ AIN[0002

29-53/1M° (B)




JP 2012-182475 A 2012.9.20

(20)

ogogoano




(21)

JP 2012-182475 A 2012.9.20

51

32

53



(22) JP 2012-182475 A 2012.9.20

ogogoano

ﬁo <§;> 63
ﬁaﬁ ?@f .{%\\f\
' 65
w0l
Fig.6e Fig.6f
gooooog
OO0Q00OD0ODOO?240 50 140 (2012.5.14)
0000000
gboobobuobuobobobono
gobooooooood
00000000
goooooad
goboooogood
000000
0000000000000 00000000000000
gobobobgobuobgobobuobobobobobuobobobonb



s s ey [ Y Iy

ggao

0

O

(23) JP 2012-182475 A 2012.9.20

goooogao

|DDDDDDDDDDDDDDDDDDDDD

Oo0oooooo0ooDoooo0oooogog|o

|I:II:I

O 0o ooooogog|g

ooo

ogagao

0

O
0

O

O

goano

O

goomnmmoooocooboobooooooooooboao

goboboboooobboooobooobbobooo

ooocoooOoboobooooooooobobbooooooooao

gboboboooobboooooboboooobooooboboooooan
gooooooao

gogoboooobobobooooobobooooboooobbooooboooooban

ugao

| O O O
O d O
O

[ |
O d
[ |

Oooooooooooogodg
O
O

go

O
O

O

O

(]

0

O
O

goboboboooobbooooboboooobbooooobbooooan

gobooooboboooobboooobbooobbooooonob

goooobobooooooooobbboooooooooboao

goooooboboooptOooooOobODbObOOOoDooooooboao

gbobobobodoobboooooboboooboooobboooooan

gboboboooobboooooboboooobooooboboooooan
ooocooboboooooooooobooood

Inoooooooobooogoobooooboboboao

gboboooobobboooobooogado
goooobobooooooooobbboooooooooboao
goooooobboooooboooobbonn
gboooogooooogogooan

s e e e e R e s e A |
I:II:II:II:II:II:IDDDDDDDDDDDDDDDDDDDD|DDD

e e e Ay v A

s s e e e e . [ [ |

1
u
O
a
a
O
g

DlDDDDDDD

O
O

U
0
g
U
0
g
g
0
0
g
U
0
g
t
O
g
g
O
0
g
U
0
g
t
0
g
g
L]
O
0]
L]
O
0
U]
O
O
0
L]
O

OooooocoooomooooQgoao

I 1 Y

O O ooo

gooocooOomooooboobooooooooobbooood
NnioooocoooboooooooobobobbobobooOooooao

goooobobooooooooobbboooooooooboao
ooooobboooooooooDbao

goooooboboooooooooobobobobooooooooobooao



DDDDDDDDDDDD|DDDDD

(24) JP 2012-182475 A 2012.9.20

O
|

gooano

O O0Oo0ooiooaog
OOo0o0ooooaoo

gooocoooooomobobooooooooobbboboooooonn
oooooodoooooooooooooocooooooooooooan
gooooad

O 0Ooo0ooiooo
O O o0gooio;oo
O 0Ooo0oomim;mo

oooooooooooooodoooooooooooooogoonao
a

ooooao
omnmomoooooooogoodoooooooooocoogooogoooooad
goooano

gogooano
NnioooocoobbobobooodooooobbboooooooobObbobooooooan
Ooooodobooooooodoooooooooodgooooooooooononan
gogobooad
oodoooooooooodoooooooooooooooooooooooooon
Ooooodoooooooodooooooogoooooodd

Oooogoooglioodg

[



(25) JP 2012-182475 A 2012.9.20

gooooooaoo

(72) 000 OO0O0O0OOOO0OoooOOo
ggoobobooooooobobooooooobobboooooobooboooooooooboooooo

(72) 000 0OooOoooogoooo
gooobooOoOooooooooobooooooooobooooono

OOOO(@DO) 46077 AAO3 BE13 BE15 DBO8 EAO2 EDO4 EDO6 EEO01 EF02 HAO6

agooo oo HA12 TBO5 TC13 TC19 TKO1 TKO4

OO0 OO 4K030 AA11 AA13 BAO8 BA38 CAO4 CA17 DAO2 DAO8 FA10

goon0 OO 5F045 AAO4 AB14 ACO8 AC12 ADO9 AD10 AD11 AD12 AD13 AD14

gooo oo AD15 AD16 AFO3 BB12 BB13 CA02 CAO7 CA09 DAS53



(26) JP 2012-182475 A 2012.9.20

gooooooanb

METHOD FOR DEPOSITING A GROUP III-NITRIDE MATERIAL ON A

SILICON SUBSTRATE AND DEVICE THEREFOR

Field of the invention

5 {00013 The present invention is related to a method
for depositing a Group III-nitride material on a silicon
substrate and a device therefor. It also relates to devices

with epitaxial layers of improved quality.

10 State of the art

{0002] Due to the lack of commercilally avallable GalN
substrates, GalN heterostructures are nowadays grown mainly
on sapphire and SiC. 81 1s however a very attractive
substrate, gaining more and more intersst. Its main
15 advantages are : an acceptable Thermal conductivity (half
of that of 8iC) and its availability in large gquantities
and large wafer sizes. The most important advantage of 8i
compared te sapphire and $1C 1s its very low cost.
[0003] Kuykendall (NancLeltiters 2003, Vol. 3, No. 8§,
20 1063-10) discloses for instance the formation of GalN
nanowires on silicon and sapphire substrates by MOCVD.
[00041] However, the growth of high quality epitaxial
GaN layers directly on Si is not straightforward.
[O0C5] The high lattice mismatch betwesn 3i and GaW
25 results in a high dislocation density in the GaN laver.
Thig high dislocation density can be drastically decreased
by adapting suitable growth recipes developed for the
growth of GaN on sapphire.
FO006] The large difference in thermal expansion
30 c¢oefficient between GaN and 31 induces large ftensile stress
in the GaN film during cooling down from the growth
temperature to room Tenperature, resulting in cracking of
the GaN lavyer. The phenomencn of cracking Dbecomes

problematic for layers with a thickness of 1 micron and
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more, and thus is detrimental for the performance of
(optotelectronic devices.

[0007] Enother problem for the growth of GalN
directly on 351 1s the sc-called meltback etching process of
Ga and 8i. At high temperatures, Ga and 8i form an alloy,
which initiates a strong and fast etching reaction
destroving the substrate and tThe GaN layer. This results in
a very rough surface.

[o008] Yet another problem relates to oxide
formaticon on the &1 substrate that reguires specific
attenticn, such as a careful cleaning Jjust before loeading
samples in the reactor for the growth o¢f GaN on the
substrate.

{0C09] A further problem for the growth of GaN on 51
is the “bowing®” of the substrate. When a layer of GaN is
formed on 81, strain generated in the layer of GaN will
conseguently generate sitrain in the 51 substrate. This
results in deformation or the so-called ‘bowing” of the =51
substrate.

[0010] In patent application WO 03/05493% Aixtron
discloses a method for depositing a IIi-V layer on & non
ITI-V substrate, such as & silicon substrate. A III-V
buffer layer or a III-V germination layer 1s depcsited on
the substrate by MOCVD.

[0011] For the growth of an active GaN laver,
Boufaden et al. (Micrecelectronics Journal 34 {2003) 843~
848) proposed to use a thin ALN laver to improve wetting
between GaN and a porous Si/51 substrate. The AIN layer
would reduce the lattice mismatch between GaN and 31 to
2.5%. Alsc Orita et al. proposed in US-A-6344375 a buffer
layer of AIN between & porous Si layer (P5) and a GaWN
epitaxial laver.

[0012] Different methods toe reduce <cracks and

threading dislocations have been reviewed 1n 'GaWN-Based
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Devices on 5i’, A. Krost and A. Dadgar, FPhys.Stat.Sol.(a),
Vol, 194, Issue 2, 2002, pp. 361-375.

{00131} The different apprcaches proposed to address
the above-mentioned problems c¢an be separated in two
categories:‘those using a completely in-situ growth recipe
and those requiring ex-situ processing steps followed by
subsequent growth steps. The former droup is based on
gstrain engineering, using proper seed~, super- oOr
interlayers, to aveid cracking and to reduce as much as
possible the threading dislocation density existing in the
active GaN layer. The latter group aims at controlling the
geometrical distribution of the thermal cracks and of the
threading dislocations. ELOG, Pendeo, Cantilever Epltaxy
all lead to high quality areas, while cother concentrates
all the threading dislocations and/or cracks arising fron

the stress.

Aims of the invention

[00141 The present inventlion alms to provide a novel
method for depositing a Group III-nitride material on a
silicon substrate overcoming the problems of the prior art
selutions.

[0015] Another aim is to provide devices with a
high-gquality Greoup III-nitride epitaxial laver.

[0016] Yet another aim is to provide suitable
intermediate template devices for growth of such a high-

guality epitaxial Group IIT-nitride laver.

Summary of the invention

[0017] In a first aspect of this invention a device
is disclosed comprising
- a substrate comprising a silicon substrate having a

porous top layer,
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- a second layer on said top layer, saild second layer
made of a Ge material, and
- a further layer of a Group III-nitride material on
said second layer.

6018} By a Tporous top laver” in the present
context is meant amongst others a top layer consisting
essentlally of porous silicon (PS) but also an artificially
created porous material, like a castellated or a two-
dimensional submicron patterned top layver.
foo1ie] Such “porous top layers” provide a rough,
textured, non-flat, preferably 3~-D structured surface and a
supple skeleton. Voids, Dbubbles or inclusions may Dbe
vresent under the surface of such porous teop laver. The
closure of pores at the surface of the porous top layer can
lead to the feormation of wvoids, bubbles, inclusions,
micropores etc.
100201 “Porcocus top laver” means that at least part
(possibly essentially zii] of the pores are open at the
surface of said top layer, bubt at least part of the pores
at the surface may be closed. Alternatively, all pores may
be closed and wvoids, bubbles, inclusions or micropores can
be formed in the substrate,.
[00211 In an embodiment of the first aspect of this
invention, a device as recited in any of Che previous
embodiments 1s disclosed wherein the porous top layer
comprises at leaét in part closed pores such as volds,
inclusions, bubbles or micropores.
[0022] A gradient in porosity may exist in the
porous top laver according to a preferred embodiment of the
invention. Preferably the pore size and/or amount of pores
increases 1in a direction away from the surface of the top

laver.
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[0023] Top layvers with at least a double porosity
may be advantageous. Hereby is meant that at least two
Subiayers with different porosity are present in said top
layer. The difference may agaln lay in the size of the
pores and/or in the amouni of pores.

[0024] It 1s also possible to have a stacking of
layers with a high and low porosity, meaning that lavyers
with a high and low porosity alternate. A high porosity
refers +to the presence of large pores and/or to the
presence of a high amount of pores compared Lo the pressance
of small-sized pores and/or the presence of a lower amocunt
of pores (low porosity). Ways of creating layers of high
and low porosity are known in the art.

[0025] It may be advantageous To creale a separaticn
laver under a high porosity sublaver in contact with a
silicon substrate, for iInstance by high temperature

annealing in hydrogen. This separation laysr is a2 highly

3]

porous layver and is mechanically very weak. It can easily
be broken by little mechanical force, e.g. by ultrasconic
treatment or pulling {see e.g. EP 1132952).

[0026] The ©porous Ltop laver according to the
invention typically has a porosity between 10 % and 90 %.
It typically has a thickness of between 10 nm and 10 upm,
between 10 nm and 3 pm.

[0027] “Porous Top layers” according to the
invention are able fto relax strain after growth.
Furthermore, the epitaxial layer can be separated from the
subkstrate by stress release.

[0028] By a “laver made of a Ge material” 1s meant a
laver made of a material that comprises at least Ge.

[0029] In a preferred embodiment of the first aspect
0of this invention, a device as recited 1in any of the
previous embodiments is disclesed wherein the second layer

is made of a 8iGe material (a material comprising at least
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SiGe). The second layer can ©be a SiGe layer. The
composition of the laver made of & Ge material, preferably
a S5iGe material, is optionally graded. Advantagecusly the
Ge concentration in said materizl of said sescond (graded)
layer is increased in a direction away from the substrate.
[0030] in a preferred embodiment of the first aspect
of this invention, a device as recited in any of the
previcus embodiments is disclosed wherein the Group III-
nitride material comprises at least GaN. In a preferred
embodiment of the first aspect of this invention, a device
as recited in any of the previous embodiments is disclosed
whereln the Group III-nitride material is GaN.

[00311 Aiternatively, the CGroup III-nitride material
may comprise at least AIN or may be AlN. Another
possibility is fte grow for instance a Group ITIi-nitride
epitaxial laver comprising at least AlGaN.

[060321 Advantageously, a device a

%3]

recited in any of
the previcus enbodiments 1s disclosed wherein The second
layer is in direct contact with said tftop laver.
Advantageously, & device as recited in any of the previous
embodiments 1s disclosed wherein the Group III-nitride
layver, for Instance a GaN layer, 1s in direct contact with
the second laver.

[0033] In an embodiment of the first aspect of this
invention, & device as recited in any of the previous
embodiments 1s disclosed wherein the second laver (made of
a Ge material such as SiGe) has a thickness between 1 nm
and 1000 nm or 2000 nm, and more preferably between 1 nm
and 500 nm, even more preferably between 1 nm and 300 nm,
between 10 nm and 200 nm,

[0034] The thickness of a laver of a Ge material
preferabliy is between 1 nm and 100 nm, between 1 nm and 50
nm, between 1 nm and Z0 nm, between 1 nm and 15 nm, between

1 nm and 10 nm. The thickness of a layer comprising a Ge
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materizl preferably is between 1 nm and 20 nm, nore
preferably betwszen 5 and 15 nm, most preferably befwesen 6
and 12 nm.

[0035] In a preferred embodiment of the invention, a
device according to the invention is discloszsed wherein the
top layer is a porous top laver according to the invention,
the second layer is made of a S5iGe material (e.g. a SiGe
layver) and wherein the further layer is a Gall laver.
Advantageously the laver of a SiGe material, such as a 3iGe
layer, is in direct contact with said teop layer.
Advantageously the GalN laver 1s in direct contact with this
second layer. The thickness ¢f the second laver in the heare
described embodiment 1s preferably betwsen 1 nm and 2
micrometer, between 1 nm and 1000 nm, between 1 nm and 500
nm, between 1 nm and 300 nm and between 10 nm and 200 nm.
[0036] Pores in the top layer may be open pores or
may present a combination of closed and open pores. As such,
another particularly preferred device according to the
invention 1is one wherein the porous top layer according fo
the inventicn comprises at least in part closed pores,
wherein the second layer is made c¢f a SiGe material (e.g. a
SiGe layer) and wherein the further laver is a GaN laver.
Substantially all pores {over 70 %, 80% or 20% or 95 % of

the pores) may be closed pores.

653

[0037] Examples of closed pores include but are not
limited to Dbubbles, inclusions, voids or micropores.
Micropores have a small diameter of reduced size (compared
to the diameter o¢f the initial pores in the porous 5i
substrate) as a <onsequence of for instance an annealing
step before deposition of a Group IXll-nitride laysr, The
temperature of the annealing step 1s higher than the
temperature of the step of depositing he group IIl-nitride
naterial, The deposition temperatures for GaN is between

500 and 1300 °C, about 1100 °C, about 1050 °C while the
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annealing temperature ig higher than 1050 °C, higher than
1100 °C , and prefarbly between 1100°C and 1200°C

[C038] In a preferred embodiment of the invention, a
device according to the invention is disclosed wherein.the
second layer is a laver nmade of Ge or i1s a laver made of
graded SiGe, and wherein the further layer i1s a GaN layer.
hdvantageously the Ge concentration in the graded SiGe
increases in a direction away from said substrate.

[0039] The device as recited in any of the previous
embodiments can further advantageously comprise an
intermediate {(third) layer. The intermediate layer is
between the second laver (the laver made of a Ge material,
like a 51iGe materisl) and the Group IIiI-nitride layer (the
further layer). The intermediate laver advantageously 1is
arranged such that 1t can serve as a basls for the growth
of the Group III-nitride laver or as lavyer from which the

growih of the Group TITII-nitride layer starfts. It can

Q

advantagecusly be is kind of a nucleation laver. The
intermediate layer, <an be a2 layer with a thickness in the
range between 1 nm and 200 nm, between 1 nm and 100 nm and
between 1 nm and 50 nm. The intermediate layer can be a
flat continuous layer or can be a discontinuous layer
comprising for instance islands. The intermediate layer can
be an ALN layer.

[0040] In another embodiment of the invention, a
device according to the invention is disclosed wherein the
second laysr is a layer made of Ge or is a layer made of
graded SiGe, wherein the intermediate layer 1ls a layer made
of AIN, and wherein the further layer 1s a GaN layer.
Advantagsously the Ge concentration in fThe graded 3iGe
increases in a direction away from said substrate.

In another @mbodiment of the invention, a device according

to the invention is disclosed wherein the second layer a
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layer made of $5iGe, and wherein the further lavyer is an ALN
laver.

[0041] The invention also relates to a FET, a LED, a
laser diode, a HEMT (high electron mobllity transistor) or
a heterojunction bhipolar transistor comprising a device
according to the invention recited in any of the previous
embodiments of the invention.

[o0421] In a specific embodiment of the first aspect
of this invention, a device as recited in any of the
previous embodiments is disclosed wherein an electronic
circultry 1s integrated in the silicon substrate. The
device may also comprises an optoelectronic element or a
FET formed in the Group III-nitride laver.

[C043] A second aspect of this invention relates to
a method for forming a device comprising a Group ITI-
nitride material on silicon, conprising the steps of (sese
Figure 1}:

- providing a siliceon substrate comprising a porous top
laver (as deiined},

- subjeclting said silicon substrate with sald porous top
layer to a Ge comprising substance, thereby forming a
(second) layer of a Ge material on said top layer,

- subjecting the silicon substrate with the laver of a
Ge material to a substance comprising a Group III
element and a substance comprising N, thereby forming
a further laver of a Group III-nitride material on
sald second laver.

[0044] In a preferred enbodiment of the ssacond
aspect of this inventlion, a method as recited in any of the
previous embodiments 1s  disclesed wherein the method
further comprises the step of thermally annealing the layer
made of a Ge material prior to the step of subjecting the

silicon substrate with said layer of a Ge material to a



10

15

20

25

30

(35) JP 2012-182475 A 2012.9.20

10

substance comprising a Group III eslement and a substance
comprigsing N {opticnal step in Filigure 1). Advantageously
the step of thermally annealing 1s performed at =z
temperature betwean 500°C and 1300°¢C and more
advantageously between 500°C and 1100°C.

[0045] Preferably the step of subjecting the silicon
substrate with the porous top laver To a substance
comprising Ge is performed by plasma enhanced chemical
vapour deposition (PECVD), thermal evapcration, close space
vapour transport or molecular beam eplitaxy.

[0046] Advantageously after deposition of the second
layer, the {intermediate) device may be siored for a
predetermined period, id est for hours, weeks, months or
aven vyears, without the necessity cf having to store the
device under & protective atmocsphere {like 2 N,

atmosphereAs such, advantagecusly, a method as recited in

b

oy
[

D
Q.

any of the previous embodiments 1s disc wherein an
intermedlate device 15 stored after the step of forming the
second layer on said top layer., [0047] Preferakly the step
of sublecting the silicon substrate with the laver of z Ge
material to a substance comprising a Group III element and
a substance comprising N is performed by a metal organic

chemical wvapour deposition (MOCVD) process. This step is

o -
L ana

typically performed aft a temperature between 500
1300°C, between 1000 and 1100 °C, and preferably at 1050°C.
In another embodiment, the step c¢f subjecting the silicon
substrate with the laver of a Ge material to a substance
comprising a Group III element and a substance comprising N
is performed by a molecular bean epltaxy (MBE} or Hydride
vapour phase epiltaxy (HVPE).

In ancother embodiment, the step of subjecting the silicon
substrate with the laver of a Ge material to a substance
comprising a Group IIT element and a substance comprising N

b

is preceded by an annealing step. The annealing step
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results 1in the formation of a stable laver. For example,

the structure of the porous top layer and the second layer

can change during the annealing step. Consequently. the

underlying layers will be less susceptible for structural

changes {such as, but not limited hereto, changing of the

pores structurejduring the step of subjecting silicon
subatrate with the layer of a Ge material tc a substance

comprising a Group III element and a substance comprising N.
Also, after the annealing step, the second layver will be a
layer made SiGe.

1004} Iin a preferred embodiment of the second
aspect of this invention, a method as recited in any of the

Iz

b~

previocus embodiments 1s disclosed, wherein the Group
element is Ga. Most preferably the Group III-nitride is Gal.
The Group III nitride material can also be Al N or AlGaN.
ran49] In another preferred embodiment of the second
aspect of this invention, & method as recited in any of the
previous embodiments 1s disclosed, wherein the Group 111
element 1s Al, and the Group [Ii-nitride AIN.

[0050] In & preferred embodiment o©f the second
aspect of this invention, a method as recited in any of the
previous embodiments is disclosed, wherein said method
further comnprisss the step of forming an intermediate layer
between the step of subjecting said silicon substrate with
said porous top layer to a substance comprising Ge and the
step of subjecting said silicon substrate with sald layer
of & Ge nmaterial to a substance comprising a Group III
element and a substance comprising N. Advantageously an
intermediate AIN layer is hereby formed.

[O051] The BIN laver can be deposited by MOCVD in
the MOCVD reactor at high temperature such as between 900°
C and 1200°. Alternatively, the AIN layer can be grown at

~

low temperature such as between 400° C and 800°C, between
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followed v a thermal anneal step. [0052]
of the second

preferred embodiment
a2 method as recited in any of the
wherein the deposition

500° € and 8007°C,
GaN layer, 1is

In a

aspect of this invention,
such as a

previous embodiments is disclosed,

of a Group IllI-nitride laver,

performed at two different temperaturses between 500°C and

the first part of said deposition
(e.g. &

5
temperature,

lower
of between 400°C

1300°C. Advantagecusly,
at a
followed by a step

step 1s performed
temperature of between 400°C and 800°C,
of between 400°C and 600°C)
a temperature of between 800°C
of between 800 and

10 and 700°C,
at higher temperature (e.qg.
and 1200°C, of between 800°C and 1100°C,
1060°C) .

[0053] A third aspect of the invention relates to a
15 device obtainable by any of the above described methods.
Examples of such devices, obtainable by any of the above
are given in
to

disclosed methods according to the inventicon,
relates

the section related to the first aspect of the invention.
this invention
template device for

A Tfourth aspect of
salid method

(intermediate)

[0054]
a method for forming an
Group III-nitride material,

20
the deposition of &
comprising the steps of
providing a silicon substrate comprising a porous top
with porous ftop

supstrate
thereby forming on

laver,
sublecting said silicon
substance comprising Ge,

sald second laver made

b

=3

25
layer to
sald top laver a second layer,

of a material comprising Ge,
optionaliy followed by the step of thermally annealing

and

layer made of a material comprising Ge.
Preferred embodiments with respect to ways of
composlition

sald {(second)
their

30
lavers,

[

0055]
different

the

oy

ming

B
1

=1

0
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thickness have been described in the sections related to
aspects 1 to 3 of the present invention.

o056 This method results in a template device
highly suitable for the deposition of a Group IIl-nitricde
material, sald template device comprising a substrate that
comprises a silicon substrate having a porous top layer,
and on said top layer a second layer, sald second layer
made of a material comprising Ge. Advantageously, said top
layer is arranged such that a Group Il1I-nitride material
can be deposited on saild second laver. Advantagecusly at
least part of the pores of the ftop layser may be closed
pores. Still a further aspect of the invention relates to
template devices obitainable by =2 method of forming such
template device accerding to the invention.

[0057] Yet a further aspect of the present invention
relates to the use of an (intermediate) template device for
the deposiftion of a Group IIl-nitride wmaterial, sald
template device comprising a substrate that comprises a
silicon substrate having a porous top laver, and a second
laver on said top layer, =sald second layer made of =&
material comprising Ge. Advantageously, szid top laver 1is
arranged such that & Group III-nitride material can be
deposited on said second layver. BAdvantageously at least
rart of the pores of the top layver may ke closed pores or
pores with reduced diameter. Possible thickness and/oxr
layer composition, etc are as indicated in the sections
related to the first and second aspect of the present

invention.

Short description of the drawings

[0058] Fig. 1 represents a flow chart showing the
(mandatory and optional) steps o¢f the method. OCptional
steps are indicated by a dotted line.

[0059] Fig. 2 represents a pSi formation set up.
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[0060] Fig. 3a represents the reflectivity as a
function of time. Fig. 3b represents XRD measurements.
[0061] Figure 4 represents a porous silicon
substrate with a gradient in porcsity, from low Lo high
porosity.

[0062] Figure 5 represents a porous silicon
substrate, comprising a silicon substrate (53), a layer of
low (51) and high (52) porcsity.

[0063] Figures 6a~f represent different steps in the
formation of a porous top layer on a silicon [001]
substrate by way 0f ancdisation in a HF-based solution as
described for instance Iin EP 1132952, The numeral 61
indicates the silicon substrate, 62 indicates pores, 63
indlcates the point of reaction, 64 indicates a hydrogen
melecule and 65 is the direction of tThe hydrodynamic force

exerted by the molecule.

Detailed description of the invention

[0064] The present invention is described in detail
in the sequel. It is apparent however tThat a person skilled
in the art can imagine several other eguivalent embodiments
or other wavs of executing the present invention.

[0065] For the purpose o¢f this invention, when a

n

layer is referred to as being “orn” or “over” another laver
or substrate, 1t is meant that the layer i1s directly on the
other laver or substrate or that an intermediate layer is
present. When a laver is referred to as being Min direct
contact with” another laver or substrate, it is meant that
there 1s no intermediate layer present between the two
layers or between the layer and the substrate.

[0066] For the purpose of this invention, a Group
ITI-nitride material is a material comprising a nitride of

an element of Group TIII of the periodic table of elements.

A Group IlI-nitride material can be GalN, whereby GaN is to
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be understood as a material comprising at least GaN, such
as, but nct liimited hereto, AIN, AlGaN, InGalN, AlInGal,
GaAsPN and the like. The device as recited in this
invention can also comprise a diamond laver instead of a
Group Ill-nitride material.

[0067] A silicon substrate is a substrate comprising
gilicon. In a specific embodiment the silicon substrate is
a silicon wafer. The silicon substrate can comprise a
porous top laver according te the invention (as defined
above) .

[0068] By “castellated” 1is meant that the cross
section o©f the substrate at the major surface 1is
characterized by steep hills and valleys, the tops of the
hills defining £lat plateau surface porticns that are
mutually separated from one another by gaps formed by the
valleys. Advantageously, each of the plateaus has a maximum
lateral extent of less than a micron, preferably of less
than 200 Angstrom and most preferably of less than 100
Angstrom, with respect to any directfion alonyg the top
surface of the plateau. Preferably, neighbouring plateaus
are separated from one another by gaps of at least 30
Angstrom, more preferably of at least 60 Angstrom wide.

[0069] By “iwo-dimensicnally submicron patterned” is

th

meant that the surface i1s characterized by flat plateaus o
any arpltrary shape, each plateau having a maximum lateral
extent with respect to any direction along the top surface
of the plateau of less than a micron, with gaps formed by
grooves located betwean the plateaus, for example, as
obtained by nanometer lithography described by Douglas et

al. {Applied Phvsics Leatters {1886), wol 48 [10) £76-678)

i1
LOVIrVE B e N 4

Lo T (RSN AN 00N
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[0070] The term “pores” in the present context
extends to the “gaps”, “valleys” or “grooves” as described

above. The “pores” in the porous top layer according to the
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invention may be open pores , closed pores or may present a
combination of open and closed pores such as bubbles,
inclusions, voids or micropores.
[0071] In a first aspect of this invention, a device
ig disclosed, the device comprising
- a substrate comprising a silicon substrate having a
porous top layer, sald second layver made cf a Ge
material, and
- & further layver of a Group III-nitride material on
said second layer.
[0072] Preferably, the second layer comprises 3SiGe,
The Group III-nitride material preferably comprises at
least GaN. Preferably the Group III-nitride material is GaN.
Alternatively, the Group TII-nitride material may comprise
at least AIN or be AIN.
[0073] The lattice mismatch between S5i and a Group
TIT nitride material is very hicgh. By adding Ge fc 51 and
performing an annealing step a2 layer of S5iGe is formed,
having an even higher lattice mismatch.
[0074] Also the difference in tThermal exXpansion
coefficient betwesen the Two materizls (Si and & Group IIl-
nitride mafterial) 1is wvery high, resulting in extra stress
in the Group III-nitride laver such as a GaN layer during
cooling down after the GaN deposition.
[0075] The difference in thermal stress between Si
and the group III nitride material, preferably GaN, will
decrease when a S5iGe layer 1s formed between 51 and the
Group III-nitride material. Consequently, the occurrence of
cracks in the group II1II nitride material layer 1s decreased.
(00761 On one hand, the layer of a Ge material thus
drastically reduces thermal stress, which In fact appears

to be the maior bottleneck for growth of a Group III-



(42) JP 2012-182475 A 2012.9.20

17

nitride material such as GaN cn S1 and not the lattice
mismetch.

[0077} Dislocations in the Group ITI-nitride
material such as GaN layer may still occur. This problem
can be solved by the use ¢f a porous 81 laver according to
the invention, which i1s very flexible. The porous 31 layer
according to the invention will allow the substrate to
accommodate to the large lattice mismatch between silicon
and the Greup III-Nitride layer, and thus reduces the
dislocation density in the latter layer. Moreover, use of
the substrate according to the inventlion will avoid cracks
of the Group Ill-niftride laver during cooling of the deavica.
A further advantage 18 the fact that “bowing” of the
substrate is avoided.

[0078] The substrate cholce (silicon with a porous
layer according to the invention) is not straightforward

-

Porous 81 1is thermally instable (it can deform at high
Temperatures) and can absorb molsture from the environment.
{00789] The layer of a CGe material 1is deposited at a
temperature 300 °C and 8§00 °C, preferably at 500 °C, in
contrast to the high depositions temperatures for AIN and
GaN standardly used in the art.

{0080} On the other hand, & Ge layer thus mainly
acts ag a protective laver to avold cxidation of the porous
51 according to the invention. Consequently the structural
modification of the porous 51 layer is avoided. GaN lavers
or AIN layers grown directly on a silicon substrate
according tc the invention would not prevent oxidation of
the porous 31 substrate. [0081] In addition, The
decoxidation temperature of Ge 1s much lower than the
critical temperature at which porous 51 recrystallises into
{(bulk) S5i with wolds, whereas the deoxidation tCemperabure
of 51 is well above this transition temperalture. Voids can

e considered as micropores in the porous 5i.



(43) JP 2012-182475 A 2012.9.20

ig

[0082] The Ge interlaver will also pravent
nitridation of the Si substrate so that no or a minimal
amount of amocrphous SiNx compounds can be formed at the
interface. Formation of amorphous thick S5ilNx materials is
highly disadvantageous with respect +to further epixial
growth of the device. The Ge interlayver alsc reduces lthe

intermixing of Ga and Si and thus prevents meltback etching

.

[0083] The advantageous effects of a second layer
made of a Ge material accoﬁding te the invention are
obtained already when a very thin layer o¢f a material
comprising Ge 1is applied on top of a Si substrate with a
top laver according to the invention, for instance a layer
with a thickness of between 1 and 20 nm, 5 and 15 nm, 6 and
i2 nm,
[c084] A device as obtainable by a method according
to the invention is a device of high guality.
[0085] It was found that a laver of a Ge conprising
material on a Si substrate having a top layer according to
the invention provides a surface that is highly suited for
the epitaxizl growth ¢f high-guality wide band gap Group
IIT-nitride semiconductor materials, in particular for the
growth o¢of GaN. Epitaxial layers of high gquality were
cbhtained &as such, with excellent crystallinity, very few
cracks and reduced bowing compared to growth on a non-
porous S1 subsrate without CGe laver.
[o0B6] Below some preferred devices according to the
invention are described:
[6087] A first such device 1s one that comprises :

- a substrate comprising a silicon substrate having a

porous top laver,
- on said porous top layer a second layer, said second
layer made of material comprising $iGe, and

- a GalN lavyer on this second layer.
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i0088] Pores in said porous laver may be open pores,
or may be a combination of closed and open pores.
[cogel In an embodiment of the invention the laver
of a SiGe material (a material comprising at least 5iGe) is
in direct contact with said top laver. In a specific
embodiment the GaN layver 1is in direct contact with the
laver of & 8iGe material. The second laver advantageously
is a SiGe layer.
[0020] The thickness of the layer of a SiGe material
in the here described embodiment is between 1nm and 2
micrometer, between 1 nm and 1000 nm, between 1 nm and 500
nm, between 1 nm and 300 nm and beitween 10 nm and 200 nm.
[00%1] Another preferred device is one that
comprises

- a substrate comprising a silicon substrate having a

porous tep layer comprising at least in part closed

- on sald top laver a second layer, said second layer
made of material comprising SiGe, and

- a further GalN layer on this second laver.
The second laver advantageously 1s a S5iGe laver.
[0082] The substrate comprising a silicon substrate
having a top layer comprising at least in part closed pores,
for instance voids, is for instance formed after deposition
of the GaN laver and cooling down. During the first step in
the depocsition prcecess of GalN ( this is the annealing step)
the porous silicon layver 1is transformed into bulk Si
comprising voids.,
[0083] The invention also dlscloses a device
comprising a substrate and a laver of a Group IIi-nitride
material. In an embodiment the device comprises

- a substrate comprising a silicon substrate having a

porcus top layer,
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-~ on said top layer a second laver, said second laver
being a Ge layer or a graded SiGe laver, and
- a GaN laver on sald second layer.
[0D%4] Advantagecusly, the second laver made of Ge
material, like a Ge layer or a laver made of graded 8iGe,
is in direct contact with said top laver. Advantadgeously,
the Ge concentration in said graded S$SiGe increases 1n a
direction away from said substrate. Advantageously the GalN
layer ig in direct contact with the second layer.
[0095] The porous 8i laver and the Ge layer will
diffuse, resulfting in the formaticon o¢f a 3iGe layer,
possibly a graded SiGe laver, at least in the lower part of
the laver, id est the part near the 51 substrate.
[0096] The thickness of the Ge layer or of the
graded SiGe layer in the here described embodiment is

“

between 1 nm and 1000 nm, between I nm and 500 nm, between
1 nom and 300 nm and between 10 nm and 200 nm. More
preferably, the thickness of the Ge layer or of the graded
SiGe laver is betwsen 1 and 100 mm, between 1 and 50 nm,
between 1 and 20 nm, between 1 and 15 nm, between 1 and 10
nm.

[Q087] The substrates accoeording to the invention,
digclosed in any of the above embodiments, are very useful
for the epitaxial growth of high-quality wide band gap
Group III-nitride semiconductor materials, in particular
for the growth of GaN. In particular, substrates prepared
according to a method comprising an annealing step and/or
comprising a Group III-nitride depesiticn in two steps (a
first step at a lower temperature, followed by further

A

growth at higher temperatures) and/or with a Ge layer are
highly suitable for these purposes.
[0098] All of the abkove described devices can be at

least a portion of & device reglon. The device can be part
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of a FET, a LED, a laser diode, & HEMT or a heterojunction
bipolar transistor.

[0088] In ancther aspect of the invention the use of
e.g. 3 S31/pSi/8iGe substrate for the growth of a Group III-
nitride material is disclosed, where pSi denotes porous $i
according to the invention. The $i/pSi/5iGe substrate, alsc
referred to as femplate device, comprises a silicon
substrate having a porous top laver and a layer of a S5iGe
material (second layer} on sald top layer, The fernm
“Si/p5i/SiGe  substrate” in fact refers to all template
devices disclosed in the present invention, 1id sst devices
with a layer made of a Ge material (preferably a SiGe
laver} as second layer.

[0100] By using the Si/pSi/SiGe substrate according
to the invention for the growth of Group Iil-nitride
materials, the problems of the priocr art soluticns are
solved. Morecover, the Si/esSi/sice substrate of the
invention, preferably with at least part of the pores
closed, can be formed and stored until deposition of the
Group TIT-nitride material. The storage can be for a few
hours, a few days, a month or even longer.

[C101] In a further aspect of this invention, a
method for forming a template device as described above is

disclosed. The method comprises the steps of

€4

- providing a silicon substrate comprising a porous top
layer,

- subjecting said silicon substrate with said porcus top
layer to a substance comprising Ge, tThereby forming on
gsald top laver a second layer, said second layer made
of a material comprising Ge, preferably

- Tollowed by the step of Thermally annealing said laver

made of a material comprising Ge.
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(01021} The step of providing a silicon substrate and
the step of subjecting sald silicon substrate to a Ge
comprising substance can be performed and the resulting
substrate can be stored. The step of subjecting sald
substrate with said layer of a Ge material to a Group III
element comprising substance and an N comprising substance
can be performed when the device needs to be further
processed.

[0103] Advantageously said annealing step is
performed prior to sublecting sald silicon substrate with
said layer of a Ge material to a Group III element
comprising substance and an N comprising substance. In a
preferred embodiment the Group III element 1z Ga.
Alternatively the CGroup III slement may be Al.

{0104} The stepr of thermally annealing said layer of
a Ge material prior fTo the step of subjecting sald layer to
& Group III (e.g. Ga) comprising substance results in the
removal o0f the oxide ({formed on the Ge layer) and the
formation of a laver of a 5iGe material, possibliy a graded
5iGe materiazl, on tThe porous 31 top lavyer. The thermally
annealing step 1is advantageously performed at a temperature
between 500°C and 1300°C, preferably Dbetween 500°C and
11o0°C,

[0105] The step of subjecting the silicon substrate
with the porous top laver to a Ge comprising substance
avoids The formation of 3102 on tThe porcous top layer. From
the pricr art (see TAtmospheric impregnation of porous
silicon at room temperature’, Canham et al., J. Appl. Phys,
J0(1), July 1881, pp. 422-431), it is known that a clean
flucrinated hydride surface cf freshly etched silicon
substrates 1s converted to & contaminated native oxide
during the exposure to amblent air for longer Tine,
resulting in a continucus modification of the structural

progerties.
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[0106] The method of the invention may further
comprise the step of subjecting said silicon substrate with
sald Ge layer to a Group 117 element comprising substance
and an N comprising substance, thereby forming & Group III-
nitride layer on the second layer.

[0187] The melthod can Ifurther comprise the step of
forming an intermediate (third) laver between the second
layer of a Ge material and the Group III-nitride layer {the
further layer). The intermediate laver advantageously 1s
arrangsd such that 1t can serve as a basis for the growth
of the Group Ili-nitride laver or as laver from which the
growth of the Group III-nitride layer starts. The
intermediate layer can be a laver with a thickness in the
range between 1 nm and 200 nm, between 1 nm and 100 nm and
between 1 nm and 50 nm. The intermediéte layer can be a

flat continucus laver or a discontinuous layer comprising

bt
P9l

izlands. The intermediate layer can be an AIN yer,

[0108] The intermediate ALN layer can introduce
reasonable compressive stress in the GalN layvers grown over
it, which during cooling down of the hetercstcerutures
compensata large thermal tensile stress due tce thermal
mismatch and further reduce cracking.

The thickness of the AIN layer 1is between 1 nm amd 2
micrometer , betwesen 106 nm and 1000 nm, beifween 10 nm and
500 nm. The AIN layer is grown at a Temperature between
500C and 900C or between 900C and 110GC.

[CL09] The stepr of subjecting the silicon substrate
with the porcous top laver to a Ge comprising substance can
ba performed by plasma enhanced chemical wvapour deposition
{PECVD), thermal evapcration, close space wvapour transport
or molecular beam epltaxy.

[0110] Depcsition of a Ge layer typlcally takes a
few seconds. After the process of preparing a porcus

gilicon substrate, this substrate with wporous top layer
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according to the invehtion may be stored for a few seconds,
for minutes or a few hours f{(up to 2 hours) under a
protective atmosphere ({like an N, atmosphere}, wherealler
the laver of a Ge material is then deposited.

[0111] For The step of sublecting said Ge layer o a
Group III eliement comprising substance and a N comprising
substance Lo grow a Group III-nitride layer, the wafer 1is
preferably loaded 1in a metal organic chemical wvapour
deposition {(MOCVD) reactor. The wafer can alsce be loaded
in an MBE reactor or a HVPRE reactor. Prior Lo deposition

A

the substrate 1s annealed In H; atmosphere for instance to
remove the oxide, During this annealing step a stable
epitaxial Ge-zilicide layer is formed.

f0112] The substance comprising a Group III eliement
can be TMGa {(trimethyl Gallium) while the N comprising
subsTtance <can bs  NHs. In an embodiment the step of
subijecting said laver of =z Ge material to a Group III
element comprising substance and a2 N comprising substiance
can be periformed at a temperature befween 500°C and 1300°C,
preferably betwsen 1000°C and 1100°,

[0113] Alternatively tThe step of subjecting sald
layver of a Ge material to a Group III element comprising
substance and a substance comprising N can be performed at
two different temperatures between 500°C and 1300°C. The
first part of the step may be performed at a lower
temperature, (e.g. a temperature of between 400°C and
800°C) followed by a step at higher temperature (e.g. a
temperature of between 800°C and 1200°C).

[0114] The step of subjecting sald laver of a Ge
material to a substance comprising a Group III slement and
a substance comprising N results 1in the formation of a
layer of Group III-nitride material. Advantagecusly the
layer of Group III-nitride material is & material

comprising at least GaN. Alternatively, the laver of Group
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IT1I-nitride material may be a material comprising at least
AlN.

[0115] In an embodiment, ithe substrate can be formed
starting from a 3i wafer, o¢f which the top layer 1s made
porous by a method known to a person skilléd in the art. In
an embodiment the top laver can be made porous for instance
by an anodic reaction with concentrated hydrofiuoric [(HF)

acid.

Example

[0116] Porous 31 (pSi} is obtained by anodisation in
a HF-based solution, using a two-electrode configuraticon
(see figure 2) with a silicon working electrode (24} and a
platinum counter electrode (23). Acetic acid is added to
the HF as a surfactant to allow an efficient removal of the
hydrogen bubbles formed during the p3i  formaftion and
results 1n a more homogensous pSi  layer. During the
anodisation of the S51(111) ubstrate (21}, the

=

electrochemnical dissoluticn of the 31 atoms occurs in Che
vicinity of the interface between the already formed pSi
layer and the Si substrate. Therefore the thickness ¢f the
psi layer is controlled by the etching time. The relevant
parameters for the pore formaftion are the current density,
the doping type and level of the substrate, the slectrolyvte
concentration and the possible illumination of the wafer.
Since holes at the electrode surface are required for the
dissolution of silicon, p-type silicon is readily etched in
the derk, while with n-type material illumination is
reguired. Porous layers with a poreosifty ranging from 10% to
90% and a thickness varving from 10 nm to a few micrometers
can easily be achieved. This process results in homogenous
porous layers over large wafer areas. Fig.2Z shows a pSi
formation set up. 21 refers to the silicon substrate, 22

refers t th Teflon beaker, 23 to the Platinum electrode, 24
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to the silicon anode and 25 refers to the back contact.
The specific process conditions are
ancdisation 27 p-Si{l1ll)

thickness : 280 mm

resistivity ¢ 0.01 Wcm

chemical solution : 2 HF / 3 Acetic Acid

current density : 75 mA/cm2
This process results in 1.7 mm porous Si layer with a
porceity of ~30%.
Figure 4 refers to a porous S1 [001] substrate obtained by
the method as described above.
Figure 5 represents a porous silicon [001] substrate,
comprising a silicon substrate (53), a laver of low {bl]
porosity and a layer of high (52) porosity.
Figures 6a-f represent different steps in the formation of
a porous top laver on a silicon [001] substrate by way of
ancdisation in a HF-kased s=solution as described for
ingtance 1n ZP 1132952Z. The numeral 61 indicates the
silicon substrate, 62 indicates pores, 63 indicates the
point of reaction, €4 indicates a hydrogen molecule and &5
is the direction of the hydrodynamic force exerted by the
molecule.
[0117] After the oSi formation the wafer is
thoroughly rinsed in DI-water until noe traces of the
electrolyte remain. The substrate 1s subseguently dried
with Ny, and immediately loaded in a wvacuum system to
deposlit the Ge layer. Immediately meaning that no oxidation
of the porcocus Si occurs. The Ge is deposited in a Plasma
Enhanced VD system at a moderats temperature of about
500°C and has a thickness in the range of 10 to 100 nm.
PECVD resuits in the formation of epitaxial Ge layers on
top of the 81 substrate, as can be concluded from XRD

analysis of the PECVD Ge laver. Fig.3 shows a reflectivity
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and XRD measurement illustrating the growth of an epitaxial
layer of GaN on top of the pSi (111).

[0118] This step is followed by a degassing and
annealing step at 1125 degrees €, reszulting 1n the
formation of a 3iGe laver.

[0119] In a next step, the substrate 1s subjected to
TMALl and NHs in an MOCVD reactor and an intermediate layer
of AIN is formed at 1100 degrees C (rate : 7.5 nm/min,
thickness 200 nm).

[01201] After depositing the Ge layer, the substrate
is loaded in a MOCVD reactor. The substrate is subjected to
TMGa and NHs at 1020 degrees C (rate 10 nm/min, thickness 1
um) . The resulting reflectivity (fig. 3a) and XRD
measurements {(Fig. 3b) show that a smcoth epitaxial GaN

layer is formed on top of the porous Si(111}.
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CLATMS
1.2 device comprising
- a substrate comprising a silicon substrate having a
porous top layer,
5 - a second layer on said top laver, sald second layer
made of a Ge material, and
- a further layer of a Group III-nitride material on
gsald second layer.

2.2 device as in claim 1, wherein saild

10 second layer is made of material comprising at least SiGe.

3. A device as in any of the previous claims,
wherein said second laver 1s a SiGe layer,.

4. A device as 1in any of the previous claims,
wherein the compcesition of said second layver is graded.

15 5.4 device as in any cof the previcus c¢laims,
wherein the Ge concentration in sald material of said
second laver lg increased in a direction away from said
substrate.

6. A device as 1n any of the previous claims,

20 wnerein said CGroup III-nitride material is GaN or AIN.

7.4 device as in any ¢f Lhe previous claims,
wherein said second laver is in direct contact with said
porous top laver.

B. A device as in any of the previous claims,

25 further comprising a third layer positioned between said
seccond layer and said further laver.

8. A device as in any of the previous claims,
wherein said porous top layer comprises at least in part
closed pores such as  bubbles, volds, inciusions or

30 mnicropores.

10. A device as in any of the previous claims,
wherein said porous top layer has a porosity of between 10

and 90 %,
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11. A device as in any ci the previous claims,
wherein saild porous top laver has a thickness of between 10
nm and 3 um.

12, A device as in any of the previous claims,
wherein said second layer has a thickness of between 1 nm
and 1000 nm.

13, A device as in any of the previous claims,
wherein said seccond layer has a thickness of between 1 nm
and 20 nm, preferably of between 5 and 15 nm.

14. A device as in any of the previous claims,
wherein the second layer is a layer made of a SiGe material
and wherein the further laver i1s a GaN laver.

15. A device as in any of claims 1 to 14,
wherein the pcrous top layver comprises at least in part
closed pores, such as bubbles, voids or micropores, wherein
the second layer is a layer made of a 35iGe material and
wherein the further laver is a GaN laver.

i16. A device as in any of claims 1 to 14,
wherein the second laver is a laver made of Ge or is a
laver made o©f graded S$S1Ge, the Ge concentration in said
graded SiGe increasing 1n a direction away from said
substrate; and wherelin the further layer is a GalN lavyer.

17. A FET, a LED, & laser diode, a HEMT or a
heterojunction bipolar transistor comprising a device as in
any of the previous claims.

18. A device as in any of the previcus claims,
wherein an electronic circuitry is integrated in said
silicon substrate.

19. A device as in any 0I thes previous claims,
wherein an cptoelectronic element or a FET is formed in the
Group III-nitride laver.

20. Methed for forming a device comprising a

Group ITT-nitride material on silicon, comprising the steps

9.

20
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- providing a silicon substrate comprising a porous top
layer (as defined),

- subjecting said silicon substrate with said porous top
layer to a Ge comprising substance, thereby forming a
(second} laver of a Ge material on said fop laver,

- sublecting the silicon substrate with the layer of a
Ge materlal To a substance comprising a Group III
element and a substance comprising N, thereby forming
a further layer of a Group III-nitride material on
sald second layer.

21. Method as in claim 20, further comprising
the step of thermally annealing said second laver of a Ge
material prior fto the step of subjecting said silicon
substrate with said layer of a Ge material fo a substance
comprising a Group IIT element and a substance comprising N
to form a further layer of a Group IIlI-nitride material.

22. Method as in claim 21, wherein sald step
of thermzlly annealing 13 performed at a temperature
between 500°C and 1300°C.

23. Method as in claim 21 or 22, wherein said
step of thermally annealing is performed at a temperature
between 500°C and 11006°C.

24. Method as in any of claims 20 to 23,
wnerein the step of subjecting said silicon substrate with
said pcrous tTop laver to a substance comprising Ge is
performed by plasma enhanced chemical wvapour depesition,
thermal evaporation, close space vapour transport or
molecular beam epiltaxy.

25, Method as in any of clalm 20 to Z4
wherein an intermediate device is stored after the step of
forming the second layer on said top layer, this step of

storing preferably preceded by an annealing step.
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26. Method as in any co¢f claims 20 to 25,
wherein the step of subjecting sald siliceon substrate with
said laver of a Ge material to a substance comprising a
Group III element and a substance comprising N is performed
by & metal crganic chemical vapour dsposition process,.

27. Method as in claim 26, wherein said step
is performed at a temperature between 500°C and 1300°C.

28. Method as in claim 26 or 27, wherein said
step 1s performed at a temperature between 1000°C and
1100°C.

28, Method as in any of claims 20 to 28,
wherein said Group IIT element is Ga.

30. Method as in any of c¢laims 20 fto 289,
wherein said Group IlI-nitride material is GaNN,.

31. Method as in any of claims 20 to 28,
wherein said Group 11l element is Al.

32. Method as in any of claims 20 to 28 or 31,
wherein said Group IITI-nitride material is ALIN.

33. Method as in any of clalms 20 teo 32
further comprising the step of forming an intermediate
layer, such as an AlIN layer, bestween the step of subjecting
said silicon substrate with sald porcus top layer tTo a
substance comprising Ge and the step of subjecting said

silicon substrate with said layer of a Ge material to

¥y

substance comprising a Group III element and a substance
comprising N.

34, Method as in any of claims 20 to 33,
wherein fhe deposition of & Group III-nitride layer, such
as a GaN laver, 1s performed at two different temperatures
betwaen 500°C and 1300°C.

35. Method as in claim 34 wherein the first
part of said deposition step is performed at a temperature
of betwesen 400°C and B800°C followed by a step at

temperature of between 800°C and 1200°C).
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36. A method for forming a template device
for the deposition of a Group I1Il-nitride material, =aid
method comprising the steps of

- providing a silicon substrate comprising a porous top
layer,

- subjecting saild silicon substrate porous top layer to
a substance comprising Ge, thereby forming on said top
layer a second layer, said second layer made c¢f a
material comprising Ge,

- Tfocllowed by the step of thermally annealing said layer
made of a material comprising Ge.

37. Method as in claim 3¢ further comprising
the step of storing the device for a predetermined time,
preferably after the annealing step.

38. Use of a template device for the
deposltion of a Group IIi-nitride material, said template
device comprising a substrate that comprises a silicon
substrate having a porous top laver, and on said top layer
a second layer, sald second layer made of 2 material

comprising Ge.
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ABSTRACT

METHOD FOR DEPOSITING A GROUP III-NITRIDE MATERTIAL ON A
SILICON SUBSTRATE AND DEVICE THEREFOR

The present invention is related to a device
comprising
- a substrate comprising a silicon substrate having a
porous top laver,
- a second layer on saild top layer, sald second laver
made of a2 material comprising Ge, and
- a further laver of a Group III-nitride material on the

second layer.

The present invention further is related to
methods of production and to intermediate or template
devices highly suiltable for the epltaxial growth of a high

gquality Group III-nitride layer.
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