US 20090117692A1
a9 United States

a2y Patent Application Publication (o) Pub. No.: US 2009/0117692 A1l

Koyama et al. (43) Pub. Date: May 7, 2009
(54) MANUFACTURING METHOD OF Publication Classification
SEMICONDUCTOR DEVICE (51) Int.CL
(75) Inventors: Masaki Koyama, Atsugi (IP); HOIL 217336 (2006.01)
Fumito Isaka, Zama (JP), Akihisa (52) US.ClL .ol 438/164; 257/E21.415
Shimomura, Isehara (JP); Junpei
Momo, Sagamihara (JP); Shunpei (57 ABSTRACT

Yamazaki, Tokyo (JP) A single crystal semiconductor substrate bonded over a sup-

porting substrate with a buffer layer interposed therebetween
and having a separation layer is heated to separate the single
crystal semiconductor substrate using the separation layer or
a region near the separation layer as a separation plane,
thereby forming a single crystal semiconductor layer over the

Correspondence Address:

FISH & RICHARDSON P.C.

P.0. BOX 1022

MINNEAPOLIS, MN 55440-1022 (US)

(73) Assignee: SEMICONDUCTOR ENERGY supporting substrate. The single crystal semiconductor layer
LABORATORY CO., LTD. is irradiated with a laser beam to re-single-crystallize the

Atsugi-shi (JP) ’ single crystal semiconductor layer through melting. An impu-

rity element is selectively added into the single crystal semi-

(21) Appl. No.: 12/261,832 conductor layer to form a pair of impurity regions and a
channel formation region between the pair of impurity

(22) Filed: Oct. 30, 2008 regions. The single crystal semiconductor layer is heated at
temperature which is equal to or higher than 400° C. and

(30) Foreign Application Priority Data equal to or lower than a strain point of the supporting sub-
strate and which does not cause melting of the single crystal

Nov. 1,2007  (JP) oo 2007-285589  semiconductor layer.

NIV
N

4 / /
NN N
) )

N

.ﬂ&\.\\\\\‘\m- W‘Wk -

] A L A A A A A A AR A A A WA

IPR2024-00534

Samsung Electronics Co. Ltd. et al v. Chien-Min Sung
Samsung's Exhibit 1009

Ex. 1009, Page 1



Patent Application Publication May 7, 2009 Sheet 1 of 31

US 2009/0117692 A1

FIG. 1A 110 112
= .
E i \5\437}104
( 106
102”
FIG. 1B |
¢ ¢ C O O (
) ) ) ) ) )
FIG. 1C
W“G
o 114
ST SRS = —
FIG. 1D
H,,/Hs
SN
e Ty
FIG. 1E
120
S
e e

Ex. 1009, Page 2



Patent Application Publication

FIG. 2A

FIG. 2B

FIG. 2C

May 7,2009 Sheet 2 of 31

US 2009/0117692 A1

120a 120b
i | | i |
&S SR =

108
107}
106/ 104

/

L

A’ Vi
128b 126b 128b

777 //// Y T ’//// 7, ///N124
I ////R/{//W///g// ////\\\//f/Y///\{A/122

e

- 124a L

/{ /// 124b
4 N\ 4 -
e
IR e

Ex. 1009, Page 3



Patent Application Publication May 7,2009 Sheet 3 of 31 US 2009/0117692 A1

FIG. 3A 1(32
‘/———‘% \ 7; 130
= Rt P )

FIG. 3B

FIG. 3C
134a 134a 134b 134b
14021~ ¥4 _140b
= 2/
ST ——aw
L “\““‘im“ ,!i “m\\\'w“\
e 7 T 7

1282 1262 128, 128b 126b 128,

Ex. 1009, Page 4



Patent Application Publication May 7,2009 Sheet 4 of 31 US 2009/0117692 A1
FIG. 4A 120
(
I ] | _ 108
SR Seseen km}mt;
106
A 102
FIG. 4B 1200 120d
[ 4 \ { 4 \
e — S = ST
FIG. 4C 3}0 312 3(‘4
T '}/’ U I
e — S —
§
S
FIG. 4E 320c 3204
322¢ "\, 324c 322d "\, 3244
316¢ fdcr 316d
- ]\ 8 N
e

Ex. 1009, Page 5



Patent Application Publication May 7,2009 Sheet 5 of 31 US 2009/0117692 A1

FIG. 5A | -
| | | | | i | |
S A S A

322¢ 324c 322d 3244

,H/

e T A O

\ CUARARAH AT ALY

=N

FIG. 5D ¢ ( ( ( C (

i Sy

Q\\\\\\\\\\\\

YL \//// T 1)

. A A A A A A 4 et A 4 ........."...
mm“ﬁmmm““mmm“m‘mmmm“\““mmm“m“

'\

Ex. 1009, Page 6



Patent Application Publication May 7,2009 Sheet 6 of 31 US 2009/0117692 A1

FIG. 6A
324c 2312 334 322d \, 3244
316¢c ; ( 316d
/
/ . 1/ M A VI v, // 310
- 'm P oe=l i
y = = ‘n\“mlsxm:“\ o= |
> ) ) > ) 4~ 102
328 ! 8d / 32
c 3%26¢ 328d / 326d
330c 330d

JLUITLT LTI

s

FIG. 6C

336¢ 336¢ 336d 336d

% 7 % |
= k§§§%§§§$§ ==

Ex. 1009, Page 7



Patent Application Publication May 7,2009 Sheet 7 of 31 US 2009/0117692 A1

FIG. 7A
16206 106 107 108 ZOf
[ 7 ~ ZI) 4 9 | 7 1
e ——— St — =l
104
A
102
FIG. 7B
120e 1207 906
| 7 | II 7 =

A

, , g
T

FIG. 7C

607e 607f

603e 605e 603f 605f

S

[

Ex. 1009, Page 8



Patent Application Publication May 7,2009 Sheet 8 of 31 US 2009/0117692 A1

FIG. 8A

607e

Ex. 1009, Page 9



Patent Application Publication May 7,2009 Sheet9 of 31 US 2009/0117692 A1

i
- T e S SO T

621e 622f 622f

\

\

607F  @14f

Ex. 1009, Page 10



Patent Application Publication

FIG. 10

US 2009/0117692 A1

May 7,2009 Sheet 10 of 31
> 201
= 206
- 202
Sy
207
.&
203
204
= 209
208 .
¥ —‘ 210
o 205
T 3 S— —

T

T

\_~200

Ex. 1009, Page 11



US 2009/0117692 A1

May 7,2009 Sheet 11 of 31

Patent Application Publication

FIG. 11

211

221
222
1
223

/’l\\\// “I|||||.|l|1|||||.|l-!.!-!-.Illll'il-l'.l'lllllll"‘..l"lllln
| !
| I
I |
| |
1
| o o ~ ) o “
1 L od R aaud o o |
_ (3] o~ (o] o4 o _
I I
| )
I I
( | (=]
| Fm-——t-—-—---- (9
I 4 o~
I {
_ i
m | b <] !
|
N il = o :
“ ~N o — “
1 oN i
1 ]
1 '
1 i
1 ]

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

fB
/

Ex. 1009, Page 12



Patent Application Publication May 7,2009 Sheet 12 of 31 US 2009/0117692 A1

FIG. 12A

528
522
593 /“L/524
FIG. 12B 534 533 532

529 523 527 528 529 535 530 524

\\N\\\(\\\\\h\l\\\\k\\\\\

VW TIET OO TATIVIIININE GNP P4 VORI PS 0T

O l'! i
i “l ) HN§ %\&
‘ - r

PITETIITITITIESS L CFITIINTNSS

= SRR

AN 9\ ?\ ?\9 N

! 50 512 525 522 514 108 107 06
104

Ex. 1009, Page 13



Patent Application Publication May 7, 2009 Sheet 13 of 31

US 2009/0117692 A1

|- 404

FIG. 13A % 41\3 40\3 41\1 o
\ '
N /
406/‘/§ /
% ZINN
\
§ ZINN
\ \
\ N
\ N\
X N
.
FIG. 13B
o 429 430 43’ 413 41\2
SRRV SRRV RN SRRV
}IHH{QE,IMW JIREGIRINN
EVEREEANEENE S NS SN
= - :
P H==2 |
e
VAN VNANANIAN
\ VNN NN NN
400 108 107 106 427 452 451 459 402
—
104

Ex. 1009, Page 14



Patent Application Publication May 7,2009 Sheet 14 of 31 US 2009/0117692 A1

FIG. 14A

FIG. 14B

FIG. 14C [ o

Ex. 1009, Page 15



Patent Application Publication May 7,2009 Sheet 15 of 31 US 2009/0117692 A1

FIG. 15A FIG. 15B
1008
1001
1204
1203
1002

1107

FIG. 15C

1103 1107 1202

Ex. 1009, Page 16



Patent Application Publication May 7,2009 Sheet 16 of 31 US 2009/0117692 A1

FIG. 16A

106
g154} 104
152

102
FIG. 16B
120
$ 108
\\ ez ——107
W&m/ /'// S 106 104
’ ~_>154
152

102

Ex. 1009, Page 17



US 2009/0117692 A1

May 7,2009 Sheet 17 of 31

Patent Application Publication

e . o

uolIs]j|oo uo} Jejnosjow Aq pesned ssaoo4d uoljoesy =)

UOISI[|0D UoJ}o8]a Ag pasned ssaoodd uoljoesy "
IS! [2AQp I3oeSY | )

'H « H+H
H « H+™H
Aljeuswiisdxs paAlasqo jou 3uleq ssasoud uonijoesy

m (CH+)®+H+H

(H +) ¢ + EH

e o o o ——_— = = e A — ML L Ll e e e e

L1 Old

Ex. 1009, Page 18



Patent Application Publication May 7,2009 Sheet 18 of 31 US 2009/0117692 A1

FIG. 18

100
| H H
90 |

Intensity(arb.units)
[ (%] £ o [«)] ~J co
c & & &6 & & &
T
-
e
+

é

e —

0 1 2 3 4 5
Mass number/Charge valence (m/z)

o

Ex. 1009, Page 19



Patent Application Publication May 7,2009 Sheet 19 of 31 US 2009/0117692 A1

FIG. 19

ud
14007

120071

100.0 ¢

(1.0, 79/651)

20.01

(3.0, 15.948)
HY

0.0 1 2 3

' Mass number/Charge valence (m/z)
-20.0+

Ex. 1009, Page 20



US 2009/0117692 A1

May 7,2009 Sheet 20 of 31

Patent Application Publication

[wu] yde(

00c¢l O0LL 00Ol 006 008 0O0L 009 O0S OOF 00 002 00l

00+30°1L

10+30°1

¢0+30°1

€0+30°1

v0+d0°L

unoo H

Go+30'1L

90+40'1

L0+30°L

80+30°L

T

©)lepow WIS —0—
@lepow WIS -
®lepow WIS —O—
@IePow WNIHS —¥—
(Dlepow WIS —7—

AM08 SIS ——

0

AN08 jo 88ejoA Sunela|sooy

P1+30°1

G1+30'1

91+30'1

L1+30°1

8i+d0't

6L+30°L

[ gwo/ ] uonenusouo) H

0¢+30°}
1e+30°1

¢c+a0L

0¢ Ol

Ex. 1009, Page 21



-

-

o

2 [wu] yadeq

= 000L 006 008 O0OL 009 008 O00F 008 002 O00L O

m 00+30'1 v T T 1 T T _ T T Y vl1+30°1

» A

- LO+30°1 G1+30°1

y—

= 20+30°1 91+30°1

© I

S 3

3 £0+30'L L1430t 3

= &

wn - nU.“..

S g v0+30'1 81+30°k &

(9] = -3

R = =

= G0+30°1 61+30°1 o

= 3
©)lepow WIHS —o— e

= 90+30'1 0Z+30°1

£ (DIepow WIYS —7—

[

W L0+30°1 uoRIuUNy 3UNlY WIHS —>e y 1Z+30°1

= .

o AM08 SINIS —e—

.m 80+30°1 22+30°1

= AM08 Jo 933 0A Bunels;aooy

>

1 DI

=W

Ex. 1009, Page 22



Yo
«
3 [wu] yadeq
= 000L 006 008 O0OL 009 00§ 00F O0OE 00Z O0L O
S 00+30°t * : : : —Q : _ _ {1301
(=] - \/
& 2 7
2 10+30°L F Z g1+30')

m .
- E V.
= 20+30°L F v 91+30°|
© X 7
& - v =
- o \/ )
g £0+30°L F G L1+30°] §
wn - V. ]

| \ ®
= L E m.
S 8 y0+30'L F o . 8L+30°) &
e 3 ” Foiingg S
x : ~
= Go+30°L E 614301 5
_ ©lopow WIHS —o— -
3 90+30'} 0Z+30°t
g (DIepow WIS —7—
m L0+30°L uonounj Fuily WIHS —é- » 1Z+30°L
=
g M09 SINIS ——
g 80+30°| 22+30°1
AW ‘ AM09 Jo 98eyoA Buneds|eooy
g .
z ¢¢ Ol

Ex. 1009, Page 23



v
«
2
o [wu] yadeqg
v
S 000 006 008 ©00L 009 00§ O0OF 00E 002 O00L O
S 00+30°L : _ . , _ “ _ , u p1+30°1L
z
10+30°1 GL+30°1
v
3 -
S 20+30°1 L3071 _
S )
g £0+30'L L1430} 2
wnn Q
T =
2 S 0430 L8
S 6 ¥0+30'1 Lo : g1+30°1 &
Q = N X S
o + W._
= G0+30'| ©lepow WIS —— ‘ 9; g 61+30°L
= A 3
00+301 (DIspoLt NS — S ¥ 0z+301
D g ,
uonouny SUMY WIHS —— & M |
LO+30'L e 12+30'1
A0 SIS —e—
80+30'1 zz+30°1

AMOP 40 @Fe3joA BuneisPoOY

€¢ VOl

Patent Application Publication

Ex. 1009, Page 24



US 2009/0117692 A1

May 7,2009 Sheet 24 of 31

Patent Application Publication

G¥I-1 § €7 1 A 0¥

611 §gh-1 A 309

Lyl [ bp-1 A 08
(/A X) (A X

SHOT UAS0IPAY JO Iaqunu

10 0T)ey

[ JO junow® Jjo 01}1RY

3821104 SUTIRIA[229Y

yg DI

Ex. 1009, Page 25



Patent Application Publication

May 7,2009 Sheet 25 of 31

FIG. 25A 3(201 3002
N . 3006}
¢ - 3007 % 3010
“-3008
)
3012
FIG. 25B
N
2 +— 3003
FIG. 25C
3020
AN & N
3030<‘;}:
FIG. 25D 3000
3004
N
S STicTTRT 3010
§
3012

US 2009/0117692 A1

Ex. 1009, Page 26



Patent Application Publication May 7,2009 Sheet 26 of 31 US 2009/0117692 A1

FIG. 26A
520.8
520.6 T
— g B.8
e 5204 —a -l
S o -8
£ 5202 - Cal
W g B
c 520 E/ |
1] a
§ 519.8 §~—~ /u
i B
519.6
5194 : : ‘
500 550 600 650 700
Energy density of laser beam [mJ/cm?]
FIG. 26B
5
4
T PG B g
£3 ° 8 8w
2
2
5
1
0
500 550 600 650 700

Energy density of laser beam [mJ/cm?]

Ex. 1009, Page 27



Patent Application Publication May 7,2009 Sheet 27 of 31 US 2009/0117692 A1

F]G 27A Before laser beam irradiation

154m

FIG. 27B After laser beam irradiation

FIG. 27C

Gray Bcale Map Type: <ngne>

Color Coded Map Type: Inverse Pole Figure [001)

Silicon

111

001 101

Boundaries: <nohe=

Ex. 1009, Page 28



Patent Application Publication

FIG. 28A

May 7,2009 Sheet 28 of 31 US 2009/0117692 A1

Ra [nm]

o N R o 0 O

FIG. 28B

14
12
=10 |

RMS [nm

FIG. 28C

8
[1:afetr laser beam irradiation
& -before laser beam irradiation
O:afetr laser beam irradiation
& :before laser beam irradiation

<&

o)

O:afetr laser beam irradiation
& :before laser beam irradiation

Ex. 1009, Page 29



Patent Application Publication May 7,2009 Sheet 29 of 31 US 2009/0117692 A1

FIG. 29A

3001 3002

3003

%

3006 ]
3010 | 3007 —frprsmngsy s

3008 sample A

Py
3012

FIG. 29B 3020

3004 —f= S
TS

sample B
3030 <%='

FIG. 29C

4
h)
3004

3010 { S SOSTTRIISTINSY

sample C

Ex. 1009, Page 30



Patent Application Publication May 7, 2009 Sheet 30 of 31 US 2009/0117692 A1

FIG. 30

10000

8000 |- —

6000 |——

4000

Peak value (MAP-Mean) [mV]

2000

sample A sample B sample C

Ex. 1009, Page 31



Patent Application Publication

FIG. 31A

May 7,2009 Sheet 31 of 31

521

US 2009/0117692 A1

5205 |

220 -

5195

519

Raman Shift [em™']

mEm o

5185

518 : :

ufix i

sample A sample B

FIG. 31B

sample C

sample A sample B

sample C

Ex. 1009, Page 32



US 2009/0117692 Al

MANUFACTURING METHOD OF
SEMICONDUCTOR DEVICE

BACKGROUND OF THE INVENTION

[0001] 1. Field of the Invention

[0002] The present invention relates to a semiconductor
device which is manufactured using a semiconductor sub-
strate including a single crystal semiconductor layer formed
over an insulating surface, and a manufacturing method
thereof.

[0003] Note that a semiconductor device in this specifica-
tion refers to all types of devices which can function by
utilizing semiconductor characteristics, and electro-optic
devices (including EL display devices and liquid crystal dis-
play devices), semiconductor circuits, and electronic devices
are all included in the category of the semiconductor device.

[0004] 2. Description of the Related Art

[0005] With development of VLSI technology, lower
power consumption and higher speed operation over the scal-
ing law which can be realized by bulk single crystal silicon
have been demanded. In order to improve such characteris-
tics, an SOI (silicon on insulator) structure has been attracting
attention these days. In this technology, an active region
(channel formation region) of a field-effect transistor (FET),
which is conventionally formed with bulk single crystal sili-
con, is formed with a single crystal silicon thin film. It is
known that a field-effect transistor manufactured using an
SOI structure has lower parasitic capacitance than a field
effect transistor manufactured using a bulk single crystal
silicon substrate, which is advantageous in increasing opera-
tion speed and reducing power consumption.

[0006] AsanSOI substrate, a SIMOX substrate or a bonded
substrate is known. For example, an SOI structure of a
SIMOX substrate is formed in the following manner: oxygen
ions are implanted into a single crystal silicon substrate and
heat treatment at 1300° C. or higher is performed to form a
buried oxide (BOX) layer, so that a single crystal silicon thin
film is formed on the surface of the buried oxide layer.

[0007] An SOI structure of a bonded substrate is formed in
the following manner: two single crystal silicon substrates (a
base substrate and a bond substrate) are bonded to each other
with an oxide film interposed therebetween and one of the two
single crystal silicon substrates (the bond substrate) is thinned
from its rear side (the surface which is opposite to a surface
used for bonding), so that a single crystal silicon thin film is
formed. Meanwhile, there is proposed a technique called
Smart Cut (registered trademark) which employs hydrogen
ion implantation (e.g., Reference 1: Japanese Published
Patent Application No. H5-211128), because it is difficult to
form a uniform and thin single crystal silicon thin film by
grinding or polishing.

[0008] A manufacturing method of an SOI substrate using
Smart cut (registered trademark) will be described briefly.
Hydrogen ions are implanted into a silicon wafer to form an
ion-implanted layer at a predetermined depth from the sur-
face. Then, another silicon wafer which serves as a base
substrate is oxidized to form a silicon oxide layer. After that,
the silicon wafer into which the hydrogen ions are implanted
is bonded to the silicon oxide layer of the other silicon wafer
which serves as the base substrate, so that the two silicon
wafers are bonded. By heat treatment, the silicon wafer into
which hydrogen ions are implanted is cleaved at the ion-
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implanted layer as a cleavage plane, and thus a substrate in
which a thin single crystal silicon layer is attached to the base
substrate is formed.

[0009] In addition, there is a known method of forming an
SOI substrate in which a single crystal silicon layer is
attached to a glass substrate (e.g., Reference 2: Japanese
Published Patent Application No. H11-097379). In Reference
2, a separation plane is mechanically polished in order to
remove a defective layer formed by hydrogen ion implanta-
tion or steps with several nanometers to several tens of
nanometers in the separation plane.

[0010] In Reference 3 (Reference 3: Japanese Published
Patent Application No. H11-163363) and Reference 4 (Japa-
nese Published Patent Application No. 2000-012864), manu-
facturing methods of a semiconductor device utilizing Smart
Cut (registered trademark), in which a highly heat-resistant
substrate is used as a supporting substrate, are disclosed. In
Reference 5 (Reference 5: Japanese Published Patent Appli-
cation No. 2000-150905), a manufacturing method of a semi-
conductor device utilizing Smart Cut (registered trademark),
in which a light-transmitting substrate is used as a supporting
substrate, is disclosed.

SUMMARY OF THE INVENTION

[0011] Glass substrates can be larger and can be obtained at
lower cost than silicon wafers. Thus, by using a glass sub-
strate as a supporting substrate, a large-area SOI substrate can
be manufactured at low cost. However, the strain point of the
glass substrate is equal to or lower than 700° C., and thus the
glass substrate has low heat resistance. Therefore, the glass
substrate cannot be heated at a temperature which exceeds the
strain point of the glass substrate, and the process temperature
is limited to 700° C. or lower. That is, there is a limitation on
a process temperature in a step of reducing a crystal defect at
a cleavage plane and a step of planarizing a surface.

[0012] Inaconventional manner, a crystal defect ofa single
crystal semiconductor layer formed using a silicon wafer can
be reduced by heating at a temperature of 1000° C. or higher;
however, such a high-temperature process cannot be utilized
for reducing a crystal defect of a single crystal semiconductor
layer that is formed using a glass substrate having a strain
point of 700° C. or lower. That is, a re-single-crystallization
method in which crystallinity of a single crystal semiconduc-
tor layer that is formed using a glass substrate having a strain
point of 700° C. or lower is recovered to be the same as or
substantially the same as that of a single crystal semiconduc-
tor substrate before forming a SOI substrate, has not been
established yet.

[0013] The glass substrate is bent more easily than a silicon
wafer and has an undulated surface. In particular, itis difficult
to perform mechanical polishing on a large-area glass sub-
strate having a side that is longer than 30 cm. Accordingly,
from the viewpoint of processing accuracy, yield, and the like,
mechanical polishing on a cleavage plane is not recom-
mended as planarization treatment of a semiconductor layer
that is fixed to a supporting substrate. Meanwhile, it is
required to suppress unevenness on the surface of the cleav-
age plane to manufacture high-performance semiconductor
elements. In the case where transistors are manufactured
using an SOI substrate, a gate electrode is formed over a
semiconductor layer with a gate insulating layer interposed
therebetween. Therefore, if there is large unevenness of the
semiconductor layer, it is difficult to form a thin gate insulat-
ing layer with high withstand voltage. Therefore, a thick gate
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insulating layer is needed in order to increase the withstand
voltage. Furthermore, large unevenness on the surface of the
semiconductor layer leads to an increase of interface state
density with the gate insulating layer or the like, which causes
a degradation of electric characteristics of semiconductor
elements such as a decrease in carrier mobility or an increase
in threshold voltage.

[0014] In this manner, when a substrate such as a glass
substrate, which has low heat resistance and is easily bent, is
used for a supporting substrate, there is a problem in that it is
difficult to reduce surface unevenness of a semiconductor
layer that is separated from a silicon wafer so that the semi-
conductor layer is fixed to a supporting substrate.

[0015] In view of such problems, an object of the present
invention is to provide a manufacturing method of a semicon-
ductor substrate with which a high-performance semiconduc-
tor device can be formed even when a substrate having low
heat resistance is used as a supporting substrate, and a manu-
facturing method of a semiconductor device using the semi-
conductor substrate.

[0016] One aspect of the present invention is a manufactur-
ing method of a semiconductor device which is formed using
a semiconductor substrate in which a single crystal semicon-
ductor layer is bonded over an insulating surface. The semi-
conductor substrate is manufactured by bonding the single
crystal semiconductor layer which is obtained by separation
of a single crystal semiconductor substrate to a supporting
substrate. A separation plane of the single crystal semicon-
ductor layer separated from the single crystal semiconductor
substrate is irradiated with a laser beam; accordingly, the
single crystal semiconductor layer is melted and then re-
single-crystallized.

[0017] Here, the term “single crystal” means a crystal in
which, when certain crystal axes are focused, the direction of
the crystal axes are oriented in the same direction in any
portion of a sample crystal and which has no grain boundaries
in the crystal. In this specification, the “single crystal”
includes a crystal in which directions of crystal axes are
uniform as described above and which has no grain boundary
even when including a crystal defect or a dangling bond. In
addition, “re-single-crystallization of a single crystal semi-
conductor layer” means that a semiconductor layer returns to
have a single crystal structure through a different state from
the single crystal structure (e.g., a liquid-phase state). In
addition, it can be said that “re-single-crystallization of a
single crystal semiconductor layer” means that a crystal semi-
conductor layer is recrystallized to form a single crystal semi-
conductor layer.

[0018] A semiconductor device is manufactured using the
semiconductor substrate including the re-single-crystallized
semiconductor layer as described above. One aspect of the
present invention is that in a manufacturing process of a
semiconductor device, heat treatment is performed at a tem-
perature which does not cause melting of a single crystal
semiconductor layer and which is equal to or higher than 400°
C. and equal to or lower than a strain point of a supporting
substrate. This heat treatment is performed after addition of
an impurity element into the semiconductor layer. The impu-
rity element is added in order to form a source region or a
drain region or an LDD region in the semiconductor layer.
Further, addition of the impurity element into the semicon-
ductor layer is, in some cases, performed in order to control
the threshold voltage.
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[0019] According to a manufacturing method ofa semicon-
ductor device which is one aspect of the present invention, a
single crystal semiconductor substrate which is bonded over
a supporting substrate with a buffer layer interposed therebe-
tween and in which a separation layer is formed in a region at
a predetermined depth is heated to separate the single crystal
semiconductor substrate at the separation layer or a region
near the separation layer as a cleavage plane, thereby forming
a single crystal semiconductor layer over the supporting sub-
strate. Then, a surface of the single crystal semiconductor
layer is irradiated with a laser beam to re-single-crystallize
the surface of the single crystal semiconductor layer through
melting, and the re-single-crystallized single crystal semi-
conductor layer is selectively etched to be separated into an
island shape. An impurity element is selectively added into
the single crystal semiconductor layer to form a pair of impu-
rity regions and a channel formation region between the pair
of impurity regions. Then, the single crystal semiconductor
layer is heated at a process temperature which is equal to or
higher than 400° C. and equal to or lower than a strain point
of the supporting substrate and which does not cause melting
of' the single crystal semiconductor layer.

[0020] Note that the “cleavage” in this specification means
separation of a single crystal semiconductor substrate at a
separation layer formed in a region at a predetermined depth
of'the single crystal semiconductor substrate or near the sepa-
ration layer. In addition, the “cleavage plane” means a sepa-
ration plane which is a plane formed by separating the single
crystal semiconductor substrate at the separation layer or near
the separation layer.

[0021] According to a manufacturing method ofa semicon-
ductor device which is one aspect of the present invention, a
single crystal semiconductor substrate which is bonded over
a supporting substrate with a buffer layer interposed therebe-
tween and in which a separation layer is formed in a region at
a predetermined depth is heated to separate the single crystal
semiconductor substrate at the separation layer or a region
near the separation layer as a separation plane, thereby form-
ing a single crystal semiconductor layer over the supporting
substrate. Then, a surface of the single crystal semiconductor
layer is irradiated with a laser beam to re-single-crystallize
the surface of the single crystal semiconductor layer through
melting, and the re-single-crystallized single crystal semi-
conductor layer is selectively etched to be separated into an
island shape. Then, a gate electrode is formed over the single
crystal semiconductor layer with a gate insulating layer inter-
posed therebetween, and an impurity element is added using
the gate electrode as a mask to form a pair of impurity regions
and a channel formation region between the pair of impurity
regions in the single crystal semiconductor layer. Then, the
single crystal semiconductor layer is heated at a process tem-
perature which is equal to or higher than 400° C. and equal to
or lower than a strain point of the supporting substrate and
which does not cause melting of the single crystal semicon-
ductor layer.

[0022] Intheabove-described structures, a substrate having
a strain point of 650° C. or higher and 690° C. or lower is
preferably used as the supporting substrate.

[0023] Heating after formation of the impurity regions in
the single crystal semiconductor layer is preferably per-
formed at a process temperature 0£450° C. or higher and 650°
C. or lower.

[0024] The separation layer at which the single crystal
semiconductor substrate is separated is preferably formed by
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irradiation with H;* ions, which are generated using a source
gas containing hydrogen, with an ion doping apparatus.
[0025] By employing the present invention, a high-perfor-
mance semiconductor device with favorable electric charac-
teristics can be manufactured. Even when a semiconductor
substrate which includes a single crystal semiconductor layer
fixed to a supporting substrate having low heat resistance is
used, the high-performance semiconductor device can be
manufactured.

BRIEF DESCRIPTION OF THE DRAWINGS

[0026] Inthe accompanying drawings:

[0027] FIGS. 1A to 1E illustrate an example of a manufac-
turing method of a semiconductor substrate;

[0028] FIGS. 2A to 2F illustrate an example of a manufac-
turing method of a semiconductor device;

[0029] FIGS. 3A to 3C illustrate an example of a manufac-
turing method of a semiconductor device;

[0030] FIGS. 4A to 4E illustrate an example of a manufac-
turing method of a semiconductor device;

[0031] FIGS.5A to 5D illustrate an example of a manufac-
turing method of a semiconductor device;

[0032] FIGS. 6A to 6C illustrate an example of a manufac-
turing method of a semiconductor device;

[0033] FIGS. 7A to 7D illustrate an example of a manufac-
turing method of a semiconductor device;

[0034] FIGS. 8A to 8C illustrate an example of a manufac-
turing method of a semiconductor device;

[0035] FIGS. 9A and 9B illustrate an example of a manu-
facturing method of a semiconductor device;

[0036] FIG.10is ablock diagram illustrating an example of
a structure of a microprocessor;

[0037] FIG.111is ablock diagram illustrating an example of
a structure of an RFCPU;,

[0038] FIGS. 12A and 12B are a plan view and a cross-
sectional view, respectively, of a pixel of a liquid crystal
display device;

[0039] FIGS. 13A and 13B are a plan view and a cross-
sectional view, respectively, of a pixel of an electrolumines-
cent display device;

[0040] FIGS. 14A to 14C are external views each illustrat-
ing an example of an electronic device;

[0041] FIGS. 15A to 15C are external views of a cellular
phone;
[0042] FIGS.16A and 16B illustrate structural examples of

a semiconductor substrate;

[0043] FIG.17 is an energy diagram of hydrogen molecules
(H,), H* ions, H," ions, and H,™ ions;

[0044] FIG. 18 is a diagram showing the results of ion mass
spectrometry,

[0045] FIG.19 is a diagram showing the results of ion mass
spectrometry,

[0046] FIG. 20 is a diagram showing the profile (measured
values and calculated values) of hydrogen in the depth direc-
tion when the accelerating voltage is 80 kV;

[0047] FIG. 21 is a diagram showing the profile (measured
values, calculated values, and fitting function) of hydrogen in
the depth direction when the accelerating voltage is 80 kV;
[0048] FIG. 22 is a diagram showing the profile (measured
values, calculated values, and fitting function) of hydrogen in
the depth direction when the accelerating voltage is 60 kV;
[0049] FIG. 23 is a diagram showing the profile (measured
values, calculated values, and fitting function) of hydrogen in
the depth direction when the accelerating voltage is 40 kV;
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[0050] FIG. 24 is a list of ratios of fitting parameters (hy-
drogen atom ratios and hydrogen ion species ratios);

[0051] FIGS. 25A to 25D illustrate a manufacturing
method of a semiconductor substrate which is used as a
sample;

[0052] FIG. 26A is a graph showing variation of Raman
shift with respect to the irradiation energy density of the laser
beam, and FIG. 26B is a graph showing variation of full width
at half maximum of Raman spectra with respect to the irra-
diation energy density of the laser beam;

[0053] FIGS. 27A to 27C show EBSP data;

[0054] FIGS. 28A to 28C are graphs showing surface
roughness of a single crystal semiconductor layer, which is
obtained by calculation based on DFM images;

[0055] FIGS. 29A to 29C illustrate a manufacturing
method of a semiconductor substrate which is used as a
sample;

[0056] FIG. 30 is a graph from which lifetimes of single
crystal silicon layers are evaluated; and

[0057] FIG. 31A is a graph plotting the peak wavenumbers
of Raman shift of single crystal silicon layers, and FIG. 31B
is a graph plotting the full widths at half maximum of Raman
spectra of the single crystal silicon layers.

DETAILED DESCRIPTION OF THE INVENTION

[0058] Embodiment modes and embodiments of the
present invention will be described with reference to the
drawings. The present invention is not limited to the follow-
ing description, and it is easily understood by those skilled in
the art that modes and details disclosed herein can be modi-
fied in various ways without departing from the spirit and the
scope of the present invention. Therefore, the present inven-
tion is not to be construed with limitation to what is described
in the embodiment modes and embodiments. Note that in
some cases, the same portions or portions having a similar
function are denoted by the same reference numeral through
different drawings in a structure of the present invention
described hereinafter.

Embodiment Mode 1

[0059] InEmbodiment Mode 1, amanufacturing method of
a semiconductor device which uses a semiconductor sub-
strate in which a single crystal semiconductor layer is fixed to
a supporting substrate with a buffer layer interposed therebe-
tween, will be described.

[0060] First, a method of forming a single crystal semicon-
ductor layer over a supporting substrate will be described.
[0061] A single crystal semiconductor substrate 112 in
which a separation layer 110 is formed in a region at a pre-
determined depth and a supporting substrate 102 are attached
with a buffer layer 104 interposed therebetween so as to be
bonded to each other (see FIG. 1A).

[0062] As the single crystal semiconductor substrate 112, a
semiconductor substrate of silicon, germanium, or the like, a
compound semiconductor substrate of gallium arsenide,
indium phosphide, or the like, or the like can be used. As for
a single crystal silicon substrate which is a typical example of
the single crystal semiconductor substrate, circular wafers
which are 5 inches in diameter (125 mm), 6 inches in diameter
(150 mm), 8 inches in diameter (200 mm), and 12 inches in
diameter (300 mm) are available. In addition, a circular wafer
which is 18 inches (450 mm) in diameter is realized recently.
Note that the shape of the wafer is not limited to a circular
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shape; and the wafer may be processed to be a rectangular
shape. The rectangular wafer can be formed by cutting a
commercial circular wafer. The commercial circular wafer
can be cut with a cutting apparatus such as a dicer or a wire
saw, a laser, plasma, an electronic beam, or any other cutting
means. In addition, a rectangular single crystal semiconduc-
tor substrate can be formed in such a way that an ingot for
manufacturing a semiconductor substrate is processed into a
rectangular solid ingot so as to have a rectangular cross sec-
tion and this rectangular solid ingot is sliced.

[0063] The thickness of the single crystal semiconductor
substrate is not particularly limited and, for example, may be
athickness which satisfies SEMI standards. For example, the
thickness of a single crystal silicon substrate is 625 pum in the
case of 6 inches in diameter, 725 um in the case of 8 inches in
diameter, and 775 um in the case of 12 inches in diameter
(each having a thickness tolerance of +25 um). The thickness
of'the single crystal semiconductor substrate is not limited to
that regulated by the SEMI standards, and the single crystal
semiconductor substrate can be controlled to be thin or thick
as appropriate at the time of being cut out from an ingot. Note
that, when the thickness of the single crystal semiconductor
substrate is set to be larger, the number of semiconductor
substrates cut out from one ingot decreases but a material loss
corresponding to a cutting margin can be reduced. Note that
the wafer size is selected to satisfy the specifications or the
like of the apparatus used in a manufacturing process of a
semiconductor substrate. When the single crystal semicon-
ductor substrate from which a single crystal semiconductor
layer is separated is reused, it is preferable that the initial
thickness of the single crystal semiconductor substrate be
large because more semiconductor layers can be obtained
from one single crystal semiconductor substrate.

[0064] As the supporting substrate 102, a substrate having
an insulating surface is used, and specifically, any of various
glass substrates which are used in the electronics industry
such as an aluminosilicate glass substrate, an aluminoboro-
silicate glass substrate, and a barium borosilicate glass sub-
strate; a quartz substrate; a ceramic substrate; a sapphire
substrate; or the like can be used. A glass substrate is prefer-
ably used as the supporting substrate 102. It is preferable to
use a glass substrate having a coefficient of thermal expansion
of equal to or higher than 25x1077/° C. and equal to or lower
than 50x1077/° C. (more preferably, equal to or higher than
30x1077/° C. and equal to or lower than 40x10~7/° C.) and a
strain point of equal to higher than 580° C. and equal to or
lower than 700° C. (more preferably, equal to or higher than
650° C. and equal to or lower than 690° C.). Furthermore, in
order to suppress contamination of a semiconductor device
due to ametal impurity or the like, anon-alkali glass substrate
is preferably used as the glass substrate. Materials of non-
alkali glass substrates include glass materials such as alumi-
nosilicate glass, aluminoborosilicate glass, and barium boro-
silicate glass. For example, it is preferable that a non-alkali
glass substrate (product name: AN100), a non-alkali glass
substrate (product name: EAGLE2000 (registered trade-
mark)), or a non-alkali glass substrate (product name:
EAGLE XG (registered trademark)) be used as the supporting
substrate 102.

[0065] In the case any of various glass substrates for the
electronics industry such as an aluminosilicate glass sub-
strate, an aluminoborosilicate glass substrate, and a barium
borosilicate glass substrate is used as the supporting substrate
102, the surface of the glass substrate is preferably a polished
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surface with favorable planarity. This is because, by using the
polished surface of the glass substrate as a bonding plane in
bonding the supporting substrate 102 to the single crystal
semiconductor substrate 112, a defective bonding can be
reduced. Note that the polishing of the glass substrate can be
performed with cerium oxide or the like.

[0066] The separation layer 110 is formed in a region at a
predetermined depth from a surface of the single crystal semi-
conductor substrate 112. In the separation layer 110, the
crystal structure is impaired and microvoids are formed; thus,
the separation layer 110 has a porous structure.

[0067] Forexample, hydrogen ions (H*ions) or cluster ions
such as H,* ions or H;* ions are accelerated by voltage and
the surface of the single crystal semiconductor substrate 112
is irradiated with the ions; accordingly, the separation layer
110 can be formed in a region at a predetermined depth of the
single crystal semiconductor substrate 112. Cluster ions are
preferably used, and more preferably, Hy* ions are used. This
is because by using H;* ions for the irradiation, irradiation
efficiency of hydrogen is improved as compared to the case of
irradiation with H* ions or H,* ions. Accordingly, takt time to
form the separation layer 110 is shortened, so that productiv-
ity and throughput can be improved. In this embodiment
mode, an example of forming the separation layer 110 using
ions produced with a source gas containing hydrogen will be
described.

[0068] A specific doping method using cluster ions accord-
ing to the present invention is as follows: hydrogen plasma is
produced from a source gas containing hydrogen, cluster ions
produced in the hydrogen plasma are accelerated by voltage,
and a surface of the single crystal semiconductor substrate
112 is irradiated with the cluster ions. Typical cluster ions
produced in the hydrogen plasma are H,* ions and H,* ions.
In addition, H* ions that are hydrogen ions are also produced.
[0069] The doping to form the separation layer 110 is pref-
erably performed with an ion doping apparatus. The ion dop-
ing apparatus is an apparatus with no mass separation, by
which an object disposed in a chamber is irradiated with all
kinds of ions produced by plasma excitation of a source gas.
[0070] Main components ofthe ion doping apparatus are an
ion source for producing a desired ion and an accelerating
mechanism for irradiating an object with ions. The ion source
includes a gas supply system for supplying a source gas from
which a desired kind of ions is produced, an electrode for
producing plasma, and the like. As the electrode for produc-
ing plasma, a filament or an electrode for capacitively coupled
radio-frequency discharge is used. The accelerating mecha-
nism includes a power source; an electrode such as an extrac-
tion electrode, an accelerating electrode, a decelerating elec-
trode, or an earth electrode; or the like. The electrode included
in the accelerating mechanism is provided with a number of
openings or slits, through which ions produced at the ion
source pass and are accelerated. Note that the structure of the
ion doping apparatus is not limited to the one described
above, and a mechanism according to need can be provided.
[0071] In the case of forming the separation layer 110 by
irradiating the single crystal semiconductor substrate 112
with hydrogen, a gas containing hydrogen, for example, an
H, gas is supplied as a source gas. In the ion doping apparatus
in which an H, gas is supplied as a source gas, hydrogen
plasma is produced, and H* ions that are hydrogen ions and
cluster ions such as H," ions and H;* ions are produced in the
hydrogen plasma. Atthis time, it is preferable that H,* ions be
contained at a proportion of equal to or greater than 50% in
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the total amount of ion species of H* ions, H,*' ‘s and H +

ions. It is more preferable that H;* ions be contained at a
proportion of equal to or greater than 80% in the total amount
of'ion species of H* ions, H,* ions, and H,* ions. In the case
of' employing the ion doping apparatus for the ion irradiation,
irradiation with H* ions and H," ions can be performed as
well as irradiation with H* ions.

[0072] The doping with cluster ions can also be performed
with an ion implantation apparatus; however, it is hard to
produce H,* ions with the ion implantation apparatus. The
ion implantation apparatus is an apparatus with mass separa-
tion, by which an object disposed in a chamber is irradiated
with a certain ion species after mass separation is performed
on a plural kinds of ion species which are produced by plasma
excitation of a source gas.

[0073] Hereinafter, an ion irradiation method is considered
below.
[0074] Inthis embodiment mode, in formation of the sepa-

ration layer 110, the single crystal semiconductor substrate
112 is irradiated with ions that are derived from hydrogen (H)
(hereafter referred to as “hydrogen ion species”). More spe-
cifically, a hydrogen gas or a gas which contains hydrogen in
its composition is used as a source gas; hydrogen plasma is
generated; and the single crystal semiconductor substrate 112
is irradiated with the hydrogen ion species in the hydrogen
plasma.

(Ions in Hydrogen Plasma)

[0075] Insuchhydrogen plasma as described above, hydro-
gen ion species such as H" ions, H," ions, and H,* ions are
present. Here are listed reaction equations for reaction pro-
cesses (formation processes, destruction processes) of the
hydrogen ion species.

e+tH—e+H"+e (€8]
e+H,—e+H, +e 2)
e+H,—e+(H,)*—e+H+H 3)
e+H, " —=e+(H," ) *—e+H +H 4
Hy"+H,—=H;"+H 5)
H,+H,—>H*+H+H, (6)
e+Hy —e+H*+H+H M
e+Hy —H+H ®
e+H, "= H+H+H ©
[0076] FIG. 17 is an energy diagram which schematically

shows some of the above reactions. Note that the energy
diagram shown in FIG. 17 is merely a schematic diagram and
does not depict the relationships of energies of the reactions
exactly.

(H;* Ion Formation Process)

[0077] As shown above, H;* ions are mainly produced
through the reaction process that is represented by the reac-
tion equation (5). On the other hand, as a reaction that com-
petes with the reaction equation (5), there is the reaction
process represented by the reaction equation (6). For increas-
ing in H;* ions, at the least, it is necessary that a reaction
frequency of the reaction equation (5) is higher than that of
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the reaction equation (6) (note that, because there are also
other reactions, (7), (8), and (9), through which the amount of
H;™* ions is decreased, the amount of H;* ions is not neces-
sarily increased even if the reaction frequency of the reaction
equation (5) is higher than that of the reaction equation (6)).
In contrast, when the reaction frequency of the reaction equa-
tion (5) is lower than that of the reaction equation (6), the
proportion of H;* ions in a plasma is decreased.

[0078] The amount of increase in the product on the right-
hand side (rightmost side) reaction of each reaction equation
given above depends on the density of'a source material on the
left-hand side (leftmost side) reaction of the reaction equa-
tion, the rate coefficient of the reaction, and the like. Here, it
is experimentally confirmed that, when the kinetic energy of
H," ions is lower than about 11 eV, the reaction of the reaction
equation (5) is dominant (that is, the rate coefficient of the
reaction equation (5) is sufficiently higher than that of the
reaction equation (6)) and that, when the kinetic energy of
H,* ions is higher than about 11 eV, the reaction of the
reaction equation (6) is dominant.

[0079] A charged particle receives Coulomb force due to an
electric field, and the charged particle gains kinetic energy.
The kinetic energy corresponds to the amount of decrease in
potential energy due to an electric field. For example, the
amount ofkinetic energy which a given charged particle gains
before colliding with another particle is equal to the amount
of decrease in potential energy of the charged particle while
the charged particle moves to another particle. That is, in a
situation where a charged particle can travel a long distance in
an electric field without colliding with another particle, the
kinetic energy (or the average thereof) of the charged particle
tends to be higher than that in a situation where the charged
particle cannot. Such a tendency toward an increase in kinetic
energy of a charged particle can be shown in a situation where
mean free path of a particle is long, that is, in a situation where
pressure of reaction gas is low.

[0080] Even in a situation where mean free path of a
charged particle is short, depending on the situation, the
charged particle can gain high kinetic energy before collision
with other particle. That is, it can be said that, even in the
situation where the mean free path is short, the charged par-
ticle can gain high kinetic energy if the charged particle is in
high electric field.

[0081] This situation is applied to H,* ions. Assuming that
an electric field is present as in a plasma generation chamber,
the kinetic energy of H,* ions is high in a situation where the
pressure in the chamber is low, and the kinetic energy of H,"
ions is low in a situation where the pressure in the chamber is
high. That is, because the reaction of the reaction equation (6)
is dominant in the situation where the pressure in the chamber
is low, the amount of H;" ions tends to be decreased, and
because the reaction of the reaction equation (5) is dominant
in the situation where the pressure in the chamber is high, the
amount of H;* ions tends to be increased. In addition, in a
situation where an electric field in a plasma generation region
is high, that is, in a situation where the potential difference
between given two points is large, the kinetic energy of H,"
ions is high, and in the opposite situation, the kinetic energy
ofH,* ions is low. That is, because the reaction of the reaction
equation (6) is dominant in the situation where the electric
field is high, the amount of H;* ions tends to be decreased, and
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because the reaction of the reaction equation (5) is dominant
in a situation where the electric field is low, the amount of Hy*
ions tends to be increased.

(Differences Depending on lon Source)

[0082] Here, an example, in which the proportions of
hydrogen ion species (particularly, the proportion of H;*
ions) are different, is described. FIG. 18 shows the results of
mass spectrometry of ions that are generated from a 100%
hydrogen gas (with the pressure of an ion source of 4.7x1072
Pa). Note that this mass spectrometry was performed by mea-
surement of ions that were extracted from the ion source. The
mass number was estimated from the peak position of the
spectrum, and three ion species having mass numbers of,
approximately, 1, 2, and 3 were detected. Due to the detection
structure ofthe apparatus, H," ions were detected as ions with
a mass number of 2 and H;* ions were detected as ions with
a mass number of 3. The mass number 1 peak, the mass
number 2 peak, and the mass number 3 peak correspond to H*
ions, H," ions, and H,* ions, respectively. The horizontal axis
in FIG. 18 represents a value of the mass number divided by
the charge valence, and the vertical axis in F1G. 18 represents
the intensity of the spectrum, which corresponds to the num-
ber of ions. In FIG. 18, the number of ions is expressed as a
relative proportion where the number of H,* ions is defined as
100. It can be seen from FIG. 18 that the ratio between ion
species that are generated from the ion source, i.e., the ratio
between H" ions, H," ions, and H;* ions, is about 1:1:8. Note
thations at such a ratio can also be generated by an ion doping
apparatus which has a plasma source portion (ion source) that
generates plasma, an extraction electrode that extracts an ion
beam from the plasma, and the like.

[0083] FIG. 19 shows the results of mass spectrometry of
ions that are generated from PH; when an ion source different
from that for the case of FIG. 18 is used and the pressure of the
ion source is about 3x107> Pa. The results of this mass spec-
trometry focus on the hydrogen ion species. In addition, the
mass spectrometry was performed by measurement of ions
that were extracted from the ion source. As in FIG. 18, the
horizontal axis in FIG. 19 represents a value of the mass
number divided by the charge valence, and the mass number
1 peak, the mass number 2 peak, and the mass number 3 peak
correspond to H* ions, H,* ions, and H;* ions, respectively.
The vertical axis in FIG. 19 represents the intensity of a
spectrum corresponding to the number of ions. It can be seen
from FIG. 19 that the ratio between ion species in a plasma,
i.e., theratio between H* ions, H, " ions, and H;* ions, is about
37:56:7. Note that FIG. 19 shows the data obtained when the
source gas is PH; and the ratio between the hydrogen ion
species is about the same when a 100% hydrogen gas is used
as a source gas, as well.

[0084] Inthe case of the ion source to which the data shown
in FIG. 19 is attributed, H;* ions, of H* ions, H,"* ions, and
H;™* ions, is generated at a proportion of only about 7%. On
the other hand, in the case of the ion source to which the data
shown in FIG. 18 is attributed, the proportion of Hy* ions can
be up to 50% or higher (under the aforementioned conditions,
about 80%). This is thought to result from the pressure and
electric field in a chamber, which is clearly shown in the
above consideration.

(H,* Ton Irradiation Mechanism)

[0085] When plasma that contains a plurality of ion species
as shown in FIG. 18 is generated and a single crystal semi-
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conductor substrate is irradiated with the generated ion spe-
cies without any mass separation, the surface of the single
crystal semiconductor substrate is irradiated with each of H*
ions, H," ions, and H;* ions. In order to reproduce the mecha-
nism, from the irradiation with ions to the formation of an
ion-introduced region, the following five types of models are
considered.

[0086] Model 1, where the hydrogen ion species used for
irradiation are H* ions, which are still H* ions (or H) after the
irradiation.

[0087] Model 2, where the hydrogen ion species used for
irradiation are H," ions, which are still H," ions (or H,) after
the irradiation.

[0088] Model 3, where the hydrogen ion species used for
irradiation are H,"* ions, each of which splits into two H atoms
(or H* ions) after the irradiation.

[0089] Model 4, where the hydrogen ion species used for
irradiation are H;* ions, which are still H;* ions (or H,) after
the irradiation.

[0090] Model 5, where the hydrogen ion species used for
irradiation are H* ions, each of which splits into three H atoms
(or H* ions) after the irradiation.

(Comparison of Simulation Results with Measured Values)
[0091] Based on the above models, the irradiation of a
silicon substrate with hydrogen ion species was simulated. As
simulation software, SRIM (the Stopping and Range of Ions
in Matter) was used. The SRIM is simulation software for ion
introduction processes using a Monte Carlo method and is an
improved version of TRIM (the Transport of lons in Matter).
Note that, for the calculation, a calculation based on Model 2
was performed with an H," ion replaced by an H* ion that has
twice the mass number. In addition, a calculation based on
Model 4 was performed with an H;* replaced by an H* ion
that has three times the mass number. Furthermore, a calcu-
lation based on Model 3 was performed with an H," ion
replaced by an H* ion that has half the kinetic energy, and a
calculation based on Model 5, with an H;* ion replaced by an
H™* ion that has one-third the kinetic energy.

[0092] Note that SRIM is software intended for amorphous
structures, but SRIM can be applied to a crystal structure in
the cases where irradiation with the hydrogen ion species is
performed with high energy at a high dose. This is because the
crystal structure of a silicon substrate changes into a non-
single-crystal structure due to the collision of the hydrogen
ion species with Si atoms.

[0093] FIG. 20 shows the calculation results obtained when
irradiation with the hydrogen ion species (irradiation with
100,000 atoms for H) is performed using Models 1 to 5. FIG.
20 also shows the hydrogen concentration (secondary ion
mass spectrometry (SIMS) data) in a silicon substrate irradi-
ated with the hydrogen ion species of FIG. 18. The results of
calculations performed using Models 1 to 5 are expressed on
the vertical axis (right axis) as the number of hydrogen atoms,
and the SIMS data is expressed on the vertical axis (left axis)
as the concentration of hydrogen atoms. The horizontal axis
represents depth from the surface of a silicon substrate. Com-
paring the experimental SIMS data with the calculation
results, Models 2 and 4 obviously do not fit the peaks of the
SIMS data and a peak corresponding to Model 3 cannot be
observed in the SIMS data. This result shows that the contri-
bution of each of Models 2 to 4 is relatively small. Consider-
ing that the kinetic energy of ions is on the order of kiloelec-
tron volts whereas the H—H bond energy is only about
several electron volts, it is thought that the contribution of
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each of Models 2 and 4 is small because H," ions and H;* ions
mostly split into H* ions or H by colliding with Si atoms.
[0094] Accordingly, Models 2 to 4 will not be considered
hereinafter. FIGS. 21 to 23 each show the calculation results
obtained when irradiation with the hydrogen ion species (irra-
diation with 100,000 atoms for H) is performed using Models
1 and 5. FIGS. 21 to 23 also each show the hydrogen concen-
tration (SIMS data) in an Si substrate irradiated with the
hydrogen ion species of FIG. 18, and the simulation results
fitted to the SIMS data (hereinafter referred to as a fitting
function). Here, FIG. 21 shows the case where the accelerat-
ing voltage is 80 kV; FIG. 22, the case where the accelerating
voltage is 60 kV; and FIG. 23, the case where the accelerating
voltage is 40 kV. Note that the results of calculations per-
formed using Models 1 and 5 are expressed on the vertical
axis (right axis) as the number of hydrogen atoms, and the
SIMS data and the fitting function are expressed on the ver-
tical axis (left axis) as the concentration of hydrogen atoms.
The horizontal axis represents depth from the surface of a
silicon substrate.

[0095] The fitting function is obtained using the calculation
formula given below, in consideration of Models 1 and 5.
Note that, in the calculation formula, X andY represent fitting
parameters and V represents volume.

(Fitting Function)=X/Vx(Data of Model 1)+Y/Vx(Data
of Model 5)

[0096] In consideration of the ratio between hydrogen ion
species used for actual irradiation (H* ions:H, " ions:H;* ions
is about 1:1:8), the contribution of H,* ions (i.e., Model 3)
should also be considered; however, Model 3 is excluded
from the consideration given here for the following reasons:
[0097] Because the amount of hydrogen introduced
through the irradiation process represented by Model 3
is lower than that introduced through the irradiation
process of Model 5, there is no significant influence even
if Model 3 is excluded from the consideration (no peak
appears in the SIMS data either).
[0098] The peak position of Model 3, which is close to that
of Model 5, is likely to be overlapped with the peak position
of Model 5 because of channeling (a phenomenon in which an
irradiated atom passes through a space in a crystal lattice, due
to crystal lattice structure) that occurs in Model 5. That is, it is
difficult to estimate fitting parameters for Model 3. This is
because this simulation is performed on the assumption of
amorphous silicon and the influence of crystallinity on this
simulation is not considered.
[0099] FIG. 24 lists the aforementioned fitting parameters.
At any of the accelerating voltages, the ratio of the amount of
H introduced according to Model 1 to that introduced accord-
ing to Model 5 is about 1:42 to 1:45 (when the amount of H in
Model 1 is defined as 1, the amount of H in Model 5 is about
42 to 45), and the ratio of the number of hydrogen ions used
for irradiation, H" ions (Model 1) to that of H,* ions (Model
5)is about 1:14 to 1:15 (when the amount of H* ions in Model
1 is defined as 1, the amount of H;™ ions in Model 5 is about
14 to 15). Considering that Model 3 is not included and the
calculation is performed on the assumption of amorphous
silicon, it can be said that values close to the ratio between
hydrogen ion species used for actual irradiation (H* ions:H,™*
ions:H,* ions is about 1:1:8) is obtained.

(Effects of Use of Hy* Tons)

[0100] A plurality of benefits resulting from use of H;* ions
can be obtained by irradiation of a single crystal semiconduc-
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tor substrate with hydrogen ion species with a higher propor-
tion of Hy* ions as shown in FIG. 18. For example, because an
H;* ion dissolves into an H* ion, H, or the like to be intro-
duced into a substrate, hydrogen irradiation efficiency can be
improved compared with the case of irradiation mainly with
H" ions or H," ions. Use of H,* ions leads to an improvement
in production efficiency of a semiconductor substrate in
which a single crystal semiconductor layer is formed over an
insulating surface. In addition, because the kinetic energy of
an H* ion or H which is generated after H;* ion dissolves
tends to be low, an H;* ion is also suitable for manufacture of
thin single crystal semiconductor layers.

[0101] Note that, it is preferable to use an ion doping appa-
ratus that is capable of irradiation with the hydrogen ion
species as shown in FIG. 18 in order to efficiently perform
irradiation with H,* ions. This is because ion doping appara-
tuses are inexpensive and excellent for use in large-area treat-
ment. Therefore, by irradiation with H;* ions by use of such
an ion doping apparatus, significant effects such as an
increase inan area to be irradiated, a reduction in costs, and an
improvement in production efficiency can be obtained. On the
other hand, if H;* ions are irradiated mainly, the present
invention is not limited to the use of an ion doping apparatus.
[0102] It is preferable that the separation layer 110 illus-
trated in FIG. 1A contains hydrogen at 5x10%° atoms/cm® or
more. When an irradiation region with hydrogen at high con-
centration is locally formed in the single crystal semiconduc-
tor substrate, the crystal structure is destroyed and microvoids
are formed, thus, the separation layer 110 has a porous struc-
ture. Therefore, the microvoids formed in the separation layer
110 is changed in volume by heat treatment at a relatively low
temperature (700° C. or lower), so that the single crystal
semiconductor substrate 112 can be separated along the sepa-
ration layer 110. Note that the hydrogen concentration in the
separation layer 110 is controlled by a dosage of the ions, an
accelerating voltage, or the like.

[0103] Further, the depth of the separation layer 110
formed in the single crystal semiconductor substrate 112 is
controlled by an accelerating voltage of the ions used for the
irradiation, and an irradiation angle of the ions. The depth of
the separation layer 110 formed in the single crystal semicon-
ductor substrate 112 determines the thickness of a single
crystal semiconductor layer which is bonded to a supporting
substrate 102 later. Therefore, the accelerating voltage and
the irradiation angle of the ions are adjusted in consideration
of the thickness of the single crystal semiconductor layer
which is to be bonded. The desired thickness of the single
crystal semiconductor layer depends on the usage. In this
embodiment mode, the single crystal semiconductor layer is
used as a semiconductor layer for forming a channel of a
transistor, and is formed to have a thickness of 5 nm to 500
nm, and preferably 10 nm to 200 nm.

[0104] Although when the separation layer 110 is formed in
a shallow region, the accelerating voltage needs to be low,
irradiation with hydrogen can be efficiently performed and
throughput can be improved by using cluster ions, typically,
H;* ions. The H;* ions collide with atoms included in the
single crystal semiconductor substrate 112 (in the case of
irradiating an insulating layer, atoms included in the insulat-
ing layer) in irradiating the single crystal semiconductor sub-
strate, so that the H;* ions are dissolved into three species
including hydrogen atoms (H) and hydrogen ions (H* ions),
and the kinetic energy of each of the three species is about one
third of the kinetic energy of the H;* ion obtained by accel-
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eration by voltage. That is, it can be considered that by irra-
diating with H;* ions, the accelerating voltage of Hy* ions can
be approximately three times as large as that of H* ions.
Increase in the accelerating voltage enables the reduction of
takt time taken to form the separation layer 110, which might
be a rate-controlling factor; accordingly, productivity and
throughput can be improved. Note that, the mode in which the
H;* ion dissolves into three species is exemplified by, the
separation into three ‘hydrogen atoms’, three ‘H* ions’, two
‘hydrogen atoms’ and one ‘H* ion’, or one ‘hydrogen atom’
and two ‘H* ions’.

[0105] Further, in irradiation with ions to form the separa-
tion layer, it is preferable that the single crystal semiconduc-
tor substrate 112 be inclined at about 6°+4° with respect to the
horizontal direction. By irradiating the single crystal semi-
conductor substrate 112 which is inclined with respect to the
horizontal direction with ions, increase in distribution of ion
concentration in the separation layer 110 can be suppressed.
In addition, the separation layer 110 can be formed easily
even in aregion at a small depth from the surface of the single
crystal semiconductor substrate 112.

[0106] The buffer layer 104 may have a single-layer struc-
ture or a stacked structure of two or more layers and includes
a layer serving as a bonding plane which is preferably a layer
having smoothness. More preferably, the surface of the buffer
layer 104 which has smoothness and can form a hydrophilic
surface is formed, so that the buffer layer 104 can favorably
serve as a bonding layer which forms a bonding plane. Fur-
ther, an insulating layer containing nitrogen is preferably
formed as at least one layer included in the bufter layer 104.
In the case where a substrate containing a small amount of
metal impurities, such as a glass substrate, is used as the
supporting substrate 102, the metal impurities might diffuse
into the single crystal semiconductor substrate (or single
crystal semiconductor layer) side. The insulating layer con-
taining nitrogen has an effect of blocking metal impurities;
therefore, even when metal impurities are contained in the
supporting substrate 102, the insulating layer can prevent the
metal impurities from diffusing into the single crystal semi-
conductor substrate. As the layer which has smoothness and
can form a hydrophilic surface, an insulating layer containing
nitrogen can be formed. The insulating layer containing nitro-
gen can serve as both a bonding layer and a blocking layer.
[0107] As a layer in contact with the single crystal semi-
conductor substrate, of the buffer layer 104, an oxide film
such as a silicon oxide layer or a silicon oxynitride layer is
preferably formed. This is because formation of a silicon
nitride layer or a silicon nitride oxide layer which is in direct
contact with the single crystal semiconductor substrate 112
may cause degradation of the interface characteristics
between the layer and the single crystal semiconductor sub-
strate due to formation of trap levels at the interface. When the
buffer layer 104 is formed to have a stacked structure in which
an oxide film, an insulating layer containing nitrogen, and a
bonding layer are formed in this order from the single crystal
semiconductor substrate, the single crystal semiconductor
layer can be prevented from being contaminated with metal
impurities and electric characteristics at the interface can be
improved. In addition, strong bonding to a supporting sub-
strate can be obtained in the following process.

[0108] Forexample, as the bufferlayer 104, a silicon oxyni-
tride layer (or a silicon oxide layer), a silicon nitride oxide
layer (or a silicon nitride layer), and a bonding layer are
formed in this order from the single crystal semiconductor
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substrate 112. Alternatively, a silicon oxide layer (or a silicon
oxynitride layer) and a silicon nitride oxide layer (or a silicon
nitride layer) are formed in this order from the single crystal
semiconductor substrate 112. In the latter case, the silicon
nitride oxide layer (or the silicon nitride layer) also serves as
a bonding layer. In the case where an insulating layer con-
taining nitrogen and an insulating layer serving as a bonding
layer are separately provided, the buffer layer can have a
three-layer structure. In the case where an insulating layer
containing nitrogen is made to serve as a bonding layer as
well, the buffer layer can have a two-layer structure.

[0109] Inthis embodiment mode, as an example, the buffer
layer 104 has a three-layer structure which includes an insu-
lating layer 108, an insulating layer 107, and an insulating
layer 106 from the single crystal semiconductor substrate
112. In addition, an oxide film (a silicon oxide layer, a silicon
oxynitride layer, or the like) is formed as the insulating layer
108, an insulating layer containing nitrogen is formed as the
insulating layer 107, and a layer which has smoothness and
can function as a bonding layer is formed as the insulating
layer 106.

[0110] For the insulating layer which has smoothness and
can form a hydrophilic surface, silicon oxide, silicon nitride,
silicon oxynitride, silicon nitride oxide, or the like can be
used. Note that a silicon oxynitride layer in this specification
means a layer which contains more oxygen than nitrogen and
includes oxygen, nitrogen, silicon, and hydrogen at concen-
trations ranging from 50 at. % to 70 at. %, 0.5 at. % to 15 at.
%, 25 at. %10 35 at. %, and 0.1 at. % to 10 at. %, respectively.
Further, a silicon nitride oxide layer means a layer that con-
tains more nitrogen than oxygen and includes oxygen, nitro-
gen, silicon, and hydrogen at concentrations ranging from 5
at. % to 30 at. %, 20 at. % to 55 at. %, 25 at. % to 35 at. %, and
10 at. % to 30 at. %, respectively. These concentrations can be
measured using Rutherford backscattering spectrometry
(RBS) and hydrogen forward scattering (HFS).

[0111] For example, it is preferable that silicon oxide
formed by a CVD method using organosilane as a process gas
beused for the insulating layer which has smoothness and can
form a hydrophilic surface. This is because, by using the
silicon oxide layer formed by a plasma CVD method using
organosilane as a process gas, the bonding strength between
the supporting substrate 102 and the single crystal semicon-
ductor layer to be formed in the following process can be
increased. As organosilane, the following silicon-containing
compound can be used: tetracthoxysilane (TEOS) (chemical
formula: Si(OC,Hs),); tetramethylsilane (TMS) (chemical
formula: Si(CH,),); trimethylsilane (chemical formula:
(CH;);SiH);  tetramethylcyclotetrasiloxane  (TMCTS);
octamethylcyclotetrasiloxane (OMCTS); hexamethyldisila-
zane (HMDS); triethoxysilane (chemical formula: SiH
(OC,Hjs);); trisdimethylaminosilane (chemical formula: SiH
(N(CH,),)5); or the like.

[0112] Alternatively, a silicon oxide layer, a silicon oxyni-
tride layer, a silicon nitride layer, or a silicon nitride oxide
layer, which is formed by a CVD method using inorganic
silane such as monosilane, disilane, or trisilane as a process
gas can be used. Note that, in the case where a silicon oxide
layer is formed by a CVD method using organosilane or
inorganic silane as a process gas, a gas which provides oxy-
gen is preferably mixed in the process gas. Further, in the case
where a silicon nitride layer is formed by a CVD method
using organosilane or inorganic silane as a process gas, a gas
which provides nitrogen is mixed the process gas. As the gas
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which provides oxygen, oxygen, nitrogen oxide, or the like
can be used. Further, as the gas which provides nitrogen,
nitrogen oxide, ammonia, or the like can be used. In addition,
an inert gas such as argon, helium, or nitrogen or a hydrogen
gas may be mixed in the gas.

[0113] Note that, in this specification, the CVD (chemical
vapor deposition) method includes, in its category, a plasma
CVD method, a thermal CVD method, and a photo CVD
method. Further, the thermal CVD method includes a low-
pressure CVD method and an atmospheric pressure CVD
method in its category.

[0114] Alternatively, a silicon oxide layer which grows by
reaction of oxygen radicals, a chemically oxidized layer
which is formed with an oxidizing chemical agent, or an
insulating layer having a siloxane (Si—O—Si) bond can be
used as the layer having smoothness. Note that the insulating
layer having a siloxane bond in this specification refers to a
layer in which a bond of silicon (Si) and oxygen (O) is
included in a skeletal structure. Siloxane has a substituent. An
organic group (e.g., an alkyl group or an aromatic hydrocar-
bon) or a fluoro group can be given as the substituent. The
organic group may include a fluoro group. Note that the
insulating layer having a siloxane bond can be formed by an
application method such as a spin coating method.

[0115] As the insulating layer containing nitrogen used as
the insulating layer 107 or the insulating layer 106, a silicon
nitride layer, a silicon nitride oxide layer, a silicon oxynitride
layer, or the like can be given. These insulating layers may be
formed by a CVD method, a sputtering method, or an atomic
layer epitaxy (ALE) method.

[0116] As the oxide film formed as the insulating layer 108,
a silicon oxide layer, a silicon oxynitride layer, or the like can
be given. These insulating layers can be formed by a CVD
method, a sputtering method, or an atomic layer epitaxy
(ALE) method. As the insulating layer 108, a thermal oxide
film may be formed by a thermal oxidation method. The
thermal oxide film formed by a thermal oxidation method has
smoothness and can form a hydrophilic surface. In the case
where the insulating layer containing nitrogen is made to
serve as a bonding layer as well, a layer having smoothness is
preferably formed as the insulating layer 108 which is in
contact with the single crystal semiconductor substrate 112.
By forming the insulating layer containing nitrogen which
serves as a bonding layer over a layer having smoothness, the
smoothness of the insulating layer containing nitrogen can be
improved as well.

[0117] There is no limitation on the formation order of the
separation layer 110 and the buffer layer 104. In the case
where the buffer layer 104 has the structure illustrated in FI1G.
1A, there can be the following formation orders, for example:
(1) the insulating layer 108 is formed over the single crystal
semiconductor substrate 112, the single crystal semiconduc-
tor substrate 112 is irradiated with ions (e.g., H,* ions) from
the surface over which the insulating layer 108 is formed to
form the separation layer 110, and the insulating layer 107
and the insulating layer 106 are formed over the insulating
layer 108; (2) the insulating layer 108 and the insulating layer
107 are formed over the single crystal semiconductor sub-
strate 112, the single crystal semiconductor substrate 112 is
irradiated with ions (e.g., H;* ions) from the surface over
which the insulating layer 108 and the insulating layer 107 are
formed to form the separation layer 110, and the insulating
layer 106 is formed over the insulating layer 107; (3) the
insulating layer 108, the insulating layer 107, and the insu-

May 7, 2009

lating layer 106 are formed over the single crystal semicon-
ductor substrate 112, and the single crystal semiconductor
substrate 112 is irradiated with ions (e.g., H;* ions) from the
surface over which the insulating layer 108, the insulating
layer 107, and the insulating layer 106 are formed to form the
separation layer 110; and (4) a protective layer is formed over
a surface of the single crystal semiconductor substrate 112,
the single crystal semiconductor substrate 112 is irradiated
with ions (e.g., Hy* ions) from the surface over which the
protective layer is formed to form the separation layer 110,
the protective layer is removed, and the insulating layer 108,
the insulating layer 107, and the insulating layer 106 are
sequentially formed over the surface of the single crystal
semiconductor substrate 112, from which the protective layer
is removed.

[0118] In the case where an oxide film is formed as the
insulating layer 108 and an insulating layer containing nitro-
gen which serves as a bonding layer is formed as the insulat-
ing layer 107, there can be the following formation orders, for
example: (5) the insulating layer 108 is formed over the single
crystal semiconductor substrate 112, the single crystal semi-
conductor substrate 112 is irradiated with ions (e.g., H;" ions)
from the surface over which the insulating layer 108 is formed
to form the separation layer 110, and the insulating layer 107
is formed over the insulating layer 108; (6) the insulating
layer 108 and the insulating layer 107 are stacked over the
single crystal semiconductor substrate 112, and the single
crystal semiconductor substrate 112 is irradiated with ions
(e.g., Hy* ions) from the surface over which the insulating
layer 108 and the insulating layer 107 are formed to form the
separation layer 110; and (7) a protective layer is formed over
the single crystal semiconductor substrate 112, the single
crystal semiconductor substrate 112 is irradiated with ions
(e.g., Hy* ions) from the surface over which the protective
layer is formed to form the separation layer 110, the protec-
tive layer is removed, and the insulating layer 108 and the
insulating layer 107 are formed over the surface from which
the protective layer is removed.

[0119] In the case where the insulating layer 106, the insu-
lating layer 107, or the insulating layer 108 is formed after
formation of the separation layer 110, the insulating layer is
formed at a film formation temperature which does not cause
degassing of the separation layer 110. For example, a film
formation temperature of 350° C. or lower is preferable.
Further, the buffer layer may be provided on the supporting
substrate 102.

[0120] The one surface of the single crystal semiconductor
substrate 112 and the one surface of the supporting substrate
102 are attached with the buffer layer interposed therebe-
tween so as to be bonded to each other. In this embodiment
mode, the insulating layer 108, the insulating layer 107, and
the insulating layer 106 are formed on the single crystal
semiconductor substrate 112 as the buffer layer 104, and the
single crystal semiconductor substrate 112 and the supporting
substrate 102 are bonded with the buffer layer 104 interposed
therebetween. The bonding planes are one surface of the
insulating layer 106 and the one surface of the supporting
substrate 102.

[0121] Before the single crystal semiconductor substrate
112 and the supporting substrate 102 are bonded to each
other, the bonding planes are sufficiently cleaned in advance.
In this embodiment mode, the one surface of the insulating
layer 106 which is formed over the single crystal semicon-
ductor substrate 112 and the one surface of the supporting
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substrate 102 are cleaned in advance. Then, the insulating
layer 106 formed over the single crystal semiconductor sub-
strate 112 and the supporting substrate 102 are made in close
contact with each other, thereby forming a bond. It is consid-
ered that Van der Waals force acts on the bonding at an early
stage and a strong bond due to hydrogen bonding can be
formed by pressure bonding of the insulating layer 106
formed over the single crystal semiconductor substrate 112
and the substrate having an insulating surface.

[0122] In order to favorably perform bonding between the
insulating layer 106 formed over the single crystal semicon-
ductor substrate 112 and the supporting substrate 102, the
bonding planes may be activated in advance. For example,
one or both of the bonding planes are irradiated with an
atomic beam or an ion beam. When an atomic beam or an ion
beam is used, an inert gas neutral atomic beam or inert gas ion
beam of argon or the like can be used. It is also possible to
activate the bonding planes by plasma irradiation or radical
treatment. Such surface treatment facilitates formation of
bonding between different materials even at a temperature of
400° C. or lower. The bonding planes may be cleaned with
ozone-containing water, oxygen-containing water, hydrogen-
containing water, pure water, or the like. By such cleaning
treatment, the bonding planes can become hydrophilic and
the number of OH groups on the bonding planes can be
increased. As a result, a hydrogen bond between the insulat-
ing layer 106 and the supporting substrate 102 can be further
strengthened.

[0123] Note that heat treatment or pressure treatment is
preferably performed after the single crystal semiconductor
substrate 112 is bonded to the supporting substrate 102. Heat
treatment or pressure treatment makes it possible to increase
the bonding strength. If the heat treatment is performed, the
temperature of the heat treatment is set at a temperature which
is equal to or lower than the strain point of the supporting
substrate 102 and does not cause change in volume of the
separation layer 110 formed in the single crystal semiconduc-
tor substrate 112, preferably at a temperature equal to or
higher than room temperature and equal to or lower than 400°
C. The pressure treatment is performed so that pressure is
applied in a perpendicular direction to the bonding planes, in
consideration of the pressure resistance of the supporting
substrate 102 and the single crystal semiconductor substrate
112.

[0124] Heat treatment is performed (see FIG. 1B) so that
the single crystal semiconductor substrate 112 is separated
from the supporting substrate 102 by using the separation
layer 110 or a region near the separation layer 110 as a
separation plane (see FIG. 1C). A single crystal semiconduc-
tor layer 114 which is separated from the single crystal semi-
conductor substrate 112 remains over the supporting sub-
strate 102. In addition, a separation substrate 116 from which
the single crystal semiconductor layer 114 is separated is
obtained.

[0125] By performing heat treatment as illustrated in FIG.
1B, the volume of the microvoids formed in the separation
layer 110 is changed; thus, the single crystal semiconductor
substrate can be separated along the separation layer 110 or
the region near the separation layer 110. The heat treatment is
preferably performed at a temperature of equal to or higher
than 400° C. and equal to or lower than the strain point of the
supporting substrate 102. Further, the heat treatment is pref-
erably performed at a temperature of equal to or higher than
the film formation temperature of the insulating layer 106
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which serves as a bonding plane. For example, heat treatment
is performed at a temperature in the range 0f 400° C. or higher
and 650° C. or lower, so that separation along the separation
layer 110 or the region near the separation layer 110 is caused.
The insulating layer 106 is bonded to the supporting substrate
102, and the single crystal semiconductor layer 114 having
almost the same crystallinity as the single crystal semicon-
ductor substrate 112 remains over the supporting substrate
102 with the buffer layer 104 interposed therebetween. The
separation substrate 116 is obtained by separation of the
single crystal semiconductor layer 114 from the single crystal
semiconductor substrate 112.

[0126] For the heat treatment by which the single crystal
semiconductor substrate 112 is separated, a heat treatment
apparatus such as a furnace, a rapid thermal anneal (RTA)
apparatus, a microwave heating apparatus, or the like can be
used. As a heating method of the heat treatment apparatus, a
resistance heating method, a lamp heating method, a gas
heating method, a radio wave heating method, or the like can
be given. The RTA apparatus is one kind of rapid thermal
processing (RTP) apparatus.

[0127] Generally, the furnace is outer-heating type, and
with the furnace, the inside of the chamber and an object (e.g.,
substrate) are heated under thermal equilibrium condition.
[0128] On the other hand, the RTA apparatus performs
rapid heating, and with the RTA apparatus, the thermal energy
is directly provided to an object so that the inside of the
chamber and the object are heated under thermal nonequilib-
rium condition. As the RTA apparatus, an RTA apparatus
employing a lamp heating method (lamp rapid thermal anneal
(LRTA) apparatus), an RTA apparatus employing a gas heat-
ing method which uses a heated gas (gas rapid thermal anneal
(GRTA) apparatus), an RTA apparatus employing both a lamp
heating method and a gas heating method, and the like can be
given. An LRTA apparatus is an apparatus for heating an
object by radiation of light emitted from a lamp such as a
halogen lamp, a metal halide lamp, a xenon arc lamp, a carbon
arc lamp, a high pressure sodium lamp, or a high pressure
mercury lamp. A GRTA apparatus is an apparatus for heating
an object by heat radiation with light emitted from any of the
aforementioned lamps and by heat conduction from a gas
which is heated with light emitted from any of the aforemen-
tioned lamps. As the gas, an inert gas, like nitrogen or a noble
gas such as argon, which does not react with an object through
heat treatment is used. An LRTA apparatus or a GRTA appa-
ratus may have not only a lamp but also a device for heating
an object by heat conduction or heat radiation from a heater
such as a resistance heater.

[0129] A microwave heating apparatus is an apparatus for
heating an object by radiation of a microwave. A microwave
heating apparatus may have a device for heating an object by
heat conduction or heat radiation from a heater such as a
resistance heater. Further, heat treatment using laser beam
irradiation may be performed. It is preferable that the tem-
perature of the supporting substrate 102 to which the single
crystal semiconductor layer 114 is fixed be increased to 550°
C. or higher and 650° C. or lower by this heat treatment.
[0130] When a GRTA apparatus is used, the treatment tem-
perature can be set at 550° C. or higher and 650° C. or lower,
and the treatment time can be set at 0.5 minutes or more and
60 minutes or less. When a furnace is used, the treatment
temperature can be set at 200° C. or higher and 650° C. or
lower, and the treatment time can be set at one hour or more
and four hours or less. In the case where a microwave heating
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apparatus is used, irradiation can be, for example, performed
with microwaves having a frequency of 2.45 GHz and the
treatment time can be set at 10 minutes or more and 20
minutes or less.

[0131] A specific treatment method of heat treatment using
a vertical furnace with resistance heating will be described.
The supporting substrate 102 to which the single crystal semi-
conductor substrate 112 is bonded is placed in a boat for the
vertical furnace. The boat is carried into a chamber of the
vertical furnace. In order to suppress oxidation of the single
crystal semiconductor substrate 112, the chamber is first
evacuated to a vacuum state. The degree of vacuum is
approximately 5x107> Pa. After the vacuum state is obtained,
nitrogen is supplied to the chamber so that the chamber has a
nitrogen atmosphere under atmospheric pressure. Mean-
while, the temperature is increased to 200° C.

[0132] After the chamber is supplied with a nitrogen atmo-
sphere under atmospheric pressure, heating is performed at
200° C. for two hours. Then, the temperature is increased to
400° C. in one hour. After the heating temperature of 400° C.
becomes steady, the temperature is increased to 600° C. inone
hour. After the heating temperature of 600° C. becomes
steady, heat treatment is performed at 600° C. for two hours.
Then, the heating temperature is decreased to 400° C. in one
hour, and after 10 minutes to 30 minutes, the boat is carried
out from the chamber. In an air atmosphere, the separation
substrate 116 and the supporting substrate 102 to which the
single crystal semiconductor layer 114 is bonded are cooled
on the boat.

[0133] In the above-mentioned heat treatment using a ver-
tical furnace with resistance heating, heat treatment to
increase bonding force between the insulating layer 106 serv-
ing as a bonding layer and the supporting substrate 102, and
heat treatment to cause separation at the separation layer 110
or near the separation layer 110 can be performed in succes-
sion. These two heat treatments can be performed in different
apparatuses and, for example, heat treatment is performed at
200° C. for two hours in a furnace and then the supporting
substrate 102 and the single crystal semiconductor substrate
112 which are bonded to each other are carried out from the
furnace. Then, heat treatment is performed at a treatment
temperature of equal to or higher than 600° C. and equal to or
lower than 700° C. for 1 minute to 30 minutes with an RTA
apparatus, so that the single crystal semiconductor substrate
112 can be separated at the separation layer 110.

[0134] The separation substrate 116 which is formed by
separation of the single crystal semiconductor layer 114 from
the single crystal semiconductor substrate 112 has a problem
when it is reused as a single crystal semiconductor substrate
to be bonded as it is because planarity of the separation plane
of'the separation substrate 116 is damaged. In addition, there
are some cases where the separation substrate 116 includes a
separation layer or a crystal defect at the separation plane or
near the separation plane, or where a portion which is not
bonded to the supporting substrate 102 is left in the separation
substrate 116. Therefore, the separation substrate 116 has to
be subjected to reprocessing treatment so as to be reused as
the single crystal semiconductor substrate 112 to be bonded.
[0135] As the reprocessing treatment of the separation sub-
strate 116, polishing treatment, etching treatment, thermal
treatment, laser beam irradiation, or the like can be used. It is
preferable to employ polishing treatment capable of mirror-
like finishing. By polishing treatment, the substrate can be
made to have a surface with superior planarity. For the pol-
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ishing treatment, a chemical mechanical polishing (CMP)
method, a mechanical polishing method, a liquidjet polishing
method, or the like can be used.

[0136] For example, after performing wet etching to
remove the buffer layer or the separation layer left over the
separation substrate 116, the surface can be planarized by
CMP treatment. As an etchant for wet etching, a hydrofluoric
acid can be used in the case of removing the buffer layer left
over the separation substrate 116, and a tetramethylammo-
nium hydroxide (TMAH) aqueous solution or the like can be
used in the case of removing the separation layer or a projec-
tion portion.

[0137] After the separation substrate 116 is subjected to
etching treatment, the surface thereof is polished to be pla-
narized. For example, CMP or mechanical polishing can be
used as the polishing treatment. In order to make the separa-
tion substrate 116 have a smooth surface, polishing of about
1 um to 10 um is preferably performed. After the polishing,
cleaning with a hydrofluoric acid or RCA cleaning is prefer-
ably performed because abrasive particles or the like are left
over the surface of the separation substrate 116.

[0138] Through the above-described process, the separa-
tion substrate 116 can be reprocessed as a single crystal
semiconductor substrate to be bonded. The reprocessed
single crystal semiconductor substrate can be used as a sub-
strate which is a base of a single crystal silicon layer, and thus
an SOI substrate can be newly manufactured. The repro-
cessed single crystal semiconductor substrate may be used for
other applications. By reusing the separation substrate in this
manner, it is not necessary to prepare a new single crystal
semiconductor substrate which is a raw material; accordingly,
cost can be reduced and resources can be utilized efficiently.
[0139] The separation plane of the single crystal semicon-
ductor layer 114 which is bonded to the supporting substrate
102 also has damaged planarity. The single crystal semicon-
ductor layer 114 has a crystal defect due to formation of the
separation layer 110 or the separation step. In a transistorto be
described in this embodiment mode, an active layer including
a channel formation region, a source region, and a drain
region is formed using a single crystal semiconductor layer
which is bonded over a supporting substrate. If the surface of
the single crystal semiconductor layer is rough, it is difficult
to form a thin gate insulating layer with high withstand volt-
age thereover. Further, if a crystal defect is formed in the
single crystal semiconductor layer, variation of characteris-
tics or the like of formed transistors with the single crystal
semiconductor layer occurs and quality or reliability of the
transistors is degraded. Further, a crystal defect existing in the
single crystal semiconductor layer in which a channel is
formed adversely affects electric characteristics such as
mobility and a subthreshold swing value. Therefore, surface
planarization and reduction in crystal defects of the single
crystal semiconductor layer bonded over the supporting sub-
strate 102 are preferably performed to improve quality of the
single crystal semiconductor layer. One feature of the present
invention is that the single crystal semiconductor layer 114
separated from the single crystal semiconductor substrate 112
is irradiated with a laser beam in order to planarize the single
crystal semiconductor layer and improve quality of the single
crystal semiconductor layer.

[0140] The single crystal semiconductor layer 114 is irra-
diated with a laser beam 118 (see FIG. 1D). Specifically, the
separation plane of the single crystal semiconductor layer 114
is irradiated with the laser beam 118. Part of the single crystal
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semiconductor layer 114 is melted by the irradiation with the
laser beam 118 and then re-single-crystallized to form a
single crystal semiconductor layer 120 (see FIG. 1E).
[0141] When the single crystal semiconductor layer 114 is
partially melted by irradiation with the laser beam 118, the
surface of the single crystal semiconductor layer 120 which is
re-single-crystallized can have improved planarity by the
effect of surface tension. When the surface of the single
crystal semiconductor layer has improved planarity, a gate
insulating layer formed thereover can be thinned. Accord-
ingly, a transistor with a suppressed gate voltage and a high
ON current can be formed. In addition, improvement in pla-
narity of the single crystal semiconductor layer by irradiation
with the laser beam 118 can be observed using an atomic
force microscope (AFM) or the like.

[0142] By partially melting the surface of the single crystal
semiconductor layer 114 by irradiation with the laser beam
118, the surface can be re-single-crystallized to have
improved crystallinity. Improvement in crystallinity of the
single crystal semiconductor layer in which a channel is
formed enables high carrier mobility, thereby manufacturing
a high-performance field-effect transistor. Note that improve-
ment in crystallinity of the single crystal semiconductor layer
due to irradiation with the laser beam 118 can be observed by
a Raman shift obtained from a Raman spectrum which can be
measured by Raman spectroscopy, a full width at half maxi-
mum, or the like.

[0143] In other words, using a semiconductor substrate in
which a single crystal semiconductor layer is fixed to a sup-
porting substrate and which is manufactured through
re-single-crystallization of the single crystal semiconductor
layer, a transistor with a high ON current and a high carrier
mobility can be manufactured. Further, since irradiation with
the laser beam 118 is employed for the re-single-crystalliza-
tion process of the single crystal semiconductor layer, the
re-single-crystallized single crystal semiconductor layer can
be formed without application of force which damages the
supporting substrate 102 and without heating the supporting
substrate 102 at a temperature exceeding the strain point of
the supporting substrate.

[0144] The surface of the single crystal semiconductor
layer 114 irradiated with the laser beam 118 is planarized, and
the arithmetical mean roughness of unevenness on the surface
can be 1 nm or more and 7 nm or less. The root-mean-square
roughness of the unevenness can be 1 nm or more and 10 nm
or less. The maximum difference in height of the unevenness
can be 5 nm or more and 250 nm or less. That is, the pla-
narized surface of the single crystal semiconductor layer 114
can be obtained by the irradiation process with the laser beam
118.

[0145] Chemical mechanical polishing (CMP) is known as
planarization treatment. However, it is difficult to perform
planarization treatment of the single crystal semiconductor
layer 114 by CMP in the case where a mother glass substrate
is used as the supporting substrate 102, since the mother glass
substrate has a large area and undulation. In this embodiment
mode, this planarization treatment is performed by the irra-
diation process with the laser beam 118; therefore, the single
crystal semiconductor layer 114 can be planarized without
applying force that damages the supporting substrate 102 and
without heating the supporting substrate 102 at a temperature
exceeding its strain point.

[0146] Inirradiation with the laser beam 118, assistant heat
treatment may be performed at a temperature which does not
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cause melting of the single crystal semiconductor layer and is
equal to or lower than the strain point of the supporting
substrate 102. For example, when irradiation with the laser
beam 118 is performed, the single crystal semiconductor
layer 114 which is fixed to the supporting substrate 102 is
heated or a heated gas is sprayed on the single crystal semi-
conductor layer 114, whereby the temperature of the single
crystal semiconductor layer 114 fixed over the supporting
substrate 102 can be increased. By irradiating the single crys-
tal semiconductor layer 114 with the laser beam 118 while the
temperature of the single crystal semiconductor layer 114 is
increased, the irradiation energy density of the laser beam 118
can be reduced by the assistance effect of the heat treatment.
Accordingly, takt time can be shortened and productivity can
be increased.

[0147] As a laser that emits the laser beam 118, a laser of
which emission wavelength is in the range from the ultravio-
let region to the visible light region is selected. The wave-
length of the laser beam 118 is a wavelength that is absorbed
by the single crystal semiconductor layer 114. The wave-
length is determined in consideration of the skin depth of the
laser beam, and the like. For example, the wavelength of the
laser beam 118 can be in the range of equal to or greater than
250 nm and equal to or less than 700 nm.

[0148] As the laser that emits the laser beam 118, a con-
tinuous wave laser, a quasi continuous wave laser, or a pulsed
laser is preferably used. In the case of using the pulsed laser,
a repetition rate of 1 MHz or less, and a pulse width of 10
nanoseconds or more and 500 nanoseconds or less are pref-
erable. A typical pulsed laser is an excimer laser that emits a
beam having a wavelength of 400 nm or less. For example, as
the laser that emits the laser beam 118, a XeCl excimer laser
having a repetition rate of 10 Hz to 300 Hz, a pulse width of
25 nanoseconds, and a wavelength of 308 nm can be used.
[0149] The energy of the laser beam 118 is determined in
consideration of the wavelength of the laser beam 118, the
skin depth of the laser beam 118, the thickness of the single
crystal semiconductor layer 114, and the like. The irradiation
energy density of the laser beam 118 can be set, for example,
in the range of 300 mJ/cm? to 800 mJ/cm? inclusive. For
example, the irradiation energy density of the laser beam 118
can be 600 mJ/cm® to 700 mJ/cm® in the case where the
thickness of the single crystal semiconductor layer 114 is
approximately 120 nm, a pulsed laser is used as a laser, and
the wavelength of the laser beam 118 is 308 nm.

[0150] Itis foundthat the atmosphere in irradiation with the
laser beam 118 is effective for planarization of the single
crystal semiconductor layer either in the atmosphere without
any control or in a nitrogen gas atmosphere that contains a
small amount of oxygen. It is also found that a nitrogen
atmosphere is more preferable than the air atmosphere. A
nitrogen atmosphere and a vacuum state are more effective
than the air atmosphere in improving planarity of the single
crystal semiconductor layer. In addition, these atmospheres
are more effective than the air atmosphere in suppressing
surface roughness; therefore, the energy of the laserbeam 118
can be selected from a wider range. The oxygen concentration
in a nitrogen atmosphere is preferably 30 ppm or less and
more preferably 10 ppm or less. In addition, it is preferable
that the water (H,O) concentration in the nitrogen atmo-
sphere be 30 ppm or less. Desirably, the oxygen concentration
in the nitrogen atmosphere is 30 ppm or less and the water
concentration is 30 ppm or less. For example, in the case
where laser beam irradiation is performed in a nitrogen atmo-
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sphere whose oxygen concentration is more than 30 ppm,
there is a high possibility that reactivity between the single
crystal semiconductor layer and oxygen is increased in the
vicinity of the laser beam irradiation region and a thin oxide
film is formed on a surface of the single crystal semiconductor
layer. Since this thin oxide film is preferably removed, a
removal step is added. Therefore, when laser beam irradiation
is performed in a nitrogen atmosphere in which the oxygen
concentration is 30 ppm or less and the water concentration is
30 ppm or less, formation of an unnecessary oxide film can be
prevented.

[0151] Itis preferable that the laser beam 118 pass through
an optical system to make energy distribution of the laser
beam 118 uniform. Further, it is preferable that a cross section
of'the laser beam 118 be linear. Accordingly, irradiation with
the laser beam 118 can be performed uniformly with high
throughput.

[0152] Before the single crystal semiconductor layer 114 is
irradiated with the laser beam 118, it is preferable that an
oxide film, such as a film that is naturally oxidized, which is
formed on the surface of the single crystal semiconductor
layer 114 be removed. This is because a sufficient planariza-
tion effect cannot be obtained when an oxide film remains on
the surface of the single crystal semiconductor layer 114. The
oxide film can be removed by cleaning the surface of the
single crystal semiconductor layer 114 with a hydrofluoric
acid. Treatment with a hydrofluoric acid is performed until
the surface of the single crystal semiconductor layer 114
becomes water repellent. When the single crystal semicon-
ductor layer 114 has water repellency, it can be checked that
the oxide film is removed from the single crystal semicon-
ductor layer 114.

[0153] An example of the irradiation step with the laser
beam 118 will be described below. First, the single crystal
semiconductor layer 114 is treated with a hydrofluoric acid
which is diluted at a rate of 1:100 (=hydrofluoric acid: water)
for 110 seconds to remove the oxide film on the surface. Next,
irradiation with the laser beam 118 is performed. As a laser
that emits the laser beam 118, a XeCl excimer laser (with a
wavelength of 308 nm, a pulse width of 25 nanoseconds, and
a repetition rate of 30 Hz) is used. Through an optical system,
a section of the laser beam 118 is formed into a linear shape of
126 mmx0.34 mm. The single crystal semiconductor layer
114 is irradiated with the laser beam 118 under the condition
that the scanning speed of the laser beam 118 is 1.0 mm/sec-
ond, the scanning pitch is 33 um, and the number of beam
shots is approximately 10 shots.

[0154] As the treatment for planarization of the single crys-
tal semiconductor layer and reduction of crystal defects
thereof, etching treatment may be performed in addition to
the laser beam irradiation. For example, etching treatment can
be performed before or after the irradiation with the laser
beam 118 or both before and after the irradiation with the
laser beam 118.

[0155] The etching treatment can be performed by one or
both of dry etching and wet etching. In the case of dry etching,
as the etching gas, a chlorine-based gas such as chlorine,
boron chloride, silicon chloride, or carbon tetrachloride; a
fluorine-based gas such as fluorine, carbon fluoride, sulfur
fluoride, or nitrogen fluoride; a bromine-based gas such as
hydrogen bromide; or the like can be used as appropriate.
Further, an oxygen gas can also be added as an assistant gas.
Inthe case of wet etching, a TMAH solution or the like can be
used as an etchant.
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[0156] For example, the single crystal semiconductor layer
114 is etched before irradiation of the single crystal semicon-
ductor layer 114 with the laser beam 118. By this etching, a
damage layer or separation layer existing on the separation
plane of the single crystal semiconductor layer 114 is prefer-
ably removed. Specifically, the single crystal semiconductor
layer 114 is preferably etched about 20 nm deep in the thick-
ness direction from the surface thereof. Etching of an upper
part of the single crystal semiconductor layer 114 before
irradiation with the laser beam 118 can enhance the effect of
planarizing the surface by following irradiation with the laser
beam 118 and the effect of reducing a crystal defect thereof.
[0157] Alternatively, after irradiating the single crystal
semiconductor layer 114 with the laser beam 118, the re-
single-crystallized single crystal semiconductor layer 120 is
etched. It is preferable to thin the single crystal semiconduc-
tor layer 120 by this etching in accordance with characteris-
tics of the element formed using the single crystal semicon-
ductor layer 120. In order to form a thin gate insulating layer
with favorable step coverage on the surface of the single
crystal semiconductor layer 120 which is fixed over the sup-
porting substrate 102, the single crystal semiconductor layer
120 preferably has a thickness of 60 nm or less and, specifi-
cally, equal to or greater than 5 nm and equal to or less than 60
nm.

[0158] In the above-described manner, a semiconductor
substrate in which a single crystal semiconductor layer is
fixed over a supporting substrate can be obtained.

[0159] Since the steps described above can be performed at
temperatures of equal to or lower than 700° C., a glass sub-
strate having an allowable temperature limit of 700° C. or
lower can be used as the supporting substrate 102. Since an
inexpensive glass substrate can be used, the material cost of
the semiconductor substrate can be reduced.

[0160] Next, a formation method of a semiconductor
device using the obtained semiconductor substrate will be
described. In this embodiment mode, a manufacturing
method of thin film transistors (TFTs) as an example of semi-
conductor devices will be described. By combining a plural-
ity of thin film transistors, various semiconductor devices can
be manufactured. Here, an example of manufacturing an
n-channel transistor and a p-channel transistor at the same
time will be described.

[0161] First, the single crystal semiconductor layer 120 is
selectively etched to form a single crystal semiconductor
layer 120a and a single crystal semiconductor layer 1205
which are isolated into island shapes in accordance with
arrangement of semiconductor elements (see FIG. 2A). In
this embodiment mode, an n-channel transistor is formed
using the single crystal semiconductor layer 120q, and a
p-channel transistor is formed using the single crystal semi-
conductor layer 1204. Note that, although element isolation is
performed by etching the single crystal semiconductor layer
120 in this embodiment mode for example, the element iso-
lation can also be performed by embedding an insulating
layer between single crystal semiconductor layers in accor-
dance with arrangement of semiconductor elements.

[0162] Next, a gate insulating layer 122 and a conductive
layer 124 for forming gate electrodes are formed in order over
the single crystal semiconductor layer 120a and the single
crystal semiconductor layer 1204.

[0163] The gate insulating layer 122 is formed to have a
single-layer structure or a stacked structure using an insulat-
ing layer such as a silicon oxide layer, a silicon oxynitride
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layer, a silicon nitride layer, or a silicon nitride oxide layer by
a CVD method, a sputtering method, an ALE method, or the
like.

[0164] Alternatively, the gate insulating layer 122 may be
formed as follows: plasma treatment is performed on the
single crystal semiconductor layers 120a and 1205 to oxidize
or nitride the surfaces thereof. The plasma treatment in this
case includes plasma treatment with plasma excited using
microwaves (typically, with a frequency of 2.45 GHz). For
example, treatment with plasma that is excited by micro-
waves and has an electron density of 1x10"/cm? to 1x10'3/
cm’ inclusive and an electron temperature of 0.5 eV to 1.5 eV
inclusive is also included. Oxidation treatment or nitridation
treatment of the surface of the semiconductor layer with such
plasma treatment makes it possible to form a thin and dense
film. In addition, because the surface of the single crystal
semiconductor layer is directly oxidized or nitrized, an insu-
lating film with good interface characteristics can be
obtained. Further alternatively, the gate insulating layer may
be formed by performing plasma treatment with microwaves
on an insulating film formed by a CVD method, a sputtering
method, or an ALE method.

[0165] Since the gate insulating layer 122 forms the inter-
face at which channels are formed with the single crystal
semiconductor layers, a silicon oxide layer or a silicon oxyni-
tride layer is preferably used for the gate insulating layer 122.
This is because, in the case where an insulating film in which
the amount of nitrogen is higher than that of oxygen such as
asiliconnitride layer or a silicon nitride oxide layer is formed,
trap levels might be generated in the interface and the inter-
face characteristics might be degraded.

[0166] The conductive layer for forming gate electrodes
can be formed using an element selected from tantalum,
tungsten, titanium, molybdenum, aluminum, copper, chro-
mium, niobium, or the like, or an alloy material or compound
material which contains any of these elements as its main
component. As the compound material containing any of the
elements as its main component, a nitride is given and, for
example, tantalum nitride, tungsten nitride, titanium nitride,
molybdenum nitride, aluminum nitride, or the like can be
given. Moreover, the conductive layer can also be formed
using a semiconductor material typified by polycrystalline
silicon doped with an impurity element such as phosphorus.
The conductive layer for forming gate electrodes is formed to
have a single-layer structure or a stacked structure using any
of these materials by a CVD method or a sputtering method.
When the conductive layer is formed to have a stacked struc-
ture, it can be formed using different conductive materials or
can be formed using the same conductive material. In this
embodiment mode, an example of forming the conductive
layer 124 with a single-layer structure will be described.
[0167] Next, the conductive layer 124 is selectively etched
to form a gate electrode 124a and a gate electrode 1245. The
gate electrode 1244 and the gate electrode 1245 are formed
over the single crystal semiconductor layer 120a and the
single crystal semiconductor layer 1205, respectively, with
the gate insulating layer 122 interposed therebetween.
[0168] Then, in order to form impurity regions which serve
as source and drain regions of the n-channel transistor, a resist
mask 180 is formed to cover the single crystal semiconductor
layer 12056. An impurity element 182 is added into the single
crystal semiconductor layer 1204, using the gate electrode
124a and the resist mask 180 as masks. In the single crystal
semiconductor layer 120q, a pair of impurity regions 128a
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and a channel formation region 1264« placed between the pair
of impurity regions 128a are formed in a self-aligning man-
ner, using the gate electrode 124a as a mask. The impurity
regions 128a serve as a source region and a drain region (see
FIG. 2D).

[0169] As the impurity element 182, an n-type impurity
element such as phosphorus or arsenic is added. Here, phos-
phorus, which is an n-type impurity element, is added to the
impurity regions 128a at a concentration of about 5x10*°
atoms/cm’ to 5x10°° atoms/cm® inclusive.

[0170] Then, in order to form impurity regions which serve
as source and drain regions of the p-channel transistor, a resist
mask 184 is formed to cover the single crystal semiconductor
layer 120a. An impurity element 186 is added into the single
crystal semiconductor layer 1205, using the gate electrode
1245 and the resist mask 184 as masks. In the single crystal
semiconductor layer 1205, a pair of impurity regions 1286
and a channel formation region 1265 placed between the pair
of impurity regions 1285 are formed in a self-aligning man-
ner, using the gate electrode 1245 as a mask. The impurity
regions 1285 serve as a source region and a drain region (see
FIG. 2E).

[0171] As the impurity element 186, a p-type impurity ele-
ment such as boron, aluminum, or gallium is added. Here,
boron, which is a p-type impurity element, is added to the
impurity regions 1285 at a concentration of about 1x10%°
atoms/cm’ to 5x10°" atoms/cm® inclusive.

[0172] Heat treatment is performed on the single crystal
semiconductor layer 120q and the single crystal semiconduc-
tor layer 1206 (see FIG. 2F). One feature of the present
invention is that since removal of crystal defects in the single
crystal semiconductor layers and activation of the impurity
elements added to the single crystal semiconductor layers are
performed at a time, heat treatment is performed at a process
temperature which does not cause melting of the single crys-
tal semiconductor layers and which is equal to or higher than
400° C. and equal to or lower than the strain point of the
supporting substrate 102. Preferably, the heat treatment is
performed at a process temperature of equal to or higher than
450° C. and equal to or lower than 650° C.

[0173] By performing heat treatment at a process tempera-
ture which does not cause melting of the single crystal semi-
conductor layers and which is equal to or higher than 400° C.
and equal to or lower than the strain point of the supporting
substrate 102, carrier lifetime of manufactured transistors can
be made longer compared to the case of not performing heat
treatment. It is considered that by the heat treatment at a
process temperature which does not cause melting of the
single crystal semiconductor layers and which is equal to or
higher than 400° C. and equal to or lower than the strain point
of the supporting substrate 102, defects such as dangling
bonds and the interface state of the single crystal semicon-
ductor layers, which cannot be removed by re-single-crystal-
lization which is caused by partially melting the single crystal
semiconductor layer by irradiation with the laser beam 118,
are removed.

[0174] By this heat treatment, the impurity elements added
into the single crystal semiconductor layer 120a and the
single crystal semiconductor layer 1205 are activated. Spe-
cifically, dopants contained in the impurity regions 128« and
12856 which serve as source regions and drain regions are
activated. Activation of the impurity elements added into the
single crystal semiconductor layers is an important process to
lower resistance of the regions which serve as source regions
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and drain regions. Note that the above-described heat treat-
ment can remove a crystal defect in the source regions or drain
regions, which is generated by addition of the impurity ele-
ments to form the impurity regions 128a and 1285.

[0175] Here, “lifetime” means average time, from genera-
tion of carriers in a semiconductor to decay of the carriers
caused by recombination. For example, by irradiating a semi-
conductor (silicon) with light, electrons and holes (carriers)
are generated in the semiconductor. The generated electrons
and holes recombine to decay each other in time. In this
manner, the average time from generation of carriers to decay
of the carriers caused by recombination is called “lifetime.”
Note that the “lifetime” is also called “recombination life-
time” or “carrier lifetime.”

[0176] Thelifetime is shortened by the existence of'a macro
crystal defect such as lattice distortion or a lattice defect in a
semiconductor, a micro crystal defect such as dangling bonds
or traps at an interface, a metal impurity, and the like which
serve as recombination center of carriers. That is, improve-
ment in lifetime means improvement in carrier mobility, and
can improve electric characteristics (high-speed operation or
the like) of a manufactured transistor.

[0177] Thus, by performing heat treatment at a process
temperature which does not cause melting of the single crys-
tal semiconductor layers and which is equal to or higher than
400° C. and equal to or lower than the strain point of the
supporting substrate 102 as in the present invention, lifetime
of single crystal semiconductor layers in which channels are
formed is improved and, furthermore, resistance of the single
crystal semiconductor layers in which source regions and
drain regions are formed can be lowered and a crystal defect
caused by impurity addition in the source regions and the
drain regions can be removed. Accordingly, transistors with
excellent electric characteristics can be manufactured.

[0178] By performing heat treatment at a process tempera-
ture which does not cause melting of single crystal semicon-
ductor layers and which is equal to or higher than 400° C. and
equal to or lower than the strain point of the supporting
substrate 102 after formation of impurity regions serving as
source regions and drain regions as in the present invention,
recovery of characteristics of channel formation regions and
activation of the impurity regions can be performed by the
single heat treatment step. Accordingly, the process can be
simplified, thereby improving throughput.

[0179] Furthermore, by performing heat treatment after
single crystal semiconductor layers are selectively etched to
be patterned in accordance with arrangement of desired semi-
conductor elements as in the present invention, the area and
volume of the single crystal semiconductor layers are
reduced; accordingly, stress, particularly stress such as ther-
mal stress, applied to each of the single crystal semiconductor
layers can be reduced. In other words, film stress applied on
the single crystal semiconductor layer can be relaxed when
the single crystal semiconductor layer is patterned into, for
example, island shapes to be segmented. Therefore, damage
of the single crystal semiconductor layers due to film stress
can be prevented, and field-effect transistors having favorable
electric characteristics can be manufactured with high yield.
[0180] Inthe case where the gate electrodes 124a and 1245
are formed using a material which is easily oxidized, it is
preferable to perform heat treatment illustrated in FIG. 2F
after formation of an insulating layer which covers the gate
electrodes 124a and 1245b.
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[0181] Next, an interlayer insulating layer is formed (see
FIG. 3A). The interlayer insulating layer can be formed to
have a single-layer structure or a stacked structure of two or
more layers. Here, an example where the interlayer insulating
layer has a two-layer structure of a first interlayer insulating
layer 130 and a second interlayer insulating layer 132 as
illustrated in FIG. 3A will be described.

[0182] As the interlayer insulating layer, a silicon oxide
layer, a silicon oxynitride layer, a silicon nitride layer, a
silicon nitride oxide layer, or the like can be formed by a CVD
method or a sputtering method. Further, the interlayer insu-
lating layer can also be formed by an application method such
as a spin coating method, using an organic material such as
polyimide, polyamide, polyvinylphenol, benzocyclobutene,
acrylic, or epoxy, a siloxane material such as a siloxane resin,
an oxazole resin, or the like. A siloxane material is a material
including a Si—O—Si bond. Siloxane has a skeletal structure
formed from a bond of silicon (Si) and oxygen (O). An
organic group (e.g., an alkyl group or an aromatic hydrocar-
bon) or a fluoro group can be given as the substituent. The
organic group may include a fluoro group. An oxazole resin is
a photosensitive polybenzoxazole or the like, for example.
Photosensitive polybenzoxazole is a material which has a low
dielectric constant (a dielectric constant of 2.9 at 1 MHz at
room temperature), high heat resistance (according to results
of thermogravimetry-differential thermal analysis (TG-
DTA), it has a thermal decomposition temperature of 550° C.
atarate of temperature increase of 5° C./min), and a low water
absorption coefficient (0.3 wt % at room temperature for 24
hours). Since an oxazole resin has a lower dielectric constant
(approximately 2.9) as compared to a dielectric constant of
polyimide (approximately 3.2 to 3.4) or the like, the genera-
tion of parasitic capacitance can be suppressed and operation
at high speed is possible.

[0183] After forming an insulating layer containing hydro-
gen as the interlayer insulating layer, heat treatment is pref-
erably performed to hydrogenate the single crystal semicon-
ductor layers (see FIG. 3B).

[0184] In this embodiment mode, as the first interlayer
insulating layer 130 stacked over the gate insulating layer
122, an insulating layer containing hydrogen is formed. The
insulating layer containing hydrogen can be formed by a
plasma CVD method using a process gas which contains
hydrogen. After forming the insulating layer containing
hydrogen, heat treatment is performed at 350° C. or higher
and 450° C. or lower, and preferably 400° C. or higher and
430° C. or lower; accordingly, dangling bonds in the single
crystal semiconductor layer 120a and the single crystal semi-
conductor layer 1205 can be terminated with hydrogen. Spe-
cifically, hydrogen contained in the first interlayer insulating
layer 130 is thermally excited by the heat treatment and
diffused; accordingly, the hydrogen passes through the gate
insulating layer 122 and reaches the single crystal semicon-
ductor layer 120a and the single crystal semiconductor layer
1204. Then, dangling bonds in the single crystal semiconduc-
tor layer 120a and the single crystal semiconductor layer
1204 are terminated with the hydrogen. Thus, electric char-
acteristics of transistors can be improved.

[0185] Theheat treatment which causes hydrogen termina-
tion utilizing the first interlayer insulating layer 130 (insulat-
ing layer containing hydrogen) can be performed after for-
mation of the second interlayer insulating layer 132. In such
acase, the second interlayer insulating layer 132 is preferably
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formed at a temperature which does not cause dehydrogena-
tion of the first interlayer insulating layer 130.

[0186] For example, as the first interlayer insulating layer
130, a silicon nitride oxide layer is formed by a plasma CVD
method using monosilane, ammonia, hydrogen, and nitrogen
oxide fora process gas, and as the second interlayer insulating
layer 132, a silicon oxynitride layer is formed. At this time,
the first interlayer insulating layer 130 and the second inter-
layer insulating layer 132 are formed at process temperatures
in the range of equal to or higher than 200° C. and equal to or
lower than 300° C. Then, heat treatment is performed at 410°
C.1in anitrogen atmosphere for one hour after formation of the
second interlayer insulating layer 132, which causes diffusion
of hydrogen contained in the silicon nitride oxide layer;
accordingly, the single crystal semiconductor layers can be
terminated with hydrogen.

[0187] Next, contactholes are formed in the interlayer insu-
lating layer (in this embodiment mode, the first interlayer
insulating layer 130 and the second interlayer insulating layer
132) and then, a conductive layer 134a and a conductive layer
13454 are formed in the contact holes (see FIG. 3C).

[0188] In the interlayer insulating layer, the contact holes
which reach the source regions and drain regions formed in
the single crystal semiconductor layers are formed. Here,
contact holes which reach the impurity regions 1284 formed
in the single crystal semiconductor layer 120a and contact
holes which reach the impurity regions 1285 formed in the
single crystal semiconductor layer 1205 are formed. The con-
ductive layer 134a functions as a source electrode and a drain
electrode and is electrically connected to the impurity regions
128a formed in the single crystal semiconductor layer 120a
through the contact holes formed in the first interlayer insu-
lating layer 130 and the second interlayer insulating layer
132. Similarly, the conductive layer 1345 functions as a
source electrode and a drain electrode and is electrically
connected to the impurity regions 1285 formed in the single
crystal semiconductor layer 1205 through the contact holes
formed in the first interlayer insulating layer 130 and the
second interlayer insulating layer 132.

[0189] The conductive layer 134a and the conductive layer
1345 can be formed using an element selected from alumi-
num, tungsten, titanium, tantalum, molybdenum, nickel,
neodymium, or the like, or an alloy material or compound
material which contains any of these elements. As the alloy
material containing any of the elements, an aluminum alloy,
an aluminum alloy containing silicon, an aluminum alloy
containing titanium, an aluminum alloy containing neody-
mium, or the like can be used. As the compound material
containing any of the elements, a nitride of any of the ele-
ments, specifically, titanium nitride, tungsten nitride, tanta-
lum nitride, molybdenum nitride, or the like can be given. The
conductive layer 134a and the conductive layer 1345 which
function as the source electrodes and the drain electrodes may
be formed over the entire surface by forming a layer using the
aforementioned material by a sputtering method or a CVD
method and then may be formed into a desired shape by
selective etching. The conductive layer 134a and the conduc-
tive layer 1345 can be formed to have a single-layer structure
or a stacked structure of two or more layers and, for example,
a structure in which a titanium layer, an aluminum layer or an
aluminum alloy layer over the titanium layer, and a titanium
layer over the aluminum layer or the aluminum alloy layer are
sequentially stacked can be employed. By forming a titanium

May 7, 2009

nitride layer between the titanium layer and the aluminum
layer or the aluminum alloy layer, diffusion of aluminum or
the like can be prevented.

[0190] In the above-described manner, an n-channel tran-
sistor 140a and a p-channel transistor 1405 are formed. The
transistor 140q¢ includes the single crystal semiconductor
layer 120a in which a channel is formed. The transistor 1405
includes the single crystal semiconductor layer 1205 in which
a channel is formed. Therefore, high carrier mobility can be
obtained, and the transistors can operate at high speed. In
addition, since the single crystal semiconductor has almost
uniform crystal orientation, variation in characteristics of the
transistors can be reduced compared to the case of using a
polycrystalline semiconductor. Further, in the present inven-
tion, in order to obtain the single crystal semiconductor layers
120a and 1205 having superior characteristics, laser beam
irradiation is performed in manufacture of the semiconductor
substrate so as to re-single-crystallize the single crystal semi-
conductor layer. Furthermore, by performing heat treatment
after patterning the single crystal semiconductor layer and
forming the impurity regions serving as source regions and
drain regions, the lifetime of' the single crystal semiconductor
layers in which channels are formed can be improved. There-
fore, high-performance transistors can be provided with high
yield.

[0191] Before patterning the single crystal semiconductor
layer of the semiconductor substrate by selective etching, a
p-type impurity element or an n-type impurity element may
be added into the single crystal semiconductor layer in accor-
dance with a formation region of an n-channel transistor or a
p-channel transistor. For example, a p-type impurity element
is added to a formation region of an n-channel transistor and
an n-type impurity element is added to a formation region of
a p-channel transistor, whereby so-called “well regions” are
formed. The impurity element may be added at a dose of
approximately 1x10'2 ions/cm® to 1x10* ions/cm>. As the
p-type impurity element, boron, aluminum, gallium, or the
like may be added, and as the n-type impurity element, phos-
phorus, arsenic, or the like may be added.

[0192] Before forming the gate electrodes over the single
crystal semiconductor layers, an impurity element may be
added into a channel formation region for the purpose of
controlling the threshold voltage of the transistor. For
example, a p-type impurity element may be added in the case
of forming an n-channel transistor, and an n-type impurity
element may be added in the case of forming a p-channel
transistor. Such addition of an impurity element into a chan-
nel formation region is referred to as “channel doping.” In the
case of performing channel doping, a “well region” may be or
may not be formed. After the channel doping, heat treatment
is preferably performed to activate the impurity element
added into the channel formation region. It is preferable that
the heat treatment be performed at a process temperature
which does not cause melting of the single crystal semicon-
ductor layers and which is equal to or higher than 400° C. and
equal to or lower than the strain point of the supporting
substrate, because a micro crystal defect of the single crystal
semiconductor layers in which channels are formed can be
reduced. Note that the heat treatment may be performed after
channel doping and before formation of gate electrodes or
may be performed after formation of impurity regions serving
as source regions and drain regions also as heat treatment for
activation.
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[0193] Although the semiconductor device in which the
n-channel transistor and the p-channel transistor are manu-
factured at the same time has been described in this embodi-
ment mode, the structure of transistors described in this
embodiment mode is only an example and the present inven-
tion is not limited to the structure illustrated in the drawings.
[0194] Note that this embodiment mode can be imple-
mented in combination with any of other embodiment modes
described in this specification as appropriate.

Embodiment Mode 2

[0195] In Embodiment Mode 2, a semiconductor substrate
having another structure, which can be used for manufacture
of'a semiconductor device according to the present invention,
will be described.

[0196] FIG. 16A illustrates an example in which the buffer
layer 104 is formed on the supporting substrate 102. Between
the single crystal semiconductor layer 120 and the supporting
substrate 102, the insulating layer 106, an insulating layer
154, and an insulating layer 152 are formed from the single
crystal semiconductor layer 120, and the stacked structure of
these layers forms the buffer layer 104.

[0197] The insulating layer 152 may be an insulating layer
similar to the insulating layer 107 and preferably includes at
least one layer of insulating layer containing nitrogen. For
example, at least one layer of insulating layer containing
nitrogen as its composition such as a silicon nitride layer, a
silicon nitride oxide layer, or an aluminum nitride layer is
formed. When the insulating layer 152 is formed, a metal
impurity can be prevented from diffusing into the single crys-
tal semiconductor layer 120 from the supporting substrate
102.

[0198] As the insulating layer 154, an insulating layer simi-
lar to the insulating layer 106 may be formed, and an insulat-
ing layer which has smoothness and can form a hydrophilic
surface is preferably formed. When the insulating layer 154 is
provided on the supporting substrate 102 and bonding is
performed between the insulating layer 154 and the insulating
layer 106, bonding strength between the single crystal semi-
conductor layer 120 and the supporting substrate 102 can be
increased. Note that an insulating layer containing nitrogen
may serve as both a layer which blocks diffusion of a metal
impurity and a bonding layer.

[0199] The thicknesses of the insulating layer 152 and the
insulating layer 154 may be set as appropriate. The thickness
of'the insulating layer 152 is preferably 10 nm to 500 nm, and
the thickness of the insulating layer 154 is preferably about
0.2 nm to 500 nm (in the case of forming the insulating layer
154 by a CVD method, about 10 nm to 500 nm).

[0200] FIG. 16B illustrates an example in which the insu-
lating layer 108, the insulating layer 107, and the insulating
layer 106 are formed on the single crystal semiconductor
layer 120, and the insulating layer 152 and the insulating layer
154 are formed on the supporting substrate 102. Between the
single crystal semiconductor layer 120 and the supporting
substrate 102, the insulating layer 108, the insulating layer
107, the insulating layer 106, the insulating layer 154, and the
insulating layer 152 are formed from the single crystal semi-
conductor layer 120 side, and the stacked structure of these
layers forms the buffer layer 104.

[0201] The semiconductor substrate for manufacturing a
semiconductor device according to the present invention can
also have either of the structures illustrated in FIG. 16A and
FIG. 16B. The single crystal semiconductor layer 120 is a

May 7, 2009

semiconductor layer part of which is re-single-crystallized
through melting by laser beam irradiation treatment. Using
the semiconductor substrate described in this embodiment
mode, various semiconductor devices can be manufactured.
[0202] Note that this embodiment mode can be imple-
mented in combination with any of other embodiment modes
described in this specification as appropriate.

Embodiment Mode 3

[0203] InEmbodiment Mode 3, transistors having a difter-
ent structure from the above embodiment mode and a manu-
facturing method thereof will be described. Hereinafter,
description is made with reference to the cross sectional
views of FIGS. 4A to 4E, FIGS. 5A to 5D, and FIGS. 6A to
6C. Note that a method of manufacturing an n-channel tran-
sistor and a p-channel transistor at the same time will be
described in this embodiment mode.

[0204] First, as illustrated in FIG. 4A, a semiconductor
substrate is prepared. In this embodiment mode, the semicon-
ductor substrate manufactured through the steps of FIGS. 1A
to 1E in Embodiment Mode 1 is used. In other words, the
semiconductor substrate in which the single crystal semicon-
ductor layer 120 is fixed over the supporting substrate 102
with the buffer layer 104 interposed therebetween is used.
The single crystal semiconductor layer 120 is a semiconduc-
tor layer part of which is re-single-crystallized through melt-
ing by laser beam irradiation. Note that the semiconductor
substrate used in this embodiment mode is not limited to the
semiconductor substrate having the structure illustrated in
FIG. 4A, and a semiconductor substrate according to the
present invention can be employed.

[0205] A p-type impurity element such as boron, alumi-
num, or gallium and an n-type impurity element such as
phosphorus or arsenic are preferably added into the single
crystal semiconductor layer 120 in accordance with forma-
tion regions of an n-channel field-effect transistor and a
p-channel field-effect transistor. In other words, a p-type
impurity element is added into a formation region of an
n-channel field-effect transistor and an n-type impurity ele-
ment is added into a formation region of a p-channel field-
effect transistor, whereby so-called well regions are formed.
The dose of impurity ions may be approximately equal to or
greater than 1x10'? ions/cm? and equal to or less than 1x10"*
ions/cm?. Furthermore, in the case of controlling the thresh-
old voltage of the field-effect transistor, a p-type or n-type
impurity element may be added into the well region.

[0206] Then, as illustrated in FIG. 4B, the single crystal
semiconductor layer 120 is etched to form a single crystal
semiconductor layer 120c¢ and a single crystal semiconductor
layer 1204 which are isolated in island shapes from each other
in accordance with arrangement of semiconductor elements.
In this embodiment mode, an n-channel transistor is formed
using the single crystal semiconductor layer 120c, and a
p-channel transistor is formed using the single crystal semi-
conductor layer 1204.

[0207] Next, as illustrated in FIG. 4C, a gate insulating
layer 310, a conductive layer 312 for forming gate electrodes,
and a conductive layer 314 are formed in order over the single
crystal semiconductor layer 120c¢ and the single crystal semi-
conductor layer 1204.

[0208] The gate insulating layer 310 is formed to have a
single-layer structure or a stacked structure using an insulat-
ing layer such as a silicon oxide layer, a silicon oxynitride
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layer, a silicon nitride layer, or a silicon nitride oxide layer by
a CVD method, a sputtering method, an ALE method, or the
like.

[0209] Alternatively, the gate insulating layer 310 may be
formed as follows: plasma treatment is performed on the
single crystal semiconductor layers 120¢ and 1204 to oxidize
or nitride the surfaces thereof. The plasma treatment in this
case includes plasma treatment with plasma excited using
microwaves (typically, with a frequency of 2.45 GHz). For
example, treatment with plasma that is excited by micro-
waves and has an electron density of 1x10"/cm? to 1x10'3/
cm? inclusive and an electron temperature of 0.5 eVto 1.5 eV
inclusive is also included. Oxidation treatment or nitridation
treatment of the surface of the semiconductor layer with such
plasma treatment makes it possible to form a thin and dense
film. In addition, because the surface of the semiconductor
layer is directly oxidized, an insulating film with good inter-
face characteristics can be obtained. Further alternatively, the
gate insulating layer 310 may be formed by performing
plasma treatment with microwaves on an insulating film
formed by a CVD method, a sputtering method, or an ALE
method.

[0210] Since the gate insulating layer 310 forms the inter-
face with the single crystal semiconductor layers at which
channels are formed, a silicon oxide layer or a silicon oxyni-
tride layer is preferably used for the gate insulating layer 310.
This is because, in the case where an insulating film in which
the amount of nitrogen is higher than that of oxygen such as
asiliconnitride layer or a silicon nitride oxide layer is formed,
trap levels might be generated in the interface and the inter-
face characteristics might be degraded.

[0211] The conductive layer for forming gate electrodes is
formed as a single-layer film or a stacked-layer film using an
element selected from tantalum, tantalum nitride, tungsten,
titanium, molybdenum, aluminum, copper, chromium, or
niobium, an alloy material or a compound material containing
the element as its main component, or a semiconductor mate-
rial typified by polycrystalline silicon doped with an impurity
element such as phosphorus, by a CVD method or a sputter-
ing method. In the case where the conductive layer has a
stacked structure, the stacked layers can be formed using
various conductive materials or one conductive material. In
this embodiment mode, an example in which the conductive
layer for forming gate electrodes is formed to have a two-
layer structure of the conductive layer 312 and the conductive
layer 314, is described.

[0212] If the conductive layer for forming gate electrodes
has a two-layer structure of the conductive layer 312 and the
conductive layer 314, a stacked film of a tantalum nitride
layer and a tungsten layer, a tungsten nitride layer and a
tungsten layer, or a molybdenum nitride layer and a molyb-
denum layer can be formed, for example. A stacked film of a
tantalum nitride layer and a tungsten layer is preferable for the
stacked film because the difference of etching rate between
the tantalum nitride layer and the tungsten layer is large and
high selectively etching can be performed. Note that in the
two-layer films which are exemplified, the first mentioned
layer is preferably formed over the gate insulating layer 310.
Here, the conductive layer 312 is formed with a thickness of
20 nm to 100 nm inclusive. The conductive layer 314 is
formed with a thickness of 100 nm to 400 nm inclusive. The
gate electrode can also have a stacked structure of three or
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more layers; in that case, a stacked structure of a molybdenum
layer, an aluminum layer, and a molybdenum layer may be
employed.

[0213] Next, a resist mask 320c¢ and a resist mask 320d are
selectively formed over the conductive layer 314. Then, first
etching treatment and second etching treatment are per-
formed using the resist masks 320c¢ and 3204, respectively.
[0214] First, by using the first etching treatment using the
resist masks 320c and 3204, the conductive layers 312 and
314 are selectively etched, and thus a conductive layer 316¢
and a conductive layer 318c¢ are formed over the single crystal
semiconductor layer 120¢, and a conductive layer 3164 and a
conductive layer 3184 are formed over the single crystal
semiconductor layer 1204 (see FIG. 4D).

[0215] Next, by the second etching treatment using the
resist masks 320c¢ and 3204, end portions of the conductive
layers 318¢ and 3184 are etched, and thus a conductive layer
322c¢ and a conductive layer 3224 are formed (see FIG. 4E).
The conductive layers 322¢ and 322d are formed so as to have
smaller widths (lengths parallel to a direction in which carri-
ers flow through channel formation regions (a direction in
which a source region and a drain region are connected)) than
those of the conductive layers 316¢ and 316d. In this manner,
a gate electrode 324¢ having a two-layer structure of the
conductive layers 316¢ and 322¢ and a gate electrode 3244
having a two-layer structure of the conductive layers 3164
and 3224 are formed.

[0216] An etching method employed for the first etching
treatment and the second etching treatment may be selected
as appropriate. In order to increase etching rate, it is prefer-
able to use a dry etching apparatus using a high-density
plasma source such as an electron cyclotron resonance (ECR)
source or an inductively coupled plasma (ICP) source. With
appropriate control of the etching conditions (power applied
to a coiled electrode, power applied to an electrode on the
substrate side, the temperature of the electrode on the sub-
strate side, and the like) of the first etching treatment and the
second etching treatment, side surfaces of the conductive
layers 316¢ and 316d and the conductive layers 322¢ and
322d can each have a desired tapered shape. The resist masks
320¢ and 3204 may be removed after the desired gate elec-
trodes 324¢ and 3244 are formed.

[0217] Next, an impurity element 380 is added into the
single crystal semiconductor layers 120c and 1204 using the
gate electrodes 324¢ and 3244 as masks. In the single crystal
semiconductor layer 120¢, a pair of first impurity regions
325c¢ are formed in a self-aligning manner using the conduc-
tive layer 316¢ and the conductive layer 322¢ as masks. In the
single crystal semiconductor layer 1204, a pair of first impu-
rity regions 3254 are formed in a self-aligning manner using
the conductive layer 3164 and the conductive layer 3224 as
masks (see FIG 5A).

[0218] As the impurity element 380, a p-type impurity ele-
ment such as boron, aluminum, or gallium or an n-type impu-
rity element such as phosphorus or arsenic is added. Here, in
order to form a high-resistant region serving as an LDD
region of the n-channel transistor, phosphorus which is an
n-type impurity element is added as the impurity element 380.
In addition, phosphorus is added so that it is contained in the
first impurity regions 325¢ at a concentration of about 1x10*7
atoms/cm® to 5x10'® atoms/cm®.

[0219] Then, in order to form impurity regions which serve
as source and drain regions of the n-channel transistor, a resist
mask 381 is formed to partially cover the single crystal semi-
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conductor layer 120¢, and a resist mask 382 is selectively
formed to cover the single crystal semiconductor layer 1204.
Then, an impurity element 384 is added into the single crystal
semiconductor layer 120¢ using the resist masks 381 and 382
as masks to form a pair of second impurity regions 328c¢, a
pair of third impurity regions 330¢, and a channel formation
region 326¢ in the single crystal semiconductor layer 120c
(see FIG. 5B).

[0220] As the impurity element 384, phosphorus which is
an n-type impurity element is added into the single crystal
semiconductor layer 120c¢ so that phosphorus is added at a
concentration of 5x10'? atoms/cm” to 5x10*° atoms/cm®. The
second impurity regions 328c¢ serve as a source region and a
drain region. The second impurity regions 328¢ are formed in
regions that overlap with neither the conductive layer 316¢
nor the conductive layer 322c¢.

[0221] The third impurity regions 330c in the single crystal
semiconductor layer 120c are part of the first impurity regions
325c¢ to which the impurity element 384 is not added. The
third impurity regions 330c¢ have a lower impurity concentra-
tion than the second impurity regions 328¢ and function as
high-resistant regions or LDD regions. In a region of the
single crystal semiconductor layer 120¢ which overlaps with
both the conductive layer 316¢ and the conductive layer 322¢,
the channel formation region 326¢ is formed.

[0222] AnLDDregion means a regionto which an impurity
element is added at a low concentration and which is formed
between a channel formation region and a source or drain
region that is formed by adding the impurity element at a high
concentration. Formation of an L.DD region has an effect of
suppressing an electric field near a drain region, thereby pre-
venting deterioration due to hot carrier injection. Further, a
structure in which an LDD region overlaps with a gate elec-
trode with a gate insulating layer interposed therebetween
(also called a “Gate OverLapped Drain (GOLD) structure™)
may also be employed in order to prevent reduction of an
on-current value due to hot carrier.

[0223] Next, after the resist masks 381 and 382 are
removed, a resist mask 386 is formed to cover the single
crystal semiconductor layer 120¢ in order to form a source
region and a drain region of a p-channel transistor. An impu-
rity element 388 is added using the resist mask 386, the
conductive layer 3164, and the conductive layer 322d as
masks, whereby a pair of second impurity regions 3284, a pair
of third impurity regions 3304, and a channel formation
region 3264 are formed in the single crystal semiconductor
layer 120d (see FIG. 5C).

[0224] As the impurity element 388, a p-type impurity ele-
ment such as boron, aluminum, or gallium is used. Here,
boron that is a p-type impurity element is added to the second
impurity regions 3284 at a concentration of about 1x10%°
atoms/cm’ to 5x10*" atoms/cm® inclusive.

[0225] In the single crystal semiconductor layer 120d, the
second impurity regions 3284 are formed in regions that
overlap with neither the conductive layer 3164 nor the con-
ductive layer 322d, and function as a source region and a drain
region.

[0226] The third impurity regions 3304 are formed in
regions which overlap with the conductive layer 3164 and do
not overlap with the conductive layer 3224, and the third
impurity regions 330d are regions formed by adding the
impurity element 388 into the first impurity regions 3254
through the conductive layer 3164. Since the first impurity
regions 3254 have n-type conductivity, the impurity element
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388 is added so that the third impurity regions 3304 have
p-type conductivity. By control of the concentration of the
impurity element 388 contained in the third impurity regions
330d, the third impurity regions 3304 can each be made to
serve as a source region or a drain region or to serve as an
LDD region.

[0227] Inaregion of the single crystal semiconductor layer
1204 which overlaps with both the conductive layer 3164 and
the conductive layer 3224, the channel formation region 3264
is formed.

[0228] Next, after removing the resist mask 386, heat treat-
ment is performed at a process temperature which does not
cause melting of the single crystal semiconductor layer 120¢
and the single crystal semiconductor layer 1204 and which is
equal to or higher than 400° C. and equal to or lower than the
strain point of the supporting substrate 102 (see FIG. 5D).
[0229] By this heat treatment, a micro crystal defect of the
channel formation region 326¢ formed in the single crystal
semiconductor layer 120c¢ is removed and, in addition, the
second impurity regions 328¢ serving as a source region and
a drain region are activated (reduced in resistance). Further-
more, by this heat treatment, the third impurity regions 330c
each serving as an LDD region are activated (reduced in
resistance). At the same time, a micro crystal defect of the
channel formation region 3264 formed in the single crystal
semiconductor layer 1204 is removed and, in addition, the
second impurity regions 3284 serving as a source region and
a drain region and the third impurity regions 3304 are acti-
vated (reduced in resistance). The process temperature of the
heat treatment is preferably equal to or higher than 450° C.
and equal to or lower than 650° C.

[0230] According to one feature of a manufacturing
method of a semiconductor device of the present invention, a
single crystal silicon layer is planarized by laser beam irra-
diation in manufacture of a semiconductor substrate. In addi-
tion, after isolating the single crystal silicon layer in accor-
dance with arrangement of desired semiconductor elements
and forming impurity regions serving as a source region and
a drain region in each of the isolated single crystal silicon
layers, heat treatment is performed at a process temperature
which does not cause melting of the single crystal silicon
layers and which is equal to or higher than 400° C. and equal
to or lower than the strain point of the supporting substrate
102. By performing the heat treatment at a process tempera-
ture in the above-described range, carrier lifetime in channels
of manufactured transistors can be improved compared to the
case of not performing the heat treatment. Further, by per-
forming the above-described beat treatment with such a pro-
cess temperature after formation of the source regions and the
drain regions, recovery of characteristics of channel forma-
tion regions and activation of the impurity regions serving as
the source regions and the drain regions can be performed by
the single heat treatment step. Accordingly, the process can be
simplified, thereby improving throughput. Furthermore, by
performing heat treatment after isolating and segmenting the
single crystal semiconductor layer in accordance with
arrangement of desired semiconductor elements, film stress
can be relaxed and damage of the single crystal semiconduc-
tor layers due to film stress can be prevented. Thus, transistors
having favorable electric characteristics can be manufactured
with high yield and high productivity.

[0231] Heat treatment for activation of the third impurity
regions 330c¢ and the third impurity regions 3304 serving as
LDD regions may be performed in a different step. By such
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heat treatment, recovery of characteristics of channel forma-
tion regions and activation of the impurity regions serving as
the LDD regions may be performed. For example, after addi-
tion of the impurity element 380 as illustrated in FIG. 5A in
this embodiment mode, heat treatment may be performed at a
process temperature which does not cause melting of the
single crystal semiconductor layers and which is equal to or
higher than 400° C. and equal to or lower than the strain point
of'the supporting substrate 102. In this case, after formation of
the impurity regions serving as the source regions and the
drain regions, the process temperature of heat treatment can
be determined in consideration of only the activation of the
source regions and the drain regions.

[0232] In this embodiment mode, after formation of an
insulating layer 331 which covers the gate electrodes 324c¢
and 3244, heat treatment is performed at a process tempera-
ture which does not cause melting of the single crystal semi-
conductor layers and which is equal to or higher than 400° C.
and equal to or lower than the strain point of the supporting
substrate 102. Performing heat treatment after formation of
the insulating layer 331 is preferable since oxidation of the
gate electrodes by the heat treatment can be prevented. As the
insulating layer 331, a silicon oxide layer, a silicon oxynitride
layer, a silicon nitride layer, a silicon nitride oxide layer, or the
like may be formed by a CVD method or a sputtering method.
For example, in this embodiment mode, a silicon oxynitride
layer with a thickness of 50 nm is formed by a plasma CVD
method as the insulating layer 331. Further, by controlling the
atmosphere in the heat treatment, oxidation of the gate elec-
trodes can be prevented. In such a case, the insulating layer
331 is not formed or may be formed after the heat treatment.
[0233] Next, an interlayer insulating layer is formed. The
interlayer insulating layer can be formed to have a single-
layer structure or a stacked structure. Here, the interlayer
insulating layer has a two-layer structure of an insulating
layer 332 and an insulating layer 334 (see FIG. 6A).

[0234] As the interlayer insulating layer, a silicon oxide
layer, a silicon oxynitride layer, a silicon nitride layer, a
silicon nitride oxide layer, or the like can be formed by aCVD
method or a sputtering method. Further, the interlayer insu-
lating layer can also be formed by an application method such
as a spin coating method, using an organic material such as
polyimide, polyamide, polyvinylphenol, benzocyclobutene,
acrylic, or epoxy, a siloxane material such as a siloxane resin,
an oxazole resin, or the like. It is to be noted that a siloxane
material is a material including a Si—O—Si bond. Siloxane
has a skeletal structure formed from a bond of silicon (Si) and
oxygen (O). An organic group (e.g., an alkyl group or an
aromatic hydrocarbon) or a fluoro group can be given as the
substituent. The organic group may include a fluoro group.
[0235] Itis preferable that at least one layer in the interlayer
insulating layer be an insulating layer containing hydrogen,
and dangling bonds existing in the single crystal semiconduc-
tor layers be terminated with the hydrogen by heat treatment
(see FIG. 6B). The heat treatment temperature is preferably
equal to or higher than 350° C. and equal to or lower than 450°
C., and more preferably equal to or higher than 400° C. and
equal to or lower than 430° C. When heat treatment at a
process temperature of 350° C. or higher and 450° C. or
lower, preferably 400° C. or higher and 430° C. or lower is
performed after formation of the insulating layer containing
hydrogen serving as the interlayer insulating layer, hydrogen
contained in the insulating layer is thermally excited by the
heat treatment and diffused; accordingly, the hydrogen passes
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through the insulating layers such as the interlayer insulating
layer and the gate insulating layer and reaches the single
crystal semiconductor layers. Then, dangling bonds in the
single crystal semiconductor layers are terminated with the
hydrogen. Since dangling bonds in a semiconductor layer,
particularly in a channel formation region adversely affect
electric characteristics of a manufactured transistor, hydro-
gen termination as in this embodiment mode is effective.
Although micro crystal defects in the single crystal semicon-
ductor layer 120c and the single crystal semiconductor layer
120d are reduced by heat treatment after formation of the
second impurity regions 328¢ and 3284 serving as the source
regions and the drain regions, hydrogen termination can
improve electric characteristics of manufactured transistors.
In particular, hydrogen termination can improve interface
characteristics between the gate insulating layer and the
single crystal semiconductor layers.

[0236] The insulating layer containing hydrogen can be
formed by a plasma CVD method using a process gas which
contains hydrogen. Even when the insulating layer containing
hydrogen is not formed, heat treatment performed in an atmo-
sphere containing hydrogen enables termination of dangling
bonds in the single crystal semiconductor layers with hydro-
gen. In this embodiment mode, an insulating layer containing
hydrogen is formed as the insulating layer 332, an insulating
layer 334 is formed thereover, and then heat treatment for
hydrogen termination is performed. In this case, the insulat-
ing layer 334 is formed at a temperature which does not cause
dehydrogenation of the insulating layer 332.

[0237] For example, in this embodiment mode, a silicon
nitride oxide layer (thickness: 100 nm) as the insulating layer
332 and a silicon oxynitride layer (thickness: 600 nm) as the
insulating layer 334 are sequentially formed by a plasma
CVD method. As a process gas for forming the silicon nitride
oxide layer, monosilane, ammonia, hydrogen, and nitrogen
oxide are used. As a process gas for forming the silicon
oxynitride layer, monosilane and nitrogen oxide are used.
When the process temperature is approximately 200° C. to
300° C., the interlayer insulating layer can be formed without
dehydrogenation of the silicon nitride oxide layer. Then, after
formation of the interlayer insulating layer, heat treatment is
performed at 410° C. in a nitrogen atmosphere for one hour,
thereby terminating the single crystal semiconductor layers
with hydrogen.

[0238] Next, contactholes are formed in the interlayer insu-
lating layer (the insulating layer 334 and the insulating layer
332), the insulating layer 331, and the gate insulating layer
310. Then, a conductive layer 336¢ and a conductive layer
336d serving as source electrodes and drain electrodes are
formed in the contact holes (see FIG. 6C).

[0239] The contact holes are selectively formed in the insu-
lating layer 334, the insulating layer 332, the insulating layer
331, and the gate insulating layer 310 so as to reach the second
impurity regions 328¢ that are formed in the single crystal
semiconductor layer 120c¢ and the second impurity regions
328d that are formed in the single crystal semiconductor layer
120d. The conductive layer 336¢ functions as a source elec-
trode and a drain electrode and is electrically connected to the
second impurity regions 328c¢ that serve as the source region
and the drain region through the contact holes formed in the
insulating layers (here, the insulating layer 334, the insulating
layer 332, the insulating layer 331, and the gate insulating
layer 310). Similarly, the conductive layer 3365 functions as
a source electrode and a drain electrode and is electrically
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connected to the second impurity regions 328 that serve as
the source region and the drain region through the contact
holes formed in the insulating layers (here, the insulating
layer 334, the insulating layer 332, the insulating layer 331,
and the gate insulating layer 310).

[0240] The conductive layer 336¢ and the conductive layer
336d can be formed using an element selected from alumi-
num, tungsten, titanium, tantalum, molybdenum, nickel,
neodymium, or the like, or an alloy material or compound
material which contains any of these elements. As the alloy
material containing any of the elements, an aluminum alloy
containing titanium, an aluminum alloy containing neody-
mium, an aluminum alloy containing silicon (also referred to
as aluminum silicon), or the like can be used for example. As
the compound material containing any of the elements, a
nitride such as tungsten nitride, titanium nitride, tantalum
nitride, or the like can be given. The conductive layers 336¢
and 336d may be formed over the entire surface by using the
aforementioned material by a sputtering method or a CVD
method and then may be formed into a desired shape by
selective etching. The conductive layers 336¢ and 3364 canbe
formed to have a single-layer structure or a stacked structure
of'two or more layers and, for example, a structure in which a
titanium layer, a titanium nitride layer, an aluminum layer,
and a titanium layer are sequentially stacked can be
employed. By forming an aluminum layer between titanium
layers, heat resistance can be increased. Further, a titanium
nitride layer between a titanium layer and an aluminum layer
can function as a barrier layer.

[0241] In the above-described manner, an n-channel tran-
sistor and a p-channel transistor can be manufactured using a
semiconductor substrate including a single crystal semicon-
ductor layer.

[0242] Note that the conductive layer 336¢ and the conduc-
tive layer 336d can be electrically connected to each other so
that the n-channel transistor and the p-channel transistor can
be electrically connected to each other, thereby forming a
CMOS transistor.

[0243] The example in which the LDD regions of the
n-channel transistor do not overlap with the gate electrode has
been described in this embodiment mode; however, the LDD
regions of the n-channel transistor may also overlap with the
gate electrode similarly to the p-channel transistor. Further,
the LDD regions need not necessarily be formed in the
n-channel transistor. The example in which the LDD regions
of'the p-channel transistor overlap with the gate electrode has
been described; however, the structure in which the LDD
regions of the p-channel transistor do not overlap with the
gate electrode may also be employed. Further, the LDD
regions need not necessarily be formed in the p-channel tran-
sistor.

[0244] By combining a plurality of transistors described in
this embodiment mode, a semiconductor device with various
functions can be manufactured. Note that the structure of the
transistors described in this embodiment mode is one
example, and the structure is not limited to the structure
illustrated in the drawings.

[0245] The semiconductor layer included in the semicon-
ductor substrate that is used in this embodiment mode is a
thinned layer of a single crystal semiconductor substrate. By
laser beam irradiation in manufacturing a semiconductor sub-
strate, part of a single crystal semiconductor layer is melted so
as to be re-single-crystallized. Then, in the present invention,
a channel of a transistor included in a semiconductor device is
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formed in the re-single-crystallized semiconductor layer.
Therefore, high carrier mobility of the transistor can be
obtained, enabling high speed operation of the transistor.
Furthermore, since the single crystal semiconductor has
almost uniform crystal orientation, variation in characteris-
tics of the transistor can be reduced compared to the case of
using a polycrystalline semiconductor.

[0246] Furthermore, by performing heat treatment after
isolating the single crystal semiconductor layer that is re-
single-crystallized by laser beam irradiation and forming the
impurity regions serving as source regions and drain regions,
the lifetime of the single crystal semiconductor layers in
which channels are formed can be improved and, in addition,
the source regions and the drain regions can be activated. By
performing heat treatment after patterning the semiconductor
layer, damage to the semiconductor layer can be prevented
and a crystal defect can be reduced effectively. Therefore,
high-performance transistors can be provided with high yield.
[0247] Note that this embodiment mode can be imple-
mented in combination with any of other embodiment modes
described in this specification as appropriate.

Embodiment Mode 4

[0248] In Embodiment Mode 4, transistors having a differ-
ent structure from the above embodiment modes and a manu-
facturing method thereof will be described. Hereinafter,
description is made with reference to the cross-sectional
views of FIGS. 7A to 7D, FIGS. 8A to 8C, and FIGS. 9A and
9B. Note that a method of manufacturing an n-channel tran-
sistor and a p-channel transistor at the same time will be
described in this embodiment mode.

[0249] First, a semiconductor substrate in which the single
crystal semiconductor layer is fixed over the supporting sub-
strate 102 with the buffer layer 104 interposed therebetween
is prepared. In this embodiment mode, an example using the
semiconductor substrate manufactured through the steps of
FIGS. 1A to 1E of Embodiment Mode 1 will be described. It
is needless to say that a semiconductor substrate having
another structure according to the present invention can be
used. However, at least the substrate has to include a fixed
single crystal semiconductor layer part of which is re-single-
crystallized through melting by laser beam irradiation.
[0250] As illustrated in FIG. 7A, the single crystal semi-
conductor layer 120 over the supporting substrate 102 is
processed (patterned) into a desired shape in accordance with
arrangement of semiconductor elements by selective etching;
accordingly, a single crystal semiconductor layer 120e and a
single crystal semiconductor layer 120fare formed. A p-chan-
nel transistor is formed using the single crystal semiconduc-
tor layer 120e, and an n-channel transistor is formed using the
single crystal semiconductor layer 120/

[0251] In order to control threshold voltages, a p-type
impurity element such as boron, aluminum, or gallium or an
n-type impurity element such as phosphorus or arsenic may
be added to the single crystal semiconductor layer 120e and
the single crystal semiconductor layer 120/ For example, in
the case of adding boron as a p-type impurity element, boron
may be added at a concentration of equal to or greater than
5x10'° em™ and equal to or less than 1x10'7 cm™'. The
addition of the impurity element for controlling the threshold
voltages may be performed before formation of the single
crystal semiconductor layer 120 or may be performed on the
single crystal semiconductor layers 120e and 1207 Alterna-
tively, the addition of the impurity element for controlling the
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threshold voltages may be performed to the single crystal
semiconductor substrate 112 that is a base of the single crystal
semiconductor layer 120. Further alternatively, the addition
of the impurity element may be performed on the single
crystal semiconductor substrate 112 for roughly adjusting the
threshold voltage, and then the addition of the impurity ele-
ment may be further performed on the single crystal semi-
conductor layer 120 before processing or on the single crystal
semiconductor layers 120e and 120f for finely adjusting the
threshold voltage.

[0252] Taking as an example the case of using a p-type
single crystal silicon substrate with low concentration of an
impurity element as the single crystal semiconductor sub-
strate 112, an example of a method of adding an impurity
element is described. Before etching the single crystal semi-
conductor layer 120, boron is added to the entire single crystal
semiconductor layer 120. This addition of boron aims at
adjusting the threshold voltage of a p-channel transistor.
Using B,H, as a source gas, boron is added at a concentration
of 1x10"%/cm’® to 1x10""/em®. The concentration of boron is
determined in consideration of the activation rate or the like.
For example, the concentration of boron can be 6x10'%cm?.
Next, the single crystal semiconductor layer 120 is etched to
form the single crystal semiconductor layers 120e and 1201
Then, boron is added to only the single crystal semiconductor
layer 1207 This second addition of boron aims at adjusting
the threshold voltage of an n-channel transistor. Using B,H
as a source gas, boron is added at a concentration of 1x10*5/
cm® to 1x10"7/cm>. For example, the concentration of boron
can be 6x10"%cm’.

[0253] Note that in the case where a substrate having a
conductivity type and resistance suitable for the threshold
voltage of either the p-channel transistor or the n-channel
transistor is used as the single crystal semiconductor substrate
112, adding an impurity element for controlling the threshold
voltage can be finished by one time. In this case, an impurity
element for controlling the threshold voltage may be added to
one of the single crystal semiconductor layer 120e or the
single crystal semiconductor layer 120/

[0254] Next, as illustrated in FIG. 7B, a gate insulating
layer 606 is formed to cover the single crystal semiconductor
layers 120e and 1201, The gate insulating layer 606 is formed
as a single layer or stacked layers of silicon oxide, silicon
nitride oxide, silicon nitride, hafnium oxide, aluminum oxide,
or tantalum oxide by a plasma CVD method, a sputtering
method, or the like. In this embodiment mode, the gate insu-
lating layer 606 can be formed with a thin film thickness of,
for example, 20 nm to cover surfaces of the single crystal
semiconductor layers 120e and 120f by a plasma CVD
method. Alternatively, the gate insulating layer 606 may be
formed by oxidizing or nitriding the surfaces of the single
crystal semiconductor layers 120e and 120/ by high-density
plasma treatment. High-density plasma treatment is per-
formed by using, for example, a mixed gas of a rare gas such
as He, Ar, Kr, or Xe; and oxygen, nitrogen oxide, ammonia,
nitrogen, or hydrogen. In this case, when excitation of plasma
is performed by a microwave, plasma with a low electron
temperature and a high density can be generated. The surfaces
of the semiconductor layers are oxidized or nitrized by oxy-
gen radicals (OH radicals may be included) or nitrogen radi-
cals (NH radicals may be included) which are generated by
such high-density plasma, whereby insulating layers are
formed with a thickness of 1 nm to 50 nm, desirably 5 nm to
30 nm so as to be in contact with the semiconductor layers.
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Laser beam irradiation is performed in manufacture of the
semiconductor substrate in order to planarize the surface of
the single crystal semiconductor layer; therefore, even when
an insulating layer having a thickness of 20 nm is used as the
gate insulating layer 606, sufficient withstand voltage can be
obtained.

[0255] Alternatively, the gate insulating layer 606 may be
formed by thermally oxidizing the single crystal semiconduc-
tor layers 120e and 1201

[0256] After formation of the gate insulating layer 606
containing hydrogen, heat treatment may be performed at a
temperature equal to or higher than 350° C. and equal to or
lower than450° C. and preferably equal to or higher than 400°
C. and equal to or lower than 430° C., so that hydrogen
contained in the gate insulating layer 606 may be diffused into
the single crystal semiconductor layers 120e and 120f. In this
case, the gate insulating layer 606 can be formed by deposit-
ing silicon nitride or silicon nitride oxide by a plasma CVD
method at a process temperature of equal to or lower than
350° C. By supplying hydrogen to the single crystal semicon-
ductor layers 120e¢ and 120f, dangling bonds in the single
crystal semiconductor layers 120e and 120for at an interface
between the gate insulating layer 606 and the single crystal
semiconductor layers 120e and 120/ can be reduced (termi-
nated with hydrogen).

[0257] Next, after forming a conductive layer over the gate
insulating layer 606, the conductive layer is processed (pat-
terned) into a predetermined shape, thereby forming an elec-
trode 607¢ and an electrode 607f over the single crystal semi-
conductor layer 120e and the single crystal semiconductor
layer 120frespectively, as illustrated in FIG. 7C. The conduc-
tive layer can be formed by a sputtering method, a CVD
method, or the like. For the conductive layer, tantalum, tung-
sten, titanium, molybdenum, aluminum, copper, chromium,
niobium, or the like may be used. Alternatively, an alloy
material containing the above-described element or a com-
pound material containing the above-described element may
be used. Further alternatively, the conductive layer may be
formed using a semiconductor such as polycrystalline silicon
which is formed by addition of an impurity element such as
phosphorus, to a semiconductor layer.

[0258] In this embodiment mode, the gate electrode 607¢
has a two-layer structure of a conductive layer 603¢ and a
conductive layer 605¢. Similarly, the gate electrode 607/ has
a two-layer structure of a conductive layer 603 and a con-
ductive layer 605/, As a combination of two conductive layers
for forming the gate electrode, tantalum nitride or tantalum
can be used for a first layer, and tungsten can be used for a
second layer. Besides the above-described example, tungsten
nitride and tungsten; molybdenum nitride and molybdenum;
aluminum and tantalum; aluminum and titanium; and the like
can be given. Since tungsten and tantalum nitride have high
heat resistance, heat treatment for activation or the like can be
performed at a higher process temperature in a step after
formation of the two conductive layers. Alternatively, as a
combination of the two conductive layers, for example, sili-
con doped with an n-type impurity element and nickel sili-
cide, silicon doped with an n-type impurity element and tung-
sten silicide, or the like can be used.

[0259] Although in this embodiment mode, the gate elec-
trode 607¢ and the gate electrode 607/ each have a stacked
structure including two conductive layers, the present inven-
tion is not limited to this structure. Each of the gate electrode
607¢ and the gate electrode 607/ may be a single conductive
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layer or may have a stacked structure including three or more
conductive layers. In such a case, a stacked structure of a
molybdenum layer, an aluminum layer, and a molybdenum
layer may be employed.

[0260] Foramask which is used to form the gate electrodes
607¢ and 607/ silicon oxide, silicon nitride oxide, or the like
may be used instead of a resist mask. In this case, an addi-
tional step of etching silicon oxide, silicon nitride oxide, or
the like is needed; however, reduction in film thickness of the
mask due to etching is less than that in the case of using a
resist mask; accordingly, the electrodes 607¢ and 607f each
having a desired width can be formed easily. Alternatively, the
gate electrodes 607¢ and 607/ may be selectively formed by a
droplet discharge method without using a mask.

[0261] Note that a droplet discharge method means a
method of forming a predetermined pattern by discharging or
ejecting a droplet containing a predetermined composition
from a small nozzle. An inkjet method is given as one
example.

[0262] After forming a conductive layer for forming the
gate electrodes over the entire surface, the conductive layer
can be etched by an ICP dry etching apparatus to have a
desired shape with appropriate control of the etching condi-
tions (power applied to a coiled electrode, power applied to an
electrode on the substrate, the temperature of the electrode on
the substrate, and the like). Further, an angle and the like of
the taper shape can also be controlled by the shape of the
mask. Note that as an etching gas, a chlorine-based gas such
as chlorine, boron chloride, silicon chloride or carbon tetra-
chloride; or a fluorine-based gas such as carbon tetrafluoride,
sulfur fluoride, or nitrogen fluoride can be used as appropri-
ate. Further, oxygen can also be added as an assistant gas.
[0263] Next, an n-type impurity element or a p-type impu-
rity element is added into the single crystal semiconductor
layer 120e and the single crystal semiconductor layer 120/
using the gate electrode 607¢ and the gate electrode 6071 as
masks. In this embodiment mode, a p-type impurity element
(e.g., boron) is added into the single crystal semiconductor
layer 120e, and an n-type impurity element (e.g., phosphorus
or arsenic) is added into the single crystal semiconductor
layer 1204 Then, impurity regions 608¢ serving as a source
region and a drain region are formed in the single crystal
semiconductor layer 120e, and impurity regions 609f'serving
as high-resistant regions (LDD regions) are formed in the
single crystal semiconductor layer 120f'(see FIG. 7D).
[0264] When the p-type impurity element is added into the
single crystal semiconductor layer 120e, the single crystal
semiconductor layer 120fis covered with a mask or the like so
that the p-type impurity element is not added into the single
crystal semiconductor layer 120f On the other hand, when the
n-type impurity element is added into the single crystal semi-
conductor layer 120/, the single crystal semiconductor layer
120e¢ is covered with a mask or the like so that the n-type
impurity element is not added into the single crystal semicon-
ductor layer 120e. Alternatively, after one of a p-type impu-
rity element and an n-type impurity element is added into the
single crystal semiconductor layers 120e and 120f, the other
of the p-type impurity element and the n-type impurity ele-
ment may be selectively added into one of the semiconductor
layers at a higher concentration than that of the previously
added impurity element. By such addition of impurity ele-
ments, p-type high-concentration impurity regions 608e are
formed in the single crystal semiconductor layer 120e, and
n-type low-concentration impurity regions 609fare formed in
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the single crystal semiconductor layer 120f. The regions over-
lapping with the electrodes 607¢ and 607f1n the single crystal
semiconductor layers 120e and 1201 are a channel formation
region 610e¢ and a channel formation region 611f, respec-
tively.

[0265] Next, as illustrated in FIG. 8A, sidewalls 612¢ are
formed on side surfaces of the gate electrode 607¢, and side-
walls 612f are formed on side surfaces of the gate electrode
607/ The sidewalls 612¢ and 612/ can be formed in such a
manner that an insulating layer is newly formed so as to cover
the gate insulating layer 606 and the gate electrodes 607¢ and
607/, and the newly-formed insulating layer is partially
etched by anisotropic etching in which etching is performed
mainly in a perpendicular direction. The newly-formed insu-
lating layer is partially etched by the anisotropic etching,
whereby the sidewalls 612¢ are formed on the side surfaces of
the gate electrode 607f and the sidewalls 612/ are formed on
the side surfaces of the gate electrode 607/ Note that the gate
insulating layer 606 is also partially etched by this anisotropic
etching. The insulating layer for forming the sidewalls 612¢
and 612f'can be formed as a single layer or stacked layers of
two or more layers including a layer that contains an organic
material such as an organic resin or a layer of silicon, silicon
oxide, or silicon nitride oxide by a plasma CVD method, a
sputtering method, or the like. In this embodiment mode, the
insulating layer is formed of a silicon oxide layer with a
thickness of 100 nm by a plasma CVD method. In addition, as
an etching gas of the silicon oxide layer, a mixed gas of CHF
and helium can be used. It is to be noted that the steps for
forming the sidewalls 612¢ and 612f are not limited to the
steps given here.

[0266] Then, as illustrated in FIG. 8B, an n-type impurity
element is added into the single crystal semiconductor layer
120fby using the gate electrode 607¢, the sidewalls 612¢, the
gate electrode 6077 and the sidewalls 612/ as masks. By this
addition of the impurity element, impurity regions serving as
a source region and a drain region are formed in the single
crystal semiconductor layer 120f" In this step, the n-type
impurity element is added into the single crystal semiconduc-
tor layer 120/ while the single crystal semiconductor layer
120e¢ is covered with a mask or the like.

[0267] Inthe above-described addition of the impurity ele-
ment, the gate electrode 607¢, the sidewalls 612¢, the gate
electrode 607/ and the sidewalls 612fserve as masks; accord-
ingly, a pair of n-type high-concentration impurity regions
614/ and a pair of n-type low-concentration impurity regions
613fare formed in the single crystal semiconductor layer 120/
in a self-aligning manner. The low-concentration impurity
regions 613fare regions of the impurity regions 609fto which
the impurity element is not added. The low-concentration
impurity regions 613/ have a lower impurity concentration
than the high-concentration impurity regions 614/ and func-
tion as high-resistance regions or LDD regions. The LDD
regions suppress an electric field in the vicinity of the drain,
preventing reduction in the ON current value due to hot car-
riers.

[0268] Next, after removing the mask, heat treatment is
performed at a process temperature which does not cause
melting of the single crystal semiconductor layer 120e and
the single crystal semiconductor layer 120f and which is
equal to or higher than 400° C. and equal to or lower than the
strain point of the supporting substrate 102 (see FIG. 8C).
[0269] By this heat treatment, a micro crystal defect of the
channel formation region 610e formed in the single crystal
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semiconductor layer 120e is reduced and, in addition, the
impurity regions 608e serving as a source region and a drain
region are activated (reduced in resistance). At the same time,
a micro crystal defect of the channel formation region 611/
formed in the single crystal semiconductor layer 120f is
reduced and, in addition, the high-concentration impurity
regions 614f serving as a source region and a drain region and
the low-concentration impurity regions 613/ serving as the
LDD regions are activated (reduced in resistance). The pro-
cess temperature of the heat treatment is preferably equal to or
higher than 450° C. and equal to or lower than 650° C.

[0270] According to one feature of a manufacturing
method of a semiconductor device of the present invention, in
addition to irradiation of a single crystal silicon layer with a
laser beam to planarize the layer and reduce a crystal defectin
manufacture of a semiconductor substrate, after isolating the
single crystal silicon layer in accordance with arrangement of
desired semiconductor elements and forming impurity
regions serving as a source region and a drain region in each
of the isolated single crystal silicon layers, heat treatment is
performed at a process temperature which does not cause
melting of the single crystal silicon layers and which is equal
to or higher than 400° C. and equal to or lower than the strain
point of the supporting substrate 102. By performing the heat
treatment at a process temperature in the above-described
range, the carrier lifetime in channels of manufactured tran-
sistors can be improved compared to the case of not perform-
ing the heat treatment. Further, by performing the above-
describe heat treatment with such a process temperature after
formation of the source regions and the drain regions, recov-
ery of characteristics of channel formation regions and acti-
vation of the impurity regions serving as the source regions
and the drain regions can be performed by the single heat
treatment step. Accordingly, the process can be simplified,
thereby improving throughput. Furthermore, by performing
heat treatment after isolating and patterning the single crystal
semiconductor layer in accordance with arrangement of
desired semiconductor elements, film stress can be relaxed
and damage of the single crystal semiconductor layers due to
film stress can be prevented. Thus, transistors having favor-
able electric characteristics can be manufactured with high
yield and high productivity.

[0271] Heattreatment for activation of the impurity regions
serving as LDD regions may be performed in a different step.
By such heat treatment, recovery of characteristics of channel
formation regions and activation of the impurity regions serv-
ing as the LDD regions may be performed. For example, after
formation of the impurity regions 609/ as illustrated in FIG.
7D in this embodiment mode, heat treatment may be per-
formed at a process temperature which does not cause melt-
ing of the single crystal semiconductor layers and which is
equal to or higher than 400° C. and equal to or lower than the
strain point of the supporting substrate 102. In this case, after
formation of the impurity regions serving as the source
regions and the drain regions, the process temperature of heat
treatment can be determined in consideration of only activa-
tion of the source regions and the drain regions.

[0272] In order to reduce the resistance of the impurity
regions serving as the source regions and the drain regions,
silicide layers may be formed by siliciding the high-concen-
tration impurity regions 608e in the single crystal semicon-
ductor layer 120e¢ and the high-concentration impurity
regions 614f'in the single crystal semiconductor layer 120/
The silicidation can be performed by forming a metal layer in
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contact with the single crystal semiconductor layers 120e and
120fand causing reaction between the metal and silicon in the
single crystal semiconductor layers through heat treatment; in
this manner, a silicide compound is produced. As the metal
used for silicidation, cobalt or nickel is preferable, or the
following can be used: titanium, tungsten, molybdenum, zir-
conium, hafnium, tantalum, vanadium, neodymium, chro-
mium, platinum, palladium, or the like. In the case where the
single crystal semiconductor layers 120e and 120f are thin,
the silicide reaction may be advanced to the bottoms of the
single crystal semiconductor layers 120e and 120f. As the
heat treatment for silicidation, a resistance heating furnace,
an RTA apparatus, a microwave heating apparatus, or a laser
beam irradiation apparatus can be used.

[0273] Through a series of the steps illustrated in FIGS. 7A
to 7D and FIGS. 8A to 8C, a p-channel transistor 617¢ and an
n-channel transistor 618/ are formed.

[0274] Next, as illustrated in FIG. 9A, an insulating layer
619 is formed to cover the transistors 617¢ and 6187 As the
insulating layer 619, an insulating layer containing hydrogen
is formed. In this embodiment mode, a silicon nitride oxide
layer with a thickness of approximately 100 nm is formed by
a plasma CVD method using a process gas containing
monosilane, ammonia, nitrogen oxide, and hydrogen. The
insulating layer 619 is formed to contain hydrogen because
hydrogen diffuses from the insulating layer 619 so that dan-
gling bonds in the single crystal semiconductor layers 120e
and 120f are terminated with hydrogen. The formation of the
insulating layer 619 can prevent impurities such as an alkali
metal and an alkaline earth metal from entering the transistors
617¢ and 618/ Specifically, silicon nitride, silicon nitride
oxide, aluminum nitride, aluminum oxide, silicon oxide, or
the like is used for the insulating layer 619.

[0275] Next, as illustrated in FIG. 9A, an insulating layer
620 is formed over the insulating layer 619 so as to cover the
transistors 617¢ and 618/ An organic material having heat
resistance, such as polyimide, acrylic, benzocyclobutene,
polyamide, or epoxy can be used for the insulating layer 620.
In addition to such organic materials, it is also possible to use
a low-dielectric constant material (a low-k material), a silox-
ane resin, silicon oxide, silicon oxynitride, silicon nitride,
silicon nitride oxide, PSG (phosphosilicate glass), BPSG
(borophosphosilicate glass), alumina, or the like. A siloxane-
based resin corresponds to a resin including a Si—O—Si
bond, which is formed using a siloxane-based material as a
starting material. A siloxane-based resin may include as a
substituent at least one of fluorine, an alkyl group, and an aryl
group, as well as hydrogen. Alternatively, the insulating layer
620 may be formed by stacking plural insulating layers
formed of these materials.

[0276] For the formation of the insulating layer 620, the
following method can be used depending on the material of
the insulating layer 620: a CVD method, a sputtering method,
an SOG method, a spin coating method, a dip coating method,
a spray coating method, a droplet discharge method (e.g., an
inkjet method, screen printing, or offset printing), a doctor
knife, a roll coater, a curtain coater, a knife coater, or the like.
[0277] Next, heat treatment at about 350° C. or higher and
450° C. or lower, preferably 400° C. or higher and 430° C. or
lower (e.g., 410° C.) is performed in a nitrogen atmosphere
for about one hour, so that hydrogen is diffused from the
insulating layer 619 and dangling bonds in the single crystal
semiconductor layers 120e and 120f are terminated with
hydrogen. The single crystal semiconductor layers 120e and
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120f'have a much lower defect density than a polycrystalline
silicon layer which is formed by crystallizing an amorphous
silicon layer.

[0278] Next, as illustrated in FIG. 9B, contact holes are
formed in the insulating layer 619 and the insulating layer 620
so that the single crystal semiconductor layer 120e is partially
exposed. At the same time, contact holes are formed in the
insulating layer 619 and the insulating layer 620 so that the
single crystal semiconductor layer 120f'is partially exposed.
The contact holes can be formed by a dry etching method
using CHF; and He as an etching gas; however, the present
invention is not limited to this. Then, a conductive layer 621e
which is electrically connected to the single crystal semicon-
ductor layer 120e through the contact holes and a conductive
layer 622/ which is in contact with the single crystal semi-
conductor layer 120fare formed. The conductive layer 621eis
electrically connected to the high-concentration impurity
regions 608¢ of the p-channel transistor 617e. The conductive
layer 622fis connected to the high-concentration impurity
regions 614f of the n-channel transistor 6181

[0279] The conductive layers 621¢ and 622/ can be formed
by a sputtering method, a CVD method, or the like. Specifi-
cally, the conductive layers 621e¢ and 622f can be formed
using aluminum, tungsten, titanium, tantalum, molybdenum,
nickel, platinum, copper, gold, silver, manganese, neody-
mium, carbon, silicon, or the like. Alternatively, the conduc-
tive layers may be formed using an alloy containing the
above-mentioned element or a compound containing the
above-mentioned element. The conductive layers 621e and
622f can be formed to have a single layer structure or a
stacked structure using the above-mentioned material.
[0280] As examples of an alloy containing aluminum, an
alloy containing aluminum as its main component and also
containing nickel or an alloy containing aluminum as its main
component and also containing silicon can be given. Further,
an alloy which contains aluminum as its main component and
contains nickel and one or both of carbon and silicon can also
be given as an example. Aluminum and aluminum silicon
have low resistance and are inexpensive. Instead of silicon,
copper may be mixed into aluminum at about 0.5 wt %.
[0281] Since an aluminum or an aluminum alloy (e.g., alu-
minum silicon) has a low resistance value and is inexpensive,
aluminum or an aluminum alloy is suitable for the conductive
material; however, use of an aluminum or an aluminum alloy
has problems of heat resistance and easy generation of hill-
ocks. Accordingly, a structure in which the aluminum layer or
the aluminum alloy layer is sandwiched between barrier lay-
ers is preferable. For example, the conductive layers 621¢ and
622f preferably have a stacked structure including a barrier
layer, an aluminum layer or an aluminum alloy layer, and a
barrier layer. For the barrier layer, titanium, titanium nitride,
molybdenum, molybdenum nitride, or the like is used. When
an aluminum layer or an aluminum alloy layer is sandwiched
between barrier layers, generation of hillocks can be pre-
vented. Moreover, when the barrier layer is formed using
titanium that is a highly reducible element, even if a thin oxide
film is formed over the single crystal semiconductor layers
120e and 120f, the oxide film is reduced by titanium con-
tained in the barrier layer. Thus, preferable contact between
the conductive layers 621¢ and 622f and the single crystal
semiconductor layers 120e and 120f can be obtained. Further,
aplurality of barrier layers may be stacked. In such a case, for
example, the conductive layers 621¢ and 622f may each have
a stacked structure in which a titanium layer, a titanium
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nitride layer, an aluminum layer, and a titanium layer are
stacked in this order from the lowest layer (from the side in
contact with the single crystal semiconductor layers).

[0282] For the conductive layers 621e and 622/ tungsten
silicide formed by a CVD method using a WF ; gas and a SiH,,
gas may be used. Alternatively, tungsten formed by hydrogen
reduction of WF, may be used for the conductive layers 621e
and 622f

[0283] FIG. 9B illustrates a top view of the p-channel tran-
sistor 617¢ and the n-channel transistor 618/ and a cross-
sectional view taken along a line A-A' of the top view. Note
that the conductive layers 621e and 622/, the insulating layer
619, and the insulating layer 620 are omitted in the top view
of FIG. 9B.

[0284] Note that the conductive layer 621e and the conduc-
tive layer 622f can be electrically connected to each other so
that the n-channel transistor and the p-channel transistor can
electrically connected to each other, thereby forming a
CMOS transistor.

[0285] Although the case where the p-channel transistor
617¢ and the n-channel transistor 6187 have one gate elec-
trode 607¢ and one gate electrode 607/ functioning as a gate
respectively is described in this embodiment mode, the
present invention is not limited to this structure. The transistor
manufactured in the present invention can have a multi-gate
structure in which a plurality of electrodes functioning as
gates are included and electrically connected to one another.
Moreover, the transistor may have a gate planar structure.

[0286] The example in which LDD regions are not formed
in the p-channel transistor has been described in this embodi-
ment mode; however, LDD regions may be formed in the
p-channel transistor similarly to the n-channel transistor. Fur-
ther, the LDD regions need not necessarily be formed in the
n-channel transistor.

[0287] By combining a plurality of transistors described in
this embodiment mode, a semiconductor device with various
functions can be manufactured. Note that the structure of the
transistors described in this embodiment mode is one
example, and the structure is not limited to the structure
illustrated in the drawings.

[0288] The semiconductor layer included in the semicon-
ductor substrate that is used in this embodiment mode is a
thinned layer of a single crystal semiconductor substrate. By
laser beam irradiation in manufacture of a semiconductor
substrate, part of a single crystal semiconductor layer is
melted so as to be re-single-crystallized. Then, a channel of a
transistor included in a semiconductor device according to the
present invention is formed using the re-single-crystallized
semiconductor layer. Therefore, high carrier mobility of the
transistor can be obtained, enabling high speed operation of
the transistor. Furthermore, since the single crystal semicon-
ductor has almost uniform crystal orientation, variation in
characteristics of the transistor can be reduced compared to
the case of using a polycrystalline semiconductor.

[0289] Furthermore, by performing heat treatment after
isolating the semiconductor layer that is re-single-crystal-
lized by laser beam irradiation and forming the impurity
regions serving as source regions and drain regions, the car-
rier lifetime of the single crystal semiconductor layers in
which channels are formed can be improved and, in addition,
the source regions and the drain regions can be activated. By
performing heat treatment after patterning the semiconductor
layer, damage to the semiconductor layer can be prevented
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and a crystal defect can be reduced effectively. Therefore,
high-performance transistors can be provided with high yield.
[0290] Note that this embodiment mode can be imple-
mented in combination with any of other embodiment modes
described in this specification as appropriate.

Embodiment Mode 5

[0291] The above embodiment modes explain the manu-
facturing method of transistors as examples of a manufactur-
ing method of a semiconductor device. Meanwhile, a semi-
conductor device can be manufactured so as to have high
added value by forming a variety of semiconductor elements
such as a capacitor and a resistor together with the transistors.
In Embodiment Mode 5, specific modes of a semiconductor
device according to the present invention will be described
with reference to the drawings.

[0292] First, as an example of a semiconductor device, a
microprocessor is described. FIG. 10 is a block diagram illus-
trating an example of a structure of a microprocessor 200.
This microprocessor 200 includes an arithmetic logic unit
(also referred to as an ALU) 201; an ALU controller 202, an
instruction decoder 203, an interrupt controller 204, a timing
controller 205, a register 206, a register controller 207, a bus
interface (Bus I/F) 208, a read-only memory 209, and a ROM
interface (ROM I/F) 210.

[0293] An instruction input to the microprocessor 200
through the bus interface 208 is input to the instruction
decoder 203, decoded therein, and then input to the ALU
controller 202, the interrupt controller 204, the register con-
troller 207, and the timing controller 205. The AL U controller
202, the interrupt controller 204, the register controller 207,
and the timing controller 205 conduct various controls based
on the decoded instruction. Specifically, the ALU controller
202 generates signals for controlling operation of the ALU
201. While the microprocessor 200 is executing a program,
the interrupt controller 204 processes an interrupt request
from an external input/output device or a peripheral circuit
based on its priority or a mask state. The register controller
207 generates an address of the register 206, and reads and
writes data from and to the register 206 in accordance with the
state of the microprocessor 200. The timing controller 205
generates signals for controlling timing of operation of the
ALU 201, the ALU controller 202, the instruction decoder
203, the interrupt controller 204, and the register controller
207. For example, the timing controller 205 is provided with
an internal clock generator for generating an internal clock
signal CLLK2 based on a reference clock signal CLK1, and
supplies the clock signal CLK2 to the various above-men-
tioned circuits. The microprocessor 200 illustrated in FIG. 10
is only an example in which the configuration is simplified,
and an actual microprocessor may have various configura-
tions depending on the uses.

[0294] Next, an example of a semiconductor device having
an arithmetic function that is capable of contactless data
transmission and reception will be described with reference
to FIG.11. In FIG. 11, as a semiconductor device, an example
of'a computer that operates to transmit and receive signals to
and from an external device by wireless communication (such
a computer is hereinafter referred to as an “RFCPU”) is
illustrated. An RFCPU 211 has an analog circuit portion 212
and a digital circuit portion 213. The analog circuit portion
212 includes a resonance circuit 214 with a resonance capaci-
tor, a rectifier circuit 215, a constant voltage circuit 216, a
reset circuit 217, an oscillation circuit 218, a demodulation
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circuit 219, and a modulation circuit 220. The digital circuit
portion 213 includes an RF interface 221, a control register
222, a clock controller 223, an interface 224, a central pro-
cessing unit 225, a random-access memory 226, and a read-
only memory 227.

[0295] The operation of the RFCPU 211 having such a
configuration is roughly as follows. The resonance circuit 214
generates an induced electromotive force based on a signal
received by an antenna 228. The induced electromotive force
is stored in a capacitor portion 229 through the rectifier circuit
215. This capacitor portion 229 is preferably formed using a
capacitor such as a ceramic capacitor or an electric double
layer capacitor. The capacitor portion 229 does not need to be
integrated with the RFCPU 211 and it is acceptable as long as
the capacitor portion 229 is mounted as a different component
on a substrate having an insulating surface which is included
in the RFCPU 211.

[0296] The reset circuit 217 generates a signal for resetting
and initializing the digital circuit portion 213. For example,
the reset circuit generates, as a reset signal, a signal which
rises after rise in the supply voltage with delay. The oscilla-
tion circuit 218 changes the frequency and the duty ratio of a
clock signal in accordance with a control signal generated by
the constant voltage circuit 216. The demodulation circuit
219 formed using a low-pass filter binarizes the amplitude of,
for example, a received amplitude-modulated (ASK) signal.
The modulation circuit 220 varies the amplitude of an ampli-
tude-modulated (ASK) transmission signal and transmits the
data. The modulation circuit 220 changes the amplitude of a
communication signal by changing a resonance point of the
resonance circuit 214. The clock controller 223 generates a
control signal for changing the frequency and duty ratio of a
clock signal in accordance with the power supply voltage or a
consumption current of the central processing unit 225. The
power supply voltage is managed by a power management
circuit 230.

[0297] A signal input from the antenna 228 to the RFCPU
211 is demodulated by the demodulation circuit 219 and then
decomposed into a control command, data, and the like by the
RF interface 221. The control command is stored in the con-
trol register 222. The control command includes reading of
data stored in the read-only memory 227, writing of data to
the random-access memory 226, an arithmetic instruction to
the central processing unit 225, and the like. The central
processing unit 225 accesses the read-only memory 227, the
random-access memory 226, and the control register 222 via
the interface 224. The CPU interface 224 has a function of
generating an access signal for any of the read-only memory
227, the random-access memory 226, and the control register
222 based on an address the central processing unit 225
requests.

[0298] As an arithmetic method of the central processing
unit 225, a method can be employed in which the read-only
memory 227 stores an operating system (OS) and a program
is read and executed at the time of starting operation. Alter-
natively, a method in which a circuit dedicated to arithmetic is
formed and an arithmetic process is conducted using hard-
ware can be employed. In a method in which both hardware
and software are used, part of processing is conducted by a
dedicated arithmetic circuit and the other part of the arith-
metic processing is conducted by the central processing unit
225 using a program.

[0299] Semiconductor devices such as the microprocessor
200 and the RFCPU 211 can be manufactured using a circuit
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having various functions which is formed by combining plu-
ral transistors according to the present invention. In the
present invention, transistors are manufactured using a semi-
conductor substrate which includes a single crystal semicon-
ductor layer. Since characteristics of the single crystal semi-
conductor layer are improved, transistors having superior
electric characteristics can be provided. In addition, a semi-
conductor substrate which includes a single crystal semicon-
ductor layer over an inexpensive substrate such as a glass
substrate can be utilized, thereby reducing cost. Accordingly,
when an integrated circuit is manufactured by combining
such transistors, higher performance, higher processing
speed, lower cost, and the like of semiconductor devices such
as a microprocessor and an RFCPU can be realized. Although
FIG. 11 illustrates a mode of the RFCPU, a device such as an
IC tag is also possible as long as it has a communication
function, an arithmetic processing function, and a memory
function.

[0300] Next, display devices will be described as structural
examples of a semiconductor device with reference to FIGS.
12A and 12B and FIGS. 13A and 13B.

[0301] FIGS. 12A and 12B illustrate a structural example
of a liquid crystal display device. FIG. 12A is a plan view of
a pixel of the liquid crystal display device, and FIG. 12B is a
cross-sectional view taken along a line J-K in FIG. 12A. In
FIG. 12A, a single crystal semiconductor layer 511 forms a
transistor 525 of a pixel. The pixel includes the single crystal
semiconductor layer 511; a scan line 522 that crosses the
single crystal semiconductor layer 511; a signal line 523 that
crosses the scan line 522; a pixel electrode 524; and an elec-
trode 528 which electrically connects the pixel electrode 524
to the single crystal semiconductor layer 511. The single
crystal semiconductor layer 511 is a layer formed from a
single crystal semiconductor layer included in a semiconduc-
tor substrate according to the present invention, and part of
the single crystal semiconductor layer 511 is re-single-crys-
tallized through melting by laser beam irradiation treatment,
for planarization and reduction in a crystal defect. In this
embodiment mode, an example of manufacturing a liquid
crystal display device using the semiconductor substrate
manufactured through the steps of FIGS. 1A to 1E will be
described.

[0302] As illustrated in FIG. 12B, the buffer layer 104
including the insulating layer 108, the insulating layer 107,
and the insulating layer 106, and the single crystal semicon-
ductor layer 511 are stacked over a substrate 510. The sub-
strate 510 corresponds to the supporting substrate 102 or a
divided part of the supporting substrate 102. The single crys-
tal semiconductor layer 511 is a layer formed by isolation of
the single crystal semiconductor layer 120 by etching. In the
single crystal semiconductor layer 511, a channel formation
region 512 and an n-type impurity region 514 are formed. A
gate electrode of the transistor 525 is included in the scanning
line 522, and one of a source electrode and a drain electrode
is included in the signal line 523. By performing heat treat-
ment after addition of an n-type impurity element to form the
impurity region 514, a crystal defect of the channel formation
region 512 formed in the single crystal semiconductor layer
511 according to the present invention is reduced to improve
the carrier lifetime and, in addition, the impurity region 514 is
activated.

[0303] Over an interlayer insulating layer 527, the signal
line 523, the pixel electrode 524, and the electrode 528 are
provided. Columnar spacers 529 are formed over the inter-
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layer insulating layer 527, and an orientation film 530 is
formed covering the signal line 523, the pixel electrode 524,
the electrode 528, and the columnar spacers 529. An opposed
substrate 532 is provided with an opposed electrode 533 and
an orientation film 534 which covers the opposed electrode
533. The columnar spacers 529 are formed to keep the space
between the substrate 510 and the opposed substrate 532. A
liquid crystal layer 535 is formed in the space kept by the
columnar spacers 529, which is between the orientation film
534 on the counter substrate 532 and the orientation film 530
on the substrate 510. At connection portions of the signal line
523 and the electrode 528 with the impurity region 514, there
are steps in the interlayer insulating layer 527 due to forma-
tion of contact holes; accordingly, orientation of liquid crys-
tals in the liquid crystal layer 535 in these connection portions
becomes disordered easily. Therefore, the columnar spacers
529 are formed at the step portions to prevent the disorder of
the liquid crystal orientation.

[0304] Next, an electroluminescent display device (herein-
after also referred to as an EL display device) will be
described. FIG. 13 A is aplan view of a pixel of the EL display
device, and FIG. 13B is a cross-sectional view of the pixel. As
illustrated in FIG. 13 A, the pixel includes a switching tran-
sistor 401 and a display control transistor 402 which are
transistors, a scanning line 405, a signal line 406, a current
supply line 407, and a pixel electrode 408. Each pixel is
provided with a light-emitting element having a structure in
which an electroluminescent material (this layer is also
referred to as an EL layer) is sandwiched between a pair of
electrodes. One electrode of the light emitting element is the
pixel electrode 408.

[0305] A semiconductor layer 403 included in the switch-
ing transistor 401 and a semiconductor layer 404 included in
the display control transistor are layers each formed from a
single crystal semiconductor layer included in a semiconduc-
tor substrate according to the present invention, and part of
the single crystal semiconductor layer is re-single-crystal-
lized through melting by laser beam irradiation treatment, for
planarization and reduction in a crystal defect. Here, an
example of manufacturing an EL display device using the
semiconductor substrate manufactured through the steps of
FIGS. 1A to 1E will be described.

[0306] In the selection transistor 401, a gate electrode is
included in the scanning line 405, one of a source electrode
and a drain electrode is included in the signal line 406, and the
other thereof is formed as an electrode 411. In the display
control transistor 402, a gate electrode 412 is electrically
connected to the electrode 411, one of a source electrode and
a drain electrode is formed as an electrode 413 which is
electrically connected to the pixel electrode 408, and the other
thereof is included in the current supply line 407.

[0307] The display control transistor 402 is a p-channel
transistor. As illustrated in FIG. 13B, a channel formation
region 451 and p-type impurity regions 452 are formed in the
semiconductor layer 404. An interlayer insulating layer 427 is
formed to cover the gate electrode 412 of the display control
transistor 402. Over the interlayer insulating layer 427, the
signal line 406, the current supply line 407, the electrode 411,
the electrode 413, and the like are formed. Over the interlayer
insulating layer 427, the pixel electrode 408 which is electri-
cally connected to the electrode 413 is formed. A peripheral
portion of the pixel electrode 408 is surrounded by a partition
wall layer 428 having an insulating property. The EL layer
429 is formed over the pixel electrode 408, and an opposed
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electrode 430 is formed over the EL layer 429. An opposed
substrate 431 is provided as a reinforcing plate and is fixed to
a substrate 400 with a resin layer 432. The substrate 400 is the
supporting substrate 102 or a divided part of the supporting
substrate 102. By performing heat treatment after addition of
ap-type impurity element to form the impurity regions 452, a
crystal defect of the channel formation region 451 formed in
the semiconductor layer 404 according to the present inven-
tion is reduced to improve the lifetime of the channel and, in
addition, the impurity regions 452 are activated.

[0308] By using high-performance transistors according to
the present invention, the liquid crystal display device illus-
trated in FIGS. 12A and 12B and the EL display device
illustrated in FIGS. 13A and 13B can be provided with high
image quality.

[0309] Various electric devices can be manufactured using
a semiconductor substrate or a semiconductor device accord-
ing to the present invention. The electric devices include, in
their categories, cameras such as video cameras and digital
cameras, navigation systems, audio reproducing devices
(such as car audios and audio components), computers, game
machines, portable information terminals (such as mobile
computers, cellular phones, portable game machines, and
e-book readers), image reproducing devices provided with a
recording medium (specifically, devices equipped with a dis-
play device capable of displaying image data such as a con-
tent of a digital versatile disk (DVD)), and the like.

[0310] Specific modes of the electric devices will be
described with reference to FIGS. 14A to 14C. FIG. 14A is an
external view illustrating an example of a cellular phone 901.
This cellular phone 901 includes a display portion 902, opera-
tion switches 903, and the like. When the liquid crystal dis-
play device illustrated in FIGS. 12A and 12B or the EL
display device illustrated in FIGS. 13A and 13B is applied to
the display portion 902, the display portion 902 can have high
image quality.

[0311] FIG. 14B is an external view illustrating a structural
example of a digital player 911. The digital player 911
includes a display portion 912, an operation portion 913, an
earphone 914, and the like. Instead of the earphone 914, a
headphone or a wireless earphone can be used. By applying
the liquid crystal display device described illustrated in FIGS.
12A and 12B or the EL display device illustrated in FIGS.
13A and 13B to the display portion 912, even in the case
where the screen size is about 0.3 inches to 2 inches, an image
with high precision and a large amount of text information
can be displayed.

[0312] Further, FIG. 14C is an external view of an elec-
tronic book 921. This electronic book 921 includes a display
portion 922 and operation switches 923. The electronic book
921 may incorporate a modem or may incorporate the semi-
conductor device illustrated in FIG. 11 so that information
can be transmitted and received wirelessly. By applying the
liquid crystal display device illustrated in FIGS. 12A and 12B
or the EL display device illustrated in FIGS. 13A and 13B to
the display portion 922, an image with high image quality can
be displayed.

[0313] FIGS. 15A to 15C illustrate an example of a cellular
phone which has a different structure from the structure illus-
trated in FIG. 14A. FIG. 15A is a front view of the cellular
phone, FIG. 15B is a rear view, and FIG. 15C is a development
view. The cellular phone in FIGS. 15A to 15C is a so-called
smartphone which has both functions of a cellular phone and
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aportable information terminal; incorporates a computer, and
conducts a variety of data processing in addition to voice
calls.

[0314] The cellular phone in FIGS. 15A to 15C has two
housings 1001 and 1002. The housing 1001 includes a display
portion 1101, a speaker 1102, a microphone 1103, operation
keys 1104, a pointing device 1105, a camera lens 1106, an
external connection terminal 1107, an earphone terminal
1108, and the like, while the housing 1002 includes a key-
board 1201, an external memory slot 1202, a camera lens
1203, a light 1204, and the like. In addition, an antenna is
incorporated in the housing 1001.

[0315] Further, in addition to the above-described struc-
ture, the cellular phone may incorporate a non-contact IC
chip, a small size memory device, or the like.

[0316] The display portion 1101 can incorporate a semi-
conductor device described in this specification. As a result,
display with high image quality can be achieved. The display
portion 1101 changes the direction of display as appropriate
depending on a usage mode.

[0317] Because the camera lens 1106 is provided in the
same plane as the display portion 1101, the cellular phone
illustrated in FIGS. 15A to 15C can be used as a videophone.
Further, a still image and a moving image can be taken with
the camera lens 1203 and the light 1204 by using the display
portion 1101 as a viewfinder. The speaker 1102 and the
microphone 1103 can be used for video calling, recording and
playing sound, and the like without being limited to voice
calls. With the use of the operation keys 1104, making and
receiving calls, inputting simple information of e-mails or the
like, scrolling of the screen, moving the cursor and the like are
possible.

[0318] Furthermore, the housing 1001 and the housing
1002 which are overlapped with each other as illustrated in
FIG. 15A are slid to expose the housing 1002 as illustrated in
FIG. 15C, and the cellular phone can be used as a portable
information terminal. At this time, smooth operation can be
conducted using the keyboard 1201 and the pointing device
1105. The external connection terminal 1107 can be con-
nected to an AC adaptor and various types of cables such as a
USB cable, and charging and data communication with a
personal computer or the like are possible. Furthermore, a
large amount of data can be stored and moved by inserting a
recording medium into the external memory slot 1202.
[0319] In addition to the above described functions, the
cellular phone may have an infrared communication function,
a television receiving function, and the like.

[0320] Note that this embodiment mode can be imple-
mented in combination with any of other embodiment modes
described in this specification as appropriate.

Embodiment 1

[0321] In Embodiment 1, evaluation results of characteris-
tics of a semiconductor substrate manufactured according to
the present invention will be described.

[0322] First, the structure of a semiconductor substrate
which is an evaluation sample of this embodiment will be
described. FIG. 25D is a cross-sectional view illustrating a
structure of a semiconductor substrate 3000 evaluated in this
embodiment. The semiconductor substrate 3000 illustrated in
FIG. 25D is manufactured through the steps of FIGS. 1A to
1E of Embodiment Mode 1 and has a structure in which a
single crystal silicon layer 3004 is fixed over a glass substrate
3012 with a buffer layer 3010 interposed therebetween. Here-
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inafter, a manufacturing method of the semiconductor sub-
strate 3000 will be described briefly.

[0323] First, asingle crystal silicon substrate 3001 which is
a base of the single crystal silicon layer 3004 was prepared
(see FIG. 25A). In this embodiment, a p-type silicon wafer of
which main surface is oriented along the (100) plane was
used. As the glass substrate 3012, a non-alkali glass substrate
(product name: AN100) having a thickness of 0.7 mm was
prepared. Note that the glass substrate 3012 corresponds to
the supporting substrate 102 of Embodiment Mode 1.
[0324] Over a surface of the single crystal silicon substrate
3001, a silicon oxynitride layer 3006 with a thickness of 50
nm and a silicon nitride oxide layer with a thickness of 50 nm
were sequentially formed as a first insulating layer and a
second insulating layer, respectively, by a plasma CVD
method (see FIG. 25A). A process gas for forming the silicon
oxynitride layer 3006 that is the first insulating layer was SiH,,
and N,O, and the flow ratio (sccm) was set as follows: SiH,/
N,0=4/800. The substrate temperature in the step was 400°
C. A process gas for forming the silicon nitride oxide layer
3007 that is the second insulating layer was SiH,, NH;, N, O,
and H,, and the flow ratio (sccm) was set as follows: SiH,/
NH;/N,0/H,=10/100/20/400. The substrate temperature in
the step was 350° C.

[0325] The single crystal silicon substrate 3001 was irradi-
ated with ions with an ion doping apparatus, so that a sepa-
ration layer 3002 was formed in the single crystal silicon
substrate 3001 (see FIG. 25A). In formation of the separation
layer 3002, a 100% hydrogen gas was used as a source gas,
and the single crystal silicon substrate was irradiated with
ions in plasma that was generated by excitation of the hydro-
gen gas and accelerated by a voltage without any mass sepa-
ration. The irradiation with ions was performed from the
surface of the single crystal silicon substrate on which the
silicon oxynitride layer 3006 and the silicon nitride oxide
layer 3007 were formed. The doping conditions at this time
were set as follows: the power supply output was 100 W; the
accelerating voltage, 40 kV; and the dose, 2.2x10*% ions/cm?.
[0326] Inthe ion doping apparatus, when the hydrogen gas
is excited, three kinds of ion species, H" ions, H," ions, and
H,™* ions, are generated. In this embodiment, the all kinds of
ion species generated by excitation of the hydrogen gas were
accelerated by a voltage, and the single crystal silicon sub-
strate 3001 was irradiated with the ion species. At this
moment, it was confirmed that about 80% of the ion species
that were generated from the hydrogen gas was H;* ions.
[0327] Asilicon oxide layer 3008 with a thickness of 50 nm
was formed as a third insulating layer over the silicon nitride
oxide layer 3007 that was the second insulating layer by a
plasma CVD method (see FIG. 25A). A process gas for form-
ing the silicon oxide layer 3008 that was the third insulating
layer was TEOS and O,, and the flow ratio (sccm) was set as
follows: TEOS/O,=15/750. The substrate temperature in the
step was 300° C.

[0328] After the glass substrate 3012 and the single crystal
silicon substrate 3001 provided with the buffer layer 3010
that includes the first insulating layer (silicon oxynitride layer
3006), the second insulating layer (silicon nitride oxide layer
3007), and the third insulating layer (silicon oxide layer 3008)
were subjected to ultrasonic cleaning in pure water and were
then cleaned with ozone-containing pure water, the glass
substrate 3012 and the single crystal silicon substrate 3001
were attached with the buffer layer 3010 interposed therebe-
tween so as to be bonded to each other (see FIG. 25A). In
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other words, a surface of the glass substrate 3012 and a
surface (a surface which is not in contact with the second
insulating layer) of the silicon oxide layer 3008, which is the
third insulating layer formed over the single crystal silicon
substrate 3001, served as bonding planes and were made in
contact with each other so as to be bonded.

[0329] A substrate in which the glass substrate 3012 and the
single crystal silicon substrate 3001 were bonded to each
other was subjected to heat treatment at 600° C. in a vertical
furnace with resistance heating, whereby a single crystal sili-
con layer 3003 was separated by using the separation layer
3002 formed in the single crystal silicon substrate 3001 as a
separation plane (see FIG. 25B). In the above-described man-
ner, the glass substrate 3012 to which the single crystal silicon
layer 3003 was bonded with the buffer layer 3010 interposed
therebetween was obtained.

[0330] The depth in a thickness direction of the separation
layer 3002 was controlled so that the separated single crystal
silicon layer 3003 has a thickness of 120 nm or 100 nm.
[0331] Next, the single crystal silicon layer 3003 was irra-
diated with a laser beam 3020; accordingly, part of the single
crystal silicon layer 3003 was melted (see FIG. 25C) and then
re-single-crystallized to form the single crystal silicon layer
3004 (see FIG. 25D).

[0332] The irradiation with the laser beam 3020 will be
described. As shown by an arrow 3030, a stage is moved to
move the glass substrate 3012; thus, the laser beam 3020
scans the single crystal silicon layer 3003. Accordingly, the
separation plane of the single crystal silicon layer 3003 is
irradiated with the laser beam 3020.

[0333] As the laser beam 3020, a linear laser beam with a
beam width of 350 um and a length of 126 mm was used. The
linear laser beam was produced by forming a beam obtained
with a XeCl excimer laser having a wavelength of 308 nm, a
pulse width of 25 nsec, and a repetition rate of 30 Hz into a
linear shape by an optical system. Then, irradiation was per-
formed in such a manner that the glass substrate 3012 was
moved at a movement speed of 1.0 mm/sec in a direction
parallel to a short axis direction of the linear laser beam 3020.
The glass substrate 3012 was moved by moving the stage. In
irradiation with the laser beam 3020, the atmosphere in the
chamber was a nitrogen atmosphere, or a nitrogen gas was
sprayed on the irradiation region of the laser beam 3020 and
the vicinity thereof.

[0334] In the above-described manner, the semiconductor
substrate 3000 in which the re-single-crystallized single crys-
tal silicon layer 3004 was fixed over the glass substrate 3012
was obtained.

[0335] Next, measurement results of the Raman spectros-
copy of the single crystal silicon layer 3004 which is irradi-
ated with a laser beam will be described. FIG. 26A shows
change in peak wavenumber of Raman shift with respect to
energy density of a laser beam. FIG. 26B shows change in full
width at half maximum (FWHM) of a Raman spectrum with
respect to energy density of a laser beam. Note that the thick-
ness of the single crystal silicon layer 3004 of the sample
measured in FIGS. 26A and 26B was 100 nm.

[0336] The peak wavenumber of Raman shift shown in
FIG. 26A is a value determined by a distance between crystal
lattices and a spring constant between the crystal lattices, and
is a unique value that depends on the kind of crystal. That is,
the peak wavenumber of Raman shift of a single crystal of a
given substance is a unique value. Thus, the closer the peak
wavenumber of Raman shift of a measured object is to its
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unique value, the closer the crystal structure of the measured
object is to that of the single crystal of the given substance.
For example, the peak wavenumber of Raman shift of single
crystal silicon without any internal stress is 520.6 cm™". The
closer the peak wavenumber of Raman shift of a measured
object is to 520.6 cm™, the closer the crystal structure of the
measured object is to that of single crystal silicon. Thus, the
peak wavenumber of Raman shift can be used as an index for
evaluating crystallinity.

[0337] A smaller FWHM shown in FIG. 26B indicates that
crystallinity is more uniform with less variation. The FWHM
of' a commercial single crystal silicon substrate is about 2.5
cm™' to 3.0 cm™', and a measured value of an object being
closer to this value shows that the object has higher crystal-
linity than a single crystal silicon substrate has.

[0338] Note that when compressive stress is applied to
single crystal, the distance between lattices is shortened;
therefore, the peak wavenumber of Raman shift is shifted to a
higher wavenumber side in proportion to the amount of com-
pressive stress. Meanwhile, when tensile stress is applied, the
peak wavenumber of Raman shift is shifted to a lower wave-
number side in proportion to the amount of tensile stress.
[0339] Therefore, it is not adequate to determine whether or
not a silicon layer is a single crystal simply by the fact that the
peak wavenumber of Raman shift is 520.6 cm™. The term
“single crystal” means a crystal in which, when certain crystal
axes are focused, the direction of the crystal axes is oriented
in the same direction of the crystal axes in any portion of a
sample and which has no crystal grain boundaries in the
crystal. Therefore, it is determined by measurement of a
crystal axis direction and presence of a crystal grain boundary
whether the silicon layer has a single crystal structure or not.
For example, such measurement includes electron back scat-
ter diffraction pattern (EBSP). By obtaining an inverse pole
figure (IPF) map from an EBSP image, it can be confirmed
that crystal axes are uniformly oriented (crystal orientation is
uniform) and there is no crystal grain boundary.

[0340] FIGS. 27A and 27B are IPF maps obtained from
EBSP of the surfaces of the single crystal silicon layer 3003
and the single crystal silicon layer 3004 respectively. The IPF
map of FIG. 27A shows EBSP of the single crystal silicon
layer 3003 before laser beam irradiation. The IPF map of FIG.
27B shows EBSP of the single crystal silicon layer 3004 after
laser beam irradiation. FIG. 27C is a color code map showing
the relationship between colors of the IPF maps and crystal
orientation, in which each crystal orientation is color-coded.
Note that the thickness of the single crystal silicon layer of the
sample measured in FIGS. 27A and 27B was about 120 nm.
[0341] According to the IPF maps of FIGS. 27A and 27B,
crystal orientation of the single crystal silicon layer is not
disordered either before or after laser beam irradiation, and
the plane orientation of the surface of the single crystal silicon
layer keeps (100), which is the same as the plane orientation
of the used single crystal silicon substrate.

[0342] In addition, it can be seen that there are no crystal
grain boundaries in the single crystal silicon layer either
before or after laser beam irradiation. This is because it can be
seen that crystals are oriented in (100) plane and there is no
crystal grain boundaries, from the fact that the IPF maps of
FIGS. 27A and 27B are a monochromatic square image of a
color (red in the color image) representing the (100) plane in
the color code map of FIG. 27C.

[0343] Note that dots that are present in the IPF maps of
FIGS. 27A and 27B show portions having a low Cl value. The
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Cl value is an index value showing reliability and accuracy of
data with which crystal orientation is determined. The CI
value is decreased by the presence of crystal grain bound-
aries, crystal defects, and the like. In other words, it can be
concluded that when the area with a low CI value is smaller,
the crystallinity is higher. The number of portions having a
low CI value is smaller in the IPF map after laser beam
irradiation of FIG. 27B than in the IPF map before laser beam
irradiation of FIG. 27A. Therefore, it is likely that crystal
defects of the single crystal silicon layer, for example, crystal
defects such as dangling bonds are recovered by laser beam
irradiation.

[0344] Laser beam irradiation treatment was performed on
the single crystal silicon layer of which EBSP was measured
at an irradiation energy density of 648 mJ/cm?, while a nitro-
gen gas was sprayed on the vicinity of the laser beam irradia-
tion region. The number of shots of the laser beam with which
the same region of the single crystal silicon layer 3003 was
irradiated was calculated to be 10.5 in consideration of the
beam width and the movement speed of the substrate.
[0345] Fromthe EBSP dataof FIGS.27A and27B, itcan be
seen that the crystallinity is improved by laser beam irradia-
tion. In addition, it can be seen from FIGS. 26A and 26B that
the crystallinity can be recovered by laser beam irradiation to
be the same or substantially the same as that of'a single crystal
silicon substrate before processing (base single crystal silicon
substrate). The irradiation energy density of the laser beam is
preferably 550 mJ/cm? or higher; accordingly, the peak wave-
number of Raman shift can be about 520.0 cm™ to 520.6
cm™" and the FWHM can be about 3.0 cm™'.

[0346] Next, the effect on planarization of the surface ofthe
single crystal silicon layer by laser beam irradiation will be
described. FIGS. 28A to 28C show measured values of sur-
face roughness of the single crystal silicon layer, which are
obtained by calculation based on images observed with an
atomic force microscope (AFM) in a dynamic force mode
(DFM) (such images are hereinafter referred to as DFM
images). The measured values shown in FIGS. 28A to 28C are
obtained from the DFM images each having an observed
region of 5 um square. Here, the surface roughness of the
single crystal silicon layer was calculated by observation with
AFM after the single crystal silicon was subjected to laser
beam irradiation treatment at an irradiation energy density of
566.7 mJ/cm?® with a nitrogen atmosphere in the chamber.
[0347] FIG. 28A shows average surface roughness, Ra
(nm). FIG. 28B shows a root mean square roughness, Rms
(nm). FIG. 28C shows the largest difference in height
between peak and valley, P-V (nm). FIGS. 28A to 28C also
show roughness data of the single crystal silicon layer before
the laser beam irradiation. Specifically, in FIGS. 28A to 28C,
the roughness data after the laser beam irradiation is shown by
square data markers, and the roughness data before the laser
beam irradiation is shown by diamond-shaped data markers.
[0348] From FIGS. 28A to 28C, it can be found that the
values of Ra, RMS, P-V after the laser beam irradiation are
each decreased from those before the laser beam irradiation.
Accordingly, it was confirmed that planarity of the single
crystal silicon layer can be improved by laser beam irradia-
tion.

Embodiment 2

[0349] In Embodiment 2, evaluation results of characteris-
tics of a single crystal semiconductor layer using a semicon-
ductor substrate manufactured according to the present inven-
tion will be described.
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[0350] The structures of a sample A, a sample B, and a
sample C which are evaluated in this embodiment will be
described with reference to FIGS. 29A to 29C. A semicon-
ductor substrate of FIG. 29A is formed through FIGS. 25A
and 25B in Embodiment 1.

[0351] First, ap-type silicon wafer of which main surface is
oriented along the (100) plane was prepared as a single crystal
silicon substrate 3001. Then, a silicon oxynitride layer 3006
with a thickness of 50 nm and a silicon nitride oxide layer
3007 with a thickness of 50 nm were sequentially stacked
over a surface of the single crystal silicon substrate 3001 by a
plasma CVD method. The single crystal silicon substrate
3001 was irradiated with ions using an ion doping apparatus,
from the surface on which the silicon oxynitride layer 3006
and the silicon nitride oxide layer 3007 were formed; accord-
ingly, a separation layer 3002 was formed. At this time, a
100% hydrogen gas was used as a source gas, and the single
crystal silicon substrate 3001 was irradiated with ions in
plasma that was generated by excitation of the hydrogen gas
and accelerated by a voltage without any mass separation.
After forming the separation layer 3002, a silicon oxide layer
3008 with a thickness of 50 nm was formed over the silicon
nitride oxide layer 3007 by a plasma CVD method using
TEOS as a main process gas for film formation. The single
crystal silicon substrate 3001 and a glass substrate 3012 were
overlapped and bonded to each other with the silicon oxyni-
tride layer 3006, the silicon nitride oxide layer 3007, and the
silicon oxide layer 3008, which were sequentially stacked as
a buffer layer 3010 over the surface of the single crystal
silicon substrate 3001, interposed therebetween. As the glass
substrate 3012, a non-alkali glass substrate (product name:
AN100) having a thickness of 0.7 mm was used. Then, a
substrate in which the glass substrate 3012 and the single
crystal silicon substrate 3001 were bonded to each other was
subjected to heat treatment, whereby a single crystal silicon
layer 3003 was separated by using the separation layer 3002
formed in the single crystal silicon substrate 3001 as a sepa-
ration plane. The glass substrate 3012 to which the single
crystal silicon layer 3003 separated using the separation layer
3002 as a separation plane was bonded was referred to as the
sample A. The depth in a thickness direction of the separation
layer 3002 was controlled so that the single crystal silicon
layer 3003 has a thickness of about 120 nm.

[0352] Next, the single crystal silicon layer 3003 was irra-
diated with a laser beam 3020 so that part of the single crystal
silicon layer 3003 is melted; accordingly, a single crystal
silicon layer 3004 was formed (see FIG. 29B). The glass
substrate 3012 to which the single crystal silicon layer 3004
obtained by irradiation with the laser beam 3020 was bonded
was referred to as the sample B.

[0353] As the laser beam 3020, a linear beam with a beam
width o350 pm and a length of 126 mm was used. The linear
beam was produced by forming a beam obtained with a XeCl
excimer laser having a wavelength of 308 nm, a pulse width of
25 nsec, and a repetition rate of 30 Hz into a linear shape by
an optical system. Then, irradiation was performed in such a
manner that the glass substrate 3012 was moved at a move-
ment speed of 1.0 mm/sec in a direction parallel to a short axis
direction of the linear laser beam 3020. The glass substrate
3012 was moved by moving the stage. The irradiation energy
density of the laser beam 3020 was 660 mJ/cm?>.

[0354] Next, the glass substrate 3012 to which the single
crystal silicon layer 3004 was bonded was subjected to heat
treatment at 500° C. for one hour and heat treatment at 550°

May 7, 2009

C. for four hours sequentially with a vertical furnace with
resistance heating (see FIG. 29C). The glass substrate 3012 to
which the single crystal silicon layer 3004 which was sub-
jected to heat treatment after being irradiated with the laser
beam 3020 was bonded was referred to as the sample C.
[0355] The lifetimes of carriers of the single crystal silicon
layer 3003 or the single crystal silicon layer 3004 of the
samples A to C were measured by a microwave photoconduc-
tivity decay method (u-PCD method). The p-PCD method is
one of the measurement methods for evaluating lifetime in
which excess carriers are generated by irradiating the semi-
conductor layer or the semiconductor wafer with pulsed laser
beams and decayed by recombination, without contact. Gen-
eration of the carriers increases the conductivity of the semi-
conductor layer or the semiconductor wafer, and thus the
reflectance of microwaves with which the semiconductor
layer or the semiconductor wafer is irradiated changes in
accordance with the excessive carrier density. The time of
decrease in the reflectance of the microwaves is measured,
whereby carrier lifetime can be measured.

[0356] In this embodiment, with the use of a crystallinity
evaluation equipment using microwaves (produced by
KOBELCO Research Institute, Inc.), the samples A to C were
irradiated with microwaves with a frequency of 28 GHz and
with third harmonics of a YLF laser with a wavelength of 349
nm, and the change of the reflection intensity of the micro-
waves over time, which changes according to formation of
carriers, was measured. Then, the lifetimes of the samples A
to C were compared with one another using the peak values of
the reflection intensity of the microwaves. Note that the larger
the peak value is, the longer the lifetime is.

[0357] InFIG. 30, the descending order of the peak value is
the samples C, B, and A. In other words, the single crystal
silicon layer subjected to heat treatment after laser beam
irradiation has a largest peak value. The peak value measured
by the pu-PCD method is proportional to the lifetime. Accord-
ingly, the lifetime of the sample C is the longest. Since the
descending order of the peak value is the samples C, B,and A,
it was found that the lifetime was improved by irradiation
with a laser beam and that the lifetime was drastically
improved by heat treatment after the laser beam irradiation.
[0358] Further, the measurement results by Raman spec-
troscopy of the single crystal silicon layers of the samples A
to C are shown. FIG. 31A shows the peak wavenumbers of
Raman shift of the samples A to C. In addition, FIG. 31B
shows the full widths at half maximum (FWHM) of Raman
spectra of the samples A to C.

[0359] As described above, the peak wavenumber of
Raman shift of single crystal silicon without any internal
stress is 520.6 cm™". It can be found from FIGS. 31A and 318
that the peak wavenumbers of Raman shift of the samples B
and C are approximately 520 cm™! and the FWHM thereof are
approximately 3 cm™" and, therefore, that the crystallinity of
the single crystal silicon layers of the samples B and C is
recovered to be the same or substantially the same as that of
the single crystal silicon substrate before processing. In addi-
tion, compared to the sample A, the samples B and C have
wavenumbers that are closer to 520.6 cm™ and also have
smaller FWHM. Thus, laser beam irradiation was found to be
effective in recovering crystallinity. Furthermore, the peak
wavenumbers of Raman shift of the samples B and C were
substantially the same, which were approximately 520.6
cm™, and the FWHM thereof were also substantially the
same, which were approximately 3 cm™'. Accordingly, even
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when heat treatment is performed after laser beam irradiation,
the lifetime can be improved without reducing the effect of
recovering crystallinity that is obtained by the laser beam
irradiation.

[0360] Therefore, it was confirmed that crystallinity is
recovered by laser beam irradiation of a single crystal silicon
layer which is obtained by separation after processing, and
that the lifetime is improved by performing heat treatment
after the laser beam irradiation.

[0361] This application is based on Japanese Patent Appli-
cation serial no. 2007-285589 filed with Japan Patent Office
on Nov. 1, 2007, the entire contents of which are hereby
incorporated by reference.

What is claimed is:
1. A manufacturing method of a semiconductor device,
comprising the steps of:

heating a single crystal semiconductor substrate which is
bonded over a supporting substrate with a buffer layer
interposed therebetween and in which a separation layer
is formed, to separate the single crystal semiconductor
substrate using the separation layer or a region near the
separation layer as a separation plane, thereby forming a
single crystal semiconductor layer over the supporting
substrate;

irradiating the single crystal semiconductor layer with a
laser beam to re-single-crystallize the single crystal
semiconductor layer through melting;

selectively etching the re-single-crystallized single crystal
semiconductor layer to separate the re-single crystal-
lized single crystal semiconductor layer into an island
shape;

selectively adding an impurity element into the single crys-
tal semiconductor layer to form a pair of impurity
regions and a channel formation region between the pair
of impurity regions after selectively etching the
re-single-crystallized single crystal semiconductor
layer; and

heating the single crystal semiconductor layer at a process
temperature which is equal to or higher than 400° C. and
equal to or lower than a strain point of the supporting
substrate and which does not cause melting of the single
crystal semiconductor layer after selectively adding the
impurity element into the single crystal semiconductor
layer.

2. A manufacturing method of a semiconductor device,

comprising the steps of:

heating a single crystal semiconductor substrate which is
bonded over a supporting substrate with a buffer layer
interposed therebetween and in which a separation layer
is formed, to separate the single crystal semiconductor
substrate using the separation layer or a region near the
separation layer as a separation plane, thereby forming a
single crystal semiconductor layer over the supporting
substrate;

irradiating the single crystal semiconductor layer with a
laser beam to re-single-crystallize the single crystal
semiconductor layer through melting;

selectively etching the re-single-crystallized single crystal
semiconductor layer to separate the re-single-crystal-
lized single crystal semiconductor layer into an island
shape;

forming a gate electrode over the single crystal semicon-
ductor layer with a gate insulating layer interposed ther-
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ebetween after selectively etching the re-single-crystal-
lized single crystal semiconductor layer;
adding an impurity element using the gate electrode as a
mask to form a pair of impurity regions and a channel
formation region between the pair of impurity regions in
the single crystal semiconductor layer; and
heating the single crystal semiconductor layer at a process
temperature which is equal to or higher than 400° C. and
equal to or lower than a strain point of the supporting
substrate and which does not cause melting of the single
crystal semiconductor layer after adding the impurity
element.
3. A manufacturing method of a semiconductor device,
comprising the steps of:
heating a single crystal semiconductor substrate which is
bonded over a supporting substrate with a buffer layer
interposed therebetween and in which a separation layer
is formed, to separate the single crystal semiconductor
substrate using the separation layer or a region near the
separation layer as a separation plane, thereby forming a
single crystal semiconductor layer over the supporting
substrate;
irradiating the single crystal semiconductor layer with a
laser beam to re-single-crystallize the single crystal
semiconductor layer through melting;
adding a p-type impurity element or an n-type impurity
element into the single crystal semiconductor layer to
form a well region of an n-channel transistor or a p-chan-
nel transistor;
selectively etching the re-single-crystallized single crystal
semiconductor layer to separate the re-single-crystal-
lized single crystal semiconductor layer into an island
shape;
forming a gate electrode over the single crystal semicon-
ductor layer with a gate insulating layer interposed ther-
ebetween after selectively etching the re-single-crystal-
lized single crystal semiconductor layer;
adding an impurity element using the gate electrode as a
mask to form a pair of impurity regions and a channel
formation region between the pair of impurity regions in
the single crystal semiconductor layer; and
heating the single crystal semiconductor layer at a process
temperature which is equal to or higher than 400° C. and
equal to or lower than a strain point of the supporting
substrate and which does not cause melting of the single
crystal semiconductor layer after adding the impurity
element.
4. The manufacturing method of a semiconductor device
according to claim 1,
wherein the supporting substrate has the strain point of
650° C. or higher and 690° C. or lower.
5. The manufacturing method of a semiconductor device
according to claim 2,
wherein the supporting substrate has the strain point of
650° C. or higher and 690° C. or lower.
6. The manufacturing method of a semiconductor device
according to claim 3,
wherein the supporting substrate has the strain point of
650° C. or higher and 690° C. or lower.
7. The manufacturing method of a semiconductor device

according to claim 1, wherein the process temperature is
lower than 650° C.
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8. The manufacturing method of a semiconductor device
according to claim 2, wherein the process temperature is
lower than 650° C.

9. The manufacturing method of a semiconductor device
according to claim 3, wherein the process temperature is
lower than 650° C.

10. The manufacturing method of a semiconductor device
according to claim 1, wherein the separation layer is formed
by irradiation with H;* ions, which are generated using a
source gas containing hydrogen, with an ion doping appara-
tus.

11. The manufacturing method of a semiconductor device
according to claim 2, wherein the separation layer is formed
by irradiation with H;* ions, which are generated using a
source gas containing hydrogen, with an ion doping appara-
tus.

12. The manufacturing method of a semiconductor device
according to claim 3, wherein the separation layer is formed
by irradiation with H;* ions, which are generated using a
source gas containing hydrogen, with an ion doping appara-
tus.

13. The manufacturing method of a semiconductor device
according to claim 2, wherein the gate insulating layer is
formed by oxidize or nitride the surfaces of the single crystal
semiconductor layer.
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14. The manufacturing method of a semiconductor device
according to claim 3, wherein the gate insulating layer is
formed by oxidize or nitride the surfaces of the single crystal
semiconductor layer.

15. The manufacturing method of a semiconductor device
according to claim 1, wherein the single crystal semiconduc-
tor layer has a thickness of 60 nm or less.

16. The manufacturing method of a semiconductor device
according to claim 2, wherein the single crystal semiconduc-
tor layer has a thickness of 60 nm or less.

17. The manufacturing method of a semiconductor device
according to claim 3, wherein the single crystal semiconduc-
tor layer has a thickness of 60 nm or less.

18. The manufacturing method of a semiconductor device
according to claim 1, wherein a surface of the buffer layer has
smoothness and can form a hydrophilic surface.

19. The manufacturing method of a semiconductor device
according to claim 2, wherein a surface of the buffer layer has
smoothness and can form a hydrophilic surface.

20. The manufacturing method of a semiconductor device
according to claim 3, wherein a surface of the buffer layer has
smoothness and can form a hydrophilic surface.
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