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(57) ABSTRACT

In the manufacturing steps of a super-junction power MOS-
FET having a drift region having a super junction structure,
after the super junction structure is formed, introduction of a
body region and the like and heat treatment related thereto are
typically performed. However, in the process thereof, a
dopant in each of P-type column regions and the like included
in the super junction structure is diffused to result in a scat-
tered dopant profile. This causes problems such as degrada-
tion of a breakdown voltage when a reverse bias voltage is
applied between a drain and a source and an increase in ON
resistance. According to the present invention, in a method of
manufacturing a silicon-based vertical planar power MOS-
FET, a body region forming a channel region is formed by
selective epitaxial growth.

S
rade!

5%
Dedetodetedeles

pSeteteletelels

850
O
K
>
>
.0
%

"%
%5
Sols!
%!
25

5
&
10
55
K
.
(>

P
(D
RS
2925
LR
&
o

PC, PCC




Patent Application Publication Jul. 25,2013 Sheet 1 of 48 US 2013/0189819 A1

FIG. 1

5—17T

/

e e

23— T




Patent Application Publication

R1

12

11

Jul. 25,2013 Sheet 2 of 48

11

US 2013/0189819 A1l

nonnala s

A A A A A A
AA A A A AN
NG AT SOG
AN A A A

~ A A ~n Ao

A
S ¥
S5

(40
2
58

(RS
0.0

(KK
8L

<

e
&
%

%

2

5
&
S5

AN J

PC



Patent Application Publication

1a

\\

s I

Jul. 25,2013 Sheet 3 0of 48

FIG. 3

N 8

US 2013/0189819 A1l

NN
MMM

>

o o o o o o e o smm s i i o ke st 2o s mam i o mam

PC, PCC

NC, 3n

BB
08
QL

\

SN

...........

) N S§§§\/ 10
TN

BEEEIHS
RSB
20 %o 2020022

------

SJ, 3

/ PC, PCC

1b




US 2013/0189819 A1l

Jul. 25,2013 Sheet 4 of 48

FIG. 4

Patent Application Publication

FIG. 5

1e, NC

7777~ T
A

LN




V-
N\

%

FIG. 6
7

FIG. 7

L

A

/////







Patent Application Publication Jul. 25,2013 Sheet 7 of 48 US 2013/0189819 A1

FIG. 10
12‘\‘ 23,6

5
/.‘ ............. 70 e preweweeeeo %24
| 12
: .......... L NNNNNNNNN | S \%:\_/7
< J -6




Patent Application Publication Jul. 25,2013 Sheet 8 of 48 US 2013/0189819 A1




US 2013/0189819 A1l

Jul. 25,2013 Sheet 9 of 48

Patent Application Publication

FIG. 13

/l\_/




Patent Application Publication Jul. 25,2013 Sheet 10 of 48 US 2013/0189819 A1

§ \ /%‘\_/18
N !
/



Patent Application Publication Jul. 25,2013 Sheet 11 of 48 US 2013/0189819 A1

FIG. 15

11
5
s N
29

N AN+ N
| 8
E ........................................... mzm;\/%
i é —~—12
N - 7




Patent Application Publication Jul. 25,2013 Sheet 12 of 48

FIG. 16

\\ 21

US 2013/0189819 A1l

AN

(XX K0
E0S0RLR
D0%e26%6%6%%

o
V///W//A 000.0

5 :;:

!




Patent Application Publication Jul. 25,2013 Sheet 13 of 48 US 2013/0189819 A1

FIG. 17

1a
\\‘
.
32
| 12
§\\ R \\\\\%:“\-/ 7
i 7 / |
. /
/ / e
7 %
N K /g\/w
E )
1b PC



Patent Application Publication Jul. 25,2013 Sheet 14 of 48 US 2013/0189819 A1

FIG. 18

N, SAANNNNNNY _—7

N
SENN




FIG. 19




US 2013/0189819 A1l

Jul. 25,2013 Sheet 16 of 48

Patent Application Publication

FIG. 20

A\

A\




US 2013/0189819 A1l

Jul. 25,2013 Sheet 17 of 48

Patent Application Publication

FIG. 21




FIG. 22

%\:HI\\\- -
l.\\\\\\\ NS




Patent Application Publication Jul. 25,2013 Sheet 19 of 48 US 2013/0189819 A1

Y — - 24
i s z ~—~—12
NN NRSANNRAN s 7

AN

A\
N\

-

—

o
—
(&2

-0



Patent Application Publication Jul. 25,2013 Sheet 20 of 48 US 2013/0189819 A1

FIG. 24

1a

I
M
1b
FIG. 25
A
1 % % —~_ el




Patent Application Publication Jul. 25,2013 Sheet 21 of 48 US 2013/0189819 A1

FIG. 26

é % E % i fJ:\/1e3\

: o IR R

| | . 412 »1e,NC
1< :—%% i %% L e

| Sz ol L e

B s |

E I_/"_&"—""J A 1s

1b// p}; 31/

f§\/1e,NC

—A~__15




Patent Application Publication Jul. 25,2013 Sheet 22 of 48 US 2013/0189819 A1

FIG. 28

1e,NC

/r'\__/1S

1e, NC

/1\__/13




Patent Application Publication Jul. 25,2013 Sheet 23 of 48 US 2013/0189819 A1

FIG. 30
\‘ 23,6

. 7
i : 23,6
y f:KJe NC
Tz AN
i T I




Patent Application Publication Jul. 25,2013 Sheet 24 of 48 US 2013/0189819 A1




US 2013/0189819 A1l

Jul. 25,2013 Sheet 25 of 48

Patent Application Publication

FIG. 33




Patent Application Publication Jul. 25,2013 Sheet 26 of 48 US 2013/0189819 A1

FIG. 34

11

\‘




Patent Application Publication Jul. 25,2013 Sheet 27 of 48 US 2013/0189819 A1




US 2013/0189819 A1l

Jul. 25,2013 Sheet 28 of 48

Patent Application Publication

FIG. 36




Patent Application Publication

Jul. 25,2013 Sheet290f48  US 2013/0189819 A1

FIG. 37

8

\ N

10

PRI
phelataletetetels:

SERHRLNS
PRRNRIRRANS

\

FRRRERERRS
0202002020500 %

—

NN




Patent Application Publication Jul. 25,2013 Sheet 30 of 48 US 2013/0189819 A1

FIG. 38

1a

g 10

NN ) NN
L\\\\\\\\\\\\\\\\\\%\\\\\\\\\\\\\\\\\\\\\%\/m

J i ] 12

-

7 : \ S N -

- w/%/ // \////i

’i\/4

8

15 NC, 3n

1b



Patent Application Publication Jul. 25,2013 Sheet 31 of 48 US 2013/0189819 A1

FIG. 39

1a

10

ENEEREEN
R\\\\\\\\\\\\W\\\\\\\\\\Mm

T —{ -+ 12
O ONNNNNINNIN,

P13
RN
1

8

19

L PTTTOOIIIN

]« 7
/ ] \%

/-—:F\/4

1b 15



Patent Application Publication Jul. 25,2013 Sheet 32 of 48 US 2013/0189819 A1

FIG. 40

1a

PR
—_ N

T 12

7 | i NN
i T T3

SJ, 3

y J
o 7] \///

.~ MOLLMIHIm \\\\\\\\\\\\\§

1b 15



Patent Application Publication Jul. 25,2013 Sheet 33 of 48 US 2013/0189819 A1

R1

~ A oAU A s ~ ~ B alala
TR G A aln A
AR A ENEN ~
SN IS LA Al A A4 A A
R I TN TS ES
~oalaa AATA b AT ATATATA A A
ORI TN ATAT R A AR
AN A ~ A ALATATATATA
AT A A A A1 A A R A A A
AALA A ~ SIS
n A R A A ATAT Ak aTATA A
A npa A A AAA A AN
" Al a" A ATATR AT
R AR R PP P Rl
IS G ZAERSAAS
PPN A AT A A s A
A A AT A TATATA A A ATATATATA
N oaja oo [T O
I RICIE R SO S
S NN LR O
b A Ta Ay aapa .
A R A AT AT LRSI
A AN A A AN b A A A A A A
R R, A OO
~ala s
EICR AN P Y TS
A aTATATATATA [T JO Rl MNAP% P SN,
A A DN A AN A A ENCW IO TS
ATATAA ~ A AN AR A A
A A b A A A A A A A Al A
AR AN PN YOS
AR A AN ~ A aTat
A AN A N AN ATALATATy AN
ATRTATATITATA ATATR AR
A AlA A A A A A ala A d A a
- T ~ RS
PSR Al TATATA
SN OG IO
P eI IS I ~
PR Tt gt PRais R P
PGS SIS ~
A R ATA A AT A n hia aTa A
RGO BRI XK
~ A A la AT A A A ATATA
A ATAN AN A A PR PO U
S R RN IO
A ala s daa A el a”a"ATA A
a LI YO YL
A ATATA ~ ATalATATATATA
PR ARy PR PP R R
aaa N R RO Yo
A A R A A A AT A A A R AT ATATA
LR OIC I aALAA R A
ATA KA AT AT AL AT
A AN A A A A Aala A g A A
IO ORI N
a ala s A - A alaTATATAA
BRI P ~ e~
AT AT A Al AATATATN
EERIO G ATATR A AN A
AALA A A ECHEICIC IS
ENPNIE SPSIN PPN A a ks alan
SR Ko AAAA A
aw hTATATA A A A A A
A ALA AN A A A AlLA A A A A WA,
~

NC PC NC PC NC



Patent Application Publication Jul. 25,2013 Sheet 34 of 48 US 2013/0189819 A1

/ -

i
1
1
| 1
i
i
{

PC, PCC

| NN
24 10
a \\\
i \\ 21
: \\: A\ PR
i N \
| \
! N
| N
; NN
24 N N 6
\ N
I /,_,-p\
N
34 NS




FIG. 43

FIG. 44

//////////////////////////

/ ]




Patent Application Publication Jul. 25,2013 Sheet 36 of 48 US 2013/0189819 A1

FIG. 45

34

NN

%
%

%
!

25
S

)
!

e
%%

30

2
&
%
Yo%’

Q0

&
558
Sede%

)
>
26%%

=

73

—



FIG. 46

34
1a

)

NN

jgooyy
//////

{

7. ///////////// Ll

el

/// L

PC

—
o
=



s




Patent Application Publication Jul. 25,2013 Sheet 39 of 48 US 2013/0189819 A1

vvvvv

LIRS
202600202202 %
odelsseielatete’s:

AXRRRAS

XD /\—/12

N N

25§Q \\éégzg,é éé;f/,47éég§
N N o 6
%§ \

N N /

N -

\\\b 12t




Jul. 25,2013 Sheet 40 0f48  US 2013/0189819 A1

Patent Application Publication

FIG. 49

~— 32

a\\

1

N N
" /// . ///// e

\\\\\\\

\
\
X

%////////




Patent Application Publication Jul. 25,2013 Sheet 41 of 48 US 2013/0189819 A1

FIG. 50

fa 24
24

e

QRN
\ N o

: :r/\\\\\ OOV N \> NONNNNNNNN /5

o
=



Patent Application Publication Jul. 25,2013 Sheet 42 of 48 US 2013/0189819 A1

FIG. 51

~—29
1a
R :
24 N 1
N 15 -

;I
|y

/////////////)Z’//‘///////////////

SIS A IAIAIY,

12t

SUNNNN

PC

1s

-

=
=



Patent Application Publication Jul. 25,2013 Sheet 43 of 48 US 2013/0189819 A1

FIG. 52

24

NNANNNNAN »
\

19¢g

15

L

=

N

o
=



US 2013/0189819 A1l

Jul. 25,2013 Sheet 44 of 48

Patent Application Publication

FIG. 53

24
12

\ 2

1Y

21

%
\
Z

LAY

a\-\\\m\

L

At e o bt e o o o e o e e e 3 e e T T e e

NC, 3n

;



450148  US 2013/0189819 A1

Jul. 25,2013 Sheet

Publication

atent Application

FIG. 54

21

24
12

//

A LN

g

7
7
YIS ISSAIH A1,

L

N e e o e e e e o i o 2 o et o o St e ——— \|||||||||||||l.|.|.....I.!l..|.|..|l.fo...lt.l..l.\



Patent Application Publication Jul. 25,2013 Sheet 46 of 48 US 2013/0189819 A1

______________________________________________

SRRRRERAR RN ="

______________________________________________

13\‘ 35
N
o4 "y \\\\\\/\*/12
7 SIS 5
6
19
NN J
N 7
N
N N
A 12t

PC

1s

|




US 2013/0189819 A1l

Jul. 25,2013 Sheet 47 of 48

Patent Application Publication




US 2013/0189819 A1l

Jul. 25,2013 Sheet 48 of 48

Patent Application Publication

i
1
i
i
!




US 2013/0189819 Al

METHOD OF MANUFACTURING VERTICAL
PLANAR POWER MOSFET AND METHOD
OF MANUFACTURING TRENCH-GATE
POWER MOSFET

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The disclosure of Japanese Patent Application No.
2012-013030 filed on Jan. 25, 2012 including the specifica-
tion, drawings and abstract is incorporated herein by refer-
ence in its entirety.

BACKGROUND

[0002] The present invention relates to a technology which
is effective when applied to a device structure and a device
manufacturing technique in a semiconductor device (or semi-
conductor integrated circuit device) such as a vertical planar
power MOSFET or a trench-gate MOSFET and a method of
manufacturing the semiconductor device.

[0003] Japanese Unexamined Patent Publication No. 2007-
173783 (Patent Document 1) or U.S. Pat. No. 7,928,470
(Patent Document 2) corresponding thereto discloses a tech-
nique in which, in a silicon-based vertical planar power MOS-
FET, a P-type body region (channel region) is formed over
the entire surface of a super junction drift area by epitaxial
growth.

[0004] Also, Japanese Unexamined Patent Publication No.
2008-283151 (Patent Document 3) or US Patent Publication
No. 2011-136308 (Patent Document 4) corresponding
thereto discloses a technique in which, in a silicon-based
trench power MOSFET, a P-type body region (channel
region) is formed over the entire surface of a super-junction
drift area by epitaxial growth.

RELATED ART DOCUMENTS

Patent Documents

[0005] [Patent Document 1]

[0006] Japanese Unexamined Patent Publication No. 2007-

173783

[0007] [Patent Document 2]

[0008] U.S. Pat. No. 7,928,470

[0009] [Patent Document 3]

[0010] Japanese Unexamined Patent Publication No. 2008-

283151

[0011] [Patent Document 4]

[0012] US Patent Publication No. 2011-136308
SUMMARY

[0013] In the manufacturing steps of a super-junction

power MOSFET having a drift area having a super junction
structure, after the super junction structure is formed, intro-
duction of a body region and the like and heat treatment
related thereto are typically performed. However, in the pro-
cess thereof, a dopant in each of P-type column regions and
the like included in the super junction structure is diffused to
resultin a scattered dopant profile. This causes problems such
as degradation of a breakdown voltage when a reverse bias
voltage is applied between a drain and a source and an
increase in ON resistance.

[0014] The present invention has been achieved to solve
such problems.

Jul. 25,2013

[0015] An object of the present invention is to provide a
highly reliable manufacturing process for a semiconductor
device.

[0016] The above and other objects and novel features of
the present invention will become apparent from a statement
in the present specification and the accompanying drawings.
[0017] The following is a brief description of a representa-
tive aspect of the invention disclosed in the present applica-
tion.

[0018] That is, according to an aspect of the invention dis-
closed in the present application, in a method of manufactur-
ing a silicon-based vertical planar power MOSFET, a body
region forming a channel region is formed by selective epi-
taxial growth.

[0019] The following is a brief description of an effect
obtained according to the representative aspect of the inven-
tion disclosed in the present application.

[0020] That is, in the method of manufacturing the silicon-
based vertical planar power MOSFET, the body region form-
ing the channel region is formed by selective epitaxial
growth. This can steepen a dopant profile in a P-type column
region or the like included in a super junction structure.

BRIEF DESCRIPTION OF THE DRAWINGS

[0021] FIG. 1 is a view of the entire upper surface of a
semiconductor chip for illustrating the chip layout of a verti-
cal planar power MOSFET as an example of a target device in
a manufacturing method of a semiconductor device of an
embodiment of the present invention;

[0022] FIG. 2 is an enlarged plan view of the partially
cut-away region R1 of the cell portion of FIG. 1;

[0023] FIG. 3 is a device cross-sectional view of a unit
active cell region corresponding to the B-B' cross section of
the partially cut-away region R2 of the cell portion of FIG. 2;
[0024] FIG. 4isadevice cross-sectional view (ofthe step of
growing an N™-type silicon epitaxial layer) during the manu-
facturing step corresponding to the A-A' cross section of the
partially cut-away region R2 of the cell portion of FIG. 2,
which is for illustrating the manufacturing method (pre-chan-
nel process) of the semiconductor device of the embodiment
of the present invention;

[0025] FIG. 5isadevice cross-sectional view (ofthe step of
forming trenches to be filled with P-type columns) during the
manufacturing step corresponding to the A-A' cross section of
the partially cut-away region R2 of the cell portion of FIG. 2,
which is for illustrating the manufacturing method (pre-chan-
nel process) of the semiconductor device of the embodiment
of the present invention;

[0026] FIG. 61isadevice cross-sectional view (ofthe step of
Si epitaxial growth for embedding P-type columns) during
the manufacturing step corresponding to the A-A' cross sec-
tion of the partially cut-away region R2 of the cell portion of
FIG. 2, which is for illustrating the manufacturing method
(pre-channel process) of the semiconductor device of the
embodiment of the present invention;

[0027] FIG. 7isadevice cross-sectional view (ofthe step of
planarization after embedding the P-type columns) during the
manufacturing step corresponding to the A-A' cross section of
the partially cut-away region R2 of the cell portion of FIG. 2,
which is for illustrating the manufacturing method (pre-chan-
nel process) of the semiconductor device of the embodiment
of the present invention;

[0028] FIG. 81isadevice cross-sectional view (ofthe step of
forming trenches to be filled with P-type body regions) during
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the manufacturing step corresponding to the A-A' cross sec-
tion of the partially cut-away region R2 of the cell portion of
FIG. 2, which is for illustrating the manufacturing method
(pre-channel process) of the semiconductor device of the
embodiment of the present invention;

[0029] FIG.9isadevice cross-sectional view (ofthe step of
selective epitaxial growth of the P-type body regions) during
the manufacturing step corresponding to the A-A' cross sec-
tion of the partially cut-away region R2 of the cell portion of
FIG. 2, which is for illustrating the manufacturing method
(pre-channel process) of the semiconductor device of the
embodiment of the present invention;

[0030] FIG. 10 is a device cross-sectional view (of the step
of planarization after selective epitaxial growth of P-type
body regions) during the manufacturing step corresponding
to the A-A' cross section of the partially cut-away region R2
of the cell portion of FIG. 2, which is for illustrating the
manufacturing method (pre-channel process) of the semicon-
ductor device of the embodiment of the present invention;
[0031] FIG. 11 is a device cross-sectional view (of the step
of forming gate electrodes) during the manufacturing step
corresponding to the A-A' cross section of the partially cut-
away region R2 of the cell portion of FIG. 2, which is for
illustrating the manufacturing method (pre-channel process)
of'the semiconductor device of the embodiment of the present
invention;

[0032] FIG. 12 is a device cross-sectional view (of the step
of introducing N*-type source regions) during the manufac-
turing step corresponding to the A-A' cross section of the
partially cut-away region R2 of the cell portion of FIG. 2,
which is for illustrating the manufacturing method (pre-chan-
nel process) of the semiconductor device of the embodiment
of the present invention;

[0033] FIG. 13 is a device cross-sectional view (of the step
of forming an interlayer insulating film) during the manufac-
turing step corresponding to the A-A' cross section of the
partially cut-away region R2 of the cell portion of FIG. 2,
which is for illustrating the manufacturing method (pre-chan-
nel process) of the semiconductor device of the embodiment
of the present invention;

[0034] FIG. 14 is a device cross-sectional view (of the step
of forming contact trenches) during the manufacturing step
corresponding to the A-A' cross section of the partially cut-
away region R2 of the cell portion of FIG. 2, which is for
illustrating the manufacturing method (pre-channel process)
of'the semiconductor device of the embodiment of the present
invention;

[0035] FIG. 15 is a device cross-sectional view (of the step
of introducing P*-type body contact regions) during the
manufacturing step corresponding to the A-A' cross section of
the partially cut-away region R2 of the cell portion of FIG. 2,
which is for illustrating the manufacturing method (pre-chan-
nel process) of the semiconductor device of the embodiment
of the present invention;

[0036] FIG. 16 is a device cross-sectional view (of the step
of forming source metal electrodes, etc.) during the manufac-
turing step corresponding to the A-A' cross section of the
partially cut-away region R2 of the cell portion of FIG. 2,
which is for illustrating the manufacturing method (pre-chan-
nel process) of the semiconductor device of the embodiment
of the present invention;

[0037] FIG. 17 is a device cross-sectional view (of the step
of forming a gate insulating film, etc.) during the manufac-
turing step corresponding to the A-A' cross section of the

Jul. 25,2013

partially cut-away region R2 of the cell portion of FIG. 2,
which is for illustrating a modification (pre-gate process) of a
wafer process in the manufacturing method of the semicon-
ductor device of the embodiment of the present invention;

[0038] FIG. 18 is a device cross-sectional view (of the step
of gate electrode processing) during the manufacturing step
corresponding to the A-A' cross section of the partially cut-
away region R2 of the cell portion of FIG. 2, which is for
illustrating the modification (pre-gate process) of the wafer
process in the manufacturing method of the semiconductor
device of the embodiment of the present invention;

[0039] FIG. 19 is a device cross-sectional view (of the step
of forming a surface oxide film, etc.) during the manufactur-
ing step corresponding to the A-A' cross section of the par-
tially cut-away region R2 of the cell portion of FIG. 2, which
is for illustrating the modification (pre-gate process) of the
wafer process in the manufacturing method of the semicon-
ductor device of the embodiment of the present invention;

[0040] FIG. 20 is a device cross-sectional view (of the step
of forming trenches to be filled with P-type body regions)
during the manufacturing step corresponding to the A-A'
cross section of the partially cut-away region R2 of the cell
portion of FIG. 2, which is for illustrating the modification
(pre-gate process) of the wafer process in the manufacturing
method of the semiconductor device of the embodiment of the
present invention;

[0041] FIG. 21 is a device cross-sectional view (of the step
of selective epitaxial growth of P-type body regions) during
the manufacturing step corresponding to the A-A' cross sec-
tion of the partially cut-away region R2 of the cell portion of
FIG. 2, which is for illustrating the modification (pre-gate
process) of the wafer process in the manufacturing method of
the semiconductor device of the embodiment of the present
invention;

[0042] FIG. 22 is a device cross-sectional view (of the step
of introducing N*-type source regions) during the manufac-
turing step corresponding to the A-A' cross section of the
partially cut-away region R2 of the cell portion of FIG. 2,
which is for illustrating the modification (pre-gate process) of
the wafer process in the manufacturing method of the semi-
conductor device of the embodiment of the present invention;

[0043] FIG. 23 is a device cross-sectional view (of the step
of removing a resist film for introducing N*-type source
regions) during the manufacturing step corresponding to the
A-A' cross section of the partially cut-away region R2 of the
cell portion of FIG. 2, which is for illustrating the modifica-
tion (pre-gate process) of the wafer process in the manufac-
turing method of the semiconductor device of the embodi-
ment of the present invention;

[0044] FIG. 24 is a device cross-sectional view (of the step
of growing a first-level N™-type silicon epitaxial layer) during
the manufacturing step corresponding to the A-A' cross sec-
tion of the partially cut-away region R2 of the cell portion of
FIG. 2, which is for illustrating a modification (multi-epi-
taxial method) of a wafer process in the manufacturing
method (pre-channel process) of the semiconductor device of
the embodiment of the present invention;

[0045] FIG. 25 is a device cross-sectional view (of the step
of multi-stage implantation of boron ions into the first-level
N~ -type silicon epitaxial layer) during the manufacturing step
corresponding to the A-A' cross section of the partially cut-
away region R2 of the cell portion of FIG. 2, which is for
illustrating the modification (multi-epitaxial method) of the
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wafer process in the manufacturing method (pre-channel pro-
cess) of the semiconductor device of the embodiment of the
present invention;

[0046] FIG. 26 is a device cross-sectional view (of the step
of multi-stage implantation of boron ions into a second-level
N~ -type silicon epitaxial layer, etc.) during the manufacturing
step corresponding to the A-A' cross section of the partially
cut-away region R2 of the cell portion of FIG. 2, which is for
illustrating the modification (multi-epitaxial method) of the
wafer process in the manufacturing method (pre-channel pro-
cess) of the semiconductor device of the embodiment of the
present invention;

[0047] FIG. 27 is a device cross-sectional view (of the step
of activation anneal after multi-stage implantation of boron
ions into a third-level N-type silicon epitaxial layer, etc.)
during the manufacturing step corresponding to the A-A'
cross section of the partially cut-away region R2 of the cell
portion of FIG. 2, which is for illustrating the modification
(multi-epitaxial method) of the wafer process in the manu-
facturing method (pre-channel process) of the semiconductor
device of the embodiment of the present invention;

[0048] FIG. 28 is a device cross-sectional view (of the step
of forming trenches to be filled with P-type body regions)
during the manufacturing step corresponding to the A-A'
cross section of the partially cut-away region R2 of the cell
portion of FIG. 2, which is for illustrating the modification
(multi-epitaxial method) of the wafer process in the manu-
facturing method (pre-channel process) of the semiconductor
device of the embodiment of the present invention;

[0049] FIG. 29 is a device cross-sectional view (of the step
of selective epitaxial growth of the P-type body regions)
during the manufacturing step corresponding to the A-A'
cross section of the partially cut-away region R2 of the cell
portion of FIG. 2, which is for illustrating the modification
(multi-epitaxial method) of the wafer process in the manu-
facturing method (pre-channel process) of the semiconductor
device of the embodiment of the present invention;

[0050] FIG. 30 is a device cross-sectional view (of the step
of planarization after the selective epitaxial growth of P-type
body regions) during the manufacturing step corresponding
to the A-A' cross section of the partially cut-away region R2
of the cell portion of FIG. 2, which is for illustrating the
modification (multi-epitaxial method) of the wafer process in
the manufacturing method (pre-channel process) of the semi-
conductor device of the embodiment of the present invention;
[0051] FIG. 31is a device cross-sectional view (of the step
of forming gate electrodes) during the manufacturing step
corresponding to the A-A' cross section of the partially cut-
away region R2 of the cell portion of FIG. 2, which is for
illustrating the modification (multi-epitaxial method) of the
wafer process in the manufacturing method (pre-channel pro-
cess) of the semiconductor device of the embodiment of the
present invention;

[0052] FIG. 32 is a device cross-sectional view (of the step
of introducing N*-type source regions) during the manufac-
turing step corresponding to the A-A' cross section of the
partially cut-away region R2 of the cell portion of FIG. 2,
which is for illustrating the modification (multi-epitaxial
method) of the wafer process in the manufacturing method
(pre-channel process) of the semiconductor device of the
embodiment of the present invention;

[0053] FIG. 33 is a device cross-sectional view (of the step
of forming an interlayer insulating film) during the manufac-
turing step corresponding to the A-A' cross section of the
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partially cut-away region R2 of the cell portion of FIG. 2,
which is for illustrating the modification (multi-epitaxial
method) of the wafer process in the manufacturing method
(pre-channel process) of the semiconductor device of the
embodiment of the present invention;

[0054] FIG. 34 is a device cross-sectional view (of the step
of forming contact trenches) during the manufacturing step
corresponding to the A-A' cross section of the partially cut-
away region R2 of the cell portion of FIG. 2, which is for
illustrating the modification (multi-epitaxial method) of the
wafer process in the manufacturing method (pre-channel pro-
cess) of the semiconductor device of the embodiment of the
present invention;

[0055] FIG. 35 is a device cross-sectional view (of the step
of introducing P*-type body contact regions) during the
manufacturing step corresponding to the A-A' cross section of
the partially cut-away region R2 of the cell portion of FIG. 2,
which is for illustrating the modification (multi-epitaxial
method) of the wafer process in the manufacturing method
(pre-channel process) of the semiconductor device of the
embodiment of the present invention;

[0056] FIG. 36 is a device cross-sectional view (of the step
of forming a source metal electrode, etc.) during the manu-
facturing step corresponding to the A-A' cross section of the
partially cut-away region R2 of the cell portion of FIG. 2,
which is for illustrating the modification (multi-epitaxial
method) of the wafer process in the manufacturing method
(pre-channel process) of the semiconductor device of the
embodiment of the present invention;

[0057] FIG. 37 is a device cross-sectional view of the unit
active cell region corresponding to the B-B' cross section of
the partially cut-away region R2 of the cell portion of FIG.
corresponding to FIG. 3, which is for illustrating Modifica-
tion 1 (P-type body carbon doping) related to the structure of
channel regions in a vertical planar power MOSFET or the
like as the example of the target device in the manufacturing
method of the semiconductor device of the embodiment of the
present invention;

[0058] FIG. 38 is a device cross-sectional view of the unit
active cell region corresponding to the B-B' cross section of
the partially cut-away region R2 of the cell portion of FIG.
corresponding to FIG. 3, which is for illustrating Modifica-
tion 2 (source carbon doping) related to the structure of source
regions in the vertical planar power MOSFET or the like as
the example of the target device in the manufacturing method
of'the semiconductor device of the embodiment of the present
invention;

[0059] FIG. 39 is a device cross-sectional view of the unit
active cell region corresponding to the B-B' cross section of
the partially cut-away region R2 of the cell portion of FIG.
corresponding to FIG. 3, which is for illustrating Modifica-
tion 1 (P-type body & source carbon doping) related to the
structure of the channel and source regions in the vertical
planar power MOSFET or the like as the example of the target
device in the method of manufacturing the semiconductor
device of the embodiment of the present invention;

[0060] FIG. 40 is a device cross-sectional view of the unit
active cell region corresponding to the B-B' cross section of
the partially cut-away region R2 of the cell portion of FIG.
corresponding to FIG. 3, which is for illustrating a modifica-
tion (carbon cluster implantation) of a dose process corre-
sponding to Modification 2 (source carbon doping) related to
the structure of source regions in the vertical planar power
MOSFET or the like as the example of the target device in the
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method of manufacturing the semiconductor device of the
embodiment of the present invention;

[0061] FIG. 41 is an enlarged plan view of the partially
cut-away region R1 of the cell portion of FIG. 1 correspond-
ing to FIG. 2, which is for illustrating a trench-gate power
MOSFET as an example of the target device in a method of
manufacturing a semiconductor device of another embodi-
ment of the present invention;

[0062] FIG. 42 is a device cross-sectional view (corre-
sponding to FIG. 3) of the unit active cell region correspond-
ing to the B-B' cross section of the partially cut-away region
R2 of the cell portion of FIG. 41;

[0063] FIG. 43 is a device cross-sectional view (of the step
of forming a super junction structure in a drift region) during
the manufacturing step corresponding to the B-B' cross sec-
tion of the partially cut-away region R2 of the cell portion of
FIG. 41, which is for illustrating a wafer process in the
method of manufacturing the semiconductor device of the
other embodiment of the present invention;

[0064] FIG. 44 is a device cross-sectional view (of the step
of epitaxial growth of P-type body regions) during the manu-
facturing step corresponding to the B-B' cross section of the
partially cut-away region R2 of the cell portion of FIG. 41,
which is for illustrating the wafer process in the method of
manufacturing the semiconductor device of the other
embodiment of the present invention;

[0065] FIG. 45 is a device cross-sectional view (of the step
of forming trenches to be filled with gate electrodes) during
the manufacturing step corresponding to the B-B' cross sec-
tion of the partially cut-away region R2 of the cell portion of
FIG. 41, which is for illustrating the wafer process in the
method of manufacturing the semiconductor device of the
other embodiment of the present invention;

[0066] FIG. 46 is a device cross-sectional view (of the step
of forming a gate insulating film) during the manufacturing
step corresponding to the B-B' cross section of the partially
cut-away region R2 of'the cell portion of FIG. 41, which is for
illustrating the wafer process in the method of manufacturing
the semiconductor device of the other embodiment of the
present invention;

[0067] FIG. 47 is a device cross-sectional view (of the step
of depositing a gate polysilicon film) during the manufactur-
ing step corresponding to the B-B' cross section of the par-
tially cut-away region R2 of'the cell portion of FI1G. 41, which
is for illustrating the wafer process in the method f manufac-
turing the semiconductor device of the other embodiment of
the present invention;

[0068] FIG. 48 is a device cross-sectional view (of the step
of processing the gate polysilicon film) during the manufac-
turing step corresponding to the B-B' cross section of the
partially cut-away region R2 of the cell portion of FIG. 41,
which is for illustrating the wafer process in the method of
manufacturing the semiconductor device of the other
embodiment of the present invention;

[0069] FIG. 49 is a device cross-sectional view (of the step
of introducing N*-type source regions) during the manufac-
turing step corresponding to the B-B' cross section of the
partially cut-away region R2 of the cell portion of FIG. 41,
which is for illustrating the wafer process in the method of
manufacturing the semiconductor device of the other
embodiment of the present invention;

[0070] FIG. 50 is a device cross-sectional view (of the step
of depositing a surface oxide film) during the manufacturing
step corresponding to the B-B' cross section of the partially
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cut-away region R2 of'the cell portion of FIG. 41, which is for
illustrating the wafer process in the method of manufacturing
the semiconductor device of the other embodiment of the
present invention;

[0071] FIG. 51 is a device cross-sectional view (of the step
of etching a surface of a semiconductor substrate) during the
manufacturing step corresponding to the B-B' cross section of
the partially cut-away region R2 of'the cell portion of FIG. 41,
which is for illustrating the wafer process in the method of
manufacturing the semiconductor device of the other
embodiment of the present invention;

[0072] FIG. 52 is a device cross-sectional view (of the step
of forming SiGe body contact regions) during the manufac-
turing step corresponding to the B-B' cross section of the
partially cut-away region R2 of the cell portion of FIG. 41,
which is for illustrating the wafer process in the method of
manufacturing the semiconductor device of the other
embodiment of the present invention;

[0073] FIG. 53 is a device cross-sectional view (of the step
of forming a source metal electrode) during the manufactur-
ing step corresponding to the B-B' cross section of the par-
tially cut-away region R2 of the cell portion of FIG. 41, which
is for illustrating the wafer process in the method of manu-
facturing the semiconductor device of the other embodiment
of the present invention;

[0074] FIG. 54 is a device cross-sectional view (of the step
of forming the metal drain electrode) during the manufactur-
ing step corresponding to the B-B' cross section of the par-
tially cut-away region R2 of the cell portion of FIG. 41, which
is for illustrating the wafer process in the method of manu-
facturing the semiconductor device of the other embodiment
of the present invention;

[0075] FIG. 55 is a device cross-sectional view (of the step
of depositing a surface oxide film and introducing SiGe
regions) during the manufacturing step corresponding to the
B-B' cross section of the partially cut-away region R2 of the
cell portion of FIG. 41 corresponding to FIG. 50, which is for
illustrating a modification (ion implantation method) related
to a method of forming the SiGe regions in the method of
manufacturing the semiconductor device of the other
embodiment of the present invention;

[0076] FIG. 56 is an overall top view or the like of a wafer
or the like for supplementary explanation related to an
example (notch <110> orientation) of the crystal plane ori-
entation of the wafer or the like related to each of the forego-
ing embodiments (including the various modifications); and
[0077] FIG.57is an overall top view or the like of the wafer
or the like for supplementary explanation related to another
example (notch <100> orientation) of the crystal plane ori-
entation of the wafer or the like related to each of the forego-
ing embodiments (including the various modifications).

DETAILED DESCRIPTION

Outline of Embodiments

[0078] First, a description will be given to the outline of
representative embodiments of the invention disclosed in the
present application.

[0079] 1. In a method of manufacturing a vertical planar
power MOSFET, the vertical planar power MOSFET
includes: (a) a silicon-based semiconductor substrate having
a first main surface and a second main surface; (b) a drift
region having a super junction structure in which a column
region of a first conductivity type and a column region of a



US 2013/0189819 Al

second conductivity type which are provided in the semicon-
ductor substrate are alternately and repeatedly formed; (c) a
drain region of the first conductivity type provided in a semi-
conductor back surface area of the semiconductor substrate
closer to the second main surface; (d) a metal drain electrode
provided over the second main surface of the semiconductor
substrate; (e) a body region of the second conductivity type
provided in a semiconductor top surface area of the semicon-
ductor substrate closer to the first main surface; (f) a source
region of the first conductivity type which is the semiconduc-
tor top surface area of the semiconductor substrate closer to
the first main surface and provided in the body region; (g) a
gate electrode provided over the first main surface of the
semiconductor substrate via a gate insulating film; and (h) a
metal source electrode provided over the first main surface of
the semiconductor substrate so as to be electrically coupled to
the source region. The method of manufacturing the vertical
planar power MOSFET includes the steps of: (x1) forming
the super junction structure on the top surface side of the
silicon-based wafer of the first conductivity type; (x2) form-
ing a trench to be filled with the body region for embedding
the body region in a surface of the super junction structure;
and (x3) filling the trench to be filled with the body region by
selective epitaxial growth.

[0080] 2. In the method of manufacturing the vertical pla-
nar power MOSFET according to article 1, the body region
has an area doped with carbon.

[0081] 3. In the method of manufacturing the vertical pla-
nar power MOSFET according to article 1 or 2, the source
region has an area doped with carbon.

[0082] 4. In the method of manufacturing the vertical pla-
nar power MOSFET according to any one of articles 1 to 3,
the column region of the second conductivity type is doped
with germanium or carbon.

[0083] 5. Inthe method of manufacturing the vertical pla-
nar power MOSFET according to any one of articles 1 to 4, a
growth temperature for the selective epitaxial growth ranges
from 600 to 900° C.

[0084] 6. In the method of manufacturing the vertical pla-
nar power MOSFET according to any one of articles 3 to 5,
the area of the source region doped with carbon is formed by
selective epitaxial growth.

[0085] 7. In the method of manufacturing the vertical pla-
nar power MOSFET according to any one of articles 3 to 5,
the area of the source region doped with carbon is formed by
ion implantation of cluster carbon.

[0086] 8.Inamethod of manufacturing a trench-gate power
MOSFET, the trench gate power MOSFET includes: (a) a
semiconductor substrate having a first main surface and a
second main surface; (b) a drift region having a super junction
structure in which a plurality of column regions each of a first
conductivity type and a plurality of column regions each of a
second conductivity type which are provided in the semicon-
ductor substrate are alternately formed; (¢) a drain region of
the first conductivity type provided in a semiconductor back
surface area of the semiconductor substrate closer to the
second main surface; (d) a metal drain electrode provided
over the second main surface of the semiconductor substrate;
(e) a body region of the second conductivity type provided in
a semiconductor top surface area of the semiconductor sub-
strate closer to the first main surface; (f) a trench extending
from within each of the plurality of column regions each of
the first conductivity type through the body region and reach-
ing the first main surface of the semiconductor substrate; (g)
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a source region of the first conductivity type which is the
semiconductor top surface area of the semiconductor sub-
strate closer to the first main surface and provided in the body
region; (h) a trench gate electrode provided in the trench via
a gate insulating film; (i) a SiGe epitaxial region of the second
conductivity type provided closer to the first main surface of
the semiconductor substrate so as to oppose the trench gate
electrode with the body region being interposed therebe-
tween; and (j) a metal source electrode provided over the first
main surface of the semiconductor substrate so as to be elec-
trically coupled to the source region. The method of manu-
facturing the trench-gate power MOSFET includes the steps
of: (x1) forming the super junction structure on the top sur-
face side of the silicon-based wafer of the first conductivity
type; (x2) forming the body region of the second conductivity
type over the super junction structure on the top surface side
of the silicon-based wafer; (x3) forming a trench to be filled
with the SiGe epitaxial region in the body region so as to leave
the body region between the trench to be filled with the SiGe
epitaxial region and the trench gate electrode; and (x4) filling
the trench to be filled with the SiGe epitaxial region by selec-
tive epitaxial growth.

[0087] 9. In the method of manufacturing the trench-gate
power MOSFET according to article 8, each of the column
regions of the second conductivity type is doped with germa-
nium or carbon.

[0088] 10. In a method of manufacturing a trench-gate
power MOSFET, the trench-gate power MOSFET includes:
(a) a semiconductor substrate having a first main surface and
a second main surface; (b) a drift region having a super
junction structure in which a plurality of column regions each
of a first conductivity type and a plurality of column regions
each of a second conductivity type which are provided in the
semiconductor substrate are alternately formed; (c) a drain
region of the first conductivity type provided in a semicon-
ductor back surface area of the semiconductor substrate
closer to the second main surface; (d) a metal drain electrode
provided over the second main surface of the semiconductor
substrate; (e) a body region of the second conductivity type
provided in a semiconductor top surface area of the semicon-
ductor substrate closer to the first main surface; (f) a trench
extending from within each of the plurality of column regions
each of the first conductivity type through the body region and
reaching the first main surface of the semiconductor sub-
strate; (g) a source region of the first conductivity type which
is the semiconductor top surface area of the semiconductor
substrate closer to the first main surface and provided in the
body region; (h) a trench gate electrode provided in the trench
via a gate insulating film; (i) a SiGe semiconductor region of
the second conductivity type provided closer to the first main
surface of the semiconductor substrate so as to oppose the
trench gate electrode with the body region being interposed
therebetween; and (j) a metal source electrode provided over
the first main surface of the semiconductor substrate so as to
be electrically coupled to the source region. The method of
manufacturing the trench-gate power MOSFET includes the
steps of: (x1) forming the super junction structure on the top
surface side of the silicon-based wafer of the first conductiv-
ity type; (x2) forming the body region of the second conduc-
tivity type over the super junction structure on the top surface
side of the silicon-based wafer; (x3) forming the source
region in a surface of the body region; and (x4) forming the
SiGe semiconductor region in a part of the body region by ion
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implantation so as to leave the body region between the SiGe
semiconductor region and the trench gate electrode.

[0089] 11.In the method of manufacturing the trench-gate
power MOSFET according to article 10, each of the column
regions of the second conductivity type is doped with germa-
nium or carbon.

[0090] 12.A vertical planar power MOSFET includes: (a) a
silicon-based semiconductor substrate having a first main
surface and a second main surface; (b) a drift region having a
super junction structure in which a column region of a first
conductivity type and a column region of a second conduc-
tivity type which are provided in the semiconductor substrate
are alternately and repeatedly formed; (c) a drain region of the
first conductivity type provided in a semiconductor back sur-
face area of the semiconductor substrate closer to the second
main surface; (d) a metal drain electrode provided over the
second main surface of the semiconductor substrate; (e) a
body region of the second conductivity type provided in a
semiconductor top surface area of the semiconductor sub-
strate closer to the first main surface; (f) a source region of the
first conductivity type which is the semiconductor top surface
area of the semiconductor substrate closer to the first main
surface and provided in the body region; (g) a gate electrode
provided over the first main surface of the semiconductor
substrate via a gate insulating film; and (h) a metal source
electrode provided over the first main surface of the semicon-
ductor substrate so as to be electrically coupled to the source
region. Here, the body region is formed by selective epitaxial
growth.

[0091] 13.Inthe vertical planar power MOSFET according
to article 12, the body region has an area doped with carbon.
[0092] 14.Inthe vertical planar power MOSFET according
to article 12 or 13, the source region has an area doped with
carbon.

[0093] 15.Inthe vertical planar power MOSFET according
to any one of articles 12 to 14, the column region ofthe second
conductivity type is doped with germanium or carbon.
[0094] 16.Inthe vertical planar power MOSFET according
to article 14 or 15, the area of the source region doped with
carbon is formed by selective epitaxial growth.

[0095] 17.Inthe vertical planar power MOSFET according
to article 14 or 15, the area of the source region doped with
carbon is formed by ion implantation of cluster carbon.
[0096] 18. A trench-gate power MOSFET includes: (a) a
semiconductor substrate having a first main surface and a
second main surface; (b) a drift region having a super junction
structure in which a plurality of column regions each of a first
conductivity type and a plurality of column regions each of a
second conductivity type which are provided in the semicon-
ductor substrate are alternately formed; (c) drain region of the
first conductivity type provided in a semiconductor back sur-
face area of the semiconductor substrate closer to the second
main surface; (d) a metal drain electrode provided over the
second main surface of the semiconductor substrate; (e) a
body region of the second conductivity type provided in a
semiconductor top surface area of the semiconductor sub-
strate closer to the first main surface; (f) a trench extending
from within each of the plurality of column regions each of
the first conductivity type through the body region and reach-
ing the first main surface of the semiconductor substrate; (g)
a source region of the first conductivity type which is the
semiconductor top surface area of the semiconductor sub-
strate closer to the first main surface and provided in the body
region; (h) a trench gate electrode provided in the trench via
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a gate insulating film; (i) a SiGe epitaxial region of the second
conductivity type provided closer to the first main surface of
the semiconductor substrate so as to oppose the trench gate
electrode with the body region being interposed therebe-
tween; and (j) a metal source electrode provided over the first
main surface of the semiconductor substrate so as to be elec-
trically coupled to the source region.

[0097] 19.In the trench-gate power MOSFET according to
article 18, the SiGe epitaxial region is formed by selective
epitaxial growth.

[0098] 20. In the trench-gate power MOSFET according
article 18, the SiGe epitaxial region is formed by implantation
of Ge ions into the body region.

[0099] <Explanation of Description Form, Basic Terminol-
ogy, and Use thereof in Present Application>

[0100] 1. In the present application, if necessary for the
sake of convenience, the description of an embodiment may
be such that the embodiment is divided into a plurality of
sections in the description thereof. However, they are by no
means independent of or distinct from each other unless par-
ticularly explicitly described otherwise, and one of the indi-
vidual parts of a single example is details, variations, and so
forth of part or the whole of the others. In principle, a repeated
description of like parts will be omitted. Each constituent
element in the embodiment is not indispensable unless par-
ticularly explicitly described otherwise, unless the constitu-
ent element is theoretically limited to a given number, or
unless it is obvious from the context that the constituent
element is indispensable.

[0101] Also in the present application, when a “semicon-
ductor device” is mentioned, it primarily refers to various
stand-alone transistors (active elements) or to a device in
which aresistor, a capacitor, and the like are integrated around
such a stand-alone transistor over a semiconductor chip or the
like (e.g., a single-crystal silicon substrate). Representative
examples of the various transistors which can be shown
include MISFETs (Metal Insulator Semiconductor Field
Effect Transistors) represented by a MOSFET (Metal Oxide
Semiconductor Field Effect Transistor). Representative
examples of the various stand-alone transistors that can be
shown include a power MOSFET and an IGBT (Insulated
Gate Bipolar Transistor). These representative examples are
generally categorized into power semiconductor devices and
include not only the power MOSFET and the IGBT, but also
a bipolar power transistor, a thyristor, a power diode, and the
like.

[0102] A representative form of the power MOSFET is a
double diffused vertical power MOSFET having a source
electrode on the top surface thereof and having a drain elec-
trode on the back surface thereof or a vertical power MOS-
FET. The double diffused vertical power MOSFET or the
vertical power MOSFET can be primarily classified into two
types. The first type is a planar gate type described mainly in
the embodiments. The second type is a trench gate type such
as a U-MOSFET.

[0103] Another example of the power MOSFET is an LD-
MOSFET (Lateral-Diffused MOSFET).

[0104] 2. Likewise, even when such wording as “X com-
prised of A” is used in association with a material, a compo-
sition, or the like in the description of the embodiments or the
like, it does not exclude a material, a composition, or the like
which contains an element other than A as one of the main
constituent elements thereof unless particularly explicitly
described otherwise or unless it is obvious from the context
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that it excludes such a material, a composition, or the like. For
example, when a component is mentioned, the wording
means “X containing A as a main component” or the like. It
will be appreciated that, even when, e.g., a “silicon member”
or the like is mentioned, it is not limited to pure silicon, and a
member containing a SiGe alloy, another multi-element alloy
containing silicon as a main component, another additive, or
the like is also included. Likewise, it will also be appreciated
that, even when a “silicon oxide film”, “silicon-oxide-based
insulating film”, or the like is mentioned, it includes not only
a relatively pure undoped silicon dioxide, but also a thermal
oxide film of FSG (Fluorosilicate Glass), TEOS-based silicon
oxide, SiOC (Silicon Oxicarbide), carbon-doped silicon
oxide, OSG (Organosilicate glass), PSG (Phosphorus Silicate
Glass), BPSG (Borophosphosilicate Glass), or the like, a
CVD oxide film, a coated silicon oxide such as SOG (Spin
ON Glass) or NCS (Nano-Clustering Silica), silica-based
Low-k insulating film (porous insulating film) obtained by
introducing voids into the same member as mentioned above,
a composite film with another silicon-based insulating film
which contains any of these mentioned above as a main con-
stituent element thereof, and the like.

[0105] Asasilicon-based insulating film commonly used in
a semiconductor field along with a silicon-oxide-based insu-
lating film, there is a silicon-nitride-based insulating film.
Materials belonging to this system include SiN, SiCN, SiNH,
SiCNH, and the like. Here, when “silicon nitride” is men-
tioned, it includes both of SiN and SiNH unless particularly
explicitly described otherwise. Likewise, when “SiCN” is
mentioned, it includes both of SICN and SiCNH unless par-
ticularly explicitly described otherwise.

[0106] SiC has properties similar to those of SiN while, in
most cases, SION should rather be categorized into a silicon-
oxide-based insulating film.

[0107] 3. Likewise, it will also be appreciated that,
although a preferred example is shown in association with a
graphical figure, a position, an attribute, or the like, the
graphical figure, position, attribute, or the like is not strictly
limited thereto unless particularly explicitly described other-
wise or unless it is obvious from the context that the graphical
figure, position, attribute, or the like is strictly limited thereto.
[0108] 4. Further, when a specific numerical value or
numerical amount is mentioned, it may be a value more or less
than the specific numerical value unless particularly explic-
itly described otherwise, unless the numerical value is theo-
retically limited to a given number, or unless it is obvious
from the context that the numeral value is limited to a given
number.

[0109] 5.Whena “wafer”is mentioned, it typically refers to
a single-crystal silicon wafer over which a semiconductor
device (the same as a semiconductor integrated circuit device
or an electronic device) is formed, but it will be appreciated
that the “wafer” also includes a composite wafer of an insu-
lating substrate and a semiconductor layer or the like, such as
an epitaxial wafer, a SOI substrate, or an LCD glass substrate.
[0110] When a “single-crystal region” or the like is men-
tioned in the present application, it is assumed to include an
epitaxial region unless particularly explicitly described oth-
erwise or unless it obviously does not.

[0111] 6. In regard to a drift region in a power MOSFET or
the like, for the purpose of avoiding restrictions placed by a
related-art silicon limit to implement a high-breakdown-volt-
age FET having a low ON resistance or the like, a super
junction structure has been introduced which alternately has
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relatively highly doped slab-like N-type column regions and
P-type column regions in the drift region (main current path).
Methods of introducing the super junction structure are
roughly divided into three types of methods, i.e., a multi-
epitaxial method, a trench-insulating-film embedding
method, and a trench-fill method (trench filling method, auto-
matic filling method, or trench epitaxial filling method).
Among them, the multi-epitaxial method in which epitaxial
growth and ion implantation are repeated multiple times has
high process/design flexibility and accordingly complicated
process steps, resulting in high cost. In the trench-insulating-
film embedding method, after oblique ion implantation into
trenches is performed, the trenches are filled with a CVD
(Chemical Vapor Deposition) insulating film. The trench-
insulating-film embedding method is simpler in terms of pro-
cess, but is disadvantageous in terms of area due to the area of
the trenches. By contrast, the trench-fill method has relatively
low process/design flexibility due to constraints on growth
conditions for filling epitaxial growth, but has the advantage
of simple process steps.

[0112] In general, a super junction structure is such that,
into a semiconductor region of a given conductivity type,
columnar or plate-like column regions of the opposite con-
ductivity type have been substantially equidistantly inserted
s0 as to maintain a charge balance. In the present application,
when a “super junction structure” formed by a trench-fill
method is mentioned, it refers to, in principle, a structure in
which, into a semiconductor region of a given conductivity
type, plate-like “column regions” (which are typically shaped
like flat plates, but may also be curved or bent) of the opposite
conductivity type have been substantially equidistantly
inserted so as to maintain a charge balance. In the embodi-
ment, a description will be given to a structure formed by
equidistantly placing P-type columns in parallel in an N-type
semiconductor layer (e.g., a drift region).

[0113] Inregardto asuper junction structure, “orientation”
indicates the longitudinal direction of a P-type column or an
N-type column included in the super junction structure when
the P-type column or N-type column is two-dimensionally
viewed correspondingly to the main surface of a chip (in a
plane parallel with the main surface of the chip or wafer).
[0114] Note that the super junction structure can be applied
not only to a power MOSFET, but also to a drift region
(alternatively, a region corresponding thereto or a main cur-
rent path) in a general power semiconductor device with
substantially no alteration or with necessary alternation.
[0115] 7. In the present application, when a crystal plane is
shown by (100) or the like, it is assumed to include a crystal
plane equivalent thereto. Likewise, when a crystal orientation
is shown by <100>, <110>, orthe like, it is assumed to include
a crystal orientation equivalent thereto.

Details of Embodiments

[0116] The embodiments will be described in greater
detail. In each of the drawings, the same or like parts are
designated by the same or similar marks or reference numer-
als, and a description thereof will not be repeated in principle.
[0117] Inthe accompanying drawings, hatching or the like
may be omitted even in a cross section when hatching or the
like results in complicated illustration or when the distinction
between a portion to be hatched and a vacant space is distinct.
Inrelation thereto, even a two-dimensionally closed hole may
have a background outline thereof omitted when it is obvious
from the description or the like that the hole is two-dimen-
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sionally closed, and so forth. On the other hand, even though
not shown in a cross section, a portion other than a vacant
space may be hatched to clearly show that the hatched portion
is not a vacant space.

[0118] Note that other examples of a related-art patent
application which discloses a filling epitaxial technique
involving the addition of carbon or the like with regard to a
MOSFET having a super junction structure include Japanese
Unexamined Patent Publication No. 2011-146429 (date of
publication of JP application is Jul. 28, 2011).

[0119] 1. Description of Vertical Planar Power MOSFET,
etc. as Example of Target Device in Manufacturing Method of
Semiconductor Device of Embodiment of Present Invention
(See Mainly FIGS. 1 to 3)

[0120] Here, by way of example, a device having a source-
drain breakdown voltage of about 600 V will be described
specifically. However, it will be appreciated that the following
embodiment is also applicable to a device having another
breakdown voltage.

[0121] FIG. 1 is a view of the entire upper surface of a
semiconductor chip for illustrating the chip layout of a verti-
cal planar power MOSFET as an example of a target device in
a manufacturing method of a semiconductor device of an
embodiment of the present invention. FIG. 2 is an enlarged
plan view of the partially cut-away region R1 of the cell
portion of FIG. 1. FIG. 3 is a device cross-sectional view of a
unit active cell region corresponding to the B-B' cross section
of' the partially cut-away region R2 of the cell portion of FIG.
2. Based on these drawings, a description will be given to the
vertical planar power MOSFET or the like as the example of
the target device in the method of manufacturing the semi-
conductor device of the embodiment of the present invention.
[0122] First, based on FIGS. 1 and 2 (partially cut-away
region R1 ofthe cell portion of FIG. 1), an overall structure of
a semiconductor chip 2 will be described. As shown in FIG. 1,
in the power MOSFET element chip 2 in which an element is
formed over a square or rectangular plate-like silicon-based
semiconductor substrate (which is a wafer before being
divided into individual chips), a metal source electrode 21
located at a center portion thereof occupies a major area.
Under the metal source electrode 21, there is a repeated-stripe
device pattern region where a large number of stripe gate
electrodes 12 (gate electrodes) and stripe contact trenches 11
each extending sufficiently longer than the width thereof (or
the pitch therebetween) are alternately arranged, i.e., an
active cell region 26. Here, the cell region 26 has spread under
substantially the entire metal source region 21, and the part
R1 (partially cut-away region R1 of the cell portion) enclosed
by the broken line is a part thereof. On the periphery of the
linear cell region 26, there is a gate pad region 23 for extract-
ing the gate electrodes 12 from the periphery to the outside.
Further around the gate pad region 23, an aluminum guard
ring 25 is provided.

[0123] Next, using FIGS. 2 and 3, a detailed structure of the
cell region 26 (FIG. 1) is described. As shown in FIGS. 2 and
3, over an N*-type Si single-crystal substrate region 1s, a drift
region 3 having a super junction structure SJ is provided. In
the drift region 3, N-type column regions NC and P-type
column regions PC each having a plate-like shape and extend-
ing in a direction perpendicular to paper surfaces with FIGS.
2 and 3 are alternately formed. In this portion, the N-type
column regions NC function as N™-type drift regions 3z. Note
that, by adding carbon or germanium (element having an
ability to inhibit boron diffusion) to the P-type column
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regions PC and providing P-type column regions PCC doped
with carbon or germanium, it is possible to reduce the scat-
tering of an impurity profile due to heat treatment, though the
addition of carbon or germanium is not mandatory. Here, as a
preferred range of the concentration of added carbon, a range
of, e.g., about 0.01 to 1.0 at % can be shown by way of
example. Also, as a preferred range of the composition of
germanium or the concentration of added germanium, arange
of, e.g., about 5 to 30 at % can be shown by way of example.

[0124] Here, if the breakdown voltage of the drift region is
assumed to be about 600 V, as a preferred thickness thereof,
e.g., about 45 um can be shown by way of example. As a
preferred width of each of the N-type column regions, e.g.,
about 6 um can be shown by way of example. Likewise, as a
preferred width of each of the P-type column regions, e.g.,
about 4 um can be shown by way of example. Note that the
inner angle of the lower portion of each of the side surfaces of
the N-type column region is typically 88 to 90 degrees.

[0125] In the upper end portion (closer to the substrate
upper surface 1a) of the drift region 3, P-type body regions 6
forming channel regions are provided. In the P-type body
regions 6, N*-type source regions 15 are provided. P*-type
body contact regions 19 are provided so as’to come in contact
with the N™-type source regions 15. On the device surface 1a
side of the semiconductor substrate 2, polysilicon gate elec-
trodes 12 are provided each via a gate insulating film 7. Each
of'the polysilicon gate electrodes 12 is covered with an inter-
layer insulating film 8. In the interlayer insulating film 8,
contact trenches are formed and filled with tungsten plugs 9
(normally via a barrier metal layer of Ti/TiN, TiW, or the like).
Over the interlayer insulating film 8, the aluminum-based
metal source electrode 21 (normally via a battier metal layer
of Ti/TiN, TiW, or the like) is formed so as to be coupled to the
tungsten plugs 9. Note that, as shown in, e.g., FIG. 42, the
metal source electrode 21 may also be formed directly with-
out interposition of the tungsten plugs 9.

[0126] Over the aluminum-based metal source electrode
21, as a final passivation film 10, e.g., a polyimide-based
insulating film 10 is formed. Note that, here, the opening of
the final passivation film 10 corresponding to a source pad
opening is shown schematically, but a real source pad opening
is wider. Preferred examples of the final passivation film 10
include not only an organic single-layer film of a polyimide
resin (polyimide-based resin), BCB (Benzocyclobutene), or
the like, but also an organic/inorganic composite final passi-
vation film including a plasma TEOS (Tetraethylorthosili-
cate)-based silicon oxide film or another silicon oxide film, a
silicon nitride film, a polyimide-based resin film, and the like
which are shown in ascending order, an inorganic final pas-
sivation film including a silicon oxide film, a silicon nitride
film, and the like which are shown in ascending order, and the
like.

[0127] On the other hand, the lower end portion of the drift
region 3 serves as an N*-type drain region 4 (i.e., the N*-type
semiconductor substrate 1s) and, on the back surface 15 side
of the N*-type drain region 4, a metal drain electrode 5 (in-
cluding, e.g., Ti/Ni/Au layers shown in order of increasing
distance from the silicon substrate).

[0128] As will be described later, the P-type body regions 6
are formed by selective epitaxial growth. This can prevent an
impurity profile in each of the P-type column regions PC and
the like included in the super junction structure SG from
being scattered in contrast to the case where the P-type body
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regions 6 are formed by a typical method including ion
implantation, activation heat treatment, and the like.

[0129] 2. Description of Wafer Process in Manufacturing
Method (Pre-Channel Process) of Semiconductor Device of
Embodiment of Present Invention (See Mainly FIGS. 410 16)

[0130] In this section, a description will be given to an
example of a manufacturing method based on a trench-fill
method, which is intended for the device structure described
in Section 1.

[0131] FIG.4isadevice cross-sectional view (ofthe step of
growing an N™-type silicon epitaxial layer) during the manu-
facturing step corresponding to the A-A' cross section of the
partially cut-away region R2 of the cell portion of FIG. 2,
which is for illustrating the manufacturing method (pre-chan-
nel process) of the semiconductor device of the embodiment
of the present invention. FIG. 5 is a device cross-sectional
view (of the step of forming trenches to be filled with P-type
columns) during the manufacturing step corresponding to the
A-A' cross section of the partially cut-away region R2 of the
cell portion of FIG. 2, which is for illustrating the manufac-
turing method (pre-channel process) of the semiconductor
device of the embodiment of the present invention. FIG. 6 is
a device cross-sectional view (of the step of Si epitaxial
growth for embedding P-type columns) during the manufac-
turing step corresponding to the A-A' cross section of the
partially cut-away region R2 of the cell portion of FIG. 2,
which is for illustrating the manufacturing method (pre-chan-
nel process) of the semiconductor device of the embodiment
of the present invention. FIG. 7 is a device cross-sectional
view (of the step of planarization after embedding the P-type
columns) during the manufacturing step corresponding to the
A-A' cross section of the partially cut-away region R2 of the
cell portion of FIG. 2, which is for illustrating the manufac-
turing method (pre-channel process) of the semiconductor
device of the embodiment of the present invention. FIG. 8 is
a device cross-sectional view (of the step of forming trenches
to be filled with P-type body regions) during the manufactur-
ing step corresponding to the A-A' cross section of the par-
tially cut-away region R2 of the cell portion of FIG. 2, which
is for illustrating the manufacturing method (pre-channel pro-
cess) of the semiconductor device of the embodiment of the
present invention. FIG. 9 is a device cross-sectional view (of
the step of selective epitaxial growth of the P-type body
regions) during the manufacturing step corresponding to the
A-A' cross section of the partially cut-away region R2 of the
cell portion of FIG. 2, which is for illustrating the manufac-
turing method (pre-channel process) of the semiconductor
device of the embodiment of the present invention. FIG. 10 is
a device cross-sectional view (of the step of planarization
after selective epitaxial growth of P-type body regions) dur-
ing the manufacturing step corresponding to the A-A' cross
section of the partially cut-away region R2 of the cell portion
of FIG. 2, which is for illustrating the manufacturing method
(pre-channel process) of the semiconductor device of the
embodiment of the present invention. FIG. 11 is a device
cross-sectional view (of the step of forming gate electrodes)
during the manufacturing step corresponding to the A-A'
cross section of the partially cut-away region R2 of the cell
portion of FIG. 2, which is for illustrating the manufacturing
method (pre-channel process) of the semiconductor device of
the embodiment of the present invention. FIG. 12 is a device
cross-sectional view (of the step of introducing N*-type
source regions) during the manufacturing step corresponding
to the A-A' cross section of the partially cut-away region R2
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of the cell portion of FIG. 2, which is for illustrating the
manufacturing method (pre-channel process) of the semicon-
ductor device of the embodiment of the present invention.
FIG. 13 is a device cross-sectional view (of the step of form-
ing an interlayer insulating film) during the manufacturing
step corresponding to the A-A' cross section of the partially
cut-away region R2 of the cell portion of FIG. 2, which is for
illustrating the manufacturing method (pre-channel process)
of'the semiconductor device of the embodiment of the present
invention. FIG. 14 is a device cross-sectional view (of'the step
of forming contact trenches) during the manufacturing step
corresponding to the A-A' cross section of the partially cut-
away region R2 of the cell portion of FIG. 2, which is for
illustrating the manufacturing method (pre-channel process)
of'the semiconductor device of the embodiment of the present
invention. FIG. 15 is a device cross-sectional view (of'the step
of introducing P*-type body contact regions) during the
manufacturing step corresponding to the A-A' cross section of
the partially cut-away region R2 of the cell portion of FIG. 2,
which is for illustrating the manufacturing method (pre-chan-
nel process) of the semiconductor device of the embodiment
of the present invention. FIG. 16 is a device cross-sectional
view (of the step of forming source metal electrodes, etc.)
during the manufacturing step corresponding to the A-A'
cross section of the partially cut-away region R2 of the cell
portion of FIG. 2, which is for illustrating the manufacturing
method (pre-channel process) of the semiconductor device of
the embodiment of the present invention. Based on these
drawings, a description will be given to a wafer process in the
manufacturing method (pre-channel process) of the semicon-
ductor device of the embodiment of the present invention.
[0132] First, as shown in FIG. 4, a semiconductor wafer 1 is
prepared in which, over the N*-type single-crystal silicon
substrate 1s (which is, e.g., a 200-¢ wafer here, but the diam-
eter of the wafer may also be any of 150¢, 300¢, and 450¢)
doped with, e.g., antimony (at a concentration of the order of,
e.g., 10'® to 10"°/cm?), an N-type epitaxial layer le (drift
region at a concentration of the order of, e.g., about 10'*/cm?)
doped with phosphorus and having a thickness of about 45 um
(on the assumption that a breakdown voltage is about 600 V)
is formed. Note that the thickness of the N*-type single-
crystal silicon substrate is is, e.g., about 500 to 1000 pm.
[0133] Next, as shown in FIG. 5, over the device surface 1a
(main surface opposite to the back surface 15) of the semi-
conductor wafer 1, a hard mask 17 for forming trenches to be
filled with P-type columns made of, e.g., p-TEOS (Plasma-
Tetraethylorthosilicate) or the like is formed (note that the
trenches may also be formed using a resist as a mask without
using the hard mask).

[0134] Next, using the patterned hard mask 17 for forming
trenches to be filled with P-type columns as a mask, the
N-type epitaxial layer 1e and the like are dry-etched (as an
etching gas, a SF/O,-based or HBr/Cl-based gas can be
shown by way of example) to form trenches 16 to be filled
with P-type columns. Subsequently, the hard mask film 17
which is no longer needed is removed using, e.g., a fluoric-
acid-based etchant for a silicon oxide film.

[0135] Next, as shown in FIG. 6, filling epitaxial growth is
performed for the trenches 16 to be filled with P-type columns
to form a P-type Si epitaxial layer 18 for embedded P-type
columns (at a concentration of the order of, e.g., about 10*%/
cm®). Examples of conditions for the filling epitaxial growth
that can be shown include a barometric pressure of 5 kPa to
110 kPa in a deposition chamber, a deposition temperature of
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900 to 1100° C., a silicon source gas of DCS, i.e., dichlorosi-
lane, an etchant gas of hydrochloride, and a boron dopant
source gas of diborane.

[0136] Note that, when the P-type column regions PCC
doped with germanium or carbon are to be formed, either of
the followings is added depending on which one of carbon
and germanium is to be added to the foregoing. That is, a
carbon dopant source gas of, e.g., MMS (Monomethylsilane)
and a germanium dopant source gas of monogerman can be
shown by way of example.

[0137] Next, as shown in FIG. 7, the P-type Si epitaxial
layer 18 for embedded P-type columns outside the trenches
16 to be filled with P-type columns is removed by a planariza-
tion step, e.g., CMP (Chemical Mechanical Polishing), while
the surface 1a of the semiconductor wafer 1 is planarized.
Thus, the P-type column regions PC and the N-type column
region NC are formed.

[0138] Note that, here, a super junction structure as shown
in FIG. 7 may also be formed not only by the trench-fill
method, but also by a multi-epitaxial method.

[0139] Next, as shown in FIG. 8, over the device surface 1a
of'the wafer 1, a hard mask 20 for processing for formation of
trenches to be filled with P-type body regions, such as a
TEOS-based silicon oxide film, is formed by, e.g., typical
lithography. At this time, the widths of openings correspond-
ing to trenches in the hard mask 20 for processing for forma-
tion of trenches to be filled with P-type body regions are, e.g.,
about 1 to 2 pm.

[0140] Next, using the hard mask 20 for processing for
formation of trenches to be filled with P-type body regions,
trenches 22 to be filled with P-type body regions (trenches to
be filled with channel regions) are formed by, e.g., dry etch-
ing. As a preferred example of a dry etching method (first
method, i.e., a full dry etching method) for the trenches to be
filled with P-type body regions, a method including the fol-
lowing first and second steps can be shown by way of
example. That is, in the first step (1), the semiconductor
substrate is etched by, e.g., about 1 um by anisotropic dry
etching. Preferred examples of conditions for the etching
treatment and the like which can be shown include the use of
a high-density plasma etching apparatus such as an ICP (In-
ductively Coupled Plasma) etcher as an etching apparatus, a
processing barometric pressure of, e.g., about 4 Pa, gas con-
ditions, flow rates, and the like of, e.g., Ar, SF, and O, which
are 200 sccm, 100 sccm, and 70 sccm, an ICP excitation
power of, e.g., 150 W, apower applied to astage of, e.g., 20 W,
and the like. Note that the etching apparatus may also be an
ECR (Electron Cyclotron Resonance) etcher (high-density
plasma etching apparatus) or another form of dry etcher.
However, in the case of using the high-density plasma etching
apparatus, a high selectivity can be ensured. Subsequently, in
the second step (2), the semiconductor substrate is further
etched by, e.g., about 1 pm by isotropic dry etching. Preferred
examples of conditions for the etching treatment and the like
which can be shown include the use of a high-density plasma
etching apparatus such as an ICP (Inductively Coupled
Plasma) etcher as an etching apparatus, a processing baro-
metric pressure of, e.g., about 10 Pa, gas conditions, flow
rates, and the like of, e.g., Ar, CF ,, and O, which are 50 sccm,
100 scem, and 50 scem, an ICP excitation power of, e.g., 80
W, a power applied to a stage of, e.g., 10 W, and the like. Note
that the etching apparatus may also be an ECR (Electron
Cyclotron Resonance) etcher (high-density plasma etching
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apparatus) or another form of dry etcher. However, in the case
of using the high-density plasma etching apparatus, a high
selectivity can be ensured.

[0141] As a preferred example of a dry etching method
(second method, i.e., a dry & wet etching method) for the
trenches to be filled with P-type body regions, a method
including the following first and second steps can be shown
by way of example. That is, in the first step (1), the semicon-
ductor substrate is etched by, e.g., about 1 um by anisotropic
dry etching. Preferred examples of conditions for the etching
treatment and the like which can be shown include the use of
a high-density plasma etching apparatus such as an ICP (In-
ductively Coupled Plasma) etcher as an etching apparatus, a
processing barometric pressure of, e.g., about 4 Pa, gas con-
ditions, flow rates, and the like of, e.g., Ar, SF, and which are
200 scem, 100 scem, and 70 scem, an ICP excitation power of,
e.g., 150 W, a power applied to a stage of, e.g., 20 W, and the
like. Note that the etching apparatus may also be an ECR
(Electron Cyclotron Resonance) etcher (high-density plasma
etching apparatus) or another form of dry etcher. However, in
the case of using the high-density plasma etching apparatus,
ahigh selectivity can be ensured. Subsequently, in the second
step (2), the semiconductor substrate is further etched by, e.g.,
about 1 um by wet etching (isotropic etching). Preferred
examples of an etchant which can be shown include an aque-
ous solution of a fluoric acid, a nitric acid, an acetic acid, or
the like.

[0142] As a preferred example of a dry etching method
(third method, i.e., a full wet etching method) for the trenches
to be filled with P-type body regions, the following method
can be shown by way of example. That is, the method is
implemented by one step of anisotropic wet etching using an
anisotropic wet etchant containing KOH or the like. In this
case, each of the sidewalls exhibits a (111) plane having an
angle of 54 degrees between itself and a horizontal plane
(plane parallel with the main surface of the wafer).

[0143] Next, as shown in FIG. 9, the trenches 23 to be filled
with P-type body regions are each filled with a boron-doped
Si epitaxial layer by selective epitaxial growth. As preferred
examples of conditions for the selective epitaxial growth, the
following can be shown. That is, a processing temperature is,
e.g., about 750 to 900° C. (or 750 to 850° C.), a processing
barometric pressure is, e.g., about 1.3 kPa to 101 kPa, a
deposition time is, e.g., 5 to 30 minutes, and gas conditions,
flow rates, and the like of, e.g., H,, DCS (Dichlorosilane),
HCI, and B,H are about 10000 to 20000 sccm, 300 to 500
scem, 300 to 800 scem, and 100 to 500 sccm. Note that, when
there is a portion in which Si:C layers are to be formed, the
foregoing MMS (Monomethylsilane) is further added in the
portion. The flow rate is adjusted within a range of, e.g., about
50 to 100 sccm such that the concentration of carbon is, e.g.,
about 0.05 at % to 0.1 at %. As a precursor for the selective
epitaxial growth, not only the DCS, but also TCS (Trichlo-
rosilane) can also be used. If consideration is given also to
these precursors, a preferred range of a temperature for the
foregoing selective epitaxial growth is about 600 to 900° C.
(more preferably, about 650 to 850° C.). A preferred range of
the processing barometric pressure can be adjusted to be
about 660 Pa to an atmospheric pressure.

[0144] Next, as shown in FIG. 10, by a planarization step,
e.g., CMP, the entire hard mask 20 for processing for forma-
tion of trenches to be filled with P-type body regions and a
part of the P-type Si selective epitaxial layer 23 are removed.



US 2013/0189819 Al

As aresult, the P-type Si selective epitaxial layer 23 serves as
the P-type body regions (channel regions) 6.

[0145] Next, as shown in FIG. 11, in the state shown in FIG.
10, the gate insulating film 7 is formed over substantially the
entire device surface 1a (first main surface) of the wafer 1 by,
e.g., thermal oxidation or the like. Then, over the gate insu-
lating film 7 over substantially the entire device surface 1a of
the wafer 1, a polysilicon film 12 is deposited as a gate
electrode material or the like by, e.g., CVD (Chemical Vapor
Deposition). Then, by patterning the polysilicon film 12 and
the gate insulating film 7 by, e.g., typical lithography, the
polysilicon film 12 is processed to form the gate electrodes
12. Then, over the device surface 1a of the wafer 1 and the
surfaces (upper surfaces and side surfaces) of the gate elec-
trodes 12, a surface oxide film 24 is deposited by, e.g., thermal
oxidation, CVD, or the like.

[0146] Next, as shown in FIG. 12, over the device surface
1a of the wafer 1, a resist film 28 for introducing N*-type
source regions is formed by, e.g., typical lithography and,
using the resist film 28 as a mask, a resist film 15 for intro-
ducing N*-type source regions is introduced into the surface
area of the semiconductor region by, e.g., ion implantation.
Thereafter, the resist film 15 for introducing N*-type source
regions which is no longer needed is removed by, e.g., ashing
or the like, and then activation anneal is performed.

[0147] Next, as shown in FIG. 13, over substantially the
entire surface of the wafer 1 on the device surface 1a side, the
interlayer insulating film 8 formed of a silicon-oxide-based
insulating film or the like is deposited by, e.g., CVD.

[0148] Next, as shown in FIG. 14, over the interlayer insu-
lating film 8, a resist film 29 for contact trench processing is
formed by, e.g., typical lithography (note that a hard mask of
a silicon oxide film, a silicon nitride film, or the like may also
be used). Then, using the resist film for contact trench pro-
cessing as a mask, the contact trenches 11 are opened by, e.g.,
anisotropic dry etching and extended as necessary in the
semiconductor substrate.

[0149] Next, as shown in FIG. 15, into the surface area of
the semiconductor substrate at the bottom of each of the
contact trenches 11, the P*-type body contact regions 19 are
introduced by, e.g., ion implantation. Thereafter, the resist
film 29 for contact trench processing is removed by, e.g.,
ashing or the like, and then activation anneal is performed.
[0150] Next, as shown in FIG. 16, over the interlayer insu-
lating film 8 and substantially the entire inner surface of each
of the contact trenches 11, a titanium film and a titanium
nitride film which are relatively thin (thinner than a tungsten
film described later) are successively deposited as a barrier
metal film or the like by, e.g., sputtering deposition. Then,
over the barrier metal film over substantially the entire device
surface 1a of the wafer 1, the tungsten film is deposited by,
e.g., CVD so as to fill the contact trenches 11. Then, by
removing the barrier metal film and the tungsten film outside
the contactholes 11 by an etch-back process or CMP (Chemi-
cal Mechanical Polishing), the contact trenches 11 are filled
with the tungsten plugs 9. Then, over substantially the entire
surface of the wafer 1 on the device surface 1a side, a barrier
metal film (such as a titanium film, a titanium film/nitride
film, a TiW film or the like) which is relatively thin (thinner
than an aluminum-based metal film described later) is depos-
ited by, e.g., sputtering deposition. Then, over substantially
the entire surface of the barrier metal film, an aluminum-
based metal film is deposited by, e.g., sputtering deposition.
Then, by, e.g., typical lithography, a metal electrode film
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including the barrier metal film, the aluminum-based metal
film, and the like is processed to form the source metal elec-
trode 21 and the like. Then, over substantially the entire
surface of the wafer 1 on the device surface 1a side, e.g., a
photosensitive polyimide-based insulating film is deposited
as the final passivation film 10 by, e.g., coating. Then, by
processing the photosensitive polyimide-based insulating
film by typical lithography, the final passivation film 10 is
formed into a pattern (alternatively, the patterning may also
be performed using a non-photosensitive polyimide-based
insulating film). Note that, here, the opening of the final
passivation film 10 corresponding to a source pad opening is
shown schematically, but a real source pad opening is wider.
Preferred examples of the final passivation film 10 include not
only an organic single-layer film of a polyimide resin (poly-
imide-based resin), BCB (Benzocyclobutene), or the like, but
also an organic/inorganic composite final passivation film
including a plasma TEOS (Tetraethylorthosilicate)-based
silicon oxide film or another silicon oxide film, a silicon
nitride film, a polyimide-based resin film, and the like which
are shown in ascending order, an inorganic final passivation
film including a silicon oxide film, a silicon nitride film, and
the like which are shown in ascending order, and the like.
Then, the back surface 15 of the wafer 1 is subjected to back
grinding treatment to reduce the thickness of the wafer (hav-
ing an original thickness of about 500 to 1000 pum) to about
100 to 300 um. Then, the back-surface metal electrode 5 is
formed by sputtering deposition or the like. Examples of the
configuration of the back-surface metal electrode 5 which can
be shown include that of a film including a titanium film, a
nickel film, a gold film, and the like which are shown in order
of increasing distance from the silicon substrate 1s. Thereat-
ter, by dicing, the wafer 1 is divided into individual chips to
provide discrete devices 2 (semiconductor chips).

[0151] 3. Description of Modification (Pre-Gate Process)
of Wafer Process in Manufacturing Method of Semiconduc-
tor Device of Embodiment of Present Invention (See Mainly
FIGS. 17 to 23)

[0152] Inthis section, a description will be given to another
example based on a trench-fill method different from that of
the manufacturing method described in Section 2. However, it
will be appreciated that the manufacturing method based on
the trench-fill method intended for the device structure
described in Section 1 is not limited to the two examples, and
can be variously modified.

[0153] The modification is related to FIGS. 8 to 12. Since
the portions described using FIGS. 4 to 7 and 13 to 16 are
basically unchanged, a description will be given below only
to different portions in principle.

[0154] FIG. 17 is a device cross-sectional view (of the step
of forming a gate insulating film, etc.) during the manufac-
turing step corresponding to the A-A' cross section of the
partially cut-away region R2 of the cell portion of FIG. 2,
which is for illustrating a modification (pre-gate process) of a
wafer process in the manufacturing method of the semicon-
ductor device of the embodiment of the present invention.
FIG. 18 is a device cross-sectional view (of the step of gate
electrode processing) during the manufacturing step corre-
sponding to the A-A' cross section of the partially cut-away
region R2 ofthe cell portion of FIG. 2, which is for illustrating
the modification (pre-gate process) of the wafer process in the
manufacturing method of the semiconductor device of the
embodiment of the present invention. FIG. 19 is a device
cross-sectional view (of the step of forming a surface oxide
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film, etc.) during the manufacturing step corresponding to the
A-A' cross section of the partially cut-away region R2 of the
cell portion of FIG. 2, which is for illustrating the modifica-
tion (pre-gate process) of the wafer process in the manufac-
turing method of the semiconductor device of, the embodi-
ment of the present invention. FIG. 20 is a device cross-
sectional view (of the step of forming trenches to be filled
with P-type body regions) during the manufacturing step
corresponding to the A-A' cross section of the partially cut-
away region R2 of the cell portion of FIG. 2, which is for
illustrating the modification (pre-gate process) of the wafer
process in the manufacturing method of the semiconductor
device of the embodiment of the present invention. FIG. 21 is
adevice cross-sectional view (of the step of selective epitaxial
growth of P-type body regions) during the manufacturing step
corresponding to the A-A' cross section of the partially cut-
away region R2 of the cell portion of FIG. 2, which is for
illustrating the modification (pre-gate process) of the wafer
process in the manufacturing method of the semiconductor
device of the embodiment of the present invention. FIG. 22 is
a device cross-sectional view (of the step of introducing
N*-type source regions) during the manufacturing step cor-
responding to the A-A' cross section of the partially cut-away
region R2 ofthe cell portion of FIG. 2, which is for illustrating
the modification (pre-gate process) of the wafer process in the
manufacturing method of the semiconductor device of the
embodiment of the present invention. FIG. 23 is a device
cross-sectional view (of the step of removing a resist film for
introducing N*-type source regions) during the manufactur-
ing step corresponding to the A-A' cross section of the par-
tially cut-away region R2 of the cell portion of FIG. 2, which
is for illustrating the modification (pre-gate process) of the
wafer process in the manufacturing method of the semicon-
ductor device of the embodiment of the present invention.
Based on these drawings, a description will be given to the
modification (pre-gate process) of the wafer process in the
manufacturing method of the semiconductor device of the
embodiment of the present invention.

[0155] Next, as shown in FIG. 17, in the state shown in FIG.
7, the gate insulating film 7 is formed over substantially the
entire device surface 1a (first main surface) of the wafer 1 by,
e.g., thermal oxidation or the like. Then, over the gate insu-
lating film 7 over substantially the entire device surface 1a of
the wafer 1, the polysilicon film 12 is deposited as a gate
electrode material or the like by, e.g., CVD (Chemical Vapor
Deposition). Then, by patterning the polysilicon film 12 and
the gate insulating film 7 by, e.g., typical lithography, the
polysilicon film 12 is processed to form the gate electrodes
12. Then, by typical lithography, over the polysilicon film 12,
a resist film 32 for gate electrode processing is formed.

[0156] Next, as shown in FIG. 18, the polysilicon film 12
and the gate insulating film 7 are processed by, e.g., anisotro-
pic dry etching to form the gate electrodes 12. Thereafter, the
resist film 32 for gate electrode processing which is no longer
needed is removed by, e.g., ashing or the like.

[0157] Next, as shown in FIG. 19, over the device surface
1a of the wafer 1 and the surfaces (upper surfaces and side
surfaces) of the gate electrodes 12, the surface oxide film 24
is deposited by, e.g., thermal oxidation, CVD, or the like.
Then, by, e.g., typical lithography, on the device surface 1a
side of the wafer 1, a resist film 207 for processing for forma-
tion of trenches to be filled with P-type body regions is
formed.
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[0158] Next, as shown in FIG. 20, over the device surface
1a of the wafer 1, the hard mask 20 for processing for forma-
tion of trenches to be filled with P-type body regions, such as,
e.g., a TEOS-based silicon oxide film, is formed by, e.g.,
typical lithography. At this time, the widths of openings cor-
responding to trenches in the hard mask 20 for processing for
formation of trenches to be filled with P-type body regions
are, e.g., about 1 to 2 um.

[0159] Next, using the hard mask 20 for processing for
formation of trenches to be filled with P-type body regions,
the trenches 22 to be filled with P-type body regions (trenches
to be filled with channel regions) are formed by, e.g., dry
etching. As a preferred example of a dry etching method (first
method, i.e., a full dry etching method) for the trenches to be
filled with P-type body regions, a method including the fol-
lowing first and second steps can be shown by way of
example. That is, in the first step (1), the semiconductor
substrate is etched by, e.g., about 1 um by anisotropic dry
etching. Preferred examples of conditions for the etching
treatment and the like which can be shown include the use of
a high-density plasma etching apparatus such as an ICP (In-
ductively Coupled Plasma) etcher as an etching apparatus, a
processing barometric pressure of, e.g., about 4 Pa, gas con-
ditions, flow rates, and the like of, e.g., Ar, SF, and O, which
are 200 sccm, 100 sccm, and 70 sccm, an ICP excitation
power of, e.g., 150 W, apower applied to astage of, e.g., 20 W,
and the like. Note that the etching apparatus may also be an
ECR (Electron Cyclotron Resonance) etcher (high-density
plasma etching apparatus) or another form of dry etcher.
However, in the case of using the high-density plasma etching
apparatus, a high selectivity can be ensured. Subsequently, in
the second step (2), the semiconductor substrate is further
etched by, e.g., about 1 um by isotropic dry etching. Preferred
examples of conditions for the etching treatment and the like
which can be shown include the use of a high-density plasma
etching apparatus such as an ICP (Inductively Coupled
Plasma) etcher as an etching apparatus, a processing baro-
metric pressure of, e.g., about 10 Pa, gas conditions, flow
rates, and the like of, e.g., Ar, CF,,, and O, which are 50 sccm,
100 scem, and 50 scem, an ICP excitation power of, e.g., 80
W, apower applied to a stage of, e.g., 10 W, and the like. Note
that the etching apparatus may also be an ECR (Flectron
Cyclotron Resonance) etcher (high-density plasma etching
apparatus) or another form of dry etcher. However, in the case
of using the high-density plasma etching apparatus, a high
selectivity can be ensured.

[0160] As a preferred example of a dry etching method
(second method, i.e., a dry & wet etching method) for the
trenches to be filled with P-type body regions, a method
including the following first and second steps can be shown
by way of example. That is, in the first step (1), the semicon-
ductor substrate is etched by, e.g., about 1 um by anisotropic
dry etching. Preferred examples of conditions for the etching
treatment and the like which can be shown include the use of
a high-density plasma etching apparatus such as an ICP (In-
ductively Coupled Plasma) etcher as an etching apparatus, a
processing barometric pressure of, e.g., about 4 Pa, gas con-
ditions, flow rates, and the like of, e.g., Ar, SF, and which are
200 scem, 100 scem, and 70 scem, an ICP excitation power of,
e.g., 150 W, a power applied to a stage of, e.g., 20 W, and the
like. Note that the etching apparatus may also be an ECR
(Electron Cyclotron Resonance) etcher (high-density plasma
etching apparatus) or another form of dry etcher. However, in
the case of using the high-density plasma etching apparatus,
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a high selectivity can be ensured. Subsequently, in the second
step (2), the semiconductor substrate is further etched by, e.g.,
about 1 um by wet etching (isotropic etching). Preferred
examples of an etchant which can be shown include an aque-
ous solution of a fluoric acid, a nitric acid, an acetic acid, or
the like.

[0161] As a preferred example of a dry etching method
(third method, i.e., a full wet etching method) for the trenches
to be filled with P-type body regions, the following method
can be shown by way of example. That is, the method is
implemented by one step of anisotropic wet etching using an
anisotropic wet etchant containing KOH or the like. In this
case, each of the sidewalls exhibits a (111) plane having an
angle of 54 degrees between itself and a horizontal plane
(plane parallel with the main surface of the wafer).

[0162] Next, as shown in FIG. 21, the trenches 23 to be
filled with P-type body regions are each filled with a boron-
doped Si epitaxial layer by selective epitaxial growth. As
preferred examples of conditions for the selective epitaxial
growth, the following can be shown. That is, a processing
temperature is, e.g., about 750 to 900° C. (or 750 to 850° C.),
aprocessing barometric pressure of; e.g., about 1.3kPato 101
kPa, a deposition time of, e.g., 5 to 30 minutes, and gas
conditions, flow rates, and the like of, e.g., H,, DCS (Dichlo-
rosilane), HCl, and B,Hg are about 10000 to 20000 sccm, 300
to 500 scem, 300 to 800 scem, and 100 to 500 scem. Note that,
when there is a portion in which Si:C layers are to be formed,
the foregoing MMS (Monomethylsilane) is further added in
the portion. The flow rate is adjusted within a range of, e.g.,
about 50 to 100 sccm such that the concentration of carbon is,
e.g., about 0.05 at % to 0.1 at %.

[0163] Next, as shown in FIG. 22, over the device surface
1a of the wafer 1, the resist film 28 for introducing N*-type
source regions is formed by, e.g., typical lithography and,
using the resist film 28 as a mask, the resist film 15 for
introducing N*-type source regions are introduced into the
surface area of the semiconductor region by, e.g., ion implan-
tation. Thereafter, the resist film 15 for introducing N*-type
source regions which is no longer needed is removed by, e.g.,
ashing or the like, and activation anneal is performed, as
shown in FIG. 23.

[0164] Thereafter, the process moves to the step shown in
FIG. 13, and the processings shown in FIGS. 13 to 16 are
performed.

[0165] 4. Description of Modification (Multi-Epitaxial
Method) of Wafer Process in Manufacturing Method (Pre-
Channel Process) of Semiconductor Device of Embodiment
of Present Invention (See Mainly FIGS. 24 to 36)

[0166] In this section, a description will be given to an
example of the manufacturing method based on the multi-
epitaxial method, which is intended for the device structure
described in Section 1. However, the manufacturing method
based on the multi-epitaxial method intended for the device
structure described in Section 1 is not limited to the two
examples, and can be variously modified.

[0167] The exampleis related to a modification ofa process
related to FIGS. 4to 7 of Section 2 and otherwise basically the
same. A description will be given primarily to a case where
the multi-epitaxial method is applied to the pre-channel pro-
cess (Section 2), but it will be appreciated that the multi-
epitaxial method is also similarly applicable to the pre-gate
process (Section 3).

[0168] FIG. 24 is a device cross-sectional view (of the step
of growing a first-level N™-type silicon epitaxial layer) during
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the manufacturing step corresponding to the A-A' cross sec-
tion of the partially cut-away region R2 of the cell portion of
FIG. 2, which is for illustrating a modification (multi-epi-
taxial method) of a wafer process in the manufacturing
method (pre-channel process) of the semiconductor device of
the embodiment of the present invention. FIG. 25 is a device
cross-sectional view (of the step of multi-stage implantation
of boron ions into the first-level N™-type silicon epitaxial
layer) during the manufacturing step corresponding to the
A-A' cross section of the partially cut-away region R2 of the
cell portion of FIG. 2, which is for illustrating the modifica-
tion (multi-epitaxial method) of the wafer process in the
manufacturing method (pre-channel process) of the semicon-
ductor device of the embodiment of the present invention.
FIG. 26 is a device cross-sectional view (of the step of multi-
stage implantation of boron ions into a second-level N™-type
silicon epitaxial layer, etc.) during the manufacturing step
corresponding to the A-A' cross section of the partially cut-
away region R2 of the cell portion of FIG. 2, which is for
illustrating the modification (multi-epitaxial method) of the
wafer process in the manufacturing method (pre-channel pro-
cess) of the semiconductor device of the embodiment of the
present invention. FIG. 27 is a device cross-sectional view (of
the step of activation anneal after multi-stage implantation of
boron ions into a third-level N™-type silicon epitaxial layer,
etc.) during the manufacturing step corresponding to the A-A'
cross section of the partially cut-away region R2 of the cell
portion of FIG. 2, which is for illustrating the modification
(multi-epitaxial method) of the wafer process in the manu-
facturing method (pre-channel process) of the semiconductor
device of the embodiment of the present invention. FI1G. 28 is
a device cross-sectional view (of the step of forming trenches
to be filled with P-type body regions) during the manufactur-
ing step corresponding to the A-A' cross section of the par-
tially cut-away region R2 of the cell portion of FIG. 2, which
is for illustrating the modification (multi-epitaxial method) of
the wafer process in the manufacturing method (pre-channel
process) of the semiconductor device of the embodiment of
the present invention. FIG. 29 is a device cross-sectional view
(of the step of selective epitaxial growth of the P-type body
regions) during the manufacturing step corresponding to the
A-A' cross section of the partially cut-away region R2 of the
cell portion of FIG. 2, which is for illustrating the modifica-
tion (multi-epitaxial method) of the wafer process in the
manufacturing method (pre-channel process) of the semicon-
ductor device of the embodiment of the present invention.
FIG. 30 is a device cross-sectional view (of the step of pla-
narization after the selective epitaxial growth of P-type body
regions) during the manufacturing step corresponding to the
A-A' cross section of the partially cut-away region R2 of the
cell portion of FIG. 2, which is for illustrating the modifica-
tion (multi-epitaxial method) of the wafer process in the
manufacturing method (pre-channel process) of the semicon-
ductor device of the embodiment of the present invention.
FIG. 31 is a device cross-sectional view (of the step of form-
ing gate electrodes) during the manufacturing step corre-
sponding to the A-A' cross section of the partially cut-away
region R2 ofthe cell portion of FIG. 2, which is for illustrating
the modification (multi-epitaxial method) of the wafer pro-
cess in the manufacturing method (pre-channel process) of
the semiconductor device of the embodiment of the present
invention. FIG. 32 is a device cross-sectional view (of'the step
of introducing N*-type source regions) during the manufac-
turing step corresponding to the A-A' cross section of the
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partially cut-away region R2 of the cell portion of FIG. 2,
which is for illustrating the modification (multi-epitaxial
method) of the wafer process in the manufacturing method
(pre-channel process) of the semiconductor device of the
embodiment of the present invention. FIG. 33 is a device
cross-sectional view (of the step of forming an interlayer,
insulating film) during the manufacturing step corresponding
to the A-A' cross section of the partially cut-away region R2
of the cell portion of FIG. 2, which is for illustrating the
modification (multi-epitaxial method) of the wafer process in
the manufacturing method (pre-channel process) of the semi-
conductor device of the embodiment of the present invention.
FIG. 34 is a device cross-sectional view (of the step of form-
ing contact trenches) during the manufacturing step corre-
sponding to the A-A' cross section of the partially cut-away
region R2 ofthe cell portion of FIG. 2, which is for illustrating
the modification (multi-epitaxial method) of the wafer pro-
cess in the manufacturing method (pre-channel process) of
the semiconductor device of the embodiment of the present
invention. FIG. 35 is a device cross-sectional view (of the step
of introducing P*-type body contact regions) during the
manufacturing step corresponding to the A-A' cross section of
the partially cut-away region R2 of the cell portion of FIG. 2,
which is for illustrating the modification (multi-epitaxial
method) of the wafer process in the manufacturing method
(pre-channel process) of the semiconductor device of the
embodiment of the present invention. FIG. 36 is a device
cross-sectional view (of the step of forming a source metal
electrode, etc.) during the manufacturing step corresponding
to the A-A' cross section of the partially cut-away region R2
of the cell portion of FIG. 2, which is for illustrating the
modification (multi-epitaxial method) of the wafer process in
the manufacturing method (pre-channel process) of the semi-
conductor device of the embodiment of the present invention.
Based on these drawings, a description will be given to the
modification (multi-epitaxial method) of the wafer process in
the manufacturing method (pre-channel process) of the semi-
conductor device of the embodiment of the present invention.

[0169] As shown in FIG. 24, the N*-type single-crystal
silicon substrate 1s (which is, e.g., a 200-¢ wafer here, but the
diameter of the wafer may also be any of 150¢, 300¢, and
450¢) doped with, e.g., antimony (at a concentration of the
order of, e.g., 10'® to 10'%/cm?) is prepared. Note that the
thickness of the N*-type single-crystal silicon substrate is is,
e.g., about 500 to 1000 um. Next, over the device surface 1a
(first main surface) of the N*-type single-crystal silicon sub-
strate 1s (semiconductor wafer 1), a first-level N™-type silicon
epitaxial layer 1el (at a concentration of the order of, e.g.,
about 10**/cm®) doped with phosphorus and having a thick-
ness of, e.g., about 15 um (on the assumption that a break-
down voltage is about 600 V) is formed.

[0170] Next, as shown in FIG. 25, e.g., ion implantation of
boron ions or the like is repeatedly performed to different
depths to introduce a multi-level boron ion implantation
region 31. Thereafter, surface planarization is performed as
necessary.

[0171] Next, as shown in FIG. 26, the process shown in
FIGS. 24 and 25 is repeated, e.g., about three times to suc-
cessively form a second-level N™-type silicon epitaxial layer
12 (at a concentration of the order of, e.g., 10"°/cm?) and a
third-level N™-type silicon epitaxial layer 1e3 (at a concen-
tration of the order of, e.g., 10"°/cm®) over the first-level
N~ -type silicon epitaxial layer 1el. As a result, the first-level
N~-type silicon epitaxial layer 1el, the second-level N™-type
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silicon epitaxial layer 1¢2, and the third-level N™-type silicon
epitaxial layer 1e3, i.e., the multi-level boron ion implanta-
tion region 31 in the N™-type silicon epitaxial layer 1e serves
as each of the integral P-type column regions PC. On the other
hand, the portions without the P-type column regions PC
serve as the N-type column region NC.

[0172] Next, as shown in FIG. 27, activation anneal of the
introduced impurities is performed, and surface planarization
is performed as necessary.

[0173] Next, as shown in FIG. 28, over the device surface
1a of the wafer 1, the hard mask 20 for processing for forma-
tion of trenches to be filled with P-type body regions, such as
a TEOS-based silicon oxide film, is formed by, e.g., typical
lithography. At this time, the widths of openings correspond-
ing to trenches in the hard mask 20 for processing for forma-
tion of trenches to be filled with P-type body regions are, e.g.,
about 1 to 2 pm.

[0174] Next, using the hard mask 20 for processing for
formation of trenches to be filled with P-type body regions,
the trenches 22 to be filled with P-type body regions (trenches
to be filled with channel regions) are formed by, e.g., dry
etching. As a preferred example of a dry etching method (first
method, i.e., a full dry etching method) for the trenches to be
filled with P-type body regions, a method including the fol-
lowing first and second steps can be shown by way of
example. That is, in the first step (1), the semiconductor
substrate is etched by, e.g., about 1 um by anisotropic dry
etching. Preferred examples of conditions for the etching
treatment and the like which can be shown include the use of
a high-density plasma etching apparatus such as an ICP (In-
ductively Coupled Plasma) etcher as an etching apparatus, a
processing barometric pressure of, e.g., about 4 Pa, gas con-
ditions, flow rates, and the like of, e.g., Ar, SF, and O, which
are 200 sccm, 100 sccm, and 70 sccm, an ICP excitation
power of, e.g., 150 W, apower applied to astage of, e.g., 20 W,
and the like. Note that the etching apparatus may also be an
ECR (Electron Cyclotron Resonance) etcher (high-density
plasma etching apparatus) or another form of dry etcher.
However, in the case of using the high-density plasma etching
apparatus, a high selectivity can be ensured. Subsequently, in
the second step (2), the semiconductor substrate is further
etched by, e.g., about 1 um by isotropic dry etching. Preferred
examples of conditions for the etching treatment and the like
which can be shown include the use of a high-density plasma
etching apparatus such as an ICP (Inductively Coupled
Plasma) etcher as an etching apparatus, a processing baro-
metric pressure of, e.g., about 10 Pa, gas conditions, flow
rates, and the like of, e.g., Ar, CF,, and O, which are 50 sccm,
100 scem, and 50 scem, an ICP excitation power of, e.g., 80
W, apower applied to a stage of, e.g., 10 W, and the like. Note
that the etching apparatus may also be an ECR (Flectron
Cyclotron Resonance) etcher (high-density plasma etching
apparatus) or another form of dry etcher. However, in the case
of using the high-density plasma etching apparatus, a high
selectivity can be ensured.

[0175] As a preferred example of a dry etching method
(second method, i.e., a dry & wet etching method) for the
trenches to be filled with P-type body regions, a method
including the following first and second steps can be shown
by way of example. That is, in the first step (1), the semicon-
ductor substrate is etched by, e.g., about 1 um by anisotropic
dry etching. Preferred examples of conditions for the etching
treatment and the like which can be shown include the use of
a high-density plasma etching apparatus such as an ICP (In-
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ductively Coupled Plasma) etcher as an etching apparatus, a
processing barometric pressure of, e.g., about 4 Pa, gas con-
ditions, flow rates, and the like of, e.g., Ar, SF, and O, which
are 200 sccm, 100 sccm, and 70 sccm, an ICP excitation
power of, e.g., 150 W, apower applied to astage of, e.g., 20 W,
and the like. Note that the etching apparatus may also be an
ECR (Electron Cyclotron Resonance) etcher (high-density
plasma etching apparatus) or, another form of dry etcher.
However, in the case of using the high-density plasma etching
apparatus, a high selectivity can be ensured. Subsequently, in
the second step (2), the semiconductor substrate is further
etched by, e.g., about 1 um by wet etching (isotropic etching).
Preferred examples of an etchant which can be shown include
an aqueous solution of a fluoric acid, a nitric acid, an acetic
acid, or the like.

[0176] As a preferred example of a dry etching method
(third method, i.e., a full wet etching method) for the trenches
to be filled with P-type body regions, the following method
can be shown by way of example. That is, the method is
implemented by one step of anisotropic wet etching using an
anisotropic wet etchant containing KOH or the like. In this
case, each of the sidewalls exhibits a (111) plane having an
angle of 54 degrees between itself and a horizontal plane
(plane parallel with the main surface of the wafer).

[0177] Next, as shown in FIG. 29, the trenches 23 to be
filled with P-type body regions are each filled with a boron-
doped Si epitaxial layer by selective epitaxial growth. As
preferred examples of conditions for the selective epitaxial
growth, the following can be shown. That is, a processing
temperature is, e.g., about 750 to 900° C. (or about 750 to
850° C.), a processing barometric pressure is, e.g., about 1.3
kPato 101 kPa, a deposition time is, e.g., 5 to 30 minutes, and
gas conditions, flow rates, and the like of, e.g., H,, DCS
(Dichlorosilane), HCI, and B,H, are about 10000 to 20000
scem, 300 to 500 scem, 300 to 800 scem, and 100 to 500 scem.
Note that, when there is a portion in which Si:C layers are to
be formed, the foregoing MMS (Monomethylsilane) is fur-
ther added in the portion. The flow rate is adjusted within a
range of, e.g., about 50 to 100 sccm such that the concentra-
tion of carbon is, e.g., about 0.05 at % to 0.1 at %.

[0178] Next, as shown in FIG. 30, by a planarization step,
e.g., CMP, the entire hard mask 20 for processing for forma-
tion of trenches to be filled with P-type body regions and a
part of the P-type Si selective epitaxial layer 23 are removed.
As aresult, the P-type Si selective epitaxial layer 23 serves as
the P-type body regions (channel regions) 6.

[0179] Next, as shown in FIG. 31, in the state shown in FIG.
30, the gate insulating film 7 is formed over substantially the
entire device surface 1a (first main surface) of the wafer 1 by,
e.g., thermal oxidation or the like. Then, over the gate insu-
lating film 7 over substantially the entire device surface 1a of
the wafer 1, the polysilicon film 12 is deposited as a gate
electrode material or the like by, e.g., CVD. Then, by pattern-
ing the polysilicon film 12 and the gate insulating film 7 by,
e.g., typical lithography, the polysilicon film 12 is processed
to form the gate electrodes 12. Then, over the device surface
1a of the wafer 1 and the surfaces (upper surfaces and side
surfaces) of the gate electrodes 12, the surface oxide film 24
is deposited by, e.g., thermal oxidation, CVD, or the like.
[0180] Next, as shown in FIG. 32, over the device surface
1a of the wafer 1, the resist film 28 for introducing N*-type
source regions is formed by, e.g., typical lithography and,
using the resist film 28 as a mask, the resist film 15 for
introducing N*-type source regions is introduced into the
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surface area of the semiconductor region by, e.g., ion implan-
tation. Thereafter, the resist film 15 for introducing N*-type
source regions which is no longer needed is removed by, e.g.,
ashing or the like, and then activation anneal is performed.
[0181] Next, as shown in FIG. 33, over substantially the
entire surface of the wafer 1 on the device surface 1a side, the
interlayer insulating film 8 formed of a silicon-oxide-based
insulating film or the like is deposited by, e.g., CVD.

[0182] Next, as shown in FIG. 34, over the interlayer insu-
lating film 8, the resist film 29 for contact trench processing is
formed by, e.g., typical lithography (note that a hard mask of
a silicon oxide film, a silicon nitride film, or the like may also
be used). Then, using the resist film for contact trench pro-
cessing as a mask, the contact trenches 11 are opened by, e.g.,
anisotropic dry etching and extended as necessary in the
semiconductor substrate.

[0183] Next, as shown in FIG. 35, into the surface area of
the semiconductor substrate at the bottom of each of the
contact trenches 11, the P*-type body contact regions 19 are
introduced by, e.g., ion implantation. Thereafter, the resist
film 29 for contact trench processing is removed by, e.g.,
ashing or the like, and then activation anneal is performed.
[0184] Next, as shown in FIG. 36, over the interlayer insu-
lating film 8 and substantially the entire inner surface of each
of the contact trenches 11, a titanium film and a titanium
nitride film which are relatively thin (thinner than a tungsten
film described later) are successively deposited as a barrier
metal film or the like by, e.g., sputtering deposition. Then,
over the barrier metal film over substantially the entire device
surface 1a of the wafer 1, the tungsten film is deposited by,
e.g., CVD so as to fill the contact trenches 11. Then, by
removing the barrier metal film and the tungsten film outside
the contactholes 11 by an etch-back process or CMP (Chemi-
cal Mechanical Polishing), the contact trenches 11 are filled
with the tungsten plugs 9. Then, over substantially the entire
surface of the wafer 1 on the device surface 1a side, a barrier
metal film (such as a titanium film, a titanium film/nitride
film, a TiW film or the like) which is relatively thin (thinner
than an aluminum-based metal film described later) is depos-
ited by, e.g., sputtering deposition. Then, over substantially
the entire surface of the barrier metal film, the aluminum-
based metal film is deposited by, e.g., sputtering deposition.
Then, by, e.g., typical lithography, a metal electrode film
including the barrier metal film, the aluminum-based metal
film, and the like is processed to form the source metal elec-
trode 21 and the like. Then, over substantially the entire
surface of the wafer 1 on the device surface 1a side, a photo-
sensitive polyimide-based insulating film is deposited as the
final passivation film 10 by, e.g., coating. Then, by processing
the photosensitive polyimide-based insulating film by typical
lithography, the final passivation film 10 is formed into a
pattern (alternatively, the patterning may also be performed
using a non-photosensitive polyimide-based insulating film).
Note that, here, the opening of the final passivation film 10
corresponding to a source pad opening is shown schemati-
cally, but a real source pad opening is wider. Preferred
examples of the final passivation film 10 include not only an
organic single-layer film of a polyimide resin (polyimide-
based resin), BCB (Benzocyclobutene), or the like, but also
an organic/inorganic composite final passivation film includ-
ing a plasma TEOS (Tetraethylorthosilicate)-based silicon
oxide film or another silicon oxide film, a silicon nitride film,
apolyimide-based resin film, and the like which are shown in
ascending order, an inorganic final passivation film including
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a silicon oxide film, a silicon nitride film, and the like which
are shown in ascending order, and the like. Then, the back
surface 15 of the wafer 1 is subjected to back grinding treat-
ment to reduce the thickness of the wafer (having an original
thickness of about 500 to 1000 um) to about 100 to 300 pum.
Then, the back-surface metal electrode 5 is formed by sput-
tering deposition or the like. Examples of the configuration of
the back-surface metal electrode 5 which can be shown
include that of a film including a titanium film, a nickel film,
a gold film, and the like which are shown in order of increas-
ing distance from the silicon substrate 1s. Thereafter, by
dicing, the wafer 1 is divided into individual chips to provide
the discrete devices 2 (semiconductor chips).

[0185] 5. Description of Modification 1 (P-type Body Car-
bon Doping) Related to Structure of Channel Regions in
Vertical Planar Power MOSFET, etc. as Example of Target
Device in Manufacturing Method of Semiconductor Device
of Embodiment of Present Invention (See Mainly FIG. 37)
[0186] Inthis section, a description will be given to a modi-
fication intended for the device structure described in Section
1. To the manufacturing method of the device, any one of
Sections 2 to 4 is basically applicable.

[0187] The characteristic feature of each of the device
structures of Sections 5 to 8 is that each of the P-type body
regions 6 (channel regions) or the N*-type source regions 15
has, e.g., a part thereof doped with carbon.

[0188] FIG. 37 is a device cross-sectional view of the unit
active cell region corresponding to the B-B' cross section of
the partially cut-away region R2 of the cell portion of FIG. 2
corresponding to FIG. 3, which is for illustrating Modifica-
tion 1 (P-type body carbon doping) related to the structure of
channel regions in a vertical planar power MOSFET or the
like as the example of the target device in the manufacturing
method of the semiconductor device of the embodiment of the
present invention. Based on this drawing, a description will be
given to Modification 1 (P-type body carbon doping) related
to the structure of channel regions in a vertical planar power
MOSFET or the like as the example of the target device in the
manufacturing method of the semiconductor device of the
embodiment of the present invention.

[0189] The example is characterized in that, as shown in
FIG. 37, in comparison to the structure of FIG. 3, a P-type
body inner carbon-doped region 6c¢ is provided in each of the
P-type body regions 6. When there are such P-type body inner
carbon-doped regions 6¢, the effect of inhibiting boron from
being diffused to the outside due to heat treatment is achieved.
Therefore, it is possible to retain a sharp impurity profile in
each of the P-type body regions 6. As a result, it is also
possible to suppress an increase in ON resistance. A preferred
range of the amount of carbon doping is, e.g., about 0.01 to 1
at % (more preferably, about 0.05 to 0.5 at %).

[0190] Note that, in terms of the manufacturing method, a
period during which carbon is added may be provided appro-
priately midway (relatively early) in the selective growth
shown in FIG. 9.

[0191] 6. Description of Modification 2 (Source Carbon
Doping) Related to Structure of Source Regions in Vertical
Planar Power MOSFET, etc. as Example of Target Device in
Manufacturing Method of Semiconductor Device of Embodi-
ment of Present Invention (See Mainly FIG. 38)

[0192] Inthis section, a description will be given to another
modification intended for the device structure described in
Section 1. To the manufacturing method of the device, any
one of Sections 2 to 4 is basically applicable.
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[0193] FIG. 38 is a device cross-sectional view of the unit
active cell region corresponding to the B-B' cross section of
the partially cut-away region R2 of the cell portion of FIG. 2
corresponding to FIG. 3, which is for illustrating Modifica-
tion 2 (source carbon doping) related to the structure of source
regions in the vertical planar power MOSFET or the like as
the example of the target device in the manufacturing method
of'the semiconductor device of )he embodiment of the present
invention. Based on this drawing, a description will be given
to Modification 2 (source carbon doping) related to the struc-
ture of source regions in the vertical planar power MOSFET
or the like as the example of the target device in the manu-
facturing method of the semiconductor device of the embodi-
ment of the, present invention.

[0194] The example is characterized in that, as shown in
FIG. 38, in comparison to the structure of FIG. 3, an N*-type
source inner carbon-doped region 15¢ is provided in each of
the N*-type source regions 15. When there are such N*-type
source inner carbon-doped regions 15¢, the lattice constant
decreases in the portions therewith so that an extensional
stress acts on the channel portions to increase the mobility of
electrons. As a result, the ON resistance decreases. A pre-
ferred range of the amount of carbon doping is, e.g., about 0.1
to 1 at % (more preferably, about 0.3 to 0.5 at %).

[0195] Note that, in terms of the manufacturing method, a
period during which carbon is added may be provided appro-
priately midway (relatively early) in the selective growth
shown in FIG. 9.

[0196] 7. Description of Modification 1 (P-Type Body &
Source Carbon Doping) Related to Structures of Channel and
Source Regions in Vertical Planar Power MOSFET, etc. as
Example of Target Device in Manufacturing Method of Semi-
conductor Device of Embodiment of Present Invention (See
Mainly FIG. 39)

[0197] Inthis section, a description will be given to a modi-
fication intended for the device structure described in Section
1 which is an example related to a combination of the indi-
vidual modifications of Sections 5 and 6. To the manufactur-
ing method of the device, any one of Sections 2 to 4 is
basically applicable.

[0198] FIG. 39 is a device cross-sectional view of the unit
active cell region corresponding to the B-B' cross section of
the partially cut-away region R2 of the cell portion of FIG. 2
corresponding to FIG. 3, which is for illustrating Modifica-
tion 1 (P-type body & source carbon doping) related to the
structure of the channel and source regions in the vertical
planar power MOSFET or the like as the example of the target
device in the method of manufacturing the semiconductor
device of the embodiment of the present invention. Based on
this drawing, a description will be given to Modification 1
(P-type body & source carbon doping) related to the struc-
tures of channel and source regions in the vertical planar
power MOSFET or the like as the example of the target device
in the manufacturing method of the semiconductor device of
the embodiment of the present invention.

[0199] The example is characterized in that, as shown in
FIG. 39, in comparison to the structure of FIG. 3, the N*-type
source inner carbon-doped regions 15¢ are provided in the
respective N*-type source regions 15 and also the P-type body
inner carbon-doped regions 6¢ are provided in the respective
P-type body regions 6.

[0200] Note that, in terms of the manufacturing method, a
period during which carbon is added may be provided appro-



US 2013/0189819 Al

priately midway (relatively early during a first half period and
during a second half period) in the selective growth shown in
FIG. 9.

[0201] 8. Description of Modification (Carbon Cluster
Implantation) of Dose Process Corresponding to Modifica-
tion 2 (Source Carbon Doping) Related to Structure of Source
Regions in Vertical Planar Power MOSFET, etc. as Example
of Target Device in Manufacturing Method of Semiconductor
Device of Embodiment of Present Invention (See Mainly
FIG. 40)

[0202] Inthis section, a description will be given to a modi-
fication related to the manufacturing method of the device
described in Section 6. To the manufacturing method of the
device, any one of Sections 2 to 4 is basically applicable in the
same manner as in Section 6.

[0203] FIG. 40 is a device cross-sectional view of the unit
active cell region corresponding to the B-B' cross section of
the partially cut-away region R2 of the cell portion of FIG. 2
corresponding to FIG. 3, which is for illustrating a modifica-
tion (carbon cluster implantation) of a dose process corre-
sponding to Modification 2 (source carbon doping) related to
the structure of source regions in the vertical planar power
MOSFET or the like as the example of the target device in the
method of manufacturing the semiconductor device of the
embodiment of the present invention. Based on this drawing,
a description will be given to the modification (carbon cluster
implantation) of the dose process corresponding to Modifi-
cation 2 (source carbon doping) related to the structure of the
source regions in the vertical planar power MOSFET or the
like as the example of the target device in the manufacturing
method of the semiconductor device of the embodiment of the
present invention.

[0204] The example is characterized in that, as shown in
FIG. 40, in comparison to the structure of FIG. 38, the
N*-type source inner carbon-doped regions 15¢ are replaced
with carbon-cluster-ion-implantation N*-type source inner
carbon-doped regions 15¢¢ formed by ion implantation of
carbon cluster ions.

[0205] Note that, in terms of the manufacturing method, in
the state shown in, e.g., FIG. 11 or 12, carbon cluster ions are
implanted from the device surface 1a of the wafer 1.

[0206] 9. Description of Trench-Gate Power MOSFET, etc.
as Example of Target Device in Manufacturing Method of
Semiconductor Device of Another Embodiment of Present
Invention (See Mainly FIGS. 41 and 42)

[0207] The example described in this section is a modifi-
cation of a peripheral structure around a gate electrode, which
is intended for each of the device structures described in
Sections 1, 5, 6, and 7. Accordingly, the description given
herein corresponds to FIGS. 1 to 3, and is exactly the same
with regard to FIG. 1. Therefore, the description thereof is
omitted, and a description will be given to FIGS. 2 and 3 as
different portions.

[0208] FIG. 41 is an enlarged plan view of the partially
cut-away region R1 of the cell portion of FIG. 1 correspond-
ing to FIG. 2, which is for illustrating a trench-gate power
MOSFET as an example of the target device in a method of
manufacturing a semiconductor device of another embodi-
ment of the present invention. FIG. 42 is a device cross-
sectional view (corresponding to FIG. 3) of the unit active cell
region corresponding to the B-B' cross section of the partially
cut-away region R2 of the cell portion of FIG. 41. Based on
these drawings, a description will be given to the trench-gate
power MOSFET or the like as an example of a target device in
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a manufacturing method of a semiconductor device of
another example of the present invention.

[0209] Next, using FIGS. 41 and 42, a detailed structure of
the cell region 26 (FI1G. 1) is described. As shown in FIGS. 41
and 42, over an N*-type Si single-crystal substrate region 1s,
a drift region 3 having a super junction structure SJ is pro-
vided. Inthe drift region 3, the N-type column regions NC and
the P-type column regions PC each having a plate-like shape
and extending in a direction perpendicular to paper surfaces
with FIGS. 41 and 42 are alternately formed. In this portion,
the N-type column regions NC function as the N™-type drift
regions 3n. Note that, by adding carbon or germanium to the
P-type column regions PC and providing the P-type column
regions PCC doped with carbon or germanium, it is possible
to reduce the scattering of an impurity profile due to heat
treatment, though the addition of carbon or germanium is not
mandatory.

[0210] Here, if the breakdown voltage of the drift region is
assumed to be about 600 V, as a preferred thickness thereof,
e.g., about 45 um can be shown by way of example. As a
preferred width of each of the N-type column regions, e.g.,
about 6 um can be shown by way of example. Likewise, as a
preferred width of each of the P-type column regions, e.g.,
about 4 um can be shown by way of example. Note that the
inner angle of the lower portion of each of the side surfaces of
the N-type column region is typically 88 to 90 degrees.
[0211] In the upper end portion (closer to the substrate
upper surface 1a) of the drift region 3, the P-type body regions
6 forming channel regions are provided. In the P-type body
regions 6, N*-type source regions 15 are provided. SiGe-
based P*-type body contact regions 19g are provided so as to
come in contact with the N*-type source regions 15 when
viewed from over the upper surface. On the device surface 1a
side of the semiconductor substrate 2, the polysilicon gate
electrodes 12 (trench gate portions 12¢ are in trenches 34 to be
filled with gates) are provided via the gate insulating film 7.
Substantially the upper half portions of the polysilicon gate
electrodes 12 are covered with the surface oxide film 24 as the
interlayer insulating film. The portions of the device surface
1a of the semiconductor substrate in which the polysilicon
gate electrodes 12 are not provided serve as the contact
trenches 11. In the contact trenches 11, the aluminum-based
metal source electrode 21 is formed so as to be coupled to the
N*-type source regions 14 and to the SiGe-based P*-type
body contact region 19¢ via a barrier metal layer of, e.g.,
Ti/TiN, TiW, or the like. Note that, as shown in, e.g., FIG. 3,
the metal source electrode 21 may also be formed via the
tungsten plugs 9.

[0212] Over the aluminum-based metal source electrode
21, as a final passivation film 10, e.g., a polyimide-based
insulating film 10 is formed. Note that, here, the opening of
the final passivation film 10 corresponding to a source pad
opening is shown schematically, but a real source pad opening
is wider. Preferred examples of the final passivation film 10
include not only an organic single-layer film of a polyimide
resin (polyimide-based resin), BCB (Benzocyclobutene), or
the like, but also an organic/inorganic composite final passi-
vation film including a plasma TEOS (Tetraethylorthosili-
cate)-based silicon oxide film or another silicon oxide film, a
silicon nitride film, a polyimide-based resin film, and the like
which are shown in ascending order, an inorganic final pas-
sivation film including a silicon oxide film, a silicon nitride
film, and the like which are shown in ascending order, and the
like.



US 2013/0189819 Al

[0213] On the other hand, the lower end portion of the drift
region 3 serves as an N*-type drain region 4 (i.e., the N*-type
semiconductor substrate is) and, on the back surface 15 side
of the N*-type drain region 4, a metal drain electrode 5 (in-
cluding, e.g., Ti/Ni/Au layers shown in order of increasing
distance from the silicon substrate).

[0214] As will be described later, here, the SiGe-based
P*-type body contact regions 19g are formed by selective
epitaxial growth. As a result, compared to the case where the
SiGe-based P*-type body contact regions 19¢g are formed by
a typical method including ion implantation, activation heat
treatment, and the like, the scattering of an impurity profile in
each of the P-type column regions PC or the like included in
the super junction structure SJ can be prevented more reliably.
Inaddition, since SiGe has a lattice constant larger than that of
silicon, each of the channel regions receives a compressive
stress perpendicular to a channel direction so that the mobility
of electrons is improved.

[0215] 10. Description of Wafer Process in Manufacturing
Method of Semiconductor Device of Another Embodiment of
Present Invention (See Mainly FIGS. 43 to 54)

[0216] In this section, a description will be given to an
example of the manufacturing method based on the trench-fill
method intended for the device structure described in Section
9. However, it will be appreciated that the manufacturing
method based on the trench-fill method intended for the
device structure described in Section 1 is not limited to these
two examples, and can be variously modified. It will also be
appreciated that the manufacturing method is not limited to a
trench-fill method, and can also be based on a multi-epitaxial
method.

[0217] Since the following process is basically the same in
regard to FIGS. 4 to 7 described in Section 1, a description
will be given below only to different portions in principle.
[0218] FIG. 43 is a device cross-sectional view (of the step
of forming a super junction structure in a drift region) during
the manufacturing step corresponding to the B-B' cross sec-
tion of the partially cut-away region R2 of the cell portion of
FIG. 41, which is for illustrating a wafer process in the
method of manufacturing the semiconductor device of the
other embodiment of the present invention. FIG. 44 is a
device cross-sectional view (of the step of epitaxial growth of
P-type body regions) during the manufacturing step corre-
sponding to the B-B' cross section of the partially cut-away
region R2 of the cell portion of FIG. 41, which is for illus-
trating the wafer process in the method of manufacturing the
semiconductor device of the other embodiment of the present
invention. FIG. 45 is a device cross-sectional view (of the step
of forming trenches to be filled with gate electrodes) during
the manufacturing step corresponding to the B-B' cross sec-
tion of the partially cut-away region R2 of the cell portion of
FIG. 41, which is for illustrating the wafer process in the
method of manufacturing the semiconductor device of the
other embodiment of the present invention. FIG. 46 is a
device cross-sectional view (of the step of forming a gate
insulating film) during ;he manufacturing step corresponding
to the B-B' cross section of the partially cut-away region R2 of
the cell portion of FIG. 41, which is for illustrating the wafer
process in the method of manufacturing the semiconductor
device of the other embodiment of the present invention. FIG.
47 is a device cross-sectional view (of the step of depositing
a gate polysilicon film) during the manufacturing step corre-
sponding to the B-B' cross section of the partially cut-away
region R2 of the cell portion of FIG. 41, which is for illus-
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trating the wafer process in the method of manufacturing jhe
semiconductor device of the other embodiment of the present
invention. FIG. 48 is a device cross-sectional view (of'the step
of processing the gate polysilicon film) during the manufac-
turing step corresponding to the B-B' cross section of the
partially cut-away region R2 of the cell portion of FIG. 41,
which is for illustrating the wafer process in the method of
manufacturing the semiconductor device of the other
embodiment of the present invention. FIG. 49 is a device
cross-sectional view (of the step of introducing N*-type
source regions) during the manufacturing step corresponding
to the B-B' cross section of the partially cut-away region R2 of
the cell portion of FIG. 41, which is for illustrating the wafer
process in the method of manufacturing the semiconductor
device of the other embodiment of the present invention. FIG.
50 is a device cross-sectional view (of the step of depositing
a surface oxide film) during he manufacturing step corre-
sponding to the B-B' cross section of the partially cut-away
region R2 of the cell portion of FIG. 41, which is for illus-
trating the wafer process in the method of manufacturing the
semiconductor device of the other embodiment of the present
invention. FIG. 51 is a device cross-sectional view (of'the step
of etching a surface of a semiconductor substrate) during the
manufacturing step corresponding to the B-B' cross section of
the partially cut-away region R2 of'the cell portion of FIG. 41,
which is for illustrating the wafer process in the method of
manufacturing the semiconductor device of the other
embodiment of the present invention. FIG. 52 is a device
cross-sectional view (of the step of forming SiGe body con-
tact regions) during the manufacturing step corresponding to
the B-B' cross section of the partially cut-away region R2 of
the cell portion of FIG. 41, which is for illustrating the wafer
process in the method of manufacturing the semiconductor
device of the other embodiment of the present invention. FIG.
53 is a device cross-sectional view (of the step of forming a
source metal electrode) during the manufacturing step corre-
sponding to the B-B' cross section of the partially cut-away
region R2 of the cell portion of FIG. 41, which is for illus-
trating the wafer process in the method of manufacturing the
semiconductor device of the other embodiment of the present
invention. FIG. 54 is a device cross-sectional view (of'the step
of forming the metal drain electrode) during the manufactur-
ing step corresponding to the B-B' cross section of the par-
tially cut-away region R2 of the cell portion of FIG. 41, which
is for illustrating the wafer process in the method of manu-
facturing the semiconductor device of the other embodiment
of the present invention. Based on these drawings, a descrip-
tion will be given to a wafer process in the manufacturing
method of the semiconductor device of the other embodiment
of the present invention.

[0219] FIG. 43 shows substantially the same state as shown
in FIG. 7 (FIG. 27). Accordingly, in the state shown in FIG.
43, as shown in FIG. 44, a channel-region epitaxially grown
layer 33 is formed by non-selective epitaxial growth on the
device surface 1a (first main surface) side of the wafer 1. The
layer serves as each of the P-type body regions 6 (channel
regions).

[0220] Next, as shown in FIG. 45, on the device surface 1a
side of the wafer 1, a resist film 30 for gate trench formation
is formed by, e.g., typical lithography. Then, using the resist
film 30 for gate trench formation, the trenches 34 to be filled
with gates are formed by, e.g., anisotropic dry etching. There-
after, the resist film 30 for gate trench formation which is no
longer needed is removed by, e.g., ashing or the like.
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[0221] Next, as shown in FIG. 46, by, e.g., thermal oxida-
tion or the like, a gate insulating film 7 is formed over the
device surface 1a of the wafer 1 and the inner surfaces of the
trenches 34 to be filled with gates by, e.g., thermal oxidation
or the like.

[0222] Next, as shown in FIG. 47, over substantially the
entire device surface 1a of the wafer 1, the polysilicon film 12
intended to serve as gate electrodes is deposited by, e.g., CVD
s0 as to fill the trenches 34 to be filled with gates.

[0223] Next, as shown in FIG. 48, on the device surface 1a
side of the wafer 1, the resist film 32 for gate electrode
processing is formed by, e.g., typical lithography. Then, using
the resist film 32 for gate electrode processing, the polysilicon
film 12 and the gate insulating film 7 are processed by, e.g.,
anisotropic dry etching to form the gate electrodes 12.
[0224] Next, as shown in FIG. 49, in the state shown in FIG.
48, e.g., arsenic ions are implanted from the device surface la
side of the wafer 1 to introduce the N*-type source regions 15
into the surface areas of the P-type body regions 6 (channel
regions). Thereafter, the resist film 32 for gate electrode pro-
cessing which is no longer needed is removed by, e.g., ashing
or the like.

[0225] Next, as shown in FIG. 50, over the device surface
1a of the wafer 1 and the side surfaces and upper surface of
each of the gate electrodes 12, the surface oxide film 24
serving as the interlayer insulating film or the like is deposited
by, e.g., thermal oxidation or the like.

[0226] Next, as shown in FIG. 51, over the device surface
1a of the wafer 1, the resist film 29 for contact trench pro-
cessing is formed by, e.g., typical lithography. Then, using the
resist film 29 for contact trench processing, by, e.g., anisotro-
pic dry etching, the surface oxide film 24 is partly removed
and the silicon substrate is removed by etching past the
N*-type source region 15 till a midpoint in each of the P-type
body regions 6 is reached. In this manner, the contact trenches
11 (i.e., trenches to be filled with SiGe epitaxial regions) are
formed. Thereafter, the resist film 29 for contact trench pro-
cessing which is no longer needed is removed by, e.g., ashing
or the like.

[0227] Next, as shown in FIG. 52, by, e.g., selective SiGe
epitaxial growth, the contact trenches 11 are filled back to,
e.g., the heights of the upper ends of the N*-type source
regions 15. As a result, the SiGe-based P*-type body contact
regions 19¢ (i.e., boron-doped SiGe epitaxial regions) are
formed. As preferred examples of conditions for the selective
epitaxial growth, the following can be shown. That is, a pro-
cessing temperature is, e.g., about 600 to 700° C. (i.e., not
more than 800° C.), a processing barometric pressure is, e.g.,
about 660 Pa to 2.7 kPa, a deposition time is, e.g., about 5 to
30 minutes, and gas conditions, flow rates, and the like of,
e.g., DCS (Dichlorosilane), GeH,, HCI, and B,H; are about
50to 100 sccm, 130 to 200 scem, 20 to 40 scem, and 10 to 20
sccm. Note that, as a precursor for the foregoing SiGe epi-
taxial growth, not only the DCS, but also TCS is also appli-
cable. If consideration is given to these precursors, a preferred
range of the growth temperature can be set to about 550 to
800° C. A preferred range of the processing barometric pres-
sure can be set to about 660 Pa to an atmospheric pressure.
[0228] Next, as shown in FIG. 53, by, e.g., anisotropic dry
etching, the surfaces of the SiGe-based P*-type body contact
regions 19¢ are etched back to, e.g., around the lower ends of
the N*-type source regions 15. However, this step is naturally
not indispensable. Then, over substantially the entire device
surface 1a of the wafer 1, by, e.g., sputtering deposition, a
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relatively thin (thinner than an aluminum-based metal film
described later) barrier metal film (such as, e.g., a titanium
film, a titanium film/titanium nitride film, or a TiW film) is
deposited. Then, over substantially the entire surface of the
barrier metal film, an aluminum-based metal film is deposited
by, e.g., sputtering deposition. Then, by, e.g., typical lithog-
raphy, a metal electrode film including the barrier metal film,
the aluminum-based metal film, and the like is processed to
form the source metal electrode 21 and the like. Then, over
substantially the entire surface of the wafer 1 on the device
surface 1a side, a photosensitive polyimide-based insulating
film is deposited as the final passivation film 10 by, e.g.,
coating. Then, by processing the photosensitive polyimide-
based insulating film by typical lithography, the final passi-
vation film 10 is formed into a pattern (alternatively, the
patterning may also be performed using a non-photosensitive
polyimide-based insulating film). Note that, here, the opening
of'the final passivation film 10 corresponding to a source pad
opening is shown schematically, but a real source pad opening
is wider. Preferred examples of the final passivation film 10
include not only an organic single-layer film of a polyimide
resin (polyimide-based resin), BCB (Benzocyclobutene), or
the like, but also an organic/inorganic composite final passi-
vation film including a plasma TEOS (Tetraethylorthosili-
cate)-based silicon oxide film or another silicon oxide film, a
silicon nitride film, a polyimide-based resin film, and the like
which are shown in ascending order, an inorganic final pas-
sivation film including a silicon oxide film, a silicon nitride
film, and the like which are shown in ascending order, and the
like. Then, the back surface 15 of the wafer 1 is subjected to
back grinding treatment to reduce the thickness of the wafer
(having an original thickness of about 500 to 1000 um) to
about 100 to 300 um.

[0229] Next, as shown in FIG. 54, the back-surface metal
electrodes 5 are formed by sputtering deposition or the like.
Examples of a configuration of the back-surface metal elec-
trode 5 which can be shown include a film including a tita-
nium film, a nickel film, a gold film, and the like which are
shown in order of increasing distance from the silicon sub-
strate 1s. Thereafter, by dicing, the wafer 1 is divided into
individual chips to provide the discrete devices 2 (semicon-
ductor chips).

[0230] 11. Description of Modification (Ion Implantation
Method) Related to Method of Forming SiGe Regions in
Manufacturing Method of Semiconductor Device of Another
Embodiment of Present Invention (See Mainly FIG. 55)
[0231] Inthis section, a description will be given to a modi-
fication related to a method of forming the SiGe regions (body
contact regions) in the manufacturing process described in
Section 10. Since this example is a modification related to
FIGS. 51 and 52 and otherwise unchanged, a description will
be given only to different portions in FIGS. 51 and 52 in
principle.

[0232] FIG. 55 is a device cross-sectional view (of the step
of depositing a surface oxide film and introducing SiGe
regions) during the manufacturing step corresponding to the
B-B' cross section of the partially cut-away region R2 of the
cell portion of FIG. 41 corresponding to FIG. 50, which is for
illustrating a modification (ion implantation method) related
to a method of forming the SiGe regions in the method of
manufacturing the semiconductor device of the other
embodiment of the present invention. Based on this drawing,
a description will be given to a modification (ion implantation
method) related to the method of forming the SiGe regions in
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the manufacturing method of the semiconductor device of the
other embodiment of the present invention.

[0233] In the state shown in FIG. 50, as shown in FIG. 55,
aresist film 35 for Ge & B ion implantation is formed by, e.g.,
typical lithography. Using the resist film 35 for Ge & B ion
implantation as an ion implantation mask, e.g., boron ions
and germanium ions GB are sequentially introduced into the
N*-type source regions 15 and the P-type body regions 6
(channel regions) by, e.g., ion implantation. Then, using the
resist film 35 for Ge & B ion implantation as a mask, the
surface oxide film 24 over the N*-type source regions 15 is
removed by, e.g., anisotropic dry etching. Thereafter, the
resist film 35 for Ge & B ion implantation which is no longer
needed is removed by, e.g., ashing or the like. Then, anneal for
activating the boron ions and germanium ions or the like is
performed. As a result, the SiGe-type P*-type body contact
regions 19g (i.e., boron-doped SiGe semiconductor regions)
are substantially completed to result in the state shown in FIG.
52. The subsequent steps are substantially the same as shown
in FIGS. 53 and 54.

[0234] Supplementary Explanation Related to Crystal
Plane Orientation of Wafer, etc. Related to Each of Above
Embodiments (Including Various Modifications) (See
Mainly FIGS. 56 and 57)

[0235] In each of the examples described heretofore, the
description has been given based on the following first crystal
orientation (notch direction of <100> orientation) unless par-
ticularly described otherwise. However, it will be appreciated
the following second crystal orientation (notch direction of
<100> orientation) or another orientation may also be used
for a reason other than what is required for the formation of
the super junction structure.

[0236] FIG. 56 is an overall top view or the like of a wafer
or the like for supplementary explanation related to an
example (notch direction of <110> orientation) of the crystal
plane orientation of the wafer or the like related to each of the
foregoing embodiments (including the various modifica-
tions). FIG. 57 is an overall top view or the like of the wafer
or the like for supplementary explanation related to another
example (notch direction of <100> orientation) of the crystal
plane orientation of the wafer or the like related to each of the
foregoing embodiments (including the various modifica-
tions). Based on these drawings, a supplementary explanation
will be given to the crystal plane orientation of the wafer or
the like related to each of the foregoing embodiments (includ-
ing the various modifications) and the like.

(1) EXAMPLE

(First Crystal Orientation) of Wafer Having Notch
Direction of <110> Orientation

[0237] FIG. 56 shows the entire upper surface of the wafer
1 having the first crystal orientation (notch direction of <110>
orientation) and the upper surface of each of the chip regions
thereof. As shown in FIG. 56, the device surface 1a of the
wafer 1 is in a (100) plane, and the direction of a notch 14 is
a <110> orientation. The characteristic feature of the wafer 1
is that, in a plane parallel with the device surface 1a, a direc-
tion resulting from a 45-degree rotation from the direction of
the notch 14 around the center of the wafer is a <100> orien-
tation. Here, the orientation of each of the trenches 16 to be
filled with P-type columns in the super junction structure SJ in
each of the chip regions 2 is parallel with any of the sides of
the chip. Such an orientation of each of the trenches 16 to be
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filled with P-type columns has the advantage of improved
filling properties when the trenches 16 are filled with the
P-type column regions PC (e.g., FIG. 6) by a trench-fill
method. In addition, the longitudinal direction (longitudinal
direction of the trench of the trench gate MOSFET) of the gate
electrode of each of the planar MOSFETs in each of the chip
regions 2 is also parallel with any of the sides of the chip.

(2) EXAMPLE

(Second Crystal Orientation) of Wafer Having Notch
Direction of <110> Orientation

[0238] In another preferred crystal orientation other than
the first crystal orientation, as shown in FIG. 57, the device
surface 1a of the wafer 1 is in the (100) plane, and the
direction of the notch 14 is the <100> orientation. The char-
acteristic feature of the wafer 1 is that, in a plane parallel with
the device surface 1a, a direction resulting from a 45-degree
rotation from the direction of the notch 14 around the center
of the wafer is the <110> direction. Here, in the same manner
as described above, the orientation of each of the trenches 16
to be filled with P-type columns in the super junction structure
SJineach of the chip regions 2 is parallel with any of the sides
of'the chip. Such an orientation of each of the trenches 16 to
be filled with P-type columns has the advantage of improved
filling properties when the trenches 16 are filled with the
P-type column regions PC (e.g., FIG. 6) by a trench-fill
method. In addition, the longitudinal direction (longitudinal
direction of the trench of the trench gate MOSFET) of the gate
electrode of each of the planar MOSFETs in each of the chip
regions 2 is also parallel with any of the sides of the chip. The
wafer having the second crystal orientation is particularly
effective for a method which does not include the process of
filling each of trenches in a super junction structure with an
epitaxial layer, such as, e.g., a multi-epitaxial method.

[0239] 13. Consideration to Every Aspect of Present Inven-
tion and Supplementary Explanation Related to Each of
Embodiments

[0240] As has been described heretofore, in each of the
examples in Sections 1 to 8, the formation of the body regions
6 (channel regions) is performed not by combining ion
implantation with high-temperature activation anneal (at,
e.g., 950 to 1100° C.), but by selective epitaxial growth at a
relatively low temperature to prevent the scattering of an
impurity profile in each of the P-type column regions PC
included in the super junction structure SJ. Here, in the case of
Si epitaxial growth, the relatively low temperature indicates a
range of about 750 to 900° C., or more preferably about 750
to 850° C.

[0241] Also, in each of the examples in Sections 9 and 10,
not the body regions 6 (channel regions), but the P*-type body
contact regions 19 are implemented by selective epitaxial
growth at a relatively low temperature to prevent the scatter-
ing of an impurity profile in each of the P-type column regions
PC included in the super junction structure SJ. Here, in the
case of SiGe epitaxial growth, the relatively low temperature
indicates a range of 600 to 700° C., i.e., not more than 800° C.

[0242] The examples in Sections 9 and 10 achieve an
improvement in the mobility of electrons by means of a stress
perpendicular to the channel of each of the trench-gate power
MOSFETs produced using the P*-type body contact regions
19 embedded by selective epitaxial growth.
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[0243] In regard to this, the example in Section 12 imple-
ments the structure in Section 9 by ion implantation and
activation heat treatment.
[0244] 14. Summary
[0245] While the invention achieved by the present inven-
tors has been specifically described heretofore based on the
embodiments thereof, the present invention is not limited to
the foregoing embodiments. It will be appreciated that vari-
ous changes and modifications can be made in the invention
within the scope not departing from the gist thereof.
[0246] Forexample, in each ofthe foregoing embodiments,
the MOS structure of the planar gate structure has been
described specifically by way of example. However, it will be
appreciated that the present invention is not limited thereto,
and can be similarly applied to the trench-gate structure of a
U-MOSFET or the like or to an LD-MOSFET. Also, as the
layout of the MOSFETs, the example has been shown in
which the MOSFETs are arranged in a striped configuration
in parallel with the pn columns. However, various applica-
tions are enabled by arranging the MOSFETs in a direction
orthogonal to the pn columns or arranging the MOSFETs in a
grid-like configuration.
[0247] Note that, in each of the foregoing embodiments, the
configuration in which the N-channel devices are formed
primarily over the upper surface of the N-type epitaxial layer
over the N*-type single-crystal silicon substrate has been
described specifically, but the present invention is not limited
thereto. [t may also be possible to use a configuration in which
P-channel devices are formed over the upper surface of an
N-type epitaxial layer over a P*-type single-crystal silicon
substrate.
[0248] Also, in each of the foregoing embodiments, the
N-channel power (or NPN) semiconductor has been mainly
described, but a P-channel power (or PNP) semiconductor is
obtained by structurally replacing the P and N types of all the
regions with the opposite conductivity types (PN inversion).
Note that, in terms of the manufacturing method, selective
implantation of P-type or N-type ions, P-type or N-type (full-
face or embedded) epitaxial growth, or the like may be used
appropriately.
[0249] Also, in the foregoing embodiment, the power
MOSFETs have been described specifically by way of
example, but the present invention is not limited thereto. It
will be appreciated that the present invention is also appli-
cable to power devices each having a super junction structure
(including an IGBT and a thyristor), i.e., a diode, a bipolar
transistor, and the like. It will be appreciated that the present
invention is also applicable to a semiconductor integrated
circuit device or the like in which such a power MOSFET, a
diode, a bipolar transistor, or the like are embedded.
[0250] Also, in each of the foregoing embodiments, the
trench-fill method has been primarily described specifically
as the method of forming the super junction structure, but the
present invention is not limited thereto. For example, it will be
appreciated that the present invention is also applicable to a
multi-epitaxial method or the like.
[0251] Note that, in the foregoing embodiment, the
example using monomethylsilane or the like for carbon dop-
ing has been described specifically. However, it will be appre-
ciated the present invention is not limited thereto, and can also
use a liquefied gas of, e.g., trimethylsilane or the like.

What is claimed is:

1. A method of manufacturing a vertical planar power
MOSFET comprising:
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(a) a silicon-based semiconductor substrate having a first
main surface and a second main surface;

(b) a drift region having a super junction structure in which
acolumn region of a first conductivity type and a column
region of a second conductivity type which are provided
in the semiconductor substrate are alternately and
repeatedly formed;

(c) a drain region of the first conductivity type provided in
a semiconductor back surface area of the semiconductor
substrate closer to the second main surface;

(d) a metal drain electrode provided over the second main
surface of the semiconductor substrate;

(e) abody region of the second conductivity type provided
in a semiconductor top surface area of the semiconduc-
tor substrate closer to the first main surface;

() a source region of the first conductivity type whichis the
semiconductor top surface area of the semiconductor
substrate closer to the first main surface and provided in
the body region;

(g) a gate electrode provided over the first main surface of
the semiconductor substrate via a gate insulating film;
and

(h) a metal source electrode provided over the first main
surface of the semiconductor substrate so as to be elec-
trically coupled to the source region,

the method of manufacturing the vertical planar power
MOSFET comprising the steps of:

(x1) forming the super junction structure on the top surface
side of the silicon-based wafer of the first conductivity
type;

(x2) forming a trench to be filled with the body region for
embedding the body region in a surface of the super
junction structure; and

(x3) filling the trench to be filled with the body region by
selective epitaxial growth.

2. A method of manufacturing a vertical planar power

MOSFET according to claim 1,
wherein the body region has an area doped with carbon.
3. A method of manufacturing a vertical planar power
MOSFET according to claim 1,
wherein the source region has an area doped with carbon.
4. A method of manufacturing a vertical planar power
MOSFET according to claim 1,

wherein the column region of the second conductivity type
is doped with germanium or carbon.

5. A method of manufacturing a vertical planar power

MOSFET according to claim 1,

wherein a growth temperature for the selective epitaxial
growth ranges from 600 to 900° C.

6. A method of manufacturing a vertical planar power

MOSFET according to claim 3,

wherein the area of the source region doped with carbon is
formed by selective epitaxial growth.

7. A method of manufacturing a vertical planar power

MOSFET according to claim 3,

wherein the area of the source region doped with carbon is
formed by ion implantation of cluster carbon.

8. A method of manufacturing a trench-gate power MOS-

FET comprising:

(a) a semiconductor substrate having a first main surface
and a second main surface;

(b) a drift region having a super junction structure in which
aplurality of column regions each of a first conductivity
type and a plurality of column regions each of a second
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conductivity type which are provided in the semicon-
ductor substrate are alternately formed;

(c) a drain region of the first conductivity type provided in
a semiconductor back surface area of the semiconductor
substrate closer to the second main surface;

(d) a metal drain electrode provided over the second main
surface of the semiconductor substrate;

(e) abody region of the second conductivity type provided
in a semiconductor top surface area of the semiconduc-
tor substrate closer to the first main surface;

() a trench extending from within each of the plurality of
column regions each of the first conductivity type
through the body region and reaching the first main
surface of the semiconductor substrate;

(g) a source region of the first conductivity type which is
the semiconductor top surface area of the semiconductor
substrate closer to the first main surface and provided in
the body region;

(h) a trench gate electrode provided in the trench via a gate
insulating film;

(1) a SiGe epitaxial region of the second conductivity type
provided closer to the first main surface of the semicon-
ductor substrate so as to oppose the trench gate electrode
with the body region being interposed therebetween;
and

(j) a metal source electrode provided over the first main
surface of the semiconductor substrate so as to be elec-
trically coupled to the source region,

the method of manufacturing the trench-gate power MOS-
FET comprising the steps of:

(x1) forming the super junction structure on the top surface
side of the silicon-based watfer of the first conductivity
type;

(x2) forming the body region of the second conductivity
type over the super junction structure on the top surface
side of the silicon-based wafer;

(x3) forming a trench to be filled with the SiGe epitaxial
region in the body region so as to leave the body region
between the trench to be filled with the SiGe epitaxial
region and the trench gate electrode; and

(x4) filling the trench to be filled with the SiGe epitaxial
region by selective epitaxial growth.

9. A method of manufacturing a trench-gate power MOS-

FET according to claim 8,

wherein each of the column regions of the second conduc-
tivity type is doped with germanium or carbon.

10. A method of manufacturing a trench-gate power MOS-

FET comprising:

(a) a semiconductor substrate having a first main surface

and a second main surface;
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(b) a drift region having a super junction structure in which
aplurality of column regions each of a first conductivity
type and a plurality of column regions each of a second
conductivity type which are provided in the semicon-
ductor substrate are alternately formed;

(c) a drain region of the first conductivity type provided in
a semiconductor back surface area of the semiconductor
substrate closer to the second main surface;

(d) a metal drain electrode provided over the second main
surface of the semiconductor substrate;

(e) abody region of the second conductivity type provided
in a semiconductor top surface area of the semiconduc-
tor substrate closer to the first main surface;

(®) a trench extending from within each of the plurality of
column regions each of the first conductivity type
through the body region and reaching the first main
surface of the semiconductor substrate;

(g) a source region of the first conductivity type which is
the semiconductor top surface area of the semiconductor
substrate closer to the first main surface and provided in
the body region;

(h) a trench gate electrode provided in the trench via a gate
insulating film;

(1) a SiGe semiconductor region of the second conductivity
type provided closer to the first main surface of the
semiconductor substrate so as to oppose the trench gate
electrode with the body region being interposed therebe-
tween; and

() a metal source electrode provided over the first main
surface of the semiconductor substrate so as to be elec-
trically coupled to the source region,

the method of manufacturing the trench-gate power MOS-
FET comprising the steps of:

(x1) forming the super junction structure on the top surface
side of the silicon-based wafer of the first conductivity
type;

(x2) forming the body region of the second conductivity
type over the super junction structure on the top surface
side of the silicon-based wafer;

(x3) forming the source region in a surface of the body
region; and

(x4) forming the SiGe semiconductor region in a part of the
body region by ion implantation so as to leave the body
region between the SiGe semiconductor region and the
trench gate electrode.

11. A method of manufacturing a trench-gate power MOS-

FET according to claim 10,

wherein each of the column regions of the second conduc-

tivity type is doped with germanium or carbon.
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