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Valence-band engineering and interface-dipole control for realizing 111-V pMOSFET
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Purpose of this study was to establish the technology for forming the
high-mobility CMOS using a common 111-V semiconductor material for the n-channel and p-channel. GaSb and
InGaAs were chosen as the candidate materials. For GaSh, high-quality MOS interfaces were achieved while
the relation between the interface dipoles and interface traps were examined. Surface treatment processes
for GaSb were also established. Furthermore, nanocontact heteroepitaxy technique was developed for
growing high-quality GaSb layer on Si. For InGaAs, In/Ga cation ordering was investigated as a possible
method of the band engineering. The first-principles calculations showed that the effective mass of the
carriers were affected by the ordering. Current drivability and delay time in the Il11-V MOSFETs were
analyzed by using Monte Carlo simulation considering the quantum effects.

- MOSFET



PMOSFET GaSb
CMOS
MOS MBE
- CMOS n
Ge p
Ge CMOS MOS
n P
Ge nMOS
- PMOSFET
GaSb
- pMOSFET
MBE Si
pMOSFET MOCVD GaAs
MOSFET
Dit 1012
cm-2eV-1 -
Dit
-V MOS
InGaAs
NMOSFET MOSFET GaSb
[ ] MOS
MBE
Dit p GaSh
MOS [(001)-(2x5),  (001)-c(2x6),
(001)-(1x3), (111)A-(2x2)]
STM
PMOSFET
InGaAs High-k
In Ga (HfO2) MOS
GaSb
Sb-0O Ga-O HfO2/GaSb
[ ] HfO»
PDA(post deposition annealing)
[N. Miyata, Materials, 5, 512 (2012).]
GaSb(001)-c(2x6)
MOS C-v
- CMOS n P (a)
(1)
p MOSFET Dit 2)
(Vi)
MOS ERVT RBEOLN (—1V
(3)
MOSFET - C-V
PMA (post metallization
annealing) 300 PMA
NMOSFET INnGaAs




PMA
GaSb(001)-c(2x6) 1.5 ML Sb
PMA
HfO2/GaSb Sbh-O
Sh-O PMA
Sb-O
Sb
300
PMA C-V
1 (b)
C-V FLF (Fermi level
movement efficiency) PMA
PMA
4 1’kHZ\;>/I1 kHz ‘(2nd) ' (a)
[10 kHz 1
« 100 kHz X
5 217
L\LB 2 MHz (1st) ™ )
S 3 i3
| (001)-c(2x6) 1l 001)-c(2x6)
w/o PMA w/ PMA
0o 1 2 1 o0 1 2 3
Vg (V) Vg (V)
GaSb(001)-c(2x6) MOS
C-V
(a) PMA (b) 300 PMA
(1A (001) (001) (001)
(2x2) (1x3) c(2x6) (2x5)
It
~F > D,ato1ev . 60
< |
o 2F j =
g 440
. F L
‘—o - %
BT {20
a + minimum D |
004 10 ¢
Surface Sb (x10™ cm?)
Dit
Di:
0.1 eV Dit
C-V
FLME
Dit
MOS 300
PMA Di 2x1012
cm2eV1
Dit

[(001)-(2x5) > (001)-c(2x6) >
(001)-(1x3) > (111)A-(2x2)]

Sb Osb
[Osbi0on-(2x5=1.8 ML,Bsbi001)-c2x6)=1.5
ML,Osbioon-ax3=1.0 ML,0Osbi110a-ex2) =0.25

ML] Di Sb
PMA
Sbh-O
Sh
Sh
Sb
GaShb
GaSb ALD
GaSb MOS
GaSb GaOx
SbOx GaSb
GaSb
Sb
ALD
Al2Os3
GaSb in-situ
MOS
in-situ
Sb
in-situ Ga203
XPS
Sb  Sb20s
Dit
Sb
Ga
400
CV Dit
Dit

Sb



GaShb
RF
GaSb

GaSb
300 GaShb
Ga203 Gaz=0
GaShb

GaSb

AFM

GaSb

GaSb
N2 RF
300W 300

Ve V]

GaSb pMOSFET Is-Ve
lc-Ve

GaSb pMOSFET

Si MOS
S/D
GaSb
Ni-GaSb
n GaSb
pMOSFET
Is-Ve ON-OFF
~100 pMOSFET
p n
CMOS

GaSb FET
MOS

Si GaSb
GaSb

(G) Si(100)
(NCH) (i) si(111)
InAs
NCH  Si(001)
2ML Ge

(—~0.3nm)

MBE GaSb (300nm)
EB HfO: (6nm)
PDA
Au MOS
PMA NCH-GaShb
100 nm RMS
2.2nm
GaSb
HfO2/GaSb MOS Cc-v
GaSb
GaSb

MOS
GaSb
NCH-GaSb

4°-off (001) (111)
NCH
5.6nm 9.9nm

InAs Si(111) GaSb

GaSb
IML In Si(111)
InAs(111DA
InAs GaSb
InAs(111A
(> 2nm)
GaSb(11DA (300nm)
InAs/Si(111)
GaSb
(106 cm2 ) GaSb
EB HfO2/GaSbh
MOS GaSb(111)A

GaSb pMOS
GaAs
Si n GaSb
GaSb(001) Si p
GaSb(11DA n
(11DA
pMOS Si
(001) Te



Si GaSb

MOCVD
GaAs(001) GaSb
GaSb MOS
GasSb
GaSb
GaSb(001)
n Te

Np ~ 2x1017 ¢cm™
Ue ~ 2400 cm?2/Vsec
GaSb

InGaAs pMOSFET

InGaAs In Ga
[111] In Ga
As

In Ga

[110] [1-10] 2

GaAs InAs
0.030 0.031 [110]
[1-10]
In Ga
In
Ga
0.068
0.028 In Ga
0.081 0.032  0.109 0.040
2.4 2.5
2.7
III-V MOSFET
(MCQ)
InGaAs GaAs
InP (DG)
MOSFET (9

T

(a)
(b)

© 3

@ =
InP

b =
InGaAs

InP

InP =
© =

InGaAs

T InP

GaAs I'L

InP

Y. Urabe et al., 2010 IEDM, paper no.
6.5.

J. Spieler et a., Applied Physics Letters 76,
88(2000).

T. Gotow, S. Fujikawa, H. I. Fujishiro,
M. Ogura, T. Yasuda, and T. Maeda,
Effects of HCl treatment and



predeposition vacuum annealing on

Al203/GaSb/GaAs

metal-oxide—semiconductor structures,

Japanese Journal of Applied Physics,
, Vol.54, 2015, pp.021201-1—5

N. Miyata, A. Ohtake, M. Ichikawa, T.
Mori, T. Yasuda, Electrical
characteristics and thermal stability of
HfO2 metal-oxide-semiconductor
capacitors  fabricated on  clean
reconstructed GaSb surfaces, Applied
Physics Letters, , Vol.104, 2014,
pp.232104-01~04

A. Ohtake, T. Mano, N. Miyata, T. Mori,
and T. Yasuda, Heteroepitaxy of GaSb
on Si(111) and fabrication of
HfO2/GaSb metal-oxide-semiconductor
capacitors, Applied Physics Letters,

, Vol.104, 2014, pp.032101-01~04

A. Nishida, K. Hasegawa, R. Ohama, S.
Fujikawa, S. Hara, and H. 1. Fujishiro,
Comparative study on nano-scale III-V
double-gate MOSFETs with various
channel materials, Physica Status
Solidi C, , Vol.10, 2013,
pp.1413-1416

R. Ohama, Y. Yajima, A. Nishida, S.
Fujikawa, and H. I. Fujishiro, Analysis
of delat times in III-V MOSFETs with
various channel materials, 41th
International Symposium on
Compound  Semiconductors (ISCS
2014), May 2014, Montpellier, France,
We-D1-2

T. Gotow, S. Fujikawa H. 1. Fujishiro,
M. Ogura, T. Yasuda, T. Maeda,
Demonstration of Ni-GaSb metal S/D
GaSb pMOSFETs with vacuum
annealing on GaAs substrates, 44th
IEEE Semiconductor Interface
Specialists Conference, Dec. 2013,
Arlington, VA, USA, paper no. 12-11

N. Miyata, A. Ohtake, M. Ichikawa, T.
Yasuda, Electrical Characteristics and
Thermal Stability of HfO2/GaSb MOS
Interfaces Formed on Clean
GaSh(100)-c(2x6) Surfaces,
International Workshop on Dielectric
Thin Films for Future Electron
Devices: Science and Technology , Nov.
2013, Tokyo, pp.31—~32

eY)

2

25

(3

GaSb/InAs/Si(111)
MOS

2013-195290

YASUDA, Tetsuji

MAEDA, Tatsuro

MIYATA, Noriyuki

OHTAKE, Akihiro

NARA, Jun

FUJISHIRO, Hiroki

ICHIKAWA, Masakazu

TANAKA, Masatoshi



