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(Study on GaAsSb/InGaAs tunnel field effect 
transistors for ultra-low power logic LSI) 
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ƔĹȊħ4ȸɑɓ3ǜĎ3E+.ɕ>�H!�ʍȧɑŢL˿�.�(�
�4E�2ʍȧ

Ɯ̖Lʔƭ!2�Fōƌōß2ɧ¹LŐɂ#H(A3
¬˺
Ăɐ
ʷǈ21ȅ�2ê̏LEGÿɁā!.

���0�ǩ>I.�H�ʍȧɇȁɘ4ːɾ3EH0
ƔĹȊħ4ȣˢ̧ù5 2025 ŵ35įãʕɑ̧̐4

20 %3>/̂#H0§Ɩ�I.�H[1.1]��F3
2011ŵ3ɑɆ!(ɨŧɹ�ċňùɑ̧Ɵ©ǉLĒ�
�

IFƔĹȊħ3EHȣˢ̧ù4ôȨ:4ǪƅB�I>/µ�3̹>+.�H�c�v�_�y��gC`�

u��FƿŰɶǭ>/
ƔĹèɃȊħ4ƓʣĚ�5
̊ Ƀ̤ɮĩ˪7�.5 CMOS(Complementary MOS)
,

>GMOSFET(Metal oxide semiconductor field effect transistor)4Ɗʊā3E+.2�I.�(�ĭ 1.13Ƣʸs
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ĭ 1.1 Ƣʸs�o(ū)0̤ɮĩ˪3ƾˮ�I(n��bcg4ǌ(ĕ)4Ŀ̆ 
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�o(ū)0̤ɮĩ˪3ƾˮ�I(n��bcg4ǌ(ĕ)4Ŀ̆L 90 ŵ´�Fɥ#�Si-MOSFET 4Ɗʊā5


�I>/Ȏ? Si Ƣʸ
�g�^�n/̹˔̧À(high-k)^�nʑʗʦƢʸ
ɳÀĵ Fin-FET Ƣʸ4ŝÞ�IH

�03EGŵ�˾?
2017ŵɂı
7 nmƢʸs�o4 CMOSƢʸBàʹ�IH<1/�H[1.2, 1.3]�>(


MOSFET4Ɗʊā3»+.n��bcg4̤ɮŹBŵ�Ľû!.�H�!�!2�F
ʉň4Ɗʊā4ȺɃ

̜Ɍ5ŵ�Ǚɒ02+.�G
̤ɮŹ4Ě�0ƓʣĚ�4�ɳ5ī̦2�0�FƦǮɓ2ˇȘɼ�ȗAFI

.�H�&�/
̤ ɮā4˅Ȳ�F5 CMOSL 3ȌÙɓ3̤ɮ!.�H�0�Ȁˋ�I.�H[1.4]��ǒ/


ż�ʓ�
ƓʣLĚ��%.��(A35MOSFET4̶ĀċɃLˁɖ#214ˇȘƠȚ�ƍʿ/�G
ɂı

ʅùɓ3ɞɯ̗ɑ�ʷKI.�H� 

 

 

1.2 MOSFET
§àñYeõ 
 

CPU(Central processing unit)4ȣˢ̧ùôȨ5ż�ʓ�ǩ>I.�Hȼș×3�H�
MOSFET4

Ɗʊā3EGŐɂ#H�05ī̦/�H�Ǯɿ3��.5
MOSFET4Ɗʊā̜ɌLȣˢ̧ù4˅Ȳ�FE

G˒ʊ3˕Ǚ#H�LSI 4ȣˢ̧ù5
ł��ê�.ĀÃǛ4?3ȣˢ#HhQp�j[̧ù Pdynamic0ĀÃ
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W
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ĭ 1.2 CMOSƢʸ3EH^�n̖3Ř#HhQp�j[���[̧ȟŕ

Ź4c]���\[1.5]� 
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3̙É2�ŏűɓ3ȣˢ�IHcglPj[̧ù Pstatic4 2ɭ̴�F2H�ĭ 1.25 CMOSƢʸ3EH^�n

̖3Ř#HhQp�j[̧ù0cglPj[̧ù4c]���\Lɥ!.�G[1.5]
Ɗʊā�˾M) CPU4

ßȣˢ̧ù5
��[̧ȟ4Ľû30B2�cglPj[̧ù�Ľû!
hQp�j[̧ùL�ĩGǄ̌ɓ

32HēʣƓLɥĤ!.�H�&4(A
CMOS 4ƭʓɓ2ƓʣĚ�3��.ȣˢ̧ù�ǥB̎ʿ2˗̲4

�,02+.�H�psc]��4mbg�ĩ˪3��HTr�Z��E8ȣˢ̧ù5Ȍ4Ż/��FIH� 

 

!dynamic +	!leakage 	= 	%&'())
* + +,-./()) (1) 

 

��/
α5ĩ˪4ĀÃɁ
f5ĀÃĝțǌ
C5˟ʰœ̐
Vdd5ĀÃ̧İ
Ileak5Vz��[̧ȟLʹ#�

LSI 4ȣˢ̧ùL¿Ȩ#H(A35
Ėv���gLŞ��#I6ʮ��ĀÃɁCĀÃĝțǌ5ĩ˪LŪŃ

#H�03E+.ǅĦ�IH�̧Ȭ̧İ5hQp�j[̧ù3 2 £/ÿ�(A
̧Ȭ̧İL×�H�0/ÿ

Ǹɓ3ȣˢ̧ùL¿Ȩ#H�0�éǴH�!�!2�F
ɃƖɓ2MOSFET3��.̧Ȭ̧İ4c]���

\5��[̧ȟ4Ľû3,2�H� ĭ 1.33 nMOSFET4ȃɎɓ2muQcȄ˼0u�oĭ
�E8ºŝȻ

ƓLɥ#[1.6]�nMOSFET5ĄŝÀǰǏ/�H n+-Source̱Ķ
i-ChanneḻĶ
n+DraiṉĶ3ñƉ̊0!.̑

Filled States

Empty States

Band-gap

EFS

EFD

n+ Source n+ Draini-Channel

Gate

MOSFET

Oxide

Gate Bias VG [V]

e

D
ra

in
 C

u
rr

e
n

t 
I D

(l
o

g
)�

A
� ��� ����� �� �����ION

VDD1Vth1 VDD2Vth2

60 mV/dec. at RT. 
S.S.

IOFF1

IOFF2

VDD–Vth = constant

ĭ 1.3 nMOSFET4ȃɎɓ2muQcȄ˼0u�oĭ
�E8ºŝȻƓ 
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ţ/̍āȺ�FȄƜ�IH^�nLƸʓ!(Ȅ˼02+.�H�n��bcgĀÃ3��. OFFȼƙ�F ON

ȼƙ:0̧ȟ�Ľû#H̱Ķ5`{c�a��o̱Ķ0ğ6I
&4ȻƓ5 1 Ǿ̧ȟLĽû�%H43ƍʿ

2̧İ(Subthreshold swing; S.S. 
Ć¾5 mV/dec.)/ȻƋ-�FIH�MOSFET5^�n3̧İLû�ĄŝÀ

ʹ̪3Y��O4i�r�ŤLƂƜ#H�0/
f�c�Fo�Q�3ȟIHƬǋ̧ȟLñƉ!.�H�&

4(A
f�c�Fi�r�3ȜÞ�IHY��O5ȷǇé́ɬ3E+.Ɇ"
Fermi-DiracêŮ3Ǆ̌�I

.�G
Ǯˤɓ3 Fermi-DiracêŮ4l��̊3EH��[̧ȟLƣ�H�05/�2��̀ {c�a��o

̱Ķ3��H S.S.Ð5Ȍ4˳½Ż/ʹ�I
Œȩ3��H S.S.Ð5 60 mV/dec./̜Ɍ02H� 

 

0. 0. ≡
3(4

35log10	+67
≅ 91 +

')
';<

= ln 10
A!
B
	

→
AD
B
ln 10 ≅ 60	mV/dec. |T = 300 K 

(2) 

 

&4(A
ɃƖɓ2 60 mV/dec. Lƭ,n��bcg3��.
ĀÃ̧İ(VDD) 0̚Ð̧İ(VTH)4ŬL�ŏ3

0G
VDDLôȨ!E�0#H0
VDDL 60 mV×�H�03Vz̧ȟ(IOFF)��ǾĽû#H�032G
Ż(1)

3ɥ!(E�3cglPj[̧ù4Ľû3,2�H��I5
Y��O4ȷɓ3ŷ�+(zS��êŮ4ʎ

Ǹ/�G
Ƈ+.
muQc`QdCÄɈ�IHǰǏɺ3̙É2�
MOSFET3ɂIHĥ̲/�H�&4(

A
̧Ȭ̧İ4¿̧İā5̩ű3ī̦2ĥ̲02+.�H�ĭ 1.4 3Ọ̋3ʾĢā�I.�Hn��bcg

4̧Ȭ̧İ0ĄŝÀƢʸ��o�j|(International Technology Roadmap for Semiconductor ; ITRS)2015ŵȹ3

ˌˮ�I.�H§ȪÐLŵǛ�03ɥ#[1.7]�̧ Ȭ̧İ5 FinFETƢʸ3EHɝi�r�ÿǸ4ƣñC high-k

ǰǏ4ŝÞ3EH̍āʦŐÿʦĊ(EOT)4ʴʦā
̹ ɫĀŹi�r�ǰǏ4ŝÞ214ŪŃLɈ�.B
2010

ŵµ̛
1 V ³˳/Ñȯ!.�H�>(
̧Ȭ̧İ4c]���\3̙!.5
Tr�Z�4˅Ȳ�FB˒

ʊ2˜˚�2�I.�H�n��bcg4ĀÃ3ƍʿ2Tr�Z�5
̧ù0̀ź04ɮ/ʹ�IH�&4

(A
ĀÃǛ4̧ù0ƅȊǛ4̧ù4u��c/
ǥ̅ĀÃ̧İ(VOPT)�ŋı#H�ĭ 1.53̧Ȭ̧İ0ǥŞ

Tr�Z�4̙ÉL
S.S.Ð4Ð�03ɥ#[1.8]��IFL˖?ˇ�0
Tr�Z�ôȨ4(A35̧Ȭ̧İ

LŞ��#H0ęǛ3EGƒŨ2 S.S.ÐLŐɂ#Hƍʿ��H� 
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ĭ 1.4 Ọ̋3ʾĢā�I.�Hn��bcg4̧Ȭ̧İ0ĄŝÀƢʸ��o�j|

(ITRS)3ˌˮ�I.�H§ȪÐ[1.7] 

0
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

N
or

m
al

iz
ed

 E
ne

rg
y 

(a
rb

. u
ni

ts
)

VDD (V)

Energy 
mimum point

Vopt

96 mV/dec.
84
72

60
48

36
24
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ĭ 1.5̧Ȭ̧İ0ǥŞTr�Z�4̙É[1.8] 
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1.3)C,?)>C� $�
�� 
 

1.3.1 59�a)C,?)>C� $ 

ƇǴĵ4 MOSFET 5&4ċɃ�
60 mV/dec.L�ĩHƒŨ2`{c�a��oȻƓLƈH�05�

ēʣ/�G
EGƒŨ2`{c�a��oȻƓLŐɂ#H(A35
̶ĀċɃLĿǢ#Hƍʿ��H�Ǯɿ

/5
`{c�a��oȻƓ4ŏʝŻ�F
Őɂēʣ2ˇȘƠȚ
Ȼ3˳ŵǥBȜɕ�I.�Hn�r�n

��bcg3,�.˕Ǚ#H�Ż(3)3�ʭā!(MOSmuQc3��H S.S.Ð4ŏʝŻLɥ#�̨ ̧Ǆ̌Ī

ň
mzN[g�0ºŝȊȄĪň nzN[g�3êø�IH[1.9]� 

 

0. 0.≡
3(4

35log10	+67
=
3(4
3FG

3FH
35log10	+67

 (3) 

 

�4Ż�F˖?ˇ�0ƒŨ2 S.S.ȻƓLŐɂ#H(A35 2,4ǒȚ�ʞ�FIH�1,ɕ4ǒȚ5
̨ ̧Ǆ

̌ĪňL 1 µ×3#H�0/�H�&4(A35
œ̐�˟02HȻȑ2ȼșLŐɂ#Hƍʿ��G
&4

p++ Source n+ Draini-Channel

Gate
TFET

Band-pass 
Filter

Empty States

Filled States

EFDEFCh
EFS

Band-gap

Tunneling width

λ

ΔΦ

Gate Bias VG [V]

D
ra

in
 C

ur
re

nt
 I D

(lo
g)
�

A
�

TFET

IOFF

MOSFET

60 mV/dec. at RT. 
S.S.

ĭ 1.6 nTFET4ȇŻĭ
u�oȄ˼�E8MOSFET0Ȕ˭!(ȇŻɓ2̧ȕȻƓ 
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E�2ʉň5˟Ɠœ̐ FET(Negative capacitance FET; NC-FET)0ğ6I
^�nʑʗʦ3ƀ˔̧ÀǰǏLɈ�

H�0/Őɂ#HƠȚ�ƺǿ�I.�H[1.10, 1.11]�2,ɕ4ǒȚ�ºŝȊȄLĿǢ#HƠȚ/�H�u�o

̘n�r�̧ȟLɈ�Hn�r� FET[1.9, 1.12]0Q�v[nQV�āLðɈ#H FET(Impact ionization MOS; 

IMOS)[1.13, 1.14]�ƺǿ�I.�H��4E�2clP�|�c��|muQc4�/
ɂıǥB¡ȟ02+

.�H4�n�r� FET/�H�ĭ 1.63 nTFET4ȇŻĭ
u�oȄ˼�E8 MOSFET0Ȕ˭!(ȇŻɓ

2̧ȕȻƓLɥ#[1.15]�TFET5 p+f�c̱Ķ0 ii�r�̱Ķ
n+o�Q�̱Ķ(p+-i-n+)�FȄƜ�IH�

TFET3��H̶Ā̧ȟ4�Wqd�5
u�o̘n�r��\/�G
̧ ʰ5f�c̱Ķ4Ȩ̀ňŰ0i�

r�̱Ķ4ºŝŰ:ɫĀ#H�ȍ4^�nuQOc3E+.
i�r�̱Ķ4u�oLĿ˘�%
ºŝŰ4

Tr�Z��f�c̱Ķ4Ȩ̀ňŰEG×ĩH0
ɱȵVz0V��ëGǤKH�̧ȟ3Ŕ�#HTr�Z

�ŰĶ�f�c̱Ķ4Ȩ̀ňŰ0i�r�̱Ķ4ºŝŰ4̘4K$�2Tr�Z�Ŭ(∆Φ)3̜ŏ�IH(A


zS��mP�j[̙ǌ4l��̊5
̧ȟ3Ŕ�!2��&4(A
ċɃɓ3 S.S.ÐLƇǴĵMOSFET0

Ȕ˭!.ƒŨ2 S.S.ÐLŐɂēʣ/�H�n�r�Ų5^�ņİ3E+.
Ȩş�%H�0�éǴH�u

�o̘n�r�̧ȟȊȄ4ʎǸ0!.
TFETã4 S.S.Ð5�ŏ/52�
^�nuQOc3Çŋ!
uQO

c4Ľû0043 S.S.ÐBĽû#H�TFET4˗̲4�,�
n�r�n��bcg5u�o̘n�r�ɂ˞

LðɈ#H(A
Ǯˤɓ3MOSFETEGBV�̧ȟLƈH�0�̦!��0/�H�n�r�n��bcg

4V�̧ȟ5n�r�ɡɁ3ƀ�Çŋ!
Wentzel–Kramer–Brillouin(WKB)˳½LɈ�.Ȍ4ȅ3ʹ#�0�

éǴH� 

 

DIJK = exp O−
4λ√2U∗W4

X/*

3Bℏ(△^ + W4)
` (4) 

 

��/
m*5ǧÿˤ̐
EG5u�oZ�j|/�GǰǏĮǧ4ȻƓ02H�	5f�c0i�r�Ɍ̪3�

�Ḩň�n�r��\#Hɰ̘ɓ2ŷ�G
n�r��\˩̥Lɥ!.�G
muQc4Ȅ˼3E+.Ș

>H�o�Q�̧İ��ŏ/�H2F6
^�ņİ�Ľû#H3,I.n�r��\˩̥ λ 5Ȩş!
f

�c̱Ķ4_�h[a��u�oɶ0i�r�̱Ķ4u��cu�oɶ4Tr�Z�Ŭ/�H Δφ 5Ľû#

H�&4(A
n�r�ɡɁ3ƀ�Çŋ#Ho�Q�̧ȟ5˨Ʈǌ̙ǌɓ3Ľû#H�ʎǸ0!.
TFET

4 S.S.Ð5MOSFET05ɏ2G^�ņİ3ƀ�Çŋ#H�V�̧ȟLĽû�%H(A35
ǧÿˤ̐�Ş

��u�oZ�j|�Ş�2ǰǏL̇Ƨ#H�0�ÿǸɓ/�H�ĭ 1.73 Si
Ge
InAs
In0.53Ga0.47As
InSb
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4u�oZ�j|0ǧÿˤ̐
&IFÐLɈ�. A. C. Seabaugh F3E+.ˊɾ�I( Si
Ge
InAs


In0.53Ga0.47As
InSb 4Ć¾Ų�(G4n�r�̧ȟLã̧̊Ɍ4̙ǌ0!.ɥ#[1.12]��4ˊɾ3��.


i�r�4Ċ�5 2nm0�I
̐ňā5ʞƚ�I.�2��>(
IVǔĄŝÀ�E8 III–VǔāėȺĄŝÀ

4n�r��\ǧÿˤ̐5ʎǞǒĚ3Çŋ!.�H�
�4ˊɾ3��.5[100]ǒĚ4?Lʞƚ!.�H�

i�r�ǰǏ0!.
EGŞ�2u�oZ�j|Lǧ#HǰǏLƷɈ#H�0/
¿̧Ɍ/EG̹�V�̧

ȟLƈFIH�0Lɥ!.�H�!�!2�F
Ⱦu�oZ�j|ǰǏ5Vzȼƙ/4i�r��Fo�Q

�:4n�r��\ɡɁ�̹>H(A��[̧ȟ�Ľû#H�,>G
��b��[a�� TFET 4ĺėV

�̧ȟ0��[̧ȟ35n��oVz4̙É��G
ł�2V�/VzȔ0Ş�2 S.S.ÐLęǛ3Őɂ#H�

05̩ű3̦!�� 

1.3.2 3'A�a)C,?)>C� $ 

  

 ��Ƹė TFET4ȋȲLÝǨ#HƠȚ4‐,0!.
f�c�i�r�Ƹė3 Type-II}l�Ƹ

ėLɈ�HǒȚ��H�ĭ 1.83��Ƹė0}l�Ƹė TFET4f�c̱Ķ0i�r�̱Ķ4u�oȄ˼4̃

�Lɥ#���Ƹė3��.5
n�r�ɡɁLĽû�%H(A3Ⱦu�oZ�j|ǰǏLɈ�H0
ɆƜ�

äʎė(Generation/Recombination; GR)ɡɁ�̹�2H�0�F
IOFF�Ľû!
ʎǸ0!. ON/OFFȔ�Ȩş

#H��4n��oVz̙ÉLơɟ#H(A35
IOFFLĽû�%2�E�3o�Q��i�r�Ƹė4u�

0.0 1.0 2.0 3.0 4.0
10-15

10-13

10-11

10-9

10-7

10-5

10-3

I D
 (A

/µ
m

)

Electric Field (MV/cm)

SiGe
InGaAs
InAs

InSb

m
R
*m

V
*m

C
*EG (eV)Materia l

0.0070.0150.0140.17InSb

0.0120.0260.0230.35InAs

0.0230.0520.0410.74InGaAs

0.02--0.67Ge

0.16--1.11Si

ĭ 1.7 Si
Ge
InAs
In0.53Ga0.47As
InSb4u�oZ�j|0ǧÿˤ̐
&IFÐLɈ�. A. C. Seabaugh

F3E+.ˊɾ�I( Si
Ge
InAs
In0.53Ga0.47As
InSb4Ć¾Ų�(G4n�r�̧ȟ[1.12] 
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oZ�j|LŞ��#H�02�
f�c�i�r�Ƹė3Őÿn�r�̹�(Ebeff)�Ş�� Type-II }l�

ƸėLɈ�.n�r��\ŲLȨş�%
n�r�ɡɁLĽł�%H�0�ǥBÿǸɓ/�H���/
Ebeff

5f�c̱Ķ4Ȩ̀ňŰ0i�r�̱Ķ4ºŝŰ4Tr�Z�Ŭ/ŏʝ�IH�̶Ā̧ȟ0��[̧ȟLÍ

ï3ǥ̅ā#H�0�/�H(A̹Ɠʣ/¿ȣˢ̧ù2muQcLˍˊ#H�0�ēʣ02H� 

 �4 Type-II}l�ƸėLƂƜ#H(A35̅ë2ɏɭǰǏLʌ?ėK%H�0�̎ʿ/�H�

ĭ 1.9 3ȅ�2ǰǏ4̧ň˄ġù
u�oZ�j|Lɥ#[1.16]�ȅ�2ǰǏʆ4�/B Sb ʆǰǏ5u�o

Ȅ˼3ȻƋLƭ*
Ȩ̀ňŰ4Tr�Z��̹�2HÕĚ3�H(A
GaAsSb/InGaAsƸė5 Type-IIȄ˼L

0H[1.17, 1.18]�ĭ 1.10(ū)3 GaAsSb/InGaAsƸė4 EbeffLǽňŏǌ�03ɥ#�GaAsSb/InGaAsƸė5̅ë

2ʌƜȔL̇Ƨ#H�0/
EbeffL~ 0.5�F 0 eV>/ŷʀĬ3K(+.Ŀ˘ēʣ/ǧG
TFET4ǰǏ0!

.Ǫƅ�̹��ĭ 1.10(ĕ)3 InGaAsSbĨÙȦǞ4 In0 SbʌƜ3Ř#Hu�oZ�j|ÐLɥ#���/ InP

�:Ɯ̖#H0¶ŏ!
ǽňŏǌ� InP 3Ǎė#Hȅ3Ȏ?̐L˘Ǎ!.�H�ĭ 1.10(ĕ)3ɥ#ȅ3

InGaAsSbĨÙȦǞ5 0.3 eV�F 1.4 eV>/Ųŷ�u�oZ�j|LŐɂ#H�0�éǴHǰǏ/�G
f

�c�i�r�Ɍ̪3ƱÞ#H�0/EGŐÿu�oZ�j|�E8&I3»�n�r�˩̥L˘Ǎ#H�

0�ēʣ2ǰǏʆ/�H�!�!2�F
SbʆǰǏ5ñƉ�̦!��0�Fn�r� FET0!.4muQc

ĀÃ5ɡ˓�I.�HB44ƒŨ2 S.S.ÐLƈH�05̩ű3ī̦/�H� 

 

Channel/Drain Large Eg Source/Channel Small Ebeff

EgS

EgCh

EgS

EgCh

λ

Ebeff

λ

EgCh

��
���	�� Type-II ���
���	��

���
���	��
�����
���
(λ) ��

ĭ 1.8 ��Ƹė0}l�Ƹė TFET4f�c̱Ķ0i�r�̱

Ķ4u�oȄ˼4̃� 
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ĭ 1.10 (ū )GaAsSb/InGaAsƸė4 EbeffLǽňŏǌ
(ĕ) InGaAsSbĨ

ÙȦǞ4 In0 SbʌƜ3Ř#Hu�oZ�j|Ð 

ĭ 1.9ȅ�2ǰǏ4̧ň˄ġù
u�oZ�j|[1.16] 
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1.4 TFET
»¿ïµZb 
 

 Ǯɿ/5
�I>/4 TFET3̙˽#HɞɯĹĜÅL>0AH�TFET5 1950ŵ´4 Stuetzer3E

HŐ̸[1.19]C 1960ŵ´4 ShockleyF4Ő̸[1.20]�ċĵ0ˉKI.�G
̩ ű3̖Ǫ̘3K(+.ɞɯ�I

.�(ȏĔ�Hɞɯl��4‐,/�H�2004ŵ3W���psi��{LɈ�.íA.ĀÃ�Őˎ�I.

µǴ[1.21]
ƇǴ4 MOSFET 4Ȃ̜ƓʣL˨�(¿̧İĀÃ�ŐɂéǴHmuQc0!.�Ɍ�/!4�L

ôHɞɯ̗ɑɷ¨:0ɑŢL˿�.�(�Si-TFET0!.5 2007ŵ3 ChoiF3E+.íA.MOSFET4Ƀ

˚̜Ɍ/�H 60 mV/dec.L×ĩH S.S.Ð�ĹĜ�I([1.22]�!�!2�F
V�̧ȟ5 Si-MOSFET0Ȕ˭

!. 3ǾɬŹ¿��&�/
IVǔĄŝÀ/5 Si[1.23, 1.24]3û�.Ⱦu�o/�H Ge[1.25]
�F3Ȏ?L

û�(Ȏ? Si[1.26]
Ȏ? Ge[1.27]
GeSn[1.28]
III-VǔāėȺĄŝÀ/5 InGaAs[1.29, 1.30]214ǰǏLɈ

�( TFET 4ɞɯ�ʷKI.�H�>(
f�c�i�r�Ƹė3}l�ƸėLɈ�( TFET 0!.5


Ge/Si[1.31]C GaSb/InAs[1.32]
GaAsSb/InGaAs[1.33, 1.34]
InAs/Si[1.35]214ʌ?ėK%�ĹĜ�I.�G


InAs/Sips�Q� TFET3��.5�ɌǥŞ4 S.S.Ð/�H 21 mV/dec.�Őɂ�I.�H�n�r�ɡɁL

Ľû�%H(A35
ǰǏLĿǢ#H4?2F$
f�c�i�r�Ƹė3ûKḨɌLƀ�#H�0Bǧ

ÿ/�H�̨̧Ǆ̌ùLĚ��%H0��˅Ȳ�F
high-k ǰǏLɈ�H�0/ɺÈ̍āʦ(Effective oxide 

thickness; EOT)Lc]���\�%Hɞɯ5ɞɯ̗ɑ4íǪ�FƮǀ�I.�H�>(
^�nȄ˼L FinȄ

˼[1.24]C TǛĵ[1.36]
ps�Q�ĵ[1.37]3ŪŃ#HɞɯBɔM3ʷKI.�H�ǥ˳/5
n�r�ɡɁ

LĽł�%HƠȚ0!.ɺ̧ňn�j|LɈ�( TFETBĹĜ�I.�H[1.38]��I5u�oZ�j|�3

®ȳɓ3�ʈȺȭ¾LŝÞ!
�4ȭ¾LðɈ#H�0/̹�V�̧ȟLŐɂ!.�H� 

 

1.5 III–V3'A�a TFET
Üõ�·¶ 
 

TFET4ɞɯ̗ɑ5ǌŁ�2�I.�H�
Ǯɞɯ/5ǧǩ2 GaAsSb/InGaAs Type-II}l�Ȅ˼

TFET3ɚɕ!.�H�Ǯɿ/5
GaAsSb/InGaAs TFET4ɞɯ̗ɑÅ�Fɂı4˗̲LǙF�3!
Ǯɞɯ

4ɕɓL˵;H�III–V ǔāėȺĄŝÀLɈ�( Type-II }l�Ȅ˼ TFET5ȷþ˧L»�ɆƜ�äʎȩ̇ȟ

Lƣñ#H(A3
f�c̪ɮLŞ��#HŪŃLǓ!(ĹĜ�ǌŁ�2�I.�H�MIT 4 T. Yu F5f

�c̱Ķ/�HGaAsSbŤ�F^�ņȂ4×̊/i�r�̱Ķ4 InGaAsŤ:̧ňLʘǒĚ3n�r��\

�%(Ɔ
Air-bridgeL˺!.ȈǒĚ4o�Q�3ż�Ʀ�Ƃ4muQcȄ˼Lƺǿ!
GaAsSb/InGaAs TFET
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4ĀÃLŐˎ!.�H[1.39]�!�!2�F
S.S.Ð5Œȩ/ 87 mV/dec./�G
MOSFET4Ƀ˚̜Ɍ/�H

60 mV/dec.L×ĩHÐLŐɂéǴ.�2��ǵŪł4 FujimatsuF5 ICP-RIE3EHTji�\L̶Ä#H�

0/
i�r�ŲL 26nm3>/Ȃʴā!.�H[1.40]� 

LundłŌ4E. MemisevicF5f�c_�g[nŤ0!.p++GaSbL300 nm
f�c̱ĶŤ0!.


p++InxGa1-xAsySb1-y 100 nm
i�r�̱ĶŤ0!. n–InAs 100 nm
f�c̱ĶŤ0!. n++InAs 100 nmL Siķ

Ƕ�3 MOCVD Ț/Ɯ̖!(ps�Q�ĵ4 TFET 3��.
f�c�i�r�Ƹė3 III–VǔāėȺĄŝ

ÀLɈ�( TFET4�/5ǥB¿� S.S.Ð 43 mV/dec.(VDS = 0.1 V)L̂Ɯ!.�H��ǒ/
&4̧ȕȻƓ5

`�|��036F,��̩ű3ł��[1.41]�&4(A
Type-II}l�Ȅ˼ TFET4̧ȕȻƓLȘŏ#HĪ

ňLǙɡā#H�0�̎ʿ/�H�muQc4ȻƓêǷ4˅Ȳ�F5��a�uqOũɳłŌ4 R. Pandey

F� GaAsSb/InGaAs}l�Ƹė4n�r�˩̥0 TFET4̧ȕȻƓL̙˽-�.Ȁˋ!.�H[1.42]�!�!

2�F
n�r�˩̥LȘŏ-�HĪň0!.5
�ʈȺ0ʌƜ4�ǒ4ɰ̘êŮLʞƚ#Hƍʿ��H�


�4E�2ʞŖ52�I.�F$
EG˒ʊ2ȀˋLû�Hƍʿ��H�>(
TFET5MOSFET0ęȅ3

^�ņȂ3uQOcLû�H�0/i�r�̱Ķ4u�oLĿ˘#H�0/̶Ā̧ȟLƈH(A
MOSɌ

̪ȭ¾B̎ʿ2Īň/�H�R. PandeyF5 C–VȻƓ�FɌ̪ȭ¾LŐ̸ɓ3ȗAH0ęǛ3
TCADa��

��a���FɌ̪ȭ¾� S.S.Ð�E8V�̧ȟLüā�%H�0LĹĜ!.�H�!�!2�F
InGaAs

4u�oZ�j|��E8ºŝŰã̊414Tr�Z�Ű4Ɍ̪ȭ¾�ǥBŔ�#H�5ǙF�3�I.�

2�� 

 &�/
Ǯ˚ǎ/5 GaAsSb/InGaAs TFET4 S.SÐCV�̧ȟ214̧ȕȻƓ4ȘŏĪňLŐ̸�

E8 2ȌÙ TCADa����a��Lʌ?ėK%H�0/˒ʊ3ˇǷ!
Type-II}l�Ƹė TFET4ɃˇL

ȥAH0ęǛ3ˍˊƮ̒LǙɡā#H�0Lɕɓ0#H� 
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1.6 �Ý�
�� 
 

Ǯ˚ǎ5ĭ 1.113ɥ#E�3ß 7ɴ3EGȄƜ�I.�H�ɹ 2ɴ/5GaAsSb/InGaAsʘĵ TFET

4ĀÃŐˎLʷ+(�ɹ 3ɴ/5 GaAsSb/InGaAs}l�Ɍ̪4ȺɃˏÈ0
&4ȻƓ� TFET4̧ȕȻƓ3

��Hƃ̬L˘;
GaAsSb/InGaAs TFET4ˍˊƮ̒LǙɡā!(�ɹ 4ɴ/5
ɹ 3ɴ3��HˍˊƮ̒4

×
p+GaAsSḇĶ4�ʈȺ4ɭ̴4Ȁˋ�E8ωŹĽł4ÿǸL˜˚#H�ɹ 5ɴ/5f�c̱Ķ�E8i

�r�̱Ķ4MOSɌ̪ȻƓ�TFET4̧ȕȻƓ3��Hƃ̬LTCADa����a���F˒ʊ3ˇǷ!


Ɍ̪ȭ¾ŕŹ¿Ȩ3EH TFET4ȻƓĚ�Ʈ̒L˜˚#H�ɹ 6ɴ/5
Oxide/GaAsSb MOSɌ̪ȻƓ4Ě�

ƠȚ4‐,0!.
Ȃʴ4 InGaAsvja~�a��Ť4ŝÞ3̙!.˜˚#H�ɹ 7ɴ/5
Ǯɞɯ/ƈF

I(ʎ˚0!. GaAsSb/InGaAs TFET3̙˽#HƢʸ4ǧÿƓC˗̲L˵;H� 
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Chapter 2 
  

GaAsSb/InGaAs TFET4ĀÃŐˎ 
 

 

2.1 xU 
 

Ǯɴ/5
Ȃ¿̧İĀÃLŐɂēʣ2 GaAsSb/InGaAsʘĵ TFET 4ʉňĀÃLŐˎ#H�0Lɕ

ɓ0#H�>$
ʉňLÃʾ3Ɉ�(¡2|�ecʻʜ�E8
ʉňĀÃ3̙#HȺɃȊȄˏÈʻʜ3,�

.>0AH�ʓ�. GaAsSb/InGaAsʘĵ TFETLĀÃ�%H(A35
̹Ģˤ2 GaAsSb/InGaAsŤLƈH�

0�ƍ̰4˗̲/�H�0�F
InPķǶ�3MOMBEȚ/TygYa��Ɯ̖!( GaAsSb/InGaAsƜ̖Ť

3,�.ˏÈ#H�ǥƆ3
�4TygYa��RTtLɈ�.ːÃ!( GaAsSb/InGaAsʘĵ TFET4̧ȕ

ȻƓ
�E8muQc|�ec3��.ŷ�Ɉ�FI.�H̑ţĸɮƆOq��(Post metallization annealing; 

PMA)4ÿǸLȀˋ!
GaAsSb/InGaAsʘĵ TFET4ĀÃLŐˎ#H� 

 

2.12A" `�ÛQÔÌ 
 

2.1.1 � ì{½p¤¸j¾ (Metalorganic chemical vapor deposition; MOCVD) ¥ 

 

XcċǏLɈ�HʎǞƜ̖ʻʜ/�G
̹�RTt̪ãĲ�ƓCɌ̪ƂƜñƉƓLB,�0�F


ł̐Ɇɇ3Ě�(Ɯ̖ʻʜ0!.ŷ��ʭɓ3ðɈ�I.�H�MOCVD ʻʜ5
�O[g�3ċǏ˯˸4

ƪ�Ơ/�H H2C N2�Q�
IIIǔ
Vǔ�E8o�y�\ċǏ4Xc��~CǧȊ̑ţ��~
Ƶȕ�Q

�0əɰ��|LƸʓ!(ȄƜ02+.�H�IIIǔ
Vǔ4XcċǏ4ĽȨ3EGȦǞĄŝÀ3��HʌƜ

LĿā�%H�0�éǴHðȲ��H�ǒ/
ȍɡ2ʌƜñƉ4(A35
XcÆʐ̐4̹ʅŹ�ʿȗ�I

H�IIIǔXcċǏ35
n�Ti�X�R�(Triethylgallium, TEGa)
n��i�Q�bR�(Trimethylindium, 

TEIn)
VǔXcċǏ0!.5
O�a�(Arsine, AsH3)
�czP�(Phosphine, PH3)
n��i�O�i��

(Trimethylantimony, TMSb)
o�y�\ċǏ35Ĩʨāȱʉ(Carbontetrabromide, CBr4)LɈ�
Y��OXc3
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5Ȗʉ(Hydrogen, H2)LɈ�([2.1]� 

 

2.1.2 � ì{WmÉ�1$��E(Metalorganic molecular beam epitaxy; MOMBE) ¥ 

 

MBEƜ̖ʻʜ3XcċǏLɈ�HMOCVDʻʜʌ?ėK%(ʻʜ/�G
MOCVDʻʜęȅ4�

�jnLƭ,�MOMBE4ȻƋ0!.5
êˇȩŹ4̹� VǔXcċǏ3,�.B̹ȩe�/ȷêˇ!.Ɉ

�H�0�éǴH(A
MOCVD Ț0Ȕ˭!.¿ȩ/4Ɯ̖�ēʣ02H��ǒ/
MOMBE Ț/4ʎǞƜ

̖ȩŹ5
IIIǔXcċǏ4êˇȩŹ3ɗƁ#H(A
ȍɡ2ʌƜñƉ4(A35
EG̹ʅŹ2ķǶȩŹñ

ƉƢʸ�ƍʿ02H�Ǯɞɯ/5
VG semiconɧʾ4VGV90-MBEʻʜ3
İùñƉȚ3EHXcÆʐʆL

Ƹʓ!
�F3vQ���gLɈ�(ķǶȩŹñƉȊȄ�ʌ?˱>I(ȄƜ02+.�H[2.2]�Ɯ̖ǳ·3

,�.5
|�ecz��4̮ɕ3.˒ʊ3˕Ǚ#H� 

 

2.1.3 ^m|j¾¥ 

 

ALD(Atomic Layer Deposition:ċňŤĸɮȚ)5 2ɭ̴4|�W�`(õ̶À)LɈ�.ċňŤ�~�

/Ɯʦ#HǒȚ/�H�RTt4ȝȠ5�ʭɓ3 IPAC DIW/ȝȠŪɬLʋ�.�H�&4(A
RTtʹ

̪5 OH ķ (wo�Yaķ )ʋɶ�I.�H�̑ţ|�W�`�/�Hn��i�O��qR�

(Trimethylaluminium; TMA, (CH3)3Al)LŝÞ#H�03E+.RTtʹ̪4 OHķ0ďƏ!
�s�Q��L

ƂƜ#H�öɆƜȺ0!.�g�(CH4)�ɆƜ�IH�Â÷4 TMAĎ8
öɆƜȺ4�g�5əɰż��E

8ɲʉ(N2)v�bLʷ��0/đG̞��&4Ɔ H2OLŝÞ#H�H2O0 CH3ķ�ďƏ!
öɆƜȺ0!.

�g��ɆƜ�IH�TMA0 H2O4ŝÞ 1`Q[�/
ʇ 1Å4 Al2O3ĸɮ�ʷKI
�4́ɬLʛG˴#

�03E+.Ɵǩ4ʦĊ4 Al2O3�ĸɮ�IH�Ǯɞɯ/5 Beneqɧʾ4 ALDacl� TFS 200LɈ�(�

�O[g�4uj[|�ja��5 110 PaɬŹ/�H�TMAÆʐǛ̘5 250 msec
ɲʉv�bǛ̘5 500 

msec
H2OÆʐǛ̘5 250 msec�ɲʉv�b 1 s0!(�>(
TMA35̈ÙÃɈ��H�0�ɜFI.�

H�0�F
Ɍ̪ȭ¾ŕŹ¿Ȩ3Ŕ�#H�0�ĹĜ�I.�H�&�/
Ǯɞɯ/5 TMA �F`Q[�

Lcg�n�%.�H� 
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2.1.4 I¡��CáëW� 

 

ªȌQV�ˤ̐êǷ(Secondary ion mass spectrometry; SIMS)5�ȌQV�ɑɆʻʜ
̨̧��d2

14�ȌQV�x��4ñƉʻʜ
ªȌQV�4ˤ̐êǷʻʜ21�FȄƜ�IH�ǥí3ːǏʹ̪3�Ȍ

QV�Lȶś!
&I3E+.Ǉé�I(ªȌQV�4ˤ̐êǷLʷ��0/
ːǏ4ʌƜLȗAH�0�

éǴH��ȌQV�4ɭ5
ːǏ0ďƏ!3��ůXcQV�(Ar+, Kr+, Xe+)
ªȌQV�4ǇśɁ�̹�ō

ŏƓ4̹�̍ʉQV�(O+, O2
+, O–)
˟4ªȌQV�LǇé#HÿɁ�̹�O�W�QV�(Cs+)21�¡3Ɉ

�FIH�Ǯɞɯ/5
ɰ̘êˇʣLʮ�#H(A3 O2
+QV�LɈ�.
Ȕ˭ɓ¿�Þśˆ 15o/Ȫŏ!(�

Ȫŏ̜Ɍ5 5 nm/decɬŹ/�H� 

 

2.1.5 â�çéhñmö�í-�,?�EW�h XÉWTW�f 

  

˦Ǻ˹́ĵ̧ň̳Ɗ̔-Tr�Z�êǋĵ XʖêÜêǷħ(Scanning transmission electron microscope 

energy dispersive X-ray spectroscopy; STEM-EDX)5
STEM3 EDXêǷħLʌ?ėK%(ʻʜ/�H�STEM

5Ɗş3Đǲ�I(̧ňʖLːǏ�3˦Ǻ!
ːǏL˹́!(̧ňLȀé!ʎ×#HB4/�H�Ȁéħ3

5Ǚ˃̏(Bright field; BF)0Ʌȼǟ˃̏(Annular dark field; ADF)��H�ADF×5
Ȼ3ǋ¥ˆŹ�ł�2ĺ

ė35(High-angle ADF; HAADF)0ğ6I
ɂʌʚïʣ3ØI.�H�Ǯɞɯ/5
ɹªɴ3��Hˡ˺ˬ¾

4ˏÈ35 BF-STEM ×L
ɹ�ɴ3��H GaAsSb/InGaAs }l�Ƹė4ʌƜêŮˏÈ35 HAADF-STEM

×LɈ�(� 

EDXǒ5ːǏ3̧ňʖLȶś#H�0/ːǏ�FɑɆ#HȻƓ XʖLȀé!
Tr�Z�/êÜ

#H�0/ʎǞ4ʌƜLêǷ#HǒȚ/�H�Þş́ňʖ4c�jn5 0.1 nmµ×/�H�
̧ň�ʎǞã

/ǋ¥�Ƭǋ#H(AƬǋ!(̱Ķ4ȻƓ XʖBȀé�IH�Ǯɞɯ/5
GaAsSb/InGaAs}l�Ƹė4Ɍ

̪3��. In
Ga
As
Sb4 Lȓ�F4ȻƓ XʖLɈ�.Ėċňǌ%Lɾé!(� 
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2.2 GaAsSb/InGaAs3'A�1$��:?�èÛQ 
 

 GaAsSb/InGaAsʘĵ TFET LŐˎ#H(A3535
̹Ģˤ2 GaAsSb/InGaAs ŤLƈH�0�ƍ

̰4˗̲/�H�0�F
InP ķǶ�3TygYa��Ɯ̖!( GaAsSb/InGaAs Ɯ̖Ť3,�.Ȁˋ!(�

InP ķǶ�3 VG semicon ɧʾ4 VG90 MOMBE acl�3. In �ě>I.�2���h�LɈ�.

Undope-In0.53Ga0.47As(300  nm, ND ~ 4 × 1016 cm–3)0 Be-doped P+-GaAs0.51Sb0.49(150 nm, NA ~ 1–3 × 1019 cm–3)L&

I'I
TygYa��Ɯ̖�%([2.2]�n�b�i�O�sO�i��(Tris-dimethyl-amino-antimony; 

TDMASb)
O�a�(AsH3)
zUczP�(PH3)L V ǔÙʉǰǏ0!.Ɉ�(���/
TDMASb 5©õ3

êˇ�%H�02�Ɉ�(��ǒ/
AsH30 PH35¿İe�L 900 oC >/ûȷ#H�0/êˇ!(�IIIǔ

ÙʉǰǏ0!.5
n��i�Q�bR�(Trimethyl-indium; TMIn)
n�Ti�X�R�(Triethl-gallium; 

TEGa)LɈ�(�vQ���g/ǻȍ�I(Ɯ̖ȩŹ5 510 oC/�H�ĖŤ4ʌƜȔ5 InP04ǽňǍėʆ

/�H In0.53Ga0.47As 0 GaAs0.51Sb0.490!(�ĭ 2.1 5 MOMBE Ț/ InP ķǶ�3TygYa��Ɯ̖�%(

GaAsSb/InGaAs/InP }l�Ȅ˼4Ȅ˼ĭ�E8ǐ̪ǒĚ�F4˹̧́ň̳Ɗ̔×(Transmission electron 

microsope; TEM)/�H�ˍˊÐ˺G
GaAsSb0 InGaAs4ʦĊ5
&I'I 185�E8 280 nm /�+(�

ƱÞĭ3ɥ!(Ƭłĭ4ȅ3
GaAsSb/InGaAs }l�Ɍ̪35˃˓/�HʎǞȋ̟5ɡ˓�I2�+(�ĭ

2.23 GaAsSb/InGaAsTygYa��RTtʹ̪4ċň̘ù̳Ɗ̔(Atomic force microscope; AFM)×Lɥ#�

ĭ 2.1 GaAsSb/InGaAs/InP }l�Ȅ˼4Ȅ˼ĭ�E8ǐ̪ TEM× 

（試料） 151209-1

㼀EM観察① 低倍像（BF-㻿㼀EM像）

(* 膜厚は倍率から算出したもので、10%程度の誤差を含む)

・いずれの層にも貫通転位は確認されなかった

2

t ~ 185 nm*
p-GaAsSb

t ~ 280 nm*
i-InGaAs

n-InP

㼀EM観察① 高倍像（BF-㻿㼀EM像、HAADF-㻿㼀EM像）

BF-STEM像 HAADF-STEM像

・GaAs㻿bとInGaAsの界面付近でも結晶欠陥は確認されなかった

3

（試料） 151209-1

i-InGaAs

GaAsSb
p-GaAsSb
185 nm

i-InGaAs
280 nm

n-InP

20 nm

S doped InP sub. 
450µm (n=~4.5E+18 cm-3) 

Sn doped InP 
0.2 µm (n~1.5E+18 cm-3) 

unintentionally doped InGaAs 
280 nm 

Be doped GaAsSb 185 nm 
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��/
Ȫŏ̱Ķ5(ū) 20 µm× 20 µm 
(ĕ) 2 µm× 2 µm /�G
ʧ£ŴĲ̪ʄ�(Root mean square; RMS)

5
&I'I 0.416 nm0 0.222 nm /�H�0�F
̩ű3ŴĳƓ4ʮ�}l�Ȅ˼�Ɯ̖�I.�H�0

�ê�+(� 

 

 

�F3� ĖŤ4ǽňǍėƓLǙF�3#H(A GaAsSb/InGaAs/InP }l�Ȅ˼4 X ʖĩƥ(X-ray diffraction; 

XRD)ȪŏLʷ+(�ĭ 2.33 InPķǶ�4 GaAsSb/InGaAs}l�Ȅ˼4 XRD�jY�\W�{Lɥ#�InP 

(004)4ďśț5{�j\ˆ 31.66 o/˅Ȫ�I
p-GaAsSb (004)�E8 i-InGaAs (004)4ďśț5{�j\ˆ

31.63 o 3˅Ȫ�I(�GaAsSb 4y�[Ð5 InP 4y�[Ð3ʮ��ʪ!.�H�0�F GaAsSb 4ǽň0

InPķǶ4ǽň5Ǎė!.�H�0�ǙF�32+(�ĭ 2.43 2Q�iRTt4zUn��rje�cȪŏ

4(a)y�[ț̖0(b)y�[ƀŹL�jy�\!(ʎǸLɥ#�y�[ț̖5 1645 nmɬŹ/�G
u�oZ

�j| 0.75 eV3ɗƁ#H��4Ð5
ĹĜ�I.�H GaAsSb0 In0.53Ga0.47As4u�oZ�j|4Ð0ęɬ

Ź/�G
InPķǶ�3Ƚ�˺G4ʌƜLǧ#HŤLƜ̖/�.�H�0�ɡ˓/�(�ĭ 2.4(b)35y�[

ƀŹ4�jy�\ʎǸLɥ#��ʭɓ3 PL 4ƀŹ5
ɑÜ̆ɫ4ƀ�/�G
ȋ̟ŕŹ3ł��ƃ̬�I

H�RTt�ƌ5y�[ƀŹ�ƀ��0�F
ȋ̟ŕŹ4ş2�̹Ģˤ2 GaAsSb�E8 InGaAsŤ� InPķ

Ƕ�3Ɯ̖/�.�H�0�ê�+(��IF4ʎǸ5
GaAsSb/InGaAs}l�Ȅ˼5ŶÁŌɓ3ʘĵ TFET

4ːÃ3ăê/�H�0Lɥ!.�H� 

20 µm × 20 µm 
RMS 0.416 nm �

2 µm × 2 µm 
RMS 0.222 nm �

ĭ 2.2 GaAsSb/InGaAsTygYa��RTtʹ̪4 AFM×���/
Ȫŏ̱Ķ5(ū) 20 µm� 20 

µm 
(ĕ) 2 µm� 2 µm /�H� 
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ĭ 2.3 InPķǶ�4 GaAsSb/InGaAs}l�Ȅ˼4 XRD�jY�\W�{ 
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2.3 GaAsSb/InGaAsËh TFET
OÖ�ÛQ 
 

GaAsSb/InGaAs TFET4|�ecŪɬ0ȇŻĭLĭ 2.53ɥ#�Oen�0 IPA3EHȱʉʆv�

lP[�̞ČƆ3
ʉňê̥0f�c̱Ķ̱ĶLƂƜ#H(A��̍́Ȗ(H3PO4:H2O2:H2O = 1:1:7)/ 90ɪ̘

RTjnTji�\!(�ʧȵ̍āʦL̞Č#H(A
ɠāO��qR�ȖȮȤ(NH4)2Sx3Œȩ/ 1 ê̘λ

!(��4 SʋɶƢʸ5 InGaAs[2.3 – 2.5]C GaSb[2.6]4Ɍ̪ȭ¾ŕŹL¿Ȩ#HƠȚ0!.�ʭɓ3Ɉ�F

IH� (NH4)2SxèɃ3E+._�h[a��u�o˳Ó4̀�ȭ¾>(5_�h[a��u�oã4Ɍ̪ȭ

¾ŕŹ¿Ȩ�Ʈǀ�I.�H�SbʆRTt4ʹ̪35 Sb̍āȺ0 Ga̍āȺ�FȄƜ�IHʧȵ̍āʦ�ł

ȕ3Ǡ�IH0#�3ƂƜ�IH[2.7, 2.8]�>(
III–VǔāėȺĄŝÀRTtLTygYa��Ɯ̖�%H

ĺė
VǔÙʉ4ʥ̥Lƣñ#H(A3
VǔÙʉXcLȟ!2�FȩŹL×�.Ɯ̖ʋ¦#H�&4(A


GaAsSbʹ̪35�g� SbBŁ�ŋı#H��IF5ȷʟƓ�¿��0�FȔ˭ɓ¿ȩ4 150 oC/ BENEQ

ɧʾ4ċňŤĸɮʻʜ(Atomic layer deposition; ALD) TFS 200LɈ�. Al2O3L 10 nmĸɮ�%(�&4Ɔ
̂

�ņȂɈ�g�0!. Ta Lß̪3cvjg��\!(�CF4 LďƏXc0!(ďƏƓQV�Tji�\

(Reactive ion etching; RIE)Ț/^�ņȂLvg��ƂƜ!(Ɔ
ęʻʜLɈ�. O2|�d�èɃLǓ#�0

/�bcnLŎß3̞Č!(�Ni 5 p-GaSb 3Ř!.V��j[_�g[n02H�0�ɜFI.�H�0

�F
GaAsSbf�c̱Ķ4_�g[n0!. 20 nmcvjgʻʜ/ĸɮ�%(��ǒ/
Ni5łȕ0ˈI

H0̍ā!C#��0BɜFI.�H�0�F NiĸɮƆ3 in-situ/ĸɮēʣ2 PtLʹ̪Ê˝�g�0!.

70 nmĸɮ�%(�o�Q�_�g[n35 n-type III-VǰǏ3Ř!.V��j[_�g[n02H AuLƷ

Ɉ!
ȷʲɚħLɈ�.ʼ̪ß̪3 100 nmʲɚ!(� 
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ĭ 2.5 GaAsSb/InGaAs TFET4|�ecŪɬ0ȇŻĭ 

n-InP�

n-InP�

1. Epitaxial growth using MOMBE�

2. Isolation and Source  
    region patterning�

3. Gate stack�

Oxide deposition : 
 - ALD Al2O3 at 150℃, (~ 10 nm) 
Gate metal deposition : 
 - Ta 20 nm 

4. Gate patterning�

Etching (RIE) : CF4, 20 sccm  
Ashing (RIE) : O2 40 sccm 

5. Contact metal formation�

Metal deposition : Ni 20 nm  
Metal deposition : Pt 70 nm 
Back contact metal : Au 100 nm 
PMA : w/o 

n-InP�

Wet Etching  
 H3PO4:H2O2:H2O =1:1:7 

n-InP�

Au�

GaAsSb�
InGaAs�

Ta�
Ni�

Pt�
Pt�

Drain�

Source�
Gate�

i-InGaAs�

p-GaAsSb�

n-InP�

Complete�
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ĭ 2.6 3 GaAsSb/InGaAs ʘĵ TFET 4ʉňê̥
f�c̱Ķ
^�ņȂ
f�c�o�Q�̧

ȂƂƜ4Ė|�ecŪɬ3��H̳Ɗ̔˅Ŗ×L3ɥ#��c[˺G3a�\�^�nȄ˼ TFET �ƂƜ�

I.�H�0Lɡ˓!(��F3
ĭ 2.73ɥ#ǐ̪ SEM×�FB InPķǶ�3ʘĵ TFETȄ˼�Ãʾ�I

.�H�0Lɡ˓!(��ǒ/
��̍́ȖȮȤ4RTjnTji�\5
GaAsSbŤ3Ř!.5ɏǒƓLɥ

!
Ĵɖ3Tji�\�IH43Ř!
InGaAsŤ3Ř!.5ɺǒƓ3˳�Tji�\4±ǒL#H�0�ê

�+(� 

 

  

 

ĭ 2.8 �E8 2.9 3Ãʾ!( GaAsSb/InGaAs ʘĵ TFET4 ID–VGȻƓ�E8Ʃé!( S.S.Ð
ID–VDȻƓLɥ

#���/
TFETÃʾƆ3(Post metallization anneal; PMA)L(a)Ǔ!.�2�
(b)250
(c)300
(d)350 oC/Ǔ

!(�PMALʷ��03E+.V�̧ȟ5ʯųǅĦ!
PMA 300 oC/5 Al2O3�4c��n�j|3EHw

cl�ac�ƣñ�I.�H�400 oCµ�/ PMALǓ#0 PNƸė�üā!
TFET0!.4ȻƓ�ƈFI

2�2H�0�ê�+(�ĭ 2.9 3 PMA ȩŹ3Ř#H&I'I4ǥŞ S.S.Ð0 ON/OFF ȔL>0A(�VD

� 300 mV0 500 mV/5 PMALǓ#�0/ S.S.Ð�E8 ON/OFFȔ�ʱ!�¿×#H�0�ê�+(�&

4(A
Ǯɞɯ/5�4Ɔ4˜˚3��.ß.4`�|�/ PMALǓ!.�2�� 

 

(a) Isolation� (b) Source formation�

(c) Gate formation� (d) Gate formation�

ĭ 2.6 GaAsSb/InGaAs ʘĵ TFET 4ǐ̪

SEM× 

ĭ 2.6 GaAsSb/InGaAsʘĵ TFET4ʉňê̥
f�

c̱Ķ
̂ �ņȂ
f�c�o�Q�̧ȂƂƜ4

Ė|�ecŪɬ3��H̳Ɗ̔˅Ŗ× 

1μm

~ 160 nm (GaAsSb)

~ 300 nm (InGaAs)

InP sub.

19�
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ĭ 2.8Ãʾ!( GaAsSb/InGaAsʘĵ TFET4 ID–VGȻƓ�E8Ʃé!( S.S.Ð
ID–VDȻƓ; 

(a)PMALǓ!.�2�
(b)250	4 PMALǓ!(� 

-1.0 -0.5 0.0 0.5 1.0 1.5
10-14

10-12

10-10

10-8

10-6

10-4
I D

 (
A

/µ
m

)

VG (V)

VD = 500 mV

50 mV

300 mV

w/o PMA

-1.0 -0.5 0.0 0.5 1.0 1.5
10-14

10-12

10-10

10-8

10-6

10-4

I D
 (

A
/ µ

m
)

VG (V)

VD = 500 mV

50 mV

300 mV

w/ PMA 250 oC

10-11 10-10 10-9 10-8 10-7 10-6
0

200

400

600

800

1000

S.
S.

 (
m

V
/d

ec
)

ID (A/µm)

500 mV

VD = 50 mV 300 mV

w/o PMA

10-11 10-10 10-9 10-8 10-7 10-6
0

200

400

600

800

1000

S.
S.

 (
m

V
/d

ec
)

ID (A/µm)

500 mV

VD = 50 mV
300 mV

w/ PMA 250 oC

0.0 0.1 0.2 0.3 0.4 0.5 0.6
0

2x10-7

4x10-7

6x10-7

8x10-7

1x10-6

I D
 (

A
/µ

m
)

VD (V)

VG = 0 V ~ 1V
STEP : 0.1V

w/o PMA

0.0 0.1 0.2 0.3 0.4 0.5 0.6
0

2x10-7

4x10-7

6x10-7

8x10-7

1x10-6

I D
 (

A
/µ

m
)

VD (V)

VG = 0 V ~ 1V
STEP : 0.1V

w/ PMA 250 oC

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
10-16

10-14

10-12

10-10

10-8

10-6

10-4

10-2

I D
 (

A
/µ

m
)

VD (V)

VG = 0 V ~ 1V
STEP : 0.1V

w/o PMA

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
10-16

10-14

10-12

10-10

10-8

10-6

10-4

10-2

I D
 (

A
/ µ

m
)

VD (V)

VG = 0 V ~ 1V
STEP : 0.1V

w/ PMA 250 oC



Chapter 2 

 27 

 

ĭ 2.9 Ãʾ!( GaAsSb/InGaAs ʘĵ TFET 4 ID–VG ȻƓ�E8Ʃé!( S.S.Ð
ID–VD ȻƓ; 

(c)300 	  (d)250 	4 PMALǓ!(� 
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ĭ 2.115 GaAsSb/InGaAs ʘĵn�r� FET4 ID–VGȻƓLɥ#���/
297 K0 20 K/i�

r�̖0i�r�Ų5&I'I
300 nm0 100 µm/�H�o�Q�̧ȟLŐʖ/
^�n��[̧ȟLȲ

ʖ/ɥ#�¿ȩȪŏǛ3��.Bo�Q�̧ȟ�^�n��[̧ȟEGBăê3̹�Ð/�H�0�F
^

�n��[̧ȟ� TFET 4Vz̧ȟC`{c�a��oȻƓ3ƃ̬L��2��0Lɥ!.�H�>(
`

{c�a��o̱Ķ4 ID0 S.S.ȻƓ35ƀ�ȩŹÇŋƓ�ɡ˓�I
�I5Œȩ³˳4 IDȻƓ�u�o̘n

�r�\ȊȄ3E+.Ǆ̌�I.�2��0LɥĤ!.�H�¡3}l�Ɍ̪˳Ó4n�j|3˧Ī#HɆ

Ɯäʎė(Generation-recombination; GR) ̧ȟ3EHB40ɥĤ�IH���[̧ȟL¿Ȩ#H(A4ǒȚ4 1

,5
#/3��,�4muQc/ÄɈ�ĹĜ�I.�H�[2.9 – 2.12]
f�c̱Ķ4̪ɮLŞ��#H�

0/�H� muQcȩŹL 20 K0#H�0/
f�c�i�r� pnƸė4n�j|3̙˽!(ɆƜ�äʎ

ȩ̇ȟLƣñ!
o�Q�̧ȟ� 2.4 × 10–13 A/µm4Ǜ3ǥŞ S.S.Ð 82 mV/dec.Lƈ(�>(^�nuQOc

L 1.25 VƳż#H�0/ ON/OFFȔ 4.5ǾLŐɂ!(�ĭ 2.125muQcL 20 K0!(Ǜ4 ID–VDȻƓ/�

H���/
VGL 0�F 1 V>/ 0.1 Vò?/Ŀā�%(�VGLĽû�%H3,I
��[̧ȟ3Ř!.n

101

102

103

200 400 600 800

w/o PMA
PMA 250 oC
PMA 300 oC

O
N

/O
FF

 r
at

io

S.S.min (mV/dec)

VD = 50 mV

300 mV

500 mV

ĭ 2.10 PMAL 250�E8 300	/Ǔ!( GaAsSb/InGaAs TFET4 ON/OFFȔ�E8ǥŞ S.S.

Ð4>0A�Ȕ˭0!. PMALǓ!.�2� TFET4ʎǸBęǛ3ɥ#� 
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�r�̧ȟ�EGǄ̌ɓ32G
NDR �Ǚɛ3˅Ȫ�I(��I5f�c�i�r� pn Ƹė3��Hn�

j|L°!(ɆƜ�äʎė˧Ī4��[̧ȟLƣñ#H�0�éǴI6
20 K3��H TFET4̧ȕȻƓL

Œȩ(300 K)3��.BŐɂéǴH0§Ɩ�%H��4˅Ȳ�F 20 K3��H TFET4̧ȕȻƓLĚ��%H

�0�ƍ̰4˗̲/�H� 

ĭ 2.12ːÃ!( GaAsSb/InGaAs TFET4¿ȩ(20K)/4 ID–VDȻƓ 

 

ĭ 2.11 ːÃ!( GaAsSb/InGaAs TFET4Œȩ(297K)�E8¿ȩ(20K)/4 ID–VGȻƓ 
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2.4 ��� 
 

 GaAsSb/InGaAsʘĵTFET4Őɂ4ķɤ02HGaAsSb/InGaAs}l�Ȅ˼LMOMBEȚ/InPķǶ�

3TygYa��Ɯ̖!(�InP0ǽňǍėʆ/�HGaAs0.51Sb0.59�E8In0.53Ga0.47As�&I'I185 nm
280 nm

0<=ˍˊ˺G3Ɯ̖éǴ.�H�0Lɡ˓!(��4TygYa��RTtLɈ�.ʘĵTFETLÃʾ!(�

PMAȩŹÇŋƓL˘;(0�J
TFET3250�F300 OC4PMALǓ#�0/ʯųV�̧ȟ�ǅĦ!
Al2O3

ʦ4ǅĦ3EGwcl�acBƣñ�I(��ǒ/
PMA3E+.��[̧ȟ5Ľû!
&4ʎǸV�Vz

Ȕ�E8S.S.Ð4üā�ˁFI(�Ǯɞɯ/5V�VzȔ�E8S.S.Ð4ÐLØÛ!
�IµƆ4ɞɯ/5

PMALTFET3Ǔ!.�2��muQcȩŹL20 K0!
n�j|L°!(ɆƜ�äʎė˧Ī4��[̧ȟL

ƣñ#H�0/
V�VzȔ ~ 4Ǿ
ǥŞS.S.Ð ~ 80 mV/dec. 4p+GaAsSb/i-InGaAs ʘĵTFET4ĀÃLŐˎ

!(� 
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Chapter 3  
 

Ȅ˼ˏÈ�E8 TFETȻƓĚ�:4Ʈ̒ 
 

 

3.1 xU 
  

õɴ3��. GaAsSb/InGaAsʘĵ TFET4ĀÃ�Őˎ�I(��ǒ/
&4ȻƓ5¿ȩ 20 K0#

H�0/��[̧ȟƜêLƣñ!(0!.B
S.S.Ð5ʇ 80 mV/dec/�+(��4ʎǸ5��[̧ȟƣñ4

ŪŃLǓ!(0!.B
ǰǏȻƓLăê3Ȟ�#�0�éǴ.�2��0LɥĤ!.�G
ɂı4

GaAsSb/InGaAs TFET4̧ȕȻƓLɃˇ!
�F3Ɠʣ
Ȼ3 S.S.ÐLĚ��%H(A35
̧ȕȻƓ3Ď=

#ȘŏĪň02HȄ˼v���gLǙF�0#H�0�ǥB̎ʿ02H�}l�Ƹė TFET /5
f�c̱

Ķ4�ʈȺωŹ
f�c�i�r�Ƹė/4�ʈȺêŮ4ƒŨƓ
}l�Ƹė�F4�ʈȺêŮ4ɗŘ¾ʜ


�E8}l�Ƹė˳Ó4ʌƜĿā4Ų�Ȅ˼v���g02H��I>/
GaAs0.4Sb0.6/In0.65Ga0.35As TFETs

3��.}l�Ƹė³˳4f�c�ʈȺωŹ0ʌƜêŮ�̧ȕȻƓ3��Hƃ̬LŐ̸0 2ȌÙ TCADa�

���a���FĹĜ�I(Å5�H�
ŏ̐ɓ2ˏÈ5�ăê/�H[3.1]� 

&�/
Ǯɴ/5 SIMS êǷ�E8 STEM-EDX êǷ3E+.
õɴ3��.Ãʾ!(

GaAsSb/InGaAs TFET4f�c�i�r�̱Ķ4Ȅ˼v���gLˏÈ!(��F3
&IFȄ˼u���g

� GaAsSb/InGaAs TFET4̧ȕȻƓ3��Hƃ̬L 2ȌÙ TCADa����a���Fŏ̐ɓ3ˏÈ#H�

0/
¯Ɔ4 GaAsSb/InGaAs TFET4ƓʣĚ�4(A4ˍˊƮ̒LǙɡā!(� 

 

3.2 GaAsSb/InGaAs3'A�a
ÛQ 
 

S.S.�E8 ION4E�2 TFET4ȻƓLȘŏ-�HĪňLǙɡ3#H(A3
SIMSȥ�ǒĚêǷL

ʷ�
GaAsSb/InGaAs}l�Ƹė4ʌƜ�E8�ʈȺ|�zNQ�LˏÈ!(���/
SIMSêǷ4�ȌQ

V�0!.5 O2
+QV�LɈ�.
ɰ̘êˇʣLʮ�#H(A3Ȕ˭ɓ¿�Þśˆ 15o/Ȫŏ!([3.2, 3.3]�

ĭ 3.13 GaAsSb/InGaAs}l�Ɍ̪3��H Ga
As
In
Sb�E8�ʈȺ4 Beċň4 SIMS|�zNQ�
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Lɥ#�SIMS|�zNQ��F p+GaAsSb4o�v�n/�H Be4ωŹ5ʇ 1 ~ 3×1019 cm3/�G
f�c/

i�r�Ɍ̪˳Ó4ƒŨƓ5 11 nm/dec 0TygYa��Ɯ̖�3�ʈȺLȕɗƬǋ�%(0!.5Ȕ˭ɓ

ƒŨ/�H�0�ê�+(�āėȺĄŝÀ4ȄƜċňB}l�Ƹė˳Ó/ GaAsSb�F InGaAs3ƒŨ3Ŀā

!.�H�0�ɡ˓�I(�ǒ/
InGaAs Ť:4 Sb 4ȦÞ5ăê3ƣñ�I.�HB44
In 5 GaAsSb

Ť3ȦÞ!.�H�0�ê�+(�GaAsSb/InGaAs }l�Ƹė˳Ó4ʌƜȔLȗAH(A
ċň̐3ȔÅ!

(_�n�cnLƈH�0�ēʣ2̹ˆǋ¥Ʌȼǟ˃̏˦Ǻ˹̳́Ɗ̔×(High-angle Annular Dark Field 

Scanning TEM)×Lĭ 3.23ɥ#���/
HAADF-STEM×5
ʊ�ʏ+(̧ňʖLːǏ3˦Ǻ!2�FƁ

.
˹̧́ň4�*̹ˆ3ǋ¥!(B4LɅȼ4Ȁéħ/Ȁé#H�03EGƈFIH×/�G
˺ű4

STEM×/5̎�Ùʉ5ǟ�åH43Ř!.
HAADF-STEM×/5ǙH�åH4�ȻƋ02H�STEM-EDX

/ˏÈ!(}l�Ɍ̪˳Ó4 Ga
As
In
�E8 SbʌƜ|�zNQ�Lĭ 3.33ɥ#���/
ʌƜȔ(ċ

ňǌ%)5ȻƓ Xʖ4ƀŹ�Fɾé!(�ʌƜȺ5Ɍ̪³˳/ƒŨ3Ŀā!.�G
ʌƜ4ĿāŲ5 10nmǬ

ȫ/�H0ˁɮH�0�éǴ(� 

ĭ 3.1 GaAsSb/InGaAs}l�Ƹė4 Ga
Sb
As
In�E8�ʈȺ/�H Be4 SIMS
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ĭ 3.3 STEM-EDXêǷ4ȻƓXʖ4ƀŹ�Fɾé!(GaAsSb/InGaAs

}l�Ƹė˳Ó4ʌƜêŮ 

0

20
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si
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(%
)

Depth from hetero-interface (nm)

In

Sb

As

Ga

GaAsSb InGaAs

Gradation 
length 
~ 10 nm

（試料） 151209-1㻿㼀EM-ED㻿分析①

注） 1. 界面からの距離は、定規で測って算出したもので正確ではない。

2. 組成比（原子数%）は特性X線の強度から算出したもので正確ではないが、

相対比較には使えると考えている。

（GaAsSb） III族組成分布･･･界面近傍でInGaAsとの間に若干のIII族原子の相互拡散有りか？

V族組成分布･･･ GaAsSbの成長時間に伴い、Sbの取り込みが増加

（InGaAs） III族組成分布･･･界面近傍でGaAsSbとの間で若干のIII族原子の相互拡散有りか？

V族組成分布･･･ GaAsSbの影響なし

4

（V族組成比）

界面からの距離*

~5 nm

~35 nm

~5 nm

~30 nm

GaAsSb

InGaAs

界面からの距離*

（ＩＩＩ族組成比）

~1 nm

036036

034034

032032
031031

029029

20 nm20 nm20 nm20 nm20 nm

p-GaAsSb

i-InGaAs

原子数%
Ga In 合計

029 98.5 1.5 100.0
031 97.1 2.9 100.0
032 87.3 12.7 100.0
034 57.7 42.3 100.0
036 55.7 44.3 100.0

原子数%
As Sb 合計

029 54.2 45.8 100.0
031 58.7 41.3 100.0
032 77.0 23.0 100.0
034 100.0 0.0 100.0
036 100.0 0.0 100.0

~5 nm

~35 nm

~5 nm

~30 nm

GaAsSb

InGaAs
~1 nm

p-GaAsSb

i-InGaAs

ĭ 3.2 GaAsSb/InGaAs}l�Ƹė STEM-EDX× 
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3.3 TCAD�7<@E�=C°k 
 

ɂı4 GaAsSb/InGaAs TFET4̧ȕȻƓLɃˇ!
�F3ƓʣLĚ��%H(A35
̧ ȕȻƓ3

Ď=#ʌƜC�ʈȺ|�zNQ�4ƃ̬Lŏ̐ɓ3Ȁˋ#H�0�̎ʿ/�H�&�/
̧ň0ȍŉ̧ȟ4

˽ʓ4ǒɬŻL Poisson4Ż0˽ɳ!
̅ Ɓ2ļɌǳ·4B0/ʧŭȴǁɚ3ˇ��0/ĄŝÀmuQc4ˇ

Ƿ�ēʣ2 TCADa����g(Synopsys Sentaurus Device)[3.4]LÄɈ!. 2ȌÙmuQca����a��

Lʷ+(�f�c�i�r�Ƹė3��Hn�r�ɡɁ4ˊɾ5Y��O�n�r�#H¾ʜ0Tr�Z�

/4šƟ(ʶǌ)țǌLɈ�.
WKB (Wentzel-Kramers-Brillouin approximation)˳½�Fˊɾ!([3.5]�TFET4

ˊɾ3��.5
u�oZ�j|�4šƟ(ʶǌ)țǌ0Tr�Z�4̙É5̎ʿ2ƄøLǸ(#�&�/


Two-dispersion model LƷɈ!
ºŝŰ0Ȩ̀ňŰ04̘4šƟ(ʶǌ)țǌ0Tr�Z�4̙ÉLʽŎ!(

[3.6]��F3
n�r�̧ȟLȍɡ3ˊɾ#H(A35
̅ë2n�r��\ʍ˪LȻŏ#Hƍʿ��H�

T`YhQV�o4ȅ2Ȅ˼4ĺė
n�r�ʍ˪�4Ė�ja�Ȳ3��Hu�o|�zNQ�4̧Ɍ5

ű3�ŏ/�H0¶ŏ!.�HšƟn�r��\�m�/ăê/�H�
^�nȄ˼�ûK+( TFET 3�

�.5šƟn�r��\�m�/5Ő̸ʎǸ0łŲ3ɏ2HˊɾʎǸ02H�0�ɜFI.�H[3.7, 3.8]�

�I5
šƟn�r��\�m�4ĺė
MOSɌ̪/̧ň�n�r�#HÛ�2�3B̙KF$
̩ű3ƀ

�̧Ɍ4(A3n�r�ɑɆ��nLŁ�ˁɮB+.!>�(A/�H��4E�2ĥ̲LˇȘ#H(A


n�r�ʍ˪�4u�o|�zNQ�4ŴĲ4̧ɌLðɈ#H̩šƟn�r��\�m��ƺǿ�I.�H�

ĭ 3.4šƟn�r��m�0̩šƟn�r��m�4ȃƐ 

%! '� A�B� $)#
������ 
�%! '����� 
���	�����

(�%! '����� 
���	����
��)�

��� ���

���

��� ���

���

��	��&"(��	��&"(�

�%! '�� 
���������

%! '� A�B�
EC�

EV�

EC�

EV�
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šƟn�r��m�0̩šƟn�r��m�4ȃƐLĭ 3.4 3>0A(�̩šƟn�r��m�LɈ�H�

0/
Ọ̋3 Si-TFET[3.7]C InGaAs ��Ƹė TFET[3.9]4ʆ3��.Ő̸0a����a��ʎǸ�ʮ��

ʪ#H�0�ĹĜ�I.�H�&�/
Ǯɞɯ3��.B̩šƟn�r��\�m�LƷɈ!(� 

TFET4̧ȕȻƓLȍɡ3ˊɾ#H(A35
ĖǰǏ3��Hu�oZ�j|0̧ň˄ġù�̎ʿ

02H�InP
GaAs
InAs
GaSb
InSb4ĖǰǏv���gLʹ 3.13ɥ#[3.10–3.14]�u�oZ�j|0Ŵ

Ĳ4Ȩ̀ňŰ4¾ʜ5Ż 3.1
Ż 3.2�E8Ż 3.33ɥ!(ˊɾŻ�Fˊɾ!([3.15]� 

 

Wa(In(b)Ga(cdb)As(cde)Sb(e)) = (1 − f)Wa(GaAs(cde)Sb(e))+ f	Wa(InAs(cde)Sb(e))  

– f(1–f)[(1 − i)'InGaAs + i'InGaSb]	–i(1	– i)[(1	–f)'GaAsSb + f'InGaAs] 
3.1 

Wk,.m(In(b)Ga(cdb)As(cde)Sb(e)) = (1 − f)Wk,.m(GaAs(cde)Sb(e))+ fWk,.m(InAs(cde)Sb(e))  

– f(1–f)[(1 − i)'InGaAs + i'InGaSb]	–i(1	– i)[(1	– f)'GaAsSb + f'InGaAs]	

Wk,.m(GaAs(cde)Sb(e)) = (1	– 	i)Wk,.m(GaAs) + iWk,.m(GaSb) 

Wk,.m(InAs(cde)Sb(e)) = (1	– 	i)Wk,.m(InAs) + iWk,.m(InSb) 

3.2 

'InGaAs = 3
nInAs	– nGaAs

nInP
 × (nv, InAs	– nv, GaAs) 

'InGaSb = 3
nInSb	– nGaSb

nInP
 × (nv, InSb	– nv, GaSb)	

'GaAsSb = 3
nGaAs	– nGaSb

nInP
 × (nv, GaAs	– nv, GaSb) 

'InAsSb = 3
nInAs	– nInSb

nInP
 × (nv, InAs	– nv, InSb) 

3.3 

 

�IF4ŻLɈ�.ˊɾ!( In(1–x)Ga(x)As 0 GaAs(1–y)Sb(y)4ʌƜȔ3Ř#HȨ̀ňŰ(EV)0ºŝŰ

(EC)4əɰȭ¾�F4¾ʜLĭ 3.5 3ɥ#�TCAD a����g35
�IFȨ̀ňŰ(EV)0ºŝŰ(EC)4ə

ɰȭ¾�F4¾ʜĻň˄ġù0u�oZ�j|4Ð3ˊɾ!ɖ!ŝÞ!(� 
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>(
Ɍ̪ȭ¾3̙!.5
TFET4Ɠʣ3̙KH̎ʿ2ʿʉ4‐,/�H��ǒ
i�r�Ť4

ºŝŰ˳Ó4Ɍ̪ȭ¾4?� n-TFET 4̧ȕȻƓ3ƃ̬LĎ=!
TFET 4̧ȕȻƓ:4ƃ̬5˺ű4

MOSFETEGBŞ���0�ǥ˳ĹĜ�I.�H[3.16]�!(�+.
Ǯɴ/5˜˚LʂɎā#H(A3
Ɍ

̪ȭ¾4�m�5 TCADa����g35ŝÞ!.�2��&4(A
Ɍ̪ȭ¾C&4²4ȋ̟˧Ī4��

[̧ȟ5ʞƚ!.�F$
ʈʃ3n�r��\ȊȄ4?ˊɾ!(���/
Ɍ̪̐ňā214̐ňùŌɓÿ

Ǹ5ʞƚ!.�2��ºŝŰ4 DOS mass (mc)0Ȩ̀ňŰ4 DOS mass (mv)5
&I'I mc = 0.0411
mv = 0.052

LɈ�(�ɂı4Ő̸Ȅ˼La����a��#H(A
a�\�^�nȄ˼L¶ŏ!ˊɾLʷ+(�a�

���a��Ȅ˼�E8u�oȄ˼0i�r�̱Ķ:4̧ň4n�r�ɑɆ��nLĭ 3.6 3ɥ#�f�c

̱Ķ0!.Ċ� 60 nm4 p+- GaAsSb (3×1019 cm3)
i�r�̱Ķ0!.Ċ� 100 nm4 i - InGaAs (4×1016 cm3)


o�Q�̱Ķ0!.Ċ� 50 nm4 n+-InGaAs (1×1019 cm3)Lŏʝ!(�o�Q�̱Ķ4ǰǏ5a����a�

��m�0Ő̸Ȅ˼4̃�/�H�
i�r��o�Q�4}l�Ȅ˼3��KF$
ę" ID–(VG–VOFF)ȻƓ

�ƈFIH�0Lɡ˓!(�ɂı4 TFET4^�nʑʗʦ/�HĊ� 10 nm4 Al2O33ɗƁ#HŐÿ̍āʦĊ

(Effective oxide thickness; EOT)Lǧ#HĊ� 5.8 nm4 SiO2L^�nʑʗʦ0!(�f�c̱Ķ4Ȩ̀ňŰɶ

�Fę"Tr�Z�¾ʜ4i�r�̱Ķ4ºŝŰɶLʎ9˩̥�n�r�˩̥/�G
�4n�r�˩̥�
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ǥBɝ�¾ʜ/̧ň4n�r�ɑɆ��n�ǥBł��2+.�G
ȍ!�ˊɾ�I.�H�0�ɡ˓�I

(� 

  

3.4 Ç�W�� GaAsSb/InGaAs TFET
ñ¤­��H���ó 
 

 ʌƜ|�zNQ�5
Ő̸m�g3ķ-�. Gain aLɈ�.a\�Qo̙ǌ0!.�m�ā!(�

ĭ 3.73ʌƜ4ĿāŲL 10 nm0!.�m�ā!(ʌƜ|�zNQ�(ū)0ʌƜ4ĿāŲL 0 �F 30 nm>

/Ŀā�%(ȅň(ĕ)Lɥ#��4E�2ʌƜ|�zNQ�L TCAD a����g3ŝÞ!ˊɾ!(

GaAsSb/InGaAs TFET4 ID–VGȻƓLĭ 3.83ɥ#�Ȕ˭4(A3 Chapter 2/Ãʾ!( GaAsSb/InGaAs TFET

4 ID–VGȻƓLɒ ʖ/ęǛ3ɥ!(���/
Ő̸ɓ3ƈFI( ID–VGȻƓ5
ɆƜäʎė3EH��[̧

ȟLăê3ƣñ#H�0�éǴI6
20 K/4ȪŏʎǸLŒȩɅļ×3��.BŐɂéǴH0��¶ŏ4B

0
20 K/4ȪŏʎǸLɥ!.�H�ß.4 ID–VGȻƓ5 ITRS 2013[3.17]3Ƈ+. ID = 1×10-11 A/µm02H
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VGLVz̧İ VOFF = 0 V 02HE�3azn�%(�ION5 VG = 0.5 V 4Ǜ4 ID4Ð0!.ŏʝ!(�

GaAsSb/InGaAs TFET4 ION5
ʌƜ4ĿāŲ� 0�F 15 nm>/Ľû#H3,I.
1.2×10-8 �F 7.4×10-9 

A/µm3>/Ȩş#H�0�ê�+(��ǒ/
Ő̸ɓ3ƈFI( GaAsSb/InGaAs TFET4 ID–VGȻƓ0
ę

ɬŹ4ʌƜĿāŲ(10 nm)LŝÞ!(ʎǸLȔ˭#H0
Ő̸ɓ3ƈFI( ION5�Ǿ˳�¿�Ð/�H�0

�ê�+(�ĭ 3.9 3 ID4̙ǌ0!.a����a��ʎǸ�FƩé!( S.S.ÐLɥ#�ID � 1×10-8 A/µm

0̹�̱Ķ/5
ʌƜĿāŲ� 0 nm40� S.S.Ð� 351 mV/dec./�H43Ř!.
ʌƜĿāŲL 15 nm0

#H0 S.S.Ð5 473 mV/dec./�G 35 %4üā�̳ʱ3ɂI(��ǒ/Vz̧ȟ(1×10-11 A/µm)/4 S.S.Ð5ʌ

ƜĿāŲ� 0 nm40� 108 mV/dec/�H43Ř!.
ʌƜĿāŲL 15 nm4ĺėB 125 mV/dec/�G
15 %

ɬŹ4üā301>+.�H�0�ê�+(�ɒ ʖ5
20 K/4Ő̸ʎǸ�FƩé!( S.S.ÐLɥ!.�

H�ʌƜ4ĿāŲ5 ION0 S.S.ȻƓ4�ǒLK$�3üā�%H�
Ő̸m�gL˕Ǚ#H35ăê/52�

�0�ê�+(��I5ĭ 3.103ɥ#ȅ3ʌƜêŮLŝÞ#H�0/
f�c̱Ķ0i�r�̱Ķ4Ɍ̪/

u�o5̩˽ʓɓ2Ŀ˘�F
˽ʓɓ2Ŀ˘�FĿKHB44̧ň�n�r��\#HTr�Z�Ű4u�

o5ʌƜêŮ3E+.Ȑ1Ŀā!.�2�(A/�H� 

Sigmoid function

ς a = (x) = 1
1+ e−ax

=
tanh(ax / 2)+1

2
a: Gain
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 3.5 GÃ¬W�� GaAsSb/InGaAs TFET
ñ¤­��H���ó 

 

Ȍ3
f�c�i�r�Ƹė˳Ó4�ʈȺ|�zNQ�� GaAsSb/InGaAs TFET4̧ȕȻƓ3��

Hƃ̬L˘;(��ʈȺêŮ4v���g0!.5
f�c�i�r�Ƹė/4�ʈȺêŮ4ƒŨƓ
}l

�Ƹė�F4�ʈȺêŮ4ɗŘ¾ʜ4ƼF��Ư�FIH�>$
f�c�i�r�Ƹė/4�ʈȺêŮ4

ƒŨƓ4ƼF�3,�.Ȁˋ!(�ĭ 3.113Ő̸ɓ3ƈFI( SIMS|�zNQ�L~�c3!.�m�ā

!(�ʈȺêŮLɥ#���/
f�c̱Ķ0f�c�i�r�Ɍ̪4�ʈȺω�E8i�r�̱Ķ4�ʈ

ȺωŹL
&I'I
1 × 1019
1 × 10190 4 × 1016 cm3 0¶ŏ!
�ʈȺωŹ4ƒŨƓ5 0 ~ 15 nm/dec>/Ŀ

ā�%(�>(
Ő̸ɓ3ƈFI(ʌƜĿāŲ 10 nmBęǛ3ʞƚ!(�ĭ 3.125
ʌƜ�E8�ʈȺ|�

zNQ�LęǛ3ʞƚ!( ID–(VG–VOFF)ȻƓ4ˊɾʎǸ/�H��ʈȺ|�zNQ�4ƒŨƓ� 5nm/decLµ

�3Ľû#H0 IONĎ8 S.S.Ð�ʱ!�üā#H�0�ê�+(�f�c�i�r�Ƹė/ɱȵωŹ�ĿKH

0 nm/dec4ĺė
V�̧ȟ5 1.2×10-8 A/µm/�H43Ř!
�ʈȺωŹ4ƒŨƓL 10 nm/dec0!(ĺė


V�̧ȟ5�ǾȨş! 1.4×10-9 A/µm02+(�ɒ ʖ5
Ãʾ!( GaAsSb/InGaAs TFET4ȪŏȩŹ 20 K

4ʎǸLɥ!.�H���/
GaAsSb/InGaAs }l�Ƹė3��H�ʈȺ|�zNQ�ƒŨƓ5 SIMS êǷ

4ʎǸ 11 nm/dec/�H�Ãʾ!( GaAsSb/InGaAs TFET0ęȅ4ƒŨƓ4�ʈȺ|�zNQ�LŝÞ!(a
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����a��ʎǸ5
Ő̸ɓ3ƈFI( I–VȻƓLE�˕Ǚ/�H�0�ê�+(��I5ĭ
3.13 3ɥ

#ȅ3�ʈȺƒŨƓLüā�%H�03E+.
f�c�i�r�Ƹė4f�cÒ4u�o�ł��Ŀā!


̧ň4n�r��\˩̥3ƀ�ƃ̬#H(A/�H�µ�4ʎǸ�F
GaAsSb/InGaAs TFET4̧ȕȻƓ3ł

��Ŕ�#H45
ʌƜêŮEG5@!J�ʈȺêŮ4ƒŨƓ/�H�0�ê�+(�>(�EG̹� ION

LŐɂ#H(A35
5 nm/decµ×4ƒŨƓLƈH�0�̎ʿ/�H�0�ˁé�I(�  

 

ĭ 3.145�ʈȺ|�zNQ�4ƒŨƓL̙ǌ0!.
ʌƜȔ|�zNQ�L TCADa����g

3ŝÞ!(ĺė0ŝÞ!.�2�ĺė4GaAsSb/InGaAs TFET4 ID = 1×10-11 A/µm3��.Ʃé!( S.S.ÐL

ɥ#�Ǖ3˵;(E�3
ʌƜ|�zNQ�ǧȴ3EHŬɏ5Ş���ǒ
�ʈȺ|�zNQ�4ƒŨƓ5


S.S.3ʌƜ|�zNQ�ÇŋƓ5ƀ�Çŋ#H�0�ê�+(�Ãʾ!( GaAsSb/InGaAs TFET4 20 K/Ȫ

ŏ!( I–VȻƓ�FƩé!( S.S.Ð5˥�Ȳ/ɥ!(�a����a��ʎǸ5 ID = 1×10-11 A/µm 3��H

S.S.5 ~ 140 mV/dec./�H��ʈȺ|�zNQ�LƒŨ3Ŀā�%H0 ID = 1×10-11 A/µm 3��H S.S.Ð5

1.5Îµ�ǅĦ!ʇ 80 mV/dec02H�0�ê�+(��ǒ/
&4Ð5 60 mV/decL×ĩH�05éǴ$
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ĭ 3.13 GaAsSb/InGaAs}l�Ɍ̪3��Hu
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3EH��[ƜêLƣñéǴ(0!.B
Œȩ/ 60 mV/decL×ĩH�0�éǴ2��0�ǙF�32+(�

ʎǸ0!.
60 mV/dec L̂Ɯ#H(A35
�ʈȺ|�zNQ�LƒŨ3#H)�/5�ăê/�H�0

�ê�+(� 

   

 
 

3.6 GÃ¬«�� GaAsSb/InGaAs TFET
ñ¤­��H���ó 
 

S.S.ÐL 60 mV/dec µ×3#H(A
f�c̱Ķ4�ʈȺωŹ0 EOT c]���\�

GaAsSb/InGaAs TFET 4̧ȕȻƓ3Ď=#ƃ̬LmuQca����a���FȀˋ!(�ĭ 3.15 3

GaAsSb/InGaAs TFET4 ID–(VG–VOFF)ȻƓ4f�c̱Ķ4�ʈȺωŹÇŋƓLɥ#���/
EOT5ɂŐ4m

uQc3ĉ!( 5.8 nm0c]���\!( 1.0 nm0!
f�c̱Ķ4�ʈȺωŹ5 1 × 1019�F 1 × 1020>
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Ŀā#H�m�0!(�S.S.0 ION5^�nʑʗʦ4Ċ�3EF$ƀ��ʈȺωŹ3Çŋ#H�0�ê�+(�

EG˒ʊ3 S.S.Ð0 ION4ÐLȔ˭#H(A
ĭ 16(a)3 VD L 50 mV0!(0�4 S.S.Ð0 IONL�ʈȺωŹ

4̙ǌ0!.>0A(��ʈȺωŹLĽû�%.��0
EOT4Ð3��KF$ ION�E8 S.S.Ð5ǅĦ!

.�.���ǒ/
&4�ʈȺωŹÇŋƓ5 EOTL 1.0 nm0c]���\!(ĺė4ǒ�ƀ�ɂIH�ɂ

ı4muQc0ęǳ·/�Hf�c�ʈȺωŹ NA� 1 × 1019 cm–3�E8 EOT� 5.8 nm4ĺė
VD=50 mV

/ VGL 0.5 V0!(Ǜ4o�Q�̧ȟ5 1.24×10-8 A/µm/�H43Ř!
EOTL 1.0 nm>/c]���\#

H0o�Q�̧ȟ5 5.39×10-9 A/µm3>/Ȩş#H�0�ê�+(��ʈȺωŹLĽû�%.��0
EOT

4Ð3��KF$o�Q�̧ȟ5Ľû!ʓ�H�f�c̱Ķ4�ʈȺωŹL 1 × 1020 cm–3>/Ľû!
EOT

L 1.0 nm>/c]���\#H0 ION5 5.71×10-5 A/µm3>/ǅĦ#H��ǒ S.S.Ð3̙!.5
EOT� 1.0 

nm4ĺė5 4 × 1019 cm–3 µ�/ EOT� 5.8 nm4ĺė5
2 × 1019 cm–3µ�/
&I'Iʇ 50 0 20 mV/dec

/<=�ŏ4ÐLđH�0�ê�H�Ọ̋4ĩ˪ƏɈLʞ�H0 VD = 500 mV/4ðɈ�ɂŐɓ/�H�VD = 

500 mV0!(ĺė4 S.S.Ð0 IONL�ʈȺωŹ4̙ǌ0!.ĭ 16(b)3>0A(�S.S.Ð0 ION 0B3 VD = 50 
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mV4ĺė0ęȅ3�ʈȺωŹLĽû�%.��0
EOT4Ð3��KF$ ION�E8 S.S.Ð5ǅĦ#H�0

�ê�+(� 
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Ọ̋4ĩ˪:4ƏɈLʞ�(ƮȆ0!.
S.S.Ð� 60 mV/decL×ĩHǥł4o�Q�̧ȟ I60��

H�&�/
�ʈȺωŹLĿā�%( GaAsSb/InGaAs TFET4 I–VȻƓ�F I60LˁɮB+(�ĭ 3.175 TFET

4ĀÃ̧İL 500 mV0¶ŏ!
EOT=1.0
5.8 nm4ĺė4 I60L&I'Iɥ#�EOT� 5.8 nm4ĺė
I60

5 NA=3 × 1019 cm–3/ʇ 2.5 × 10–10 A/µm02G
�ʈȺωŹL�F3Ľû�%(0!.B I605Ȑ1�ŏ4Ð

LđH��ǒ/
EOT� 1.0 nm4ĺė5
�ʈȺωŹ4Ľû3»+. I605Ľû!ʓ�
f�c̱Ķ4�ʈ

ȺωŹL 1 × 1020 cm–3>/Ľû!
I605 2ǾĚ�! 4 × 10–7 A/µmL̂Ɯ#H�µ�EG
GaAsSb/InGaAsʘ

ĵ TFET3��.ŷ�̱Ķ4o�Q�̧ȟ3��. 60 mV/decLŐɂ#H(A35
ɂı4muQcǳ·�

Ff�c�ʈȺωŹL̹�! EOTLc]���\#H�0� TFET4ȻƓL̹Ɠʣā#H(A35ƍʿ/�

H� 
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   EOT 4Ð3E+. ID–VGȻƓ4�ʈȺωŹÇŋƓ3̃��ˁFIH�04ȺɃɓ˧ȬLǙF�

3#H(A
muQca����a��3EG GaAsSb/InGaAs TFET4̧Ɍ0n�r���nLŏ̐ɓ3ˏ

È!(�ĭ 3.163 VG = 0.5 V/4̧Ɍ0n�r���n4ɰ̘êŮLɥ#���/
Ȕ˭4(A3f�c�

ʈȺωŹL 1 × 10190 3 × 1019 cm–3
EOTL 5.80 1.0 nm0!(�EOT� 5.8 nm4ĺė
�ʈȺωŹ3̙É

2�n�r��\5MOSɌ̪˳Ó/ɑɆ!.�H�0Lɡ˓!(�GaAsSb/InGaAs TFET4�ʈȺωŹL 1 × 

1019�F 3 × 1019 cm–33Ľû#H0n�r�ɑɆɽƟ5
f�c�i�r�}l�Ƹė3˳-�
n�r�ɡ

Ɂ5Ľû!(��I5
f�c�i��� pnƸė˳Ó4̧ɌƀŹ4Ľû0
&I3»�n�r��\˩̥4

Ȩş3˧Ī#H��ǒ
EOTL 1.0 nm0!(Ǜ4a����a��ʎǸ/5
1 × 1019 cm–3 EG�ʈȺωŹ

L¿ωŹ3#H0n�r�¾ʜ� MOS Ɍ̪�FEGȥ�̥I(¾ʜ/ɑɆ#H�0�ê�+(��I5


�ʈȺωŹ�¿�ĺė
f�c̱Ķ3��. MOS Ɍ̪�FEG̖�ɰ¢̱Ķ�¼8H(A/�H�ĄŝÀ

ã̊3��.5
ûKḨɌ�ž��0�Fu�o4Ŀ˘�ž>G
n�r��\˩̥�̖�2H�&4ʎ

Ǹn�r��\ɡɁ�¿�2H� 
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NA = 1 × 1019 cm-3 

EOT = 5.8 nm�
Source (GaAsSb)�

Channel (InGaAs)�

NA = 3 × 1019 cm-3 

EOT = 5.8 nm�

NA = 1 × 1019 cm-3 

EOT = 1.0 nm�
NA = 3 × 1019 cm-3 

EOT = 1.0 nm�
Electric Field �

5 × 105 (V�cm-1)�

4 × 105�

3 × 105�
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1 × 104�
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EOT = 5.8 nm�
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EOT = 1.0 nm�
NA = 3 × 1019 cm-3 

EOT = 1.0 nm�

NA = 3 × 1019 cm-3 

EOT = 5.8 nm�

Source (GaAsSb)�

Channel (InGaAs)�

1 × 1030 (cm-3�s-1)�

1 × 1029�

1 × 1028�

1 × 1027�

1 × 1026�

1 × 1025�

Tunneling rates�

ĭ 3.18 ^�nuQOcL 0.5V0!(Ǜ4f�c�i�r�Ƹė3û

KḨɌ(�)0i�r�̱Ķ:4̧ň4n�r�ɑɆ��n(×) 
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 Ȍ3f�c�ʈȺωŹ0 EOT4ǥ̅ā!(ĺė4
�ʈȺ|�zNQ�4ƒŨƓÇŋƓLȀˋ!

(�ĭ 3.173 GaAsSb/InGaAs TFET4 ID = 1 × 10–11 A/µm3��H S.S.ÐL�ʈȺ|�zNQ�4ƒŨƓL̙

ǌ0!.ɥ#���/
�ʈȺωŹ�E8 EOT5
(a) EOT = 5.8 nm
NA = 1 × 1019 cm–3
(b) EOT = 5.8 nm


NA = 1 × 1020 cm–3
(c) EOT = 1.0 nm
NA = 1 × 1020 cm–30!(��ʈȺωŹ
EOT3û�.�ʈȺ|�zNQ

�4ƒŨƓLǥ̅ā#H�0/ S.S.5 60 mV/dec EGBłŲ3¿ȨéǴH�0Lɡ˓!(�Ƈ+.


GaAsSb/InGaAs TFET 4̹Ɠʣā4(A3̎ʿ02HʿĪ5
EOT 4�F2H¿Ȩ
�ʈȺωŹ4Ľû
f

�c�ʈȺ|�zNQ�4ƒŨƓ4Ě�/�H� 
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ĭ 3.17 GaAsSb/InGaAs TFET4 ID = 1 × 10–11 A/µm3��H S.S.ÐL�ʈȺ|�zNQ�4ƒŨƓL̙

ǌ0!.ɥ#���/
�ʈȺωŹ�E8 EOT5
(a) EOT = 5.8 nm
NA = 1 × 1019 cm–3
(b) EOT = 5.8 

nm
NA = 1 × 1020 cm–3
(c) EOT = 1.0 nm
NA = 1 × 1020 cm–30!( 
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3.7 GÃ¬
���� TFET
ñ¤­��H���ó 
 

ǥƆ3
TFET4Ɠʣ3ƃ̬LĎ=#ēʣƓ0!.
�ʈȺ|�zNQ�0ʌƜ|�zNQ�4¾

ʜ4$I3EHƃ̬3,�.BȀˋ!(��I5
in–situ o�y�\3E+.ÃFI(Ọ̋4}l�Ɍ̪/

5
f�c�ʈȺċň4¾ʜ0ʌƜĿā�ɏ2H(A/�H�ĭ 3.183a����a��3Ɉ�(�ʈȺ4

ƼF�4�m�Lɥ#���/
�ʈȺωŹ5f�c̱ĶL 1 × 1019>(5 1 × 1020 cm–30!
i�r�̱Ķ

L 4 × 1016 cm–3
ƒɵƓL 5nm/dec0¶ŏ!
�ʈȺ|�zNQ�Lf�c�i�r�Ƹė/�ʷɫĀ�%(�

ĭ 3.195 GaAsSb/InGaAs TFET4 S.S.Ð4�ʈȺ|�zNQ�4¾ʜÇŋƓLɥ#���/
�ʈȺωŹ�

E8 EOT5
(a) EOT = 5.8 nm
NA = 1 × 1019 cm–3
(b) EOT = 5.8 nm
NA = 1 × 1020 cm–3
(c) EOT = 1.0 nm


NA = 1 × 1020 cm–30!(���/
�ʈȺ|�zNQ�L�ʷɫĀ!.�2��m�5
�I>/4 NA = 1 × 

1019 cm–30!(ˊɾʎǸ0ŘƏ!.�H��ʈȺ|�zNQ�Lū(˟)4ǒĚ3azn�%H0
f�c�i

�r�Ƹė/4�ʈȺωŹ�Ȩş#H(A
S.S.Ð�üā#H��4ÕĚ5
�ʈȺωŹ�¿�ĺėEG̳ʱ

3ʹIH��ǒ
ĕ(ȍ)ǒĚ3�ʈȺ|�zNQ�Lazn�%H0
&I3»+.n�r��\4ɑɆɽ

ƟBGaAsSb/InGaAsɌ̪�F InGaAsi�r�ã̊:azn#H��I5 InGaAs��ƸėTFET3ɗƁ#H�

�4E�2 GaAsSb/InGaAs TFET 4 S.S.Ð46F,�5�ʈȺωŹL̹ωŹā!
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3.8 ��� 
 

GaAsSb/InGaAs TFET4̧ȕȻƓLɃˇ!
�F3Ɠʣ
Ȼ3 S.S.ÐLĚ��%H(A35
̧ȕ

ȻƓ3Ď=#ȘŏĪň02HȄ˼v���gLǙF�0#H�0Lɕɓ0!.
GaAsSb/InGaAs TFET4ȺɃ

êǷ�E8 2ȌÙmuQca����a��Lʷ+(�SIMS�E8 STEM-EDXêǷ3EG
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}l�Ƹė3��H�ʈȺ4ƒŨƓ� 11nm / decǬȫ/�G
ʌƜ4ĿāŲ5ʇ 10nm/�H�0�ê�+

(�TCAD a����a���F
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�#H�0Lˁé!(�>(
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0f�c̱Ķ4�ʈȺωŹ4Ľû�ƍʿ/�H�0�ê�+(� 
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Chapter 4  
 

f�c̱Ķ4�ʈȺɭ�E8ωŹ� TFET4̧ȕȻƓ

3��Hƃ̬4Ȁˋ 
 

 

4.1 xU 
  

ɹ 3ɴ3��. 2ȌÙ TCADa����a���F
ɂı4muQcȄ˼/Ȃ¿ȩ×(~ 20 K)3�

�H GaAsSb/InGaAs TFET4̧ȕȻƓLĚ��%H(A35
f�c�ʈȺωŹ� GaAsSb/InGaAs TFET4

̧ȕȻƓLȘŏ-�H̎ʿ2Īň/�H�0LǙF�3!(�&�/
Ǯɴ/5f�c̱Ķ/�H GaAsSb

4�ʈȺωŹLĽł�%H�03E+.ȻƓĚ�Lː?(�>(
Ő̸ɓ3f�c̱Ķ4�ʈȺωŹLȀˋ

#H(A35
�ʈȺ4ɭ̴B̎ʿ2Īň32H��I>/
GaAsSb 4 pĵo�v�n0!.5
Be C C

�ĹĜ�I.�H�Ǯɞɯ3��.B GaAsSb4 pĵo�v�n0!.
Be0 C4 2ɭ̴LȀˋ!(�Ty

gYa��Ɯ̖Ɉ4ʻʜ4̋ė�
Be-doped p+GaAsSb/i-InGaAs/InP }l�Ȅ˼5 MOMBE Ț/
C-doped 

p+GaAsSb/i-InGaAs/InP}l�Ȅ˼5MOCVDȚ/Ɯ̖!(� 

 

 

4.2 GaAsSb/InGaAs3'A��.
ÛQ  
  

GaAsSbŤ4�ʈȺɭ�E8ωŹ4ƃ̬LǙF�3#H(A
ĭ 4.13ɥ#ȅ2 GaAsSb/InGaAs}

l�Ȅ˼L InPķǶ�3TygYa��Ɯ̖!(��ʈȺωŹL 1 × 1019�F 4 × 1019 cm–33Ľû�%(`�

|�LMOMBEȚLɈ�.ȭÔ!(���/
f�c̱Ķ/�H GaAsSb�4�ʈȺ5 Be/�H�û�.


TygYa��Ɯ̖ƠȚLMOCVDȚ3
�ʈȺɭL C3ĿǢ!(`�|�LɈƗ!(��ʈȺωŹ5 4 × 

1019
7 × 1019
�E8 1 × 1020 cm–3 0!(�GaAsSbLƜ̖#H0 Bef�c4üā�̳ʱ3ʹIH�0�F


Bee�4ȩŹ5Ė`�|��03˘Ǎ!.�H�>(
ɏ2H Bee�ȩŹ/ę" V/IIIȔ02HE�3Ɯ̖
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#H0 GaAsSb4ʌƜ�Ŀā#H(A
ʌƜ� GaAs0.51Sb0.4902HE�3 V/IIIȔBĿǢ!.Ɯ̖!.�H�

03BɍƗ�I(���4ȅ3 InPķǶ�3Ɯ̖!( p+GaAsSb/i-InGaAs/InP}l�TygYa��Ɯ̖RT

t4ǐ̪ TEM×�E8 STEM-EDX4êǷʎǸLĭ 4.23ɥ#�ˡ˺ˬ¾214ȋ̟5 GaAsSb/InGaAs}l

�Ɍ̪35˅Ȫ�I2�+(��F3 STEM–EDX4 GaʌƜ�F}l�Ɍ̪/4ʌƜ4ĿāŲ5 10 nmµ×

/�H�0Lɡ˓!(� 

㼀EM観察① 高倍像（BF-㻿㼀EM像、HAADF-㻿㼀EM像）

BF-STEM像 HAADF-STEM像

・GaAs㻿bとInGaAsの界面付近でも結晶欠陥は確認されなかった

3

（試料） 151209-1
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p+ 1 × 1020 (C), MOCVD�

ĭ 4.1 MOMBEȚ�E8MOCVDȚ/TygYa��Ɯ̖!( GaAsSb/InGaAs

}l�Ȅ˼���/
GaAsSb�4�ʈȺɭ5 Be0 C0!(� 

ĭ 4.2 InPķǶ�3Ɯ̖!( p+GaAsSb/i-InGaAs/InP}l�TygYa��Ɯ̖

RTt4ǐ̪ TEM×�E8 STEM-EDX4êǷʎǸ 

S doped InP sub. 

InP buffer layer 

unintentionally doped 
 InGaAs (300, 500 nm) 

Be doped GaAs0.51Sb0.49 
(1 × 1019, 4 × 1019 cm–3) 

S doped InP sub. 

InP buffer layer 

unintentionally doped 
 InGaAs (500 nm) 

C doped GaAs0.51Sb0.49 
(4 × 1019, 7 × 1019, 1 × 1020 cm–3) 
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InP ķǶ�3Ɯ̖!( p+GaAsSb/i-InGaAs/InP }l�TygYa��Ɯ̖RTtLɈ�.
ɹ 2 ɴ

0ęȅ4|�ec4|�ecz��/ʘĵ TFET LÃʾ!(���/
¿ȩ|��u�/4ȪŏǛ3̒Ɓ.

4ī̦��Ɇ".�((Af�çȂL Ni/Pt�F Ni/Pt/Al3ĿǢ!(�f�c̱Ķ4 p+GaAsSb3Ƹˈ#H

�g�5Ni/�G
ĿǢ!.�2�(A TFET4̧ȕȻƓ35ƃ̬!2�0îǐ!.�H�ĭ 4.33 p+GaAsSb

̱Ķ4�ʈȺ4ɭ̴LBe�FC3ĿǢ!
�,ωŹL7 × 1019 cm–33>/Ľû�%(p+GaAsSb/i-InGaAs TFET

4 20 K3��H ID–VGȻƓ�E8 S.S.–IDȻƓLɥ#���/
L/W5&I'I
500 nm0 100 µm0!
VD

5 50�E8 500 mV0!(�VDL 50�E8 500 mV0!(Ǜ41*FB ON/OFFȔ5 7ǾL̂Ɯ!(�VD

� 500 mV40�4ǥŞ S.S.Ð5 ~ 45 mV/dec./�G
S.S.Ð� 60 mV/decµ×02Hǥł4 ID5 4 × 10–12 A/µm

/�+(�>(
VD� 50 mV4Ǜ
ǥŞ S.S.Ð 20 mV/dec.LŐɂ!(� 

 

 ĭ 4.4 3 VGL 0.3V Ƴż!(0�4V�/VzȔ0ǥł4 ON ̧ȟL|�jn!(~�i��[L

ɥ#[5.1-5.6]�TFET5ĀÃŐˎ4ɞɯȒ̠/�G
EOTc]���\CmuQcȄ˼Lǥ̅ā#H�0/V

�̧ȟ4Ð�ǅĦ�IH�0�ˁ˱>IH(A
V�̧ȟ5ɂıĹĜ�I.�H ID—VGȻƓ4ǥł VG/4Ð

Lɥ!.�H�Ȕ˭4(A3ɥ!( 16 nm Si-FinFET4V�̧ȟ5( VG�VOFF ) = 0.3VǛ/�H�ɂı
ĹĜ�

I.�H III–V TFET4Ł�5
Si–TFETEGBV�VzȔ�E8V�̧ȟ�¿���ǒ/
Si–TFET4ȻƓ

L�ĩHƓʣ�ǪƅéǴHmuQcBȅ�2ǰǏʆ3��.ĹĜ�IņA.�H�Ǯɞɯ3��.Ãʾ!(

GaAsSb/InGaAs TFET5
�ʈȺɭL Be�F C3ĿǢ!
�ʈȺωŹL 7 � 1019 cm–3 3Ľû�%H�0/

ĭ 4.3 p+GaAsSḇĶ4�ʈȺ4ɭ̴L Be�F C3ĿǢ!
�,ωŹL 7 × 1019 cm–33>/Ľû

�%( p+GaAsSb/i-InGaAs TFET4 20 K3��H ID–VGȻƓ�E8 S.S.–IDȻƓ 
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Si–TFETLç̷#HV�VzȔLŐɂ!.�H��4ʎǸ5
GaAsSb/InGaAs Type-II}l�Ȅ˼� TFET4

Ȅ˼0!.ɗƏ!��0LƗĞ!
¯Ɔ4ȻƓĚ�LǪƅ�%HʎǸ/�H� 

 

  

 

 

4.3 Be doped p+GaAsSb
«�Pn�  
 

TCADa����a��4ʎǸ
�ʈȺωŹL 4 × 1019 cm–3µ�0#H�0/V�̧ȟ4Ľł�ˁ

˱>IH�0�ê�+(�&�/
MOMBEȚ/ p+GaAsSbŤ4�ʈȺ/�H BeωŹL 1 × 1019�F 4 × 1019 

cm–33Ľû�%( GaAsSb/InGaAsʘĵ TFET 4¿ȩ(20 K)/4 ID–VGȻƓLĭ 4.53ɥ#��ʈȺ/�H Be

ωŹL 1 × 1019�F 4 × 1019 cm–33Ľû�%H�0/
V�̧ȟ4Ľû�Ǫƅ�I(�
V�̧ȟ4Ľł5ˁ

FI2�+(�Vz̧ȟ4Ð3̙!.5
¿ȩ|��u�/4ȪŏǛ3̒4Ƹˈâė3E+. 1�F 2Ǿɬ

Ź46F,��ˁFIH��ʈȺωŹ� 4 × 1019 cm–34`�|�3��.5
_�g[nujoLǅʮ!(Ɔ

ĭ 4.4 VGL 0.3V Ƴż!(0�4V�/VzȔ0ǥł4V�̧ȟL|�jn!(~�i��[�

TFET4V�̧ȟ5ɂıĹĜ�I.�H ID—VGȻƓ4ǥł VG/4ÐLɥ!.�H�Ȕ˭4(A3

ɥ!( 16 nm Si-FinFET4V�̧ȟ5( VG�VOFF ) = 0.3VǛ/�H� 
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4m�g/�H�
�ʈȺωŹ� 4 × 1019 cm–34`�|�5_�g[nujoǅʮõ4m�g/�H�0�F

˜˚3Ð!2�0îǐ!(� 

 

 

4.4 C doped p+GaAsSb/i-InGaAs TFET
ÛQ 
 

MOCVDȚ/ Co�| p+GaAsSb/i-InGaAsL InPķǶ�3TygYa��Ɯ̖!(��ʈȺ/�H

C4ωŹ5 4 × 1019
7 × 1019
1 × 1020 cm–34 3ɭ̴LɈƗ!(�ĭ 4.63 C-doped p+GaAsSb/i-InGaAs TFET

4¿ȩ(50 K)3��H ID–VGȻƓ4ωŹÇŋƓLɥ#��ʈȺωŹLĿā�%( ID–VGȻƓ4̃�5̩ű3Ö

�/�H��4ŬL˜˚!.ʮ��1��ǙF�3#H(A
�ʈȺωŹ� 7 × 1019 cm–34`�|�L 2ĩ


1 × 1020 cm–34`�|�L 3ĩÃʾ!(�ĭ 4.73 p+GaAsSb/i-InGaAs TFET4 ID–VGȻƓ4äɂƓLɥ#��

ʈȺωŹ� 7 × 1019 cm–34`�|�/5 ID–VGȻƓ�ʮ��ʪ!.�H�ǒ/
1 × 1020 cm–34`�|�/5


`{c�a��o̱Ķ4 S.S.Ð�E8V�̧ȟ36F,��˅Ȫ�I(�&4(A
p+GaAsSḇĶ4�ʈȺ

/�H CωŹÇŋƓ5ɂȼ4muQcȄ˼�F5îǐ/�2���ʈȺωŹÇŋƓLîǐ#H(A35
EOT

L 1.0 nm>/ʴ�#H�0�‐,4ēʣƓ0!.Ư�FIH�   
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4.5 C doped p+GaAsSb� Be doped p+GaAsSb
£ä  

 

  Be0 Co�y�\LȔ˭#H(A
�ʈȺωŹL 4 × 1019 cm–3 3˘Ǎ!( p+GaAsSb/i-InGaAs/InP 

}l�TygYa��Ɯ̖RTtL
&I'IɈƗ!(�ĭ 4.83o�Q�̧İL 50�E8 500 mV0!(

0�4Œȩ/4 ID–VGȻƓ�E8 S.S.–IDȻƓɥ#�CLo�y�\!(`�|�/5
BeLo�y�\!(

`�|�0Ȕ˭!.V�̧ȟ�ʇ 1 Ǿ̹��0�ê�+(��ǒ/
Vz̧ȟ3̙!.BĽû!.!>+.

�G
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̧İ� 50 mV4Ǜ5
Co�y�\4`�|�0Ȕ˭!. Beo�y�\4`�|�4ǒ�¿�ÐLɥ!(�

ǥŞ S.S.Ð4Ð0!.5 ID = 3.2 ×10–11 A/µm 4Ǜ3 ~ 240 mV/decLƈ(��ǒ
o�Q�̧İ� 500 mV4

Ǜ5
Co�y�\4ǒ�EG̹�o�Q�̧ȟ3��.¿� S.S.ÐLɥ!(�ǥŞ S.S.Ð4Ð0!.5 ID = 
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Chapter 5   
 

f�c̱Ķ�E8i�r�̱Ķ4Ɍ̪ȭ¾� 
GaAsSb/InGaAs TFET4̧ȕȻƓ3��Hƃ̬ 
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ALDi��u�ã/4 TMA3EḦÙÃɈLɈ�HƠȚ[5.8]21�
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Fig. 7  The MOS circuit including Dit 

 
２－３．Conductance法[10] 
 コンダクタンス法では、直流電圧の値を固定

して、交流電圧の周波数を低周波から高周波に

振ることで、界面準位が応答する周波数を求め、

そこから Ditを計算する。界面準位を求めるた

めの等価回路としては一般には Fig. 8が用いら
れる。Fig. 8 の等価回路に、界面準位が連続エ
ネルギーで分布であることと、表面の揺らぎが

ることを考慮したスペクトル形状は式 (2) のよ
うに表される。 

 
Fig. 8  Equivalent circuit and simplified circuit for 

conductance method 

(2) 

実験的な
𝐺𝑝
𝜔 − 𝑓プロットに式 (2) をフィッティ

ングさせることで、界面準位だけでなく、界面

準位の捕獲断面積や時定数なども同様に求める

ことが可能である。だが、界面準位のエネルギ

ー分布を知りたい場合は、直流電圧や測定温度

を変化させなければならず、またフィッティン

グの手間もかかるため、Terman 法と比べて測
定に時間がかかる。そのうえ、回路上空乏領域

周辺の界面準位しか求められない。しかし、原

理的に直接界面準位の応答を直接測定するため、

Terman 法と比べて精度が高い。測定の際には、
界面準位の応答をほかの応答（例えばスロート

ラップの応答など）と混同しないように十分注

意する必要がある。 
 
２－４．In0.53GaAs0.47界面の界面準位分布[8] 
現在の In0.53Ga0.47As における界面準位のエネル
ギー分布は概して Fig. 9のような形を持ってい
ることが示唆されている[8], [11]-[14]。特徴と
しては、電荷中性点が In0.53Ga0.47As の伝導帯付
近にあり、かつそこで Ditが極小値を取ってい

る。そして伝導帯内部ではエネルギーが大きく

なるにつれ界面準位が増加している。また、バ

ンドギャップ内部では、価電子帯から 0.35eV
付近で界面準位が極大値を取り、そこから価電

子帯に向けて界面準位が急激に増加している。

InxGa1-xAs に関して。これまでたくさんの反転
型 n-MOSFET、n-TFET が開発されている一方、
p-MOSFET、p-TFET の研究が遅れている原因
の一つは、InxGa1-xAs 特有の価電子帯端付近で
急激に Ditが増加し n型のMOSキャパシタで反
転状態が得られにくいことであると考えられる。 

 
Fig. 9  Energy distribution of Dit for 

In0.53Ga0.47As[8] 
 

ĭ 5.1 InGaAs4MOSɌ̪4op�ĵ�E8O[e|gĵ4Ɍ̪ȭ¾êŮ[5.9] 
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Fig. 5. (a) CV characteristics of p-type GaAs0.35Sb0.65 MOSCAPs with 3.5 nm HfO2 with H2 plasma surface clean. (b) Dit extraction using Terman method.
(c) Gate leakage is shown in the inset. (d) Normalized parallel conductance plot with dotted line trace showing movement of the conductance peak maximum.
(d) Trap response time versus band-gap energy extracted using modified conductance method [11]. Similar analysis for n-type In0.53Ga0.47As MOSCAPs
with 4 nm ZrO2 with N2 plasma/TMA clean [12] is presented in (e)–(h) respectively.

CET of 1.1 nm with low mid-gap Dit. Amount of frequency
dispersion in CV characteristics (Fig. 5(e)) specifically the
hump in the depletion region is drastically reduced compared
to PTFET gate stack (Fig.5(a)) which indicates substantial
reduction in mid-gap Dit. This is confirmed through Dit vs.
band-energy profile extracted using Terman method. Average
Dit on NTFET gate stack is ∼1013cm−2eV−1 as observed
from Fig. 5(f) which is approximately an order of magnitude
lower than Dit in PTFET gate stack (Fig. 5(b)). The normalized
conductance map as a function of gate voltage and frequency
is plotted in Fig. 5(g). The narrow and almost vertical trace
of conductance peak maximum suggests larger band bending
and hence efficient Fermi level movement throughout the semi-
conductor band-gap with change in gate bias. Fig. 5(h) plots
the characteristic response time associated with the interface
traps, extracted using the modified conductance method [11]
which models admittance characteristics and also accounts
for loss from gate leakage current. The variation of trap
response time versus band-gap energy in Fig. 5(h) reveals that
the mid-gap traps at ZrO2/In0.53Ga0.47As interface respond
ten times faster compared to those at HfO2/GaAs0.35Sb0.65
semiconductor interface. The dual gate stack approach enables
complimentary TFETs with high on-current, steep switching
slope and high ION/IOFF current ratio.

B. Electrical Characterization

Fig. 6 shows the experimental transfer (IDS-VGS) and
output characteristics (IDS-VDS) for the fabricated PTFET
and NTFET. GaAs0.35Sb0.65 channel PTFETs exhibit
ION = 30µ A/µ m at ION/IOFF = 105. The PTFET output
characteristics exhibit negative differential resistance (NDR)
and saturation at low temperature as contribution from
mid-gap Dit is suppressed. In0.65Ga0.35As channel NTFET

shows ION = 275µ A/µ m at ION/IOFF = 3 × 105. The
switching slope (SS) in the fabricated TFETs exceeds the
Boltzmann limit of 60 mV/decade at room temperature. This
dilution of SS is a consequence of mid-gap Dit with slow
characteristics response time as presented in Fig. 5(d), (h).
To suppress the response of mid-gap Dit we perform pulsed
IDS-VGS measurement on TFETs with input gate voltage
pulse with rise time varying from 10µ s down to 300 ns to
assess actual switching performance. Fig. 6(d), (h) shows
the SS as a function of drain current for various gate pulse
rise times. We achieve SS= 55mV/decade for NTFET and
SS= 115mV/decade for PTFET at room temperature in
pulsed mode measurements [10].

Engineering high-quality scaled gate dielectrics and tunnel
barriers in the As-Sb system is fundamental to the realization
of high ION with steep SS demonstration in TFETs. We bench-
mark our devices with other state of the art TFET demonstra-
tions in Figs. 7 and 8. Previous PTFETs utilize Si/SOI/SiGe
materials and some achieve sub-kT/q SS albeit with poor ION.
Sb-channel P-HTFET presented in this work shows superior
performance and, in conjunction with As-channel N-HTFET
demonstrates the potential of III-V complimentary TFET logic.
This is first demonstration of an all “III-V” material system
based complimentary HTFETs at low VDS with record ION
and switching performance. Our future research focuses on
expanding the steep switching range over multiple decades of
drain current with no-compromise on on-current.

III. INTERFACE CHARACTERIZATION

We identify the key bottlenecks towards realizing high
performance TFETs with high-ION, low IOFF and steep
SS by performing rigorous interface characterization. Being
made from a combination of III-V materials integrated with

ĭ 5.2 H2|�d�èɃLǓ!(GaAsSb MOSY�vag4C–VȻƓ�E8g

���Ț/ɾé!(Ɍ̪ȭ¾êŮ[5.10] 
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ǬʎėƠ(h�\��\��o)ChQ��21�¡ʿ2ȋ̟/�G
�IFȋ̟˧Ī4ȭ¾3EHB4/�

H0�+(˕[5.12]21��H�ĭ 5.35 Al2O3/GaAsɌ̪LƖŏ!
Gah�\��\��o
Ash�\��

\��o3EHȭ¾
As-As hQ��4ȼƙŕŹLˊɾ!(B4/�H[5.12]���/
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¾5ďʎėȼƙ4ȭ¾4?ɥ!.�H��IF4ȭ¾�F̧ʰ�ƓȲ(Charge neutral level; CNL)LȘŏ!.�

H��F3
ĄŝÀǰǏL InAs
InP
GaSb3>/Ƭſ!(B4LęǛ3ɥ!.�H�CNL4¾ʜ5Ȩ̀ň

ŰɶLķȭ0!.
GaAs0 InAs/5 ~ 0.5 eV
GaSb/5 ~ 0.1 eV/�H��IF4Ð0ĖǰǏ4ǰǏv�

ĭ 5.4 In1-xGaxAs0 GaAs1-xSbx4̧ʰ�ƓȲ4¾ʜ 

 
Fig. 16  As 3d spectra and C-V characteristics of 

HfO2/InAs with intentionally oxidized[26] 
 

３－４．シミュレーションによる界面準位の

形成 
 前までに述べた界面準位の原因に関連して、

半導体の欠陥であるダングリングボンド (未結
合手) やダイマーなどが具体的な界面に出現す
る主要な欠陥と考えられている。ここでは、そ

れらの欠陥が界面に存在する場合に出現する欠

陥による状態密度についてシミュレーションし

た結果を紹介する。Fig. 17はそれぞれ Gaダン
グリングボンド、As ダングリングボンド、As-
As ダイマーを Al2O3/GaAs 界面上に想定し、状
態密度を計算した結果である[27]。Gaダングリ
ングボンド起因の欠陥は GaAs の伝導帯内部に、
As ダングリングボンド起因の欠陥は価電子帯
付近のバンドギャップ内に、As-As ダイマーに
よる欠陥はミッドギャップ内の伝導帯付近に位

置していることが分かる。これらの計算結果を、

他の半導体においても考察しまとめた結果を

Fig. 18 に示す。As ダングリングボンド起因の
欠陥がⅢ-Ⅴ化合物半導体において価電子帯付近
のバンドギャップ内に存在することや、As-As
ダイマー起因の欠陥が GaAs ではバンドギャッ
プ内であるが InAs になると伝導帯内に位置す
ることなどが分かる。MOS 界面で反転領域を
実現するためには、バンドギャップ内の界面準

位が重要であることを考えると、As ダングリ
ングボンドを減らすことが重要であると本結果

から考察できる。また、Fig. 19に Gaベイカン
シーとアンチサイト欠陥による、In0.53Ga0.47As
のバルク、Al2O3と In0.53Ga0.47Asとの界面それぞ
れに生じるエネルギー準位を計算したものを示

す[28]。[27]で表された欠陥のほかにも Gaベイ

カンシ―や Ga アンチサイト欠陥がバンドギャ
ップ内に存在し、界面の状態を悪くする可能性

があることが示唆される。 

 

 

  
 

Fig. 17  Interfaces with Ga and As dangling bond 
and As-As dimer bond and their density of 

states[27] 
 

 
Fig. 18  Chemical trends of defect energy levels for 

dangling bonds and dimer bonds[27] ĭ 5.3 Al2O3/GaAsɌ̪LƖŏ!
Gah�\��\��o
Ash�\��\
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5.5.2 ´ò©Nu�Pn��

 

 Ɍ̪ȭ¾ŕŹÇŋƓLǙF�3#H(A
ps�Q�ĵ4 p+GaAsSb/i-InGaAs/n-InGaAs TFET4i

�r�̱Ķ/�H Oxide/i-InGaAs MOSɌ̪3Ɍ̪ȭ¾LȨ̀ňŰ�FºŝŰ�̊>/�ȅ3ŝÞ!(�Ɍ̪

ȭ¾ŕŹ4Ð5 1 × 1012
5 × 1012
1 × 1013 eV–1cm–20!(�Ȕ˭4(A3Ɍ̪ȭ¾ŕŹLŝÞ!.�2�ˊ

ɾBęǛ3ʷ+(�ĭ 5.183i�r�̱Ķ3�ȅ3ŝÞ!(Ɍ̪ȭ¾êŮLɥ#��4Ɍ̪ȭ¾êŮLŝÞ

!(GaAsSb/InGaAs TFET4o�Q�̧İL 500 mV0!(Ǜ4 ID–VGȻƓ�E8 S.S.–IDȻƓLĭ 5.19ɥ#�
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)
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CNL 
0.55 eV
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 – like

Donor
 – like

ĭ 5.18 GaAsSb/InGaAsʘĵ TFET4i�r�

̱Ķ3ŝÞ!(�ȅ2Ɍ̪ȭ¾êŮ 

ĭ 5.19i�r�̱Ķ3Ɍ̪ȭ¾êŮLŝÞ!( GaAsSb/InGaAs TFET4

o�Q�̧İL 500 mV0!(Ǜ4 ID–VGȻƓ�E8 S.S.–IDȻƓ 
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Ɍ̪ȭ¾ŕŹL 5 × 1012 eV–1cm–2µ�0!(Ǜ3
S.S.Ð�E8V�̧ȟ4üāLż�˧�#�0�ǙF�3

2+(�S.S.Ð5o�Q�̧ȟ4ɳ*��G³˳/ł��üā#H�0�ɡ˓�I(�ǒ/
̂ �ņȂ3ȍ

4uQOcLăê3û�H0 S.S.Ð4üā�ƣñ�I.�HE�3ˁ�H�
�I5o�Q�̧ȟ�̵ġÕ

ĚLɥ!.�H(A/�H�̂ �ņİ� 0.3V4Ǜ4V�̧ȟ5Ɍ̪ȭ¾LŝÞ!.�2�ĺė/
4.2 × 10–

4 A/µm/�G
Ɍ̪ȭ¾ŕŹL 1 × 1013 eV–1cm–20#H0 1.1 × 10–4 A/µm3>/¿×!.!>��0�ê�+

(�µ�>0AH0
i�r�̱Ķ4Ɍ̪ȭ¾ŕŹL 1 × 1012 eV–1cm–2µ×3¿Ȩ!
S.S.Ð0V�̧ȟ4ü

āLƣñ#H�0�̎ʿ/�H� 

 

 

5.5.3 (?$ð�h´ò©NW����×��

  

i�r�̱Ķ3�ȅêŮ4Ɍ̪ȭ¾LŝÞ#H�0/i�r�̱Ķ4Ɍ̪ȭ¾� GaAsSb/InGaAs 

TFET4 S.S.Ð�E8V�̧ȟLüā�%H�0LǙF�3!(��ǒ/
Ọ̋3 InGaAs MOSɌ̪4Ɍ̪ȭ

¾LŐ̸ɓ3¿Ȩ�%H�0Lʞ�H0
14¾ʜ4Tr�Z�3ŋı#HɌ̪ȭ¾�TFET4̧ȕȻƓ3


ƀ�ƃ̬L#H�ǙF�3#H�0�ȗAFIH�&�/
m�g̙ǌĵ3 Oxide/i-InGaAs MOSɌ̪3Ɍ̪

ȭ¾L 0.05 eVò?/ºŝŰ�F�joZ�j|³˳>/ŝÞ!(�Ɍ̪ȭ¾4�ƌTr�Z�5(a) 0.745


0.0
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Dit (eV–1cm–2)

EC

EV

Acceptor
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0.05 eV (e)
(d)

(b)
(a)

(c)

ĭ 5.20 i�r�̱Ķ3ŝÞ!(Ɍ̪ȭ¾êŮ; Ɍ̪ȭ¾4�ƌTr�Z�5(a) 0.745
(b) 0.695
(c) 

0.645
(d) 0.595
(e) 0.545 eV0!
Ɍ̪ȭ¾LŝÞ!.�2�ˊɾʎǸL(f)0!(� 
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(b) 0.695
(c) 0.645
(d) 0.595
(e) 0.545 eV0!
Ɍ̪ȭ¾LŝÞ!.�2�ˊɾʎǸL(f)0!(�ŝÞ!(

Ɍ̪ȭ¾4êŮLĭ 5.203
ID–VGȻƓ�E8 S.S.–IDȻƓLĭ 5.213ɥ#�i�r�̱Ķ3Ɍ̪ȭ¾ŕŹL

ŝÞ#H�0/V�̧ȟ0 S.S.ÐLüā�%H�0�ɡ˓�I(�ĭ 5.223Ėo�Q�̧ȟÐ/4Ɍ̪ȭ¾

4ǧȴ3EH S.S.Ð4ŬêLɥ#�o�Q�̧ȟ�ăê3ȟI.�2�ĺė
0.545 eV0 InGaAs4u�oZ

�j|ã̊4Ɍ̪ȭ¾�Ȼ3 TFET 4 S.S.ÐLüā�%H�0�ê�+(�o�Q�̧ȟ�ł��2H3,

IºŝŰÒ4Ɍ̪ȭ¾B S.S.Ð4üā3Ŕ�#HE�32H�0Lˁé!(�&4(A
̧ȟ4ɳ*��G

4 S.S.ÐüāLƣñ#H(A3 InGaAs4u�oZ�j|�4Ɍ̪ȭ¾L¿Ȩ#H0ęǛ3
ºŝŰÒ4Ɍ̪

ȭ¾B¿Ȩ#Hƍʿ��H�0�ê�+(� 
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ĭ 5.21 i�r�̱Ķ3m�g̙ǌĵ4êŮLB,Ɍ̪ȭ¾LŝÞ!( GaAsSb/InGaAs TFET4

ID–VGȻƓ�E8 S.S.–IDȻƓ 
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(e) 0.545
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ĭ 5.22Ėo�Q�̧ȟÐ/4Ɍ̪ȭ¾4

ǧȴ3EH S.S.Ð4ŬêL>0A( 
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5.8 ��� 
  

GaAsSb/InGaAs TFET4f�c̱Ķ�E8i�r�̱Ķ4Ɍ̪ȭ¾�̧ȕȻƓ3��Hƃ̬L 2Ȍ

Ù TCAD a����a���FǙF�3!(�f�c̱Ķ4Ɍ̪ȭ¾LŝÞ#H0 MOS Ɍ̪˳Ó4Y��

O�Ɍ̪ȭ¾3n�j|�IH(A
MOSɌ̪³˳/EGɰ¢̱Ķ�ŷ�H�&4(A
Ɍ̪ȭ¾�ŋı#

H�0/n�r�ɑɆɽƟ� MOS Ɍ̪³˳�FĄŝÀã̊:0azn#H��4ɂ˞30B2+.
i�

r�̱Ķ/4n�r�ɑɆɽƟBĄŝÀã̊3azn#H�ĄŝÀã̊/5^�ņȂ�FûKḨɌ�ž

�(A3i�r�̱Ķ4u�oĿ˘̐5ş2��Ƈ+.f�c�i�r�̘4u�o̘n�r��\4ɑɆ

ɡɁBʱ!�Ȩş#H�0�ê�+(��4ɂ˞5
f�c̱Ķ4�ʈȺωŹ�¿�ĺė3��Hĥ̲0ę

ȅ4˗̲/�H�0
�ʈȺωŹL̹ωŹā!
ps�Q�ĵɺ4̅ë2muQcȄ˼0#H�0/Ɍ̪ȭ

¾4ƃ̬Lƣñ#H�0�éǴH�0Lˁé!(��ǒ/
i�r�̱Ķ4Ɍ̪ȭ¾5^�nuQOc3E

Hi�r�̱Ķ4u�o4Ŀ˘̐LȨş�%H�0/
S.S.Ð�E8V�̧ȟLüā�%H�0�ê�+(�

>(
GaAsSb/InGaAs TFET4̧ȕȻƓ3ƃ̬#Hi�r�̱Ķ4Ɍ̪ȭ¾5
Ȼ3o�Q�̧ȟ4¿�ɳ*

��GǛ35
InGaAs4u�oZ�j|�4ȭ¾�
_�h[a��u�o˳Ó4ȭ¾EGBƃ̬#H�0

Lˁé!(�E+.
GaAsSb/InGaAs TFET4 S.S.ÐCV�̧ȟ214̧ȕȻƓLĚ��%H(A35
f�

c̱Ķ�E8i�r�̱Ķ4Ɍ̪ȭ¾ŕŹL̅ë3¿Ȩ#H�0�̎ʿ/�H� 

 

 

_Í�® 
 
[5.1]  H. C. Chin, X. Liu, X. Gong, and Y. C. Yeo, “Silane and ammonia surface passivation technology for 

high-mobility In 0.53Ga0.47As MOSFETs,” IEEE Transactions on Electron Devices, vol. 57, no. 5, pp. 973–979, 

2010. 

[5.2] Y. Xuan, Y. Q. Wu, T. Shen, T. Yang, and P. D. Ye, “High performance submicron inversion-type 

enhancement-mode InGaAs MOSFETs with ALD Al2O3, HfO2 and HfAlO as gate dielectrics,” pp. 637–640, 

2007. 

[5.3] Y. Urabe et al., “Correlation between channel mobility improvements and negative V th shifts in III-V MISFETs: 

Dipole fluctuation as new scattering mechanism,” Technical Digest - International Electron Devices Meeting, 

IEDM, pp. 142–145, 2010. 

[5.4] R. Suzuki et al., “Effect of sulfur treatment on HfO2/InGaAs MOS interfaces properties,” in Extended Abstract 



Chapter 5 

 82 

International Conference Solid State Devices and Materials, 2011, pp. 941–942. 

[5.5] A. D. Carter, W. J. Mitchell, B. J. Thibeault, J. J. M. Law, and M. J. W. Rodwell, “Al2O3 growth on (100) 

In0.53Ga0.47 as initiated by cyclic trimethylaluminum and hydrogen plasma exposures,” Applied Physics Express, 

vol. 4, no. 9, pp. 2000–2002, 2011. 

[5.6] T. Hoshii et al., “Reduction in interface state density of Al2O3/InGaAs metal-oxide-semiconductor interfaces by 

InGaAs surface nitridation,” Journal of Applied Physics, vol. 112, p. 73702, 2012. 

[5.7] W. Jevasuwan et al., “Self-limiting growth of ultrathin Ga2O3 for the passivation of Al2O3/InGaAs interfaces,” 

Applied Physics Express, vol. 7, pp. 1–5, 2014. 

[5.8] H. D. Trinh et al., “The influences of surface treatment and gas annealing conditions on the inversion behaviors 

of the atomic-layer-deposition Al2O3/n-In0.53Ga0.47As metal-oxide- semiconductor capacitor,” Applied Physics 

Letters, vol. 97, 042903, 2010. 

[5.9] V. Djara et al., “Electrically active interface defects in the In0.53Ga0.47As MOS system,” Microelectronic 

Engineering, vol. 109, pp. 182–188, 2013. 

[5.10] R. Pandey et al., “Complimentary Heterojunction Vertical Tunnel FETs for Ultra-Low Power Logic,” VLSI, pp. 

206–207, 2015. 

[5.11] W. Monch, “Role of virtual gap states and defects in metal-semiconductor contacts,” Physical Review Letters, 

vol. 58, no. 12, pp. 1260–1263, 1987. 

[5.12] J. Robertson, “Model of interface states at III-V oxide interfaces,” Applied Physics Letters, vol. 94, no. 15, p. 

152104, 2009. 

[5.13] T. H. Glisson, J. R. Hauser, M. A. Littlejohn, and C. K. Williams, “Energy bandgap and lattice constant contours 

of II-VI quaternary alloys,” Journal of Electronic Materials, vol. 9, no. 5, pp. 869–882, 1980. 

 

 

 

 

 

 

 

 

 

 



Chapter 6 

 83 

Chapter 6   
 

InGaAsvja~�a��Ť4ŝÞ3EH 
GaAsSb MOSɌ̪ȻƓĚ� 
 

 

6.1 xU 
 

 TFET ȻƓLñ̜!.�HʿĪ4�,0!.
MOS Ɍ̪ȭ¾��H�TCAD a����a���

F
Ɍ̪ȭ¾� TFET 4̧ȕȻƓ3��Hƃ̬Lŏ̐ɓ3ˏÈ!(ʎǸ
InGaAs i�r�̱Ķ4?2F$


GaAsSbf�c̱Ķ4MOSɌ̪ȭ¾B TFETȻƓLüā�%H�0�ˁé�I(�&�/
GaAsSb MOSɌ

̪ȻƓLĚ��%H�0�̎ʿ/�H�!�!2�F
SbʆǰǏ/5ʮ�ɜFI.�H�0)�
ɰȕ3Ǡ

�I(ǥʹ̪3 GaO0 SbO�F2Hʧȵ̍āʦ�ɖ*3ƂƜ�IH(A[6.1, 6.2]
Ɍ̪ȭ¾ŕŹ(Dit)5Çȵ

0!.̹��Ɍ̪ȭ¾ŕŹ¿ȨƠȚ5
¡3 pMOSFET ƏɈLɕɓ0!. GaSb ʹ̪4ʑʗʦĸɮõ4ȅ�

2èɃ�ƺǿ�Őˎ�I.�H�ʑʗʦĸɮi��u�0ę"i��u�ã/ʹ̪èɃLǓ# in-situ|�e

c0!.
ȷLû�H�0/ʧȵ̍āʦLȷʥ̥�%HəɰOq��Ț[6.3]
Ȗʉ|�d�L GaSbʹ̪3ȶ

ś#H�0/ʧȵ̍āʦL̈Ù�%HƠȚ[6.4]21�ĹĜ�I.�H��ǒ
ʑʗʦĸɮi��u�ŀ/è

ɃLǓ# ex-situ|�ec0!.5
Ļ̍ȮȤ(HCl)[6.5]
ɠāO��qR�ȖȮȤ((NH4)2Sx)[6.6]214āŌȮ

ȤèɃ�ĹĜ�I.�H�
�$IBʮŅ2MOSɌ̪4Őɂ35ʩ+.�2��ǥ˳
˨Ȃʴ InAsɌ̪Ť

L Al2O3/GaSb MOSɌ̪3ƱÞ#HƠȚ�ƺǿ�I
Ő̸ɓ3ʮŅ2MOSȻƓ�ƈFIH�0�ĹĜ�I(

[6.7, 6.8]�InPķǶ3ǽňǍė!.�H GaAs0.51Sb0.49 MOSɌ̪�4vja~�a��Ť0!.
ęȅ3ǽňǍ

ėʆ4 In0.53Ga0.47As�Ǫƅ�IH�GaAsSbʹ̪3 InGaAsvja~�a��ŤLǓ!(MOS� InGaAs MOS

/52�
GaAsSb MOS0!.Ȋʣ#H(A35Y��O� GaAsSbʹ̪3Ǆ̌ɓ3ɆƜ�I.�Hƍʿ�

�H��4˅Ȳ�Fˉ�0
Ȃʴ4 InGaAsŤ�ǩ>!��
�ǒ/TygYa��Ɯ̖4˅Ȳ�Fˉ�0


̹Ģˤ2Ȃʴ InGaAsŤLƈH�05ī̦/�H�#2K*
InPķǶ�4 InGaAs/GaAsSb MOSɌ̪ȻƓ5


InGaAs4ʦĊ3̙!.
n��oVz4̙ÉLǧ#H�&�/
Ǯɴ/5 InPķǶ�4 InGaAs/GaAsSb MOS

Ɍ̪ȻƓL InGaAsvja~�a��Ť4ʦĊ3̙˽-�.ˏÈ!(� 
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6.2 MOS�:0�$
 C–V­�`�´ò©NÛQ�¥ 
 

Ǯɿ/5
MOS Y�vag4ˏÈƠȚL˵;H�ĭ 6.1 3ɃƖɓ2 p ĵ MOS Y�vag4 C–V

ȻƓLɥ#�pĵMOSY�vag5
̑ţ
ʑʗʦ
pĵ4ĄŝÀ�FȄƜ�IH�^�ņȂ3˟4uQ

OcLû�H0ĄŝÀʹ̪3�b��lP�Y��O/�Hȍŉ�ż�Ŕ%FI
�4ȼƙLʳɮȼƙ0ğ

9�œ̐Ð5̍āʦœ̐ Cox 0ɺ!�2H�ȍ4uQOcLû�H0ĄŝÀʹ̪�Fȍŉ�̄ �FIH(

A
ĄŝÀʹ̪35Y��O�ŋı%$
ɰ¢ȼƙ02H��F3ƀ�ȍ4uQOcLĈû#H0ºŝŰɶ

�zS��ȭ¾3˳-�
ºŝŰ3̧ň�˔˧�Iďˬȼƙ02H��40�
Ȫŏĝțǌ3E+.ȅň�

ɏ2H�ɰ¢̱Ķ3��HY��O4ɆƜ�äʎė4řĠL τ0#H0¿ĝț(�ʭɓ35 1�F 100 Hz)Ȫ

ŏ/5
Ȫŏĝțǌ f� 1/τEG̩ű3Ş��(A
̂ �nuQOc3ûKHĿā3˷̡!.ɰ¢̱Ķã4ş

ǌY��O�˔˧�IH��ǒ/
̹ĝț(�ʭɓ35 1�F 10 MHz)/5 f� 1/τ�̩ű3ł��(A
Y

��O4ɆƜ�äʎė�ȴ˃�IH(Aœ̐Ð5Ŀā!2��Ọ̋4Ȫŏ5 LCR��g�LɈ�.
ɖḩ̌

İ3�Hĝțǌ4Ɗş2¬ḩ̌İLû�
¬ḩ̌ȟLȪŏ!
&4Ð�Fœ̐ÐLɾé!.�H�Ǯɞɯ/

5 Agilentɧ4 E4980ALɈ�.ȪŏLʷ+(� 

 

ĭ 6.1ɃƖɓ2 pĵMOSY�vag4 C–VȻƓ 
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Ɍ̪ȭ¾ŕŹLŏ̐ɓ3ȗAHƠȚ0!.5
TermanȚCConductanceȚ��ʭɓ3Ɉ�FIH�

Ǯɞɯ/5
Conductance ȚLɈ�.Ɍ̪ȭ¾ŕŹLˏÈ!(�Conductance Ț/5
ɖḩ̌İLĮŏ!
Ą

ŝÀʹ̪Lɰ¢ȼƙ0!
¬ḩ̌İ4ĝțǌLƳż#H�0/
�b��lP�Y��O(p ĵ MOS 4ĺė

5ȍŉ)0zS���~�4Ɍ̪ȭ¾4Ʋɀ0Ǉé́ɬ3��HƽńLȪŏ#HƠȚ/�H� 

 

 

6.3r÷�¥ 
 

 Al2O3/In0.53Ga0.47As/GaAs0.51Sb0.49/InP MOS Y�vag4ȃɎĭ0|�ecz��Lĭ 6.2 3ɥ#�

InP(100)ķǶ(NA = ~ 3 × 1017 cm–3)�3
VG semiconɧʾ4 VG90 ǧȊ̑ţêňʖTygYa�(metal-organic 

molecular beam epitaxy; MOMBE)/ In-free4��h�LɈ�.[6.9]
BeLo�y�\!( nĵ InPujzN�

Ť
un-doped GaAsSbŤ(300 nm)
Ċ� 0, 0.5, 1.0, 1.5, 2.0 &!. 3.0 nm4 Un-doped InGaAsŤL̯ȌƜ̖!

(�GaAsSb RTtLOen�0Qf|�y�O�_��/ʥʤȝȠ!(Ɔ
InGaAs C GaSb 21/ʮ�ɜ

FI(ʹ̪èɃƢʸ/�H0.6 % ~ 1.0 % 4(NH4)2SxȮȤ/ʹ̪Lvja~�a��!([6.10 – 6.12]�ʓ�.


ċňŤĸɮȚ(Atomic layer deposition; ALD)Ț/
Al2O3LȔ˭ɓ¿ȩ/�H 150 oC/ 10 nmĸɮ�%(��I

5 GaSb4ʧȵ̍āʦ5
ǘȩʥ̥XcêǷ(Thermal desorption spectroscopy; TDS)4ʎǸ
~ 150 oC�Fʥ̥

Zn doped (100) InP sub.

Be doped InP Buffer layer

unintentionally doped 
GaAsSb (~ 300 nm)

unintentionally doped InGaAs
Al2O3 10 nm

W (~ 20 nm)

Al (~ 20 nm)

Pre-cleaning

Al2O3 : ALD, Temp. 150 ℃, 90 cycles (~ 10 nm)
W : Spattering, (~ 20 nm)
Al : Thermal evaporation, (~ 20 nm) 

Al (~ 100 nm)

Gate stack 

Aceton 10 sec => (NH4)2Sx 5 min

Gate patterning

Al Etching, NMD-3, 90 sec
W Etching, RIE

Back contack
Al : Thermal evaporation, (~ 20 nm) 

Post metal annealing (PMA) 300 ℃

InGaAs Thickness
0, 0.5, 1.0, 1.5, 2.0, 3.0 nm

ĭ 6.2 Al2O3/In0.53Ga0.47As/GaAs0.51Sb0.49/InP MOS Y�vag4ȃɎĭ0

|�ecz�� 
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�ņ>G
��,�4Ȓ̠Lʍ.
~ 300oCµ��F5u�[��FSb�ʥ̥#H�0�ɜFI.�G[6.13]


�F3 GaSb MOS Capacitor4 C–VȻƓ�FǮɞɯŒ�Ɵǧ#H Beneq-ALDacl�3��.5
Al2O34ĸ

ɮȩŹ 150 oC�ǥBʮŅ2MOSɌ̪ȻƓ�ƈFIH�0�ê�+.�H�ǥƆ3
Al/W^�ņȂĎ8


Aluj[_�g[nLcvjgȚ0ȷʲɚȚLɈ�.ƂƜ!(�  

 

 

6.4 �1$��:?�î��.
ÛQ 
 

�  MOMBE Ț3EG InP ķǶ�3Ɯ̖!( InGaAs/GaAsSb }l�Ȅ˼4ʎǞƓLˏÈ#H(A
X

ʖĩƥ(X–ray diffraction; XRD)|�zNQ�LȪŏ!(�ĭ 6.33 InGaAs/GaAsSb/InP}l�Ȅ˼4 XRD�j

Y�\W�{(ω–cY��)Lɥ#���/
InGaAs4ʦĊ5 0, 0.5, 1.0, 1.5, 2.0, 3.0 nm/�H�GaAsSb4y

�[5 InP4y�[0ʮ��ʪ!.�H�0�F
InPķǶ3ǽňǍė!.�H�0�ǙF�32+(��ǒ


InGaAsŤ3̙!.5
ʦĊ� 3.0 nmµ×0Ȃʴ/�H�0�FǙɛ2y�[5˅Ȫ�I2�+(�GaAsSb

Ť4Y��OωŹ5̧ȕāŌɓœ̐–̧İ(Electrochemical C–V profiler; ECV) �FȪŏ!�&4ʎǸLĭ 6.4

3ɥ#�Y��OωŹ5 ~ 2 × 1017 cm–30ˁɮBFI(�GaAsSb4Y��OωŹ� 2 × 1017 cm–3 4ĺė
MOS

ĭ 6.3 MOMBEȚ/ InPķǶ�3TygYa��Ɯ

̖�%( In0.53Ga0.47As/GaAs0.51Sb0.49 

}l�Ȅ˼4 XRD�jY�\W�{(�cY��) 

ĭ 6.4 ECVȚ�FȗA( InPķǶ�4
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Y�vag4ǥłɰ¢ŤŲ5 300 nmµ×/�G
Ɯ̖!( GaAsSbŤ4ʦĊ5MOSY�vag4ˏÈL#

H43ăê/�H�0�ê�+(� 

 

 

6.5 C–V­�ÛQ 
  

 ĭ 6.5 3 InP ķǶ�3Ċ� 1.0 nm 4 InGaAs Ť��Hĺė02�ĺė4 10-nm 

Al2O3/i-InGaAs/p-GaAsSb/InP MOSY�vag4 C–VȻƓLɥ#���/
ß.4Ȫŏ5Œȩ/ʷ�
Ȫŏĝ

țǌ5 100 kHz�F 1 MHz0!(�ȍ4^�nuQOcû�(Ǜ4ďˬ̱Ķ3��.
Ȃʴ InGaAsŤLƱ

Þ#H�0/ĝțǌêǋ�ǙF�3ƣñ�I.�H�0�ê�+(�Ƈ+.
Ȃʴ InGaAs Ť5

Al2O3/p-GaAsSb MOSɌ̪ȻƓLʱ!�ǅĦ#H�0Lˁé!(�²ǒ
˟uQOcLû�(Ǜ4ʳɮ�ɰ¢

̱Ķ3��.5
GaAsSbʹ̪�Ȃʴ InGaAsŤ3E+.vja~�a���I.�H�4ǧȴ3��KF$


10 kHz µ�4̹ĝț/œ̐Ð4Ȩş�?FI
ƀ�ĝțǌêǋLɥ!(��4ʎǸ5 GaAsSb/InP }l�Ɍ

̪3̹�ɖìƨƤ0̨̧œ̐�ŋı#H�0LɥĤ!.�H�>(
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4wcl�ac5 Al2O3/GaAsSb MOSY�vag4wcl�acEGBł��ˁ�.�H��4ʿĪ0!.
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5
Al2O3�4̀�ȭ¾C
Al2O3/InGaAs/GaAsSb Ȅ˼3E+.ºŝŰ3Ɇ"H̐ň«ƞã:4̧ň4Əɻ�

ʞ�FIH�InGaAsŤ4ʦĊ�ăê3Ċ�ĺė
ďˬ̱Ķ�Fʳɮ̱Ķ>/^�nuQOcLƳż#Ḥ3


Tr�Z�«ƞ3̧ň�ʳɮ�IH(A
«ƞã4̧ňLǇé#H(A3̹�^�nuQOc�ƍʿ02G


C–Vǡʖ�ĕ(ȍ)Ò3azn#H(A
wcl�ac�Ɇ"H�!�!2�F
Ǯɞɯ4ĺė
InGaAsŤ4

ʦĊ5 3 nmµ×/�H(A
̐ňÿǸ3E+. InGaAs4ºŝŰɶ�Ľû#H(A
̧ň�̐ň«ƞ3ʳɮ

#H�052�0ƹȪ/�H�Ọ̋
Ȃʴ InGaAsŤLǓ!( GaAsSb MOSY�vag4wcl�ac̐5


ǮŐ̸0ęȅ4 Al2O3Lĸɮ�%( InGaAsu�[ MOSY�vag4wcl�ac̐0<=ę"/�H�µ

��F
Ȃʴ InGaAsŤLƱÞ!( GaAsSb MOSY�vag4wcl�ac5
Al2O3�4̀�ȭ¾�¡ʿĪ

0ʞ�FIH�²ǒ
Ȃʴ InGaAsLǓ!.�2� GaAsSb MOSY�vag5Ɍ̪ȭ¾ŕŹ�̩ű3̹�(

A
wcl�ac�Ş��E�3˅Ȫ�I(0ƹȪ�IH� 

 

6.6 Ð¾S� ��c¦�W�
¯× 
 

 Al2O3/InGaAs/GaAsSb/InP MOSY�vag4Ɍ̪ȭ¾ŕŹ(Dit)Lȍ!�ŏ̐ɓ3ˏÈ#H(A35


ʳɮ�ɰ¢̱Ķ3��Hĝțǌêǋ4ʿĪLǙF�3#Hƍʿ��H�GaAsSbɌ̪4Ȩ̀ňŰɶ(EV)�F�

joZ�j|(Emid)>/4Ɍ̪ȭ¾ŕŹ5
�IFĝțǌêǋ4ʿĪ4�,02GƈH�
ĭ 6.63ɥ!( C–

VȻƓ�F
Ȫŏĝțǌ 1 kHz3��.Bɰ¢̱Ķ3��.œ̐Ð4Ȩş�˅Ȫ�I.�H�0�F
�ʭ

ɓ3 Dit ~ 1014 eV-1cm-24E�2̹�Ɍ̪ȭ¾3E+.Ɇ"HzS���~�yq�\3EHB4/52��Ƈ

+.
�IF4ĝțǌêǋ4ʿĪL˕Ǚ#Hï4ɃɊLʞƚ#Hƍʿ��H�²4ēʣƓ4�HɃɊ5


GaAsSb0 InP04}l�Ɍ̪/Ȩ̀ňŰɶ4Tr�Z�Z�j|3E+.Ɇ"H˷û4ɖìœ̐0ƨƤ/�

H�&�/
Al2O3/GaAsSb/InP MOS Y�vag4u�ohQO\��L TCAD a����g(Synopsys 

Sentaurus Device)LɈ�.ˊɾ!([6.14]���/
GaAs0.51Sb0.494u�oZ�j|Ð5
GaAs0.51Sb0.49� InP

3ǽňǍė#H(AȎ?4ƃ̬Lʞƚ%$3 GaAs0 GaSb4Ð[6.15]LɈ�. Vegardó�Fˊɾ!(�u�

oVzejn4m�g5 Van de Walle4 model-solidɃ˚�FˁɮB+([6.16]�ĭ 6.63z�jnu�o̧İ

3��H Al2O3/GaAsSb/InP MOSY�vag4ˊɾu�ohQO\��Lɥ#�GaAsSb0 InP04̘4Ȩ̀

ňŰɶ4Vzejn5 ~ 0.6 eV/�H�&4(A
ȍŉ5 GaAsSb/InP}l�Ɍ̪3˟4uQOc/ʳɮ̱

Ķ�E8žɰ¢̱Ķ4Ǜ3ʳɮ#H�ACuQOc�^�ņȂ3Ĉû�IH0
ȍŉ5 GaAsSb/InP}l�

Ɍ̪4Tr�Z�Z�j|L˨�.ɫĀ#H��IF4ȍŉ4 ACƏɻ4ȅň5
ĭ 6.63ɥ#ȅ3ɖìƨƤ
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�E8œ̐3E+.ʹ#�0�éǴH�GaAsSb/InP }l�Ȅ˼3��HɖìƨƤ(Gh)�E8̨̧œ̐(CH)�

GaAsSb MOS Y�vag4 C–VȻƓ3��Hƃ̬L˘;H(A
TCADa����a���F C–VȻƓL

ˊɾ!(���/
Ő̸ǳ·3ķ-�. CET = 5.8 nm4ǳ·/ˊɾ!(���/
şǌY��O4řĠ τe5

5 × 10–9 s0¶ŏ!([6.17]�GaAsSb4Y��OŕŹ5
ˊɾ�I(ǥŞœ̐Ð(Cmin)4Ð�Ő̸Ð0ė�E�

3˘Ǎ!(�ĭ 6.73 GaAsSb MOSY�vag4Ėĝțǌ(1, 10, 100 kHz, 1 MHz) 3��Hʳɮ̱Ķ4œ̐Ð

L InPķǶ4ǧȴ4Ȕ˭0!.ɥ!(��F3ːÃ!( GaAsSb MOSY�vag4ʳɮ̱Ķ3��Hœ̐Ð

BęǛ3ɥ!(�InPķǶ�4 GaAsSb MOSY�vag4ʳɮ̱Ķ/4œ̐Ð5
Ő̸0a����a��

4�ǒ/
ĝțǌ�Ľû#H3,I.Ȩş!(�GaAsSbĆŤ4MOSY�vag4œ̐Ð5Ŀā�ˁFI2

���4ʎǸ5
GaAsSb/InP}l�Ɍ̪/4Ȩ̀ňŰɶ4Tr�Z�Z�j|3E+.Ɇ"HɖìƨƤ�E

8œ̐�
C–VȻƓ4ʳɮ̱Ķ3��Hĝțǌêǋ4ʿĪ/�H�0Lɥ!.�H� 
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6.7 t±sëD��Õ¢ ��´ò©Nu�
ÛQ 
 

 _�h[g�cȚLɈ�. GaAsSb MOSY�vag4ȍɡ2 DitLɾé#H(A35
}l�Ɍ̪

/4ɖìƨƤ�E8œ̐Lʞƚ!.MOSY�vag4ɺÈĩ˪LȘŏ#Hƍʿ��H�ĭ 6.8(a)5ɖìƨƤ

4ʽȍ(Series resistance correction; SRC)Lʞƚ!(ɺÈĩ˪/�H[6.18]��I5
̍āʦœ̐(Cox)
ĄŝÀ4

ɰ¢œ̐(Cd)
�E8Ɍ̪ȭ¾3EHœ̐(Cit)�FȄƜ�IH�Dit3��HY��O4Ʋɀ0Ǉé5ƽń́ɬ

/�G
_�h[g�c(Git)/ʹ�IH�Al2O3/GaAsSb/InP MOSY�vag4ȅ3
ĄŝÀ̊3}l�Ȅ˼

Lě@ĺė
}l�Ɍ̪3ŋı#HƨƤƜê(Gh)0œ̐(Ch)Lĭ 6.8 (b)4ȅ3ɖì3ûɾ#Hƍʿ��H[6.19]�

ĭ 6.8 (c)5}l�Ɍ̪3ŋı#HƜê0ķǶƨƤƜêLʂɎā!(ɺÈĩ˪/�H�^�nuQOcLăê

3û�ƀʳɮȼƙ0!(Ǜ
ĄŝÀ4ɰ¢œ̐5ɺÈĩ˪4²4ȄƜʿʉEGBł��4/
ĄŝÀ0Ɍ̪

ȭ¾�F4Q�y�h�c5ĭ 6.8 (d)3ɥ#ȅ3ȴ˃#H�0�éǴH��ʭ4œ̐ˊ5
Cma–Gma�ìĩ˪

LƖŏ!.�H(A
MOSY�vagLȪŏ!(Ǜ5ĭ 6.8 (e)4ɺÈĩ˪02H�ĭ 6.8 (e)0(d)LȔ˭#H

0
ŔɆœ̐(Cs)0_�h[g�c(Gs)5Ȍ4Ż/ȗAFIH� 

 

'G =
o*'m,acc'ox5'ox − 'm,acc7 − 'oxpm,acc

*

pm,acc
* + o*('ox − 'm,acc)

 (1) 

pG =
o*'oxpm,acc

pm,acc
* + o*('ox − 'm,acc)

 (2) 

 

��/
Cs0 Gs5ċɃɓ3^�nuQOc4ǳ·3Çŋ#H�!�!2�F
Ǯɞɯ/5
Ćʈā4(A3

Cs0 Gs5ʳɮ
ɰ¢̱Ķ4ʀĬã/^�nuQOc05ȴ̙É3�ŏÐ/�H0¶ŏ!(�Ȫŏ�I( Cma

0Gma�FCs0Gs4ƃ̬LŬ!ż�(ʽȍœ̐(Ccorrection)0_�h[g�c(Gcorrection)5µ×4ȅ3ˊɾéǴH� 

 

'correction =
('spm + 'mps)(ps −pm) − ('s − 'm)(pspm − o*'s'm)

(ps −pm)* + o*('s − 'm)*
 (3) 

pcorrection =
pm(o*'S

* + pS
*) − ps(o*'m

* + pm
*)

(ps −pm)* + o*('s − 'm)*
 (4) 
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 ĭ6.93SRCCȚ/}l�Ɍ̪4ŔɆœ̐0_�h[g�cLŬ!ż�ʽȍ!(C–VȻƓLɥ#�

��/
ŔɆœ̐0_�h[g�cLȘŏ-�H(A3^�nuQOc Vg = – 2 VLƀʳɮ̱Ķ0ŏʝ!(�

Ȃʴ InGaAsŤLǓ!( GaAsSb MOSY�vag4 C–VȻƓ/5
ʳɮ
ɰ¢̱Ķ4ĝțǌêǋ�ǙF�3

ƣñ�I.�H��I5
SRCCȚLɈ�H�0/ InPķǶ�4 GaAsSb MOSY�vag3��.}l�Ɍ

̪4Ȩ̀ňŰɶ4Tr�Z�Z�j|3³̡#HŔɆœ̐0_�h[g�cL̅ë3̞Č/�H�0LɥĤ

!.�H��IF4ʎǸ�F
GaAsSb MOSɌ̪3��HɌ̪ȭ¾ŕŹC̙˽#HȺƓ5
SRCC Ț/ʽȍ

!( Gp/ω–frequency ȻƓ�FˏÈ#H�0�/�H0îǐ/�H��ǒ/
Ȃʴ InGaAs vja~�a��

ŤLǓ!.�2� MOS Y�vag4ɰ¢̱Ķ4ĝțǌêǋ5Ŏß3̞Č�I.�2��
�I5Ȩ̀ňŰ

ɶ(EV)�F�joZ�j|(Emid)3��.Ɍ̪ȭ¾ŕŹ�̹�(A0ƹȪ�IH�GaAsSb MOSY�vag4

z�jnu�oœ̐(CFB)5 ~ 0.4 µF/cm2 /�G
Ȃʴ InGaAsŤLǓ!.�2�
�E8Ǔ!(ːǏ4z�

jnu�o̧İ(VFB)5
&I'I ~ – 0.9 V�E8 – 0.7 V/�H�Ȃʴ InGaAsŤ� GaAsSb MOSY�va

g4Ɍ̪ȻƓ:��Hƃ̬L˘;H(A
ɰ¢̱Ķ3ŘƏ#Hz�jnu�o̧İ(VFB) – 0.7 V�F Vg = – 4.6 

V>/clj|̧İ(Vstep)L 0.04 V 0!. Gp/ω–frequency ȻƓLȪŏ!(� 
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 ĭ 6.10 3Ȃʴ InGaAs ŤLǓ!.�2�ːǏ0Ǔ!( GaAsSb MOS Y�vag4 SRCC Ț/

GaAsSb/InP }l�Ɍ̪4ŔɆœ̐0_�h[g�cLŬ!ż�(Ɍ̪ȭ¾4Əɻ3ŘƏ#H Gp/ω–frequency 

ȻƓLɥ#�Ȃʴ InGaAsŤ4ǧȴ3��KF$
Œȩ/ 10 kHz ~ 1 MHz4ʀĬ/Ǚɡ2 Gp/ω y�[�˅Ȫ

�I(�Ȃʴ InGaAs LǓ!.�2�ːǏ4 Gp/ω y�[5^�nuQOcLĿā�%H0zS��ȭ¾(EF)

4Ŀ˘3ėK%.y�[¾ʜ�azn!.�H�0�ɡ˓�I(��I5Ȍ3ɥ#ȍŉ4Ɍ̪ȭ¾3EHƲ

ɀ�Ǉé4Ǜŏǌ(q)LɈ�.˕Ǚ/�H���/
rst5Y��O4ȷ˻Ź
uv5Y��O�Ɍ̪ȭ¾3Ʋɀ�

Ǉé�IḤ4Ʋɀǐ̪ɮ
wk5ŐÿȼƙŕŹ
A5��k��ŏǌ
D5ȪŏȩŹ/�H� 

 

uv =
1

qrstwk
exp	 9

Wx − Wk
AD

= (5) 

 

GaAsSb MOSY�vag4^�nuQOcL– 0.70 V�F – 0.46 V3Ľû�%H0
z�jnu�oȼƙ�

Fɰ¢ȼƙ:0u�oȄ˼�Ŀā!.��
GaAsSbʹ̪4ʹ̪�l�a���Ȩş
,>G (Wx − Wk)5Ľ

û!
Ɍ̪ȭ¾4Ǜŏǌq5Ľû#H�&4ʎǸ
y�[ĝțǌ0Ɍ̪ȭ¾4Ǜŏǌ τ5ďȔÅ4̙É3�H
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(A
 y�[¾ʜ5¿ĝțÒ:azn#H��ǒ/
Ȃʴ InGaAsŤLǓ!(ːǏ/5
Gp/ω y�[azn

5Ȑ1ˁFI.�2���4ɂ˞LŎß3Ƀˇ#H�05éǴ.�2��
u�[n�j|4Əɻ3EHB

40ƹȪ�IH��IF4ʎǸ�F
Ɍ̪ȭ¾3ŘƏ#H Gp/ω4y�[Ð5Ȃʴ InGaAsŤLǓ!.�2�

ːǏEGBǙF�3Ȩş!.�H�0�ê�+(� 
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ĭ 6.10Ȃʴ InGaAsŤLǓ!.�2�ːǏ0Ǔ!( GaAsSb MOSY�vag4 SRCC

Ț/ GaAsSb/InP}l�Ɍ̪4ŔɆœ̐0_�h[g�cLŬ!ż�(Ɍ̪ȭ¾4Ə

ɻ3ŘƏ#H Gp/ω–frequency ȻƓ 



Chapter 6 

 95 

ŏ̐ɓ3Ɍ̪ȭ¾ŕŹLˏÈ#H(A
Gp/ω-frequencyǡʖ�FɌ̪ȭ¾ŕŹL
�F3ʹ̪�l

�a��0Ɍ̪ȭ¾ŕŹ4̙ÉLǙF�3#Hƍʿ��H�ĭ 6.113Ő̸ɓ3ƈFI( C–VȻƓ�F SRCC

Ț/ GaAsSb/InP}l�Ƹė3��HŔɆƨƤ�œ̐LŬ!ż�( C–VȻƓ0 TCADa����a��LɈ

�.ˊɾ!(ɃƖɓ2̹ĝțC–VȻƓLęǛ3ɥ#�>(
̨ ̧œ̐4̙ǌ0!.Șŏ�I(ʹ̧̪¾(EF-EV)

L&I'Iɥ#���FI(^�nuQOc3Ř#Hʹ̧̪¾(EF–EV)4Ð5
ĭ 6.11(a)0(b)4ʎǸLʌ?ė

K%H�0/ˏÈ#H�0�éǴH�Ɍ̪ȭ¾ŕŹ4Ð5
ʹ̪ƼF�Lʞƚ!(�Gp/ω-frequency4Ő̸ǡ

ʖ5
o�y�\ŕŹ4DF�
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6.8 ��� 
 

GaAsSb MOSɌ̪ȻƓ4Ě�Lɕɓ0!.
GaAsSb�4 InGaAsvja~�a��Ť4ȀˋLʷ

+(�GaAsSbŤ5 InPķǶ�3Ɯ̖!(�
GaAsSb0 InP̘4Ȩ̀ňŰɶ4VzejnÐ5�0.6eV/�G


GaAsSb MOSY�vag4 C-Vǡʖ35ɖìƨƤ0̨̧œ̐4ŋı3EGł�2ĝțǌêǋ�Ɇ"H�0�

ê�+(�Ǯ˚ǎ/5
Ɍ̪ȭ¾4ƓˤLȍɡ3ˇǷ#H(A
}l�Ɍ̪Lǧ#H MOS Y�vag4Ǒ

˂2ɺÈĩ˪3ķ-�_�h[g�cȚL̅Ɉ!(�  1.0 ~ 1.5 nm 4Ċ�4Ɍ̪ InGaAs Ť�


GaAs0.51Sb0.49MOSɌ̪LÿǸɓ3vja~�a��!
EG¿�Ɍ̪ȭ¾ŕŹ/EGʮŅ2MOSɌ̪ȻƓL

Őɂ/�H�0Lˁé!(� 

 

 

_Í�® 
 

[6.1] G. P. Schwartz, G. J. Gualtieri, J. E. Griffiths, C. D. Thurmond, and B. Schwartz, “Oxide-Substrate and 

Oxide-Oxide Chemical Reactions in,” journal of electrochemiscal society, vol. 127, no. 11, pp. 2488–2499, 

1980. 

[6.2] A. Ali et al., “Small-Signal Response of Inversion Layers in Made With Thin High- κ Dielectrics,” vol. 57, no. 4, 

pp. 742–748, 2010. 

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

predeposition vacuum annealing on Al2O3/GaSb/GaAs metal–oxide–semiconductor structures,” Japanese Journal 

of Applied Physics, vol. 54, p. 21201, 2015. 

[6.4] L. B. Ruppalt et al., “Atomic layer deposition of Al2O3 on GaSb using in situ hydrogen plasma exposure Atomic 

layer deposition of Al2O3 on GaSb using in situ hydrogen plasma exposure,” vol. 231601, pp. 1–6, 2012. 

[6.5] A. Nainani et al., “Optimization of the Al2O3/GaSb Interface and a High-Mobility GaSb pMOSFET,” IEEE 

Transactions on Electron Devices, vol. 58, no. 10, pp. 3407–3415, 2011. 

[6.6] Z. Tan, L. Zhao, J. Wang, and J. Xu, “Improved Properties of HfO2/Al2O3/GaSb MOS Capacitors Passivated with 

Neutralized (NH4)2S Solutions,” ECS Solid State Letters, vol. 2, no. 8, pp. 61–62, May 2013. 

[6.7] A. Greene et al., “Improvement of the GaSb/Al2O3 interface using a thin InAs surface layer,” Solid-State 

Electronics, vol. 78, pp. 56–61, Dec. 2012. 

[6.8] M. Yokoyama, H. Yokoyama, M. Takenaka, and S. Takagi, “Impact of interfacial InAs layers on Al2O3/GaSb 

metal-oxide-semiconductor interface properties,” Applied Physics Letters, vol. 106, no. 12, p. 122902, 2015. 



Chapter 6 

 99 

[6.9] M. Mitsuhara, T. Sato, N. Yamamoto, H. Fukano, and Y. Kondo, “Carbon reduction and antimony incorporation 

in InGaAsSb films grown by metalorganic molecular beam epitaxy using tris-dimethylaminoantimony,” Journal 

of Crystal Growth, vol. 311, no. 14, pp. 3636–3639, 2009. 

[6.10] R. D. Long et al., “Structural analysis, elemental profiling, and electrical characterization of HfO2 thin films 

deposited on In0.53Ga0.47As surfaces by atomic layer deposition,” Journal of Applied Physics, vol. 106, no. 8, p. 

084508, 2009. 

[6.11] R. Suzuki et al., “Effect of sulfur treatment on HfO2/InGaAs MOS interfaces properties,” in Extended Abstract 

International Conference Solid State Devices and Materials, 2011, pp. 941–942. 

[6.12] M. Yokoyama et al., “Sulfur cleaning for (100), (111)A, and (111)B InGaAs surfaces with In content of 0.70 and 

their Al2O3/InGaAs MOS interface properties,” in 24 th International Conference on Indium Phosphide and 

Related Materials (IPRM), 2012, p. 167. 

[6.13] T. Gotow et al., “Surface cleaning and pure nitridation of GaSb by in-situ plasma processing Surface cleaning 

and pure nitridation of GaSb by in-situ plasma processing,” AIP Advances, vol. 7, p. 105117, 2017. 

[6.14] TCAD Sentaurus Device Manual Version H-2013.03. Synopsys, 2013. 

[6.15] I. Vurgaftman, J. R. Meyer, and L. R. Ram-Mohan, “Band parameters for III-V compound semiconductors and 

their alloys,” Journal of Applied Physics, vol. 89, no. 11, pp. 5815–5875, 2001. 

[6.16] C. G. V. de Walle, “Band lineups and deformation potentials in the model-solid theory,” Physical Review B, vol. 

39, no. 3, p. 1871, 1989. 

[6.17] S. Adachi, Properties of Group-IV, III-V and II-V semiconductors. John Wiley & Sons, Ltd, 2005. 

[6.18] E. H. Nicollian and J. R. Brews, MOS Physics and Technology. Wiley, New York, 1982. 

[6.19] W. Cai, M. Takenaka, and S. Takagi, “Evaluation of interface state density of strained-Si metal-oxide- 

semiconductor interfaces by conductance method,” Journal of Applied Physics, vol. 115, p. 94509, 2014. 

  



Chapter 7 

 100 

Chapter 7   
 

ʎ˚ 
 

 

7.1 �»¿
���	�� 
 

Ǯ˚ǎ/5
CMOS 4Ɗʊā̜Ɍ4ƦǮɓ2ˇȘƠȚ0!.Ǫƅ�̹�u�o̘n�r�LðɈ
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p-GaAsSbʹ̪5̩ű3Ŵĳ/�H�

�F p-GaAsSb/i-InGaAs }l�Ȅ˼5ŶÁŌɓ3ʘĵ TFET 4ːÃ3ăê/�H�0�ê�+(��4
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ON/OFFȔ ~ 4Ǿ
o�Q�̧ȟ4ɳ*��GƮȆ

/�H`{c�a��o�c��|(S.S.)4ǥŞÐ ~ 80 mV/decLƈ(� 

ɹ 3ɴ/5
Ãʾ!( GaAsSb/InGaAs TFET4V�̧ȟC S.S.Ð214̧ȕȻƓ5
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!
S.S.Ð�E8V�̧ȟLüā�%H�0Lˁé!(��ǒ
i�r�̱Ķ4Ɍ̪ȭ¾5
ºŝŰɶ�F�



Chapter 7 

 102 

joZ�j|³˳>/3¾ʜ#Hȭ¾�i�r�̱Ķ4u�oĿ˘ŹLüā�%H�0/
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