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Development of Ultra-High Performance Sh-Based Teraherts Transistors

Fujishiro, Hiroki
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We have fabricated the HEMT using the GalnSb quantum well QW channel, in
which the electron effective mass me* has been chosen so as to get the larger electron density Ns
and the higher electron mobility p e simultaneously under the roughness scattering.

The stepped buffer has allowed to increase Ns keeping p e high. Consequently the Ga0.22In0.78Sh QW
has showed p e = 15,500 cm2/Vs and Ns = 2.05x 1012 cm-2. The Ga0.22In0.78Sb HEMT has been

fabricated. The maximum fT has been 214 GHz Lg = 40 nm , which has been the highest value ever
reported for the GalnSb transistors.

HEMT  InGaSh



(30GHz 3 THZ)

fr 1THz QC-MC

fq InSh ow me  InAs
Me Ve
L g f T m e*
Ns
He Ve
fr me
M e Ns
InSb  GaSb InGaSb QW
(€D) QC-MC
M e Ns InGaSb QW
(2) MBE InGaSh QW ©))

Ly= 10nm  InGaSh HEMT

(@)) QC-MC InGaSb QW
M e Ns
InGaSh QW T QC-MC
Sh HEMT
(2) MBE GaAs AlInSh InGaSh AlInSh
(Te ) Qw Me N AllnSb
Al
M e N s
®) 10 nm L, InGaSh HEMT DC
T RF
(1) Sb  HEMT
InSb m e* Vas T
me QC-NC
| no_7Gao_3AS/| no_52A|0_43AS HEMT (a) ” InAs/AISb HEMT (b) 5 | nSb/InojsAlo_szb HEMT (C)
I/ds 7:el o v2
<A Id52> InSb/|n0_75A|o_255b HEMT m e*
o2 <A Idsz> Vas Ter
g VZ 15.
100 5 o5 @ieon AR
GHz Zuoof *° 0 1 o — e —
L = fdiPEp _ By
NFin Gass QE s.n-_,ld L ZE - :
Ids - E;E o 2]
InSb/1ng.7sAle.25Sb HEMT L A 1
<A Id52> . eof E;E @
Vs = 0.2V Es-ul. o
v He Vie oo zuu (@00 ©00 800 1000 0 200 400 €00 G0 1000 = ;.;jé‘l]!'om;rmm]m 1000
) @ (b) (©)
Oh Me 1 (a) Ino.7Gag.sAS/ Ing soAlo.4sAS HEMT (b) InAs/AISb HEMT
o\ (C) InSb/ Ing.7sAl0_25Sb HEMT 100 GHz

NFin Gass Ius



(2) GaixInSb HEMT

QC—MC | nSb/Alo_25| no_75Sb HEMT (HEMT A) Gao_z | no_gsb/Alo_45| no_55Sb HEMT
(HEMT B) Gao_4|no_58b/A|o_45|no_55Sb HEMT (HEMT C) M e
N s _ 0.06
2 3 _é 1%&%%10 8Sb - 30,000 * 2.0
MEMT m e* € -=— GaoalnoeSb . ¥
3 20'04 ! HEMTE 20,000
( = : 8- " 1.0
o002 | 10,000 -z 5
A =1.2nm N & THEMTB» ! ™ —’D‘:SRTSSE‘« &
= 10 nm) Me oo LHEMTA. ) 2 0 LN 00 E
. : HEMTB -~ Q
Ue me 2 InSb  Gao.2lng.sSb g 20000 ‘r__(«‘g:tﬁ‘l1 £
HEMT A Gao.alnoeSb  m & a 8 1000 k--277 1" ‘E
HEMT B C HEMT A B C  me 3 3
E 30'003 [HEMTC .. ; Zz g
o i
HEMTA 20,000 | !
Ne mo HEMT C voo00 BT (10
HEMT B A Ly
0 L . . :
He Ns HEMT A ® 12 15 18 21
Ly= 12 nm QW length, L (nm) «
Mex Ns HEMT C HEMT B A 3
L, ( A =1.2nm
. A =10 nm)
me  InSh be Neo QU L,
(3) Gal_xlnxsb QW Te-d doping Te-d doping
MBE InSb/Al 0_25| no_758b QW (QW A) InSh cap 3 nm InSb cap 3 nm
Gag.221N0.78Sh/Allg_401no_60Sb QW (QW B) Aly i, ,;5b barrier 25 nm Al sl soSb barrier 25 nm
4 Al 5In, 75Sb spacer d Alg 40INng oSb spacer d
InSb channel d. Ga, ,,In, ;5Sb channel d,
AI AI I nSb Alg 55Ing 75Sb upper buffer 50 nm Alg 40INng 6oSb upper buffer 15 nm
Al AlInSh Alo.15lMo g5Sb lower buffer 250 nm Al 55Ing ;5Sb lower buffer 1500 nm
InSb/Alq ;5Ing gsSb SLS X 100
(2.5 nm/2.5 nm) 500 nm AISb buffer 250 nm
QW A InSb Alg sl o.5b buffer 1500 am LT-AlSb buffer 1.5 nm
QW B Ga1_x| nbe I n T — S.1.-GaAs(100) substrate
X QW A LT-AlSb buffer 1.5 nm
SLs QW dc 10 15 20 S.1.-GaAs(100) substrate
nm ds 3 5nm ) ©)
Me Ns 4 (a) InSb/Alg.251Nn0.75Sb QW (QW A)
5 Me " Ns ; Rs (b) Gao.221N0.78Sb/All.40IN0.60Sh QW (QW B)
Me s lc
Me Ns
Qw - \ 2 d,=10nm
* 2 25,000} d,=5nm = d.=15nm
m e NE (a) ® d.=20nm
B QC-hC Ezo,ooo / L
ds He Ns :g 15,000 ) ( /
Me § d;=3nm ¥y
Ns Qw B E 10,000f 5 __1
QW B w T epis
m e* U e 0.5 1.0 1.5 2.0 2.5 3.0
QW AE QW A Sheet electron density, N5 [ %102 cm?]
c
R, oW B Bue Ns
SL M e Rs
) Gay«InSh QW
GaixInSh QW [ e
AI y Alylnl_ysb AI Z Alzlnl_zsb
v AE. GaixInSb QW In X
(a) Alo_40|no_5oSb Gao_35|no_658b QW (QW A) (b)



Al 40Ing.60Sb/Alg 301 N0 70Sb

Gag. 271Ny 73Sh

QW (Qw B) ©
Alg.40lno.60Sh/7Al 251Ng.75Sb

Gao_zzlnongb QW
(19

6
7 me
QWA B C
Gai-xInSb QW

InSb cap 3nm InSb cap 3nm
InSb cap nm Alp 40Ing goSb barrier 25 nm Alg 49lng 5oSb barrier 25 nm
Al 20lNg 605D barrier 25nm Te-5 doped Te-5 doped
Te-d doped Alo.40lno 6oSb spacer 5nm | [ AlgsolngeoSb spacer 5nm
Al 4lngeeSb spacer 5nm Gag,7Ing73Sb channel 20nm Gag,olng 76Sb channel 20nm
Gay 35Ingg5Sb channel 20nm Al 40Ing 50Sb upper buffer 15 nm Al 40Ing 50Sb upper buffer 15 nm
Alg 40Ino60Sb buffer 1.5 um Alg 30lng 70Sb lower buffer 1.5 um Alg25lng 75Sb lower buffer 1.5 pm
AISb buffer 250 nm AISb buffer 250 nm AlISb buffer 250 nm
LT-AISb 1.5nm LT-AlSb 1.5nm LT-AlSb 1.5nm
GaAs GaAs GaAs

SlI-GaAs(100) substrate SI-GaAs(100) substrate SI-GaAs(100) substrate

x 0.65 0.73 0.78
me @ V) ©
6 Gar nSh QW )
8 QWA B C e NS Alo_4o|no_5oSb Gao_35|no_55Sb QW (QW A) (b)
X m e* Alg_s0lng_60Sb/Aly 301N0.70Sb
U e Gao_27| no_73Sb QW (QW B) (C) Alo_4o| no_eoSb/Alo_25|n0_75Sb
N . Gao_zzlnojsSb QW (QW C)
X 0.050 - 20,000 25
A E ! T
m. ’ D0s = ¢ g 10000 @ ®@ e 3203
e s @ ®) © % z
g 0030 | 3 16,000 53
InSb QU z : :
€ 0020 [ 1 g 14,000 o 1.0 g
InSh é InSb HEMI[ g R ®) é
% 0.010 +g::35muﬁ5sb i 12,000 (@) ot i 05 g
Gag 7o 73Sb L ® Electron mobility o
m e* . - ‘?‘;b“l 07550 | 10000 Sheet carrier density . o
[1 , 2] -3 2 -1 0 1 2 05 06 07 08 09 10
Strain ratio, &, [%] In Content, x
Me 87% !
N 193 % 7 QWA B C m¢ 8 QWA B C pe N
Rs 59 %
(5) Gao_zzlnongb HEMT
Alo_4o|no_eoSb/Alo_zslnojsSb Gao_zzlnojsSb QW QW 20 nm
HEMT DC RF Ue 12,800cm*/Vs Ns 2.20x 10%
cm2 Ti/Pt/Au 3
(ZEP/PMG1/ZEP) EB T Ti/Pt/Au
L, 30 200 nm Wg 50 pumx 2
9 Gao_zzlnongb HEMT ) ds ~ Vds L g = 40 nm 10 Gao_zzlnongb
HEMT fq gn G nmax L g fq Ih 21|2 -20 dB/decade
fr 214GHz gunmx 0.640
S/mm Lyg=40nmm Vg =05V Vge=-0.07V fq GalnSh
FET
350 T 250 12
- Gal_nsb HEMT e = £ 5
10 £ 300 h’r;:suor:a“r:-. %2 o a 200 K oy A 1
Gnmax Lg=200 Ezso_ T=300K oov I # 0s
nm 2200} 01V % 150 E
3 2 063
E 150 - 0.2V § jon | N E
ow E 100 - . 03V ﬂé ol " E
2 so0f oy o Vi =05V -
0 i 2l “ t'10 100 1003 3
. 0'2. . " Gate length, L, [nm]
Drain voltage, V [V] "
9 Gag.»2lno.7eSb HEMT 10 Gag.221no.7sSb HEMT fr
Ios- Vs L4=40nm gn Gnmax Lo

[1] K.Isono et al., Proc. CSW2016, WeD1-5.
[2] S-Fujikawa et al., J. Cryst. Growth 425 (2015) 64.



EDD-18 2018 039-1 - 039-6

117 2017 33 - 36
T.Takahashi S._Hatsushiba S.Fujikawa H.l.Fujishiro Comparative study on noise
characteristics of As and Sb-based high electron mobility transistors Physica Status
Solodi A 214 2017 1600599 10.1002/pssa-201600599

18

M.Hiraoka Y.Endoh K.Osawa N.Kishimoto T.Hayashi R.Machida A.Endoh H.l.Fujishiro
Improved Electron Transport Properties of Gai«InSh Quantum Well Channel Using
Strained-Alg 4lno.6Sb/AlyIn,Sb Stepped Buffer Compound Semiconductor Week 2019
(CSW2019) (16th International Symposium on Compound Semiconductor (1SCS2019) & 31th
International Conference on Indium Phosphide and Related Materials (IPRM 2019))
2019
N.Kishimoto Y.Endoh T.Hayashi M.Hiraoka R.Machida A.Endoh H.l.Fujishiro Effects
of Channel Scaling on Electron Transport Properties of Sh-based HEMTs Compound
Semiconductor Week 2019 (CSW2019) (16th International Symposium on Compound
Semiconductor (1SCS2019) & 31th International Conference on Indium Phosphide and
Related Materials (IPRM 2019)) 2019

GalnSh

HEMT

66 2019
K.Osawa M._Hiraoka T.Kishi Y._Endoh J.Takeuchi R.Machida H.l.Fujishiro Electron
Transport Properties of Novel GaixInSb Quantum Well Structures with Strained
Al 4Ing 6Sb/Alg 5N ;Sb Stepped Buffer Compound Semiconductor Week 2018 (CSW2018)
(15th International Symposium on Compound Semiconductor (1SCS2018) & 30th
International Conference on Indium Phosphide and Related Materials (IPRM 2018))
2018
T.Suzuki Y.Fujisawa S.Kawamura K.Kumasaka R.Machida H.l.Fujishiro Comprehensive
Study on GaxlIn.,Sb High Electron Mobility Transistors Considering Interface Roughness
Scattering Compound Semiconductor Week 2018 (CSW2018) (15th International Symposium
on Compound Semiconductor (1SCS2018) & 30th International Conference on Indium
Phosphide and Related Materials (IPRM 2018)) 2018

2018

2017

LT-AISb InSb
HEMT 78 2017
N.Oka K.Isono Y._Harada J.Takeuchi T.lwaki Y.Endoh I.Watanabe Y.Yamashita
A.Endoh S.Hara R.Machida A.Kasamatsu H.l.Fujishiro InSb-basedHEMTs fabricated
by using two-step-recessed gate procedure 12th Topical Workshop on Heterostructure
Microelectronics (TWHM2017) 2017
S.Fujikawa T.lwaki Y.Harada J.Takeuchi Y.Endoh I_Watanabe Y.Yamashita A.Endoh
S.Hara A.Kasamatsu H.l.Fujishiro Electron Transport Properties of InSb/Gag s51no.65Sh
Composite Channel Structure Compound Semiconductor Week 2017 (CSW2017) (14th
International Symposium on Compound Semiconductor (1SCS2017) & 29th International
Conference on Indium Phosphide and Related Materials (IPRM 2017)) 2017
Y.Fujisawa T.Takahashi S.Kawamura S.Fujikawa H.l.Fujishiro Monte Carlo Study
on Electron Transport Properties of GaxIn,..Sb HEMT Structures Considering Roughness
Scattering Compound Semiconductor Week 2017 (CSW2017) (14th International Symposium
on Compound Semiconductor (1SCS2017) & 29th International Conference on Indium




Phosphide and Related Materials (IPRM2017)) 2017

I .Watanabe Y.Yamashita A.Endoh S.Hara A_Kasamatsu I.Hosako H.Hamada T.Kosugi
M.Yaita A.E_Moutaouakil H.Matsuzaki O.Kagami T.Takahashi Y.Kawano Y.Nakasha
N_.Hara D.Tsuji K.lsono S.Fujikawa H.l.Fujishiro Research and development of InP,
GaN and InSh-based HEMTs and MMICs for terahertz-wave wireless communications 2016
IEEE Compound Semiconductor IC Symposium 2016

T.Takahashi S._Hatsushiba S.Fujikawa H.l.Fujishiro Comparative Study on Noise
Characteristics of As and Sb-based HEMTs International Conference on Indium
Phosphide and Related Materials (IPRM2016) 2016

K.Isono D.Tsuji T.Taketsuru S.Fujikawa I.Watanabe Y.Yamashita A.Endoh S_Hara
A_Kasamatsu H.l.Fujishiro InSb-based HEMT with Over 300 GHz-f; using Evaporated
SiOx Film International Conference on Indium Phosphide and Related Materials
(IPRM2016) 2016

S_.Fujikawa K.lsono Y.Harada I.Watanabe Y.Yamashita A.Endoh S.Hara A.Kasamatsu
H.l.Fujishiro InSb HEMT with over 300 GHz-f; using stepped buffer layer for strain
reduction 35rd Electronic Materials Symposium (EMS35) 2016

J.Takeuchi S.Fujikawa Y.Harada H.l.Fujishiro Electron transport properties of
novel InSb/GalnSh composite channel high electron mobility transistor structures
35rd Electronic Materials Symposium (EMS35) 2016

S_.Fujikawa K.lsono Y.Harada I.Watanabe Y.Yamashita A.Endoh S.Hara A.Kasamatsu
H.l.Fujishiro InSb-based HEMT with Over 300 GHz-f; using Alg.2s1ng 75Sb/Alg 151N0.85Sh
stepped buffer layer for strain reduction 19th International Conference on Molecular
Beam Epitaxy (MBE2016) 2016

S.Fujikawa J.Takeuchi Y._.Harada H.l.Fujishiro Electron transport Properties of
InSb/GalnSb Composite Channel 19th International Conference on Molecular Beam
Epitaxy (MBE2016) 2016

https://www.tus.ac. jp/fac_grad/p/index.php?37a7

¢y

Fujikawa Sachie

8 90550327

Machida Ryuto

8 50806560



