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Elucidation of ﬁh sical properties of Sh-based dilute nitride semiconductor and
creation of high brightness far infrared light emitting element

FUJIKAWA, Sachie
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In this study, in order to fabricate an InSbN dilute nitride semiconductor
in which nitrogen is introduced into InSb having the smallest energy band gap among 111-V
semiconductors, InSbN film on a GaAs (001) substrate was fabricated by a metal organic chemical
vapor deposition (MOCVD). By changing the flow rate of ammonia which is a material, we confirmed the
shift of the spectrum in the 26 - w measurement of X - ray diffraction and clarified that the
lattice constant becomes small. We found that it is possible to fabricate InSbN crystals and it was
found that the narrow band gap can be achieved by controlling the flow rate of ammonia. From these
results, we could suggest that far infrared devices are realized.



% X C—19, F—19—1, Z—19, CK—19 (H)

1. WFEBRAE 4O 5

B K 3-15nm O HFARIER D & 1R VMR R
BEHIR L, LATH D R — 2l - EF -
EEhER < ANELE SRR A EBL T, AR
W ORI GEIR T D 7= O 0 A, EFR
(SO RWIF A - 16%) . BREGRME
b, LFpE, AENEHPESE, KERFO M
BB, BB, xR 0BCOIGHNKREH
BaEnd, LnL., ZoMmEkicB i3 EEE
PURTEE - /NI - @ H ) O TSNP DS BUAEAFAE
9. BARMLETHDLLEEZOND,
-V 8RB CIR, N IRIinL7=6 o
ORI E LTTFROFEIHEI N TV D,
N OEBEREMEE MO THFEIT R TRE W
ZEICERLTIN 2RI TAZ ETA
YRy TR T D 8 EROIT-V R
B EREIIRES B 2MMEEFF- T
WAZ ENRbnroTWWA, GalnNAs DX
RIAvF o TOHREICED &, BREZHM
THZLT, BTERENSL L, N RF
¥ v FENELTHE L BT, [EEA, HE
FHOTZEAXT—L~ULNRE BITTNRY, ~
T RERICEB T D EERO N RAEE A
MO TREL D ERBOLOND E VO #H
ENEINTWD, £9FT5HZ LT, GalnNAs
DA . GalnAs 12 N ZIRNT 52 & T
GaAs DT ERICKE THEEIEDLZ LN
AREIC 72 D, LA L. InSbN fEgh DN R
WEIERIZHEFNT D7, N REEEDRE
FIEIA ST 72 o TR,

2. WHEOHEHM
AWFZECTIXI -V R E RS o b ©—F&
TRLF =N KXy v 7/ E0 InSh 12
Bri-lc % FE A2 AL InSbN #dh &2 4 %
Z LT, BERAEz X —{k &7\ InSb
FEICIE TIEH A FTREZ: 5-15pum DI #1T
I LEEAMET D, 51T, InSbN #Efh I
Ny REEZEORERNL R <, K E s
DNTIR S TR, AWFSE CIIEREH %
EZ25ETH, AEEYEAR InSON #
g DN NG S ORI 2 8 — R BRI
LRI EAT, FEBR L OMBINEEZ A 5T
TH5ZELHEHMET D,

3. WD L

A4 B XA K& (metal organic
chemical vapor deposition : MOCVD) %%
AT, InSbN OIEZAT 572, BAEHTIE,
trimethylindium-di-I-propylamineadduct
(TMIn-adduct) . trimethyl antimony
(TMSb), ammonia (NHs) Z{EfH L7=, &kt
1%, SI-GaAs(001) JUST Mtk EiCpE Lz,

F9°, KR ERTO TR L LT GaAs &K
O FEMIEE EHKBZ Ho, Noo TMSb(Sb) %
Hx RNz e —% 10 4 T, REKRE
CEDE DB e G A0 A LT,

D%, TMIn & TMSb [RIFFAGIZ LD
InSb # 4 E R LT, NHs &< TMSb i
wOHE Z4T7V >, InSb, InSbN, InN #fE%

TERR UTe, A3 o R Rl 217 > 72,

4. WFFERE

X 1 1%, fEsERERTD GaAs FEAFE Hi(a)
& GaAs A% 600°C T 10471 H2 7 v —(b).
N2 71 —(c).Sb 7 —(d) L7=#% D /) < /L &
X — B TSR T8LEE L 72 GaAs JEK
FKHEGEEYRT, Ho7r—& No 7 —Tik
EEAEENRL S 7 e —CliIFEmic M
NEHER S iz,

1, /RILAF B FHSERIRERER

(a)GaAs E#. (b)H, 7O—, (c)N, 7O—,
(d)Sb 7o—

2 1% AFM HIEIC X 0 B L 7=(a)GaAs
B, b)He 77—, (c)Ng 77—, (d)Sb 7
o—#%OXEBE T, EEFEIL.
500nmXx500nm CTi{r->7-, AFM & LY. Hs
AW 5A1C RMS(H R )08 —F&
INEWZ Enby»h, Sb 7ue—7Tik., RMS
BN 2 fERREAL L= 2 ENBIHIE NZ, &5
(2 EAHIPH 20umx20pm THIE L7= Sh &2 M
WEEED RMS [Z22OWTIE, KX 2N
Rohiz,

RMS:0.22nm

RMS:0.18nm

2. AFM CERLEXER
(a)GaAs E#R. (b)H, 70—, (¢)N, 7O—.
(d)Sb 7o—

WIZ, %2 D70 —2M 2 Hy, Nao Sb
7 —Z L5 InSh EEORE 21T o7, X 3
1. BT —EcBIT S ARM THIZ Sh



7= InSb JEEF B 2 R~T, X3 L0, H &
Ny 78— %&4T 5 e RKEITIXIE & A EM s
ERTERNDICX L. Sh 7 —THE L7
InSb FEENTIZEA B 72 MM A R S =,

RMS:1.54nm

RMS:0.45nm g RMS:0.33nm

3. AFM TEIZRL= InSb XE &
(e)H, 7o—. (f)N, 7o0—. (g)Sbh 7A—

4%, Sh Wil CHUE 21T > 7= GaAs Hif
I InSb 20> XRD £ 7>(004)2 0 - » A F ¥
NTERBH AT MVERT, KA XY, R
B — 271X 57.0°CTH Y . InSb OFEFRE—2 D
THMETd 5 56.7°f(HIC B — 7 BBl S
7=

oo T T T T
10000~ GaAs sub. g N

1000

Intensity
3

10

1

0.1
55

65

60
20 -w (degree)

4. GaAs EAx t InSb 5F&ED XRD AlED
(002)2 0 ~w RAF ¥ UIZKBARIML

WIZ ., InSh J#EIZ NH3 %3 A L T InSbN &
PEDVERLZ 1T\, NH3 it &, TMSh i & % 28
LS TREI O K RHEDO M AT > 72,

51%. GaAs #:Ak E InSb 2 T InSbN &5
@ XRD HI7E D(004)20-00 A F v 2T K D A
7 hVERT, TMIn & TMSb & [EIRERE L
7= NH: i &2 2 b &¥7-, InSb EHHRIZ NH;
A SHHEHIBWT, A7 LD
7 MR TE 72, InNSODN O E°— 27 23 InShb @
E—27 )5 GaAs il 7 FLTRY, EHE
NEAINTWDLIENMRTEDLLEEL
W2 BT EBD/NS L 2o TND Z &R
TEl, 202G, oMo Am#EZE/
WPEROSCR L U | FERNICERZ PN EA S
IWCAHR—A U ITREPFAEL, FEmDNN R
XY v TIWRRE-TWNDBLEEZEND,

S BT, NHz DIt EARAFEZAT - 72 TR
BT, 25,100,500sccm DRl fn B — 2
DBIE SN2, NHs Ofic&E» 2SLM BL ki
L ERERE— BB IN R D &
Hbhmotz, WIZ, TMIn & NHs i & kR
BEZEE LT, InN N TMSb it &
P S B C InShN RO ERI A 4T -7, X 6
L. GaAs 4R _E InN B OY InSbN 77> XRD
HIED004)20-0 AF ¥ izLduayFxF s

N —T AT bV &ERT, InN O — 7 1%,
61.9 degree TH -7z, INSON D °— 7 [, 5.71
degree Toh 7=, TMSh ZHl#I3 2 = LIz &
Y. InSbN JEfEDMERUZ F L) L7z,

UEORERLY, FEIMNZ T T ARLH
L7720, ZJg{bE TE S 2> 7273, InSbN
IS ERAEECTH D Z LB LNE R |
RSN N DR IRARFE NN TR TH D 2 &
DARMETE 72, InSbN FHIEIZ K 2 FOHER<e
B — R BRI X 2 MMM iR b Bl =t
ETT D,

L B e m e e p e e e
100000 — —
10000~ GaAs sub. =

=

B 1000 —
o
L 100} o

£ InSb(NH;:0scem)

10— - INSbN(NH,:500scem) —
1 . InSbN(NH5:1SLM) _

0.1

55 65

60
26 -w (degree)

5. GaAs E#x £ InSb %1 InSbN 5&fEm XRD
AIED(002)2 0 —w RFvUIZLBARINL

1000 T T T T T T T T T T T T

-
o
o

Intensity

10

2 é??w (degree)

6. GaAs EAx Lt InN & InSbN SEED
XRD BIED(002)2 0 —wRAFvIZkD
AyF T h—T AR

5. ERRERE
(BFgEfeE . WHTesr a8 K ONEHERF 928 1
LR

CGdERERmsC) (FF 8 14)

(D. Takahiro Gotow, Sachie Fujikawa, Hiroki I.
Fujishiro, Mutsuo Ogura, Wen Hsin Chang,
Tetsuji  Yasuda, and Tatsuro Maeda,
“Surface cleaning and pure nitridation of
GaSb by in-situ plasma processing”, AIP
Advances 7, 105117 (2017.10).

@. FRAUEED, BREPAA . R 20, i LAY
Prs, BRI TR, BTHEEAN., (8 —
HOITNRE EER, R, AR
BT TFESRIT VAL DB,
{5 F 8 # (IEICE Technical Report), vol.
117, no. 364, ED2017-81, pp. 33-36, 2017



(FRFER)

)

12 H.
Takuto Takahashi, Shota Hatsushiba, Sachie

Fujikawa, and Hiroki 1.  Fujishiro,
“Comparative Study on Noise

Characteristics of As and Sh-based High
Electron Mobility Transistors”, physica
tatus solis (a), 214, 3, 1600599 (2017.3).
Ryuto Machida, Ryusuke Toda, Sachie
Fujikawa, Shinsuke Hara, Issei Watanabe,
Hiroki I Fujishiro, “Effect of
low-temperature-grown GaSb layer on
formation of high-density and small GaSh
islands on Si (100) substrate”, PHYSICA
STATUS SOLIDI B-BASIC SOLID STATE
PHYSICS, 253,4,648-653 (2016.4).

Ryuto Machida, Ryusuke Toda, Sachie
Fujikawa, Shinsuke Hara, Issei Watanabe,
Hiroki I. Fujishiro, “Effects of Ga-induced
Reconstructed Surfaces and Atomic Steps
on the Morphology of GaSb Islands on Si
(100)”, APPLIED SURFACE SCIENCE,
351,686-692 (2015.10).

VrEsk, BRI TR, RHEEW, AR
IEES, BRERISG, AR =TURS, - KIT,
FEACIEED, “AllnSb 27 v 7y 7 7 &
Z Nz InSh B P RIS O
THE R, 55 H#R(EICE Technical
Report), Vol.115, No.156, pp.45-49, 2015 4
7H.

S. Fujikawa, T. Taketsuru, D. Tsuji, T.
Maeda, H.I. Fujishiro, “Improved electron
transport properties of InSb quantum well
structure using stepped buffer layer for
strain reduction”, JOURNAL OF
CRYSTAL GROWTH, Wolume 425, 1
September 2015, Pages 64-69, February
(2015).

Hideki Hirayama, Sachie Fujikawa, and
Norihiko  Kamata,  Electronics  and
Communications in  Japan [1942-9533] ,
“Recent  Progress in  AlGaN-Based
Deep-UV LEDs”, Vol. 98, No. 5 pp.1-8
(2015.5).

(Gt 351F)

R frslne ] BRAEGE, PREPAYMA. R
Mo, MEA, TPE, BRI TE, 0T
HEEA, R, LN RE, =R,
R, RmESR, [T UFEUCRET
YU AKX OBF . (10), BT A AHF
gt (ED) . HALK@HF )/ « A B PR,
2017 4F 12 A 19 H.

A Fo BRI R TE.E B ATH 3
Rl ETH BEAN. BER 1ERD. S ST
Si J&f -~ GaN & THz-QCL ##i&d
MOCVD i & aFfl “. 8p-A301-8,
78 [Rl B AT AT a2, fd]
EpS Y, 2017459 A 8 H.

MTHE BEAL ARP UL P R b
g, BRI BT R AAks ERR BRI M

FC. “GaSb Wi Ny MZEAE A M
V72 Si(100) 344 | @ GaSh/AlGaSh MQW
K DIERLY | 6p-PAT-8. %5 78 [E5 M
PR KA 2, R E RS,
2017429 A 6 H.
rif oK, gaR TEEL, S BT, BRI
T &, BTHE OBEAN, A R
“GaAs(100) Rk E~Tr X ¥
b GaSh F AR = oD S il 4E | 6p-PAT-9,
55 78 S SN 2,
e ] [E B> ds, 2017 429 H 6 H.
% BT, HMESY BN, P K, gaR
AL, BRI RTRE, BTH BEA, R
AL, KIRACE InSb 723 GaAs JA | InSb
AR AT G 2 D58 6p-PAT-11,
78 [FS B KT AN =,
[EpSasds, 2017429 H 6 H.
S. Fujikawa, T. Iwaki, Y. Harada, J.Takeuchi,
Y.Endoh, I. Watanabe, Y. Yamashita, A.
Endoh, S. Hara, and A. Kasamatsu, H.I.
Fujishiro, “Electron Transport Properties of
INSb/GagsslnoesSb Composite  Channel
Structure”, Compound Semiconductor Week
2017 (CSW2017), ISCS 2017 The 441
Symposium on Compound Semiconductor,
P2.53, Belrin,Germany,16 May (2017) ,
14-18 May (2017).
R. Machida, K. Akahane, I. Watanabe, S.
Hara, S. Fujikawa, A. Kasamatsu, and H.I.
Fujishiro, “Fabrication of GaSb/AlGaSb
Multi Quantum Wells Structure Grown on
Si(100) Substrate Using Heteroepitaxial
GaSb Thin-film and Dots Nucleation
Layers”, IPRM 2017 on Indium Phosphide
and Related Materials, P2.59,
Belrin,Germany,16 May (2017).
Yui Fujisawa, Takuto Takahashi, Shougo
Kawamura, Sachie Fujikawa and Hiroki
Fujishiro, “Monte Carlo Study on Electron
Transport Properties of Gaxlnl-xSb HEMT
Structures Considering Roughness
Scattering”, Compound Semiconductor
Week 2017 (CSW2017), ISCS2017 The 44t
Symposium on Compound Semiconductor,
P2.39, Berlin, Germany,16 May (2017).
T ARFAL S M PN i R
B T8, BRI . “ IS/
GaoaslnoesSh A F v K /L kIE DEXH
FEPEORHL” . 5 64 BS YRR E
AR 16a-P4-27, /3T 7 ¢ 2RI,
2017 -3 A 16 H.
s R, BRI TR, BRMNIERD.
ARER 1E—. fEE . NE RIT. A/l
H R.” Ge # EOFEMR EDFEHE LD
AlLO; D HEEZ AL & Bl FeE T
WEZAY & B AR ERRE . 26 64 [l
W SRR S . 16p-412-16,
NTT7 4 Ak, 2017 4E 3 ).
I. Watanabe, Y. Yamashita, A. Endoh, S.
Hara, A. Kasamatsu, |. 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.
Isono, S. Fujikawa, and H. 1. Fujishiro,
“Research and development of InP, GaN
and InSh-based HEMTs and MMICs for
terahertz-wave wireless communications”,
2016 IEEE Compound Semiconductor IC
Symposium, 23-26 October (2016).
Masahiro Takahashi, Toshifumi Irisawa,
Wen-Hsin Chang, Junji Tominaga, Sachie
Fujikawa, Hiroki 1. Fujishiro, and Tatsuro
Maeda, “Poly-InSb  nMOSFETs  for
monolithic 3DIC”, Solid State Devices and
Materials (SSDM2016), 25-29 September
(2016).

S. Fujikawa, J. Takeuchi, Y. Harada, and H.
L. Fujishiro, “Electron Transport Properties
of InSh/GalnSb Composite Channel”, 19th
International Conference on Molecular
Beam Epitaxy (MBE2016), 4-9 September
(2016).

S. Fujikawa, K. Isono, Y. Harada, |.
Watanabe, Y. Yamashita, A. Endoh, S. Hara,
A. Kasamatsu, and H. 1. Fujishiro,
“InSh-based HEMTwith Over 300 GHz-fT
using  Alo2slng.75Sh/Aly 151n0ssSb  stepped
buffer layer for strain reduction”, 19th
International Conference on Molecular
Beam Epitaxy (MBE2016), 4-9 September
(2016)

S. Fujikawa, K. Isono, Y. Harada, |I.
Watanabe, Y. Yamashita, A. Endoh, S. Hara,
A. Kasamatsu, and H. I. Fujishiro, “InSb
HEMT with over 300 GHz-fT using stepped
buffer layer for strain reduction”, 35rd
Electronic Materials Symposium (EMS35),
Laforet Biwako, Shiga, 6-8 July (2016)

J. Takeuchi, S. Fujikawa, Y. Harada and H. I.
Fujishiro, “Electron transport properties of
novel InSb/GalnSbh composite channel high
electron mobility transistor structures”, 35rd
Electronic Materials Symposium (EMS35),
Laforet Biwako, Shiga, 6-8 July (2016)

K. Isono, D. Tsuji, T. Taketsuru, S. Fujikawa,
I. Watanabe Y. Yamashita, A. Endoh, S.
Hara, A. Kasamatsu, and H. I. Fujishiro,
“InSb-based HEMT with Over 300 GHz-fT
using Evaporated SiOx Film”, The
International  Conference on  Indium
Phosphide and Related Materials (IPRM)
2016, Toyama Japan, 26-30 June (2016)
Takuto Takahashi, Shota Hatsushiba, Sachie
Fujikawa, Hiroki I. Fujishiro, “Comparative
Study on Noise Characteristics of As and
Sb-based HEMTs”, The International
Conference on Indium Phosphide and
Related Materials (IPRM) 2016, Toyama
Japan, 26-30 June (2016)

Ryuto Machida, Ryusuke Toda, Sachie

Fujikawa, Shinsuke, Hara, Issei Watanabe,
Kouichi Akahane, Akifumi Kasamatsu,
Hiroki I. Fujishiro, “Growth of GaSb Dots
Nucleation Layer and Thin -Film GaSb on
Si(100) Substrate by Molecular Beam
Epitaxy”, The 43rd International
Symposium on Compound Semiconductors
(ISCS) 2016, 26-30 June (2016)
NN =DURR, =R EEL g TR
R TEED, “SLS MK & Rl iR BE 0D fii
EIZ L % InSb-HEMT #i&E o> EXAEE
PR E7 5 63 RS B RN
A4S, 20p-P9-15 SLS, T K, 2016
#£3H20H
il AL, R AP TR, R RS, A
PWOFEH, EUK L ATH RS, “3 &
gt IC 21 7= £ &b dh InSb MOSFET
DFESFFER”, 55 63 [ B Y=
FIFNHER . 20p-S422-3, R TK,
2016 /-3 H 20 H
i ORI BEE ANA. VRS Rk, )1 A
TR R LN B3R EEE R
JEIT, ARy EERRL RN RS, AR
SiOx & % M v 7= fT=300GHz &
InNSb-HEMT DfE H”, % 63 [Hl)& B
RIS 22p-W541-2, T
X, 2016 43 H 22 H
JRH Feh, [ EA, I R T B AR
5L, “Inl-xGaxSh ET-HFHEOER
HIRFE DM, 25 63 [Es B Pt
FRopff kT2 . 20p-P16-3. T K, 2016
F3H20H
HTH BEA. P H BT, I #TAE
ML S L SRP . Sk =
s R IEED, “RETE 4GaSb K b
Z H 7= Si(100) Hi o> GaSb L
7. 5 63 [al B P BN
£, 20p-P16-4, T K, 2016 43 H 20
H
S. Fujikawa, H. Suzuki, H. I. Fujishiro,
“DEPENDENCE OF InSb/GaSb FILMS
GROWN ON FLAT AND VICINAL GaAs
(100) SUBSTRATES”, 31st NORTH
AMERICAN MOLECULAR BEAM
EPITAXY CONFRENCE (31th NAMBE),
MAYAN RIVIERA, MEXICO, 4-7 October
(2015)
gk TEEE. BRI TR R RERD,
“GaAs(100)#:AK > InSh/GaSh i »
7 ARAFYE”, 2 76 [FlG P ER P K
ZpfiE s, Ao BERSEY, Al
F@ifi, 201549 A 13 H
fE7 fEA . BTH FEAN. AR L, E
JI R TREL TR g, el B, =K R
3, T BE, R PRERD, “AISI(111)-
v 3XY 3K E L GaSb A1k
R FE O EARAEME”, 5 76 [BlS Y BE
FRKFEMHE, A RERSES,
&R, 20154E9 A 14 H
mfl IERR. B R TR BRI TEEC.




6.

AR FL, B E . ATl KRR, “3
WIT IC 2[R 7= Ak b InSb %H%@'Iﬂh
FEMERHM”, 25 76 BIS I EF ik T
firsfli s, 4 EERSRS, %E)?;ﬁ
201549 H 15 H
R S L VTS Rk, o K
I E%%Jll TR, R ERS, RPN U
ek BEH, “InGaSh ~T m T X %
ww%ﬂ%@ﬂ% FEEM”, 25 76 ElG Y
SRS, 4 BRERESR
iE', AR, 2015$9H 13 A
mfE PR W1 ER, BRI B TE,
R iR, 2 A —L 1l - VHEMT
DMEFRNT”, 55 76 [0S B2 ik
S, A RERSEY, AR
i, 201549 H 16 H
VrgEk, BRI T, JRHEEW, 8K
TEES, BRERISG, N =TURE, - I,
PEICIEEE, “AllnSb A7 v 7Ny 7 7 8
% Fv 7= InSb g-;%#ﬁmf%%ufr%L@@
THERE”, BT N AES, &
Rifi, 201547 H 25 H
Y. Harada, K. Isono, T. Taketsuru, H. Suzuki,
S. Katou, D. Tsuji, S. Fujikawa and H. I.
Fujishiro, “Electron transport properties of
InGaSb quantum well structure”, 34rd
Electronic Materials Symposium (EMS34),
Laforet Biwako, Shiga, 17 July (2015)
R. Machida, R. Toda, S. Fujikawa, S. Hara
and H. I. Fujishiro, “Formation of GaSb
islands on Si(100) with low-temperature
grown GaSb layer”, 34rd Electronic
Materials Symposium (EMS34), Laforet
Biwako, Shiga, 16 July (2015)
Ryuto Machida, Ryusuke Toda, Sachie
Fujikawa, Shinsuke Hara, Hiroki Fujishiro,
“Growth of GaSb Islands on Si(100) with
Low-temperature Grown GaSb Layer”,
Compound Semiconductor Week 2015
(CSW 2015), Santa Barbara, California, 2
July (2015)
Shota Hatsushiba, Sachie Fujikawa and
Hiroki Fujishiro, “Study on Impacts of
Dislocation and Roughness Scatterings on
Electron Transport in InSb QW Comparing
Monte Carlo Simulation and
Measurements”, Compound Semiconductor
Week 2015, Santa Barbara, California, 2
July (2015)

WFZEAH

(D WFFEREE

BEJI RDTH (FUJIKAWA, Sachie)
WU R « T - Bh#k
WIEEE S © 90550327



