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GaAsBi laser diodes with low temperature dependence of lasing wavelength
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Molecular beam epitaxy (MBE) of GaAsBi and related alloys opens up a new path to
exploit metastable alloys exhibiting a particular property such as luminescence with a
temperature-insensitive wavelength. A surfactant-like effect of Bi atoms contributes an improvement in
quality of GaAsBi under an extreme growth condition outside the conventional one for high-quality 111-V
semiconductors.
GaAsBi alloys with GaBi molar fractions up to 14.8% has been coherently grown on GaAs. GaAsBi emitted
bright photoluminescence (PL) at a wavelength of 1.3 um without intensity degradation. The lasing
emission of up to 1.2 and 1.05 um was demonstrated in photo- and electrically-pumped GaAsBi lasers,
respectively at room temperature.

1-v



Bi(V ) InBi GaBi
Bi
GaAs1xBix INn1.yGayAs1-x
Bix GaNyAsixyBix
1i-v GaAs1-xBix

(1) GaAs1-xBix

(2) Bi Bi

( ) GaNxAsi1-x
N GaAs
GaAs1-xBix Bi

GaAs

(3) BI
GaNxAs1x  GaixInxNyAs1.y
N
Bi
GaAsi1xBix
N

) Bi Bi
Hg TI Pb v
As Sb Bi

ngCdl—xTe ngCdl-xse TIkGaixAs

Hi-v
NTT
1995
MOCVD
MOCVD

GaAs1-xBix

2001
MBE
MBE GaAs1xBix
GaAsi1xBix GaNyAs1xyBix
In1.yGayAs1-xBix

British Columbia 2003

GaAs1xBix 2005

Boston Materials
Research Society (MRS)

-V

2010 Bi
Nottingham Surrey
Sheffield Tyndall
Marburg
(NREL) Arizona Delaware
Michigan Wisconsin Duke
2010
GaAs1xBix
Bi IV
GaAs Bi spin-orbit
splitting energy
Q) Bi
GaAs1xBix
(2) AlGaAs GaAsi1-xBix
(3) GaAsi1xBix
GaAs1-xBix
MBE
GaAs1xBix/AlxGaixAs
GaAsi1xBix
Bi
GaNxAsi1-x 1ni-v
GaAs1-xBix



)
Bi

Bi

-V

400

Bi GaAsi1xBix
Hi-v
i-v
Bi

Bi

Bi
MBE Bi
GaAsi1xBix
Bi

GaAs
Bi
Bi
GaAsi-«Bix
surfactant-

like effect

14.8%

GaAs l—xBix

MBE Bi
GaAsi-«Bix GaAs(001)
Bi

310 ~ 375
As Ga
1
Matthew  Blakeslee

GaAs

Ga Bi

x < 9.56%

1
le(X
PL

Normalized PL intensity (arb. units)

GaAs l'xBix

p-GaAs GaAsi—~
< 14.8%)

Bi

" x=2.5% 5.7% 9.5%

p-GaAs | 4.4%17.0%/ 11.7% |

1000 1200 1400 1600
Wavelength (nm)
1. GaAsi-Bix(x < 14.8%)

800

PL

-
S

i) *a,
85 10% ¢ o
g3
EZ10% AN
L2 AN
0‘9 \
TE 10'

100
8
g | ® o
3$ 80r a [ [ ]
.Eg e : ~~
E= ¢ e
—OE
[T ! 1

0 5 10 15

GaBi molar fraction (%)
2. GaAs1xBix(x < 14.8%)
PL
(FWHM) Bi

Bi 9.5%
1.3 um Bi
1.45 um

11.7%

GaAs GaAs1-xBix(x = 9.5%)

0.95%

GaAs1—Bix(x < 11.8%)
PL Bi
1.45 pm
Bi 11.7% 9.5%
1.3 pm
Bi 9.5%
GaAs
70 meV GaAs1—«Bix
10 ~ 20 meV
Bi
Bi

2 GaAs1xBix

MBE n-GaAs

As Alo.15Gao.ssAs
GaAs1«Bix(x=0 3 4%)

Alp3Gao.7

(separated
confinement heterostructure) n
Sn p
Be
Ga Bi
S102
10~20 pum
AuZn
AuGeNi



(x=0 3

4%)

Normalized EL intensity (a.u.)

GaAs Bi:3% Bi-4%.

3 AuZn contact

= 200 nm p+-GaAs:Be =1

1000 nm p-Alo.3Gao.7As:Be

100 nm_Alo.15Gao.ssAs
100 nm_GaAs1-xBix (x=0, 3, 4%)
100 nm_Alo.isGao.ssAs

1000 nm n-Alp.aGap.7As:Sn

200 nm n-GaAs:Sn

GaAs (001) n*-GaAs substrate

= I

600 700 800 900 1000 1100
Wavelength (nm)

3. (
D 0.1%)
4%) LD

1100 nsec
GaAS1-xBix

GaASI—xBix (X < 4%)
GaAs
GaAs1+Bix(x=3

(LD)
560
375

InGaAs

3

GaAS1—xBix (X < 4%) LD
EL

100 nsec 0.1%

( 1100 nsec

:0.1%) GaAs1«Bix(x=0

3 4%) LD

nm

GaAso.97Bi0.03 LD

LD

GaAso.96Bi0.04 LD 1045
PL Bi
GaAs LD 1.2 nm

1.1 nm GaAso.96B10.04
1.8 nm

0.1 nm

0.5 nm

kA/em?2 GaAso.97Bi0.0s LD
GaAso.96Bi0.04 LD

GaAs LD 17.0
13.8 kA/cm?
7.49 kA/cm?
LD
LD

InGaAs

GaAs LD

(@

[GaAs ] lGaAsBi:3%
[ 15°C—+>25C |[ 15°C—+25°C |

Normmalized EL intensity
(arb.units)

876 880 884 888 968 972 976 980
Wavelength (nhm) Wavelength (nm)

(b)

gth

N - IGa'AsI T T T T T
[ ® GaAsBi:3%

0.37 nm/K

shift (nm)
© =2 b w
o O O ©O

0.17 nm/K

Oscillation wavelen

16 18 20 22 24 26
Temperature (°C)
4. GaAsixBix(x=0 3% LD 15
25

N
N

GaAs 1-xBix

GaAsi<Bix(x = 0
3%) LD 4
GaAsi«<Bixx=0 3) LD 15 25

GaAs LD
0.37 nm/K
GaAso.97Bio.0os LD
nm/K GaAsixBix

0.17

45%

(3
(1)
1.3 pm
Bi
5
GaAs1xBix
Bi
Bi 5.9% 1.2 um
GaAs/GaAsixBix MQW)
1.3 um

4 GaNyASI-X-yBiX Ga_AS
1.3 pm

GaAsixBix GaNyASl'x-yBj.X



@RT
=13 T - T T |D ]
Z[2 foim 5.9%]
 [Pa8in 7%
% -§11 4.2% -
.\%’/ '%1-0 i;?allineforE, \
g Gg.B?molaE:.f?actioZ.(o%) b
gL 25%—" il
2 { _
gL i
&
£
El i
z
600 750 900 1050 1200
Wavelength (nm)
5.
GaASl-XBix
Bi
(4) Bi
GaA81—xBix
Bi
90meV
~1017 cm™
III'V GaASI-XNX
GaASI—xBix
G3A81—xBix
GaAs
GaAs1-xBix GaAs
X <3.6%
GaAs
Bi surfactant-like effect
DLTS GaAsi1-xBix
DLTS
AsGa BiGa
370
560
GaAs 10® cm®
Bi surfactant-like effect

MBE GaAs

Bi GaAsi-«Bix
GaBi 9.5%  GaAso.905B10.095
1.3
(PL)

GaAsi1-xBix (LD)
1045 nm
GaAs LD

0.37 nm/K GaAso.97Bi0.03

0.17nm/K

GaAs l-xBix

G3A51-xBix

T. Fuyuki, K. Yoshida, R. Yoshioka, M.
Yoshimoto, "Electrically pumped room-
temperature operation of GaAsixBix laser
diodes with low-temperature dependence
of oscillation wavelength" Appl. Phys.
Express 7 (2014) 082101(4 pages).
doi:10.7567/APEX.7.082101

GaASI-xBix Ga_AS/GaASI'XBiX
62
11 672-678. https://www.

jstage.jst.go.jp/article/jsms/62/11/62_67
2/_article/-char/ja/

T. Fuyuki, R. Yoshioka, K. Yoshida and
M. Yoshimoto, "Long-wavelength
emission in photo-pumped GaAsixBix
laser with low temperature dependence
of lasing wavelength", Appl. Phys. Lett.
103 (2013) 202105 (4 pages).
doi:10.1063/1.4830273

M. Yoshimoto, M. Itoh, Y. Tominaga, and K.
Oe, "Quantitative estimation of density of
Bi-induced localized states in GaAsi«Bix
grown by molecular beam epitaxy", J.
Cryst. Growth, 378 (2013) 73-76.
doi:10.1016/j.jerysgro.2012.12.157

T. Fuyuki, S. Kashiyama, K. Oe, M.
Yoshimoto, "Study of the Deep Levels of
a GaAs/p-GaAsixBix Hetero-structure
Grown by Molecular Beam Epitaxy",
MRS Proceedings 1432 (2012 27-32.
doi:10.1557/0pl.2012.904

T. Fuyuki, S. Kashiyama, K. Oe, M.
Yoshimoto, "Interface State in p-Type
GaAs/ GaAsi1xBix Heterostructure", Jpn.



J. Appl. Phys. 51 (2012) 11PC02 (5 pages).
doi:10.1143/JJAP.51.11PC02

21 7
M. Yoshimoto, “GaAsBi laser diodes
with low temperature dependence of
lasing wavelength (Invited), 6th
International Workshop on

Bismuth-Containing Semiconductors,
Madison, USA, July 20, 2015.

II-v
(
) 26 1
2015 1 24

M. Yoshimoto, "Molecular beam epitaxy of
GaAsBi and its application to laser diodes
with low-temperature dependence of
oscillation wavelength (Invited)", 18th
European Molecular Beam Epitaxy
workshop, Canazei, Italy, March 17, 2015.

R. Yoshioka, T. Fuyuki, K. Yoshida, M.
Yoshimoto, "Molecular Beam Epitaxy of
Laser-quality GaAsBi (Invited)", 18th
International Conference on Molecular
Beam Epitaxy (MBE 2014), Flagstaff,
Arizona, USA, September 10, 2014.

Ga_ASI-XBix
75

2014 9 18

M. Yoshimoto, "Molecular beam epitaxy
of GaAsBi and its lasing chracteristics"
(Invited), 6th International Conference
on Optical, Optoelectronic and Photonic
Materials and Applications ICOOPMA),
Leeds, UK, July 31, 2014.

M. Yoshimoto, R. Yoshioka, K. Yoshida,
and T. Fuyuki, "GaAsBi laser diodes
fabricated by molecular beam epitaxy",
5th  International = Workshop on
Bismuth-Containing Semiconductors,
Cork, Ireland, July 22, 2014.

T. Fuyuki, R. Yoshioka, K. Yoshida, M.
Yoshimoto,"GaAsB1 Laser Diodes with
Low Temperature Dependence of
Lasing Wavelength", CLEO 2014, San
Jose, USA, June 10, 2014.

M. Yoshimoto, T. Fuyuki "Localized states
in GaAsBi and GaAs/GaAsBi hetero-
structures (Invited)", 4th International

eY)

2

Workshop on Bismuth-Containing Semi-
conductors, Arkansas, USA, July 15, 2013.

T. Fuyuki, M. Yoshimoto, "Long
wavelength emission of GaAsi«Bix laser
with low-temperature coefficient of lasing
wavelength", 40th International Sympo.
on Compound Semiconductors ISCS
2013), (

), May 20, 2013.

M. Itoh, Y. Tominaga, K. Oe, M.
Yoshimoto, "Quantitative estimation of
the density of Bi-induced Ilocalized
states in GaAsi1-xBix grown by molecular
beam epitaxy", 17th International
Conference on Molecular Beam Epitaxy
(MBE2012), ( ),
September 24, 2012.

T. Fuyuki, S. Kashiyama, K. Oe, M.
Yoshimoto, "Study of the Deep Levels of
a GaAs/p-GaAsi1<Bix Heterostructure
Grown by Molecular Beam Epitaxy",
2012 Materials Reserch Society, Spring
Meeting, San Francisco, USA, April 10,
2012.

3
( ) GaAsBi
1 3.2
() p.19-23
2015 3
M. Yoshimoto, T. Fuyuki ( )
"Localized States in GaAsBi and
GaAs/GaAsBi Heterostructures"
Chapter 9 in "Bismuth-Containing
Compounds" (H Li, Z. M. Wang,

editor), Springer, pp.201-224. 2013 10
ISBN: 9781461481201.

M. Yoshimoto, K. QOe, ( )
“Molecular beam epitaxy of GaAsBi and
related quaternary alloys" Chapter 8 in
"Molecular Beam  Epitaxy: From
research to mass production" (M.
Henini, editor) Elsevier, pp. 159-170,
2012 11 ,ISBN:9780123878397.

YOSHIMOTO, Masahiro

20210776

OE, Kunishige

20303927



