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A light output power (LOP) is increased from previous 3mW to 4.4mW this time

by including a newly developed Si02 optical confinement structure and a long vertical cavity. A
devise resistance is also reduced to 2/3 with an optimized conducting AIInN/GaN DBR, compared with
an undoped DBR. We have developed low resistive GaN tunnel junctions and demonstrated a GaN-based
VCSELs with a tunnel junction, showing a 2mW LOP. By in-situ wafer curvature monitoring, we found
that InN mole fraction was gradually increased along with a progress of the AlIInN/GaN DBR epitaxial
growth. We compensated for the increase by adjusting growth temperatures, resulting in a more
uniform DBR. Regarding the long-wavelength active layer, an optimization of GalnN growth conditions
on GaN substrates was necessary because the results with the sapphire substrate case were very
different from the GaN substrate case. Finally, our VCSEL showed a feasibility for a high speed
(GHz) modulation.



¢y

®
®

¢y

W

GaAs

GaN

DBR
GaN

2016

DBR
GaN

DBR

15.7mw
4\

1.8mW
2.6mW
GaN

DBR

DBR

GaN
Imw
DBR
410nm 3mw
GaN
DBR
GalnN
MOVPE DBR DBR
40pm 10pm
DBR DBR
DBR GaN
DBR ( mw)
DBR 1.5\
3000
® Exp.
GaN 2500 + @ 1.5\ — Calc.
é 2000
1 = 1500
x 1000 4\
AlInN
500
10 0
0 2 4 6 8 10 12 14 16 18 20
DER Cavity length  (A)
DBR Si 1
2
7 7
DBR 6 RT-CW 6
80Q ’55 i B
120Q 54 -4 3
8o £
*3 3 a
s 2 2 S
15pum
1 1 L
S0 9+ v 0
0 10 20 30
3 current(mA)
4_4mW
2 DBR

1-L-V



DBR 2.6mwW

)
Sio; o
DBR DBR g
>
DBR GalnN
GalnN
GaN
o
e
O,
GaN g
4 i)
Mg Si E
Mg Si S
2.4x 107*Q cm? o
GalnN ©O
GaN =
5 1-
L-V 2.0mW
DBR GalnN
DBR =
&
]
z
GaN
@
GalnN
AlGaN
GaN GalnN
540nm
GaN
Ga
DBR
AlInN/GaN
2 GaN
DBR
GalnN
DBR

O P N W B U OO N
g

o R, N W b U1 OO N
LOP (mW)

o 4

10 20 30

current (mA)
3 DBR
1-L-V
1E+21
(b) ~ M
1E+20 _ g
Si T
1E+19
’/// 2.5nm
1E+18
"
1E+17 £ \\\\
1E+16
-40 -30 -20 -10 0 10 20 30 40
Distance (nm)
4 Mg Si
9 35
8 ] 8
7 z
{25 &
6 7
7]
5 {20 2
o,
4 15 &
g 1 56 &
’ !
1 {1 05 =
0 0.0
0 4 6 8 10 12 14 16 18
Current (mA)
5
1-L-V
LED
LED  40%
InN
DBR
GalnN
50nm
DBR

ATInN/GaN DBR
6



160 160 S
840°C 835—839°C
120 120
= 80 = 80
£
a4 40 - ] i 40
@ )
; 0 - ! ]l" !5 0
= =
z 40 - > 40 -
= =
O 80 - Measured O -80 -
120 — Theoretical — Measured
. 1 +0.05 %/pair -120 { — Theoretical
InN: 17.5—-18.7% InN: 18.2%
-160 r , -160 . .
0 10000 20000 30000 0 10000 20000 30000
Growth time([s] Growth time][s]
6 AlInN/GaN DBR 7 AIINN/GaN DBR
ALINN  InN 1 0.04%
InN 5 1
7 AlINnN InN
DBR
GaN GalnN
GalnN
DBR GaN DBR
DBR o
a5
(©) H
GaN Sk
() GaN G
5V £
= .65
8 1GHz
75
405 410 415 420 425
GaN Wavelength [nm]
8 1GHz
K. lkeyama et al., Appl. Phys. Express 9, 102101 (2016).
M. Kuramoto et al., Appl. Phys. Express 11, 112101 (2018).
D. Takasuka et al., Appl. Phys. Express 9, 081005 (2016).
C. Shen et al., CLEO 2016 SThiL2.



7 4 0 4

Tetsuya Takeuchi, Satoshi Kamiyama, Motoaki Ilwaya and Isamu Akasaki 82

GaN-based vertical-cavity surface-emitting lasers with AlInN/GaN distributed Bragg reflectors 2019

Reports on Progress in Physics 1-17
DOI

https://doi.org/10.1088/1361-6633/aad3e9

J101-C
GaN 2018
C 312-318
DOl
380
LED( ) LD( ) - 2018
7-11
DOl
Akatsuka Yasuto Iwayama Sho Takeuchi Tetsuya Kamiyama Satoshi Iwaya Motoaki Akasaki Isamu 12

Doping profiles in low resistive GaN tunnel junctions grown by metalorganic vapor phase epitaxy 2019

Applied Physics Express 025502 025502

DOl
https://doi.org/10.7567/1882-0786/aafca8




23

GalnN 2018
41-44
DOl
Hayashi Natsumi Ogimoto Junichiro Matsui Kenjo Furuta Takashi Akagi Takanobu lIwayama Sho -
Takeuchi Tetsuya Kamiyama Satoshi Iwaya Motoaki Akasaki lIsamu
A GaN-Based VCSEL with a Convex Structure for Optical Guiding 2018
physica status solidi (a) 1700648 1700648
DOl
10.1002/pssa.201700648
46
n AlInN/GaN GaN 2017
DOl
42 18 26

Junya Yoshinaga, Tatsuya Ichikawa, Tetsuya Takeuchi, Motoaki lwaya, Satoshi Kamiyama, Isamu Akasaki

Growth of GalnN yellow-green LEDs

19th International Conference on Metalorganic Vapor Phase Epitaxy

2018




Wataru Muranaga, Ryota Fuwa, Takanobu Akagi, Shotaro Yoshida, Junichiro Ogimoto, Yasuto Akatsuka, Sho lwayama, Tetsuya
Takeuchi, Satoshi Kamiyama, Motoaki Iwaya, Isamu Akasaki

A 1.8mW GaN-based VCSEL with an n-type conducting bottom DBR

The International Workshop on Nitride Semiconductors 2018

2018

GaN AlINN/GaN

10

2018

Kei Hiraiwa, Wataru Muranaga, Junichiro Ogimoto, Takanobu Akagi, Tetsuya Takeuchi, Satoshi, Kamiyama, Motoaki lwaya, Isamu
Aasaki

AlInN/GaN DBRs for long-wavelength GaN-based VCSELs

International Symposium of Growth of IlI-Nitrides ISGN-7

2018

" AllInN/GaN "

66

2019




Kei Hiraiwa, Wataru Muranaga, Sho lwayama, Tetsuya Takeuchi, Satoshi, Kamiyama, Motoaki lwaya, Isamu Aasaki

AlInN/GaN DBRs for long-wavelength GaN-based VCSELs

The 7th International Conference on Light-Emitting Devices and Their Industrial Applications

2019

Hisanori Kojima, Takuma Ogasawara, Myunghee Kim, Yoshiki Saito, Kazuyoshi lida, Norikatsu Koide, Tetsuya Takeuchi, Motoaki
Iwaya, Satoshi Kamiyama, Isamu Akasaki

Substrate off-angle and direction dependences on DUV-LED

The International Workshop on Nitride Semiconductors 2018

2018

LED

79

2018

Kaoru Oda, Ryosuke lida, Wataru Muranaga, Sho lwayama, Tetsuya Takeuchi, Motoaki lIwaya, Satoshi Kamiyama, Isamu Akasaki

"Polarization characteristic of GaN-based VCSELs with AlIInN/GaN DBRs "

The 7th International Conference on Light-Emitting Devices and Their Industrial Applications

2019




Yusuke Ueshima, Wataru Muranaga, Ryosuke lida, Sho lwayama, Tetsuya Takeuchi, Satoshi, Kamiyama, Motoaki lwaya, Isamu Aasaki

GaN based VCSELs using conducting AlINN/GaN DBRs with graded interfaces

The 7th International Conference on Light-Emitting Devices and Their Industrial Applications

2019

Si102 1l

(Laser and Quantum Electronics)

2018

Ryosuke lida, Wataru Muranaga, Sho lwayama, Tetsuya Takeuchi, Satoshi Kamiyama, Motoaki lwaya, Isamu Akasaki

Embedded Si02 waveguide structure for GalnN VCSELs

11th International Symposium on Advanced Plasma Science and its Applications for Nitrides and Nanomaterials 12th
International Conference on Plasma-Nano Technology & Science

2019

Ryosuke lida, Wataru Muranaga, Sho lwayama, Tetsuya Takeuchi, Satoshi Kamiyama, Motoaki lwaya, Isamu Akasaki

Lateral current distribution in GaN-based VCSELs with conducting AlInN/GaN DBRs

The 7th International Conference on Light-Emitting Devices and Their Industrial Applications

2019




AlInN/AIGaN

10

2018

Kei Arakawa, Kohei Miyoshi, Tetsuya Takeuchi, Makoto Miyoshi, Satoshi Kamiyama, Motoaki lwaya, Isamu Akasaki

Blue edge-emitting laser diodes with AlInN/AIGaN multiple cladding layers

The International Workshop on Nitride Semiconductors 2018

2019

T. Takeuchi, S. Kamiyama, M. lwaya, and I. Akasaki

GalnN VCSELswith semiconductor-based DBRs

SPIE photonics Europe

2018

T. Takeuchi, S. Kamiyama, M. lwaya, and I. Akasaki

Electrically-injectedGaN-based VCSELs

Compound Semiconductor Week 2018

2018




T. Takeuchi, S. Kamiyama, M. lwaya, and I. Akasaki

GaN-based vertical-cavity surface-emitting lasers with MOVPE-grown AlInN/GaN DBRs

ICMOVPE XIX

2018

T. Takeuchi, S. Kamiyama, M. lwaya, and I. Akasaki

GaN-based VCSELs: Their Progress and Prospects

MOC2018

2018

T. Takeuchi, S. Kamiyama, M. lwaya, and I. Akasaki

Low resistive GaN tunnel junctionsgrown by MOVPE

Photonics West OPTO

2018

T. Takeuchi, S. Kamiyama, M. lwaya, and I. Akasaki

GaN-based VCSELs with conducting AlInN/GaN DBRs

Photonics West OPTO

2018




J. Yoshinaga, K. Suzuki, D. Takasuka, N. Koide,

Low-temperature-grown p-side structure with tunnel junction towards long wavelength nitride-based LED

The 5th International Conference on Light-Emitting Devices and Their Industrial Applications

2017

p LED

78

2017

GaN AlINN/GaN

65

2018

T. Takeuchi, S. Kamiyama, M. lwaya, and I. Akasaki

GaN-based VCSELs towards high efficiency

OPIC 2017 LDC 17

2017




GalnN

125 236

2017

162 104

2017

T. Takeuchi, S. Kamiyama, M. lwaya, and I. Akasaki

GalnN VCSELs with AlInN/GaN DBRs

ICNS’ 12th International Conference on Nitride Semiconductors

2017

36

2017




T. Takeuchi, M. lwaya, S. Kamiyama, and I. Akasaki

Alternative hole injections in nitride-based light-emitting devices

2017 MRS Fall Meeting

2017

T. Takeuchi, S. Kamiyama, M. lwaya, and I. Akasaki

High-performanceGaN-based VCSELs

2017 IEEE Photonics Conference

2017

T. Takeuchi, M. lwaya, S. Kamiyama, and I. Akasaki

MOVPE-grown GaN-based tunnel junction and its application

Photonics West OPTO

2018

GalnN

38

2018




T. Takeuchi, S. Kamiyama, M. lwaya, and I. Akasaki

GalnN VCSELswith semiconductor-based DBRs

SPIE photonics Europe

2018

GaN

2018

R. Fuwa, D. Takasuka, Y. Akatsuka, T. Takeuchi, M.

Iwaya, S. Kamiyama, and I. Akasaki

GaN/GaN tunnel junctions grown by MOVPE

LEDIA™17

2017

MOVPE GaN

78

2017




R. Fuwa, Y. Akatsuka, T. Takeuchi, M. lIwaya, S. Kamiyama, and I. Akasaki

Low resistive GaN tunnel junctions grown by MOVPE

2017 MRS Fall Meeting

2017

N. Hayashi, K. Matsui, T. Takeuchi, S. Kamiyama, M. lwaya, I. Akasaki

GaN-based VCSELs with lateral optical confinement structures

ICNS-12

2017

Room-temperature continuous-wave operation of GaN-based vertical-cavity surface-emitting lasers
with n-type conducting AlInN/GaN distributed Bragg reflectors

78

2017

78

2017




GaN

65
2018
1
S. Rajan, T. Takeuchi 2017
209-238

Springer

I11-Nitride Tunnel Junctions and Their Applications

2018-228857 2018
2017-217351 2017
2017-217348
2017-217348 2017
2017-239235 2017




(Tanaka Takayuki)

(10367120) (33919)
(Miyajima Takao)
(50734836) (33919)
(lde Toshihide)
(90397092) (82626)




