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Fundamental studies on carrier recombination process at the surface and interface
to improve nitride-based optoelectronic device performance
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Carrier recombination process at the surface or interface is a crucial issue when
the nitride-based optoelectronic devices are put into practical use, e.g., controlling the condition of
the AlGaN surface states in the AlGaN/GaN heterostructure field-effect transistors. AIOX/AIN/GaN
structures were prepared by the RF-MBE. Simultaneous changes in the emission energies and lifetimes were
observed for the 2DEG related emission by changing in a crystallinity of the AlIOx layer. The results
demonstrate a possibility to control the surface states by changing in the surface oxide structure.
Fundamental optical properties of Ga203 substrates were investigated for further improvements in the
Ga203-based devices. Electrical and optical properties of ZnO films dispersed with Ag nanocrystals and

their application in the GalnN-based blue LEDs were studied through the observations of surface plasmon
resonant emission and analytical simulations.




(AL, In,Ga)N

E, 6.01 eV AIN
0.65 eV InN
400 520 nm
AlGaN
InGaN
c
Fint
Nexternal
Nint Minj
7/]extract
(Da m
Fi nt Nint (2)
Mint
r]extract (3)
r]extract
(4) Nint
@
PL
TRPL
GaN
Nexternal c
@ O3 /
S/V
*

(€H) MOVPE
GaN
RF-MBE Gagy g 1Ny 1N p-n
p p-GaN
p n
80 nm Gag g, 1Ny 1N
XRD Gag g, 1Ny 16N
LED
PV PLE
PL EL PV PLE 450 W
(2) AlGaN/GaN AlGaN
AlGaN/GaN
AlGaN
SiN
Miao
AlGaN
AlQ, AIN/GaN
PL  TRPL AlO,
RF-MBE c
AIN (300 nm) GaN
(1.5 pum) AIN
(3.5 nm)
AIN/GaN
AlO, (1.5 nm)
400°C 800°C  AlQ,
AI0400 A10800 TEM
400°C AlO,
20 nm 800°C
AlQ, 5-6 nm
A10400 n=1.9x10" cm? Al10800
n=1.4x10" cm?
He-Cd (325 nm)
21 kHz 400 ps
16 mW  YAG:Nd (266 nm)
ONO)
GaN  SiC
B-Ga,0, Si GaAs GaN



Wavelength (nm)

600 500 400
’c',)\ T T T
= a
57 (@) Gay gzlNg.1N PV
(‘% FEL 275ev  GaN
[ v=83Vv
2T 1227 mA l
£ | 260 He ]
c RT
2:0 2.5 3:0 3:5
Photon Energy (eV)
Wavelength (nm)
600 __ 500 400
o (b) ¢2.77 ev A E
St PL PLE 6k |3
g 18
@ 0,
- <
‘% Aa
g s
o c
= 12
o L
2.0 25 3i0 3t5
Photon Energy (eV)

1@ Gag g, 1Ng. 1N p-N
LED PV EL (b) 6 K
PLE PL

E, 4.4 5.0eV
B-Ga,0;
(4) GaN MOS LED
Ga-In-0
GaN MOS LED
®) Ag
Zn0 Ag-NC/Zn0
Ag Ag-NC/Zn0
GalnN LED
LED ¢
MOVPE n GaN
GalnN/GaN (SL) GalnN/GaN
(MQW) p GaN

@)

[0001]
Nitride D
surface SN 0o0® Ec
states
G
/V
Natural 50
oxide h Ey
or GaN
Ao, Yan

Wavelength (nm)
390380 370 360 350 340 330

E FXa R
) %, 29K
E
E

3 [0 d0NdvAS | <

=2 E (266 nm, AlO4

SE ESRy eS| AOM00

SE 7 ND filter

Sh2 0% |

A

25

cE 100 %

SE 4,10 %

£ F(d) He-cd 1%

1 F (325.0nm, 40.1% 1

o [ p=10mw) ,0.01%
E ] v L

(snun -qJe) aosuelds|joy

31 32 33 34 35 36 3.7 38

Photon Energy (eV)

2 (a) AI0/AIN/GaN

(b) 5K ©
(d) PL
@ 1-v
1(a) 2.5eV
EL PV
2.75¢eV EL
250 meV
PL
1(b) PL
2.71eV EL
PLE
PL p
Mg
EL n
p-GaN GalnN p-n LED
InN
GalnN p-n
&)
AIO400 PL 2(c) 2@
2(b)
2 (2DEG)
3.45-3.46 eV
3
PL  TRPL 3
2DEG
TRPL

2(a)



Wavelength (nm)
390 380 370 360 350 340 330

@ | (@) 40-Nd:YAG lp FXa

E DEG

=}

g

8

2

D

c

2 L (b) He-Cd

E (325.0 nm, ‘

g F P=10mw) 1ok ]
C e et B1OK

31 32 33 34 35 36 3.7 38

Photon Energy (eV)

[ (C)2DEG: 3.45-3.46 eV 4w0-Nd:YAG (266 nm, |

.:g 243 mJ/cm? per pulse)

S|5K AIO400

Sk 7,=0.41ns, ,=1.7ns 7

3

> L

7}

E L

< AIN/GaN

El L 7,=0.31ns, n,=1.1ns

0 2 4
Time (ns)
3 @) (b) PL
(c) 2DEG TRPL
AIN/GaN  Al0400
A0,
A10800
AlO,
ns
A0,
3) Fz
(010) (001)
4
r 3
5(2)
5(b) 5(b)
LO 3
LO B-Gas0;
-LO

Wavelength (nm) Wavelength (nm) Wavelength (nm)

280270260 250 240 230 280270260 250 240 230 280270260250 240 230
(010) Mg-doped

(010) Mg-doped (001) undoped

Ellc 300K
~_ 250K

— 200K

a7k

Reflectance (arb. units)

44 46 48 5052 54 44 46 48 5052 54 44 46 48 5.0 52 54
Photon Energy (eV) Photon Energy (eV) Photon Energy (eV)

4

] (a) 1250

Ellc

N
N
IS

Eexclton (eV
A~ A
~N
dJKEf%
=
o
m
=
Q
%
N
[}
o
Wavelength (nm)

45t B-Ga,04

Y]
@
1)

0 50 100 150 200 250 300
Temperature (K)
150 — T T T - : .

=
o
o

al
o

L

I broad (meV)

€
{

Ellb hag

0 50 100 150 200 250 300
Temperature (K)

5 (a) )

*

Ga-1n-0
InN x20. 15
Eg
x>0. 39
Ga,0, p>10° Q cm
In
x=0.4 n=4.2x 10Y
cm® U 4=2.8 cm* V! st
p=5.3Qcm 6(a) (a0,
12 K CL
3.1 3.6 eV
uv 2.6 3.1 eV
BL 2.2 2.6¢eV GL
1.4 1.9 eV RL
In

x20. 39 uv



Wavelength (nm)

700 500 400 300
RL ]
LA UVL  (Gay4Ing,05

BL —

10-20kV, 1.8A |

(a) x=0

/A(.-—\‘ (c) x=0.07 ]

(d) x=0.15 |
LA (e) x=0.39 1

N (f) x=1

e () Quartz glass substrate]

2 3 4 5
Photon Energy (eV)

612K 300K

CL Intensity (arb. units)

Ga-In-0
CL

BL
RL Cr
In x<0. 15

Ga-In-0

) Ag-NC/Zn0
7(a) Ag
um

Ag*:Zn#=5:5
Ag
Ag*:Zn*=7:3 1.25x 10 Q cm
Ag*:Zn**=0:10, 6:4
7(b) 380 nm
Zn0
Ag 440 nm

10 K PL
7(c) Zn0
GL 2.0 eV

LED
7(d) MQW
Zn0 2.3¢eV

2.0 eV LED
2.3 eV Zn0
LED  MQW

Wavelength (nm)
700650600550 500450 __400 350
[ e T

Ag metal

of (b)

Reflectance (%)
B (2} ©
(=} o

N
o

o

i
20 35

25 3.0
Photon Energy (eV)

Waveiength (nm)
700650600 550 500 450 400 350

Wavelength (nm)
700650600550 500 450 __ 400 350

Ag-NC/ZnOJ/(0001) sapphire

AgHZn¥=7:3
"
il et
AgrZn®'=5:5

© 2y
Agr:Zn?'=0:10 a0
™M i
[ il . ST i r- |
20 25 30 35 20 25 30 35
Photon Energy (eV) Photon Energy (eV)

ty (arb. units)

Zno

Mol
AgNC/ZnO on LED aciéiyer Lo
'SL, 200 1,
AghZrt=6:4 3L0)

PL Intensity (arb. units)

PL Intensi

7 (a) Ag-NC/Zn0

O (c) 10K
Ag-NC/Zn0 PL (d)

10 K LED  Ag-NC/ZnO/LED

PL

< >

M. Sato, H. Hara, T. Nishide, and Y.
Sawada, J. Mater. Chem. Vol. 6,
pp-1767-1770 (1996).

H. Nagai and M. Sato, in Heat
Treatment—Conventional and Novel
Applications, Heat Treatment in Molecular
Precursor Method for Fabricating Metal
Oxide Thin Films, ed. Dr. F. Czerwinski
(InTech, Rijeka, 2012).

(1) T. Onuma, S. Saito, K. Sasaki, K. Goto,
T. Masui, T. Yamaguchi, T. Honda, A.
Kuramata, and M. Higashiwaki,
"Temperature-dependent exciton resonance
energies and their correlation with
IR-active optical phonon modes in p-Ga,0,
single crystals", Applied Physics Letters
Vol. 108 (10), pp-101904 1-5 (2016). DOI:
10.1063/1.4943175

(2) T. Onuma, S. Saito, K. Sasaki, T. Masui,
T. Yamaguchi, T. Honda, and M. Higashiwaki,
"Valence band ordering in B-Ga,0, studied
by polarized transmittance and
reflectance  spectroscopy”, Japanese
Journal of Applied Physics Vol. 54 (11),
pp-112601 1-5 (2015). DOl :
10.7567/JJAP.54.112601

(3) T. Onuma, K. Narutani, S. Fujioka, T.
Yamaguchi, K. Wang, T. Araki, Y. Nanishi,
L. Sang, M. Sumiya, and T. Honda, "Optical
properties of Ga, 4,10, ;sN p-n homojunction



blue-green light-emitting-diode grown by
radio-frequency plasma-assisted
molecular beam epitaxy”, Trans. Mat. Res.
Soc. Japan Vol. 40 (2), pp-149-152 (2015).

(4) T. Onuma, Y. Sugiura, T. Yamaguchi, T.
Honda, and M. Higashiwaki, "Impacts of AlQO,
formation on emission properties of
AIN/GaN heterostructures™, Applied
Physics Express Vol. 8, pp.052401 1-3
(2015). DOI: 10.7567/APEX.8.052401

(5) T. Onuma, S. Fujioka, T. Yamaguchi, Y.

Itoh, M. Higashiwaki, K. Sasaki, T. Masui,

and T. Honda, "Polarized Raman spectra in

B-Ga,0; single crystals™, Journal of
Crystal Growth Vol . 401, pp.330-333 (2014).
DOI: 10.1016/j-jcrysgro.2013.12.061.

(6) T. Onuma, T. Yasuno, S. Takano, R. Goto,
S. Fujioka, T. Hatakeyama, T. Oda, H. Hara,
C. Mochizuki, H. Nagai, T. Yamaguchi, M.
Sato, and T. Honda, "Cathodoluminescence
spectra of Ga-In-0O Polycrystalline films
fabricated by molecular precursor method",
Japanese Journal of Applied Physics Vol.
53 (5S1), pp-05FF02 1-4 (2014). DOI:
10.7567/JJAP.53.05FF02.

(7) T. Onuma, S. Fujioka, T. Yamaguchi, M.
Higashiwaki, K. Sasaki, T. Masui, and T.
Honda, "Correlation between blue
luminescence intensity and resistivity in
B-Ga,0; single crystals™, Applied Physics
Letters Vol. 103 (4), pp-041910 1-3 (2013).
DOl: 10.1063/1.4816759.

44 7

@

T. Onuma, S. Saito, K. Sasaki, K. Goto,
T. Masui, T. Yamaguchi, T. Honda, and M.
Higashiwaki, "Valence band structure of
monoclinic gallium oxide studied by
polarized optical measurements”, The
Collaborative Conference on Crystal
Growth 2015 (3CG 2015), Hong Kong, Dec. 15
(2015), No. B20 (Invited-Oral).

T. Onuma, S. Saito, K. Sasaki, K. Goto,
T. Masui, T. Yamaguchi, T. Honda, and M.
Higashiwaki, "Optical Anisotropy in (010)
Plane of p-Ga,0, Single Crystals™, 1st
International Workshop on Gallium Oxide
and Related Materials, Kyoto, Japan, Nov.
6, (2015), 13.

T. Onuma, T. Shibukawa, D. Taka, K.
Serizawa, E. Adachi, H. Nagai, T.
Yamaguchi, J.-S. Jang, M. Sato, and T.

Honda, "Study on spontaneous emission in
nitride-based LEDs with
Ag-nanocrystallites Zn0 films fabricated
by molecular precursor method”, 22nd
International Society of Pure & Applied
Coordination Chemistry Symposium (SPACC
22), University of Namibia, Namibia,
Aug.14 (2015), No. SPACC-6
(Invited-oral).

T. Onuma, K. Narutani, S. Fujioka, T.
Yamaguchi, K. Wang, T. Araki, Y. Nanishi,
L. Sang, M. Sumiya, and T. Honda, "Optical
properties of GalnN p-n homojunction
blue-green light-emitting-diodes",
International Union of Materials Research
Societies, International Conference in
Asia 2014 (IUMRS-ICA 2014), Fukuoka, Japan,

Aug. 25 (2014), No.C3-125-009
(Invited-oral).
®
’ ’ "B_Ga203
-LO ", 2016
21a-S222-6 ,2016 3 21 ,
, Ja-Soon Jang, , s
" Zn0
", 2016
19p-P12-25 , 2016 3 19 ,
, , , "'Ga,04
, 2014
9 26 , ,
, "A10,/AIN/GaN
", 2014 20p-C5-4 ,

2014 9 20 ,

o

ONUMA  TAKEYOSHI

@

®



