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Fundamental studies on semiconductor coupled multilayer cavity for novel planar-type
terahertz emission devices
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Difference-frequency generation (DFG) of two cavity modes in a semiconductor coupl
ed multilayer cavity is a new concept for compact and useful planar-type terahertz emission devices. In th
is study, we developed fundamental technologies for design and fabrication of the coupled multilayer cavit
y based on GaAs/AlAs multilayer structures and demonstrated its usefulness as a terahertz light source by
measuring various types of frequency-mixing signals using femtosecond laser pulses. We found that the nonl
inear susceptibility inversion inside the coupled cavity structure is one of the most important technologi
es for strong DFG in the terahertz region. The susceptibility inversion was successfully introduced by dir
ect wafer-bonding of two epitaxial films grown on high-index substrates. Signal enhancement due to the inv

ersion was clearly observed in both simulated and experimentally measured terahertz waveforms using femtos
econd laser pulses.

/ MBE



(DFG)
GaAs/AlAs
(DBR )
(113)B
(SHG)
(SFG)
SFG
(113)B GaAs SHG
400
GaAs/AlAs DBR
(113)B GaAs
DBR ~1.5
pm
(n
DFG
2
3
SFG DFG
(n

100 fs

(2) 1.5 um

GaAs/AlAs (113)B
GaAs (MBE)
GaAs
MBE
1.5 pym
InAs (113)B
GaAs MBE
(3)
SFG DFG
SFG
100 kHz 100 fs Si
CCD SFG
DFG
(OPO)
~1.5um 100fs
80 MHz
GaAs
OPO
~0.8 pm
1.5 pm
Si
80 MHz 80 MHz
100 fs pulses 100 fs pulses
ll~08pm I ~1.5um
Ti:Sapphier laser OPO

Delay stage Terahertz wave

=

Sample

PC antenna

Optical
chopper

1 /2 plate



(1) GaAs/AlAs

1489 nm
1504 nm 100 fs
: 1497 nm
M2 GaAs (220 nm)
13.5 GaAs/AlAs(110/130 nm)
DBR 13
17 GaAs/AlAs DBR
(2.0 TH2)
2 DBR
3.25 um
~20.4 pm
2 THz GaAs ~3.65
fs DiSeI A2 flathy w2 Ic?wly S\?vu:’\s/:_a?o%"?:e
o " 13pair-0BR 11 13.5pair-DBR 1T 17pair-DBR | 7= 14969 nm
I 1200 - 2000
I 160.0 - 180.0
1 I 140.0 — 160.0
M 120.0 - 140.0
o —eR
g, =
> I 20.00 - 40.00
g — Y
g3 —
g [<-> e
w 4 I 1000 — -80.00

I 1200 ~ 1000
1400 ~ 1200
[ -160.0 - -140.0
I -180.0 — -160.0
5 I 2000 — -180.0
0 2 4 6 8 10
Position (um)
DFG
3
DFG
2 THz

2 THz

15

2@=1
100fs

pulse “

Non-inverted

A2 cavity

2@=1 3@=-1

WOOVS_A'D:[j

Inverted

E.,, (arb. units)

1 0 1 2 3 4 5
Time (ps)
DFG
¢))
GaAs AlAs
[112]
112A (112)B
MBE
(112
MBE (113)B
GaAs
GaAs/AlAs
(113)B GaAs MBE
(1
180
(113)B
MBE
(113)B
(113)B
GaAs

~2 THz




(113)B

(a) Epiwafer #A
6.75pair-DBR

13pair-DBR
Buffer layers
with etch-stopper

(b) Epiwafer #B
6.75pair-DBR

7pair-DBR

Buffer layers
with etch-stopper

#A + #B

A/2-GaAs [222 nm]

/2-GaAs [222 nm]

MBE

1400 1500 1600
Lo T —
05f .\/—V\ ]
00l E;‘)iwafer#A‘

G

0.0k EPiwafer #B‘

Reflectance

Reflectance
o
B

(C) ans aeL L) by ding
— and sub-removal 1.0
Cw3 .o
] L& 0.5

E v 3,8

—
[(113)B sub. ((113)B sub.

©

um
InAs
MBE
InGaAs
InAs
6 nm
AlAs

®3)

;':3 0.0 m
MouWavel;i(;o!h (nm)1600
@,
~1.5
InGaAs
(113)B GaAs
AFM
6x 1010 cm™2

AlAs
MBE

DFG

25 nm

(113)B GaAs
InGaAs

MBE
InAs

0nm

AFM

SFG, SHG
100 fs
SFG
SHG
(113)B GaAs/
AlAs
SHG
SFG
[33-2]
SFG, SHG
[33-2] [1-10]
[1-10]
SFG, SHG
[33-2]
(113)B GaAs
SFG, SHG
(113)B
SFG
@ 1.0F Exc. Det. ] ® 10 Exe. Det.
.:@ 0.8 «_> 4__» Z 0.8 I 4__’
S 32 1332) c [332]
£ 06 { 2 ose}l[170]
; 04 Dot} § 04 x5 et
é 02 v é 0.2 _I
B o x10 1oy - il [110]
740 760 780 740 760 780

Wavelength (nm)

Wavelength (nm)

SFG SHG
@
[33-2] (b) [1-10]

DFG

GaAs
GaAs/AlAs
(113)B MBE
(113)B
MBE
DFG
[33-2]
[33-2] DFG

2.1



THz

DFG

2.1 THz

T T T T T

(a) Epitaxial only
[Non-inverted]

#A + #B
[Inverted]

E,,, (arb. units)

Time (ps)
5 T T T T

Mode freq.
(b) difference: b
2.1 THz
#A + #B
_— [Inverted]
Epitaxial only
14 [Non-inverted]

FFT power
N

0 1 2 3 4 5
Frequency (THz)

DFG ) ®)
MBE

MBE
DFG

T. Kitada, S. Katoh, T. Takimoto, Y.

Nakagawa, K. Morita, and T. Isu,

“ Terahertz emission from a GaAs/AlAs
coupled multilayer cavity with
nonlinear  optical susceptibility
inversion” , Applied Physics Letters,
Vol .102, No.25, pp.251118-1-4, 2013.

DOI: 10.1063/1.4813012

T. Kitada, S. Katoh, T. Takimoto, Y.

Nakagawa, K. Morita, and T. Isu,

“ Terahertz Waveforms Generated by
Second-Order Nonlinear Polarization in
GaAs/AlAs Coupled Multilayer Cavities
Using Ultrashort Laser Pulses” , IEEE
Photonics  Journal, Vol.5, No.3,
pp-6500308-1-8, 2013.

DOI: 10.1109/JPHOT.2013.2267536

S. Katoh, T. Takimoto, Y. Nakagawa, K.

Morita, T. Kitada, and T. Isu,

“ Terahertz Radiation from a (113)B
GaAs/AlAs Coupled Multilayer Cavity by
Ultrashort Laser Pulse Excitation” ,
Japanese Journal of Applied Physics,
Vol .51, No.4, pp-04DG05-1-4, 2012.

DOI: 10.1143/JJAP.51.04DG05

K. Morita, S. Katoh, T. Takimoto, F.
Tanaka, Y. Nakagawa, S. Saito, T. Kitada,
and T. Isu, “ Generation of Terahertz
Radiation from Two Cavity Modes of a
GaAs/AlAs Coupled Multilayer Cavity” ,
Applied Physics Express, Vol.4, No.10,
pp-102102-1-3, 2011.

DOI: 10.1143/APEX.4.102102

F. Tanaka, T. Takimoto, K. Morita, T.
Kitada, and T. lIsu, “ Time-Resolved
Measurements on Sum-Frequency
Generation Strongly Enhanced in (113)B
GaAs/AlAs Coupled Multilayer Cavity” ,
Japanese Journal of Applied Physics,
Vol .50, No.4, pp.04DG03-1-4, 2011.

DOI: 10.1143/JJAP.50.04DG03

T. Kitada, F. Tanaka, T. Takahashi, K.
Morita, and T. Isu, [ ]
“ Novel terahertz emission devices
based on efficient optical frequency
conversion in GaAs/AlAs  coupled
multilayer cavity structures on
high-index substrates” , Proceedings of
SPIE, Vol.7937, pp.79371H-1-6, 2011.

DOI: 10.1117/12.872103

K. Morita, F. Tanaka, T. Takahashi, T.
Kitada, and T. Isu,” Optical Anisotropy
of Strongly Enhanced Sum Frequency
Generation in (113)B GaAs/AlAs Coupled
Multilayer Cavity” , Applied Physics
Express, Vol.3, No.7, pp-072801-1-3,
2010.

DOI: 10.1143/APEX.3.072801

F. Tanaka, T. Takahashi, K. Morita, T.
Kitada, and T 1Isu, “ Strong Sum
Frequency Generation in a GaAs/AlAs
Coupled Multilayer Cavity Grown on a
(113)B-Oriented GaAs Substrate " ,
Japanese Journal of Applied Physics,




Vol .49, No.4, pp.04DG01-1-3, 2010.

DOI: 10.1143/JJAP.49.04DG01

, , " GaAs/AlAs
", 2014 61
, 2014 3 17
2014 3 17 ,
s , , “ (113)B
InAs
GaAs/AlAs
2013 74

,2013 9 16 2013 9 20 ,

’ ’ ’ [
](l
,2012 12 17 2012
12 18 ,
> , , “ (113)B
GaAs
Ing ,s6a, 55AS InAs
", 2012 73
, 2012 9 11
2012 9 14 ,
 GaAs/AlAs
2012 59
,2012 3 16 ,
> L 1* GaAs/AlAs
() 32

, 2012 1 31 , TKP

K. Morita, T. Takimoto, S. Katoh, F.
Tanaka, Y. Nakagawa, T. Kitada, and T.
Isu, “ GaAs/AlAs coupled multilayer
cavity with polarization inverted
structure fabricated by wafer-bonding
method” , The 38th International
Symposium on Compound Semiconductors
(I1sCS2011), 2011 5 24 , Maritim
proArte Hotel

T. Kitada, F. Tanaka, T. Takahashi, K.
Morita, and T. Isu, [ 1¢ Novel
terahertz emission devices based on
efficient optical frequency conversion

in GaAs/AlAs coupled multilayer cavity

structures on high-index substrates” ,

SPIE Photonics West2011, 2011 1 26
, The Moscone Center

-, , “ GaAs/AlAs
2010 71
,2010 9 16

K. Morita, F. Tanaka, T. Takahashi, T.
Kitada, and T. Isu,” Optical Anisotropy
of Enhanced Sum-Frequency Generation
Signal in (113)B GaAs/AlAs Coupled
Multilayer Cavity” , The 37th
International Symposium on Compound
Semiconductors (1SCS2010), 2010 6

4

http://www._frc.tokushima-u.ac.jp/frc-na
no/

¢y

KITADA, Takahiro

@

I1SU, Toshiro

MORITA, Ken

®

MIZOGUCHI, Koji



