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Enhancement of terahertz electromagnetic wave of difference wave mixing due to
quantum beat tuning
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We have investigated the enhancement of terahertz electromagnetic waves due
to exciton quantum beat generated by difference frequency mixing excited by two continuous wave
lasers in a semiconductor multiple quantum well. The maximum intensity was obtained by two
continuous wave lasers with the energies of heavy-hole and light-hole excitons at room temperature.
Generally, in the zincblende structure semiconductors, the oscillator strength of heavy-hole
excitons is three times larger than that of light-hole excitons, so that the maximum intensity was
expected at the heavy-hole exciton energy. However, in the experiment, the maximum intensity was
obtained at the light-hole exciton energy, which suggests that it is possible to enhance the
difference frequency mixing process by quantum beat.

GaAs



B X C—19, F—19—1. Z—19,.

1. WFZEBIA Y DY =

WA, T 7~V BRI BT DR FE B 3 %
ENACETETIERITR-TEY, SH25%
JRIZIANT | A& 22 JERR SR DT T~V BRI
RAEZBFNPMBLINTVD, ZIVETITILH
HIVTNET T~ ERGE DR AT EELT
L ER IR oA RE T T IR LN
WAL —H—Z BT 5 HIERHY, 2 —
WE72 FEELTHOLLRTWA[L], S
KRR MICHBE VA BE L CERSNDF Y
VT OREENC LD BRI A [ C TR L 5
2 Fe T U7z i 5 72 R R 8 AR [3) 72 &
HD, 2T MERE— 708 1~2 T~ LV
JE TR CEENRE:1 TF -~V Ll ) 7Y
AN DB ERESEDHETHD, TO
— T PRI DT T~ BRI O g
EDOFHFEELTE, B AR —RL—H—n
FAEWFIES N TRY, ST T TIEIERIE L
FRERFAL, ZRBIREGIZEST, 7T~
VB AR AESELHENERSNTND
(4]

FEDIH7RRMD—F T, Fx i3E Mmoo
ab—L U MEEIO — D> ThHARE & —hk
WCHEB L T2 1T C& 72, BB —hEIE,
LR T X972 3 ERLRIZBWT, —o0#E
N % AT N IVHE AS RN R A XL A C R I Jil
HETAZLTRAETHIL—L U MEBIBIS ThH
%, ZODIREE RN 52T, HR
HBOERENTERS I, BEISEEFICE
v —MI LD IR E DN BT 5, 2o & v —
e @Ay T ST HZEZHEL
T INFETHREEI T TET,

B —NI, T~V BRI R AETREL T
B ANTHFFES TN, iR RIS -1
VIHRD TEBN D72, ZDOFERELT, 74/
AL 72 8T K 92 bk - 0D & s 2 (N A A%
MNEZHNTE, LU D, GaAs/AlAs %
HEFHFICBOWTEAEY — OB E KA
EREL., BRI AT ST 4G R0 D, 7]
EH 150 K TR o2 EMEEETFE—h
DOFEAEIITHMEZ BRIV E2 T 2 13D
M LTz, EBIT RY— LRI E N U728
BOBFE—FORENEIR T CEFE —
FEHCXRWEREO— D THAZLLHELT-,

L—H—XRIML
1 BhiR ik fE2

BhiEdR i1

Energy

EHERE

1 &7 — DI LR,

CK—19 (dtm)

[5].

2. #FEEDOHW

FROMEE 55, BT —F— UL
ADARY NI ENE B IZHIE 52T, &1
E—MILA oA RIE THAKRFATRETHY, =
Doy % 2 DO L — P —Z2 RS T
AT LHEFERIRA N EILBIELLTT T~
WP EER CTEHEB X T, TOHIELT, &
FE— D FE IR AT A2 Tae—
VNI H BB TEDI LY HEINTWY
5[6], ZNBHEEEX T, B2 —hOE K%,
B PACIAD N RCES 2 E TR 528 T,
BRI DT T~V I T N AD E
BUCHT = BREELND 5 2 RIS
FLI=,

3. gD ik

FEHZIL GaAs/AlAs ZE &1 H 2 Az,
BEFHATCIE. X 2 IZRTIoC, B FHUIA
DR FACID BV IEFLEB W IEAN DAL TE
D, ZOHHTFNF — I HFIEREICE-T
HIHE AT RE T D, ZDHIEFL-BRIE FLAY 2L
TR F—DIFIZSC T, B —rORE A
HINEALT DO T, TR FIREG D=3V
X—t—HTHHEAL B LRV E OB,
BEEBTHIENTED, EbIC, BFIHFT
1. 3 ITRTINC, EFHACAD 24T
ZhRAIZ X I b S - B A& IR B B S ko
TSN RN, T T~V B I £ D
HERER LD, T, pin #E&EICETHT
EDIATeZ ECEREAHIINL, HEEIT-T,
7% BBHIEE Sheffield A7 CIERIEL,

el
-
nEH —
HEFH BUEA
BEWIETL

2 B FOETIRE,

3 electron

2 heavy hole
1 light hole

« P

3 IrtDFE L E,



NTOREIFZER TIT o7,

4. fF7epk R

T IV EREEE DR EEZITOTZDIT, K 4
DR REAFGE LT, Bl eI, AL
—F—& Tisapphire L —% —% @85 1 ©—R T
ERLE, 202 5O —HF—Y5 1L X THEL
L. B FREHC L TR AELZT T~ L
R A U T B CHEE L T MRIHERICAT)
L7,

BEFERE, X 5 1R T, ZOERTIE—>

Si wafer

Off-axis
parabolic

Semiconducton Micror
laser (83 /4"'%

A2 Palarizer

plate !
Tizsapphire R Half
laser (L) l'D mirror

Nariable
ND filer

mirror

THz wave
Light

chopper
Lens

MOW sample *
4 PN R ORI,
L, Photon Energy (eV)

1.48 1.52 1.56
_l Trr I Trrrrrr 'I Trrrorr I T |'|'_
1oF @) Lo 18 THz
r i i wl
8 1 1 -
14+ ) ' . LT
r [THz L) Intensity; 3.40 kWiem’ 5
- L, Intensity: 17.0 KW/em™ 5
12F 1 ]
- [ ] J
210 woe
10 i 0.
= [ 0% 5]
E _OOO : : 2
3 3_— | V102 KWiem .
= I i -
f= i i
- | i
ak | i

PL Intensity (arb. units) t2

1.52

Photon Energy (eV)
5 T I~V BB GRE DL —H— 1
LA RIFHELTE AT L,

DL —HWF —D T XX —% B IEFLE =
ANF =T EELL(HHF DO L DOKH), 95—
L= (L) D= RN F =l x [TEZ Tz, L
—PF—DEEIRELY oD —H—Lg 34
kWicm? CITo 72854 B R idBllEnsb 00,
B/ — 7RIS 138D e\, THUCHIL, Ly
DL —H —OIRFEZH NS T E, K0 AR
e —IREEN G,

ZOEBORIFNZFIRG LTI~
Y EBIE CTHDHI BRI, il i A
RIEMEEHE LA R 6 ThD, (5 558
VR YEIREE IR T 2 |THMLTRY, =
MUTZER IR AL DT T~V BRI DR
Tho,

ZZTC K5I8 WT LH TRULZER W IEFLED
BT RLF—TE— 72> TWHIEICTE
H4%, %2 GaAs 572 PO dhEnai s A
fEdm TR, O IE LB E T O R B -8 A 1T
WIESLBNE F D 315 ThD, LTz> T, AkT
HiE, EOIELBE =R —THR KD
HRENGOLNDETT THD, ZNITH00bb
O IE FLID L - = R L — Tl KR E A
BONTWBEVDZEIL, K 3 TRLEES e
FRACIAD v 2V 7 BT IR LT 4y i 3 75
IR A BBRARRL -2 EICERL TWAHE
E 2 5,

Wiz, Mo pEmE HIEL €, &8
— DA T DR G2 T o7, BEL LA
L —P—TR - NRAESEDL RIS T
HEOLES. L—F —x 3L F—% oD
FZRAX—DHLETEHIET, I RKBREN
BFHILD[6], ZAVUTMERCHIE FIEIIFK L
72N, ZOH I OWTES RIS
B2, RO RN EFE—MNIEx
DINFNC DN, FHHEE T T, ZORER%
7 R T, ZOFETIE, B BT+ —2k
BcREINDEE 2, R —ILENVIE ()&
—JRBONE () ERR 2 [CEZ CRtHEE T T2, 72
B, BFE—rOIERIZ S ORhE R o %
DOFETHZ2zLNHELTWS, X7 T3 L9012,
YJ— JRMMDIER AL —LRVIRD 1/5 BEL/N
SWEAIT R F o p X —TE—rih  #*
LA TIEF ORI F — TR ER STV,

"L:HHexciton /7 ]
s fl ;
= | (0.21 THz) S iy
i a1 , é’ ,."r
=F o 13 do
Z[ @ 15 v P
5 L .'. .Fe .l".I
z ¢ §
- @ o £
= . i 0 il ,&
D!J ¥’ r I/
- ® / J :rﬁ
m & O [ A
® 6 S
1 lﬂ
L, Excitation Density (kW/em™)

6 JBhEC O A A



ESNE S B N1 =Y AV N A N et/ &1 Ji /N
KEWV, ZORERIZ, IRIEO RESITIFH)—IR
DONE NS 25— T, A — LN iED &
W H G2 QOAIEERLTND,

ZLTC, L= —=ZROLNDEMEEHS)
\ZTBTHI BE SV AL—HF—D AT L
MRAEEZ - FEBREIT-7-, X 8 O _kicL—H—
ARV EFIILE R R E R~ T, L—F—D =R
NI IVEHIEITL TR ST O & i SR (%
FR)EHEART IR E N PRCTHY, EHITHR
FOWELIHSNTWS, ZOZEE, &FE
—hDOFEAEIZEBNT, i IZHWAL—F—D
AR BN EE CThHIEE, SHIZHLTLY
AT N VIE DN 2L A TR A2 LM
HTIE7L, i FOARERE LSS TH A
HETHAHILEERL TWA, 2L, AKWFZED
2T NP R— 5L O THD,

B 9 1B I3 0RO AR AL
T ERE LT RTHD, ZOARITILD
E1HH1 CRULIEEO B 2L —HIic 77
Y IrIVT 4oy 2 RENC KD IR ENAE G N L &
LTS, ZOHRENJE M A fEHT L7k R 3G
THESND 20 kViem 2 O NERES BFE
THZEHMER LT, DA B EZ T, BHd
IR AE 5O BFRAEFRLIEEZA, 50

e T Y
= L = L] =

%107 Vygy Vi (arb. units)

n

0 5 10 15
Excess Energy (meV)

X 7 BT — 1 OIEE DB,

P | L I IR IS LS I
# ia) —— controlled
= o ==- uncontrolledy
s £ .
£t 3
= . ]
= F \\‘ 3
5 oI R T O T (O O N
E1.55 1.56 1.57 1.58 1.59 1.60
Photon Energy (eV)

-1.0 05 00 05 1.0 1.5
Time Delay (ps)

8 ATV RIS G ORFE
—hDFRE,

kVicm FiJE CThe KIRE NSO 2 5 Al REME 2 15
77

S5, AT T~ BRI DA G
PARIE LR R, X 10 (2R, BBREWS
LIz, AR R A R L TR, 2O,
A1 O BERG I 5 O PRI B AR 0 FLIZ 7D
LEZLBND,

b, BETDHT T~V EBBEDO S5
705 EREALORIEE K RS A L 5 7
EEREZIT O 2 & TURMO Sy TS DT 72
E~DIGHRe, FHL e B ECE T O IEER
BELEx 2V TR EDO~DIEH % H
LT,

[1] Auston et al., Appl. Phys. Lett. 45, 284
(1984).

[2] Sarukura J. Appl. Phys. et al., 84, 654 (1998).
[3] Nagai et al., Opt. Express 17, 11543 (2009).
[4] Tanoto et al., Nat. Photo. 6, 121 (2012).

[5] Kojima et al., Phys. Rev. B 91, 125307
(2015).

[6] Kojima et al., Phys. Rev. B 68, 155325
(2003).

LI IIIIIIIIIIIIIII
5 [ E1LH1 ]
3 C .
3—3.5_— .
> [ ]
240F 3
(D)
g f
x-45F .
el 8 E1HH1 ]
) T N N

150 155 1.60 1.65
Photon Energy (eV)

X 9 JEAFHIEHE s

4 10 fRCRAEDHIE RS F.



5. ERRKIHLE
(WFgERFEE . I3 R OSBRI I
LR

UdERsam s (it 6 1)

1. Rapid dephasing related to intersubband
transitions induced by exciton quantum beats
observed by a pump-probe technique in a
GaAs/AlAs multiple quantum well

O. Kojima, K. Kojima, T. Kita, K. Akahane
Physical Review B 91, 125307 (2015).

2. Effects of exciton line widths on the amplitude
of quantum beat oscillations

0. Kojima, T. Kita
Applied Physics Express 9, 062801 (2016).

3. Effects of non-exciton components excited by
broadband pulses on quantum beats in a
GaAs/AlAs multiple quantum well

0. Kojima, Y. Iwasaki, T. Kita, K. Akahane
Scientific Reports 7, 41496 (2017).

4. Excitation of thin cyanine films via energy
transfer from Si substrate

Y. Ito, O. Kojima, T. Kita, Y. Shim

Journal of the Physical Society of Japan 86,
094710 (2017).

(FERE) G 33141)
1. Emission of continuous terahertz wave using
exciton interference
0. Kojima
The 7th International Conference on Electronics,
Communications and Networks
2017.11, Hualien, Taiwan #A75:#7H

2. Generation of continuous terahertz wave by
differential-frequency-mixing in a GaAs/AlAs
multiple quantum well

0. Kojima, Y. Tarui, T. Kita, A. Majeed, E. Clark,
P. Ivanov, R. Hogg

Nanophotonics and  Micro/Nano
International Conference 2017

2017. 9, Barcelona, Spain

Optics

3. THz wave generation through 2nd order
non-linear excitonic effects in GaAs/AlAs
MQWs at room temperature

A. Majeed, P. lvanov, B. Stevens, D. Childs, O.
Kojima, R. A. Hogg

Photonic West 2017

2017. 2, San Francisco, United States

4. Ultrafast optical devices based on exciton
quantum beats

0. Kojima

Energy Materials Nanotechnology Meeting on
Optoelectronics

2016. 4, Phuket, Thailand 775287

5. Effects of homogeneous and inhomogeneous
broadenings of excitons on amplitude of exciton
guantum beats

0. Kojima, T. Kita

17th International Conference on Modulated
Semiconductor Structures, MSS17 2015

2015. 7, Sendai, Japan

6. GaAs/AlAs % & &1 H i )OS 4
BT T~ BRI DR IR

B, /NEEE, B2, R Hogg

% 65 S A EARERNGEHES, AW
M K27, 2018. 3

7. SRR ORE FORERS DA
FIRALTT A ADBR %

/N

SRBATE 019 B &, BIVEE IARIEE L, 2017.
9 FARFRHIH

8. Effects of exciton oscillator strength on
terahertz generation due to
differential-wave-mixing in GaAs/AlAs multiple
quantum wells

Y. Tarui, O. Kojima, T. Kita, R. Hogg

HAME Y2 5 72 FHERKRS, KRR,
2017.3

9. GaAs/AlAs ZE & F 7 31T DIbEL b
BRI T COEBBIRAICEDT T~V sk
WD =R I

MIFRERL, NEIE, B2 P, A Majeed, P.
Ivanov, E. Clarke, R. Hogg

55 27 [MDEPERT SRS, #RF R, 2016.12

10. Effects of magnetic field on terahertz
generation due to differential-wave-mixing in a
GaAs/AlAs multiple quantum well

Y. Tarui, O. Kojima, T. Kita, A. Majeed, P.
Ivanov, E. Clarke, R. Hogg

HAMBE S 5 71 BIFER RS, RALERER
%%, 2016. 3

(ZDfth)
R DR — D
http://www.research.kobe-u.ac.jp/eng-photonics/

6. HFFTAHER
(DT EE
/NS B (KOJIMA, Osamu)
RN N B0 SRR e
903 755 : 00415845

O A YIE]
HOGG, Richard
WE[E - /T AT — K Hi%



