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THz region (0.1-10 THz)
(1THz 2 300um 2 33cm! 2 4, lmeV)

Electron
transition
1 A . Inner molecular
oo vibration ()
Q| €
*1 =
Intra molecular < X.-ray |
vibration @ diffraction

ie)

Orientational
relaxation

g,

1m

Dielectric Constant

100mm 10mm

Radio | Mlcro wave

Visible

Superconducting gap, Soft phonon modes in ferroelectrics,
Excitonic resonance, subband transition, Intra molecular vibration
of bio-molecules, Rotational mode of gases, etc.
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Gener'a’non [
‘E-gf‘ﬁ:yPhOtOCOﬂdUCtIVG antenna Photocon ductive antenna

Votallic vz pUIsea'(t) _Photocurrent
antenna Epy, L2

ot
1 Bias
T Voltage

Obti Substrate

- 10-100fs ptical pulse

_Nonlinear optical process

A_ o B 00 (v
X ‘_\“ﬁ !

— Differential frequency
generation.

\/O 1 100 THz (3 mm- 3 um, O 4-400 meV) IS available.
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THz Time-domain spectroscopy

v'Electric field measurement = Complex dielectric constants.

(o), #(o) >,

Sample
v'Allowing for ultrafast time-resolved measurement.

Ultrafast phenomena in semiconductors, phase-transition
and superconducting materials.

R. Huber et al., Nature (2001).  C. Kaindl et al., Nature (2003).
T. Suzuki and R. Shimano, PRL(2009).

250-kHz Ti:Sapphire
Regenerative Amplifier
Pulse shaper
-

. < Pump-Probe Q _
iy - iy S 3
-— é\_ gH

3 I - | - Opt|Ca| .l%;':alrlr:epling g

ZnTe pump .

THz T" MM ey 200 ps | 20

probe 1o =0

I 400ps
0 'mﬁ‘ 0
MQWs | rovee T,=20K +-10
— -
- I

C. Kaindl et al., PRB(2009).
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Photon Energy (meV)
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* Intense THz pulse generation
* Tilted—pulse front scheme with a
LINbO, crystal
H. Hirori, et al., Appl. Phys. Lett. 98, 091106 (2011)
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Nonlinear phenomena in
solids with intense THz pulse

* Resonantly THz-Driven Systems
Rabi oscillations, dressed states, the AC (or optical) Stark
effect, the Autler-Townes effect, electromagnetically-induced
transparency, gain without inversion, ..., etc.

fuo| E

i

* Nonlinear transport phenomena
Bloch oscillation, Inter-valley scattering (Gunn’s effect),
Impact ionizations (carrier multiplication)

* Available for inducing phase transition
phenomena
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Intense THz pulse generation
(10-80 THz)

December 1, 2008 / Vol. 33, No. 23 / OPTICS LETTERS 2767

Phase-locked generation and field-resolved

Ti:sapphire Nd:YLF ||  |fs- Er fiber oscnlator] i
1 : % ump ||
detectlon Of Wldely tunable terahertz plllSES regenerative ﬁ)aserr) |

& double pass

with amplitudes exceeding 100 MV/cm | amplifier
100 fs, 780 nm, 1 kHz

“1| EDFA EDFA
| &SHG ||& CONT
, SF10 compressor ||

Alexander Sell, Alfred Leitenstorfer, and Rupert Huber®

" yGate: 8fs, 1.2 um
Differential frequency generation 2 m'_f Lo my 1]
: CJP E two- iE‘ = ivg
w WL 1| OPA2 > | o M2
GaSe a)l l 2 A.’?::fj](]:'“;;ﬁ‘. T.\ : ‘
N ) u\ti— D /| L* e J
19 uJ (TI 014) 43 1.4-15 r‘- 100 fs ‘ DFGE F EOS

* Field strengths that outer-shell
electrons in atoms experiences.

« Higher frequency region (10-80 THz)
has a GOOD source! (19 pd, 7~ 0.14). e/4ngag? ~ 100 M/cm-1GV/cm

« Lower frequency 7?7
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ZUNI Y,
O SN
A
‘im,‘ R
[ fcia)

e g an /A,

Tilted-pulse front scheme with =
LiNbO; crystal (below 3 THz)

Temporal profile and spectra H. Hirori, et al., APL (2011)

1.5

gmo 1r
—_ A S
£ 1.0 | g 0.0
1.2 MV/cm ||| 50 2
S 05l $ 40 00 10 | &3
G : Horizontal position (mm) % £
2 _ £®
o [ -
5 o.o_—\V}
Q L
mm [
-U. - L ! : l : l 0 l l
% 1 2 3 4 5 6 7 0 1 2 3
Time (ps) Frequency (THz)

* Nearly half-cycle sub-picosecond pulse with a maximum peak
field of 1.2 MV/cm (3 ud, n ~ 10-3, spot diameter ~ 300 um).

* Around 1 THz of center frequency.

* Optical rectification of femtosecond lasers.
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Characteristic of LiNDO; & @ wpi
for THz generation
Good point Bad point
* High second order nonlinear - Large difference between j'«(=5)
susceptibility and n%/"(=2.2)

 Large band-gap energy (3.7 eV) i P @O

(less multi-photon absorption) THz opt
Velocity (phase) mismatching

Appl. Phys. B 78, 593 (2004) ofT™TTETT D palik, Academic
Material d (pm/V) Press (1 985)
CdTe 81.8 |
GaAs 65.6 L Phase
GaP 24.8 P ; ns” T
ZnTe 68.5 & i
GaSe 28.0 “F |
LiTaO; 161 [ i
LiNbO3 168 =

ICF")__ 1 ,l.u...n PPN FTTT EERTREY T MRy P |
(o} 10° o} 102 o

WAVELENGTH (um)
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THz Cherenkov wave = & %% wpl
phase group

\'\I’Hz phase front Vi, << Vo

] THz wave

i==) The condition necessary for
phase 1 the shock (or Cherenkov)
Vre: — R "

l 6, wave radiation of
— II\ e a supersonic aircraft or bullet.

T i

Optical pulse Vv, "~

Direction of THz wave

phase __ _ group
LiNbO,4 Vi = Vo 08O
____group phase
D. H. Auston et al., COS QC _ nopt /nTHz
PRL 53, 1555 (1984).
) 0. =062deg
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Velocity matching by
the tilted-pulse-front scheme

J. Hebling et al., OE (2002).

THz wave

—

Vc .
— / Optical pulse
| {_phase front
Optical pulse:! /’ THz
. 72\ 0. =
LLINDO, ’ \ c _'c S pEo
i opt
Phase velocity of When 7. =6,
THz wave ,
phase __ ¥y
v ]]3[}—;;158 _ V(jg];oup COS (9(; - vTHz o vopct
Noncollinear velocity of Phase matching condition
tilted optical pulse can be satisfied.
4 _ group
qut =V,, COSYc
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How to tilt the pump
pulse front?

Grating

Tilted pulse front

Diffracted light

....................................................... l_>
.................................. -
P//«— Pulse fron
.................................... \\ S
T \\\\\ja \\\\1 ........ —
Grating /B T
Normal line —s- Incident light
Lens pair
t Magnification M, t {

N4
D>
=
z

| : LiNbO,4
f1 f2

llllllllllllllll
nnnnnnnnnn

cos [

sina +sin

tan y =

sina +sin 8 = mpA,,

m: diffraction order
p: groove density of a grating
Ao- the central wavelength

ng: group refractive index of
LN crystal

Yo =0.=062°

KYOTO UNIVERSITY -

INSTITUTE FOR INTEGRATED CELL-MATERIAL SCIENCES -

ICEMS.KYOTO-U.AC.]P 13




THz pulse generation setup

Grating .-

. 0.
g el \9\ Pump pulse
- front

LiNbO,

Oscillator pulse

THz pulse

Laser source

* Ti: sapphire

* 4 mJ/pulse

* 1 kHz

« 780 nm

* 85 fs (FWHM)

Key factors

* Good phase
matching condition

* High nonlinear
susceptibility

* High pumping
power

« Tight focusing the
collimated THz
beam
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Strong picosecond DC
electric field

=

1 MV/cm — 0014 Flectrodes

Substrate

 Achieved in actual electric devices
 Useful for characterization of electric
devices

Nonlinear transport phenomena
« Bloch oscillations

» Inter-valley scattering

« Impact ionization

« Zener tunneling
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* Nonlinear THz phenomena
« Carrier multiplication

(GaAs/AlGaAs multiple quantum wells)
H. Hirori, et al., Nature Commes. 2, 594(2011)
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Extraordinary carrier mul'ripli‘riow;r
in GaAs MQW:s gated
by intense terahertz pulse

H. Hirori, et al., Nature Commun.
2, 594(2011)
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Nonlinear Transport Phenomena
in Semiconductors

Carrier multiplication in high electric field

* Electron accelerated by electric field can gain a kinetic energy
and excite other electrons.

Impact ionization Carrier multiplication
e¢
E, e 99
C. B. “:'Dg
E—I—'—'—g $ 2 ?" @

Various applications

« Avalanche photodiodes Emission
* Electroluminescent and CNT
photovoltaic nano-devices

Fundamental

 Important for nonlinear transport phenomena.
immp The elementary scattering process has been unclear.

«/ gsio,

Drain

~J. Chen et al., Science (2005).
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Purpose

Clarifying carrier multiplication process of GaAs
under high electric field

* THz pulse with an amplitude exceeding 1 MV/cm

== Sufficient carrier multiplication.

 Luminescence measurement

== Direct evidence of carrier generation.
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x iCeMS ﬂ‘
Experimental setup for THz iceMs /wpi
induced luminescence

Setup GaAs quantum wells
Parabolic mirror
10 nm
* Nominally non-doped
(Residual dominant impurity
t donors are Sulfur.)
THz pulse

* Low temperature measurement

+<Sample (10 -150 K)

«Lens (f=40 mm) * The polarization of electric field is
« Luminescence in plane and along the (100)

direction of the sample

H% ETHz

t 7
Mirror Lens CCD

(f=150 mm)

*
Spectrometer
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THz induced luminescence
without photoexcitation

Electric field dependence

>
D at 10 K 2
C e 21+
[5 Electric field [| $
£ 7w |(MVicm) <
o'c |— 1.05 3
€ 5 |---- 0.71 N
Y ®
8_(% 0.54 £ olowd, lu
& S 152 1.56
E Photon energy
S I""“ (eV)
_| P AT A PRI I TR T 1 1

Peak intensity

1.52 1.54 1.56 1.58 1.6

Photon energy (eV)

RN
o
o

—_—
OI

—
OI
N

10

3|

0.0 0.5
Electric field (MV/cm)

* Luminescence centered around 1.55 eV.
* Electric field dependence shows extremely nonlinear (oce8).
* The number of carriers increases by about three orders of magnitude.
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Carrier multiplication
process in GaAs

Single impacT ionization
X - A X » Electrons seeded from

ol condiction ~ 7 r.esid.ual.impurity donors by the
ba”d /\ field ionization

S
a) L]
51.5 * Doubling the number of
© electrons.
-
w Of h

valence 21 hh

pand n e, —> e, +ey+hy,

-2n/a 0 21 /a
K e;, h;; : electron and hole

Carrier multiplication

Carrier density N (¢) after < n;> times impact ionization events:

N(g) =N X 2<”1> N, : initial electron density
0 <n;>: number of impact ionization events
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e/ wpil

Impact ionization number
derived from experimental result

Carrier density Increment of impact ionization
10" number <An, >

N(e)=N,x plm)

?Experiment

—_
(0))

RN
o

< Anl > = 10g2(N(‘9m )/N(gmin)) ~9

ax

RN
(@) ]

o?/\
&
L
Z
£ 0
0 ] 3 I .0 C : .
L e =105 9 impact |on|zat!ons induce
3 [ max numerous e-h pairs.
L 14 | MV/cm
2 10 i 9 times
S & =0.47 MV/cm | — —— —
o ,1BL... v, . .Y ~10"" cm3
0.0 05 1.0 o, 2o
i -1 D 2
THz electric field (MVcm ) ~1014 cm -3 %9 :’g
2

KYOTO UNIVERSITY * INSTITUTE FOR INTEGRATED CELL-MATERIAL SCIENCES » ICEMS.KYOTO-U.AC.]P 23




How m
impact

any times do
ionization occur?

Changing k& with electric field ¢ ()

dk(t)

dt

k (f) . average electron wavenumer

& (¢) : electric field E,=1.7 eV
e . elementary charge

i : Planck’s constant

The Ga

yields the E, of 1.7 eV at a
wavenumber k of 2.77 X 10° m-! .

= —eg(t)

As dispersion relation

llllllllllllllll
nnnnnnnnnnnnnnnnn

2.77 %109 m-"

im=) The number of times the k exceeds 2.77 X10° m in

electric field of THz pulse should be calculated.
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Calculated number of impact
ionization events

« Assumption that the accelerated electrons lose all
kinetic energy when K_ achieve the E,,.

, (a) £=1.05 MVem”’ —k=277%10° m"
E o <n(s,,=1.05 MV/icm) >= 15
&,
x «— k=-2.77x10°m-"
4
g <n(&,,=0.47 MV/cm) > = 3
s .
g Increment number of impact
-2 ijonization events
8 % 1.0 II‘ < nl(gmax) > < nI(gmin) >=12
N =
N _
EE o Good agreement with the
23 e experimental value (9 times).

-2 -1 0 1 2
Time (ps)
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Experiment v.s. calculation

18

C?A 10 O Exp.

E 1017 _ f é,=lnfinity

=z i

> 10"}

g 15 |

< 10

'GEJ 1014; i 3

5 ; {

o= =N
0.0 0.5 1.0

THz electric field (MVem')

NIV,

2 R f\
el
‘;D;y

Impact ionization rate
(Keldysh formula):

Vi :C(E_Eth)zﬂ E >Eth‘

M. V. Fischetti and S. E. Laux,
Phys. Rev. B 38, 9721 (1988).

Good agreement of impact ionization numbers and carrier
densities between the experimental and calculated results.

e

ay

S
(<5 ) T $ = .
|\ i 1CeM 7 *
B T wWDI

S :
N¥DED WPI Research Center

C,=870ps'eV2and E, = 1.7 eV.
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Summary

Result

v Generating the world’s strongest THz pulse.
(Achieving at electric field of 1 MV/cm.)

v Observation of bright luminescence by irradiating
1-MV/cm THz pulse to GaAs MQWs (E, ~ 400 hv ¢y,).

Outlook

v" Further increasing up the THz generation efficiency.

v Studying Zener tunneling and Bloch oscillations with higher
electric field.

v Appling new materials showing phase transitions.

KYOTO UNIVERSITY *» INSTITUTE FOR INTEGRATED CELL-MATERIAL SCIENCES © ICEMS.KYOTO-U.AC.]P 27




