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Significant enhancement of terahertz radiation from InSb by use
of a compact fiber laser and an external magnetic field
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We investigated the magnetic-field dependence of terali@ttiz) radiation power from InSb.
Significant enhancement of THz-radiation power is observed by using a compact fiber laser that
delivered 100 fs optical pulses at a center wavelength of 1560 nm. Additionally, applying external
magnetic fields dramatically enhanced the THz-radiation power. THz-radiation power reaches a
maximum value at around 1.2 T, and its enhancement factor exceeds 100. From an applications
viewpoint, this is a significant finding for practical light source design, since it is easily achieved by
using a compact fiber laser and a conventional magneR0@3 American Institute of Physics.
[DOI: 10.1063/1.1564290

The generation and detection of terahgifz) radia- expected to be more intense than that from InAs, because
tion has been widely studied, due to its potential importancenSb is a well known narrow-band gap semiconductor with a
in a wide range of applications, including sensing or imagingmuch smaller effective electron mass than that of IAAS.
and time-resolved spectroscopy in the far-infrared region. T¢dowells, Herrera, and Schlie reported that the THz-radiation
facilitate such applied research, there is an urgent need foower from InSb is dramatically enhanced by using a 1900
develop a compact emitter capable of producing intensenm laser as an excitation sourfeHowever, they used an
broadband radiation in the THz region. To date, various emitidler pulse of a Ti:sapphire-pumped optical parametric oscil-
ters for THz radiation have been demonstrated, includindator, which is a complex laser system. This becomes a criti-
photoconductive switchéssemiconductor surfaces irradi- cal obstacle in achieving a compact and practical THz-
ated with ultrafast optical pulséstwo different color con-  radiation source.
tinuous wave lasers,and parametric oscillatofsAmong Here, we investigate the magnetic-field dependence of
these techniques, using a semiconductor surface is a viablHz-radiation power from InSb by using a compact fiber
candidate for a practical light source, since it provides indaser that delivered 100 fs optical pulses with 160 mW at a
tense THz radiation without chemical processes or microfabeenter wavelength of 1560 nm. It is found that THz radiation
rication techniques for emitter preparatioh. from InSb is significantly enhanced by using a

Since Zhanget al. reported the quadratic magnetic-field communication-wavelength laser as an excitation source, and
dependence of THz-radiation power from GaAsany stud- its power is an order of magnitude greater than that of 780
ies have shown that application of a magnetic field causes amm optical excitation. Furthermore, applying an external
order of magnitude enhancement of THz radiation. This enmagnetic field dramatically enhances THz-radiation power.
hancement is explained by the change in the direction ofHz-radiation power reaches a maximum at around 1.2 T,
carrier acceleration, which is induced by the Lorentz force inand its enhancement factor exceeds 100. The saturation point
a magnetic field** Previously, we significantly enhanced found at 1.2 T could lead to a practical THz-radiation source,
THz-radiation power by using InAs and reported quadraticsince it is easily obtained by conventional magnets. This is
magnetic-field and excitation intensity dependence of THzthe significant advantage of InSb over InAs in which the
radiation power? Furthermore, we have observed anoma-maximum power of THz radiation is obtained at around 3 T.
lous magnetic-field dependence of THz-radiation power, in-  Figure 1 illustrates the experimental setup for the THz-
cluding saturation, decrease, and recov¥rjhe saturation radiation emitter in a magnetic field. A mode-locked fiber
point found at around 3 T could lead to a practical compactaser delivered 100 fs pulses at wavelengths of 780 and 1560
THz-radiation source with a specially designed compachm with a 50 MHz repetition ratédMRA Model A50). The
magnet* For the enhancement of THz-radiation power, alaser power was 160 mW at 1560 nm and 60 mW at 780 nm.
smaller effective mass of photoexcited carriers is considere@he laser spot size on the sample surface was about 2 mm.
to be advantageous. Therefore, THz radiation from InSb iThe sample used was an undoped bulk InSb witfl@0)
surface. The conduction type was slightly and the carrier

3. A split-coil superconducting

dAuthor to whom correspondence should be addressed; electronic maigensny Wf"‘S & 10" cm®, ;
htakahas@ims.ac.jp magnet with a cross-room-temperature bore can provide a

0003-6951/2003/82(13)/2005/3/$20.00 2005 © 2003 American Institute of Physics
Downloaded 27 Aug 2010 to 133.68.192.94. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions



2006 Appl. Phys. Lett., Vol. 82, No. 13, 31 March 2003 Takahashi et al.

Horizontal polarization of excitation B:up B : down
-~
Femtosecond I_a;s&t oar oar
Al — f v \ﬁa_ 08T — S V—A:ah 08T
_-2 M ‘2 Vel 1271
c =
3 ﬁ N 16T 3 16T
=R R YTH B - 201
THz-radiation Bolometer 8 ot = T N 2a1
:> 28 Vo 287 2 M 287
InSb (100K Michelson g 7 e o7 | % ~ a2t
B Interferometer £ [P v | 2 A, 381
lp down - ﬂ M, 4071 - R 40T
@ ® 44T V'\_\ 44T
éf N, 487 /\f\-\ 48T
Split coil superconducting magnet 0 05 1 15 2 0 05 1 15 2
FIG. 1. Experimental setup for the THz-radiation emitter in a magnetic Frequency (THz) Frequency (THz)

field. A mode-locked fiber laser delivered 100 fs pulses at wavelengths of ] o o
1560 and 780 nm with a 50 MHz repetition rate. The laser spot size on th&!G. 3. Fourier spectrum of THz radiation from InSb at magnetic fields
sample surface was about 2 mm. The sample was undoped bulk108b from 0.4 to 4.8 T. The InSb surface was irradiated with a femtosecond laser

A liquid-helium-cooled Ge bolometer was provided for detecting the powerunder excitation of 160 mW at a center wavelength of 1560 nm. The narrow

of the total radiation. A magnetic field was applied parallel to the sampleline represents the THz-radiation spectrum measured at 1.2 T, which pro-
surface. The maximum magnetic field of a split-coil superconducting mag-vides nearly the maximum radiation power.
netwas 5 T.

magnetic field of up to 5 T. A liquid-helium-cooled Ge bo- value. As the magnetic field increases further, THz-rad'lat'|on
power recovers up to 5 T. We also observed a similar

lometer was provided for detecting the total radiation power. g .
. . magnetic-field dependence for InA%Saturation and recov-

The advantage of using a bolometer for this measurement is_~. ; S
. L ery in InSb occurred in a much lower magnetic field, as

the ease of capturing the beam, and the lack of timing or . S
. o . expected from the smaller effective mass of carriers in InSh
optical delay controls. The magnetic field was applied paral- . o
: C compared to that of InAs. At 780 nm optical excitation, the

lel to the sample surface and perpendicular to the incidence C o
o . magnetic-field dependence was very similar to that of the

plane of the excitation laser. The Fourier spectrum of THz

radiation was measured by a Michelson interferometer. 1560 nm optical excitation case, except that its power is

Figure 2 presents THz-radiation power measured in th(leower by an order of magnitude. Part of the drastic enhance-

presence of various magnetic fields. For a quantitative co ment of THz-radiation power due o the excitation wave-
| mIength arises from increased number of carriers generated by

parison, magnetic-field dependence of THz-radiation powe .
from InAs (100) is also shown as reference data, since it is{he longer wavelength laser. However, this accounts for only

widely accepted that an InAs surface excited by a near® factor of 6 at most, comparing the average power and pho-

infrared laser provides intense THz radiation. Samples wer&On energy in both cases. Therefore, another effect should be

irradiated with a femtosecond laser under excitation of 16(5:on3|dered to explain the enhancement of THz-radiation

mW at 1560 nm and. 60 mW at 780 nm. At 1560 nm Opticalpower. One possible explanation is the velocity overshoot.
excitation, THz-radiation power exhibits quadratic Oleloen_Under 780 nm optical excitation, photoexcited carriers gain

dence on the magnetic field, and increases until it saturates Qph kinetic energy, and most of them are scattered intd.the

around 1.0 or 1.2 T depending on the magnetic-field direc%’r ilrl]ezqg:: itr? tilicf/r;?e-p?g?gcicﬁgz\r/lig?.tr-:-;:]r? tif;?%;vt?fglec'
tion. THz-radiation power then decreases to a minimum . y i -
valley. This leads to the less efficient THz radiation. In con-

trast, at 1560 nm optical excitation, photoexcited carriers

100 + 1580 nm(B: up) cannot gain sufficient energy to scatter into thealley, and
Z : ;gg%pﬂmg Sg;’\f”) can contribute to generating THz radiation.
5 E + 780nm (B down) To explore the physical explanation of magnetic-field in-
£ il o lnds (B down) duced enhancement, we measured THz-radiation spectra
= L "“’“:;‘""y,_,--»-».,\ with various magnetic fields using a Michelson interferom-
%_ 01 L ; . ',:?.? eter. Figure 3 presents the THz-radiation spectrum measured
s : L .y at magnetic fields from 0.4 to 4.8 T. As the magnetic field
s 001} ) increases from 0.4 to 1.2 T, lower-frequency components are
@ "—UT RTITN drastically enhanced. As the magnetic field increases over
¥ ogoor | / L et 1.2 T, the spectrum becomes weaker and the lower-frequency
= § * components almost disappear. After reaching the minimum
00001 C P — value, the intensity of the THz-radiation spectrum recovers,
0.1 1.0 100 as observed in Fig. 2. The frequency bandwidth of the detec-
Magnetic field (T) tion system is limited by the system response of Michelson

interferometer and is estimated to be below 2 THz. Therfore,
FIG. 2. Magnetic-field dependence of THz-radiation power. The InSb suryye could point out that the THz-radiation spectrum at a mag-

face was irradiated with a femtosecond laser under excitations of 160 mW P A ;
1560 nm and 60 mW at 780 nm. The dotted line represents the magnetii:}{'etlc field of 1.2 T exhibits a broadband structure, that in

field dependence of THz-radiation power from InAKD0) surface under cludes every frequency component observed in every mag-

excitation of 60 mW at 780 nm. netic field under 2 THz. The theoretical model, developed by
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