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Spectrum control of THz radiation from InAs in a magnetic field
by duration and frequency chirp of the excitation pulses
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The THz radiation spectrum from InAs in a magnetic field irradiated with femtosecond pulses can
be controlled by varying the excitation pulse width and chirp direction of the excitation pulse. A
longer excitation pulse width produces lower-frequency THz radiation. Also, positively chirped
pulse excitation will generate higher power and higher frequency THz radiatiol.999 American
Institute of Physicg.S0003-695(99)02530-9

Intense, compact, and simple THz-radiation sources very well with the sechpulse-shape assumption in the tem-
have been strongly needed for applications to sensing or inporal or frequency region. The output from the oscillator
aging and time-resolved spectroscdpy’ Zhanget al. re-  passed through a half-wave plate and an optical isolator to
ported quadratic dependence of laser-induced THz radiatioprevent feedback. This unit also functioned as a variable at-
on a magnetic field* Previously, we reported the significant tenuator. The excitation spot size at the sample was approxi-
enhancement of THz-radiation power from InAs in a mag-mately 2 mm in diameter. To simultaneously control the ex-
netic field irradiated with femtosecond optical pulsésn  citation pulse width and frequency chirp, we introduced a
most cases, the THz-radiation spectrum was strongly depemulse stretcher and compressor consisting of an SF-6 prism
dent on the emitter device structure or characteristics, thergpair separated 120 cm for fixed large negative dispersion and
fore, spectral control was expected to be difficult withouta closely placed SF-6 prism pair to provide adjustable posi-
changing the emitter itself. In this letter, we report the spective dispersiort* With this pulse stretcher and compressor,
trum control of this intense THz radiation by varying the the duration of pulses with a s€ebhape assumption could
width of the excitation pulses and the frequency chirp. be changed between 100 and 300 fs with positive or negative

The experimental setup is shown in Fig. 1. The geometrychirp without changing the other parameters. The positively
was similar to the previous experiment except for the appliechirped pulse contains a longer-wavelength component in the
magnetic-field direction. The sample was nondoped bulkeading edge of the pulse and a shorter-wavelength compo-
InAs with a (100 surface. The conduction type of nondoped
bulk InAs was slightlyn, and the carrier density of this InAs
was 3.0<10' cm™3. The InAs sample itself is highly re- Stretcher: : Compressor
flective for THz radiation, and the THz radiation was totally
generated in the reflection direction. The InAs sample was
placed 45° to the excitation laser beam path. A field of up to
1.7 T was applied parallel to the sample by a water-cooled
electric magnet. In this geometry, the THz radiation was de-
tected even without the magnetic fi¢fdand the THz radia-
tion was polarized horizontally. The THz-radiation power

exhibits almost quadratic dependence on the excitation = f pos.t.ve chirp
power and a higher magnetic field similar to the previous ~100 fs * 100~ 300 fsec i
geometry'? The THz-radiation spectrum was obtained by @  isolator negative chip
polarizing Michelson interferometer. A liquid-helium-cooled = InAs (100) w
INSb bolometer was provided for detection. The THz- Plate Magne: THz- fad'a"°"

radiation spectrum differs in the magnetic-field direction be- Polarlzmg
cause of the initial carrier acceleration direction due to the Mode-Locked | ® @@ S InteMrlfzr:slmsztners

Ti:Sapphire Laser

Field Polarizer

Lorentz forcé! as observed in the time-resolved measure-

ment of the electric field of the THz radiation that will be g 1 The sample was nondoped bulk InAs witL80) surface. The InAs

reported elsewher€. sample was placed 45° to the excitation laser beam path. A field of up to 1.7
An 82 MHz repetmon rate mode-locked Ti: sapph”'e |a- T was applied parallel to the sample by a water-cooled electric magnet. The

spectrum of the THz radiation was obtained by a polarizing Michelson
ser delivered nearly transform-limited100 fs pulses at 800 interferometer. A mode-locked Ti:sapphire laser delivered 100 fs pulses at

nm with a 9 nmspectral width for the excitation. The pulses gog nm with an 82 MHz repetition rate. To simultaneously control the

from the oscillator were almost transform limited and agreeckxcitation pulse width and frequency chirp, we introduced a pulse stretcher

and compressor consisting of an SF-6 prism pair separated 120 cm for fixed,

large, and negative dispersion, and a closely placed SF-6 prism pair to

¥Electronic mail: ohtake@ims.ac.jp provide adjustable positive dispersion. With this pulse stretcher and com-

YAlso at: Kanagawa Academy of Science and Technolt¢4ST), KSP pressor, the pulse duration could be changed between 100 and 300 fs with
East Building 301, 3-2-1 Sakado, Takatsu-ku, Kawasaki 213-0012, Japarpositive or negative chirp, without changing the other parameters.
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g FIG. 3. Center frequency spectrum dependence of THz radiation with dif-
s ferent excitation chirp, pulse duration, and magnetic field. Since the output
2 pulse duration from the oscillator was nearly transform limitetioO fs, the
2 shortest pulse duration was limited to around 100 fs in this experiment. The
2 pulses around the shortest duration in this experimental setup were rather
= close to the transform limit, and the difference between the positively and
0 L negatively chirped pulse excitations was not large. In the longer excitation
0 0.5 1.0 1.5 20 pulse duration, the excitation with the positively and negatively chirped
Frequency (THz) pulses showed a clear difference.

FIG. 2. Frequency spectrum of THz radiation from InAs in a 1.7 T magnetic
field with different excitation pulse durations with negative chirp. power and the same pulse duration with different chirp di-
rection is rather surprising. Since the sample is excited well
nent in the trailing edge of the pulse. The wavelength shift inRbove the band gai®.42 eV} with excitation photon energy
the negatively chirped pulse is the opposite. Since the outpi@f 1.55 eV, and the photon energy width of excitation pulses
pulse duration from the oscillator was nearly transform lim-were only 20 meV. However, the THz radiation from InAs
ited ~100 fs, the shortest pulse duration was limited towas found to contain still some information of the relaxation
around 100 fs in this experiment. The longer pulse-duratioProcess that might occur within the duration of excitation
side was limited by the separation of the compressor prisnpulses, and the radiation could be controlled just by the time
pair and the second prism size to collimate the widely dis-sequences of photons with only a 20 meV energy difference.
persed spectrum of the 100 fs pulses. The average power dhis difference of THz radiation for the chirping of the ex-
irradiation was finely controlled to 700 mW by the previ- citation pulses might be attributed to the difference of the
ously mentioned half-wave plate and an isolator placed bephotocarrier relaxation process in the conduction band with
fore the pulse stretcher and compressor. The spectra of tfappositely chirped-pulse excitation. Excitation of the carrier
pulses were also monitored to confirm there was no spectrditom the lower-energy side with a positively chirped pulse is
clipping. Since there were intense water-vapor absorptiomore efficient for creating carriers and less sensitive to the
lines in the THz-radiation spectrum, the peak position of thecarrier-scattering effect considering the carrier relaxation in
spectra was not easily determined. To extract the features #fie conduction band. This is favorable for intense, higher-
the THz-radiation spectra in various cases, the center frefrequency THz-radiation generation, as shown in Fig. 3. In
quency of the THz radiation was defined as the average afontrast, excitation of the carrier from the higher-energy side
intensity at each spectral component between 0.05 and 1\8ith a negatively chirped pulse will be sensitive to the
THz by integration. This center frequency can be controlleccarrier-scattering effect due to the carrier relaxation in the
with different excitation pulse widths as shown in Fig. 2. A conduction band. This would result in the lower power of
longer excitation pulse width resulted in a lower center fre-THz-radiation generation with lower frequency. This hypoth-
guency as shown in Fig. 3, due to the corruption of theesis is partly supported by the fact that the positively chirped
impulse response of the semiconductor in the longer pulspulse excitation yielded higher radiation power, as shown in
width region. Furthermore, the spectral shape of the radiatiofrig. 5. To discuss this in more detail, it is necessary to ob-
strongly depends on the chirp direction as shown in Fig. 4serve dynamic carrier relaxation in a magnetic field by time-

This unexpected difference with the same excitation peakesolved luminescence up-converstdhis unexpected dif-
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



Appl. Phys. Lett., Vol. 75, No. 4, 26 July 1999 Izumida et al. 453

@ 1.0F Pulse width 260 fsec 1¢ — .
= Magnetic field 1.7T r s o o rositive Chirp
5 0.8- e miEGaLively i w. 080300..\-
.g' chirped | OO. ° @) O.
& 06 __ puse | Positive Chirp ooe
2 0.4} ghirped Y m ©
= 0 pulse - e o $8$ o Negative
g 0.2} _ 3% ¢ , . Chirp
s m 0.1k Negative Chirp <><><>0
— 0 1 | R e = - :
0 0.5 1.0 15 2.0 g o 17T
Frequency (THz) a8 ¢ 09T
= X oT
@ 1.0- Magnetic fieldt.O 'II' ~ o -17T
£ oel e 5 o -0.9T
. u
. R k- A
£ o6l positivgy S oo} s
= pulse r XXX X 5 o Positive Chirp
£ 04 [ X x <X
£ 02 R
3 ) B i . x x
£ oLV LN A A X x
0 0.5 1.0 1. 20 I Negative Chirp
Frequency (THz) 0.001 | | |
w 1.0} Magnetic field -1.7 'II' 0 100 200 300 400
] . NEQativel . . .
S sl ;hi%ed Y Excitation Pulse Width (fsec)
. u
5 - 56
E 0.6 2&?';2’5"’ FIG. 5. Dependence of THz-radiation power on different excitation chirp,
2 04 pulse pulse duration, and magnetic field.
.a - I~
=
g 0.2 Sakai at the Communications Research Laboratory for the
- 00 - 0'5 1'0 S s 20 time-resolved measurements. This research was partially

supported by a Scientific Research Grant-in-Aid from the
Ministry of Education, Science, Sports, and Culture of Japan
FIG. 4. Frequency spectrum of THz radiation from InAs with different and the Sasakawa Scientific Research Grant from The Japan

excitation chirp and magnetic field. The excitation pulse duration is 260 fs inScience Society.
all cases. The solid line is the positively chirped pulse excitation; the dotted
line is the negatively chirped pulse excitation.

Frequency (THz)

1D. H. Auston, Appl. Phys. Let#43, 713(1983.

2D. Krokel, D. Grischkowsky, and M. B. Ketchen, Appl. Phys. L&,
ference with different chirp direction is significant on two 31046(1989. _
pOintS. In the engineering pOint of view, this eXperimental P. C. M. Planken, M. C. Nuss, W. H. Knox, D. A. B. Miller, and K. W.

Goossen, Appl. Phys. Letf1, 2009(1992.
result SqueStEd a new way of spectral control of the THZ4I. Brener, D. Dykaar, A. Frommer, L. N. Pfeiffer, J. Lopata, J. Wynn, K.

radiation that was expected to be difficult without some west, and M. C. Nuss, Opt. Le®1, 1924(1996.
modification of the emitter itself. In the spectroscopic point °M. Hangyo, S. Torazawa, Y. Murakami, M. Tonouchi, M. Tani, Z. Wang,

: : : ; K. Sakai, and S. Nakashima, Appl. Phys. Lé&9, 2122(1996.
of VIeW’. thIS experlment revealed .that.the Ob.servatlon Of6K. A. Mcintosh, E. R. Brown, K. B. Nichols, O. B. McMahon, K. M.
THz radiation from semiconductors irradiated with ultrashort \givar, w. F. DiNatale, and T. M. Lyszczarz, Appl. Phys. L&, 3844

pulses will provide new information on dynamic carrier re- (1995.
laxation processes. K. Kawase, M. Sato, and H. Itoh, Appl. Phys. Le8, 559 (1995.

. : P
In conclusion, we have demonstrated a simple scheme tog('m'vé'lg's;%'eman’ S. Hunsche, L. Boivin, and M. C. Nuss, Opt. Lez,

control the THz-radiation spectra by varying the excitation o\ exter, C. Fattinger, and D. Grischkowsky, Opt. Leits, 1128(1989.
pulse width and chirp direction of the excitation pulse. De-'°B. I. Greene, J. F. Federici, D. R. Dykaar, A. F. J. Levi, and L. Pfeiffer,
velopment of such simple and intense radiation sources with OPt: Lett. 16, 48 (1991.

tral trollabilit il licati £ TH X.-C. Zhang, Y. Lin, T. D. Hewitt, T. Sangsiri, L. E. Kingsley, and M.
Spectral controliabiity will open up new applications o Z Weiner, Appl. Phys. Lett62, 2003(1993.

radiation. 12N. Sarukura, H. Ohtake, S. Izumida, and Z. Liu, J. Appl. Pi84.654
) _ ) (1998.
The authors would like to express their gratitude to Pro-2H. Ohtake, z. Liu, S. Izumida, S. Ono, and N. Sarukura, Ultrafast Phe-
fessor T. Suemoto at Tokyo University, Professor M. nomena 98, paper No. ThA®ptical Society of America, Washington,

. . DC, 1998, p. 259.
lkezawa and Professor Y_' Kondo at T_Oh0ku Un|vers_|ty and“R. L. Fork, O. E. Martinez, and J. P. Jordan, Opt. L8{t150(1984.
Dr. Y. Segawa at the Institute of Physical and Chemical Ress1 syemoto, H. Nansei, S. Tomimoto, and S. Saito, J. Lu#6&77, 141

search, for their discussions, and Dr. M. Tani and Dr. K. (1998.

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



