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High average-power THz radiation from femtosecond laser-irradiated InAs
in a magnetic field and its elliptical polarization characteristics
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The THz-radiation power from bulk InAs irradiated with femtosecond optical pulses is significantly
enhanced and reaches 650 in a 1.7-T magnetic field with 1.5-W excitation power. The
THz-radiation power is related almost quadratically both to the magnetic field and excitation laser
power. We have also found that the power of the THz-radiation from an InAs sample in a magnetic
field is over one order of magnitude higher than that from GaAs. Additionally, a dramatic change
of ellipticity is observed, and the spectra of the horizontal and vertical polarization components are
found to differ. © 1998 American Institute of Physids$§0021-8978)09313-X]

Various THz-radiation sources have been intensivelylometer with sub-nW sensitivitfQMC Model QFI/2B) was
studied including photoconductive switches irradiated withprovided for detection. The advantage of the bolometer for
ultrashort optical pulse;” two different color cw laserdor  this measurement is the easiness of the collection of the
parametric oscillator§. The average power of optical short- beam and the lack of timing or optical delay control. The
pulse excited THz-radiation source was at most mW level|nAs sample was placed 45° to the magnetic field, and the
mostly limited by the electric breakdown of the photocon-€xcitation laser was parallel to the magnetic field. The exci-
ductive antenna$.For applications to sensing or imagﬁ]g tation laser irradiated the sample with a 2-mm diameter spot.
and time-resolved spectroscopy in the far-infrared region, This sufficiently large excitation area is advantageous for
an intense, compact, and simple light source is requirededucing the diffraction effect and decreases the possibility
Zhanget al. reported quadratic dependence of the laser inOf damaging the emitter even for such high average-power
duced THz-radiation on the magnetic fiéfiThere was also excitation. In this geometry, the THz radiation was detected
a report of Landau-level contributidf.In this communica- €ven without the magnetic field, similar to GaAs in Ref. 12.
tion, we report the significant enhancement of THz-radiatior" this case, the mechanism of the THz radiation was attrib-
power from semiconductors irradiated with femtosecond op4ted to the carrier motion in the surface depletion electric
tical pulses. The power reaches 6& in a 1.7-T magnetic f'el_d-lg’m The THz-radiation power dependence on the exci-
field with 1.5-W excitation power. This is the highest aver- fation power was measured in a 1.7-T magnetic field as
age power ever achieved in THz radiation at around a 1008hoWn in Fig. 2. The radiation power exhibits almost qua-
MHz repetition rate. A 20QsW average power was obtained dratic dependence on the excitation power, and saturation of

even using a compact 1-T permanent magnet. Moreover, Wil€ THz-radiation power was observed when excitation
found an interesting change of ellipticity of the magneticPOWer exceeded 500 mW. For cw Ti:sapphire laser excita-
tion without mode locking at the same wavelength, the same

field.

The experimental setup for the THz-radiation emitter in
a magnetic field is shown in Fig. 1. A mode-locked Ti:sap- 1.7-T
phire laser delivered 70-fs pulses at 800 nm with an 80-MHz Electric '\

repetition rate using 1.5-W average power for the excitation. Magr'\mlet i polarizer [
or

The sample was nondoped bulk InAs with(E00) surface. A

The conduction type of nondoped bulk InAs was slightly InAs (100} O

v

. . ) 6.3 \ —
and the carrier dens_lty o_f this InAs was &m¢ cm > The s 529 Thiz-ragiation I;Pn?éﬁglzégg
InAs sample itself is highly reflective, unlike transparent 800-nm \ Interferometer
GaAs. The reflectivity of the THz radiation was measured to Z%&i%‘f%

be approximately 70% for a 45 degree incidence angle. pulse <

Therefore, the THz radiation was totally generated in the lari "tl_O”ZOPta' itati
reflection direction. This highly reflective nature of InAs is polarization of excllation
preferable for the THz-radiation emitter in two points. First, FIG. 1. The experimental setup for THz-radiation emitter in a magnetic

it eliminates the rear surface reflection of the radiation thafield. A mode-locked Ti:sapphire laser delivered 70-fs pulses at 800 nm for

: : : excitation. The sample was nondoped bulk InAs witi180 surface. A
norma”y prOduceS interferometric structures in the SpeCtrumliquid—helium—cooled InSb bolometer with calibrated sensitivity was pro-

Second, it enhances THz radiation due to the reflection fromjiged for detection. The InAs sample was placed at 45° to the magnetic

the irradiated surface itself. A liquid-helium-cooled InSb bo-field, and the excitation laser was parallel to the magnetic field. The maxi-
mum field of the electric magnet was 1.7 T, and the magnetic field can also
be applied in the opposite direction. For the polarization-resolved spectral
3E|ectronic mail: saru@ims.ac.jp measurement, a wire-grid polarizer was inserted into the optical path.
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FIG. 4. Spectrum of THz radiation from InAs in a 1.7-T magnetic field
obtained by Fourier transformation of the autocorrelation using a polarizing
Michelson interferometer(a) Horizontal polarization(b) vertical polariza-

average power, and the same optical geometry, this intengien. The dips correspond to water vapor absorption.

THz radiation totally disappears. We have also found that the

power of the THz radiation from an InAs sample in a mag- ) )

netic field is over one order of magnitude higher than that ~ The spectra of the horizontal and vertical components of
from nondoped GaAs with 100 surface in the same con- f[he THz rad|at|or_1 were obtained by a poIanzmg Mlchelson
ditions shown in Fig. 2. The magnetic-field dependence ofnterferometer with the bolometer as shown in Fig. 1. To
the THz-radiation power is shown in Fig. 3. The radiationSelect the horizontal and vertical components of THz radia-
power is quadratically related to the higher magnetic fieldion, & free-standing, 3@:m spaced metal wire-grid polarizer
region as was the case for GalsOwing to this quadratic Was inserted mtq thg optical path. The sp'ectral shape for the
dependence on the magnetic field and the excitation pOW61;{|fferent magnetic field was almost identical. However, the
the total THz-radiation power reaches 650V in a 1.7-T sp_ectral shgpes for different pole_lriz_ation components are s_ig-
magnetic field with 1.5-W excitation power measured by ahificantly different, and the radiation peaks were approxi-
liquid-helium-cooled InSb bolometer with calibrated sensi-mately 1 and 0.7 THz for horizontal and vertical polarization
tivity. This THz-radiation average power at around a 100-COmponents as shown in Figs(a# and 4b). The higher
MHz repetition rate is to our knowledge the highest everfrequency spectrum |s_enhanced in horizontal polarization
obtained. Moreover, 20QW average power was obtained components. The dips in the spectrum correspond to the ab-
even using a compact 1-T permanent magnet instead of th}prptlgn of the water vapor in the path of the THz radiation
1.7-T large electric magnet. The accuracy of the power calil™ &~ _ . . o

bration done by the manufacturer is estimated to be less than _For this optical configuration, the ellipticityof the THz
10% at most, and there may also be collection loss of théadiation was measured for the different magnetic field using

radiation by the focusing optics to the bolometer. a wire-grid polarizer as shown in Fig(8®. Such ellipticity
can easily be evaluated by the transmission power measure-

ments using a polarization-insensitive bolometer through this
wire-grid polarizer. In the zero field, the radiation was com-
1000 pletely polarized parallel to the magnetic field. At around
; 0.25 T, the radiation polarization became nearly circular. In
100 L higher field, it returned to close to linear polarization as
an? shown in Fig. Bb). If the magnetic field was applied in the
opposite direction, the phase difference became opposite.
10 | This elliptical polarization nature can be attributed to the
vertical and horizontal projections of the photocurrent in
semiconductor surface caused by the magnetic field and sur-
m THz-radiation power face depletion electric field as described in Ref. 8. Support-
— slope 2 ing this explanation, the ellipticity dependence on magnetic
0.1 , , field is much less for GaAs with a larger electron mass
0.1 1 (0.063 mgy)*’ than for InAs with a smaller electron mass
Magnetic field (T) (0.022m,)*" as shown in Fig. &). Due to this smaller mass,
FIG. 3. Magnetic field dependence of THz-radiation power. THz radiationthe phOtoeIeCtror_]S I_n InAs will be accelerated ea.‘8|er by th.e
from InAs (solid squaresincreases dramatically as the magnetic field in- €Xternal magnetic field and the surface depletion electric
creases. The solid line indicates slope 2. field, and the THz-radiation power from InAs is much higher

THz-radiation power (W)
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FIG. 5. (a) Experimental setup for evaluating ellipticity of THz radiation.
Ellipticity is defined by inverse tangent of the ratio of the electric field along
the minor and the major axis. This parameter shows deviation of an ellipsg,
from a circle. The phase difference is defined by the rotation of the major
axis from the horizontal plangp), (c) ellipticity of THz radiation from
GaAs(b) and InAs(c). In both samples, the ellipticity changes dramatically,

and InAs is more sensitive to the magnetic field.
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In conclusion, we have demonstrated a new, simple, and
intense THz-radiation source just using bulk InAs. An aver-
age power of 65Q«W was achieved in a 1.7-T magnetic
field with 1.5-W excitation power, owing to the quadratic
relationship to the magnetic field and excitation laser power,
the high reflectivity of InAs, and smaller effective mass of
the electron in InAs. A dramatic change of ellipticity was
also observed for different magnetic fields. Further increase
of magnetic field and excitation power will increase the THz
radiation. Development of such simple and intense radiation
sources will open up new applications of THz radiation.
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