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Optically excited THz-radiation from ten molecular-beam epitaxy (MBE)-grown strained multiple quantum wells (MQWs) on a
(100)-oriented semi-insulating GaAs substrate is studied in a 1-T magnetic field. Wavelength-dependent THz-radiation clearly
exhibits a resonance behavior at the excitation wavelength near 830 nm, the peak wavelength of photoluminescence (PL). We
also observe and explain an emission spectrum from the MQW with slightly enhanced higher-frequency components compared
to that of bulk GaAs. In the thin MQW sample, the THz emission is still significant. This indicates the possibility of designing
MQWs as efficient THz emitters in the future.
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THz radiation has become a powerful scheme for
far-infrared spectroscopy and various imaging applications.1)

Many materials and devices have been reported to generate
THz radiation when excited by femtosecond laser pulses.2–7)

On the other hand, THz radiations from electrically biased
single quantum well or coupled double quantum wells have
been reported. The radiation mechanisms are quantum beats
by light-hole and heavy-hole excitons or charge oscillation
between two electron states of the coupled system.8–10) Semi-
conductor microcavities have also been shown to generate
THz-radiation from exciton absorption.11) The wavelength or
power dependence of THz radiation fields by single12) and
ten coupled quantum wells13) have been associated with the
resonance absorption of excitons. The radiation intensity
and oscillation decay time have also been studied as func-
tions of excited charge carriers density in a superlattice struc-
ture.14) A tunable THz radiation at frequencies from 1.4 THz
to 2.6 THz in a single quantum well from charge oscillation of
excitons has been reported.12) The emission frequency from
Bloch oscillations in an electrically biased superlattice struc-
ture can be tuned from 0.5 THz to more than 2 THz.15) By
varying the applied field, anti-crossing of the emitted frequen-
cies has also been observed in a superlattice.16) In these stud-
ies, the quantum wells or superlattices are biased by an elec-
tric field to generate THz radiation. It is well known that a
magnetic field can be not only used to switch THz-radiation
beams17) but also to generate higher average power of THz
radiation.18,19) For a wide parabolic quantum well, a marked
resonance enhancement of THz emission when the cyclotron
frequency crosses the magneto-plasmon frequency was ob-
served by varying the magnetic field.20) A magnetic field has
also been used to observe the suppression of THz charge os-
cillation in double quantum wells at low temperatures.21) In
this paper, we report an optically excited THz radiation from
strained multiple quantum wells (MQWs) in a magnetic field,
for the first time to our knowledge. Due to carrier screening
of the strain-generated internal electric fields, strained QWs
are expected to exhibit large 3rd-order optical nonlinear sus-
ceptibility, χ(3).22) Through the optical rectification mecha-
nism, materials with largeχ(3) are expected to emit higher
THz power.23) Furthermore, a strain in the QW will bend its
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potential profile due to charge separation and thus increase
the absorption at the band edge.24) Consequently, we also ex-
pect that THz-radiation power should also be enhanced as the
pumping wavelength is tuned near the band edge.

The strained MQW sample consists of ten peri-
ods of 8-nm-thick In0.11Al0.09Ga0.8As wells separated by
10-nm-thick Al0.3Ga0.7As barriers grown on a (100)-oriented
semi-insulating GaAs substrate by molecular-beam epitaxy
(MBE). The strain is estimated to be 0.8%. Its room-
temperature photoluminescence (PL) spectrum is shown in
the upper part of Fig. 1. A wavelength tunable, commer-
cial mode-locked Ti: sapphire laser with a repetition rate
of 82 MHz delivers nearly transform-limited 90 fs pulses at
each wavelength for the excitation. The laser beam passes
through a variable attenuator and is slightly focused onto the
strained MQW sample at several incidence angles with its po-
larization parallel to the plane of incidence. The pumping
spot size on the sample was approximately 1.5 mm in di-
ameter to reduce the diffraction effect of the optically gen-
erated THz-emission power. The laser beam was mechan-
ically chopped and the average excitation power was con-
trolled to approximately 100 mW after the chopping. The
sample was placed in the center of a 1 T permanent magnetic
field, which was applied vertically to the incidence plane.
THz radiation is thus generated by the Lorentz force with hor-
izontal optical polarization.19) We estimate that the Cyclotron
radiusrc = 150 × 10−10m. On the other hand, the Bohr
radius is given byrB = 0.53n2

z × 10−10m, where the prin-
ciple quantum number and atomic number,n andz, respec-
tively, are integers. Thus, the cyclotron radius is about two
orders of magnitude larger than the Bohr radius. The trans-
mitted THz radiation through the sample was guided by two
off-axis parabolic mirrors, each with a focal length of 20 cm,
to a liquid-helium-cooled Si bolometer to detect the radia-
tion power or passed through a Fourier transform polarizing
interferometer to measure the THz-radiation spectrum. The
chopping frequency was set to 205 Hz for the lock-in detec-
tion from the bolometer signal.

The excitation wavelength dependence of the THz-radiation
power from the strained MQW sample with a variable inci-
dent angle is shown in the lower part of Fig. 1. Obviously,
the resonance peak at 830 nm with a 0 degree incident angle
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Fig. 1. Upper part: Photoluminescence spectrum of the strained MQW
sample. Lower part: The wavelength dependence of THz-radiation power
from strained MQW with variable incident angle. The circle indicates a 0
degree incident angle; the rectangle, 45 degree incident angle; triangle, 75
degree incident angle.

coincides with the PL peak. The sample can be observed to
have a large nonlinear absorption at an excitation wavelength
of approximately 830 nm. This phenomenon is probably due
to the resonance of the lowest e-hh or e-lh state absorption ef-
fect. The peak shifts slightly to 820 nm and the THz-radiation
power increases at shallow incident angles. For a 75-degree
incident angle, THz radiation power is slightly lower than that
at 45 degrees. This is possibly due to the larger injection area
in the former case. As a result, the pumping intensity and
the extent of nonlinear absorption are both reduced. The rela-
tionship between THz radiation power and excitation power
for different incident angles is also shown in Fig. 2. The be-
haviors of the three cases are almost the same and all exhibit
approximately quadratic dependence on the pumping power.
A similar behavior was also observed previously for an InAs
bulk emitter.18)

The wavelength dependence of THz radiation-power has
also been measured in a semi-insulating GaAs (SI-GaAs) sub-
strate with a 45 degree laser incident angle for comparison
with the strained MQW as shown in Fig. 3(a). Note that the
THz-emission power is still significant, even though the exci-
tation energy is below that of the band gap,Eg (λ > 830 nm).
This is a strong indication that the dominant emission mech-
anism is optical rectification, instead of the current surge ef-
fect. On the other hand, the THz-emission power decreased
sharply when the excitation photon energy was tuned above
Eg (λ < 830 nm). This is in contrast to that of bulk GaAs.
Higher THz-radiation power in the GaAs sample was gener-
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Fig. 2. The relationship between THz-radiation power and excitation
power from strained MQW with variable incident angle. The circle in-
dicates a 0 degree incident angle; the rectangle, 45 degree incident angle;
triangle, 75 degree incident angle. The straight line has a slope of 2.

ated at a shorter pumping wavelength. Basically, the latter
case can be explained in terms of the current surge effect25)

from free carriers generated by the mentioned above band
gap excitation, with a larger number of carriers being excited
at shorter wavelengths. The maximum THz-radiation power
from the SI-GaAs sample is about three times greater than that
from our strained MQW, possibly due to the much thinner
absorption region of the MQW. After design optimization,
we expect that the MQW may generate greater THz-radiation
power. The THz-radiation spectra (as shown in Fig. 3(b)) of
the two samples were measured using a polarizing Michelson
interferometer, with the laser at a 45 degree incident angle
for greater THz radiation power. This setup also eliminates
the interferometric structures of the spectra from rear-surface
reflection. The excitation wavelength was tuned to either
750 nm or 820 nm to achieve the maximum THz-radiation
power from GaAs or the strained MQW. We note that the
higher-frequency portion of the spectrum is slightly enhanced
in the strained MQW. This can be explained as follows. First,
from the wavelength-dependence of the emitted THz power
from the QW, we deduce that the dominant emission mecha-
nism is optical rectification, instead of the current surge effect.
This is in contrast to that of the bulk GaAs.

In general, the duration of the THz radiation due to car-
rier transport in GaAs is longer than that induced by purely
optical rectification induced by transient (virtual) carriers.17)

With a shorter decay time in its temporal waveform, we ex-
pect the blue portion of the THz spectrum because the QW
should be blue shifted with respect to that of bulk GaAs. That
is, the higher-frequency components of its spectrum would be
enhanced. The main dips in the spectrum correspond to the
interference effect of the substrate.

In conclusion, we report the optically excited THz radiation
from ten MBE-grown strained MQWs on a (100)-oriented
semi-insulating GaAs substrate in a 1 T magnetic field. The
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Fig. 3. (a) Wavelength dependence of THz-radiation power and (b) emitted
spectrum obtained by Fourier transformation of the autocorrelation using
a polarizing Michelson interferometer of the two different samples in a 1 T
magnetic field with a 45 degree incident angle. The circle in (a) indicates
the strained MQW, and the rectangle with a hollow, GaAs. The solid line
in (b) indicates the spectrum of MQW, and the dash line, that of GaAs.

wavelength-dependent THz radiation clearly exhibits reso-
nance behavior at the excitation wavelength near 830 nm, the
peak wavelength of photoluminescence (PL). We also ob-
serve and explain an emission spectrum from the MQW with

slightly enhanced higher-frequency components compared to
that of bulk GaAs. In the thin MQW sample, the THz emis-
sion is still significant. This indicates the possibility of de-
signing MQWs as efficient THz emitters in the future.
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