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bstract

We present terahertz (THz) emission of optically pumped 5-nm GaAs/AlGaAs multiple quantum wells (MQWs) even at excitation energies
elow the bandgap. The excitation energy corresponding to the peak THz emission is red-shifted with respect to the photoluminescence (PL) and
hotoluminescence excitation peak. This is attributed to a transient bandgap renormalization that occurs on the same time scale as the generation
f the THz transients. Moreover, an emission shoulder at ∼40 meV below the THz emission peak was observed. Deep level transient spectroscopy

esults do not indicate that this is due to electron traps. However, an indistinct LO phonon-related, below-bandgap PL feature was seen at low
emperature that coincides well with the observed THz radiation feature. It is proposed that the THz action spectrum may be sensitive to phonon-

ediated processes in contrast to more conventional optical spectroscopy techniques, albeit at room temperature.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Terahertz (THz) emission spectroscopy, has over the past
ecade, proven to be an invaluable tool in the characterization of
emiconductor heterostructures. It serves as a method for study-
ng the dynamics of carriers under ultrafast optical excitation
1–5]. Works on the intersubband transitions, on the other hand,
ave led to the development of semiconductor devices operating
n the THz region [6,7]. In these previous reports, the excita-
ion energy is necessitated to be higher than the bandgap of
he semiconductor to enable the creation of electron–hole (e–h)
airs. The spatial separation of e–h pairs and the surge current
ssociated with the acceleration of these charges are among the
wo accepted mechanisms of THz emission in surface-irradiated

emiconductors [8,9].

This work presents results on the observation of THz
mission for optically excited GaAs/AlGaAs multiple quan-
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um well (MQW) heterostructures even for excitation ener-
ies below the MQW bandgap. As the THz emission con-
ribution from the underlying bulk GaAs layer is relatively
eak to account for the observed results, the emission is

ttributed to the two-dimensional structures themselves. The
ed-shifted THz emission peak is owed to a bandgap renormal-
zation process. Furthermore, a THz emission shoulder appear-
ng ∼40meV below the THz peak is tentatively ascribed as
ossibly due to an LO phonon-assisted emission. This phonon-
ediated transition was also observed by low-temperature pho-

oluminescence (PL) spectroscopy. It is suggested that even
or experiments performed at room temperature, the THz
ction spectrum appears to be sensitive to this type of tran-
ition compared to more conventional optical spectroscopy
ethods.

. Experiment
The 5-nm GaAs/Al0.3Ga0.7As MQW heterostructure was
rown via a Riber 32P molecular beam epitaxy (MBE) machine
n a semi-insulating (carrier density ∼1015 cm−3) GaAs (100)

mailto:eestacio@ims.ac.jp
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Fig. 1. (a) The THz action spectrum of the 5 nm MQW sample. The THz
emission peak occurs at excitation energy, 20 meV below the bandgap. This
is attributed to transient bandgap renormalization. A spectral feature at 1.45 eV
is tentatively ascribed to an LO phonon-mediated transition. The inset com-
pares the lineshapes of the TDS spectra for selected excitation energies where
no apparent variation in the THz radiation mechanism is seen for each case.
(b) The corresponding PL and PLE spectra showing good agreement with the
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ubstrate. The structure schematics for the MQW consists of
n undoped GaAs buffer layer, followed by 40 periods of 5-nm
ndoped GaAs QWs with undoped 10-nm AlGaAs barriers, and
nally a 10 nm Si-doped (∼1017 cm−3) GaAs cap. For the exper-

ments, the sample was cut into a 2 mm × 2 mm piece. Initially,
L spectroscopy measurements were performed using an Ar+

aser (λe = 488 nm) as excitation and a 0.5 m spectrometer fitted
ith a GaAs photomultiplier to disperse and detect the PL signal,

espectively. This was done to probe the band structure and to
ssess the quality of the layers. The THz emission experiments
ere carried out using a mode-locked, 100 fs-pulsed (86 MHz

epetition rate) Ti: sapphire laser as the excitation. The laser
as tuned from 1.38 to 1.55 eV (900–800 nm) at 10 meV incre-
ents to obtain the THz action spectrum. All throughout the

xperiment, the spectral width, beam-spot diameter, and the
ptical power of the laser were maintained at 20 meV, ∼1 mm,
nd 160 mW, respectively. The broadband THz radiation power
as collected, collimated and focused unto a liquid He-cooled
e bolometer using paraboloidal mirrors. For selected exci-

ation energies, the time domain spectroscopy (TDS) spectra
or the MQWs were taken using a low temperature-grown
aAs photoconductive antenna. In conjunction with this, room

emperature photoluminescence excitation (PLE) measurements
sing the same optical excitation parameters, a suitable band-
ass filter, and silicon photodiode was performed. To deter-
ine the presence of electron traps, the MQW layer under-
ent deep level transient spectroscopy (DLTS). The sample
as fabricated into arrays of 250 �m-diameter circular mesas
sing standard photolithography techniques. The bottom and
he top indium contacts were then deposited via thermal evapo-
ation. Temperature scans were performed from 77 to 370 K.
o generate the Arrhenius plots and to ascertain the activa-

ion energy of the traps, four frequency scans (10 Hz, 100 Hz,
00 Hz and 1 kHz) were also performed with a reverse bias of
6 V and a filling pulse of 1 V. Finally, PL spectroscopy at

0 K was done to verify the presence of below-bandgap optical
ransitions.

. Results and discussion

For semiconductors excited by femtosecond optical pulses
ith energy higher than the bandgap, transient e–h pairs are

nitially created, separating in a picosecond timescale. This tran-
ient e–h dipole radiates a picosecond pulse with frequencies
panning 0.1 THz to about 2 THz. Secondly, the carriers are
ccelerated by the surface depletion field, emitting electromag-
etic (EM) radiation in the THz range [10]. In the far field, the
M wave is propotional to the time derivative of the current,
j/∂t. The current, J, may be expressed as J = Nev, where N, e,
nd v are the number of photogenerated carriers, the elementary
lectric charge, and the carrier velocity, respectively. In MQW’s,
here the surface field may well extend to the quantum well

egion, this is the current J flowing across the heterostructures,

s in the bulk semiconductor case [9].

Shown in Fig. 1(a) is the THz action spectrum of the MQW
ample. Primarily, it is expected that the energetic location of
he THz radiation power peak should coincide with the MQW

b
r
e
a

xpected bandgap value. The inset shows the decay time of the PL signal. This
onfirms that for a laser repetition rate of ∼86 MHz, no excess carriers will
ersist; hence, the absence of long term bandgap shrinkage.

andgap where maximum photocarrier absorption occurs. The
bserved THz emission peak instead sits at 20 meV below the
alculated bandgap using effective mass approximation methods
11]. This is attributed to a transient bandgap renormalization
rocess [12]. No excitation fluence dependence studies have
een done but at this excitation condition, we expect carrier
ensity-dependent shrinkage of the bandgap to occur (photo-
arrier density is estimated to be of the order of 1017 cm−3 at
.45 eV excitation) [13]. Furthermore, a THz emission shoulder
ppeared at an excitation energy ∼40 meV below the observed
Hz emission peak. The origin of this feature will be discussed

n more detail later in the text. The TDS spectra for selected exci-
ation energies are shown in the inset to compare the lineshapes
f the TDS features. The TDS trace for each excitation energy
as offset and re-scaled for ease-of-comparison. Aside from the

light delay of the 1.45 eV trace, the lineshapes of the spectra
id not appear to vary. This indicates that as far as the detection

andwidth (∼2 THz) of the TDS setup is concerned, the THz
adiation mechanism attributed to the transient current from the
–h dipole was dominant for excitation energies both below and
bove the MQW bandgap. Consequently, the observed THz radi-
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Fig. 3. Arrhenius plots that were derived from DLTS data showing three types
of traps. The calculated activation energies of the traps are not in the range of
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tion may be ascribed to the generated photocarriers in the MQW
tructures for the entire region of the THz action spectrum.

The room temperature PL and PLE spectra agreed well with
he calculated bandgap energy and no below-bandgap features
ere observed as shown in Fig. 1b even though the PLE spec-

rum was taken using the same optical excitation conditions as
n the THz action spectrum. Apparently, no bandgap renormal-
zation was observed in the luminescence measurements. This
s explained by considering the difference in the mechanism of
hotoluminescence and of the THz transient generation. While
he THz transients are caused by the current surge from the e–h
ipole, the luminescence is only observed after the photogen-
rated electrons have recombined with the holes. This indicates
hat the two mechanisms occur at different temporal regions.
he inset in Fig. 1b shows the time-resolved PL of the MQW
ample at room temperature. Clearly, the PL signal persists up
o 1200 ps. Relating this data to the PLE spectrum, the time-
ntegrated PLE photodiode-signal did not exhibit the transient
andgap renormalization occurring at a much earlier time when
he photocarrier density is large. In addition, no long-term renor-

alization is observed since no excess carriers persist in the
QW’s. With a repetition rate of ∼86 MHz, the PL signal has

ong decayed before the next optical pulse arrives after ∼11 ns.
n contrast to the luminescence, the THz signal due to the tran-
ient current disappears after ∼6 ps as per the TDS data. This
Hz transient generation occurs during the time-scale associated
ith transient bandgap renormalization. The transient bandgap

enormalization and recovery has been reported previously for
oth bulk and quantum well layers and is not extraordinary
14,15].

To ascertain that the THz radiation indeed originated from
he two-dimensional structures and not from the underlying bulk
aAs layers, the THz action spectra for semi-insulating and n-
ype GaAs wafers were taken and are compared with the MQW
ample in Fig. 2. The observed THz radiation power of the bulk
aAs wafers is significantly less intense. For the n-type GaAs

ig. 2. A comparison of the relative intensity of the THz action spectra for the
QW sample and bulk GaAs wafers. The comparably low THz power from

he bulk wafers lends proof that the dominant THz radiation from the sample
riginated from the MQW structures and not from the GaAs cap or the underlying
ulk GaAs buffer layer.
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he observed below-bandgap excited THz emission. As such, the below-bandgap
xcitation feature is attributed to a different phenomenon.

ample, THz radiation power was two orders of magnitude less
han the MQW sample. Taking the comparatively thin n-type
aAs cap layer (10 nm) of the MQW into consideration, contri-
ution from the cap region should therefore be insignificant. The
adiation from the undoped GaAs wafer was less than 2.5 times
hat of the MQW’s. However, considering the enhanced absorp-
ion coefficient of the MQW heterostructures due to quantum
onfinement, the estimated optical excitation power reaching
he underlying bulk layer is only ∼15% of the incident. Thus,
t is expected that the contribution from the bulk GaAs region
nder the MQW heterostructures should be less than 10% of the
otal detected THz power. As a consequence, the observed THz
ction spectrum of the MQW sample may be safely ascribed to
he photocarriers from the GaAs/AlGaAs MQW structures.

The presence of deep level traps that may have been incorpo-
ated during the growth process was initially surmised to cause
he THz emission peak at an excitation energy ∼40 meV below
he THz emission maximum. As shown in Fig. 3, results of
he DLTS experiment revealed the presence of three types of
raps; EL5, EL10, and an unidentified trap. The EL5 trap is
ttributed to Ga vacancies or a complex defect of AsGa [16,17]
he EL10 trap is a low-energy GaAs trap described by Martin
t al. [18]. In addition, the deep levels of a bare GaAs substrate
s also studied and it is ascertained that the DLTS signals came
rom the MBE-grown layers and not from the substrate itself.
he activation energy of the traps, however, could not account

or the energetic location of the below-bandgap THz emission.
o further assess the optical contribution from these traps, PL
pectroscopy was performed at 10 K. Shown in Fig. 4 is the PL
eak associated with the 1st conduction band-to-1st heavy-hole
and transition. This is in good agreement with 10 K bandgap of
he heterostructure. However, no distinguishable below-bandgap
L features were observed. A higher resolution PL scan was

erformed on the low energy side of the main PL peak and is
hown in the inset of Fig. 4. The log plot revealed an indis-
inct PL feature at an energy, ∼37 meV below the excitonic
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Fig. 4. Low temperature PL spectrum of the MQW layer. The inset shows an
indistinct luminescence feature at ∼37 meV below the bandgap for a higher-
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esolution PL scan. This is owed to an LO phonon-mediated transition and
ncidentally coincides well with the ∼40 meV red-shifted feature in the THz
ction spectrum.

mission peak. This is attributed to an LO phonon-assisted PL
mission [19]. A phonon-mediated process such as this is not
asily observed especially in room temperature optical measure-
ents. Incidentally, this red-shifted PL feature coincides well
ith the ∼40 meV below-bandgap excitation feature that was
bserved in the THz action spectrum. With the premise that the
Hz radiation mechanism is dominated by the surge current

rom the photogenerated e–h dipole and that no defect-related
raps could account for the ∼40 meV red-shifted feature, the LO
honon-mediated process is proposed as the origin of this fea-
ure in the THz action spectrum of the MQW. Consequently, the
ata imply that THz spectroscopy appears to be more sensitive
o phonon-assisted processes compared to more conventional
ptical spectroscopy techniques. Although further experiments
uch as temperature-dependent THz spectroscopy can be per-
ormed to verify the contribution of phonon-related processes,
he observation is tentatively attributed to an LO phonon-assisted
ransition.

. Summary

In summary, the THz action spectrum of a 5 nm GaAs/
lGaAs MQW sample exhibited emission even for excitation

nergies below the bandgap. Primarily, the pump energy corre-
ponding to the THz emission peak is red-shifted by 20 meV as
ompared to the PL and PLE experiment. This is attributed to a
ransient bandgap renormalization process that was not detected
y the time-integrated PL and PLE experiments. Furthermore,

he appearance of a THz emission feature at ∼40 meV below
he THz radiation peak is suggested to be due to an LO phonon-

ediated transition in the MQW structure. This transition was
lso observed using low-temperature PL spectroscopy. Further

[

[
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nvestigation may be required to verify this suggestion but the
resent results imply that even for experiments performed at
oom temperature, the THz action spectrum of the MQW sam-
le may be sensitive to an LO phonon-assisted optical process.
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