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Abstract: Intense terahertz-wave emission in the higher frequency region can result in various
applications such as terahertz spectroscopy and ultrafast data communication. In this study,
an increase in terahertz waves by the overlap of exciton states in different quantum wells and
spectroscopic demonstration are reported. The excitation energy dependence of signal intensity
shows the effect of the overlap. The signals measured under the condition of square dependence
of intensity on the excitation power indicate interference with the periods corresponding to
the laser energy difference. Furthermore, the absorption coefficient of the transparent sheet is
obtained at specific frequency. These results indicate that the generation of intense terahertz
waves at various frequencies using excitons is possible and that difference frequency mixing is a
useful terahertz-wave source.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Various applications of terahertz (THz) waves have been proposed, e.g., gas and virus sensing
[1–4], THz scanners [5–7], and ultra-high-speed optical communication [8–10]. A monocycle
THz-wave pulse with a broad peak bandwidth of approximately 1 THz generated by ultrashort
pulse lasers has been mainly used for THz spectroscopy [11–13]. In this case, the spectral
bandwidth of THz waves and the spectroscopic resolution are strongly related to the laser pulse
width, scanning step, and moving length. Furthermore, this type of signal is obtained by the
time-domain measurement; thus, a Fourier transform is required to obtain information in the
frequency domain.

In contrast, we focused on THz spectroscopy systems that are based on the difference frequency
mixing (DFM) process using two external lasers [14,15]. For the DFM process, the bandwidth
and frequency of generated THz waves are decided by the excitation laser spectral widths and
energy difference; thus, the DFM process is a good method for the generation of THz waves
at various frequencies with fine resolution. In addition, it is possible to obtain the frequency-
domain information without a Fourier transform. The intensity of THz waves generated by the
DFM process using a photoconductive antenna, which has been the main method, considerably
decreases owing to phonon scattering at frequencies higher than 2 THz [16,17]. In contrast,
the use of excitons confined in quantum wells (QWs) allows to generate THz waves in a wider
frequency range [14,15]. However, in previous reports, strong emission was limited around
the heavy-hole (HH) exciton energy of QW. Considering the application of the exciton-based
THz-wave system to spectroscopy, the generation of strong THz waves in a wide frequency
range is essential. For instance, in the case of the third optical nonlinear polarizations, the
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nonlinear signals were enhanced at the LH excitons in the low temperature [18,19]. In addition,
the simultaneous excitation is very similar to the generation scheme of the exciton quantum beat.
In the case of the quantum beat of HH and LH excitons, the simultaneous excitation leads to the
maximum intensity [20–23]. Therefore, the enhancement of THz signal intensity due to DFM
by excitation of HH and LH excitons was expected. However, the spectrally resolved signals
showed that the exciton dephasing decreases the intensity of the nonlinear process [24]. Hence,
we considered, because the ionization of LH exciton and the intersubband transition from LH to
HH decreases the number of LH excitons and the overlap of HH and LH excitons is weakened,
the second nonlinear polarization is suppressed. Therefore, in this study, to widely increase the
intensity of the THz wave, the THz intensity is assisted by the HH exciton in QWs with different
thicknesses. The overlap effects of two exciton states on the THz-wave intensity were observed.
The THz signal is discussed on the basis of the excitation power dependence and frequency
measurements. Furthermore, the basic spectroscopic result is demonstrated.

2. Experiment

In this study, three samples were used, which consisted of undoped GaAs/AlAs multiple QWs
(MQWs) embedded in a p-i-n structure on a (001) GaAs substrate grown by molecular beam
epitaxy. The sample structures are schematically shown in Figs. 1(a), 1(b), and 1(c). The surface
p-doped GaAs layer with a doping concentration of 1 × 1018 cm−3 has 50 nm thickness, and the
n-doped GaAs buffer layer with a doping concentration of 3 × 1018 cm−3 has 1500 nm thickness.
The GaAs and AlAs thickness of the first MQW sample is 7.25 nm, 7.25/7.25, and the MQW
period is 30. The details of this sample was reported in the Ref. [24]. The second MQWs sample
consists of 7.25/7.25 MQW with 11 periods, 6.67/6.67 MQW with 11 periods, and 6.09/6.09
MQW with 11 periods from the substrate side. The third MQW sample also consists of three
MQWs: 7.25/7.25 MQW with 12 periods, 6.38/6.38 MQW with 11 periods, and 5.51/5.51 MQW
with 11 periods. The internal electric field estimated from the doping concentration is 16.0
kV/cm. Hereafter, these samples are called A, B, and C, respectively. The photoluminescence
(PL) spectra to evaluate exciton energies are shown in Fig. 1(d). HH and LH excitons in 7.25/7.25
MQW are labeled as HHA and LHA, respectively. All samples include 7.25/7.25 MQW; thus, the
notations of HHA and LHA are commonly used. In sample B, HH exciton (HHB) in 6.67/6.67
MQW is located between HHA and LHA, and HH exciton in 6.38/6.38 MQW of sample C
(HHC) is close to LHA.

In the measurement of the DFM signal, two semiconductor lasers (L830H as L1 and L808P200
as L2) were used. The energy of L1 was chosen to excite HHA, and the energy of L2 was changed
around the LHA energy from 1.5287 to 1.5412 eV. The experimental setup is schematically
shown in Fig. 1(e). Two laser beams were combined by an optical fiber coupler, and the combined
beam was focused on the sample surface through a hole in the off-axis parabolic mirror by a
polymethylpentene lens, which was also used to collimate the emitted THz wave. A Si wafer was
used to eliminate the contribution of laser light to the signal. Excitation power was controlled by a
variable neutral-density filter. The frequency of THz waves can be measured with a Fabry–Perot
interferometer, which consists of two silicon wafers, as shown in Fig. 1(f). The THz signal was
detected by a pyroelectric sensor and amplified by a lock-in-amplifier at 5 Hz. All measurements
were performed at 297 K. The excitation power dependence of signal intensity was measured
under a humidity of less than 60%, and the excitation energy dependence was measured under a
humidity of 10%.



Research Article Vol. 29, No. 15 / 19 July 2021 / Optics Express 24389

Fig. 1. (a)-(c)Schematics of the sample structures. The samples of B and C consists of three
MQWs, as shown in (b) and (c). (d) The PL spectra of the samples. The experimental setups
for (e) excitation-power dependence and excitation-energy dependences and (f) Fabry-Perot
interferometer for frequency measurement.
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3. Results and discussion

Figure 2(a) shows the dependence of the signal intensity on the L2 energy measured at various
excitation powers. The lower horizontal axis represents the frequency converted from the energy
difference between L1 and L2 energies, which is shown as the upper horizontal axis. The circles,
triangles, and squares indicate signal intensities in samples A, B, and C, respectively. On the
basis of our previous results [14,15], the signals can be classified into three regions: (i) large
contribution of the heat radiation owing to carrier-phonon interaction to the signal (12 mW), (ii)
mainly owing to the THz wave (21 mW), and (iii) originating from saturated second nonlinear
polarization (30 mW).

Fig. 2. (a) Signal intensities measured by various L2 energies and laser powers. The circles,
squares, and triangles show the results of samples A, B, and C, respectively. The arrow
indicates the LHA energy. (b) The excitation power dependence of the signals. The circles,
squares, and triangles show the experimental results observed in samples A, B, and C,
respectively. Laser energies were tuned to 1.5115 and 1.5406 eV, whose energy difference
corresponds to 7.04 THz. Solid line indicates the gradient of square dependence for the
excitation power. In the dotted square, signal intensities demonstrate the square dependence.

At first, the results in sample A (circles) are discussed. This sample includes only 7.25/7.25
MQW that is contained in all samples. At weak excitation power, the signal intensity hardly
changes by excitation energy owing to the contribution of heat caused by the carrier-phonon
interaction to the signal. In contrast, at larger excitation power, the signal intensity depends on
excitation energy, and the intense signal at approximately 4 THz is attributed to the inhomogeneous
width of HHA. However, when the second-order nonlinear optical effect is saturated, the energy
dependence is weakened.

For samples B (squares) and C (triangles), the dependence of intensity on excitation energy
differs from the results for sample A. At lower excitation power, although the intensities are larger
than those in sample A, the excitation energy dependence is not clear. In contrast, when excitation
power increases, signal intensity increases, and the excitation energy dependence exhibits unique
profiles. Specifically, a peak appears at the LHA energy in sample C and the conversion efficiency
at the peak is 2.92 × 10−3%. To convert the signal intensity to the power, we only considered
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the frequency dependence of the sensitivity of the sensor, and in this frequency region, the
detector has an almost constant sensitivity. Therefore, this dependence does not originate from
the frequency dependence of sensitivity, and this increase in signal intensity originates from the
stack of MQWs; HHB and HHC on LHA.

The intensity of signals based on second nonlinear polarizations, as well DFM signals, exhibits
square dependence on the excitation power. Thus, the details of excitation power dependence
were measured, as shown in Fig. 2(b). In these measurements, the lasers were tuned to HHA and
LHA energies. The dotted line indicates the gradient of the square dependence. With an increase
in the excitation power, signal intensities linearly increase at weaker excitation power and exhibit
square dependence in stronger power region (dotted square region) for all samples. Therefore,
the signals observed at the excitation powers of 21 and 30 mW shown in Fig. 2(a) originate from
the THz wave for all samples. In Supplement 1, Fig. S1 shows that square dependence was
observed under other frequency conditions.

The THz-wave frequency can be evaluated by interference signals measured with a Fabry–Perot
interferometer. Then, the frequencies under strong signal conditions in sample C were measured,
as shown in Figs. 3(a) and 3(b), where the laser power was 30 mW. The laser spectra used are
shown in the insets. The frequencies converted from the energy difference of two laser peaks,
which were obtained by the Gaussian fitting of the laser spectra, are 5.34 THz in Fig. 3(a) and
7.04 THz in Fig. 3(b). The interference signals were fitted with a sine function, and the fitting
results are shown as solid curves. The period evaluated by fitting in Fig. 3(a) is 28.15 ± 0.82 µm,
which corresponds to 5.33± 0.15 THz. Furthermore, the signal period in Fig. 3(b) is 29.47± 1.58
µm, which corresponds to 7.04 ± 0.37 THz in Fig. 3(b). Therefore, THz signal can be enhanced
by the overlap of two exciton states, such as in samples B and C, which is the key point of this
study.

Here, an increase in intensity assisted by HHB and HHC is discussed. As mentioned above,
LHA rapidly disappears owing to the intersubband transition from LH to HH states at room
temperature; thus, the overlap of LHA and HHA, which creates nonlinear polarization emitting
THz waves, is small. In contrast, for stacked MQW samples, the signal intensity increased owing
to HH excitons in different MQW. Although LHA is spatially apart from HHB and HHC, the
signals were enhanced. To explain this point, there are two possible factors, i.e., the resonant
effects and the larger radius of the second nonlinear polarization. In samples B and C, LHA
is located in the inhomogeneous broadening width of HHB and near HHC, respectively. Here,
the tunneling from HH to LH is not a major factor. The relationship of calculated confinement
energies is illustrated in Supplement 1, Fig. S2. In samples B and C, the HH states in 6.67/6.67
and 6.38/6.38 QWs are close to LH in 7.25/7.25 QW. However, 7.25/7.25 MQW is located on the
n-side. Therefore, the hole movement is toward the n-side; the hole transition from 6.67/6.67 and
6.38/6.38 QWs to 7.25/7.25 QW is difficult. The PL spectra measured by the resonant excitation
of HHB and HHC are shown in Figs. 4(a) and 4(b), respectively. When HH of HHB and HHC
transfers to the LH state in 7.25/7.25 QW, strong HHA PL owing to the intersubband transition
from the LH state should appear. However, HHA PL is hardly observed in Figs. 4(a) and 4(b).
Therefore, tunneling from HH to LH does not contribute to an increase in intensity at the LHA
energy.

Then, we considered that the second nonlinear polarization has a larger radius. As illustrated
in Supplement 1, Fig. S3, at the interface around 6.38/6.38 MQW and 7.25/7.25 MQW in sample
C, the positions of two excitons, HHA and HHC, are very close. When those generate second
nonlinear polarization as a complex of two excitons owing to the weak coupling, the radius
is larger than the barrier width. This large radius enables the overlap of two excitons that are
spatially separated by the barrier layer.

Finally, we demonstrate spectroscopic measurements using our DFM process. Commercial
overhead-projector (OHP) sheets with a thickness of 0.106 ± 0.005 mm were used as samples.

https://doi.org/10.6084/m9.figshare.14926614
https://doi.org/10.6084/m9.figshare.14926614
https://doi.org/10.6084/m9.figshare.14926614
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Fig. 3. Interference signals measured by a Fabry-Perot interferometer with the calculated
frequencies of 5.34 (a) and 7.04 (b) THz. Solid curves show the fitting results by a sine
function. The insets show the laser spectra.

Figure 5(a) demonstrates the thickness dependence of signal intensity through the sheets, where
the thickness was changed by an increase in the number of sheets. In this measurement, the
frequency was 7.03 THz. Intensity decreases with an increase in thickness, which demonstrates
the absorption measurement. This result was fitted with a function of I(d) = I0e−αd, where d is
the thickness, I0 is the intensity without sheets, and α is the absorption coefficient at 7.03 THz,
as shown by the solid curve. Using this fitting, the absorption coefficient of 30.46 cm−1 was
obtained. Considering the Fourier transform infrared (FTIR) spectrum in Fig. 5(b), which was
measured by FT/IR-430 (JASCO), the value seems to be reasonable. In contrast, the absorption in
Fig. 5(a) has a baseline, which results from blackbody effects caused by carrier-carrier scattering,
carrier-phonon scattering, and so on. This baseline due to the thermal effect was observed as the
linear dependence components in the results of the excitation-power dependences in Fig. 2(b)
and Supplement 1, Fig. S1. Therefore, the suppression of this baseline will make the system
more useful.

https://doi.org/10.6084/m9.figshare.14926614
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Fig. 4. PL spectra measured by the resonant excitation of HHB (a) and HHC (b).

Fig. 5. (a) Absorption measurement using OHP sheets measured at the 7.03 THz condition.
The horizontal axis is given as the product of the number of sheets and sheet thickness. The
solid curve is a fitting curve. (b) Fourier transform infrared spectrum of the absorption
coefficient. The horizontal axis is indicated by the logarithmic scale.
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4. Conclusion

We investigated the effects of overlap of exciton states in multiply stacked MQWs on the DFM
signal intensity. The overlap of HH exciton on LH exciton shows an increase in the THz-wave
intensity, such as the overlap of HHC on LHA. On the basis of the results of resonant PL, the
weak coupling of two spatially separated excitons causes second nonlinear polarization with a
larger radius, which emits the THz wave. Furthermore, the evaluated value of the absorption
coefficient of the OHP sheet demonstrated a reasonable value that was comparable with that
obtained by the FTIR measurement. Therefore, the energetical overlap of exciton states can
increase the THz-wave intensity, and DFM will allow THz-wave sensing.
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