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Abstract. Interactions between excitons with different energies are significant in
device application, particularly in the emission of intense terahertz waves caused by
difference frequency mixing. In this paper, the interactions of excitons generated by
two resonant continuous-wave laser beams are assessed via the change in reflectivity.
While calculations suggest that the reflectivity change depends on the exciton
number, experimental results measured for various excitation powers, probe powers,
and excitation energies (heavy-hole and light-hole excitons) show different profiles.
Furthermore, the signals probed at a heavy-hole exciton differ from those at a light-
hole exciton. These results indicate the importance of careful control of excitation
levels for terahertz wave generation.
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1. Introduction

The temporal and spatial overlap of two excitons or polarizations is essential for
nonlinear optics. When excitons are simply created with high density, scattering and
collision processes trigger their annihilation. However, in the case of exciton overlap,
interesting coherent oscillation phenomena occur. For excitons with different energies,
such as heavy-hole (HH) and light-hole (LH) excitons, the overlap of simultaneously
created excitons has been investigated based on quantum beats using ultrashort pulse
lasers, as quantum beats are a typical temporal oscillation phenomena [1-18]. Moreover,
Bloch oscillations also occur as coherent oscillations due to exciton overlap [19-22].
Here, for the quantum beat scheme, the overlap of simultaneously generated HH and
LH excitons with frequencies of wyy and wyy, respectively, is essential. Consequently,
oscillation signals with a frequency of |wrg — wpn| appear in pump-probe, four-wave-
mixing, and terahertz (THz) wave signals.

Moreover, the overlap of two frequency polarizations can lead to THz wave emission
due to difference-frequency mixing (DFM); the overlap of polarizations for frequencies
wy and wo generates a wave with frequency |w; — ws| [23-27]. The DFM technique
can effectively realize frequency-tunable THz wave systems [27-29]. For a DFM signal
generated in a GaAs/AlAs multiple quantum well (MQW), the signal is enhanced close
to the HH-exciton energy; when two lasers are tuned to the HH exciton within its
inhomogeneous broadening width, the signal is enhanced, and the resonant effect of the
simultaneous excitation of the HH and LH excitons is very weak. This trend suggests
that the effect of the overlap of HH and LH excitons created by continuous-wave (cw)
lasers is weaker than that of the quantum-beat-type overlap. Therefore, when the
exciton overlap by cw excitation is clarified, THz signals can be enhanced. For instance,
the interaction between two modes in a dual-frequency laser device has been investigated
with respect to Lamb coupling [30-36]. which gives the information about interactions
between excitons with different frequencies under cw excitation based on the reflectivity
change. Thus, in this work, we explore the interactions between excitons excited by
cw lasers at room temperature based on the reflectivity change signal. The reflectivity
change varies with excitation power, probe power, and excitation energies (HH and LH
excitons). By comparing our experimental findings with calculation results, we assess
the interaction of excitons created by excitation and probe laser beams. Our results will
aid in the enhancement of DFM signals using excitons.

2. Experiment

We used an undoped GaAs/AlAs MQW embedded in a p-i-n structure on a (001) n*-
doped GaAs substrate grown by molecular-beam epitaxy. The surface p-doped GaAs
layer has a doping concentration of 1 x 10 ecm™ and a thickness of 50 nm, while
the bottom n-doped GaAs layer has a doping concentration of 3 x 10'® cm™3 and a
thickness of 1500 nm. The MQW consists of 30 periods of GaAs and AlAs layers,
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whose thickness is 7.25 nm. The details of the sample structure are available in our
previous report [37]. To measure the reflectivity change, a cw-mode Ti:sapphire laser
and semiconductor lasers were used as the excitation and probe light source, respectively,
for normal incidence, corresponding the same setup used for DFW measurements. The
experimental setup is schematically shown in Fig. 1. The energy of the Ti:sapphire laser
was tuned from 1.490 to 1.540 eV, and its intensity was modulated by a light chopper at
approximately 1 kHz. Semiconductor lasers with photon energies corresponding to the
exciton energies were used as the probe light. To maintain the laser intensities constant,
a laser power stabilizer for the Ti:sapphire laser was used and the semiconductor lasers
have the cooling system. The two beams were combined on a half mirror in free space
with the same polarization, and the combined beam was focused on the sample surface
through a hole in an off-axis parabolic mirror. To eliminate Rayleigh-scattered light
from the sample surface, a 10-cm single monochromator with a resolution of 1.1 nm was
used. The reflected light from the monochromator was detected by a Si photodetector
with an electrical gain and the signal of the detector was amplified by a lockin amplifier.
The combination of laser-power stabilizing systems and the lockin detection enables the
discussion of the signals with the 107¢ order accuracy. All measurements were performed
at room temperature (296 K).
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Figure 1. The experimental set-up to measure the reflectivity change signals. Two
laser beams are combined on a half mirror.
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3. Results and Discussion

Figure 2(a) shows the excitation-power dependence of the reflectivity change probed at
the HH-exciton energy for various probe powers. The excitation laser was tuned to the
LH-exciton energy. Both of the HH and LH excitons are created in the GaAs QWs.
The reflectivity changes decreased as the probe power increased, with the maximum
value observed for the 1-mW probe. The laser spectra are also provided in Fig. 2(b) for
reference. As the excitation power increases, the reflectivity change increases for most
probe powers. However, the reflectivity change also depends on the probe power, which
is a key finding of this study.
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Figure 2. (a) Dependence of the reflectivity change on the LH-exciton excitation
power, probed at the HH-exciton energy for various probe powers. (b) Laser spectra
used in this measurement.

In general, the reflectivity is described as follows:
(n1 — 1)* +nj

- (ny +1)2 +n3’ (1)
where n; and ns are the refractive index and extinction coefficient, respectively. Using
the real and imaginary parts of the complex dielectric function (e; and €3), respectively,
n3 = (1 + /e + €3)/2 and n3 = (—€; + /€] + €3)/2 are described. The probe energy
was fixed in the measurements; therefore, we can neglect the frequency-dependent term.
Hence, the complex dielectric functions are written as e; = 1+ aN(I) and e; = SN(I),
respectively, where o and (3 are constants and N (I) corresponds to the exciton density,
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which depends on the excitation power. The trend of the exciton-density dependence of
R at an exciton energy was obtained by these calculations, as shown by the thick solid
curve in Fig. 2(a), which presents an example of the calculation. In this calculation,
the multipole effect was not considered. Because the resonant probe is equal to the
exciton energy, a = 0 in this calculation. The calculation results indicate that the
reflectivity varies with the exciton density corresponding to the excitation power, and
this dependence does not remain constant.
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Figure 3. (a) Calculated reflectivity (solid curve) and reflectivity change (dashed and
dotted curves) for « = 0 and § = 1. (b) Reflectivity change as a function of initial

exciton density for an excited exciton density of 1.0 (solid curve) and 5.0 (dashed

curve) cm 3.

To calculate the reflectivity change, AR, depending on the excitation density, the
equation
R(N(IexC)) _ R(N(Iprb)) (2)
R(N (Iprs))

was used. Here, N(I.,.) represents the exciton density at the probe energy created by

AR =

the excitation-light illumination and N (1) corresponds to the initial exciton density
created by the probe light. The calculated results for various initial exciton densities
are shown by the dashed curves in Fig. 2(a). While the value of the reflectivity change
is different, the calculated dependence of the reflectivity change shows a similar shape
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to the experimental results, with an approximately flat region appearing after the rapid
increase. Therefore, considering the shape of profiles, the results of Fig. 2(a) originates
from the increase in exciton number except for the weak excitation-power region in Fig.
2(a); where the reflectivity change demonstrates the dip structure. As the reason for
this dip structure, it is speculated that the structure may come from the multipole effect
neglected in the calculation.

Here, in the case of the dipole-type transition, such as excitons, (8 is related to
the oscillator strength [38-41]. Hence, instead of the change in the exciton density due
to the excitation light, it is possible to consider the variation of the oscillator strength
due to the excitation light. However, even if the carriers by the excitation light change
the exciton decay rate at the probe energy, which leads to the change in the oscillator
strength, the variation is very small. Particularly, to show the rapid increase in the
reflectivity change observed in the measurements, the oscillator strength should change
largely, which is not easy. Furthermore, the positive reflectivity change is caused by
the increase in the oscillator strength. From these reasons, the increase in the exciton
density was considered as the major factor to cause the reflectivity change. In contrast,
the change in the oscillator strength may be considered to obtain the correct value in
the calculation.

The reflectivity change in Fig. 2(a) decreases with increasing probe power. In Fig.
3(a), the reflectivity change decreases as the density increases. Therefore, the decrease
in the reflectivity change due to increasing probe power results from an increase in the
initial occupation of the HH-exciton state. To confirm this finding, the dependence of the
reflectivity change on the initial exciton density was calculated, as shown in Fig. 3(b),
for excitation densities of 1.0 and 5.0 cm™ by the solid and dashed curves, respectively.
Although the reflectivity change values are very large, the reflectivity change primarily
decreases with increasing initial density. In addition, the linear increase in the exciton
by the excitation power was considered in the calculation. However, comparison with
the experimental and calculation results may indicate that the increase of the probed
exciton by the excitation light is more complex.

Here, we discuss the mechanism governing the increase in HH-exciton number. Two
mechanisms are involved here: an intersubband transition and an in-plane transfer. To
assess the difference in these effects, the signals were measured at various excitation
energies for a probe power of 1 mW, as shown in Fig. 4(a). Here, the terms ”2s exciton”,
which has smaller binding energy than the HH exciton which can be said ”1s exciton”
[42], and "p-layer” indicate excitation energies of 1.5266 and 1.5023 eV, respectively.
The 2s exciton energy was evaluated using a low-temperature PL spectrum. The light
with the energy of 1.5023 eV mainly excites the surface p-layer. Additionally, the term
"HH exciton” denotes an excitation energy of 1.5163 eV, which is close to the probe
energy of 1.5136 eV and excites the HH exciton within its inhomogeneous width. All
laser spectra are shown in Fig. SI.

While the p-layer excitation shows different profiles for the low excitation-power
region, with an almost linear increase, the profiles are similar at higher excitation powers.
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Figure 4. (a, b) Excitation-power dependence of the reflectivity change for various
excitation energies. The probe power at the HH-exciton energy was 1 mW (a) or 15
mW (b). (c¢) Reflectivity change values for various excitation energies as a function of
probe power at the HH exciton.

Based on the calculation results, this constant trend indicates that the number of HH
excitons is sufficiently high. This result suggests that a large number of HH excitons are
quickly supplied, even at lower excitation powers; therefore, the reflectivity increases
little. If an HH exciton is created by the probe light, it is immediately ionized due to
the internal electric field [37]. Therefore, the reflectivity change maintains an almost
constant value.

As the probe power increases to 15 mW, the reflectivity modulation drastically
changes, as shown in Fig. 4(b). Interestingly, the modulation by the excitation of the
LH and 2s excitons shows a similar profile; the two-step increase appears due to the
excitation of the LH and 2s excitons. On the other hand, while the HH-exciton and
p-layer excitations do not show any excitation-power dependence at lower powers, the
excitations show a rapid increase in the reflectivity change at higher excitation powers.
As shown in Fig. S2, the signal becomes negative when the excitation power is smaller
than the probe power, in agreement with calculations. Furthermore, the rapid increase
is also in good agreement with calculations. Therefore, signals observed by intense probe
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excitation correspond to an increase in exciton number.

For excitation of the LH and 2s excitons, an HH exciton caused by ionization is
added to the original number of HH excitons created by the probe light tuned to the
HH exciton energy. The ionization is caused by the thermal effects and internal field
[37]. The intersubband transition from the LH to HH states occurs faster than in-plane
diffusion. Therefore, the rapid increase in the reflectivity change is attributed to the
intersubband transition. However, for the HH-exciton and p-layer excitations, an HH
exciton due to in-plane transport is added. Because the supply rate corresponding
to this movement is lower than that for the LH- and 2s-exciton excitations, a larger
excitation power is needed to increase the reflectivity change.

The variation in the reflectivity change due to increasing probe power at the HH
energy at an excitation power of 20 mW under various excitation energies is shown in
Fig. 4(c). As the probe power is increased, the reflectivity change is decreased for all
conditions, as shown in Fig. 3(b). Based on the DFM measurements [28], the THz
signal is generated in the low-reflectivity-change region, i.e., the lower right region in
Fig. 4(c). This case is different from that of two-mode laser oscillation, as mentioned
above. Considering the preferable conditions for generating THz waves by the DFM
mechanism, the overlap of two polarizations is essential. Therefore, the modulation
should be small.

The free carriers may be considered as the origin of the modulation. At room
temperature, excitons are rapidly ionized, and free electrons and holes are created
[43, 44]. However, in the case of the quantum structures, such free carriers in QWs
finally recombine as the excitons, which was observed as the square dependence of
the PL intensity on the excitation power [44]. That was also observed in our sample,
furthermore, exciton PL is dominant under the exciton-excitation conditions [37]. In
addition, though the experiment was performed at low temperatures, it was shown that
the resonant excitation could suppress the effect of free carriers [17]. Therefore, we are
considering the free carriers hardly change the reflectivity at the exciton energies.

As another modulation mechanism, thermal excitation effects are also important.
Indeed, the resonant excitation of the HH exciton causes the LH exciton PL [37].
Therefore, the reflectivity change signals probed at the LH-exciton energy were measured
at the HH-exciton excitation energy, as shown in Fig. 5(a). The laser spectra are shown
in Fig. 5(b). Unfortunately, we could not obtain a single-mode laser at this energy; thus,
we used a multimode laser. However, the laser linewidth was much smaller than that
of the LH exciton [37]. The monochromator used in the probe system is shown in Fig.
1. Hence, comparison with the results obtained at the HH exciton energy is possible.
Considering the results of the resonant excitation PL [37], where the shift of the peak
energies was not observed. Hence, it is possible to regard that the lattice temperature
was almost constant during the laser input in the power region of our experiments.

The dependence in this case differs from that observed when probing at the HH-
exciton energy. Particularly, while the reflectivity change is reduced for a probe power
of 10 mW, the results for a probe power of 15 mW are larger than those for 5 and 10
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Figure 5. (a) Excitation-power dependence of the reflectivity change for various probe
powers at the LH-exciton energy. (b) Laser spectra.

mW. Considering the calculation results, the initial decrease in the reflectivity change
by 10 mW is attributed to an increase in the number of LH excitons, while the increase
for the 15-mW probe results from a decrease in the number of LH excitons. This result
indicates that the HH from the ionized HH exciton is thermally excited into the LH
state.

To investigate the origin of the LH-exciton modulation, measurements were
performed at various excitation energies, as shown in Figs. 6(a) and 6(b). For reference,
the laser spectra are shown in Fig. S3. No rapid increase was observed for either
probe power condition, in contrast to the HH-exciton probe measurements. This finding
suggests that the number of LH excitons is maintained by suppressing the intersubband
transition to the HH state because the HH state is occupied by the probe light, transiting
from the 2s or p-layer excitons. On the other hand, the signals observed by the 1-
mW probe under LH-exciton excitation and the 15-mW probe show an almost linear
dependence on the excitation power. These results indicate that the intense probe light
causes the annihilation of the LH exciton due to exciton-exciton scattering.

Figure 6(c) presents a summary of the results obtained by the LH probe. Except
for the case of LH excitation, the reflectivity change increases for a probe power of 15
mW, which is different from the dependence shown in Fig. 3(b). This increase in probe
power does not cause an increase in the reflectivity change. Therefore, the intense probe
power causes exciton annihilation at the LH-exciton energy. In contrast, the reflectivity
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Figure 6. (a, b) Excitation-power dependence of the reflectivity change for various
excitation energies. The probe power at the LH-exciton energy was 1 mW (a) or 15
mW (b). (c) Reflectivity change for various excitation energies as a function of probe
power at the LH exciton.

change increases with increasing excitation power for all excitation energies. This result
demonstrates that the LH exciton is supplied by the thermal excitation of carriers due
to ionized excitons or carriers in the p-layer. In DFM measurements, this supply is
important for generating THz signals to ensure that the nonlinear polarization is stable.

4. Conclusion

We have investigated the interaction between excitons excited by cw lasers by measuring
the reflectivity change in a GaAs/AlAs MQW at room temperature. The increase
in reflectivity change due to increasing excitation power originates from an increased
number of excitons in agreement with calculations. Interestingly, the profiles of
excitation-power dependence varied with probe power. Moreover, the dependence
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probed at the HH-exciton energy differs from that probed at the LH-exciton energy, due
to a difference in the modulation mechanism. Our results demonstrate that the initial
exciton density, which depends on the probe power, is an important factor to consider
when setting spectroscopic measurement conditions. Furthermore, these results have
clarified why intense cw laser beams are required to generate an intense DFM-THz
signal, thus, elucidating why the resonant effect at the HH- and LH-exciton excitation
condition is weak. Therefore, to enhance THz signals by DFM, the exciton number
must be carefully controlled.

Calculation can roughly explain the trend. However, to explain the more detailed
change the multipole effects should be included.
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