
phys. stat. sol. (c) 4, No. 5, 1731–1734 (2007) / DOI 10.1002/pssc.200674280

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 

Ultrafast nonlinear optical response of weakly confined exci-
tons in GaAs thin films

O. Kojima∗ 1,2, T. Isu∗∗ 1,2, J. Ishi-Hayase1,2, M. Sasaki1, and M. Tsuchiya1,2

1 National Institute of Information and Communications Technology, 4-2-1 Nukui-kitamachi, Koganei,
Tokyo 184-8795, Japan

2 CREST, Japan Science and Technology Agency, Japan

Received 12 August 2006, revised 15 September 2006, accepted 30 November 2006
Published online 11 April 2007

PACS 42.50.Md, 73.20.Mf, 78.47.+p, 78.66.Fd

We report on an ultrafast nonlinear optical response of weakly confined excitons in GaAs thin films observed
by a two-beam degenerate four-wave-mixing (DFWM) technique. An ultrafast optical response comparable
to the pulse width appears under ultrashort-pulse-laser excitation condition. We clarified from the DFWM
spectra that the plural exciton states contribute to the ultrafast response. The results imply a possibility of
ultrafast switching devices using weakly confined excitons.

1 Introduction The optical nonlinearity of excitons in semiconductors has been extensively studied
towards realization of ultrafast optical devices including all-optical switching devices [1, 2]. Recently, an
enhancement of the optical nonlinearity of weakly confined excitons in GaAs thin films due to the effect of
nonlocality-induced-double resonance in energy and size (NIDORES) has been reported under the resonant
excitation condition of a single exciton state by picosecond laser pulses [3,4]. The nonlocal response arises
from the interaction of excitons with light fields in the case of the sample thickness close to the wavelength
of light, and induces the fast population decay of excitons [5]. If the excitons under the NIDORES con-
ditions demonstrate the ultrafast response, e.g., within 1 ps, ultrafast optical switching devices operating
in sub-picosecond time scale may be realized. In the present work, we show ultrafast nonlinear optical re-
sponses of the weakly confined excitons in the GaAs thin films observed by a degenerate four-wave-mixing
(DFWM) technique with various spectral widths of excitation pulses. By using an ultrashort pulse laser
for the excitation, an ultrafast response comparable to the pulse width appears in the DFWM signals. The
origin of the nonlinear optical response is discussed from the spectrally resolved DFWM signals.

2 Experiment The sample used in the present work is a double heterostructure (DH) thin film with
3 periods of GaAs(110 nm)/Al0.3Ga0.7As(5 nm) on a (100) GaAs substrate grown by molecular beam
epitaxy. The Al0.3Ga0.7As barrier layer has enough thickness to confine the excitons in the GaAs thin
films [3, 4]. The nonlinear optical response of the excitons was measured by a DFWM technique at 5
K. The experimental configuration is schematically shown in Fig.1. The light source was a mode-locked
Ti:sapphire pulse laser with 76 MHz repetition. The center energy of the laser pulse was 1.5158 eV which
agrees with the exciton energy in the present sample. The pulse train was split into two parts that were
focused to a single spot of 100 µm in diameter on the sample. The polarization of the pulse 1 and pulse
2 were copolarized. The DFWM signals in the backward direction of 2k2 − k1 were measured by various
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Fig. 1 Experimental configuration for a DFWM method.
The spectral width of the excitation pulse was controlled by
a slit between a grating pair.

spectral widths of the excitation pulse, ranging from 0.8 to 19.2 meV without changing the center energy.
The spectral width of the laser was controlled by a slit between the grating pair. The excitation density
was kept at 12 nJ/cm2 in all the spectral width. To measure the DFWM spectra at various time delays,
we used a monochromator with a 0.06-nm resolution connected to a charge-coupled device camera. We
also performed photoluminescence (PL) measurements for the estimation of the exciton energies. The
Ti:sapphire laser of the continuous wave mode of 800 nm was used for the excitation light, the detection
system mentioned above was also used.

3 Results and discussion Figure 2 shows the DFWM signals observed by various spectral widths of
the laser pulses. Each DFWM signal is normalized at the maximum intensity. At the spectral width of
0.8 meV, the signal-decay time estimated from fitting by a single exponential function is 1.6 ps which
is induced by the NIDORES effect. The asymmetric profile results from the temporal distortion of the
excitation pulse owing to the spectral control system. In order to remove this temporal distortion around 0
ps, the estimation of decay time was performed for the signal in the time region after 5 ps. By excitation
using spectrally broader laser pulses, the ultrafast response comparable to the pulse width appears around 0
ps in addition to the decay component with the time constant of 1.3 ps which almost agrees with the decay
time of the weakly confined excitons due to the NIDORES effect.

In order to clarify the origins of the ultrafast nonlinear optical response, the DFWM spectra under the
excitation of the spectral width of 19.2 meV have been measured at various time delays. The DFWM spec-
tra at various time delays are depicted in Fig. 3(b). In addition, the PL spectrum is shown in Fig. 3(a) for
reference, where the dotted lines indicate the exciton energies. The origins of the peaks were assigned by
comparison with the calculation results based on the quantization of the center-of-mass motion of excitons.
The notation of HHn (LHn) means the n-th quantized heavy- (light-) hole exciton state. The optical transi-
tion is described by the nonlocal response regime instead of the long-wavelength approximation when the
film thickness is close to the wavelength of the light. In the nonlocal response regime, the phase difference
between the light wave and exciton wave function should be considered, and the transition probability is
determined by the integral of exciton wave functions multiplied by the resonant electromagnetic field of
light. Therefore, in the case of the film thickness of 110 nm, the only excitons with even quantum number
have the peaks [3, 4].

The DFWM spectra clearly show several peaks at the exciton energies around 0 ps (thick curve) in
addition to the major peak of the HH2-exciton energy. The intensity of those excitonic peaks decreases
within a few hundred femtoseconds, which corresponds to the ultrafast signal decay in Fig. 2. These
results indicate that the ultrafast response is related to the response of the weakly confined excitons. It
is well known that the DFWM-signal decay reflects the dephasing time. As possible factors for causing
the ultrafast response, the population decay and the pure dephasing of the excitons should be considered.
The fact that we observed the long decay time over 100 ps under the femtosecond pulse excitation in our
previous report [6] indicates negligible contribution of the population decay to the DFWM-signal decay.
Therefore, we focused only on the exciton dephasing. On the other hand, the DFWM spectra around 0
ps have sharp peaks with a full width half maximum of 0.4 meV, which denies the possibility of ultrafast
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Fig. 2 DFWM signals observed by various spectral
widths of the laser pulses. All signals are normalized
at the maximum intensity.
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Fig. 3 (a)PL spectrum. (b)DFWM spectra observed at
various time delays by using the laser pulse with spectral
width of 19.8 meV. The dotted lines indicate the energies
of the quantized excitons. The thick curve is the spectrum
at 0 ps.

exciton dephasing. As mentioned above, we observed a dephasing time of 1.3 ps around tail of the DFWM
signal which is attributed to the exciton dephasing. The exact origin of this ultrafast decay in the GaAs thin
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films is still unclear. Zhang et al. reported a possibility of the contribution of exciton-exciton scattering
to the ultrafast decay process in the ZnO thin films [7]. Even in the low excitation density the ultrafast
response of weakly confined excitons was observed (not shown here), the scattering process may not be a
major factor for the response. Moreover, the off-resonant excitation of continuum states may induce the
destructive interference of excitons, leading to the rapid decay. However, the DFWM signal at 1.7 meV,
which is less than the exciton binding energy, shows a decay comparable to the pulse width in Fig. 2.
Hence, the ultrafast response is almost independently of the excitation of the continuum state. One of
the possible reasons is interference between the diffracted light waves. Namely, the interference between
the waves from each exciton state under the excitation condition of plural exciton states may lead to the
ultrafast nonlinear optical response.

4 Conclusions We have investigated the nonlinear optical response of weakly confined excitons in
GaAs thin films by the DFWM method with various spectral widths under the NIDORES condition. Un-
der the irradiation of ultrashort laser pulses, we have found that a ultrafast nonlinear optical response
comparable to the pulse width appears and that the light waves from the plural exciton states contribute
to the nonlinear optical response in the DFWM spectra. From these results, we expect that the NIDORES
effect on weakly confined excitons leads to a novel ultrafast optical switching device.
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