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Absence of exciton quenching in the presence of strong fields at high frequencies
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We have studied the response of excitons in a multiple quantum-well structure under the presence of intense
midinfrared fields. Peak fields (;106 V/cm, in the plane of quantum wells! that would cause exciton quench-
ing at low frequencies~up to ;GHz) are observed to have no significant quenching effect on the exciton
resonance when applied at;100 THz. We attribute this lack of quenching to the short period of the strong,
high-frequency field compared to the exciton response time.
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The nonlinear optical response of excitons in quant
wells has been and continues to be a subject of intense
search, due to the potential applications. One of these po
tial applications is ultrafast optical modulation via ultrafa
electroabsorption in excitons.1 The response of excitons t
strong field transients,1,2 to strong, low-frequency fields
~photon energy less than the binding energy!,3 and to strong
terahertz fields~photon energy comparable to the bindin
energy! ~Refs. 4–7! have been studied previously.

Here we are considering an applied field whose strengt
sufficient to cause field ionization at a frequency where
photon energy of the applied field is larger than the ioni
tion energy. This regime has not previously been exami
in atomic or semiconductor systems. At first glance, eit
field ionization or photoionization should lead to quenchi
of the exciton resonance. However, we observe that un
such conditions the exciton resonance remains relatively
affected. We attribute this resistance to quenching to the m
match between the period of the applied field and the
sponse time of the exciton.2

The sample used for these studies was an undo
InxGa12xAs/GaAs multiple quantum-well~MQW! structure
grown on a semi-insulating GaAs substrate by a Varian G
II molecular-beam epitaxy system using a cracked As4 (As2)
source. The MQW contained 15 periods, where each pe
consisted of an 8 nm In0.2Ga0.8As quantum well and 15 nm
GaAs barrier. The growth temperature was 540 °C and
InxGa12xAs composition was calibrated by x-ray diffractio
on a separate sample. The experiments were performed
the sample at room temperature.

The experimental setup used to study the exciton respo
to strong, high-frequency fields is the same as the setup
used to study the dynamical Franz-Keldysh effect in b
semiconductors.8 The source of strong, high-frequency field
is an optical parametric amplifier~OPA! pumped by a
Ti:Sapphire based regenerative amplifier. The system
duced pulses at a 1 kHz repetition rate with;1 ps pulse
0163-1829/2002/65~12!/121307~3!/$20.00 65 1213
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duration, and~with difference frequency mixing of the signa
and idler! wavelengths from 3mm to 10 mm. For these
studies, we used 3.5mm midinfrared~MIR! pulses, where
atmospheric absorption is small. We measured the trans
sion around the exciton resonance near the band edge o
GaAs substrate using broadband light as a probe. The br
band near-infrared~NIR! light was produced by continuum
generation in a sapphire plate, using the residual pump p
~800 nm! after the OPA. The broadband probe was temp
rally overlapped with the MIR pump~or driving field! by
changing the time delay~via the optical path length! of the
MIR pump relative to the probe. The NIR probe and the M
pump were focused onto the sample using an off-axis
raboloid, with the beams crossing at;10°. After passing
through the sample, the spectrum of the broadband pr
was dispersed using a grating monochromator and dete
using a Si charge-coupled device camera~response between
1.1 eV and;3 eV). Spectra were obtained with and with
out the driving field, and were subsequently normalized
the probe spectrum without the sample to obtain the abso
transmission~accurate to65%).

Figure 1 shows transmission data taken using;1 ps,
3.5 mm MIR ~86 THz! pulses with peak intensity of;2
31010 W/cm2 (;43106 V/cm peak field! compared to
data taken without the strong, high-frequency field. The M
beam is at nearly normal incidence to the sample, so that
MIR electric field is primarily in the plane of the quantum
wells and perpendicular to the growth direction. The red
tion in transmission near 1000 nm is the 1 s exciton reso-
nance associated with the transition between the highest
subband~H1! and the lowest electron subband~E1! in the
quantum wells, and the reduction in transmission around
nm is the band edge of the GaAs substrate. The prim
feature of the data obtained in the presence of the str
MIR field is the overall reduction of transmission over th
wavelength range shown. This is due to the dynamical Fra
Keldysh effect~DFKE! ~Refs. 7–10! in the GaAs substrate
©2002 The American Physical Society07-1
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and is discussed in detail elsewhere.8 The fact that we ob-
serve this effect in the substrate indicates that we are
applying a strong field in the MQW sample that is of suf
cient strength to ionize excitons, if the field was applied a
lower frequency. The other feature in the data is that
exciton resonance remains relatively unaffected with
strong MIR field. To better examine any effects on the ex
ton resonance, we removed the absorption change in the
strate by assuming a baselined on either side of the reson
and subtracting the baseline from the data. Figure 2 sh
the result of such data processing. There is a small decr
in the peak amplitude of the exciton resonance in the p
ence of the MIR field, but there is little broadening appar
in the peak width, as is expected from field ionization.3

We attribute this lack of quenching of the exciton res
nance by the strong MIR field to the mismatch betwe
the period of the strong field and the exciton orbit time. T
time scales relevant to exciton response are the exciton
time (;h/Ebinding), the electron tunneling time
@;(mEbinding)

1/2/(eF), where F is the applied electric
field#, and the exciton lifetime. Among these relevant tim
scales, the intrinsic exciton lifetime~estimated to be severa
hundreds of picoseconds from the homogeneous linewi!
and the lifetime determined by the inhomogeneous linewi
(;100 ps) are much longer than the period of the app
field, and thus should not play a role here. Under our con
tions, eF'43106 eV/cm, m'0.07m0, and Ebinding
;1022 eV, the tunneling time is;0.2 fs. Since the period
of the 3.5 mm MIR field ~12 fs! is longer than the tunneling
time, the peak field is strong enough to cause field ioniza
of the exciton. However, the applied field has a photon
ergy that is larger than the exciton binding energy, i.e.,
period of the applied field~12 fs! is significantly shorter than
the exciton orbit time (h/Ebinding;360 fs). Thus, the exci-
ton cannot respond to the high-frequency field, because

FIG. 1. Transmission below the GaAs band edge of a quant
well sample on a GaAs substrate. The black curve represents
with no applied field. The gray curve represents data with a 3.5mm
driving field with ;231010 W/cm2 peak intensity (;4
3106 V/cm peak field!. The reduction in transmission is due to th
dynamical Franz-Keldysh effect~see text!. Note the continued ex-
citon resonance at 1000 nm, even with the strong, high-freque
field.
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field is trying to drive the exciton at a frequency well abo
the resonance frequency. In the case of atoms, the analo
response~in the x-ray regime! is a very weak interaction o
the valence electrons with the applied field, and therefor
refractive index close to unity and a scattering cross sec
approaching the free-electron value~i.e., no resonance
enhancement!.11 In our case, with 0.35 eV MIR photons an
Ebinding;1022 eV, we have a relative frequency o
v/v resonance'30 and a damping factorg/v resonance'0.5,
which is in a frequency region where no significant res
nance enhancement occurs. Therefore,the strong, high-
frequency field views the exciton as a free electron and h
not as a bound pair.

Another ionization mechanism for these strong, hig
frequency fields that could affect the exciton resonance
photoionization. Since the photon energy~0.35 eV! of the
high-frequency field is much greater than the exciton bind
energy (;0.01 eV), photoionization of the exciton is a
lowed. However, assuming exciton photoionization beha
like atomic photoionization, which scales as (Ephoton
2Ebinding)

27/2 ~whereEphoton is the photon energy of the
applied field!, the photoionization probability decreases ra
idly with increasing photon energy above the ionizati
threshold. This is related to the lack of resonant enhancem
stated above, i.e., photoionization is greatest when the i
dent photon energy is resonant with the relevant binding
ergy. In our case, we should have a photoionization proba
ity that is ;431026 times that of the photoionization
probability near resonance. Nevertheless, we do observe
dence of a decrease~see Fig. 2! in the excitonic absorption in
the presence of the strong, high-frequency field, which m
be due to this photoionization process.

FIG. 2. Transmission around the exciton resonance of a qu
tum well sample on a GaAs substrate from the data shown in Fig
The black curve represents data with no applied field. The g
curve represents data with a 3.5mm driving field with ;2
31010 W/cm2 peak intensity (;43106 V/cm peak field!. The
data are modified to subtract the transmission data around the
ton absorption peak in order to subtract the dynamical Fra
Keldysh effect in the substrate.
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In conclusion, we have observed that a quantum-confi
exciton does not respond strongly to a high-frequency fi
~i.e., well above the exciton resonant frequency! that would
cause field ionization at a lower frequency. We attribute t
lack of field ionization to the fact that the exciton respon
time is slow relative to the period of the strong field. The
observations represent some of the possible strong-field
nomena that may be studied in excitons in semiconduc
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that are very difficult to observe in atoms, due to the lack
intense ultraviolet sources.
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