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We show that in quasi-2D GaAs quantum wells, below-resonance low-intensity excitation produces a
pure shift of the excitons, contrary to ac Stark shifts in atomic systems. At high pump intensities two-
photon 3D-real-carrier generation competes with the virtual 2D-exciton effects. We also show that dc
fields applied perpendicular to the layers reduce the excitonic ac Stark effect.

PACS numbers: 78.50.Ge, 71.45.—d, 78.47.+p

It has been shown recently that dynamical Stark shifts
of the band-edge states are produced by intense photoex-
citation of semiconductors below the band gap, E,."?
Because of the extended nature and strong mutual in-
teraction of the electronic excitations in semiconductors,
the excitonic ac Stark effect (ac SE) is more complicated
in character>* than that in atomic systems.®> Rather, the
theory®* reveals profound similarities between the pho-
togenerated populations of virtual excitons and Bose con-
densed gases (at small or moderate detuning and intensi-
ty) or superconductors (at large detuning and intensity).
A marked difference between atomic and excitonic ac SE
has been recently predicted by numerical calculations®3
based on the theory of Refs. 3 and 4. It has been shown
that in contrast to atomic systems, for which the ac SE is
always accompanied by a reduction of oscillator
strength, in two-dimensional (2D) semiconductor quan-
tum wells (QW) low-intensity, moderate-detuning,
below-gap excitation should produce a pure shift of the
exciton resonances. It is only at high intensity that the
resonances lose height and broaden.®

The excitonic optical nonlinearities originate from
anharmonicities in the exciton-exciton and exciton-
photon interaction which depend directly on the polar-
ization and density of virtual populations.>* In turn, the
distribution of the latter over the bound and scattering
exciton states is determined by the intensity I, and de-
tuning E; — A, of the pump laser.® Thus, experimental
investigations of the excitonic absorption under various
conditions of below-gap excitation provide information
on a novel “condensed” many-body system.>*®% The
signature of virtual populations is that they last only as
long as the optical excitation; therefore they are studied
by time-resolved techniques using ultrashort laser
pulses. "> We have found that, at the large detunings re-
quired for ultrashort ( < 100 fs) excitation, a systematic
study of the effects of virtual populations without contri-
butions from real populations is complicated in practice

by nonresonant two-photon carrier generation. This
occurs because the ac Stark shift decreases approximate-
ly inversely in proportion to the detuning?™* whereas the
two-photon absorption (TPA) cross section is relatively
constant.” Hence TPA becomes increasingly important
relative to the ac SE as the detuning increases.

In the case of QW’s, the TPA real carriers are essen-
tially 3D because they are generated at energies of
= 2E,, i.e., well above the gap discontinuity between the
QW and the barrier-layer material. Their interaction
with the 2D band-edge excitons is thus completely
different from that of the 2D virtual excitons. In QW’s
the phase space filling (PSF) of 2D excitons has a strong
contribution to the ac SE while corresponding 2D exci-
ton screening is small.'®!'" On the contrary, the high-
energy 3D carriers do not contribute to PSF but do
screen the electron-hole interaction dynamically, giving
rise to collision broadening. Through the resulting coex-
istence of virtual 2D excitons and real 3D carriers novel
and interesting aspects of dimensionality can be ex-
plored.

In this Letter we report investigations of the effects of
virtual excitons and high-energy real carriers on the
band-edge absorption of GaAs QW’s. We use a special
sample which consists of a p-i-n diode with 74-A QW in
the intrinsic region. By high-sensitivity femtosecond
spectroscopy we can sort out the respective contributions
of the two species on the absorption spectra, and by
measuring the intensity dependence of the photocurrent
in the p-i-n diode we can unambiguously assign the ori-
gin of the real carriers to TPA. We demonstrate that at
very low excitation intensity and moderate detuning the
virtual excitons induce a pure shift of the band-edge ex-
citons without loss of oscillator strength, in agreement
with Refs. 6-8. At higher intensity both a shift and a
decrease in exciton absorption due to virtual populations
are observed.! At very large pump intensities we find
that TPA is strong and unavoidable and is a natural
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consequence of excitation below the band edge with ul-
trashort optical pulses. We follow the evolution of the
exciton differential line shape versus intensity and we
compare it to that induced by real-carrier populations
excited by TPA.

For our experiments we use a newly developed laser
system which generates 100-fs optical pulses of micro-
joule energies at a 8-kHz repetition rate with center
wavelength at 805 nm.'?> Pump pulses of 100-fs duration
are selected from an intense infrared continuum which is
generated in a jet of ethylene glycol with interference
filters around 820 nm. We measure differential trans-
mission spectra with an optical multichannel analyzer
and spectrometer operating in differential detection
mode while synchronously chopping the pump beam.
We scan the time delay between the pump and probe
beams to obtain the full time course. Kilohertz repeti-
tion rates allow us to use differential detection tech-
niques for small-signal analysis. The 74-A-QW exciton
absorption line is at 780 nm. Since the femtosecond
white-light continuum center is 805 nm, we now have
available extremely intense (up to 1 TW cm ~2) continu-
ously tunable excitation pulses below the band gap of
GaAs quantum wells.

We first performed low-excitation-intensity experi-
ments. In Fig. 1(d) we show the absorption spectrum
a(w) of the sample at 35 K measured with very-low-
intensity (I, = 10 kW cm ~2), 100-fs continuum pulses.
When the sample is excited = 50 meV below the heavy-
hole exciton with low-intensity 100-fs pump pulses
(1,,::30 MW cm ~?), the changes of the absorption
spectrum are very small, only a few percent, i.e., about
the width of the pen line in Fig. 1(d). They can be seen
only by measuring the differential transmission spectrum
(DTS) AT/T = Aaxl. In the limit of a pure shift, the
DTS should have exactly the same line shape as the
derivative of the linear absorption da/dw. In Fig. 1(a),
da/dw calculated from a(w) of Fig. 1(d) is compared to
the measured DTS at zero time delay. We find that
around the exciton resonance the two line shapes are
identical, in agreement with the theory.>*¢® The origin
of a pure shift of the exciton without loss of oscillator
strength can be explained as follows. The virtual exci-
tons generated by the below-resonance excitation pro-
duce a reduction of the oscillator strength owing to PSF
and a shift of the bound states as well as of the scatter-
ing states,®® i.e., the continuum of unbound excitons.
At moderate detuning, however, the shift of the band
edge is larger than that of the 1S exciton,®’ so that the
“binding energy” of the exciton in the presence of the
virtual populations is increased. Since the exciton oscil-
lator strength is proportional to its binding energy, its os-
cillator strength increases. In the case of 2D systems at
low excitation, this enhancement cancels almost exactly
the loss of exciton oscillator strength due to virtual-
exciton PSF.%"® Physically, this effect reflects once more
the larger interaction cross section with a given exciton
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FIG. 1. (a) Differential transmission spectrum at delay =0
obtained at a pump intensity /, = 30 MW cm ~2. The deriva-
tive of the experimental absorption (d) with respect to frequen-
cy is also shown, demonstrating that the exciton exhibits a pure
shift at low intensities. (b) Differential transmission spectrum
at I, =100 MW cm ™2 The signal no longer matches the
derivative of the sample absorption, indicating a departure
from pure shift of the exciton. The negative dip denoted by
BG on the derivative of the linear absorption indicates the sig-
nal that is expected in the case of a simple rigid shift of the
band-edge states. (c) Differential transmission spectrum at
At =0 for a 50-meV detuning at 0 V applied dc bias, and for
the same pump wavelength and intensity, but with —10 V dc
bias applied to the sample. The ac SE is reduced in the pres-
ence of a F=10° V/cm dc bias field perpendicular to the
quantum wells. (d) Absorption spectrum of the Alo3GagsAs/
GaAs p-i-n diode containing fifty 74-A GaAs quantum wells in
the intrinsic region at 0 V bias. Dashed lines show the com-
ponents of a simple fit to the absorption spectrum using a
Gaussian exciton resonance and a sigmoid continuum function.
All the data presented in this article were obtained at 35 K.

of the scattering states compared to that of bound states.
Only for very large detuning does the 1S exciton state
and the continuum shift by the same amount.® Although
the exciton binding energy increases to keep the exciton-
ic absorption area constant, detailed theoretical calcula-
tions of the total spectrum suggest that there should not
be a simple feature in the spectrum characteristic of a
simple shift and bleaching of the continuum absorption
edge, in qualitative agreement with our measurement.
We note, however, that recently Joffre, Fluegel, and
Peyghambarian'? have reported continuum shifts in the
3D bulk CdS, at much larger detuning.

Experiments with weak pump but at higher test inten-
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sities indicate a departure from this pure-shift regime,
presumably because of a nonnegligible population of real
excitons created directly by the test beam. We have
found that only for I, < 10 kW cm ~2 is the effect of the
test beam negligible, and all our experiments were per-
formed under these conditions. When the pump intensi-
ty is increased one observes evidence of both a shift and
a decrease in the exciton absorption, as predicted
theoretically® and seen earlier.! This translates in the
DTS to a decrease and broadening of the positive lobe
[see Fig. 1(b)]. Nevertheless, these effects are still due
to virtual populations since they last only as long as the
pump pulse is applied and the absorption completely re-
covers at ¢ > 150 fs.

Yamanishi and co-workers '# have theoretically investi-
gated the ac SE under dc applied fields perpendicular to
the QW’s. The effect of such an applied field is to shift
the excitonic resonances to lower energies, due to the
quantum confined Stark effect.!®> With a detuning of 50
meV at zero bias, we find that the applied dc field
reduces the ac SE [Fig. 1(c)], even though the quantum
confined Stark effect reduces the detuning by = 6 meV.
The rapid decrease of electron-hole overlap with applied
field dominates in this case.

Further increase in the pump intensity brings about a
more complicated regime which has not been systemati-
cally investigated to date. This is shown in Fig. 2 where
we present the full time course of the DTS obtained with
100-fs excitation pulses at 80 meV below the exciton en-
ergy and I,=~3 GW cm ~2. This plot is obtained by
overlaying a grid on top of our ten measured DTS. We
observe a rapid initial transient at both the heavy-hole
and light-hole excitons. This transient contains both an
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FIG. 2. Time course of differential spectrum for excitation
80 meV below the heavy-hole exciton at I,=~3 GW cm 2%
Signals at the heavy-hole (HH) and light-hole (LH) exciton
are simultaneously observed. The nonzero signal at late times
(> 264 fs) is due to two-photon carrier generation. Inset:
curve a shows the differential transmission spectrum around
the HH exciton, and its integral, curve b, demonstrates the
area conservation resulting from screening of the 2D excitons
by the 3D plasma.

excitonic shift and bleaching. After the rapid transient
the signals do not recover to zero. On our time scale the
DTS shows a very long-lived component (many ps). The
heavy-hole exciton DTS at +264 fs is shown as curve a
in the inset of Fig. 2. The ac SE does not contribute to
the signal at this time delay since the pump pulse is only
100 fs long, and we find that this signal is the signature
of a pure exciton line broadening. The integral of the
t =+ 264 fs transmission change over the heavy-hole ex-
citon line is also shown in the inset of Fig. 2, as curve b.
The integrated transmission change around the exciton
resonance is nearly zero, which results since there is no
direct occupation of band-edge states.'®!! This signal
appears to be due to a dynamical screening of the
electron-hole interaction such as that which a real plas-
ma would produce. Such a plasma can be generated by
TPA.®

To investigate the presence and origin of real carriers
we have studied the photocurrent in a p-i-n diode with a
reverse bias of 10 V. We find indeed a photocurrent
with a clear quadratic dependence on I, as shown in Fig.
3. We estimate, using the known TPA coefficient of
GaAs,® that at 3 GW cm ~ 2 we expect a photocurrent of
2 puA, about 10 times higher than we measure. The pho-
toconduction quantum efficiency in perpendicular trans-
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FIG. 3. Photocurrent measured with 10 V reverse bias ap-
plied on the p-i-n quantum-well sample, showing a quadratic
dependence on the pump intensity.
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port at low temperature in quantum wells is not well un-
derstood; however, our estimates of the expected TPA
photocurrent are in reasonable agreement with our mea-
sured values. The carriers excited by TPA are 3D in
character since their excess energy (= 1.5 eV) is far
above the confinement potential in our QW (200 meV).
They are free to move in 3D and able to screen instan-
taneously the 2D excitons effectively. This effect pre-
vents the full recovery of the excitonic absorption. The
perturbation caused by these carriers becomes stronger
in time as they relax down to the band edge.'®!'” Then
they will occupy k=0 states and bleach the exciton line
in such a way that the integrated transmission change
will no longer be zero. Of course, after the carriers
recombine in a few ns the excitonic absorption fully re-
covers. We note that spectral oscillations at negative
time delays are clearly observed in these data. These are
due to the interaction of the pump pulse with the polar-
ization induced by the probe field. '8

In conclusion, we have shown that below-gap excita-
tion in quasi-2D GaAs QW’s produces, at low pump in-
tensity, a pure shift of the exciton resonances, unlike
two-level atoms. As the pump intensity increases both a
shift and a decrease in absorption of the excitons due to
virtual populations are observed. At very large pump in-
tensities and large detuning two-photon carrier genera-
tion becomes important. This causes power dissipation
and long (ns) lifetime transients and is undesirable for
applications. Use of a reverse-biased p-i-n structure pro-
vides an independent measure of the two-photon-gener-
ated photocarrier density. In the small-detuning limit,
shifts of the excitons can be obtained at lower pump
powers, so that real-carrier two-photon effects are weak-
er; however, very short optical pulses (less than 100 fs),
because of their large bandwidth, inherently violate the
small-detuning limit. Virtual excitation and two-photon
carrier excitation effects are connected in a fundamental
way and a full theoretical analysis of their inter-relation
is required.

Part of this work was previously reported. '°
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Note added.— The simultaneous occurrence of ac SE

1192

and TPA was also observed in atomic vapors.2°
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