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Femtosecond pump-probe spectroscopy was used to study the ultrafast-excitonic-bleaching-
recovery feature in the optical Stark effect of several GaAs/Al,Ga,_,As multiple-quantum-well
samples at room and low temperatures. We also have seen this effect in a nonlinear directional
coupler as a total transmission increase of the waveguides. The semiconductor Bloch equations for
the system were solved numerically and gave good qualitative agreement with the experiments. The
transient absorption saturation and recovery observed in the experiments is explained as an ultrafast

adiabatic following of the semiconductor excitation.

INTRODUCTION

One of the simplest and most powerful ways of study-
ing a semiconductor optically is the pump-and-probe
technique. When using this technique the temporal reso-
lution of the experiment, i.e., the laser pulse width, deter-
mines to what extent carrier dynamics, as well as optical
coherent transients, must be considered when interpret-
ing the data. For instance, nanosecond and longer-pulse
laser sources provide information on the steady-state
properties of excited electronic systems. Under steady-
state conditions the pump pulse is just a convenient way
to prepare the system; carriers generated in this way have
no memory of how they were generated. This is not al-
ways the case with femtosecond (fs) pulses, however, for
if the pulse duration is less than or on the order of the re-
laxation times within the semiconductor, then probe
pulses actually yield information on the coherent light-
matter interactions within the semiconductor.

Previous studies of coherent transition experiments in
semiconductors include photon echoes using 6 fs pulses'
and the optical Stark effect.>”” In these excitonic Stark
effect experiments a fast reduction, or bleaching, of the
exciton absorption line is always observed to accompany
the Stark shift. Although this bleaching does not com-
pletely recover on a fs time scale, it has a component
which lasts no longer than the duration of the pump
pulse. In this paper we study this fast bleaching recovery
in the optical Stark effect of GaAs quantum wells and
nonlinear directional couplers more closely, and show
that it can be interpreted as transient adiabatic following.

Adiabatic following®~!1° is an off-resonant effect which
occurs when the duration of a light pulse is less than the
phase relaxation time, T,, and the magnitude of the pulse
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detuning is greater than its inhomogeneous linewidth.
Under these conditions the quantities in the optical Bloch
equations which describe the system, namely the inver-
sion and polarization, have a time dependence deter-
mined by the instantaneous amplitude of the light pulse
envelope, i.e., they follow the field.

The above conditions on the pulse duration and detun-
ing can be satisfied in a semiconductor using fs laser sys-
tems. This is most easily achieved for the exciton reso-
nance in GaAs multiple-quantum-well structures
(MQW’s), which have a coherence time approaching one
picosecond. The response of the exciton to a nonresonant
light pulse can be described by the inversion, and inter-
band polarization, of the system using the semiconductor
Bloch equations,'!!”!'® which include the many-body
Coulomb effects in time-dependent Hartree-Fock approx-
imation. The numerical solution of these coupled equa-
tions not only explains the Stark shift, as shown previous-
ly,'71® but also indicates that the system’s inversion adi-
abatically follows the field.!® This aspect of the Stark
effect is manifested experimentally in the time-resolved
absorption measurements as a fast bleaching recovery of
the exciton line and as a transmission increase at zero
time delay in a GaAs quantum-well nonlinear directional
coupler (NLDC), as will be shown here.

EXPERIMENT

Time-resolved pump-probe experiments were carried
out using a synchronously pumped mode-locked dye laser
with an average output power of 25 mW, 82 MHz repeti-
tion rate, and center wavelength tunable from 850 to 870
nm for room-temperature experiments. A colliding pulse
mode-locked (CPM) dye laser amplified by copper vapor
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lasers (CVL) in cascade operating in 750-800 nm was
employed for low-temperature (=10 K) experiments.
The arrangement for the room-temperature experiments
on MQW’s and NLDC used an acousto-optic modulator
(AOM), which had a 1-us duration and 0.01 duty cycle.
The AOM was placed in the beam immediately after the
laser cavity to prevent thermal buildup in the sample by
the high repetition laser. Based on an assumed sech?
shape, autocorrelation measurements indicate that the
AOM temporally broadens the initial 60-fs pulses to 260
fs. The pump-and-probe pulses were collinear and had
orthogonal polarizations. For low-temperature experi-
ments, we first generated a continuum using CPM pulses
amplified by CVL and then the near-IR pulses were ob-
tained by reamplifying the desired portion of the generat-
ed continuum using a second CVL. The autocorrelation
of the pump pulse and the cross correlation of the pump-
and-probe pulses in this case were 200 and 300 fs, respec-
tively. The samples were molecular-beam epitaxy (MBE)
grown GaAs/Al,Ga,_,As multiple-quantum-well and
multiple-coupled-quantum-well structures (MQW’s and
MCQW?’s) with various well widths and barriers. In all
room-temperature measurements the laser center wave-
length was adjusted so as to be detuned by between four
and five E; below the heavy-hole exciton. Here Ey is the
bulk GaAs Rydberg energy, i.e., 4.2 meV. The detunings
for low-temperature measurements were smaller. The
spectral transmission of the probe through the sample,
for different time delays between pump and probe, was
measured by an optical multichannel analyzer at the out-
put of a spectrometer.

GaAs MQW

Figure 1 shows the low-temperature absorption spec-
trum of a GaAs MCQW sample for pumping below the
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FIG. 1. The absorption spectra of a MCQW at T=10 K at
different time delays. The pump wavelength was centered at
793 nm. The sample ha})d the repeated unit  198-A
Al 13Gag 37As/47-A GaAs/3-A AlAs/47-A GaAs. (The asym-
metric states lie outside the spectral range shown.)
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exciton resonance and for different time delays, t,, where
t, =t(probe)—t(pump). The solid curve represents the
linear absorption, while the dotted spectrum corresponds
to £,=0. It clearly shows the heavy-hole exciton has
been blue shifted and bleached. The #, =0 coincides with
the time delay of maximum exciton bleaching, not max-
imum exciton Stark shift. The latter is consistently seen
at negative delay times, both in experiments and theoreti-
cal calculations.” In general, it occurs when the probe
comes just before the pump pulse, so that the probe po-
larization can be affected by the entire subsequent pump
pulse, and it has not yet undergone significant dephasing
when the pump pulse arrives. The dashed curve in Fig.
1, which corresponds to L, =500 fs, demonstrates that the
blue shift and bleaching are mostly recovered. The com-
plete recovery takes nanoseconds as a result of carrier
generation caused mainly by the spectral overlap of the
pump and the sample’s absorption spectrum. The tran-
sient exciton blue shift is a consequence of optical Stark
effect and has been discussed in earlier publications.?™’
The ultrafast exciton bleaching and recovery that accom-
panies the blue shift have also been seen’”’ but have not
been explained. This bleaching recovery cannot be a re-
sult of the exciton versus free-electron—hole pair phase-
space filling effect.!”!® In that case, the dominant bleach-
ing recovery occurs due to exciton ionization into
electron-hole pairs. Since the exciton ionization time is
much longer than a few hundred femtoseconds at low
temperatures, and furthermore, since our bleaching
recovery signal, following the dynamics of the pump
pulse, has a less than 500-fs duration, we can safely rule
out these exciton phase-space filling effects as an interpre-
tation of our data. We attribute the origin or the fast
bleaching recovery to transient adiabatic following as ex-
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FIG. 2. Room-temperature transient absorption spectra of
152-A GaAs MQW. The heavy-hole exciton linewidth was
difficult to determine due to the closeness to the light-hole exci-
ton. The detuning was 4.7Eg.
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plained in the discussion section of this paper.

The exciton dynamics for off-resonant excitation at
room temperature is very similar to the low-temperature
observations. Figure 2 shows our room-temperature re-
sults in a 152-A GaAs MQW for a pump-exciton detun-
ing of =4.7E,. While the Stark shift, which reaches its
maximum magnitude at t,= —200 fs, recovers complete-
ly at ¢, =400 fs, the excitonic bleaching only partially re-
covers. The fast component of bleaching recovery again
follows the pump-pulse dynamics.

Nonlinear directional coupler

The ultrafast bleaching recovery in the optical Stark
effect has also been observed in a GaAs/Al Ga,_,As
NLDC at room temperature. The structure of the
NLDC and its operation have been explained in Ref. 19
in more detail. The coupler consists of two waveguide
channels with 2 um spacing and length of 1.24 mm. The
1.2-pum-thick guiding region of the NLDC consists of 60
periods of 100-A GaAs/100-A Al ,Ga,_,As MQW lay-
ers. The guiding in the vertical direction is achieved by
two Al ,Ga,_,As layers with lower effective indices
above and beneath the MQW region. Reactive ion etch-
ing of pairs of ridge guides on the top of Al,Ga;_,As
layer results in channel definition of the NLDC. The
data were taken by imaging the NLDC output end on the
charge-coupled device (CCD) array of the optical mul-
tichannel analyzer directly. The inset of Fig. 3 schemati-
cally shows the geometry for operation of the NLDC.
The probe pulses, which are coupled to channel 2 of the
NLDC, cross couple into channel 1 for a certain length of
the channel, called the critical length. However, the ap-
plication of a pump pulse in channel 2 results in destruc-
tion of this coupling as the index of refraction in the
guiding region is changed, forcing the probe light to stay
in channel 2. A typical NLDC behavior is shown in Fig.
3, where the normalized transmission of the two channels

CH2
70 L e
» _cHl -
z. . R
S 60- T e~ o
%) -~ .
& Sl
= .
2 S p
Z 50 ~
o - «
= s o
= -5
Z .
£ 40 o -
= o 2
5 e
= CH2
30 : : R
0.0 0.5 1.0 1.5 2.0 2.5

PUMP INTENSITY (GW/cm?)

FIG. 3. Relative probe transmission of the two channels as a
function of pump intensity at a fixed time delay. The intensities
are normalized by the transmitted total intensity. The inset
shows the probe beam propagation direction without a pump
beam.
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FIG. 4. NLDC output intensity profiles for different time de-
lays. The pump intensity was about 2 GW/cm’.

is plotted as a function of the input intensity of the pump
pulse at a fixed time delay. As expected at low pump in-
tensities, the probe light that was originally coupled into
channel 2 is cross coupled and exits from channel 1. Due
to the use of pulsed excitation,?>2! and since the length of
the waveguide is probably not completely optimized, not
all the probe light is coupled to channel 1. As the pump
intensity is increased, we clearly see the coupling back
from channel 1 to channel 2. The dynamics of this non-
linear directional coupling operation may be measured in
a time-resolved pump-probe experiment. Figure 4
displays such an operation, where the output intensity
profiles are plotted for different time delays between the
pump and the probe pulses. At large negative time de-
lays, for which the probe leads the pump, most of the
probe exits the device through channel 1 after cross cou-
pling. At zero time delay it is switched back to channel 2
as a result of pump action. For large positive delays it re-
turns to its initial path. Figures 3 and 4 show that we are
able to obtain a transient (i.e., <1-ps recovery) crossover
in the output intensity ratio of the two channels at a
pump intensity of about 2 GW/ cm?.

In the NLDC experiment, the ultrafast change in the
absorption coefficient (a) of the sample usually manifests
itself as a change in its transmission (7'), which can be ex-
pressed as T =n(1~R)*exp(—aL), where 7 is the mode
coupling and guiding efficiency, R is the reflectivity of the
input and output faces, and L is the length of the sample.
Because of the relatively long coupling length (L =1-2
mm) necessary for the operation of the NLDC, a direct
observation of the nonlinear processes near the exciton
peak, where aL >>1, is not possible. However, the large
L makes the device very sensitive to relatively small
changes of a since AT/T=—AaL. For example,
Aa=—3 cm~ ! is needed for AT/T=0.3. Such a small
change in «a is difficult to detect in a regular 1-2-um sam-
ple, while it can be easily measured in our experiment, al-
though for large detunings of 30—-40 meV from the exci-
ton peak.

The transient blue shift and bleaching of the exciton
resonance in the optical Stark effect is expected to cause a
transient increase in the total transmission of the NLDC
(AT >0) if one assumes that the change of guiding
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FIG. 5. Total transmission of NLDC as a function of time
delay.

efficiency (7)) is negligible. We indeed observed such a
transient increase in the total transmission of the NLDC,
as shown in Fig. 5, where a maximum AT /T > 0.5 is seen
at zero time delay between the pump and the probe. The
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by one-photon or two-photon absorption. To distinguish
between the two processes, we analyzed the dependence
of the unrecovered part of the signal on the pump intensi-
ty. This incomplete-recovery component, which is
roughly proportional to the carrier density, would vary
quadratically with intensity for two-photon absorption
and linearly with intensity for one-photon absorption in
the exciton tail. The result is shown in Fig. 6 where the
unrecovered part of the signal, i.e., the difference between
transmission at #,=1 ps and #,= —1 ps, is plotted as a
function of pump intensity. The inset of Fig. 6 displays
the complete dynamics of the NLDC operation. The ar-
rows in the inset represent the signal that is plotted in
Fig. 6. It indicates that the two-photon absorption is
negligible in our case, since the quadratic coefficient is
much smaller than the linear coefficient in fitting the
data. Thus, we conclude that generation of carriers by
one-photon absorption is responsible for the incomplete
recovery of our data.

DISCUSSION

For the analysis of our experiments, we use the semi-
conductor Bloch equations. These are the equations of
motion for the expectation value of the population of the
state, k, and interband polarization, P,. The Bloch equa-
tions describing the fs response are

intensity and recovery time of this observation is in quali- 3 = i#
tative agreement with the result of our theoretical simula- lﬁgt-Pk - }j te—2 kék Vieifi [Pk
tions, as discussed below.
The incomplete part of the signal recovery in Fig. 5 —(1=2f) [ S Vi_wPw+UuE ] , 1)
may be attributed to the generation of real carriers, either K'#k
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FIG. 6. The magnitude of the unrecovered signal as a function of pump intensity. The vertical axis is the difference between
transmissions at z,= — 1 ps and + 1 ps as shown in the inset by arrows. Open circles are for channel 1 (CH1) and solid circles are for
channel 2 (CH2).
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where ek:Eg-Ffizkz/Zm——ha)L, and w; is the central
frequency of the excitation pulse. Here T, is the phe-
nomenological phase relaxation time, 7', is the longitudi-
nal relaxation time, p is the dipole interband matrix ele-
ment, E is the electric-field amplitude in the rotating
frame, and V is the Coulomb potential. Notice that when
terms containing the Coulomb potential are ignored, the
equations reduce to the optical Bloch equations for a set
of inhomogeneously broadened two-level system, where
the inhomogeneity is in k space, rather than real space.
The additional Coulomb terms in (1) and (2) renormalize
the system energy as well as the applied electric field in-
side the semiconductor.

We solved Egs. (1) and (2) numerically for different
time delays, ignoring the T relaxation term because the
pulse duration is much shorter than the carrier lifetime.
The calculated spectrum for comparison with the room-
temperature data of Fig. 1 is shown in Fig. 7. The ma-
terial parameters are those of a 50-A GaAs MQW with a
1.2ER Lorentzian-shaped linewidth, irradiated by a 70-fs
Gaussian-shaped pump, energetically detuned 7.3Ej
below the heavy-hole exciton. As in the experiment, the
pump-pulse duration and detuning satisfied the adiabatic
following conditions mentioned earlier. The temporal be-
havior of the exciton in Fig. 7 shows good qualitative
agreement with the data. That is, the exciton both
bleaches and shifts at negative time delays. The Stark

n
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FIG. 7. The numerically evaluated transient behavior of the
heavy-hole exciton for a room-temperature 50-A GaAs MQW.
The following parameters were chosen for the simulations:
1.2E; homogeneous broadening of exciton, 7.3Ep detuning
below the resonance, and 70-fs full width at half maximum
(FWHM) pump-pulse intensity duration. The peak-to-valley ra-
tio looks high because the light-hole exciton is ignored in the
calculation. The upper solid curve is the linear absorption spec-
trum, while the long-dashed, short-dashed, and the lower solid
curves are for time delays #, =250, —250, and O fs, respectively.
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FIG. 8. Calculated absorption spectra for transient behavior
of a low-temperature 50-A GaAs MQW. The following param-
eters were chosen for the simulations: 0.7Ez homogeneous
broadening of exciton, 6E; detuning below the resonance, and
150-fs (FWHM) pump-pulse duration. The light-hole exciton
was ignored in these calculations. The solid curve represents
the linear absorption; the long-dashed curve is for zero time de-
lay between the pump and probe pulses, and the short-dashed
curve is plotted for a time delay of ¢, =500 fs.

shift which reaches a maximum at a negative time fully
recovers after several hundred fs, while the bleaching,
which is maximized at 7, =0, does not quite completely
recover. Similar solutions of the Bloch equations, for
comparison with low-temperature data of Fig. 2, are plot-
ted in Fig. 8. Again good qualitative agreement between
the experiment and theory is obtained.

In the calculations, the amount of the long-lived
bleaching is determined by the dephasing rate in the vi-
cinity of the pump-pulse frequency. Since a microscopic
calculation of the frequency dependence of the homo-
geneous exciton broadening within the solution of the
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FIG. 9. Calculated temporal behavior of the carrier density
generated by pump pulse under the conditions specified in Fig.
7.
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semiconductor Bloch equations would still be a very in-
volved task, we have treated this frequency dependence
as a parameter. Hence, only the qualitative behavior of
the time evolution of the spectrum, and not the quantita-
tive amount of recovery, is correctly taken into account
in the numerical solution. Furthermore, a quantitative
treatment of the exact recovery would require the in-
clusion of screening into the Bloch equations, which itself
presents a major complication to Egs. (1) and (2). Here
we have restricted ourselves to the case in which the
recovery is almost complete, so that excitation of real
carriers does not invalidate the neglect of screening. Fig-
ure 9 shows the temporal behavior of the created carrier
density, which is proportional to [, (2)=2 3 fi(?),
along with the pump-pulse intensity. Note that similar to
the experiments, there is a fast component of the density,
which follows the pump, and a small long-lasting tail due
to the incoherent component of the real carrier genera-
tion. The fast component is a result of the coherent
response of the carrier density. It is the transient pres-
ence of this density which is responsible for the fast
bleaching recovery. We assign this behavior to the ul-
trafast adiabatic following in semiconductors.

Since our numerical solutions yield the full complex
polarization P(®), we can easily obtain the nonlinear re-
fractive index n (w) from the real part of P. In Fig. 10 we
plot an example of the results for the conditions chosen
for Fig. 8. The solid line shows the absorption changes
Aqa for a pump-probe delay 7, =0, and the dashed curve
shows the refractive index changes An. It is noted that
the Kramers-Kronig relations between Aa and An are no
longer valid in this case because of the fast pulse-
excitation conditions. Figure 10 shows that substantial
index changes are obtained under the assumed excitation
conditions, consistent with the behavior of the NLDC de-
vices that we have presented in Figs. 3-6.

CONCLUSION

In conclusion, we have observed a fast bleaching
recovery of the heavy-hole exciton absorption spectrum
at room and low temperatures in several GaAs multiple-
quantum-well structures and in a MQW nonlinear direc-
tional coupler. This coherent feature is a part of the opti-
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FIG. 10. Calculated absorption changes Aa (solid curve) for
t, =0 obtained from Fig. 8 and index changes An (dashed curve)
for the same conditions.

cal Stark effect and manifested in GaAs nonlinear direc-
tional coupler as a total transmission increase. Like the
blue shift in the optical Stark effect, this behavior can be
described by the semiconductor optical Bloch equations.
The transient exciton population, which temporally fol-
lows the pump pulse, and which is responsible for the fast
exciton bleaching and recovery, can be described as adia-
batic following in a semiconductor.

Note added in proof. The recent report on the observa-
tion of photocurrents in a GaAs/Al,Ga,;_,As quantum
well as a result of virtual charge excitation by off-
resonant pumping?? may be also explained by the ul-
trafast adiabatic following effect we have discussed in this

paper.
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