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Femtosecond-pulse distortion in quantum wells
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We show that a low-intensity femtosecond pulse is severely distorted while propagating through a rel-
0

atively thin {(7000 A) GaAs multiple-quantum-well sample and that this pulse distortion depends criti-
cally on the dephasing time T2 and the total thickness l. An interferometric measurement reveals the ex-
istence of well-defined nodes at which the envelope function changes its sign. This pulse distortion
significantly affects femtosecond experiments such as pump-probe or four-wave-mixing experiments.

In most studies of semiconductors and their nanostruc-
tures using ultrafast spectroscopy, the result are analyzed
assuming that the sample is optically thin, i.e., al &(1,
where a is the absorption coefficient. With this assump-
tion, pulse distortion can be ignored, making theoretical
analysis much more manageable. However, the actual
samples are very often optically thick; for instance, typi-
cal GaAs and GaAs multiple-quantum-well (MQW) sam-
ples used in transmission experiments are a few thousand
A thick, making el ) 1. In such optically thick samples,
significant pulse distortion is possible, especially when the
pulse is shorter than T2. ' In GaAs quantum wells, the
effects of group-velocity dispersion and hole burning on
pulse propagation was studied, but due to the limited
time resolution ()9 ps) and large inhomogeneous
broadening, very little pulse distortion was observed. In-
teresting results on pulse-breaking effects have been re-
ported for high-intensity pulses with long propagation dis-
tances. ' With the wide use of femtosecond lasers, the
distortion becomes much more important especially
around the exciton resonances where the pulse width is
smaller than T2, and therefore, has to be considered care-
fully in all experiments but in extremely thin samples.
However, in most transmission experiments, a time-
integrated signal is measured as a function of the time de-
lay between the two pulses. Only recently, the time evo-
lution of four-wave-mixing (FWM) signals has begun to
provide considerable new information.

In this paper, we demonstrate that a low-intensity ul-
trashort pulse propagating through a typical MQW sam-
ple (I approximately equal to a few thousand A) shows
severe pulse distortions that depend strongly on T2 (and,
therefore, homogeneous linewidth) and laser wavelengths.
By comparing different samples, we show that the distor-
tion increases dramatically with l but decreases with an
increase in the inhomogeneous linewidth. Furthermore,
using interferometric techniques, we probe the pulse en-
velope function that shows aperiodic oscillations and
well-defined nodes at the exciton resonance. This demon-

strates that the origin of the pulse distortion is reradia-
tion of induced dipoles. The first principle, microscopic,
coupled Maxwell-semiconductor Bloch equations
(MSBE) calculation shows excellent agreements with the
experiments. We also show, by time resoluing the pump-
probe experiments (TR-PP) that the pump-induced
change in T2 is a primary factor in the pump-probe ex-
periments, because the pulse distortion is sensitive to T2.
This gives rise to a net signal which competes with the
bleaching. This is in contrast to the predictions of the
theory for an infinitely thin sample that there is only
broadening of the levels from this effect, so that the
structurally integrated total absorption is conserved and
the net differential absorption is zero. '

The experiments were performed on four GaAs MQW
samples with their substrates removed. The nominal well
width (I., ) and periods (N) of these samples are 170 A,
10 for sample A, 170 A, 15 for sample B, 100 A, 65 for
sample C, and 84 A, 75 for sample D. Samples 3 and B
have small linewidths ((1 meV), with FWM decay con-
stant 7deczy 0.5 —0.75 ps at 10 K so that the homogene-
ous linewidths is bigger than 0.45 (Ref. 12) (T2=2rd„,„
for a homogeneously broadened line), whereas samples C
and D are inhomogeneously broadened at low tempera-
tures [linewidth=3 meV (C), 1.8 meV (D), rd„,„)2 ps;
T2 =4'„,„] and low density. A passively mode-locked,
tunable Ti-sapphire laser with 150-fs pulses (10-meV
bandwidth) was used to perform transmission and pump-
probe experiments at various temperatures, detuning, and
photoexcitation densities per layer (between 3X10 and
3X10'o cm 2). Temporal evolution of the transmitted
probe beam was obtained using up-conversion tech-
niques.

Figure 1(a) shows the measured temporal evolution of
the probe pulse (in the absence of pump) after transmis-
sion through samples 2 and 8 at 10 K. The laser is
tuned to the heavy-hole exciton resonance. Following the
initial peak is a long tail, one to two orders of magnitudes
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population, or of temperature, leads to a reduction in the
exciton dephasing time T2. Since the FID is expected to
be shortened by a decrease in Tz, it is reasonable to con-
clude that the observed changes in the tail in Figs. 1(b)
and 1(c) result from a change in Tz. This effect, which op-
poses the bleaching, is relatively small since sample A is
"thin" with relatively small distortion.

In contrast to samples A and B, the transmitted pulse
shapes in samples C and D show much more distortion.
Figure 2(a) shows the transmitted probe pulse shape (no
pump) for samples C and D at 10 K, with the laser cen-
tered on the HH exciton. The transmitted pulse shows
distortions that are comparable or even bigger than the
initial peak. Also, the oscillations are aperiodic and un-
related to the HH-LH splitting (about 10 meV in these
samples). The overall decay rate for samples C and D is
determined by the inhomogeneous exciton linewidth and
is faster than the dephasing rate. Sample D has
significantly more distortions than sample C, although I is
slightly smaller than sample C because C has a larger
linewidth and thus more inhomogeneous broadening.
This interpretation is supported by our experiments in n-
doped GaAs quantum wells, where the pulse distortion is
minimal because the system is intrinsically inhomogene-
ously broadened. " Here, the polarization decays with a

FIG. 1. (a) Transmitted intensity plotted on a logarithmic
scale at a low-density limit for sample A and B and (b) the effect
of the pump (2X10' cm ) on the shape of the probe for sarn-

ple A at 10 K. (c) The solid curve is taken at 10 K and the dot-
ted curves at 100 K, both without any pump. The laser is cen-
tered at heavy-hole exciton resonances.

lower in intensity, that exhibits beats roughly corre-
sponding to the heavy- and light-hole (H-LH) exciton
splitting (4 meV). These beats are superimposed on ex-
ponential decays (broken lines) whose time constants
agree well with wdeczy for identical conditions. These tails
can be interpreted as the usual free-induction decay
(FID).' As an aside we note that such time-resolved
transmission can be measured with good signal-to-noise
ratio for excitation densities down to —3 X 10 crn, so
that T2 can be determined at densities not accessible with
other techniques. Unfortunately, the decay times deter-
mined this way refiect the dephasing time directly only
for homogeneously broadened samples, unlike the case of
resonant Rayleigh scattering where the decay time is in-
dependent of the inhomogeneous broadening. '

Figure 1(b) shows how the transmitted pulse shape is
modified for sample A by a pump pulse at t = —20 ps
(time delay r=20 ps) producing 2X10' cm . Figure
1(c) shows the transmitted pulse shape for sample A at 10
K (solid curve) and at 100 K (dotted curves), with excita-
tion centered at the heavy-hole exciton at both tempera-
tures. One efFect of the pump pulse or a temperature in-
crease is to shorten the tail [Figs. 1(b) and 1(c)]. On the
other hand, the linear plot of Fig. 1(b) [inset of Fig. 1(b)]
around the peak shows the pump-induced bleaching that
is not apparent in the semilogarithmic plot. It is well
known' ' that an increase of exciton and free-carrier
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FIG. 2. (a) Sernilogarithmic plot of the transmitted intensity

of probe at low density (2X10 cm ) for samples C and D,
without any pump, at 10 K. (b) The solid curve is taken without
the pump and the dashed curve represents the pulse shape with
the pump on at t = —20 ps, for example D. The subtraction of
the solid curve from the dashed one is plotted at the bottom,
which is the TR-PP. (c) TR-PP for samples C and D at 10 K
and pump intensity of 2 X 10' cm
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time constant comparable to the inverse spectral
linewidth, which is comparable to the pulse width.

The transmitted pulse shapes for sample D at 10 K are
shown in Fig. 2(b) without pump (solid curve) and with a
pump pulse (r=20 ps) producing 2X 10' cm . The
effect of the pump pulse is to decrease the secondary
emission and increase the main peak, as in sample A.
However, since the pulse distortions are stronger in sam-
ple D, so are the changes induced by the pump pulse.
The difference in the transmitted intensity with ( T) and
without pump (T&) for sample D [bottom of Fig. 2(b)]
shows that the net result of the pump pulse is a bleaching
(positive T To or T-R-PP) followed by induced absorption.
Analysis of the curve shows that, for the conditions in-
vestigated, there is a 5% net induced absorption, a result
that is supported by pump-probe experiments under iden-
tical conditions. Figure 2(c) shows TR-PP for samples C
and D, excited at the HH exciton resonance at 10 K, in-
duced by a pump pulse (n, =2X10' cm, r=20 ps).
These data show the general trend from primarily a
bleaching signal for thin samples (2 and 8) to a bleaching
followed by induced absorption for thicker samples (C
and D).

%'e, furthermore, put the sample in one arm of the
modified Michelson interferometer so that the interfer-
ence pattern is obtained between the nondistorted pulse
and the pulse that is distorted as a result of passing
through the sample [Fig. 3(a)]. The resulting pattern
closely resembles the actual envelope function of the dis-
torted pulse. Figure 3(a) shows the interference pattern
between the original and the distorted pulses for sample

D resonantly excited at the HH resonance at 10 K, with
two nodes clearly visible. Closer examination of the first
nodal region [Fig. 3(b)] reveals the change of sign (or 180'
phase change) at the node where the dotted lines are
fitted of the prenodal interference patterns to a sinusoidal
wave. The abruptness and unevenness of the sinusoidal
fit comes from having only four points per cycle. With
the sample removed, and with the appropriate adjust-
ment of the delay, neither the nodes nor the phase shift
are present. The phase shift comes from the fact that, at
resonance, the polarization is 90 out of phase with the
incident radiation, and the reradiation from this induced
polarization is another 90' out of phase. A slight detuning
of the laser from the resonance shows that, indeed, the
rear part of the pulse has the frequency of the exciton res-
onance, whereas the frequency of the frontal part is
determined by the center laser frequency. These results
demonstrate unequivocally that the origin of the pulse
distortion is the reradiation from the induced polariza-
tion.

To understand our results quantitatively, we have per-
formed calculations using microscopic coupled MSBE. ' '

In this approach, the SBE are solved for the first well
with the input pulse as a source, whose solution (the in-
duced polarization) enters the Maxwell equation. The re-
sulting electric field, which is slightly distorted, enters the
next well to become the source of the SBE and so on.
This way the propagation effect is self-consistently intro-
duced because the electric field is now a combination of
the external field and the reradiated field by the induced
polarization. Polariton effects, considered earlier for the
case of Cu20, are inherent in this approach because of
the nature of the coupled equations so that in case of
bulk, this method leads to the classical polariton.

Figure 4(a) shows the logarithmic plot of the transmit-
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FIG. 3. (a) Interference pattern for resonant (HH) excitation

of sample D at 10 K. (b) Closer examination of the nodal re-
gion. The broken lines are fit to a sinusoidal wave, showing a
180' phase shift at the node.
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FIG. 4. (a) A logarithmic plot of the theoretical (using
MSBE) transmitted intensity of 150-fs pulses resonantly exciting
the HH excitons. T2 and the inhomogeneous broadening are as-
sumed to be 10 ps and 3 meV, respectively. The absorption
coe%cient is assumed to be 8X10 cm ' and I from top to bot-
tom are 6000„5000, 4000, 3000, 2000, and 1000 A, respectively.
(b) The effect of reduced T2 (330 fs) on the pulse shape {broken
curves) for 1=6000, 5000, and 4000 A, along with the linear
plots of those assuming T2 = 10 ps (solid lines).
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ted intensity of 150-fs pulses resonantly exciting the HH
resonance. T2 and the inhomogeneous broadening are
assumed to be 10 ps and 3 meV, respectively. The
theoretical absorption coeKcient is 8X10 cm ' and I
from to bottom are 6000, 5000, 4000, 3000, 2000, and
1000 A, respectively. These curves correctly reproduce
the aperiodic oscillations of sample D F.igure 4(b) de-
scribes the eff'ect of reduced T2 (330 fs) on the pulse shape
(broken curves) for 1=6000, 5000, and 4000 A, which
closely resembles the experimental results of Fig. 2(b), in-
cluding the decrease in the total transmitted power, and
thus net induced absorption.

Although we have focused our discussion on the effect
of pulse distortion on the pump-probe experiments at HH
exciton resonance, it is clear that the distortion can have
a significant effect in other femtosecond experiments at
different excitation conditions. For instance, the depen-
dences of the pulse distortion and TR-PP results on laser
photon energy are in good agreement with our picture
and can be compared with the spectrally resolved PP ex-
periments. The time evolution of the FWHM signal in
sample C (not shown) shows strong oscillations even
when only the HH excitons are excited. This would be
dificult to explain without knowing that the pulse shape
itself is severely distorted. Our results and conclusions
point to the need of using coupled MSBE that naturally
contains the propagation effect as well as developing a

proper treatment of carrier-density-dependent dephasing
as an integral part of SBE. A potentially interesting
point is the effect of these distorted pulses on the exciton
population. Since the envelope functions of these pulses
can have different signs in different regions, emission as
well as absorption can occur and the exciton density may
have an interesting spatiotemporal dependence.

In conclusion, we have shown that a low-intensity fem-
tosecond laser pulse is severely distorted while propaga-
ting through a typical MQW sample, especially in the vi-
cinity of the exciton resonances. This distortion comes
from the interference between the laser field and the rera-
diated field of the induced dipoles. It depends strongly on
the dephasing time so that pump-induced change in the
dephasing time, an effect heretofore ignored, is a primary
factor in pump-probe experiments, and leads to net in-
duced absorpt&'on for moderately thick quantum wells.
Our results show that pulse distortion effects must be
considered in the interpretation of pump-probe and other
femtosecond experiments. Intensity and energy-
dependent dephasing rates should be included in a self-
consistent manner in the SBE as well as the pulse distor-
tion for a proper interpretation of ultrafast transient ex-
periments in semiconductors.
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