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Ultrafast optical evidence for resonant electron capture in quantum wells
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The dynamics of carrier capture in GaAs quantum wells have been measured with femtosecond reso-
lution using pump and probe experiments under resonant excitation conditions. The electron capture
mechanism at room temperature shows a resonance with a time as short as 650 fs for a well thickness of

0
58 A. This gives strong evidence for the importance of the quantum-mechanical LO-phonon-assisted
capture mechanism predicted by theoretical calculations.

The carrier capture time in quantum wells has been ex-
tensively studied in recent years due to both fundamental
and practical interest in this process. The capture mech-
anism has been most recently considered within the
framework of a quantum-mechanical description, where
the fastest process is the scattering by LO phonons
through the Frohlich interaction. It has been predicted
that this process should lead to strong resonances in the
capture times of electrons, where the shortest capture
times are on the 100-fs time scale. ' Although lumines-
cence experiments give evidence that such resonances
may indeed exist, to date, there have been no reports of
direct measurements of a femtosecond oscillating carrier
capture time in multiple quantum wells. Published ex-
periments suggest that capture times are always short
(less than a few ps).

It has been proposed that for thick barriers or for high
carrier densities, the coherence of the electron is not
preserved long enough for a quantum-mechanical
description to be valid, and therefore simple diffusion
mechanisms apply. ' In that case, the capture process
only depends on the configuration of the barrier. A rath-
er correct modeling of laser structure was indeed ob-
tained with such a description. The possible validity of
the quantum-mechanical description in the case of
multiple-quantum-well (MQW) structure, when the
period is less than the mean free path of the carriers, is a
question of interest which has been raised previously
without having received a clear answer. It is on this
latter case that we focus our study.

In this paper, we present an investigation of capture
mechanisms in GaAs/Al Gai „As MQW structures.
We have first studied a series of samples by luminescence
with subpicosecond resolution and showed that the cap-
ture times were never longer than 3 ps, in contradiction
with available theories. We performed quantum-
mechanical calculations of the capture times and found
that strong resonances are expected as a function of well
width. We calculate times ranging between 80 fs and 20
ps for LO-phonon-assisted electron capture. The very

short times have not been observed by luminescence tech-
niques, due to the drawbacks of this technique as applied
to carrier capture measurements in MQW's. We have
performed, for the first time, to our knowledge, fern
tosecond pump and probe experiments to directly observe
the carrier capture process. The carriers are resonantly
excited at the bottom of the barrier, in contrast to previ-
ous luminescence experiments where the photoexcited
carriers have a large excess energy. This eliminates relax-
ation processes which would otherwise obscure the cap-
ture process. Capture times in the few hundreds of fem-
tosecond domain can now become observable.

The pump and probe experiments are done at room
temperature. Thus, the calculated capture times, in first
approximation, need to be averaged over the resulting
thermal carrier distribution. This thermal average
washes out the long capture times and the computed
times are then found to be shorter than 3 ps for all well
widths, in agreement with experiments. The model pre-
dicts a very short time resonance (120 fs) around 60 A
(for x =0.3 Al Gai As). This corresponds to the reso-
nant capture of an electron by emission of an LO phonon
with very small wave vector between two states having a
large wave-function overlap. Although we indeed ob-
served in luminescence the shortest time at this position
(approximately 1 ps), the very short times expected were
not observed presumably because of competing relaxation
channels. " A significantly shorter time was observed,
however, when using the pump and probe technique.

We give here results of a pump and probe experiment
where the excitation energy is adjusted to be resonant
with the edge of the barrier states. Such a configuration
prevents the effects of slow relaxation channels. The cap-
ture time of electrons is given by the recovery of the bar-
rier absorption bleaching. Resonance in the electron cap-
ture time is clearly obtained in time-resolved experi-
ments, and we demonstrate that this resonance indeed
corresponds to a q =0 LO-phonon emission and a very
short capture time of only 650 fs.

We have studied three samples of high quality grown
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by molecular-beam epitaxy. The barrier thickness is 200
A (for x =0.25 Al) in all three samples in order to ensure
the coherence of the electrons over at least one period of
the MQW. The well widths are 39, 58, and 78 A, with 20
barrier and well periods. The quality of the samples is
checked by a combination of luminescence, luminescence
excitation, and x-ray di6'raction. The linewidth at low
temperature is as narrow as 1.5 meV for the 78-A sample.
For the pump and probe measurements, the substrate is
removed and the surfaces of the sample are antireAection
coated with SiO. The room-temperature absorption spec-
tra of the three samples are displayed in Fig. 1. For all
three samples, the onset of the barrier absorption is ob-
served at 720 nm. For the 39-A sample, only one sub-
band is evidenced. For the 78-A sample, two of them are
clearly resolved. The 58-A sample is intermediate, as one
shoulder can be observed just below the barrier, corre-
sponding to a subband just bound into the well. This is
exactly the condition for which resonant capture is ex-
pected.

The pump and probe measurements are made using a
mode-locked Ti:sapphire laser operating at 720 nm with a
pulse width of approximately 100 fs, amplified by a
copper vapor laser pumped dye amplifier at a repetition
rate of 8.5 kHz. The pump pulse has a spectral band-
width of 25 meV. The pump intensity corresponds to an
injected carrier density of approximately 10" cm in
each well, and we have checked that the results do not
depend on density in this range. In particular, renormal-
ization or relaxation eAects in the barrier can be neglect-
ed at such densities.

Typical pump and probe signals are shown in Fig. 2 for
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FIG. 2. Pump and probe differential transmission signal as a
0

function of relative delay between pump and probe, for the 39-A
well, with pump and probe pulses centered at 720 nm {a}and
with pump and probe centered at 720 and 750 nm, respectively
(b).
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FIG. 1. Absorption spectra of the GaAs/Al Ga l „As
MQW's used in this experiment, the well widths are 39, 58, and

O

78 A. The curves for each well width have vertical offsets for
convenience. The n =1 and 2 arrows denote the onset of the
first and second subband absorptions, respectively, and the bar-
rier arrow denotes the onset of the Al Ga& „As barrier absorp-
tion.

0
the 39-A sample. The pump energy is resonant with the
edge of the barrier, to avoid the observation of e6'ect re-
laxation mechanisms in the barrier. The bleaching signal
at the same energy decays with a short-time constant of
100—150 fs at early times followed by a longer time con-
stant decay of about 2 ps as can be evidenced from the
semilogarithmic plot of Fig. 3. In contrast, the bleaching
signal at lower energies (in the well) rises with a time con-
stant of about 2 ps as can be seen in Fig. 2(b). This corre-
sponds to carriers progressively filling up the mell as they
are captured. Figure 3 compares the absorption bleach-
ing curves at the barrier edge for the 39- and 58-A well.
The short-time decays are very similar; however, the
long-time behavior is much more rapid in the 58-A sam-
ple. Coherent artifact may only contribute in part to the
short-time decay.

The interpretation of our results is as follows. When
exciting the sample at the energy of the barrier, we create
at initial times electrons and holes in barrier states, and
electrons and holes in well states (with large in-plane
momentum). The short-time decay contains the relaxa-
tion of the carriers directly absorbed in the well. In fact,



ULTRAFAST OPTICAL EVIDENCE FOR RESONANT ELECTRON. . . 10 953

0—
ation

C

O
~ W

tW

8
g
CO

CO
~ ~
C

-2—

I
I

1000 2000
Relative Delay (fs)

h,
I

l

3000

FIG. 3. Pump and probe difterential transmission at 720 nm
0

for the 39- and 58-A wells, on a natural logarithm scale.

those carriers leave the optically active region within a
characteristic time corresponding to the LO-phonon
scattering time (i.e., 150 fs). Interestingly, the relative
contribution of this part of the signal indeed corresponds
roughly to the proportion of the carriers directly ab-
sorbed in the well. Figure 1 shows that in the 39-A sam-
ple, the well absorption contributes about 30%%uo of the to-
tal absorption at 720 nm whereas this contribution rises
to about 70 Jo in the 78-A sample due to the presence of
two subbands instead of one. The data for the 39-A well
indicate that about 40% of the signal relaxes with the
first 150 fs whereas for the 78-A well, the initial decay en-
compasses about 80% of the signal.

In principle, pump and probe experiments measure the
sum of the contributions of the electrons and the holes, so
that the slow decay in our experiment should reAect the
contribution of both electrons and holes to the capture.
One can argue, however, that in room-temperature exper-
iments, the contribution of holes to the bleaching signal is
negligible in first order. The excitation pulse has a band-
width of 25 meV. It creates an initial distribution 20
meV wide for the electrons and only 5 meV wide for the
holes, due to their different effective masses. After the
carriers are injected at the band edge, they thermalize to
the lattice temperature on a very fast time scale (150 fs)
by electron-electron interaction and LO-phonon absorp-
tion. When thermalization occurs, both distributions
spread over a Boltzmann distribution of width 25 meV,
which does not affect greatly the optical contribution of
electrons, but reduces dramatically the contribution of
holes. Since the optically excited region is also the opti-
cally probed region for the degenerate pump and probe
case, the holes, through thermalization, do not contribute
to the long-time signal. The long delay time constant can
then be attributed to the capture process of electrons.
This statement is also supported by the fact that the reso-
nance position is indeed the one expected for electrons,
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FIG. 4. Measured electron capture times (triangles, pump
and probe; squares, luminescence) as a function of well width.
The solid curve is the result of capture calculations including
thermal averaging over the initial state distribution.

and not that for holes.
The decay times obtained in pump and probe (trian-

gles) and in luminescence (squares) experiments are plot-
ted in Fig. 4. A clear resonance is observed for a well
width of 58 A. There is a large relative difference be-
tween the pump and probe measurement and the
luminescence measurement for the 58-A sample, where
the complex relaxation mechanisms in luminescence ex-
periments preclude the observation of very short times.
For the 39- and 78-A wells the two measurements are in
relatively good agreement.

On the same figure, we plot the results of a theoretical
calculation of the electron capture times. The details of
the calculation are published elsewhere. " This calcula-
tion involves the computation of the different levels and
their wave functions in the envelope-function framework.
Scattering with LO phonons via the Frohlich interaction
or with ionized impurities is included as a perturbation
and bulk phonon modes are used in the calculation. The
capture time calculated results from an average over the
electron distribution. This model has no adjustable pa-
rameter. The impurity concentration, measured indepen-
dently, was estimated to be about 2X10' cm . The cal-
culation shows that the impurity contribution to the cap-
ture time is negligible at room temperature, at this con-
centration level (the impurity contribution is significant
at temperatures less than 100 K).

The contribution of the temperature of the carriers is
taken into account by a proper average over the initial
states in the barrier. In order to perform the average, we
assume that the distribution is thermalized at all times.
In such a case, one can show that the decay of the whole
population is the average of the capture time at each en-
ergy weighted by the Boltzmann factor. Comparison be-
tween the capture time computed for T =0 K (no
thermal broadening of the electron distribution), and for
T=295 K is shown in Fig. 5. Long capture times of
about 20 ps are expected between 45 and 60 A when the
electrons cannot emit an LO phonon to be scattered to



10 954 M. R. X. BARROS et al. 47

0
the n =2 level of the well. At 65 A the n =2 level is just
36 meV below the barrier ground state and scattering be-
comes efFicient again. At room temperature the high-
energy part of the electron distribution can be scattered
to this n =2 level very eKciently and the long times are
washed out (solid curve) by the contribution of the hot
electrons. At the same time, thermal averaging over the
initial states makes the short-time resonances not as deep
as in the 0-K model (250 instead of 80 fs). As can be seen
from Fig. 4, the agreement between the theory for
T=295 K and the experiment is very reasonable for a
model with no adjustable parameters. The time experi-
mentally observed for the 58-A quantum well (650 fs) is
longer than the calculated time (250 fs). This may be due
to the overly simplistic approximation used in the
thermal averaging. Indeed, thermal redistribution in the
electron gas is not instantaneous; it may be assumed to
occur with a characteristic time of the order of 100 fs,
which is not very short compared to the capture time in
the 60-A well-width range. ' Introduction of a finite
thermalization time would certainly make the computed
times longer.

In summary, we have observed that the electron cap-
ture times in MQW's are always very short ( (2 ps) at
room temperature. This arises from the fact that the
electron energy distribution has a broad thermal width,
and also from the fact that the thermalization time is fast.
In this way, at room temperature, all the carriers will ex-
perience the efFects of the fastest relaxation channel. We
have observed that electron capture has a resonance
around 60 A, as predicted by the theory, with a capture
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FIG. 5. Results of theoretical calculations. Dashed curve,
LO-phonon-assisted capture for electrons at the bottom of the
barrier; solid curve, average capture time for a thermal distribu-
tion of electrons at T=295 K starting from the bottom of the
barrier.

time of 650 fs. This supports the picture of LO-phonon-
assisted carrier capture, in which strong oscillations in
the capture rate as a function of well width are expected.
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