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Carrier capture into a semiconductor quantum well
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We experimentally observed an oscillating carrier capture time as a function of quantum well thick-
ness. The capture times were obtained in a separate confinement quantum well structure by subpi-
cosecond rise time measurements of the quantum well luminescence as well as by pump-probe correla-
tion measurements of the population decay in the barrier layer. Both experimental techniques yield an
oscillating capture time between 3 and 20 ps, in excellent agreement with the theoretical predictions. In
a classical picture, our results correspond to a local capture time oscillating between 0.1 and 1.8 ps. Fur-
thermore, the dependence of the capture time on the excitation energy is analyzed and the time-
dependent position of the quasi-Fermi-level in the barrier layer is tracked experimentally. We find that
the carrier capture time is very sensitive to the detailed structure parameters as well as to the carrier dis-
tribution in the barrier. Carrier capture is found to be an ambipolar process in which the oscillations of
the observed capture times are due to the quantum-mechanical oscillation of the electron wave-function
overlap above the well. Finally, electron capture is demonstrated to be dominated by LO-phonon emis-
sion.

I. INTRODUCTION

The capture of electrons and holes into semiconductor
quantum well structures has received considerable in-
terest in both fundamental and device-oriented research.
For quantum well lasers, the capture efficiency is expect-
ed to inAuence both the quantum efficiency' and the
dynamical performance. In early theoretical stud-
ies, ' the carrier capture was regarded as a classical pro-
cess in which the carrier capture time defined a LO-
phonon —scattering-limited mean free path in bulk GaAs.
In these calculations, the bulk GaAs LO-phonon scatter-
ing time of 0.1 ps leads to a mean-free-path length of
about 60 A. As a result, carrier capture was expected to
be efficient for quantum wells with thicknesses larger
than 60 A. In more recent studies, ' the quantum-
mechanical aspect of the capture process was taken into
account. In this approach the capture time is expected to
show resonances as a function of the quantum well thick-
ness. The capture process, which is governed by the
emission of LO phonons, is enhanced whenever a new
bound state couples into the quantum well. For a
GaAs/Al Ga

&
„As single-quantum-well (SQW) struc-

ture, capture times oscillating between 30 ps and 1 ns
were predicted by Brum and Bastard. Babiker and Rid-
ley reported capture times oscillating between 1 —10 ps
for a GaAs/Al Ga, „As superlattice, in which the for-
mation of minibands and the folded spectrum of polar
optical phonons was taken into account. Furthermore,
they predicted" additional resonances in the carrier cap-
ture process in a superlattice due to the two-dimensional
properties of the phonon states in the quantum wells of
the superlattice. With respect to the carrier capture time,
it is a major question whether the predicted oscillations
in the carrier capture time exist or not. Or in other
words, is the quantum-mechanical approach, which pre-

diets these oscillations, correct or is the classical ap-
proach adequate?

Experimentally, most observed capture times seemed
to contradict the theoretical predictions or at least did
not show the predicted oscillations of the carrier capture
time. Capture times of & 20 ps, ' 4 ps, ' and 2 —3 ps
(Ref. 14) were obtained from time-resolved studies on
SQW structures. From cw photoluminescence experi-
ments on a GaAs/Al„Ga, As multiple-quantum-well
(MQW) structure, ' a capture time of 0.1 ps was derived.
An electron capture time of & 1 ps was reported' ' for
In Ga, As/InP MQW structures from time-resolved
luminescence experiments and no well width dependence
was observed. It was deduced that for thick barrier lay-

0
ers ()500 A), the carrier capture process is dominated
by drift and diffusion, while thin barrier layers ( (200 A)
give rise to a quantum-mechanical process.

It was reported by Tsang' that the active layer thick-
ness for MQW laser structures, which gives rise to an op-
timum laser performance, is of the order of 1000—1500

O

A. The question whether the capture process in these
laser structures is dominated by classical diffusion and
drift (no oscillations expected) or by quantum-mechanical
capture (oscillations expected) is relevant for the optimi-
zation of the capture efficiency in quantum well laser
structures. In this paper, we have systematically studied
the carrier capture process in four separate confinement
heterostructure single-quantum-well structures (SCH
SQW) with well widths of 30, 50, 70, and 90 A. In the
quantum-mechanical model, the well widths of 30 and
70 A correspond to a maximum in the capture time and
the 50- and 90-A quantum wells to a minimum. In the
classical point of view, the quantum wells of 70 and 90 A,
which exceed the mean scattering length of 60 A, are ex-
pected to collect the carriers more efficient than the 30-

0
and 50-A quantum wells.
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The carrier capture times are experimentally studied
by both the QW luminescence rise times (Sec. II A) and
barrier luminescence decay measurements (Sec. II B).
The dependence of the capture time on quantum well
thickness (Sec. IIC) and laser excess energy (Sec. IID)
are reported. Furthermore, we tracked the Fermi level in
the barrier during capture which will be reported in Sec.
IIE. In Sec. IIIA, we present a quantum-mechanical
capture model which explains both the observed depen-
dencies of the capture time on laser excess energy (Sec.
IIIB) and quantum well thickness (Sec. IIIC). Finally,
for device applications at high carrier densities, we
deduce an oscillating local capture time (Sec. III D).

II. EXPERIMENTAL RESULTS

A. Rise time of the quantum well luminescence

The carrier capture process is studied in molecular-
beam-epitaxy-grown GaAs/Al„Ga, As single-QW
structures as shown in Fig. 1. These structures consist of
ten separate single quantum wells, which are surrounded
by 500-A A1033Gao 67As barrier layers and 100-A A1As
cladding layers. The capture times of photoexcited car-
riers in these SCH SQW structures is experimentally
measured by two different techniques with picosecond
resolution. In the first technique, we deduce the carrier
capture times from subpicosecond time-resolved lumines-
cence experiments using an up-conversion light-gate. It
is based on a frequency mixing technique which was first
introduced by Mahr and Hirsch. ' In the up-conversion
technique, the luminescence excited by an ultrashort laser
pulse is mixed with the laser itself in a nonlinear crystal
to generate the sum or difference frequency radiation.
Since the mixing process takes place only during the pres-
ence of the laser pulse, this provides time-resolution com-
parable to the laser pulse width, provided certain condi-
tions are satisfied. Our laser system consists of a

Coherent Antares mode-locked Nd: YAG (yttrium alumi-
num garnet) laser and a Coherent double jet synchro-
nously pumped dye laser. The output of the laser system
consists of a pulse train with a pulse width of 0.6 ps, a re-
petition rate of 76 MHz, and a typical output power of
200 mW. The capture times are determined from the
differences in the rise time of the quantum-well lumines-
cence after direct (below the barrier band gap) and in-
direct (above the barrier band gap) excitation with a sub-
picosecond laser pulse (0.6 ps). By comparing the QW
luminescence rise times after the direct and indirect exci-
tation, we eliminate the effect of relaxation of the carriers
to the lowest level where the luminescence is detected. In
order to obtain the same cooling inside the quantum well
for direct and indirect excitation, the number of carriers
inside the wells is kept constant in both experiments and
the excitation energy for direct excitation is chosen as
one LO-phonon energy (36 meV) times (1+m,*/mz*)
below the excitation energy for indirect excitation. The
sample temperature was maintained at a temperature of 8
K in order to avoid phonon-absorption-induced heating
of the carriers. In Fig. 2, the time evolution of the quan-
tum well luminescence is shown for a 30-A quantum well
after direct and indirect excitation. This experiment was
carried out at a laser intensity of 2 mW for indirect exci-
tation, corresponding to a low excitation density of
3 X 10' cm . For indirect excitation, the laser excess
energy with regard to the barrier band gap was 36 meV.
By fitting the experimental rise times to simple rate equa-
tions, ' we obtain a capture time of 19.1+2 ps for this
well width. Furthermore, no dependence of the capture
time on the excitation density was found in the range
3 X 10' to 2 X 10' cm . For larger excitation densities,
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FIG. 1. A schematic of the carrier capture process in the
GaAs/Al„Oa, „As SCH single-QW structure considered in
this study. The energy levels in the barrier (labeled
ib=1.2, . . . , ) appear in pairs with wave functions of even and
odd syrnrnetry with regard to the quantum well.
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FIG. 2. Experimental determination of the carrier capture
time using rise time differences of the quantum well lumines-
cence after direct (closed circles) excitation into the quantum
well and indirect (open circles) excitation into the Al Gal As
barriers with a laser pulse (0.6 ps). The curves are fitted to the
experiments using simple rate equations (Ref. 21). From these
fits, a capture time of 20 ps is derived for this structure. The ex-
periments were carried out at an excitation density of 2X10'
cm and at a temperature of 8 K in a GaAs/Al„Ga& As SCH
SQW structure with a well width of 30 A.
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B. Decay of the Al„oa& „As barrier luminescence

The rise time difference of the quantum well lumines-
cence has been compared to the decrease of the carrier
concentration of the barrier states. Therefore, we have
performed two-pulse correlation experiments on the
luminescence of the barrier states, a technique which was
introduced by Mahar and Sagan. In our experimental
setup, we determine the absorption of the probe pulse by
measuring the intensity of the time-integrated lumines-
cence induced by the probe pulse as a function of the
laser wavelength and of the pump-probe delay, yielding
both the energy dependence and the temporal depen-
dence of the carrier occupation. In a two-pulse correla-
tion experiment, the photoluminescence (PL) decay of the
barrier layers shows up as an increase of the correlated
PL signal. This can be understood as follows: A strong
excitation pulse (2X10' cm ) creates electrons and
holes in the barrier states and reduces the absorption of a
second laser pulse (1 X 10' cm ) with the same photon
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no capture times could be obtained due to band filling in
the quantum well.

energy. If, however, the delay between the laser pulses
exceeds the carrier capture time, then the absorption of
the second laser pulse is no longer reduced. As a result,
the barrier luminescence due to the probe pulse is expect-
ed to increase with increasing time delay between the
laser pulses until the carriers of the first pulse are cap-
tured by the quantum well. In Fig. 3(a) the correlated
barrier luminescence is shown for a 70-A quantum well as
a function of the delay between the laser pulses together
with a fitted curve, which provides a capture time of
14.8+2 ps. The temporal width of the laser pulses was
0.6 ps and the excess energy of the pump and probe pulse
(2.014 eV) with regard to the barrier band gap (1.981 eV)
was 33 meV. The detection energy (1.987 eV) was set to
the maximum of the barrier luminescence with a broad
detection window of 10 meV. The fact that the increase
of the correlated barrier luminescence is actually due to
an increase of the probe absorption is confirmed by a
"transmission type" of experiment in which we detect the
luminescence intensity of the bulk GaAs buffer layer,
which is located between the substrate and the quantum
wells. The intensity of the bulk GaAs luminescence peak
decreases with decreasing probe transmission through the
SCH QW structure, resulting in a decrease of this GaAs
luminescence as a function of the pulse delay, as shown in
Fig. 3(b). As expected, the time constant of the increase
of the Al„Ga, „As luminescence [Fig. 3(a)] is also found
in the decrease of the GaAs luminescence [Fig. 3(b)] as a
function of the delay between the laser pulses.

C. Well width dependence of the carrier capture time

25

%'e have measured the captu. re time for a set of SCH
QW samples with different quantum well thickness. The
variation of the observed carrier capture times as a func-
tion of mell width is shown in Fig. 4. In all measure-
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FIG. 3. Determination of the capture time from the decay of
the barrier population. In the upper part, the correlated
Al„Ga& As barrier luminescence is shown as a function of
time delay between two laser pulses for a SCH QW with a 70-A
quantum well. The time increase of the probe-induced barrier
luminescence results from a time increase of the absorption of
the probe pulse and is directly related to the carrier capture
time. In the lower part, the correlated luminescence of the
GaAs buffer layer, which is located underneath the quantum
wells, is plotted as function of the delay between the laser
pulses. The decrease of the bulk CxaAs luminescence arises
from the fact that the transmission of the probe pulse through
the quantum well structure decreases in time as a result of the
carrier capture process.
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FKx. 4. Observation of an oscillating carrier capture time.
The figure shows agreement between the experimentally ob-
served capture times with the theoretical calculated ambipolar
capture times. The experimental data have been obtained by
(open circles) up-conversion measurement of the difference in

QW rise times, by (closed triangles) two-pulse correlation mea-

surements of the population decay in the barrier layers, and by
(closed squares) "transmissionlike" correlation experiments
detecting on the bulk GaAs PL signal.
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ments, the excess energy of the laser with regard to the
barrier band gap was located between 30—36 meV. We
find oscillations in the carrier capture time between 3 and
20 ps as a function of quantum well width. It should be
noted that for all samples the capture times obtained
from the correlation measurements reproduce within ex-
perimental error (+2 ps) with the capture times derived
from the quantum well rise times. Also included are the
predictions of our ambipolar capture model. In this
model, the variations of the capture time are governed by
the quantum-mechanical electron capture time, as will be
discussed in Sec. III. The observed capture times are in
excellent agreement with the theoretically predicted am-
bipolar capture times.

The large discrepancies between predicted ' (SQW and
superlattice) and experimental' ' (MQW) capture times
reported in literature and especially the lack of observed
oscillations in the carrier capture time, were initially at-
tributed to the fact that the quantum-mechanical ap-
proach of the carrier capture process in quantum well
structures would not be valid, because the barrier states
are not coherent over the entire barrier width. For struc-
tures with thick barrier layers of 2000 A, as regarded by
those authors, the classical approach is expected to pro-
vide a more realistic description of the capture process
than the quantum-mechanical model. However, in a re-
cent theoretical study we showed that the carrier cap-
ture efficiency in MQW structures not only oscillates as a
function of well width but also as a function of the barrier
width between the wells. This strong dependence of the
carrier capture time on the quantum well and barrier
width appears to be one of the main reasons for the large
discrepancies between predicted and experimental cap-
ture times reported in the literature. The reported exper-
imental results' ' for large MQW structures of &1 ps,
which seem to contradict to the quantum-mechanical pre-
dictions (SQW), are in very good agreement with the re-
cent predictions of the quantum-mechanical capture
times in precisely these large MQW structures.

In order to verify the ambipolar character of the car-
rier capture, we measured the carrier capture times in
samples with p- and n-doped quantum wells and undoped
barrier layers. If the holes are captured first by the quan-
tum well, the quantum well luminescence rise time of the
n-doped sample should be faster than the rise time of the
p-doped sample. In our experiments, no dependence of
the carrier capture time on the dopant was observed,
which confirms the ambipolar character of the carrier
capture process. Because of the mutual agreement be-
tween the ambipolar capture model and two experimental
methods for determining the structural dependence of the
carrier capture time, we are confident that our ambipolar
capture model provides a realistic description of the car-
rier capture process in SCH QW structures.

D. The carrier distribution in the barrier
after excitation: Relevance for capture

We investigated the dependence of the carrier capture
times on the population of the barrier subbands after ex-
citation with a laser pulse. The carrier distribution func-

1.0—

0.8

I 00
0

0 «ep p 0
0

00 000
000

~o

F00 0~aeie i0

0.6

0.4

0.2

0.0

excess energy = 36 meV

excess energy = 32 meV

20 40 60 80 100

Time (ps)

FIG. 5. Correlated Al„Ga& „As barrier luminescence for a
0

50-A SCH QW as a function of time delay between two laser
pulses at laser excess energies of 32 rneV (open circles) and 36
meV (closed circles) with regard to the barrier band gap. The
fitted curves provide capture times of 22 and 6 ps for the excess
energies of 32 meV (dashed line) and 36 meV (solid line), respec-
tively. The experiments were carried out at an excitation densi-

ty of 1X10' cm ' and a temperature of 8 K. The detection
window was set to 10 rneV.
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FIG. 6. Calculated (solid line) and experimental (closed cir-
cles) arnbipolar capture time as a function of laser excess energy

0
for a 50-A quantum we11 structure. The observed decrease of
the capture time at an excess energy of 36 meV originates from
the presence of a quantum well bound state close (4 meV) to the
continuum and proves that phonon emission is the dominant
mechanism for capture.

tion is dependent on the laser excess energy with regard
to the barrier band gap. In Fig. 5, the observed rise of
the correlated barrier luminescence is shown for laser ex-
cess energies of 32 and 36 meV in a SCH QW structure
with a quantum well width of 50 A. At a laser excess en-
ergy of 36 meV, as plotted in Fig. 6, we observe a sharp
decrease of the carrier capture time from 20 to 6 ps. The
50-A quantum well contains two bound states for the
electrons, located at 190 and 4 meV below the barrier
band gap, respectively. It should be noted that a laser ex-
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cess energy of 36 meV with regard to the barrier band
gap corresponds to an excess energy of 32 meV for the
electrons and to an excess energy of only 4 meV for the
heavy holes, due to the differences in the effective masses.
Electrons with an excess energy larger than 32 meV are
able to emit a 36-meV LO-phonon and are captured into
the second subband, which is located only 4 meV below
the barrier band gap. The electrons which have an excess
energy of less than 32 meV with regard to the barrier
band gap are only able to make a transition to the lowest
bound state.

Furthermore, the sharp decrease of the carrier capture
time demonstrates the dominance of the LO-phonon
emission in the capture process as well as the quantum-
mechanical character of the electron capture process.
For the quantum wells with no bound state close to the
continuum, only a slight decrease of the carrier capture
time as a function of laser energy is observed. We did not
measure the capture times for laser excess energies larger
than 41 meV, since for these laser energies the electron
excess energy exceeds 36 meV. As a result, the electrons
are able to emit a LO phonon before the capture process
which complicates the distribution function.

E. Measurement of the quasi-Fermi-level in the barrier

In the former experiments we showed that the carrier
capture time depends on the population of the barrier
states. The carrier capture time was determined by
measuring the energy-integrated barrier luminescence
with a broad detection wavelength window. For low car-
rier densities ( (2 X 10' cm ), where carrier-carrier
scattering is small in comparison with LO-phonon emis-
sion, the carrier distribution in the barrier subbands after
photoexcitation will be mainly determined by the capture
times of the various subbands. At high-carrier densities
( ) 5 X 10' cm ), however, the photoexcited carriers
will form a Fermi-Dirac-like distribution immediately
after photoexcitation. In such an experiment, the num-
ber of carriers and thus the quasi-Fermi-level in the bar-
rier layers will decrease, due to the capture process, as a
function of time after excitation with a laser pulse. As a
result, the population of the barrier subbands and thus
the carrier capture time will be time dependent. There-
fore, the carrier capture times, which are determined
from the QW luminescence rise times and the barrier
luminescence decay, are time-averaged values. We study
the dynamical behavior of the carrier capture process by
measuring the position of the quasi-Fermi-level after ex-
citation with a subpicosecond laser pulse (0.6 ps) as a
function of time. This can be achieved by reducing the
detection wavelength window to 3 meV and then varying
the detection energy at a fixed laser excess energy. After
excitation with the first laser pulse (3X10' cm ), the
quasi-Fermi-level of the electrons in the barrier states
starts to decrease due to the capture of the carriers. As
long as the quasi-Fermi-level is above the detection ener-
gy, the carriers created by the weaker probe pulse
(1 X 10' cm ) will contribute to the luminescence at the
detection energy and thus to the rise of the correlated
barrier luminescence. If, however, the quasi-Fermi-level
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FIG. 7. Correlated Al Ga& As barrier luminescence for a
50-A SCH QW as a function of time delay between two laser
pulses at detection energies of 9 (open circles) and 15 meV
(closed circles) above the barrier band gap. The fitted curves
provide capture times of 15 and 25 ps for the detection excess
energies of 9 meV (dashed line) and 15 meV (solid line), respec-
tively. The experiments were carried out with a laser excess en-
ergy of 36 meV at an excitation density of 2X 10' cm ' and a
temperature of 8 K. The detection window was set to 3 rneV,
which is the main diff'erence with Fig. 5.

is below the detection energy, then the carriers of the
second pulse will quickly relax down to the quasi-Fermi-
level without contributing to the luminescence at the
detection energy. As a result, the rise of the correlated
barrier luminescence as a function of pulse delay stops at
the moment the quasi-Fermi-level, which is determined
by the number of carriers created with the pump pulse,
has passed the detection energy. In our experiments, the
quasi-Fermi-level is lifted with almost 9 meV by the
second laser pulse, which means that the quasi-Fermi-
level is 9 meV below our detection energy at the moment
that the barrier luminescence reaches its maximum con-
stant value. By measuring the rise time of the correlated
barrier luminescence at various detection energies, we are
able to track the electron quasi-Fermi-level as a function
of time. In Fig. 7, the rise of the correlated barrier
luminescence is shown for a 50-A QW for detection ener-
gies located at 9 and 15 meV above the barrier band gap.
The time constants of the correlated rise times are
25.0+2 and 15.2+2 ps, respectively. The excess energy
of the laser with regard to the barrier band gap was 36
meV. By detecting at 15 meV above the barrier band gap
we obtain from the rise time of 15.2 ps that the quasi-
Fermi-level was located 6 meV above the barrier band
gap 15 ps after excitation. In Fig. 8, the position of the
observed quasi-Fermi-level with regard to the barrier
band gap, which is determined from measurements at
several detection energies, is plotted as a function of time.
As stated above, the decrease of the carrier concentration
and thus the quasi-Fermi-level after photoexcitation will
be governed by a time-dependent capture time. The car-
rier capture process, however, is generally characterized
by a time-averaged constant capture time. The calculat-
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FIG. 8. Predicted (solid line) and measured (closed circles)
position of the electron Fermi level in the barrier as a function
of time after excitation with a laser pulse. The excess energy of
the detection energies with regard to the barrier band gap was
varied between 9—18 meV, whereas the laser excess energy of
both the pump and probe pulse was constant at 36 meV.
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FIG. 9. The probability that an electron, which is energeti-
cally located in the lowest barrier state of the Al Ga& „As bar-
riers, is spatially localized inside the GaAs quantum well layer
as a function of the quantum well width for the structure shown
in Fig. 1. The inset shows the position of the lowest two elec-
tron energy levels in the barrier with regard to the barrier band
gap (0 meV). The probability peaks at those QW thicknesses
where a new energy level is bound into the quantum well.

ed decrease of the quasi-Fermi-level due to the measured
time-averaged capture time is also shown in Fig. 8 as the
full curve. The agreement between the experimental
points and the curve calculated with a time-averaged cap-
ture time suggests that the time-averaged capture time
provides an adequate approximation of the dynamics of
the capture process.

III. THEORY AND DISCUSSION

A. Quantum-mechanical calculation of the capture time

We consider a GaAs/Al„Gat „As SCH QW as shown
in Fig. 1. The transition probability 8'k k for a carrier in
an initial barrier state with wave vector k to emit a I.O
phonon and to become captured into a bound state in the
quantum well with wave vector k' is given by

2m 1 fdq, I I(q. ) I'
I
c I' &(k —k' —q )

(2n. )' xy

First, we consider the envelope functions of the initial
barrier states. The probability that an electron in a bar-
rier state is located in the GaAs layer ("above" the well)
is shown in Fig. 9 as a function of well width for the two
lowest barrier states. It is shown that this probability is
strongly enhanced for certain resonant well widths. In
Fig. 10, the barrier wave function is plotted for a reso-
nant quantum well width of 46 A. %"e demonstrate that
for the resonant well widths the wavelength of the barrier
wave function above the quantum well exactly matches
with the quantum well thickness. As a result, the wave
function reaches its maximum value at the edge of the
quantum well, which gives rise to a large probability of
the electron being in the GaAs layer. These resonant
wave functions appear at those quantum well widths
where a barrier energy level is decreasing in energy and
just starts to become a bound state by the quantum well.

20

X 5[E,(k) —Ef(k') —A'co),

with q, the phonon wave vector parallel to the growth
axis, I(q, ) the overlap integral between the quantum well
and the barrier envelope functions

I(q, )=f dz exp( i zq) tt( r—fk)g,.( )k, (2)

and lc l
the Frohlich coupling constant for LO phonons,
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The total scattering rate for a transition from an initial
state to the allowed final states is given by

FIG. 10. The wave function (dashed line) of the lowest

Al„Ga& As barrier state at a resonant quantum well width of
46 A (see Fig. 9) as a function of the position parallel to the
growth axis.
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carrier-carrier scattering-induced intersubband transi-
tions between the barrier states are relatively slow pro-
cesses at carrier densities below 5 X 10' cm . The inter-
subband scattering is reduced by several orders of magni-
tude with regard to intrasubband scattering as a result of
the orthogonality of the barrier wave functions involved
in the scattering process. Experimentally, a carrier-
carrier-induced intersubband scattering time of 20 ps was
observed at a carrier density of 3 X 10' cm, which
equals the density in our correlation experiments. There-
fore, most of the carriers will only relax within a few hun-
dred femtoseconds to their barrier subband minimum (in-
traband) during the capture process, resulting in an equal
population of the barrier subbands. Our calculations
show that the capture probability in a barrier subband is
only slightly dependent on the exact position of the car-
rier in the subband. A difference in the carrier wave vec-
tor parallel in the quantum well plane only changes the
length of the phonon vector in the capture process, not
the overlap integral. Therefore, an increase of the excita-
tion density from 2X10' to 2X10' cm only affects
the distribution of the carriers within each barrier sub-
band and not the relative population of the different sub-
bands. As a result, at these low excitation densities no
large dependence of the carrier capture times on the exci-
tation density is expected, which is consistent with our
experimental observations.

0
We demonstrate in Fig. 13 for a 50-A quantum well

that the capture times of electrons and holes decrease
whenever a new pair of barrier states is excited. The
sharp decrease at an excess energy of 36 meV, which was
also experimentally observed, originates from the pres-
ence of a quantum-well bound state located only 4 meV

below the barrier band gap. Only electrons with an ex-
cess energy larger than 32 meV, which corresponds to a
laser excess energy of 36 meV, are able to make a LO-
phonon-induced transition to this bound state. The over-
lap of the wave function of this bound state with the
wave functions of the barrier states and thus the capture
rate is large, since the wave function of a bound state
close to the continuum is only weakly confined in the
quantum well layer. The electrons which have an excess
energy of less than 32 meV with regard to the barrier
band gap are only able to make a transition to the lowest
bound subband. Such a transition results in a small cap-
ture rate due to the small overlap of the wave functions.
The large phonon wave vectors involved in such a cap-
ture process also lead to a small capture rate, since the
LO-phonon matrix element is inversely proportional to
the square of the length of the phonon wave vector. We
finally note that the carrier capture rate is limited by the
relative slow capture rate of the electrons for small excess
energies ( (36 meV), whereas for high excess energies the
capture rate is limited by the holes.

C. Ambipolar capture

At low excess energies, as in our experiments, holes
will be captured by the well first and they wi11 electrostat-
ically attract electrons towards the quantum well, result-
ing in an increase of the electron capture rate. The
remaining holes in the barrier layers will be electrostati-
cally repelled by the well, which gives rise to a decrease
of the hole capture rate. The net result is an ambipolar
capture process with a capture rate which is in between
the electron and hole capture rate. This ambipolar cap-
ture rate can be derived by inserting the electron and hole
capture rates in a rate equation model. The solution of
such a model reads as
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FIG. 13. Calculated electron, heavy hole, and ambipolar cap-
ture times as a function of the laser excess energy with respect
to the barrier band gap, in a SCH QW structure with a well

a
width of 50 A. The positions of the energy levels in the barrier
are indicated by the arrows. For excess energies larger than 36
meV the electrons are captured by the bound state which is only
4 meV below the continuum resulting in a sharp decrease of the
capture time.
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with ~, and ~h the electron and hole capture times and ~,
the ambipolar capture time. The term
0.5*(pb /rz nb /r, ) r—epresents the increase and decrease
of the electron and hole capture rate, respectively, as a
result of their mutual electrostatic interaction.

The validity of the quantum-mechanical capture model
for both electrons and holes is dependent on the coher-
ence length of the carrier, which is limited by inelastic-
scattering processes. For a coherence length which is
small in comparison with the width of the barrier layers,
the carriers are not able to establish coherent wave func-
tions and the carriers should be regarded as a classical
Auid. Quantization of the barrier states was observed
by photoluminescence excitation spectroscopy in
GaAs/Al„Ga, „As SCH SQW for structure widths up
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0
to 750 A. Furthermore, from a time-resolved lumines-
cence study on single quantum well structures with and
without confinement layers an effective trapping area of
about 800 A was obtained. As a result, we expect that
the carrier capture process in our structures, with a
width of 1000 A, is governed by the quantum-mechanical
oscillations. It should be noted that the coherence length
of the heavy holes is one order of magnitude smaller than
the electron coherence length, due to a large effective
mass which enhances the inelastic-scattering processes.
As a result, the capture of the heavy holes should be de-
scribed in terms of a classical diffusion process. There-
fore, we expect that the ambipolar capture process in our
structure is governed by a quantum-mechanical capture
process of the electrons and a classical capture process of
the holes. From steady-state photoluminescence experi-
ments in GaAs/Al Ga& As single quantum well struc-

0
tures, with a width of 1500 A, resonances in the carrier
capture were already observed as a function of well
width. Furthermore, it was demonstrated that the reso-
nances were due to the quantum-mechanical character of
the electron capture process, which supports our capture
model. From the mobility of our n-doped bulk
Al Ga& As samples, we obtain a diffusion time of 12.5
ps for the holes in our structures. This classical diffusion
time is also in agreement with the quantum-mechanical
hole capture time for a laser excess energy of 36 meV, as
shown in Fig. 13. As a result, we calculated our ambipo-
lar capture time with a classical hole diffusion time,
which is independent on well width, and a quantum-
mechanical electron capture time, which shows oscilla-
tions as a function of well width. The well width depen-
dence of our ambipolar capture time, as plotted in Fig. 4,
is in excellent agreement with the experimental capture
times. The predicted variations of the carrier capture
time originate from the quantum-mechanical character of
the electron capture process. The dependence of the cap-
ture time on the laser excess energy is very well described
by the ambipolar capture model, as shown in Fig. 6 for
the 50-A quantum well. For the other samples only a
slight decrease of the ambipolar carrier capture time with
increasing the laser energy was predicted, which is in
agreement with the experimental observations.

D. Local capture time

At very high carrier densities (1X10' cm ), which
are obtained in, for example, quantum-well laser
amplifiers, the coherence length of the carriers is strongly
reduced by carrier-carrier scattering. As a result, both
the electrons and holes can be regarded as a classical
Quid. In such a classical description a total classical
diffusion model is used in combination with a local cap-
ture time, which purely characterizes the scattering pro-
cess between the three-dimensional barrier states, which
are spatially located in the well but energetically above
the well, and the two-dimensional subbands for carriers
which are spatially and energetically located in the quan-
tum well. In order to obtain this local capture time we
compare our quantum-mechanical model with the classi-
cal diffusion model. In the quantum-mechanical model

the temporal dependence of the carrier density in the bar-
rier layers, after excitation with a short laser pulse, is
given by

n„(t)=nb(0)exp( t l~—, ),
with ~, the ambipolar overall capture time. In the classi-
cal model this carrier density is described, neglecting
recombination losses in the barrier, by a one-dimensional
rate equation,

5nb(z, t) 5 nb(z, t)=D
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FIG. 14. Classically defined local electron capture time re-
duced from experiment as a function of quantum well thickness
for a SCH single-QW structure. The ambipolar diffusion con-
stant in the calculation was taken to be 25 cm /s, a value which
is common for Al„Ga& „As.

with z the direction perpendicular to the quantum well
layer. In this equation, D is the ambipolar diffusion con-
stant, 8' is unity in the well and zero elsewhere, and ~&„
is the local capture time. This local capture time can be
used as a fit parameter in order to equate the total carrier
density in the barrier, resulting from Eq. (8), to the car-
rier density as given by Eq. (7) for a certain overall cap-
ture time as a function of time. Then the overall capture
time is transferred into a local capture time and a
diffusion constant.

The observed resonances of the overall capture time
(3—20 ps) as a function of well width give rise to oscilla-
tions in the local capture time of 0.1 —1.8 ps for a
dift'usion constant of 25 cm /s, as shown in Fig. 14. The
increase of the amplitude of the oscillation with increas-
ing well width is due to the fact that in the classical mod-
el the carrier capture rate is proportional to the well
width. As a result, for a large well width, a relatively
slow local capture time is needed to obtain a large Aow of
carriers into the quantum well. Therefore, the well width
dependence of the carrier capture rate is obtained by nor-
malizing the local carrier capture times to the quantum
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well width. In our opinion a local capture time, which is
dependent on well width, gives a more realistic descrip-
tion of the capture process in MQW laser structures at
high carrier densities than the bulk GaAs LO-phonon
scattering time of 0.1 ps.

Finally, we want to remark that the relatively small lo-
cal capture time (0.1 —1.8 ps), as well as its oscillations,
are not insignificant for device performance. Although it
may look like such a small local capture time can easily
be neglected, it corresponds to quite large oscillations of
the overall capture time (3—20 ps).

IV. CONCLUSIONS

In conclusion, we perform an experimental and
theoretical study of the carrier capture time in
GaAs/Al„Ga, As SCH QW structures. From both
subpicosecond QW rise time, measurements and pump-
probe correlation experiments on the barrier lumines-
cence oscillations in the capture time between 3 and 20 ps
were deduced as a function of quantum-well thickness.
The observed capture times are in agreement with the
theoretical predictions of an ambipolar capture model.

In this model, the variations of the carrier capture times
are due to the quantum-mechanical capture process of
the electrons. The ambipolar character of the capture
process was confirmed by experiments on doped samples.
The dynamics of the capture process is studied by
measuring the position of the quasi-Fermi-level as a func-
tion of time. From the dependence of the carrier capture
time on the laser excess energy, we find that the capture
times are very sensitive to the population of the barrier
subbands. Furthermore, these experiments also reveal
the dominance of the LO-phonon emission in the capture
process. Finally, from a classical diffusion model we ob-
tain that the observed capture times correspond to an os-
cillating local capture time in the range 0.1 —1.8 ps.
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