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Electron and hole capture in multiple-quantum-well structures
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We have studied a series of modified GaAs/Al, Ga,_, As multiple-quantum-well structures, where in-
creased capture times are obtained owing to the engineering of the band configuration. Both electron
and hole capture times have been measured as a function of well width. Hole capture times are fast (typ-
ically 10 ps) and depend weakly on the structure. Electron capture times are shown to vary between 2
and 120 ps for well widths covering the whole range between 30 and 100 A. This variation and the short
time observed at resonance, when the barrier and the well levels are separated by 1 LO-phonon energy,
demonstrate the importance of quantum-mechanical electron capture processes.

Carrier capture mechanisms play a crucial role in the
performance of quantum-well- (QW) based devices such
as lasers and intersubband photodetectors. For QW
lasers, a higher gain and thus a lower threshold current
are obtained owing to efficient carrier capture into the ac-
tive layer.! For photodetectors, a long carrier capture
time favors the photocarrier collection and thus improves
the responsitivity of the devices.? For practical reasons it
is thus important to understand the carrier capture mech-
anisms.

In idealized (free of defects) quantum-well structures,
emission of LO phonons is the main carrier capture
mechanism. The LO-phonon scattering rate depends on
two main terms: the Frohlich matrix element, which
gives a 1/g? dependence (where ¢ is the wave vector of
the emitted phonon) and the overlap of the initial and
final wave functions squared. Published quantum-
mechanical calculations®™® predict strong resonances
(variation of two orders of magnitude) of the carrier cap-
ture time as a function of well width. A first kind of reso-
nance is expected when the energy difference between the
barrier ground state and one of the QW levels equals the
LO-phonon energy, because the phonon wave vector g is
small. The second kind of resonance originates from the
increased wave-function overlap when a continuum state
is approaching the barrier band-edge energy. Oscillations
of the QW photoluminescence (PL) intensity with well
width, due to variations of the carrier trapping efficiency,
has been reported in cw luminescence.” However, this
experiment does not give a direct measure of the carrier
capture times. Such a measure can be obtained by time-
resolved PL techniques but, among the various experi-
ments reported in the literature,® !° none gives any evi-
dence for resonant capture mechanisms. On the other
hand, some recent papers'!'!? suggest that for conditions
prevailing in QW lasers, a quantum-mechanical descrip-
tion is not the appropriate picture for carrier transfer
into the quantum well. More experiments are therefore
needed for a better understanding of the capture mecha-
nisms.

We have first investigated the quantum-mechanical
capture mechanisms by studying a complete series of
multiple-quantum-well (MQW) structures with 200-A-
thick barriers and well widths covering the whole range
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between 40 and 120 A.!? Both electrons and holes are
found to be captured in less than 3 ps. The absence of
long times is explained theoretically by the combination
of different capture mechanisms (LO-phonon scattering
and impurity scattering) and by the effect of carrier
spreading in energy over a Maxwell-Boltzmann distribu-
tion. The same theory also predicts very short times
(=100 fs) when the electrons are scattered by ¢ =0 pho-
nons (L, =60 and 110 A, for x,;=0.25 in the barriers).
These short times cannot be observed in luminescence be-
cause the electrons, created at 2.05 eV, first scatter to the
X valley and only return slowly to the I' valley (=2 ps).
An experimental approach, described below, may be
chosen to overcome this limitation.

In the present paper, we have studied a different series
of MQW samples by the time-resolved PL technique.
Compared to the usual MQW’s, the band configuration of
the structures has been modified in order to increase the
electron capture times above the limiting value of 2 ps.
We have considered different possible structures (compa-
tible with our epitaxy facilities) that reduce the barrier
and well wave-function overlap and thus give longer cap-
ture times. This can be obtained by increasing the barrier
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FIG. 1. Schematic electron band configuration of our sam-
ples. The energy and the wave functions squared of the first
three levels are plotted for the 73-A sample (nearest-resonant
condition).
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thickness up to the carrier mean-free-path (MFP) limit.
In high-quality Al,Ga;_,As, the electron MFP is =500
A, and this upper barrier thickness limit only increases
the minimum electron capture times to about 300 fs. The
coherence length for holes estimated from transport mea-
surement is at least a factor of 3 lower than the electron
MFP. We have chosen to keep the 200-A barrier thick-
ness but to modify the barrier configuration by adjoining
edge spikes on either side of the wells (see Fig. 1). The
use of such a band configuration for capture studies was
first proposed by Fujiwara et al.!* The wave-function
overlap is reduced by adjusting the height (the Al con-
tent) and the width of these edge spikes. The only restric-
tion is the position of the X levels which have to be
sufficiently above the barrier ground state; otherwise
direct electron capture by these X valleys complicates the
picture. In this work, a 23- A-thick and a X 21 =0.50
Al ,Ga,_,As spike layers have been chosen to obtain an
increase of the electron capture times by roughly a factor
of 15. Strong oscillations of electron capture times as a
function of well width and a 1.5-ps value at resonance are
predicted for such structures.

Our samples, grown by molecular-beam epitaxy, con-
sist of 20 repetitions of the structure shown in Fig. 1.
Also shown in Fig. 1 are the electron wave functions
squared corresponding to the first three electron levels for
the 70-A sample. The thin spike layers consist of an
Al, sGa; sAs alloy obtained by the deposition of four
periods of GaAs/AlAs monolayer superlattice. The
structural parameters (alloy composition and thicknesses
of the different layers) are deduced from a fit to the x-ray
diffraction patterns and to the observed energies of the
PL transitions. Table I gives a list of the samples togeth-
er with their structural parameters. For all samples, the
barrier thicknesses are about 200 A and the spike thick-
ness about 23 A. Photoluminescence spectra are ob-
tained at low temperature (100 K) by an up-conversion

TABLE I. List of the samples together with the experimental
and theoretical data points.

Experimental
data Theory
Well SE

Sample X Al width (meV)  7hoe 7 7¢l
no.  +0.005 (A)  £5 (ps) (ps) (ps)
1 0.305 29 103 8+1* 50+10° 35
2 0.310 53 202>  10+2 10+2 24
3 0.290 77 77 8+1 62+15 28
4 0.255 50 143 9+2 118+30 145
5 0.275 58 180 1242 2147 38
6 0.270 70 31 1042 3+2 5
7 0.260 73 34 9+2 2+1 3
8 0.270 84 81 13+2 55+8 39
9 0.275 96 117 1542 41+8 57

2The experimental errors have been estimated from the fitting
procedure.

®A barrier wave-function buildup in the well is expected for
those samples.
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FIG. 2. Typical luminesce?ce spectra measured at 100 K, at
three time delays for the 84-A sample. Solid line, 1 ps; dashed
line, 3 ps; and heavy solid line, 20 ps.

technique with a 600-fs resolution. The sensitivity of the
experiment allows the observation of the barrier and well
luminescence without any band-filling effects; the excita-
tion density corresponds to 2 X 10'° cm ~2 per well.

Typical luminescence spectra are shown in Fig. 2 at
three different delays (1, 3, and 20 ps) for the 84-A sam-
ple. These spectra have been obtained at relatively high
excitation density in order to evidence the n =2 transi-
tion. The n =1 and 2 quantum-well-luminescence (QWL)
peaks are observed at 1.570 and 1.735 eV, respectively.
On the high-energy side of the spectrum, the barrier-
luminescence (BL) peak is observed at 1.905 eV. The BL
corresponds to electron-hole recombination of carriers at
the barrier ground states, and the QWL comes from
recombination of carriers at the QW ground states. Even
for a time delay as short as 1 ps, a Maxwell-Boltzmann
distribution of carriers is observed;!’ the effective carrier
temperature is 170 K at 1 ps and reaches 100 K in about
3 ps. This fast cooling process increases the QWL and
the BL at short times. Carrier capture by the quantum
well (occurring in few tens of ps) gives rise to an increase
of the QWL as well as a decrease of the BL peak.

The intensities of the transitions are proportional to
the hole and electron populations of the related levels.
The dynamical behavior of the PL signals gives informa-
tion on the different characteristic times. The BL decays
roughly with the fastest capture times. The QWL rises
upon cooling of the carriers photoexcited in the wells,
and upon capture of carriers coming from the barriers.
Figures 3(a) and 3(b) show the temporal behavior of the
well and barrier PL signals. These figures compare the
spectra of three samples with well widths close to the
value where a resonance in the electron capture rate is ex-
pected. The intensity of the BL peak decays exponential-
ly with time over two decades. On the other hand, the
QWL rise time shows a complex behavior. A faster de-
cay of the barrier signal and a faster rise of the QW signal
are clearly observed in the 70- A sample.

The inset of Fig. 4 illustrates the simplified scheme of
the different relaxation channels of carriers photoexcited
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at 2.05 eV. Electron and hole capture times are deduced
from a simultaneous fit of the QWL and BL temporal be-
havior, using the same fitting parameters. Our model
considers the evolution equations for the populations of
the different levels under the following assumptions: (i)
deltalike excitation pulses, (ii) hole cooling to lattice tem-
perature is assumed to be almost instantaneous (=500
fs), (iii) electron relaxation and cooling time is limited by
the L -T" scattering time'® (=2 ps), (iv) recombination in
the barriers is neglected. Under these assumptions, we
are left with four adjustable parameters: the two capture
times, the lifetime (7, ) of the population in the well, and
the proportion (a,,;) of carriers photoexcited directly in
the wells (with large wave vectors). 7, might vary with
the evolution of the carrier populations but this value is
roughly given by the long-time behavior deduced from
the QW luminescence decay time (typically > 500 ps).
The parameter a,,; which depends on the number of
confined and continuum states below the excitation levels
is not known precisely. However, estimation from the
density of states gives a value of 0.2 for thin wells and 0.5
for larger wells. We therefore obtained the two capture
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FIG. 3. Time delay behavior at the energy of the n =1 well
peak (a) and at the energy of the barrier peak (b) for three sam-
ples having a well width of 58, 70, and 84 A (dashed lines). The
solid lines correspond to experimental curves obtained using the
fitting procedure described in the text.

times, reported in Table I, with fitting curves (solid lines)
reported in Fig. 3 for three samples. Altogether the un-
certainty, given in Table I, is of the order of +20%
whereas the electron capture times vary by almost 2 or-
ders of magnitude.

We have carried out calculations of the electron cap-
ture times using the envelope-function formalism.> We
have considered electron capture mechanisms via LO-
phonon emission and via impurity scattering. The
scattering rate is computed using the Fermi golden rule.
For a given initial wave function, the scattering rate is
obtained by summing the interaction integral over all
bound states. For LO-phonon scattering, we have con-
sidered only phonon emission and we neglect the effect of
confined phonon modes. For impurity scattering, a uni-
form concentration level of 10'® impurities per cm?,
determined by independent measurement, is assumed.
The temperature of the carriers (100 K) is taken into ac-
count by a proper average over the initial states. No ex-
tra fitting parameter has been used in the calculations.
Details are given elsewhere.!> The results of this calcula-
tion are plotted in Fig. 4. For a given Al composition in
the barriers, two kinds of resonance are observed. The
first resonance (around 63 A for x,,=0.27) originates
from increased barrier and well wave-function overlap
when E, .. =E . (n =2). The second resonance (around
71 A for x a1=0.27) corresponds to the situation where
the wave vector of the emitted phonon is approaching
zero [Ey,, =E . (n =2)+36 meV]. The position of the
resonances is very sensitive to the structural parameters;
a difference in the alloy composition from 0.27 to 0.31
changes the position of the resonances by almost 10 A.

It is more difficult to estimate the hole capture times.
Quantum-mechanical calculations give capture times
longer than for electrons and numerous very narrow reso-
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FIG. 4. Theoretical curves of the electron capture time as a
function of well width for the barrier configuration shown in
Fig. 1 for x,,=0.27 (solid line) and x,;=0.31 (dashed line).
Electron capture times deduced from the fitting procedure
marked with rectangles (triangles) have to be compared with the
theoretical solid (dashed) curve. The inset shows a simplified
scheme of the different levels and the different channels of relax-
ation of the carriers photoexcited at high energy.
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nances. However, our calculations suffer from rendering
correctly the complex hole band mixing. The band non-
parabolicity combined with the well width fluctuations
tend to smooth out the resonances and give capture times
typically >100 ps. Such quantum-mechanical calcula-
tions are questionable because the length of coherence for
the heavy hole is smaller than the period of the structure.
In our modified MQW’s, the edge spikes tend to localize
the heavy holes in the barriers. A semiclassical model
gives a better estimation of the hole capture time. We
calculate the tunneling time across the edge spike be-
tween continuum states without conservation of momen-
tum. Once in the wells, the holes are very easily scattered
into lower-energy well states by LO-phonon emission
ensuring efficient hole trapping by the wells. The hole
capture time estimated in this way is about 3 ps and near-
ly independent of well width.

In order to interpret the results, we have to consider
the capture of both electrons and holes. The observed de-
cay times of the barrier luminescence are weakly depen-
dent on the structure. Fast decay times ( <3 ps) are only
observed in the two samples where LO-phonon electron
capture resonance is expected (nos. 6 and 7). In all other
samples, decay times of typically 10 ps are observed.
This result is well explained by the semiclassical model
for the hole capture process which gives short hole cap-
ture times nearly independent of the structure, and by the
quantum-mechanical model for the LO-phonon-assisted
electron capture mechanism which gives strong capture
time resonances around 70 A. So in all cases, except for
samples nos. 6 and 7, the holes are captured more
efficiently than the electrons.

Table I compares the experimental data with the
theoretical electron capture times. Also given in Table I
is the energy difference between the electron barrier
ground state and the last confined level (8E, ). These
values are determined from an envelope-function calcula-
tion of the different levels using the measured sample pa-

rameters and explain the position of the structures ob-
served in luminescence (see Fig. 2). The fitting procedure
gives hole capture times smaller than 15 ps and electron
capture times oscillating between 2 and 120 ps. The
agreement between experimental and theoretical electron
capture times is remarkably good. The experimental data
are plotted in Fig. 4. Results clearly evidence the g =0
LO-phonon resonance (for well width around 71 A) cor-
responding to 8E, =36 meV. Unfortunately, the second
resonance (around 63 A for x a1=0.27) resulting from the
barrier wave-function buildup in the well, has just been
missed. Nevertheless, the decreasing capture time ob-
tained for the 53- (31%) and the 58-A (27%) samples
shows that this quantum effect is also present.

In summary, we have used time-resolved luminescence
spectroscopy to measure the electron and hole capture
time as a function of well width in multiple-quantum-well
structures with modified barrier configuration. Results
show that holes are captured efficiently in all cases. This
is in agreement with our previous results obtained on
normal MQW samples.!* In the present structure, hole
capture process is well described by a semiclassical mod-
el. For electrons, we evidence the two kinds of resonance
predicted theoretically. The electron capture times are
shown to vary between 2 and 120 ps as a function of well
width. The quantum-mechanical description for the elec-
tron capture mechanism is proved to be valid. Since elec-
tron coherence length in our high-quality samples might
not be very different from the value expected in normal
MQW’s, the same conclusion should hold in that case,
except that capture times will be smaller by roughly a
factor 15.
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