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Abstract. We report on time-resolved microphotoluminescence experiments in a single GaAs/GaAlAs
V-shaped quantum wire as a function of optical excitation intensity. At low pump power we observe
that excitons are localized in quantum boxes formed by the local potential minima existing along the wire
axis. As the pump power is increased, state filling of the lowest lying levels of the boxes appears. When
two carriers occupy the first excited level of the box, a very efficient Auger scattering occurs, leading to
a transfer of carriers from one box to another neighbouring one. The intradot Auger scattering time has
been measured and is of the same order of magnitude as the LA-phonon emission rate.

PACS. 71.35.-y Excitons and related phenomena — 78.47.4+p Time-resolved optical spectroscopies
and other ultrafast optical measurements in condensed matter — 78.66.Fd III-V semiconductors

1 Introduction

Carrier relaxation and carrier capture in zero-dimensional
quantum structures is a remaining question which under-
standing, apart from the basic scientific interest of the
issue, is an important requirement for the improvement
of eventual optoelectronic devices. For quantum boxes
(QB) due to the discrete spectrum of energy levels, one
would expect that at low excitation intensities, emission
from excited states should be observed due to the re-
stricted inter-level relaxation rates [1,2]. However several
groups reported on rapid carrier relaxation in different QB
systems [3-5] at low excitation intensities. Recently we
have observed a clear dependence of relaxation times via
LA-phonons with the inter-level energy spacing [6] and in-
deed a slowing down of relaxation as the inter-level spac-
ing exceeds a few meV has been evidenced. Nevertheless,
the relaxation times remain very fast (< 100 ps) showing
that other mechanisms like multi-phonon relaxation [7,8]
or Auger-like scattering [9] are very efficient and leading
to rapid thermalization of carriers and emission from the
lowest lying level.

Furthermore, the finite degeneracy of the QB levels
should lead to state filling effects even when a few carriers
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populate the lowest dot states [10]. This has been clearly
observed at high pump power intensities where saturation
effects and emission from excited state transitions have
been reported [11,12].

In this paper we study time-resolved micro-
photoluminescence (uPL) of a single GaAs/AlGaAs
V-shaped quantum wire (QWR) under high excitation
intensities. We have shown previously by upPL experi-
ments at low pump power, that strong localization occurs
due to the thickness fluctuations along the axis of the
wire [13]. These local potential minima can be viewed
as “naturally” formed QBs with a weak confinement
potential, leading to the observation of sharp excitonic
lines attributed to these bound states. This picture has
been also confirmed by other studies in different kinds of
V-wires [14,15]. Therefore exciton dynamics are governed
by the properties of a QB system at low temperature.
The exciton relaxation and recombination processes in
the low optical excitation regime have been investigated
in [6].

Here we show that when a collection of QBs, spe-
cific to our sample, is excited at high excitation intensity,
state filling effects appear in the lowest lying levels of the
boxes which is a consequence of the Pauli exclusion prin-
ciple. However, no emission from excited state transitions
has been observed but rather a rapid transfer of carri-
ers from one QB to another neighbouring one, through a
mechanism that we have attributed to Auger scattering.
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We show that the intradot Auger scattering is a very rapid
mechanism of the order of 20 ps.

The paper is organized as follows: in Section 2 we de-
scribe the studied sample and give some details on the
experimental set-up. Section 3 is devoted to the experi-
mental results. We show first uPL and time-resolved uPL
experiments versus excitation intensity, excited in the first
transition of the QWR what we will call hereafter non-
resonant experiments. Then a single QB is selectively ex-
cited and studied by means of what we call resonant uPL.

2 Samples and experimental set-up

GaAs/GaAlAs quantum wires (QWRs) are grown on a
4.8 pm pitched V-grooved GaAs substrate by flow rate
modulation epitaxy which is a modified metal organic
vapour phase epitaxy technique [16]. The Al concentra-
tion rate in the barrier is 0.33 for the (001) mesa top
face and the thickness of the QWR at the center of the
V-groove is about 5 nm. In order to enhance the pho-
toluminescence (PL) signal, the (001) region and part of
the (111) side wall AlGaAs barrier layer are removed by
wet selective chemical etching [16]. The lateral size of the
wire where the first electronic wave function is confined is
about 15 nm.

The sample is fixed on the cold finger of a Helium cryo-
stat and cooled at 10 K. The laser beam is focused on the
sample by a microscope objective with a large numerical
aperture (0.6), and the laser spot diameter is 1 pm. As
the different wires on the sample are separated by 4.8 um,
in our experiments only one single wire is excited over
1 pm. Time-resolved experiments have been performed
using a mode locked argon laser pumping synchronously
a dye laser. The pulse width is 5 ps and the repetition
rate is 82 MHz. The time-decay of the uPL signal is an-
alyzed through a double monochromator operating in the
subtractive mode and detected by a time-correlated single
photon counting system with a time resolution of 40 ps.
We systematically use a convolution procedure by the tem-
poral response function of the detection system in order to
achieve a time resolution of 20 ps. The spectral resolution
in the time-resolved and continuous experiments is 200
and 50 peV respectively. The number of electron-hole pairs
created in the wire can be estimated from the following
relation: N = (alP1y/hv)3, where af represents the ab-
sorption probability in the material. A typical value which
is usually taken in the literature is af = 0.6% in a GaAs
quantum well [17]. P is the excitation power, 7 is either
the radiative lifetime of excitons in a continuous excita-
tion or the repetition period in a pulsed excitation, and 8
is the ratio between the illuminated wire surface and the
laser spot surface. This geometrical factor is related to the
coupling with light and is thus different from one sample
to another. From this relation, it appears that when the
pump power density is lower than 100 W /cm? (continuous
excitation), there is always less than one electron-hole pair
per QB in average. For pulsed excitation the pump power
density must be lower than 25 W/cm?. This estimation is
made assuming that the mean radiative lifetime is about
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300 ps, which is consistent with our experimental results
and with the fact that about ten QBs are present in 1 um,
which corresponds to the mean number of peaks observed
in the uPL spectrum. Here all the presented experiments
have been performed on the same sample and the factor 3
is taken equal to 0.05.

3 Results and discussion
3.1 Non-resonant puPL experiments

uPL spectra with different excitation intensities are given
in Figure 1la. All these spectra have been recorded at the
same position on the sample and they are reproducible
from scan to scan. The excitation energy is 1.689 eV which
corresponds to optical absorption in the QWR. Then the
carriers can relax in all the QBs present in the section
of wire illuminated by the laser spot. Indeed we have ob-
served that there is no carrier diffusion at low tempera-
ture in this sample when exciting in the QWR absorption
band. The spectrum pumped at 15 W/cm? corresponds
to an excitation intensity where less than one exciton is
present in the structure. The spectrum is formed by a
line which is split into several sharp peaks of less than
0.5 meV width. The line is centred around 1.647 eV and
the peaks are distributed over about 10 meV. We have
shown previously [13] that these peaks can be attributed
to lowest lying level emission of localized states due to
size inhomogeneities of +1 atomic monolayer (ML) in the
most confined direction of the wire (5 nm), at the top of
the (001) surface. When the excitation power is progres-
sively increased, several interesting features appear on the
spectra. We clearly observe that the sharp peaks do not
shift in energy, are not broadened (in the limit of our res-
olution) and their intensity saturates progressively as a
background starts to grow up. For an excitation density of
10 kW /cm?, the sharp peaks have completely disappeared
and a broad emission line is observed. If the intensity is
further increased up to 100 kW/cm? then the high energy
side of the PL line grows up. As the excited states are
separated from the lowest lying states of the QBs by a
mean energy value of 3-4 meV [6], if emission from ex-
cited states occurs, it should be clearly observable on the
uPL spectra. As the centre of the line is not shifted, we
can conclude that emission from the excited states does
not appear in this power range. Figure 1b shows the inte-
grated total luminescence intensity as a function of exci-
tation power which has a quasi-linear behaviour over four
orders of magnitude of the pump power. The small devia-
tion from an exact linear behaviour is probably due to the
uncertainty of the intensity measured at very low excita-
tion power. We have also checked that the uPL temporal
decay depends neither on the excitation energy nor on
the excitation power [6]. These are good indications that
radiative recombination is predominant in this intensity
regime.

The origin of the background is qualitatively under-
stood. When the number of electron-hole pairs becomes
important, we may attribute it to a multitude of states
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Fig. 1. (a) Some typical non-resonant uPL spectra of a single
QWR at different excitation intensities. The excitation energy
is 1.689 eV; (b) shows the total integrated luminescence in-
tensity as a function of pump power with the linear fit of the
experimental data (the slope is equal to 1.18).

which become accessible due to coulomb interaction be-
tween carriers. Indeed we have experimental evidence of
exciton- exciton interaction, like the observation of a biex-
citon on the low energy side of the uPL line as we increase
the pump power. However this observation is not system-
atic in all the probed samples [18]. We believe that the
formation of biexcitons strongly depends on the size of
the boxes along the wire, thus on the heterointerface qual-
ity. Crottini et al. [19] have observed in similar V-grooved
wires by near field optical spectroscopy extended exciton
states where the formation of biexcitons was clearly evi-
denced. But this question is beyond the scope of this work
and we will not further discuss it.
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Fig. 2. Non-resonant time-resolved puPL experiments of a given
QB (detected at 1.6475 eV) at different pump power densities.
The dots correspond to the experimental data and the solid line
to the calculated curve obtained by equation (1) convoluted by
the temporal response of the detection system.

In similar experiments performed by Vouilloz et al. [20]
the authors observe a clear blue shift of the uPL lines.
It is attributed to the inter-exciton exchange interaction
between localized excitons and the 1D gas of weakly in-
teracting excitons present for intermediate excitation in-
tensity. The main difference with our experiments is the
thickness of the QWRs which is twice larger in our case
(5 nm instead of 2.5 nm). This could explain that the shift
of our pPL lines is smaller than our experimental resolu-
tion because the exciton-exciton interaction is expected to
strongly increase with increasing confinement [21].

Figure 2 depicts typical time-resolved pPL experi-
ments of a given QB taken with different pump power
densities. The behaviour of the pPL time-evolution is sim-
ilar for all the studied QBs. The time-resolved spectra are
fitted assuming a simple three levels model by using the
following expression:

eft/‘r _ eft/‘l'o)

1(t) = AL (1)

(1 —10)
which is then convoluted by the temporal response of the
detection system. In this way the rise time corresponds
to 7, the relaxation time from the first excited level to
the lowest lying state and the decay time to the radia-
tive lifetime 7y of the carriers. Spectra 2a and 2b have
the same shape, i.e. they can be fitted accurately with
the same parameters of 45 ps for the relaxation time and
295 ps for the radiative lifetime. The intensities at the
maximum of the curves are in the ratio of the excitation
power, since the luminescence intensity is linear in this
power regime. Spectrum 2c¢ shows two characteristic fea-
tures: for short delays, a clear saturation of the PL inten-
sity is observed with the characteristic plateau-like shape
of the spectrum [12] and after 500 ps from the laser pulse,
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Fig. 3. (a), (b) and (c) are resonant pPL experiments for
three different excitation densities; (d) is a non-resonant uPL
spectrum of a single QWR recorded at the same wire posi-
tion as in (a), (b) and (c); The excitation energy is 1.6464 eV
and represented by an arrow; (A) and (B) are two uPL peaks
corresponding to the lowest level emission of two different in
size QBs.

when the number of pairs in the fundamental level has
decreased, the decay time has the same exponential be-
haviour as in 2a and 2b. This saturation is due to state
filling of the fundamental level of the QB and explains
the discrepancy obtained between the simple model used
(Eq. (1)) and the experimental data. State filling has been
observed in QBs but always associated to emission from
excited states, due to the blocking of relaxation down to
the saturated fundamental level. In the present QWRs we
have a situation where saturation of the QB fundamen-
tal levels occurs without the expected blue shift of the
luminescence line associated to the emission from excited
states.

3.2 Resonant pPL experiments

In order to have a better understanding of these results,
resonant uPL experiments have been performed in a single
QB. A single QB can be isolated and studied by adding to
the spatial resolution a selective excitation. This can be
done only if micro-photoluminescence excitation (uPLE)
experiments are performed on a single QB in order to de-
termine its excited levels [6]. Figure 3d represents a non-
resonant pPL spectrum of a single QWR at low pump
power. We have performed puPLE of the QB labelled A
on the figure and found that the first excited state lies
2.8 meV above the lowest level [22]. If resonant excitation
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is performed on this first excited state we observe that only
peak A remains on the spectrum showing that this level
is the fundamental associated to the excited level of the
same box (Fig. 3a). Here the excitation intensity is very
low and there is always less than one electron-hole pair
present in the box. Therefore resonant pPL performed at
low intensity demonstrates that the QBs in our structure
are spatially isolated. When the power is increased the
intensity of peak A saturates while we see new emission
lines emerging (Fig. 3b, ¢). Their energy positions corre-
spond exactly to those observed in the non-resonant uPL
spectrum (Fig. 3d) recorded at the same sample position
at low pump power density. Since all the sharp features
in the non-resonant spectrum are fundamental emission
lines of QBs with different sizes, this clearly indicates that
carriers transfer from the selectively excited box to other
neighbouring ones as the power is increased. We have also
checked that the intensity of each uPL peak is linear with
increasing power which means that there is no formation
of biexcitons. Emission from excited states does not ap-
pear and no blue shift of the resonant puPL is observed.
We can also exclude a local heating of the sample because
no broadening of the sharp peaks nor a shift towards lower
energies occur [23].

We have attributed this transfer to an intradot Auger
scattering mechanism. The usual electron-electron Auger
scattering is excluded here because the total integrated
luminescence is linear as shown in Figure 1b. The impor-
tance of Auger effects in QBs has been demonstrated by
several authors [3,24-26] showing that this process can be
very efficient even when only one electron-hole pair exists
in the dot [9]. Since our QBs collection has a weak con-
finement potential along the wire axis (about 10 meV) the
levels are close in energy and this mechanism should be
very probable. Here for the resonant experiments we show
that this intradot Auger scattering occurs very rapidly
as soon as two pairs are created initially in an excited
state of a dot. The excess energy between excited and
fundamental state is given to one of the carriers which
is ejected to a continuum wire state while the other one
relaxes to the lowest level of the dot. The ejected carrier
is then captured by a neighbouring dot and relaxes down
to its ground state. Experimentally, the total intensity of
emission remains constant during the process which means
that Auger scattering occurs on both electrons and holes,
so we still get radiative recombination. This is schemati-
cally drawn for one type of carriers in Figure 4.

Time-resolved pPL has been detected on peaks A
and B with a resonant excitation on the first excited
state of box A. Figure 5 represents the time evolution
of the yuPL intensity recorded on peak A as a function
of optical excitation density. When the excitation power
is increased, the shape of the time-resolved spectra is
modified. As in the non-resonant case, a saturation
of the fundamental level of the box occurs. We also
observe that as the power is increased the rise time
of the temporal spectra becomes shorter (Fig. 5c).
To analyze these results a three level model has been
considered in the resonant experiments: the first excited
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tering mechanism (solid arrows) for one type of carriers. The
initial and final states of the scattering process are represented
in full and open circles respectively. After the scattering, one of
the carriers relaxes to a neighbouring box, for example box B
(dashed arrow).
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Fig. 5. Resonant time-resolved puPL experiments recorded on
peak A at different optical excitation densities: (a) 3 W/cm?;
(b) 30 W/cm?; (c) 300 W/cm?. The dots correspond to the
experimental data and the solid line to the calculated curve
using equations (2-4) convoluted by the temporal response of
the detection system.

and the lowest lying levels of a same QB and the |0)
ground state. This allows an easier interpretation of the
relaxation and saturation processes. We assume that the
PL intensity is proportional to the mean number of pairs
in the fundamental level of the box. The excited state is
occupied by a population f(t) having a Gaussian shape
with a full width at half maximum of 5 ps equal to the
laser pulse width. The calculated curves are convoluted
by the temporal response of the detection system. The
state filling effects have been taken into account with a
level degeneracy assumed to be equal to 2 because of
the QB asymmetry. The Auger relaxation mechanism
corresponds to the factor na(t)?/T in the equations below
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with T being the intradot Auger scattering time. The
final state of this scattering consists of one pair in the
lowest lying level of QB A while the other one has been
ejected in a continuum wire state before being captured
by another box. The time evolution of the level popula-
tions in QB A can be calculated by resolving the system
of differential equations given by the following expressions:

dna(t) _ 7n2(t) B na(t) (2 —ny(t))
dt T T 2
n2(t)? (2 —n1(t)) 2 —na(t)
R (L0
dna(t) () | ne(t) 2—na(t) | 1na(t)® (2—m(t)
dt 1 T 2 2 T 2
(3)
f(t) = P———e (5’
V2 At ’ (4)

n1(t) (n2(t)) are the populations of the lowest lying (first
excited) electron-hole pair state in QB A. P is a factor
proportional to the excitation power and At is the width
of the laser pulse. 7, and 75 are the radiative lifetimes of
the lowest lying and first excited states respectively, and 7
is the relaxation time through emission of LA-phonons. 7
and 7 are calculated from the low excitation power spec-
trum (Fig. ba) where the non-linear effects (Auger scat-
tering and state filling) are not present. The calculation
gives 70 ps for the relaxation time and 350 ps for the ra-
diative lifetime. 75 is assumed to be of the same order of
magnitude as 7y but the value of 75 has no influence on the
calculation of Auger relaxation. The two other curves rep-
resented in Figure 5b, ¢ can be calculated with the same
values of 7 and 7 with the population f(t) of the excited
state being in the ratio of the experimental values of the
excitation intensity. The value calculated for the factor P
is 0.16, 1.6 and 16 for the excitation densities used in the
experiments, i.e. 3, 30 and 300 W/cm? respectively. This
power factor would correspond to the number of electron-
hole pairs created in a system without saturation effects.
This result is also consistent with the simple expression
that we discussed in Section 2. The above model describes
quite well the temporal behaviour of the uPL of a single
QB when the pump power is increased as we can see in
Figure 5. In order to better understand the influence of
each term (Auger, state filling and linear) appearing in
equations (2) and (3) a comparison between them is rep-
resented in Figure 6 for the same set of parameters. If we
take only into account the state filling we obtain a smooth
plateau which does not fit the experimental situation at
high optical excitation intensity. The Auger factor is re-
sponsible for a modification of the shape of the temporal
curve and for the shift towards shorter delays of the curve
maximum at high excitation power. Indeed the rise time
of the curve in Figure 5c¢ is shorter than in 5a or b, be-
cause of the presence of Auger scattering which creates a
second channel for relaxation. The intradot Auger scat-
tering time T, is found to be equal to 20 ps. This value



504
— T T 1 ‘v T T T T T T T T T 7
7 | — 1
"§ I VAN NS
g [/ %
51
c ]
gL
= |
2 |l
!
fu 1 1 L " n 1 L 1 Fa——|
0 200 400 600 800
Time (ps)

Fig. 6. Calculated temporal evolution of the population oc-
cupying the lowest QB level by neglecting all the non-linear
effects (dashed line), by including only the level state filling
(dotted line) and by including Auger relaxation with state fill-
ing (solid line). The model used is described by equations (2)
and (3) in the text. The curves have been normalized in order
to have the same decay at long delays.

is in the limit of our temporal resolution but it remains
slightly faster than the relaxation time through emission
of LA-phonons. This result shows that Auger scattering is
a very efficient process that occurs as soon as two carriers
occupy the first excited level of one dot.

Time-resolved puPL experiments versus the excitation
power have also been performed on peak B with an excita-
tion energy resonant with the first excited level of box A.
Emission from box B starts to appear above 100 W /cm?
excitation density when the lowest level of box A becomes
saturated. We have studied QB B in the linear regime be-
fore saturation. Then just by using equation (1) we can
fit the experimental temporal decay shown in Figure 7.
The rise time which corresponds actually to capture and
relaxation time in box B is 30 ps and the radiative lifetime
is equal to 500 ps. The difference in the radiative lifetimes
and relaxation times between box A and B is due to the
different size of the boxes [6]. We observe that the rise
time is very fast which means that both capture and re-
laxation in QB B are very fast processes and of the same
order of magnitude.

4 Conclusion

Power effects have been investigated in a single QB by
studying the time evolution of the pPL intensity. Non-
resonant experiments show that state filling of the lowest
lying level occurs. By performing resonant experiments
in a single box, we observe that as the optical excitation
density increases, a very efficient carrier-carrier scattering
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Fig. 7. Resonant time-resolved uPL recorded on peak B at
300 W/cm? optical excitation density. The excitation energy
is resonant with the excited level of box A. The dots correspond
to the experimental data and the solid line to the calculated
curve using equation (1) convoluted by the temporal response
of the detection system.

occurs due to Auger processes. This mechanism allows to
empty a saturated QB and fill another neighbouring one
through a transfer of carriers (electrons and holes) that
keeps in this way the total emission intensity constant.
The high efficiency of this scattering mechanism, of the
order of 20 ps, explains the lack of emission from excited
states which is a less efficient process. It must also be
related to the weak potential barrier of our specific QB
collection so the excited levels are close to the potential
edge leading to a propitious situation for carriers to escape
from the boxes.

The authors gratefully acknowledge R. Ferreira for fruitful
discussions.
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