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Abstract

We report systematic temperature-dependent measurements of photoluminescence spectra in self-assembled
InGaAs/GaAs quantum rings (QRs) under resonant excitation condition. We have studied the rise in tem-
perature of the ground-state intensity. The carrier transfer between the ground state of the small ring family
towards the big-ring family of the bimodal size distribution is identified by analyzing the photoluminescence
spectra. This effect is observed in very thin spacer and under resonant excitation. This situation makes im-
portant the lateral tunneling of excitons between rings under low temperatures (10 K). Tunneling time about
Ins was estimated at low temperature and compared to similar carrier transfer in quantum dots (QDs) found

in the literature.
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1. Introduction

Due to the increasing potential applications of semicon-
ductor quantum nanostructures like quantum dots (QDs)
and quantum rings (QRs) for the development of room
temperature operating hetero-structure lasers and
high-speed optoelectronic devices, the carrier tunneling
and thermal escape processes are of considerable interest
[1-3]. In particular, self-assembled QRs of InGaAs
grown on GaAs are potential candidates for the devel-
opment of laser diodes at 980 nm at room temperature
and high-speed optoelectronic devices. Stacked layers of
QR have been grown for different GaAs spacers, demon-
strating the laser operation in the most favourable cases
[4]. The QR system allows a great density of multilayer
stacks, because of their reduced height, more than three
times smaller than typical QD, while avoiding excessive
electronic coupling. The lateral tunneling of exciton is
one of the most important dynamic features in semicon-
ductors, since it contains directly the information about
localization effects between excitons and their environ-
ment. In this domain, the tunneling time is determined
from time resolved experiment and theoretical models,
and then it can be deduced [2,5,6].

For lateral carrier tunneling we find the results re-
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ported in reference [2], where a value of around 3.5 ns is
found for “carrier transfer” in high density QD arrays
from small dots emitting at around 1.3 eV towards bigger
dots emitting at lower energies. In our previous work [6],
using both a theoretical model and time resolved ex-
periment; we find that the tunneling time is about 5 ns. In
the present paper, we employ another method to deduce
the tunneling time in QR.

We demonstrate that in a very thin spacer, 1.5 nm, the
recombination dynamics is affected by the lateral tun-
neling of carriers between QR at tow temperature, and
we deduce the value of tunneling time, between the
ground state of the small ring family towards the big-ring
family of the bimodal size distribution, of about 1 ns
using photoluminescence experiment under resonant
excitation conditions.

2. Samples and Experiment

The sample studied in this work follow a similar growth
procedure. An initial QD seeding layer is grown by de-
positing 1.7 monolayer (ML) of InAs onto a (001)-GaAs
substrate (after a GaAs buffer layer) at 540 °C, under an

As2 beam equivalent pressure of (3 - 4) x 10°° mbar.
The InAs deposition takes place in a growth sequence of
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0.IML InAs (at 0.06 ML/s) plus a 2 s pause under As
flux. At the end of this sequence, the QDs are annealed 1
min to enhance the size distribution and to obtain me-
dium density ensembles (109 - 1010 cm™?). Subsequently,
a thin GaAs cap layer is grown (at a rate of 1 ML/s) at
different atmospheres and substrate temperatures, TCAP.
In this way, QR are obtained under As2 atmosphere atl.1
x 10 ~° mbar and TCAP = 500°C.

More details about the growth of this kind of sample
can be found in ref [7, 8]. The sample studied here con-
tains three layers of QR stacked by using 1.5 nm GaAs
spacer thickness. In each layer, the total amount of de-
posited InAs was just above the critical thickness (1.6
ML) necessary for the 3D transition to take place, which
induces low in-plane densities of nanostructures. The
typical size of the original dots was around 20 - 40 nm
diameter and around 11 nm of height, in average. The
presence of QR nanostructures in these stacks have been
revealed and studied by Atomic Force Microscopy
(AFM), Transmission Electron Microscopy (TEM) [8]
and Scanning Tunneling Microscopy (STM) [9]. From
AFM, typical dimensions obtained for QR are 100nm x
90nmx1.5nm. From TEM and STM, more morphological
and compositional information is obtained for QR. In
particular, the QR has not a homogeneous composition,
as expected from its formation process, in which 2 nm of
GaAs is used to partially cap the seed pyramidal dots. In
this way, the central part of the ring, around 20 nm in
diameter, is pure InAs, whereas the outer zone of the ring
(up to the 100 nm of diameter typically measured by
AFM) have a variable compositional profile of InGaAs
due to the initial alloying effect of the original InAs dot
and the 2 nm thick GaAs capping layer [8,9].

The continuous wave photoluminescence (cw-PL) ex-
periment was performed by using the 514 nm Ar’ line
pumped continuous wave Ti: sapphire laser for excitation.
The PL signal was dispersed by a single 0.5 m focal
length monochromator and synchronously detected with
a cooled Ge detector. The sample was held in the cold
finger of a closed-cycle cryostat to vary the temperature
in the range 12-300 K, approximately.

3. Results and Discussions

Figure 1 shows the PL spectra measured at low tem-
perature and using above barrier (GaAs) and low density
excitation under resonant excitation (880 nm) conditions.
The PL spectra can be reasonably deconvoluted into two
Gaussian components, as shown in Figure 1, which are
separated by around 52 meV. The parameters of these
Gaussian components are labelled as P1 (high energy
component) and P2 (low energy component).

First of all, the two observed PL Gaussian components
cannot be due to the contribution of excited states of a
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Figure 1. The PL spectra measured at low temperature and
using above barrier (GaAs) and low density excitation un-
der resonant excitation (880 nm) conditions.

mono-modal QR size distribution; because when we use
higher excitation densities we can perfectly observe that
contribution (p-like exciton recombination) on the high
energy side of the PL spectra. We attribute the measured
PL band to a bi-modal size distribution of the QR en-
semble (i.e., two different size families), being similar in
each of the three stacked layers, in average. The meas-
ured energy separation between the two QR families
(23-27 meV), under non resonant excitation, is approxi-
mately consistent with an average height fluctuation of
0.3 nm (one monolayer) [10-12].

Figure 2 plots the temperature dependence of the PL
intensity at excitation density of 3.14 W/cm? and under
resonant excitation The two Gaussian contributions
(P1-P2) representative of the QR ensemble are followed
with increasing the temperature. Above 90 K the PL
band is practically symmetrical (single Gaussian), be-
cause of the negligible influence of P2 on its low energy
side.

At low temperatures (10 - 40 K), the PL energy asso-
ciated to the small QR is quite stable, then decrease for
higher temperature (see inset of Figure 3). The peak
energy P1 shows a displacement towards low energy (red
shift). Such behavior is characteristic for escapement of
carriers from the small ring family (P1). Whereas in the
temperature range (10 - 60) K the peak energy (P2)
which associated to the big ring family is increased, then
decrease for higher temperature (>60 K). This effect is
due to a transfer from the high energy (P1) band towards
the low energy band (P1). This process can be possible
by phonon assisted tunneling from the small-ring to-
wards the big ring.

Figure 3 shows the Arrhenius plot of the integrated
PL intensity for both P1 and P2 components in the sam-
ple under low excitation density conditions. The best
fitting of the experimental results is shown in Figure 3(a)
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Figure 2. The temperature dependence of the PL intensity
at excitation density of 3.14 W/cm?and under resonant ex-
citation
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Figure 3. The Arrhenius plot of the integrated PL intensity for both
P1 and P2 components in the sample under low excitation density
conditions.

and (b) as a continuous line, by using £; = 26 £ 5 meV
and £, = 56 £ 5 meV. The activation energy E; is close
to the GaAs (or InAs confined) LO phonon energy, but
also to the half of the energy difference between P1 and
P2 ring families (their average ground status). The acti-
vation energy found suggests the existence of a thermal
activated carrier transfer mechanism from P1 towards P2
rings. The origin of such inter-ring (P1 - P2) carrier
transfer would be a non-resonant tunneling process as-
sisted by optical phonons, as suggested in Refs.
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[3,5,13,14]. It is worth noting that the temperature at
which the tunneling effect begins (i.e., the process of
carriers transfer between QR families begin), 10 K, is
much smaller than that found for QR (T > 40 K) in Ref.
[3]. The most likely transfer mechanism, phonon assisted
tunneling, is thus significantly stronger for QR with thin
GaAs spacer. The main differences in the carrier transfer
between QR with thin spacer and the results found in Ref.
[3] are associated to the thin spacer heterostructures used
where we can imagine that the three QR layers can be
accounted for by multiplying also by three the tunneling
probability.

Figure 4 shows the obtained temperature dependence
of tunneling time 7y within the PL band in QR sample.
Following Ref.[15], we have calculated 77 by means of
the relationz = g / (zg+7, ) . With n is the intensity ratio
P2/P1 and zg is the time characteristic of the radiative
recombination on the ground state of the quantum rings
which is about 765 ps [6]. For T = 10 K, the estimated 71
is = 1064 ps whereas for high temperature, 7+ decrease.

Value around 3.5 ns have been reported for non-
resonant electron tunneling for “carrier transfer” in high
density QD arrays from small dots emitting at around 1.3
eV towards bigger dots emitting at lower energies [2].
For lateral carrier tunneling in QR ( using both theoreti-
cal model and time resolved experiment) we find in the
results reported in reference [6], where a value of around
5 ns is found for “carrier transfer” between the ground
state of the small ring family towards the big-ring family
of the bimodal size distribution.

In the present paper, we employ another method to
deduce the tunneling time in QR. Indeed, under resonant
condition excitation, we have estimated the tunneling
time z; around 1 ns. One can see in Figure 4.c, that zp
sharply decreases and became smaller, at high tempera-
ture, than the ground-state life time indicating that the
process of lateral tunneling begins to play a more essen-
tial role and became dominant at higher temperatures.

The physical reason for the important increase, at high
temperature, of lateral tunneling between the ground
state of the small ring family towards the big-ring family
of the bimodal size distribution is that non-resonant tun-
neling process assisted by optical phonons is becoming
increasingly more resonant. Indeed, at high temperature
the average energy difference between QRs family is
about 26 meV (Figure 4.a), value which is close to the
LO phonon energy. In this case, the non-resonant tun-
neling process assisted by optical phonons must be sig-
nificantly higher.

The resonant excitation conditions seems appropriate to
deduce the realist tunneling time due to exciton transfer
between different size distributions in self assembled in
InGaAs//GaAs QRs.
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Figure 4. The obtained temperature dependence of tunnel-
ing time 7y within the PL band in QR sample.

4. Conclusions

In this paper we have studied stacked InGaAs quantum
ring layers, separated by thin GaAs barriers, by means of
steady state photoluminescence under very low excita-
tion density and resonant excitation conditions. We have
estimated the time for lateral carrier tunneling in stacked
InGaAs QRs. The lateral transfer became efficient with
increasing temperature and in consequence a decrease of
tunneling time. We have uncovered a more complete
picture of carrier transfer in multimodal QRs system,
which will provide measures for greater control of PL
behaviors.
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