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ABSTRACT:

To develop an improved quantum dot memory device, we have focused our research on
four topics that are aimed at a better understanding the physics and structural properties
of quantum dots. The topics we have covered are:

Structural propertiesof quantum dots:

This research has demonstrated that the positioning and ordering of self assembled
INAS/GaAs quantum dots (QDs) are possible using a localized strain engineering of the
growth surface.

Spectroscopy of charges quantum dots: We have focused on using micro-
photoluminescence (Micro-PL) to understand thoroughly the photon emission properties
of neutral and charged quantum dots (QDS). A novel way of generating charged exciton
statesin QDs has been developed. A detailed understanding of the recombination
processes involved with the various charged states excitons states has been obtained.

Single photon emitters. These devices exploit the atomic like properties of the self
assembled QDs. We have demonstrated single heralded photon emission from a self
assembled QD. By temperature tuning, we are able to shift the 1X exciton QD exciton
into resonance with awhispering gallery mode of a microdisk and achieve turnstile of the
coupled cavity —quantum dot system. We also studied the intensity auto-correlation and
cross correlation of two consecutively emitted photons from an optically excited single
guantum dot. We have shown that a QD is not only a source of correlated monochromatic
photons but is also a source of multicolor photons with excitation power dependent
correlation properties. We found that the emitted photon statistic is evolving for
increasing excitation power from a sub-Poissonian statistic, where the photons are
temporarily antibunched to a super Poissonian one, where they are temporarily bunched.

GaN guantum dots. Thisresearch was aimed at developing the optimal growth
conditions for GaN self assembled QDs in the AIN/GaN system using molecular beam
epitaxy (MBE). Optical spectroscopy of quantum dot ensembles was carried out and
structures were devel oped to probe single GaN QDs using micro photol uminescence.



RESEARCH ACCOMPLISHMENTS:

1) Structural properties of quantum dots (QDs):

One of the challengesin developing QDs devicesisto electrically address the individua
QDs forming the device. Thisis not possible with the usual MBE growth conditions for
the INAS/GaAs QDs system where the QDs nucleate randomly on the surface. By
patterning the surface using holographic lithography and regrowing on a patterned
surface, we are able to engineer on a submicron scal e the surface on which the QDs will
be grown by MBE. The control achieved in positioning the individual QDs or groups of
QDsisshown in Figure 1.

Figure 1. Atomic force
micrographs of positioned
InAs QDs on a patterned
surface. The lattice
periodicity is0.5um. The
single QDs or groups of
QDs are positioned on top
of the mesas. The shape of
the mesaand In flux allow
to control the number and
position of QDs on the

mesas.

The micro photoluminescence (micro PL) properties of the single QDs has been analyzed
and exhibits similar optical properties (See Fig. 2) asthose obtained from single QDs
obtained on flat GaAs substrates. A specia cleaning procedure has been devel oped for
cleaning the substrate after the patterning and prior to the regrowth of the QDsto
minimize surface defects associated with the regrowth.

2) Spectroscopy of charged quantum dots:

To utilize the QDs in adevice, whether it isa QDs memory or QDs laser or infrared
detector, it is essential to thoroughly understand the optical properties of QDs. The QDs
exhibit atom like properties because of the 3D carrier confinement. The charging of the
QDs with carrier whether it is by electrical or optical carrier injection will most often
resultsin the generation of negatively charged excitons X, X "and X" . We have
investigated in detail the physics of the generation of the negatively charged excitons as
well as the physics of their recombination processes. The resultsin Figure 2 show
dramatic changes in the PL spectra generated by changesin the pump photon energy at a
fixed excitation power. Two new lines red shifted relative to the ground state transition
appear in the PL spectra. This effect is attributed to the non-equal population of electrons
and holes which is generated by the excess energy of the photo-generated carriers. Based
on a comparison of spectral positions of these 2 lines with a simple perturbation theory
model, these new lines were identified as excitons complexes formed with one or 2
additional electrons (X and X~ excitons). We have demonstrated (see Fig.2) that the
crucial role of excess energies of photo-generated carriers on the population of QDs with
anon-equal number of electrons and holes could be used as an effective optical method
for creating and studying charged excitons complexesin QDs.
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Figure 2: PL spectraof an individual QD
at T=4K for a number of excitation powers
P, (shown in the figure) and different pump
photon energies. a) hv=1.684€V, b) hv=
1.536eV and c) hv=1.433eV. All spectra
are normalized to the maximum value of
their PL amplitude and are vertically
shifted for clarity.

We have a so studied the charged exciton
by electrical injection of electronsin QDs
devices. We have also investigated the 2
possible states (the dark and bright state) of
an exciton in asymmetric QD. These 2
states are separated in energy by the
electron-hole exchange interaction. We
have demonstrated that for a doubly
charged exciton, there are 2 states split by
the electron-hole exchange. We found that
both states are now bright. We have
uncovered afine structure in the emission

from the doubly charged and triply charged excitons as well as for the singly charged and
doubly charged bi-excitons. Our approach allows measuring the electron hole exchange
energy without having to break the symmetry of the QD. These results will be important
in the generation of entangled statesin optically excited QDs.

3) Quantum dots as single photon emitters:

This research again exploits the atomic like properties of the self assembled QDs.

We studied the intensity auto- and cross- correlation functions of two consecutively
emitted photons from a single excited semiconductor quantum dot. We have shown that a
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guantum dot is not only a source of non-classical light but it is also a source of multicolor
photons with excitation and power dependent correlation properties.

We found the emitted photon statisticsis evolving as the excitation power isincreased
from sub-Poissonian statistics where the photons are temporarily antibunched to a super
Poissonian one where they are temporarily bunched. These findings may be very relevant
when developing a QDs memory device in which the information is retrieved optically.
We have aso demonstrated single heralded photon emission from a self assembled QD.
By temperature tuning, we are able to shift the 1X exciton QD exciton into resonance
with awhispering gallery mode of a microdisk and achieve turnstile of the coupled cavity
—guantum dot system.

4) GaN quantum dots:

To implement room temperature functional quantum dot devices we have
developed the GaN/AIN quantum dot system. The GaN QDs are grown epitaxially using
an rf-plasma MBE system. Again here our effort focused on obtaining samples with a
controlled density of QDsto carry out single QD spectroscopy. The method uses the
Stranski-Krastanov (S-K) growth mode on AIN (0001) by rf-plasma molecular beam
epitaxy at 750 °C under Ga-droplet conditions. Accurate determination of the GaN
growth rate by ex-situ high-resolution x-ray diffraction of GaN/AlGaN superlattices was
utilized to calibrate the GaN coverage prior to desorption of excess Ga and formation of

the GaN S-K idands
under vacuum. The
dependence of GaN
a) b) S-K island density as
afunction of GaN
coverage (for two
growth rates:
0.10(+1.9%) and
0.23(+1.9%)
monolayers per
second), was
I obtained (see Fig 4)
LI from atomic force
' © microscopy and
% ’ Ccross-sectional
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] 7 microscopy. With a
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monolayers. Over the same range of GaN coverage, the mean Stranski-Krastanov island
height was found to increase by approximately 12%. Figure 4 demonstrates our ability to
vary the QDs density over 2 orders of magnitude as afunction of the Ga deposition rate.
We have carried out photol uminescence measurements on samples with a density of QDs
= 510"%m™. As expected the PL spectra (Fig 5) are broad reflecting the relatively large
size distribution of the GaN QDs. The QDs have an average diameter of 30nm and
average height of 3nm.

The QDs PL emission as afunction of increasing temperature was observed to remain
remarkably strong (Figure 5) up to 750K. The decrease of the PL emission above 400K
was attributed to thermal ionization of deep levelsin the AIN layer. Our attempt to
measure the micro-PL of asingle GaN QD have so far remained unsuccessful using a
mesa structure in the high density region of the sample. We are currently attempting to
use the low-density regions of the sample to obtain the micro-PL spectrum of asingle QD
at room temperature. For these experiments, we have devel oped a UV compatible micro-
PL systems with variable temperature.
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In summary the GaN QD PL emission is remarkably robust at room temperature and
above. This may be attributed to the large conduction and valence band offsets between
the GaN and the AIN. Suppressing the carrier thermal ionization out of the QDs will be
useful in the development of room temperatures QDs devices.
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