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Theoretical investigation of exciton complexes in semiconductor

self-assembled guantum dots
With the atomic-like energy spectrum and the high quality of the optical properties,
self-assembled quantum dots (SAQD’s) are considered as attractive candidates for
advanced optoel ectronic applications. Most optical processesin SAQD’s involve
either recombination or creation of el ectron-hole (e-h) pairs from the multi-exciton
complexesin dots, strongly bound via Coulomb attraction further enhanced by dot

confinement. However, a thorough theoretical study of those multi-exciton complexes

in guantum dots is still a challenge due to the complication of the Coulomb
interactions, which involve e-e, h-h, and e-h interactions. The objective of this project
isto develop theory to investigatie the electronic structure, optical spectrum and
dynamical processes of multi-exciton complexes in semiconductor SAQD's.
This project consists of the following main parts:

1. Electronic structure of SAQD’s

In this part, we compute the electronic structure of SAQD’s using multi-scale
approaches, including the macroscopic k.p theory and the atom-scaled
tight-binding theory. Realistic effects in strained SAQD’s, including those of

strain distribution, composition intermixing, dot shape, will be taken into account.
The k.p model is avaluable way to calculate the electronic structure of large-size
strained dot, and can be easily implemented using conventional. The tight-binding
theory provides more precise description of electronic statesin basis of atom sites
of semiconductors and is amore natural way to consider the effect of composition
intermixing. The tight-binding model however require much more numerical
capacity and in usual is feasible only for small-dot calculation. To take the both
advantages of the macroscopic k.p and microscopic tight-binding approaches, we
shall try to develop a multi-scale theory properly combining both approaches. The
simulation results provide useful information for the modeling of SAQD’s and are
the base to further study many-particle physicsin dots.

Multi-exciton complexes

In our previous studies, we have successfully computed the low-lying states and
the chemical potential of multi-exciton in dots using the method of configuration
interaction (CI) and exact diagonalization (ED) technique. In this project, we plan
to calculate complete electronic spectrum of multi-exciton (with exciton number
up to ~10), including the ground and “all” excited states, using ED technique
combined with advanced numerical eigensolver (e.g. ARPACK solver) and
advanced computation facility. A complete optical spectrum from dots can be
caculated only if the complete electronic spectrum of the multi-exciton is
calculated. The numerically calculated “exact” spectrum is compared with those



anaytically calculated using CI method, in which rich physical insight can be
more easily captured.

. Single-dot spectroscopy: dot deformation and dynamic processes of excitons

The latest result of single-dot spectroscopy (by R. Williams et al) has successfully
revealed rich aspect of fine structure in the PL spectrum from a single INAS/InP
dot. The measured results indicate the fine structure mainly arisen from
multi-exciton effects and the broken-symmetry of deformed dot due to strain or
irregular dot shape. We shall study the both effects of deformed SAQD’s on the
energy and optical spectra. To quantitatively explain the measured spectra,
including the excitation power dependence of spectra and time-resolved
spectroscopy, we shall study the dynamical relaxation process of the photoexcited
excitons, which determine the occupation number distribution in dots and directly
affect the measured spectrum feature.
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Introduction:

First, we sincerely acknowledge NSC for supporting this project. In the past year, we
have successfully built up an advanced computation environment on the Intel Itanium
64-bit PC-workstation that was purchased using the grant for this project from NSC.
The computation facility incorporated with advanced developed numerical techniques
(conjugated gradient method and Lanczos eigen solver) are of vital importance in the
computation of many-body physics in nanostructures—the main subject of this project.
Based on those techniques, we have finished or are preceeding the following
investigations: (1) the excitonic quantum Hall droplet in self-assembled quantum dots,
(2) the charged exciton-complexes in quantum dots, (3) the electronic and magnetic
properties of semi-magnetic quantum dots (Mn"2+-doped colloidal nanocrystals), and
(4) multi-band theory for semiconductor nanostructures.

In the following, we shall give a brief introduction to each research topic, describe the
task that we have done, summarize the results that we have revealed or predicted, and
finally shortly describe the study plan in the coming year.

1. Set-up of computation techniques and environment

I ntroduction

For the studies of the many-body physics of few-particle (electron, or quasi-particle
like exciton) in quantum dots, we employ the configuration interaction (Cl) method
and the exact diagonalization (ED) technique. The combination of the both
approaches gives the possibility to calculate the eigen state of few particlein
extremely high accuracy (nearly being “the exact solution”) if the number of
configuration is sufficiently large. Thus, anumerical eigen solver for large matrix
(typically >>10%x10%) is required. Two advanced numerical eigen solvers,
conjugated gradient method and Lanczos eigen solver, are being in development in
this project.

e Conjugated gradient method



We have developed a numerical code using the conjugated gradient algorithm to
solve the problem. The code is developed using C language and can be easily
incorporated with any C program. With that, we can calcul ate the few number of
the ground and excited states for alarge Hamiltonian matrix with the size
~10*x10* (the computation limit of conventional eigen problem subroutine like
LAPACK islessthan 10°x10° ). The eigen solver has been successfully
implemented in the studies of the ground state of quantum Hall droplet in
self-assembled dots with exciton number Nx<8 (see Fig.1).

*  Lanczos eigen solver
In order to calculate the full emission spectrum, we actually need the
information about the “al” excited states of multi-exciton. The number of the
excited states that are involved in optical spectrum isvery high particularly for
the cases of high exciton number and strongly interacting dots.

The problem of finding the eigenvalues of large sparse matricesinvolves
computer memory usage and the computation time. The Lanczos method
iIsavery simple and yet effective algorithm for the large size sparse
matrices. It is based upon Lanczos recursion for tridiagonalizing

the matrix. Given alarge sparse matrix A and a starting vector

v1 which is generated randomly, the Lanczos recursion implements

a Gram-Schmidt orthogonalization of the matrix-vector products Avi
corresponding to the Lanczos vector vi generated by the recursion.

Since Lanczos method needs only to access the matrix through matrix-vector
multiplications, we don't need to store al the elements of the matrix.

So that Lanczos a gorithm reduces the computer memory usage.

Here, we are trying to use the Lanczos eigen solver developed by Dr. K.S. Wu to
solve the problem [1]. The codeis freely released. Nevertheless, we have to
create ainterface that is user-friendly and can be well incorporate into the code
of ClI calculation. The code for the interface is being developed. So far, we can

already solve the eigen problem of a 10°x10® Hamiltonian matrix using the
Lanczos solver.

2. Sudies of correlated multi-excton complexesin self-assembled quantum dots

I ntroduction

Number of interesting and fascinating physical phenomenain the quantum dotsin the
guantum Hall regime have been revealed and extensively studied. However, most



studied are focused on the one-component electron quantum Hall droplet, a strongly
interacting few-particle complex in QD in the quantum Hall regime. Recently, the
measured excitonic spectrum of self-assembled quantum dot ensemblein high
magnetic field up to 28T has been demonstrated. Thus, a direct probing multi-exciton
complexesin a“single” dot in the quantum Hall regime, referred as to “excitonic
guantum Hall droplet”, is expected in very near future.

We have developed atheory of excitonic quantum Hall droplet (EXQHD) at

filling factor nu=2 in a self-assembled quantum dot (SAD) subject

to strong perpendicular magnetic field B (few tens Tedla).

Using the ED technique implemented with the conjugated gradient method we
determine the ground and excited states, the stability against spin flips, and the optical
emission spectrum of the nu=2 EXQHDs (see Fig.1). In contrast with one component
electronic droplets, the singlet-singlet nu=2 EXQHD isfound to beintrinsically
correlated, and stable even in high magnetic fields due to the neutrality of exciton.
The characteristic spin related emission spectrum and it's magnetic field evolution
from the EXQHD is predicted. The preliminary result has appeared in the proceedings
of “the 27" international conference on the physics of semiconductor”, held in
Flagstaff, USA, in July 2004. An extended version of the work on EXQHD has been
submitted to journal Physical Review B.[2]

3. Studies of charged exiton in quantum dot

I ntroduction

It has been shown that charged exciiton can be electrically created in a self-assembled
guantum dot embedded in p-n junction by utilizing the resonant tunneling technique,
and probed using emission spectroscopy.[ 3] For instance, a charged exciton X"2-
(3et1h) isformed by electrically injecting an electron into the dot in which a charged
exciton X"- (2e+1h) exists(see Fig.2). The electrically controllable charged exciton
states can be utilized in the scheme of quantum computing implemented using the
guantum optical technique. The dot embedded in p-n junction is actually subjected
to ahigh electric field. The high field separates the e-h pairs and might create an
internal electrical dipole. The internal dipole indicates the some kind of symmetry
breaking and might lead to different nature of the few-exciton ground states. This
stimulates our interest in studying the charged exciton of dot under strong external
field (Stark effect).We have found the asymmetry quantum dot, deformed by strain or
irregularity of shape, exhibit the complex feature of emission spectrum, caused by
deformation-induced activation of drak exciton states (see Fig.3)[4]. In the studies of
the charged exciton, we have found the emission pattern is a sensitive function of



charge number. The stark effect (high electric field in the direction of crystal growth)
also significantly affect the energy spectrum. A manuscript for ajournal paper on this
subject isin preparation.

4. Sudies of the electronic and magnetic properties of semi-magnetic quantum
dots (Mn2+-doped colloidal semiconductor nanocrystals)

I ntroduction

In recent years, magnetic ions (typically Mn2+) have been successfully incorporated
into both self-assembled semiconductor quantum dot and chemically synthesized
dots.[5] The studies of optical spectroscopy on the (semi-) magnetic nanostructures
have explored and revealed number of interesting physics. With those techniques,
fabricating magnetic nanostructures with controllable individua spin of magnetic ions
becomes possible, and has triggered a series of concepts to apply those magnetic
nanostructures in “spintronics”.

Here, we apply the devel oped theoretical approaches, Cl and ED, to the investigation
of the electronic and magnetic properties of spherical quantum dot doped with a
single Mn2+ ion. (see Fig4) The motivation of the studiesis stimulated by the recent
measurement of the magnetization and the magnetic susceptibility of colloidal
PbSe:Mn and CdSe:Mn quantum dots by Prof. Wen-Bin Jiang at the department of
electrophysics, NCTU.

The single-particle electronic structure of chemically synthesized colloidal
nanocrystals

We take the widely used hard-wall spherical potential to model the confinement of
chemically synthesized colloidal nanocrystals. The typical dameter of the quantum
dotsis about 3-10nm depending on the condition of synthesis and material. In the
model, the energy spectrum and wave function are known and explicitly givenin
terms of special Besseal function and spherical harmonic function.

The single-particle energy spectrum vs the quantum number m(the z-component of
angular momentum) is show in Fig5.

Coulomb interaction matrix element

Based on the ssimple model, the explicit derivation of the Coulomb interaction matrix
elementsis possible. Although that has been done and published in several literature,
[6] in which the expression is usually ambiguous and not straightforward to use. We
spent few months on deriving the analytical formulation for the Coulomb interaction
matrix elements whenever possible and partly carrying out the calculation numercally.
We build up abig table of the values of Coulomb interaction matrix elements, serving



for other computation of interacting spherical qguantum dots.

Results

In our theoretical investigation, we reveal the importance of the effects of
particle-particle interaction and the sp-d coupling between carries and Mn2+ magnetic
impurity . We study the spherical quantum dot with el ectron number Ne=1,2..8 and
with asingle Mn2+ magnetic impurity. Within the effective mass approximation, the
energy spectrum, magnetization, and magnetic susceptibility x of the semi-magnetic
QDs are investigated by using the configuration interaction method. In the absence of
impurity, the quantum confinement of the small QD with radius R=5nm givesriseto
paramagnetism (x>0) at low field. The calculation is compared with the recent
measurement on colloidal PbSe QDs and accounts for the observed low-field
paramagnetism. Without particle-particle interaction, the dots with partially filled
shell are expected to have strong paramagnetism. However, due to particle-particle
interaction, the ground state of the dot with Ne=5 undergoes a spin state transition
(S=3/2 to S=1/2) with magnetic field and a significant suppression of paramagnetism
results. A single magnetic ion in dot can significantly affects the feature of the
paramagnetism of the semi-magnetic QD as a function of Ne viathe sp-d coupling
between the electron carriers and the magnetic ion. The coupling leads to suppression
or enhancement of paramagnetism, depending on electron number and the position of
theion site. We have clarified the underlying physical mechanism and the role of the
sp-d coupling, which is particularly of importance in the understandings of
carrier-mediated ferromagnetism in diluted magnetic semiconductors. An abstract on
the work has been accepted by the 12" International conference on the Modulated
Semiconductor Structures. A manuscript for journal paper on the subject isin
preparation.

5. Development of multi-band theory of self-assembled quantum dots. toward
ab-initio approaches.

I ntroduction

In order to more precisely model self-assembled dots whose formation involve
compex factors, including the ssues of strain, composition intermixing, complex
nature of valence bands,etc, we shall develop atheory for the calculation of the
single-particle electronic structure, to some degree, beyond the simplified effective
mass approximation. We start with the k.p theory. In spite of the macroscopic spirit of
the theory, it is shown that the k.p model still capture most physics for the dot with the
size on the ten-nanometer scale.[7]



We shall develop a multiband microscopic theory of many-exciton complexesin
self-assembled quantum dots. We shall start from the multiband k-p method and then
study using the psuedopotential method to calculate the single particle states of
guantum dot. The electronic structure calculations are coupled with strain calculations
via Bir-Pikus Hamiltonian. The theory shall be applied to the excitonic recombination
spectrum in self-assembled quantum dots and colloidal nanocrystals. The results of
the single-band effective-mass approximation are compared with those obtained by
using the of k-p and psuedopotential methods. This study is in the cooperation with
the group of Prof. H.H. Lin (ﬁiﬁi@) at NTU/EE. So far, we have developed asimple
code for quantum well by using 4x4 k.p model and plane wave expansion method. In
the coming year, we shall extend the technique to the calculation of quantum dot.
Meanwhile, we plan to study smaller dot system ,e.g. nanocrystals, using the
psuedopotentail approaches. We shall try to find out the boundary between the
applicable regime of the macroscopic k.p theory and microscopic ab ignition method.

Summary

For calculation of the full spectrum of multi-exciton complexes in quantum dot, we
have developed a eigen solver using conjugated gradient method, which has been
successfully applied in the calculation for the spectrum of excitonic quantum Hall
droplet. A numerical interface for another more powerful eigen solver Lanczosisin
intensive devel opments.

We have developed atheory of excitonic quantum Hall droplet (EXQHD) at

filling factor nu=2 in a self-assembled quantum dot. We determine the ground and
excited states, the stability against spin flips, and the optical emission spectrum of the
nu=2 EXQHDs. The preliminary result has appeared in the proceedings of “the 27"
international conference on the physics of semiconductor”, Flagstaff, in July 2004. A
manuscript on the subject for journa Physical Review B is gong to be submitted out
very soon.

In the studies of the charged exciton, we have found the emission pattern is a sensitive
function of charge number. The stark effect significantly affects the energy spectrum.

We have studied the spherical quantum dot with electron number Ne=1,2..8 and with
asingle Mn2+ magnetic impurity. We have clarified the underlying physical
mechanism and the role of the sp-d coupling between carrer and Mn2+-ion. An
abstract has been accepted by “the 12" International conference on the Modul ated



Semiconductor Structures”, Albuguerger, July 2005. A manuscript for journal paper
on the subject isintensively in preparation.

We have started to develop a multiband microscopic theory for self-assembled
guantum dots. A simple code using 4X4 k.p model is finished for quantum well
system.
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Figl. The energy spectra of the ground and excited states of excitonic quantum Hall
droplet versus magnetic field for exciton number (a) Nx=4 (¢) Nx=5. The spectra at
B~17Tesla (corresponding to omega _c/omega _e=2) are mapped out by the emission

spectrafrom a (b) Nx=5 (d) Nx=6 droplet.[2]
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Fig.2 The schematic diagram of the charged exciton in self-assembled quantum dot
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Fg.4 Schematic diagram of a spherical quantum dot with a single Mn2+ ion impurity.



Fig.5 The single-partcle energy spectrum versus the quantum number m(upper). The
corresponding wave function density of the states on the three lowest shells(lower).
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Fig.6 (&) The energy spectrum of a single electron in the dot with asingle Mn2+ ion
located at the dot center versus B. (b) the corresponding magnetic susceptibility
(paramagnetism) versus B.
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The subjects of this project mainly includes (1) development of the powerful eigen
solver for large SPARS matrix (2) the excitonic quantum Hall droplet in
self-assembled quantum dots, (3) the charged exciton-complexes in quantum dots, (4)
the electronic and magnetic properties of semi-magnetic quantum dots (Mn"2+-doped
colloidal nanocrystals), and (5) multi-band theory for semiconductor nanostructures.
We have amost finished the reaserch work of (1) (2) and (3). Onejourna paper on (2)
has been submitted to Phys. Rev. B. We are intensively working on another journa
paper for (4). There remains some work for (3) and the work on (5) isjust in the
beginning. We shall try the best to work out (3) and (5) within the coming year.

Here, we summarize our investigation results and the schedule for the subjects..

1. For calculation of the full spectrum of multi-exciton complexes in quantum dot, we
have developed a eigen solver using conjugated gradient method, which has been
successfully applied in the calculation for the spectrum of excitonic quantum Hall
droplet. A numerical interface for another more powerful eigen solver Lanczosisin
developments. That is expected to be finished within 1-2 months, and be capabl e of
dealing with SPARS matrix with the size >10°x10°.

2. We have developed a theory of excitonic quantum Hall droplet (EXQHD) at

filling factor nu=2 in a self-assembled quantum dot. We determine the ground and
excited states, the stability against spin flips, and the optical emission spectrum of the
nu=2 EXQHDs, using the devel oped technique .of (1)

publication

A short-version paper on the subject has appeared in the proceedings of “the 27"
international conference on the physics of semiconductor ”, Flagstaff, in July 2004.
An extended version paper on the subject has been submitted to journal Physical
Review B. [2]

3. In the studies of the charged exciton, we have found the emission patternis a
sensitive function of charge number. The stark effect significantly affects the energy
spectrum. The result is based on CI calculation. In the coming year, we shall carry out
the k.p calculation for the el ectronic structure of the quantum dots. We shall make a
comparison for the results obtained using the two approaches.



publication
A manuscript for ajourna paper on this subject isin preparation.

4. \We have studied the spherical quantum dot with electron number Ne=1,2..8 and
with asingle Mn2+ magnetic impurity. We have clarified the underlying physical
mechanism and the role of the sp-d coupling between carrer and Mn2+-ion.
publication

An abstract on the subject has been accepted by “the 12" International conference on
the Modulated Semiconductor Structures”, Albuguerger, July 2005.

A manuscript for journal paper on the subject isin intensive preparation.

5. We have just started to develop a multiband microscopic theory for self-assembled
guantum dots. A simple code using 4X4 k.p model is finished for quantum well
system. We plan to spend one year on finishing the code for quantum dot system.



