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Optical Propertiesin InAs/GaAs Coupled Quantum Dots 1. Introduction

1. Introduction

A quantum dot (QD) is a nanocrystalline particle whose size ranges from a fraction to severa
times the Bohr radius of an electron, ahole, or an exciton consisting of both an electron and a hole.
While nanosized particles have been investigated in various material systems,™? the nominal
designation of the “quantum dot” often indicates the semiconductor nanoparticle. A quantum well
or wire provides a one- or two-dimensional quantum confinement system for the carriers in
crystals, whereas, the QD provides a three-dimensiona quantum confinement system
(zero-dimensional system) that induces an atomic-like discrete eigenstate.>** In the early days of
QD investigation for about 20 years, its physical properties were the chief objects of interest.®
This is because it was considered that the atomic-like eigenstate in a QD, which was artificially
controllable, had the potential to provide the platform for verification of quantum mechanical
properties. In the latter, an ultralow-threshold laser consisting of QDs was proposed on the basis of
the peculiar distribution of state density originating from the zero-dimensional system,”® and
subsequently the QD has been under intense study from both fundamental and applied perspectives.
While experiments in the early stages made use of nanoparticles segregated in large bandgap
materials such as glass matrices and polymers,® applied research has been significantly accelerated
by the finding that the idand-shaped nanocrystal epitaxially grown in the Stranski-Krastanow
growth mode comported itself as a QD.? In recent years, optical devices with an active layer
consisting of QDs are close to practical use. In these devices, the QD laser oscillates at a
telecommunication wavelength band of 1.3 um with high-speed modulation up to 10 GHz and
temperature independence of oscillation wavelength.”® Furthermore, the QD optical amplifier
actualized a 40 GHz operation in the 1.55 um wavelength band.™*

In other research fields, the demand for the intensification of information processing ability and a
secure communication system has recently encouraged investigations of the quantum information
processing technology using the gquantum mechanical superposition principle and quantum
entanglement.**® Both quantum computing and cryptographic transmission essentialy require
maintaining and controlling a single quantum state [quantum bit (qubit)]. At the same time, a

controllable interaction between two qubits, which enables an intended superposition state to be
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induced, is needed for the quantum calculation. The nuclear magnetic resonance (NMR)
experiment has made unprecedented progress in experimental demonstration of the fundamental
principles of quantum computing, in which the basic algorithm of quantum logic operations has
already been verified.** However, for the future integration of circuits, it is necessary to readlize a
quantum device with solid state materials. In the quantum cryptographic transmission experiment, a
very weak laser pulse had been used as a single photon. However, this is insufficient as a single
photon source, because the laser pulse cannot eliminate the probability of including multiple
photons in a pulse.*>*®

The QD has recently attracted more attention than ever as a medium for quantum information
processing devices. This is because the atomic-like discrete eigenstate in a QD can be regarded as a

two-level system (qubit) that maintains a single quantum state,*"*®

and is expected to easily obtain
a single photon from this two-level system, which is utilized as a carrier for quantum information
transmission.® Based on such a background, the recent interest in QD research has made progress
from the application of QD ensembles to the physical properties of a single QD.% In previous
studies, P. Borri et al. suggested that the excitons in QDs have the potential to play arole in qubit,
based on the observation of long exciton coherence times up to several hundred picoseconds.? It
has also been reported that the phase of the transition dipole induced by an exciton is coherently
controlled in a single QD,?% and that the population of an exciton is coherently operated by

24.25,26,21,28.29.30 pyrthermore, the controlled rotation quantum gate

means of Rabi oscillation.
between two qubits has been demonstrated using the exciton-biexciton correlation in a single
QD.*" At the same time, the application study of quantum communication has also been developed,
in which the single photon emission from a QD has been observed.*%3*%* Thus, QD investigation
for quantum information devices has made significant progress. However, there remains a limited
understanding of physical propertiesin a coupled QD (CQD) system, consisting of several adjacent
QDs, which has been considered to be essential for the scalability into alarge number of qubits and
for signal transduction between qubits.*" 363"

This thesis focuses mainly on understanding the electronic state and interdot interaction in a CQD
system. Initially, we consider the fabrication of a CQD structure. In this study, we produced an
INAS/GaAs self-organized QD sample by the molecular beam epitaxy (MBE) crystal growth

technique. In sample fabrications, the subject for analysis is the optical property of QD ensembles,
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which reflect the structural parameters and growth conditions. Next, we present the detailed optical
properties of a non-resonant CQD ensemble, in which the coupling effect and carrier tunneling will
be discussed. Then, we detail the electronic state and interdot interaction in a single CQD that
exhibits different optical properties with a change in the interdot spacing.

Thus, this study makes a meaningful contribution to the understanding of the physical properties

of aCQD system which is expected to be applied in quantum information devices.
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2. Overview of Quantum Dot

2. Overview of Quantum Dot

In this chapter, the basic features of a quantum dot are reviewed. The characteristics of actual QDs

samples will be presented in chapter 4 or later.

2-1. Electronic Sructuresin Low-Dimensional Systems

The carrier confinement system is classified
according to the allowed energy structure, as
is schematically shown in Fig. 2-1.% Carriers
in abulk crystal can move uninhibitedly in 3D
space, and consequently their density of states
N(E) shows a parabolic curve as a function of
energy, in which the carriers can take arbitrary
energy states continuously (shaded area in the
figure). In a quantum well (2D system), the
motion of carriers is quantized in a single
axial direction, which leads to a step-like
function of the state density N(E). In a
quantum wire (1D system), the motion of
carriers is only alowed in a single axial
direction, which causes an reduction of the
state density. However, there still remains a

continuous energy state in a quantum wire. On

<Bulk crystal >

i

N o E

Density: N

Energy

< Quantum well (2D system)>

Density: N

Energy

Density: N

Energy

< Quantum dot (0D system)>

)
—

m
—

Density: N

Energy
Fig. 2-1. Variation of low-dimensional systems.

the other hand, the QD confines carriers in a zero-dimensional dot, in which they are no longer

alowed to move freely in any direction. Accordingly, all carrier motion are quantized, and the

allowed eigenstate becomes completely isolated as a 6 function (the bottom of Fig. 2-1). This

atomic-like discrete eigenstate is the essential characteristic of QDs, which can be applied to a

quantum bit with a view to quantum information device applications.” Concerning QD ensemble
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2. Overview of Quantum Dot Optical Propertiesin InAsGaAs Coupled Quantum Dots

devices, we can obtain a large non-linearity and gain derived from the carrier concentration to the

lowest excited level.*

2-2. Electronic Satesin Spherical Confinement Potential

Asasimple example, let us consider the energy states of a carrier confined in a spherical QD with
radius R. When we assume infinite potential outside the sphere for simplicity, we only need to
consider the following formulae:*
hz
2m

V(r)=0(r<R), V(r)=w(r >R). ..Eq.22
The solution of this equation is a spherical Bessel function. In the boundary condition of j(kR) =0

H=-——V2+V(r) ..Eq21

a r = R, the eigenvalue becomes discrete, described as

2
E., B ., ..Eq.2:3
2m{ R

where n and | indicate the main and angular momentum quantum number, and ¢, is the root of the

Bessel function satisfying j(¢n) = O; for example, ¢10 =« (1s state), ¢11 = 4.49 (1p state), and @1,
= 5.76 (1d state). As seen in this formula, the eigenenergy of carriers in a QD increases with a
reduction in the radius R, i.e., the quantum confinement becomes stronger with a reduction in the
QD size. The electronic state of the actual QDs s far more complex than this model; this is because
the potentia is finite, deformation and piezo potential arise from the crystal strain, and the QD
shape is not spherical.” Nevertheless, the carrier energy generally increases with a reduction in QD

volume.

2-3. Classifications of Confinement Variations

Another crucia point in a QD is the relationship between QD size and the Bohr radius of the
electron and the hole. The effective mass of a hole is, generally, one order of magnitude larger than
that of the eectron; this indicates a difference in the Bohr radius between electron and hole.
Accordingly, the effective strength of quantum confinement differs between electron and hole. In
addition, it is necessary to pay attention to the Bohr radius of an exciton, a boundstate of electron

and hole, which plays a significant role in the physical properties of QDs. Furthermore, the Bohr
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radii of electron and hole vary depending on the material. Therefore, we cannot judge the physical

properties only from the QD size. Consequently, the guantum confinement derived from the QD is

briefly classified into the following three cases, according to the relative sizes of the Bohr radius of

electron, hole, and exciton (&, a, , ag = a. + a,) and the QD radius (R) (Fig. 2-2).3

(1) Weak Confinement Region (R>ag, &, a,)

(2)

The Hamiltonian for electron and hole in the effective mass approximation is given as
h? h? e’

Hy=——v2-v2_ % eq2a

2m, 2m, g|re - rh|

and the eigenvalueis given by

4 h2k2
E,(k)=E, -2 , :%* %
(k) =E, 2n2h232+2(me+mh) %l m " Ba. 25

Here, E; indicates the band-gap energy and n indicates the main quantum number of the

exciton internal level. In Eq. 2-5, the second term on the right-hand side indicates the
binding energy of an electron-hole pair (exciton) arising from the Coulomb interaction
(third term in Eq. 2-4), and the third term indicates the trandational motion of an exciton
inaQD. A weak confinement is the case in which the exciton isregarded as a carrier in a
QD. This means that the electron-hole pair can maintain the form of an exciton
originating from the condition R > ag. In this confinement region, the trandational
motion of the exciton is quantized. In other words, this

corresponds to the case where the Coulomb interaction in an ?

electron-hole pair is sufficiently larger than the quantum
<Weak confinement>

confinement energy of electron and hole individually ©

confinedinaQD.

Strong Confinement Region (R< &, a,)

On the other hand, in the strong confinement region, where <Strong confinement>
the QD radius is smaller than the Bohr radii of electron and ©)
hole, the electron-hole pair can no longer maintain the form

of an exciton. In this case, it is reasonable to treat the

electron and hole asindividually confined in aQD, wherethe ~<'Mtermediate confinement>

Fig. 2-2. Classification of
Coulomb interaction between electron and holeistreated asa  quantum confinement.
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2. Overview of Quantum Dot Optical Propertiesin InAsGaAs Coupled Quantum Dots

perturbation. In other words, this region corresponds to the case where the confinement
energy is sufficiently larger than the Coulomb interaction in an electron-hole pair.
(3) Intermediate Confinement Region (a, < R < ag)

An intermediate confinement is the medium region between the above two cases. In this
region, while the electron is strongly quantized with large confinement energy, the hole
does not take a larger confinement energy than the Coulomb interaction energy. This
means that the hole is significantly affected by the Coulomb interaction, in contrast to the
electron. Most of the 111-V compound semiconductors in which the exciton Bohr radius

islarge and the exciton binding energy is small, fall in this category.

2-4. InAsGaAs Quantum Dot

The samples used in this study were InAs self-organized QDs grown in a GaAs crystal using the
molecular beam epitaxy (MBE) technique. Table 2-1 presents the physical parameters of the InAs
and GaAs bulk crystals* The lateral size of QDs is about 20 nm (see Chapter 4), and therefore,
the InAs QDs are classified into the intermediate confinement region. Accordingly, in INAS/GaAs
QDs, it is expected that the wavefunction of the electron penetrates deeply into the GaAs barrier
matrix because of the strong quantum confinement, whereas the wave function of the hole remains
almost in the QD crystal because of the weak confinement. In this case, the electron and hole make
a pair through the Coulomb interaction, but cannot be caled an “exciton” in the strict sense.
However, for convenience sake, we describe the electron-hole pair in InAs QDs as an exciton in
thisthesis.

Many attempts have been made to theoretically calculate the energy states in INASGaAs QDs,
because of its potential for applications. However, it is very difficult to quantitatively reproduce the
actual emission spectra of QDs. This originates from the fact that we are unable to quantitatively
estimate the actual QD shape, strain distribution, and mixture of indium and gallium molecules
near the QD surface. Diverse calculation methods have been proposed by many research groups;

4.42 the k-p perturbation theory,® * the

for example, the effective mass approximation,
pseudo-potential theory,”* the tight-binding approximation,*” and so on. We are not concerned

with the detailed theoretical treatment in this thesis. But, based on any method, the energy
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difference between the ground level and the 1st excited level of electron and hole can be calculated
as 50-100 meV and just over 10 meV, respectively. The difference between the electron and hole
energies in these calculations originates from the difference in the effective mass. Although these
calculated values approximate to the observed results for the excited level emissions in the QD
ensembl s, *49°051.5253345536 tha |yminescence in a single QD has not yet been emulated precisaly.
At any rate, it may safely be considered in the case of the coupled QD system that the electron can
tunnel into the neighboring QD whereas the hole remainsin the QD.

On the other hand, the crystal growth technique has revealed that the strain on a QD plays a
significant role in defining the energy states in INASGaAs QDs. In these, the strain close to the QD
boundary surface modulates the confinement potential and results in a change in the energy state in

the QD.>" Thiswill be discussed in detail in Chapter 4.

Table 2-1. Physical parameter in bulk crystal.

InAs GaAs
Band gap energy, E4[eV] 0.418 152
Band gap energy, A4 [nm] 2965 815
Lattice const., ap [nm)] 0.606 | 0.565
Electron, ms* 0.023 0.067
Effective .
mass Heavy hole, my, 0.41 0.48

Light hole, my,* 0.025 0.087

Electron, ae 35.03 9.89
Bohr Heavy hole, ap, 1.96 1.38

radius
[nm] Light hole, an 32.2 7.61
Exciton, ag 36.8 11.3
Exciton binding energy [meV] 1 4
L O-phonon [meV] 29.9 36.7
TO-phonon [meV] 27.3 338

Refractive index at 1um, n 3.52 3.35

Dielectric const., ¢ 15.2 12.5
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3. Quantum Information Devices Using
Quantum Dot

In this chapter, we outline a quantum information device and discuss the expected configuration

of QDs.

3-1. Quantum Computing Devices and Quantum Dot

3-1-1. Quantum Computing

Current information processing technology is based on the Turing machine as typified by the von
Neumann-type computer. In this type of computing, information processing is executed by means
of reading, writing, and computing the data, which is written on a storage device, in the order of
events.® Accordingly, in some kinds of arithmetic processing such as data retrieval and
factorization, we are forced to operate with a fine-tooth comb on data from the edge of the data set.
As a result, the complication of computational problems immediately inflates the calculation
amount and the operating time. As a means of solving this problem, quantum computing using the
quantum superposition principle has recently attracted attention in the wake of the discovery of the
factorization algorithm by P. W. Shor in 1994.%°

Here, we briefly explain the concept of quantum caculation.® The quantum mechanical
expression of a particle state at a given time, such as the electron state |e), is derived from the
stochastic weighting summation of all alowed states [0), |1), |2)..., and is written as |e) =
a0)+b|1)+c|2)+.... Here, when each state ( |0), |1), |2)...) is assigned to the solution candidates for
calculation, al solution candidates exist in paralld at that given time. Then, the direct operation of
this superposition state enables us to reproduce the intended probability distribution state |€'), and
the observation of this quantum state gives us the cal culation result. Thus, super parallel computing
with quantum calculation is expected to reduce the operation time drastically compared to the
conventional calculating method. The bearer of information in quantum computing is a two-level
system, the so-called “quantum bit (qubit),” which is capable of maintaining a guantum mechanical

property (coherence). Primary investigations of the arithmetic algorithm have revealed that any
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gquantum calculation can be executed by the combination of one qubit control (unitary
transformation) and the gate mechanism (control NOT gate) consisting of two qubits.**®*

In concert with this proposal, the study of quantum computing has made rapid progress in
experimental work. Any quantum two-level system that is capable of maintaining its coherence can
be basically applied to the physical subject for quantum calculation, such as the following

62,63

proposals: ion trapping by laser cooling technique, control of the atom ensemble’'s spin in

64,14

liquid solution by nuclear magnetic resonance (NMR), nuclear spin of Si isotope,® charge

t,66 t67

qubit,”™ and magnetic flux qubit™” in the Josephson superconductive circuit, electrical control of an

electron in the quantum point contacted QD,%%7%"

and optical control of an exciton in a
compound semiconductor QD.*® In these studies, the NMR method has made unprecedented
progress because of the long decoherence time up to 1 sin the system, in which the operating of 7
qubits has already succeeded in factorizing the number 15 in Shor’s factorization algorithm
scheme.™ However, in the NMR system, the integration degree is expected to reach a maximum
limit of 10 qubits, because the increasing number of qubits gives an exponential reduction in NMR
signal. Furthermore, for practical use, it is desirable to realize a quantum device using solid state
materials. Among the cited examples, the solid state systems are the Si isotope, the magnetic flux
qubit, the charge qubit in a QD, and the exciton in a compound semiconductor QD. The Si isotope
application is till under the basic research phase of a single isotopic crystal growth technique. In
the magnetic flux qubit system, an easy processing technique in the micrometer order is applied to
the fabrication of the devices, but the switching time of the qubit islong (up to a microsecond). The
charge qubit system requires ultralow temperature of milliKelvins using the dilution refrigerator to
maintain its coherence. On the other hand, the exciton in a compound semiconductor QD makes it
possible to perform experiments under liquid helium temperatures, and more importantly, the
ultrafast optical technigue can be applied to the experiment. In the early stages, it was considered
that the fast decoherence time of carriers ruled out the application of quantum computing in this
system. However, the recent observations of long coherence times of an exciton in a QD,% up to
several hundred picoseconds, have convinced us that it is possible to save sufficient time for
quantum calculation in QDs using the ultrafast optical technique. Moreover, the latest report has
demonstrated that the electron in a InP QD maintains a very long spin coherence time, up to the

sub-millisecond range,” thus broadening the possibilities of application of this system to quantum
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devices.

3-1-2. Control of Quantum Bit

Let us overview the qubit control method. The coherent interaction between a two-level system
and an external field iswell known as Rabi oscillation.”
The time-dependent Schrédinger equation of the two-level system is described as

iha—l//: Hy, ..Eq31

where the wave function is assumed to satisfy the following equation:
w.(rt)=a,0)expl-ioLt), Huy,(rt)=cw,(rt) (0, =¢,/h). ..Eq32

Here, Ho is the Hamiltonian without perturbation, the suffix n (=1, 2) indicates a level in the

two-level system, &, indicates its eigenenergy, and ¢, is the time-independent term of the wave

function. When the probability amplitudes of two levels are expressed as a;(t) and ay(t), the wave

function of the two-level system at an arbitrary state is written as

w(rt)=a(thy,(rt)+a,(thy,(rt). . .Eq33

Next, we consider the interaction with an external field. The two-level system is assumed to
interact with light through the perturbation as
H'(t)= —E(t), E(t)= |E| coswyt, (w, =, —@,), ..Eq.34
where w is the transition dipole moment of the two-level system, and ay, is the angular frequency of
the light equal to the energy separation of the two-level system. Using the revised Hamiltonian H =
Ho + H'(t), from Egs 3-2 and 3-3, the probability amplitude

—e—11>
of level 1 is derived as < )
E ®
|a1(t)|2:sin29t, Q:M. ...EqQ. 35 | 0>
2 h <Qubit of two-level system >
As can be seen from this expression, the occupation A
2 M
probability of level 1 is conrolled by the coherent |1> szzt
interaction with externa light (Fig. 3-1). This behavior is
7
called Rabi oscillation, and Q is called the Rabi frequency. o> f=|0)+|1)
Thus, we can coherently control a single qubit temporally time >

<Rabi oscillation>
Fig. 3-1. Qubit consisting of two-level
corresponds to the unitary time evolution of the quantum  system and Rabi oscillation.

during the time when the external field is induced. This
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state.”?

The two levels among the discrete electronic states in a QD can be assigned to the above
mentioned two-level system. The selected two-level in a QD can be controlled by externally
induced light. In fact, the observation of Rabi oscillation in a QD has been reported by a number of
research groups.?*%22"2829 pdditionally, the Rabi oscillation is interpreted as a kind of resonance
phenomenon between light and the two-level system producing the resonant energy 7#€2. H.
Kamada et al. observed splitting of the luminescence peak in asingle QD arising from this resonant

energy 7Q . ¥

3-1-3. Controlled-NOT Gate

The controlled-NOT gate is a quantum gate consisting of two ContLOi: | 0> . | 0>
qubits, which corresponds to the XOR gate on the classical rarget | 0> é | 0>
calculator. The controlled-NOT gate constitutes the “universal bit | 1> | 1>
guantum Turing machine” in combination with the unitary 1> 11>
transform of 1 qubit. One of the two qubits is caled the
“control bit” and the other is called the “target bit.” The target | 0> é | 1>
bit is controlled by the control bit. The operation of the Fig.l ;Lz> Comrolled_NOTlgzi

controlled-NOT gate is schematically shown in Fig. 3-2.2 The operation.

left side of the figure is the input port and the right side is the output port. In operation, the control
bit of |0y does not influence the target bit state; the control bit of |1) triggers the transition of the
state flipping in the target bit (NOT gate operation). When the control bit is given by the
superimposed state as |0) + [1), the target bit outputs the entangled state as |0)|1) + |1)|0). The
quantum calculation is executed by repeating this operating process. Here, we do not refer to the
specific configuration of the quantum circuit because it is beyond the scope of this thesis. The
important point is forming the gate device using QDs, which can provide the operation function as

shown in Fig. 3-2.

3-1-4. Quantum L ogic Gate and Quantum Dot

Let us consider the formation of quantum gate by QDs. A. Barenco et al. made the first proposal

for a quantum gate consisting of QDs,*” which is schematically shown in Fig. 3-3. Initialy, the
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system requires two QDs, QD A and B, whose

QDA QDB -> :Dipole

energy levels are different. The qubits |1>A

(two-level systems) in each QD are composed | 0>,

) 0>, <

| 1>4 . [~

of ground and excited state electrons, where <Without field> _ .\
<With field>
QD A (B) is assigned to the control (target) bit. .
We consider the case of a system to which an [1>, 1> === 1 }AE
[ 1>, 10> ———— s
external electric field is applied. In the case 10>, | 1>y —— o,
| O>A | O>B e

without the electric field, QD A does not

<Energy diagram >

interact with QD B; accordingly, the system Fig. 3-3. Controlled-NOT gate consisting of QDs
proposed by A. Barenco et al..

energy does not change whichever of the

states |0) and |1) the electron of QD A exists in. On the other hand, in the case of application of an

electric field, the wave functions of the ground and excited states are deformed, which induces the

eectric dipoles alternately. Consequently, the dipole-dipole interaction between QD A and B

changes the system energy with AE interaction energy (Fig. 3-3). Here, in the case with the electric

field, when we induce the light whose energy
corresponds with the separation energy between
|Dal0)s and |L)a|l)s, it causes the Rabi oscillation
between |[L)a|0)s and |L)a|l)s. In other words, the
transition of QD B isonly allowed in the case of which
QD A takes the |1) state: this means that a
controlled-NOT gate has been achieved.

However, in above configuration, the rapid relaxation
time in the intraband transition of an electron restricts
the operating time. E. Biolatti et al. proposed an
evolved gate system in which electron-hole pairs
(excitons) with longer relaxation times are assigned to
qubits (see Fig. 3-4).* This system also utilizes the
dipole-dipole interaction between exciton dipoles
induced by an applied external field. Actualy, this

kind of QD samples have been experimentally

Energy
=

r (B .1 = —] j

- P Eal i
L o ] i
i E 2 _/

L £ e
l “ o 0 o

absorption arb. un.

—_,—

\ field (kM fem)

h e ¥ - oo
1700 1705 1710 1715
anargy (mey)

Fig. 3-4. Controlled-NOT gate using excitons
in QDs proposed by E. Biolatti et al..

Shohgo YAMAUCHI

15



3. Quantum Information Devices Using Quantum Dot Optical Propertiesin InAs/GaAs Coupled Quantum Dots

investigated, " °*® but those efforts have not yet

A
achieved an operating quantum gate. ===
The first demonstration of a quantum gate using QDs
=3 > e e
was reported by X. Li et al.* They focused on two
1)

kinds of excitons in a single QD, instead of two QDs.
Although this demonstration was not a controlled-NOT
gate but a controlled rotation gate, their report was the

first to reveal the potential of QDs applied to a quantum

o o o =
o o =< O
o
L

gate. Its configuration is presented in Fig. 3-5. The

GaAs QD used in their report has two kinds of exciton ] ]
Fig. 3-5. Quantum gate configured by a

states with a slight energy separation (|01) and [10)), ~ Sn9leQD. reported by X. Lietal.

which are individually controlled by selecting the polarization of excitation light (I, , I1,). As
shown in the energy diagram in the figure, they utilized the energy shift A derived from the
formation of the biexciton |11) consisting of |01) and |10) excitons: namely, the signal of biexciton
|11) plays the role of monitoring whether the two excitons |01) and |10) exist simultaneously.

By the way, this energy configuration does not correspond only to this physical system. For
example, as can be seen in E. Biolatti’s proposal above, the interaction with AE between two QDs
makes it possible for us to provide a similar energy configuration (see Fig. 3-6). Moreover, the
utilization of two QDs can give us higher controllability of the inter-qubit interaction. This is
because we can control the determination factors of the interaction AE, the energy levels of
excitons, and the distance between excitons, by adjusting the QD size and the interdot spacing.

Furthermore, in these coupled QD (CQD) systems, we only need to add another QD to the system

for scale up of a quantum circuit, while Interaction: AE
the single QD system restricts us to use ] 11> Y25
gle QD sy I < X, X,—AE
additional qubits because of the limit on @A {?}
the number of excitonsin a QD.” Thus, | 01>
X X, |10>
the CQD structure is an important @

physical system with potentia to realize | 00>

D1 QD2
adaptable quantum operating devices, (|?10> %]}

and understanding its physical properties Fig. 3-6. Energy diagram of quantum gate in coupled QD system.
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is the main subject of thisthesis.

3-1-5. Coupled Quantum Dot

In a CQD system, there is the important consideration of how
large an interspace is required between two QDs. This problem can
be broken down roughly into two cases according to the kind of
interactions used in the operating processes.’® One is the strong
coupling system with a very narrow interdot spacing so that
penetration of the carrier wave function into the neighboring QD
over the barrier layer induces the quantum mechanical coupling
between the two QDs. In this case, the proximity of the two QDs
induces the bonding and anti-bonding levels because of the wave
function coupling and Pauli exclusion principle, asis the case with
the proximity of atoms (see Fig. 3-7). The interaction for the device
application is considered to be the quantum mechanical interaction,
exchange interaction etc., between bonding levels.

The other case is the weak coupling system with relatively wide
interdot spacing. In this case, the coupling between the wave
functions weakens, and consequently, the electromagnetic
interaction between QDs becomes dominant instead of the quantum
mechanical interaction. For example, the dipole-dipole interaction

is supposed to be useful for quantum devices (see Fig. 3-8).

Anti-bondi
//\\ |er\1/te|| onaing
[P
Bondi
NP gonans
QD1 QD2

Fig. 3-7. Quantum mechanical
coupling.

QD2

Fig. 3-8. Electromagnetic coupling.

Thus, the coupling mechanism in the CQD system changes with interdot spacing. It should also be

noted that the energy difference between the two QDs affects the coupling strength of the wave

functions. In this study, we focus on the observation of physical changesin the CQD samples with

different interdot spacings.

3-2. Single Photon Emitter and Quantum Dot

In this section, we briefly mention the quantum cryptographic transmission device that plays a

Shohgo YAMAUCHI
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part in quantum information processing, though it departs slightly from the main subject.

3-2-1. Quantum Cryptographic Communications

A quantum cryptographic transmission is a communication method that uses quantum
mechanically correlated, “entangled,” photon pairs.®*’"'® The entangled correlation exhibits
non-locality and operates remotely. For example, it is assumed that one photon of the photon pair is
sent to the recipient and the other remains with the sender. In this quantum transmission, we can
check wiretaps on the communication pathway by comparing the photon states between the
detected photon with the recipient and the retained photon with the sender. This is because even if
the wiretapper steals the sent photon on the transmission path and resends the spurious photon to
the recipient, this spurious photon is no longer correlated with the sender’s photon. This
transmission method ensures secure communication in principle, while the security of conventional
communication depends only on the complexity of the decryption code. The transmission of an
entangled photon pair had already been demonstrated by the research group of Innsbruck university
in 1997, and this transmission method is called “BB-84 protocol.”*® Another proposed method of
quantum cryptography transmission, the so-called “Y-00 protocol.” uses the quantum fluctuation of
alight source,”®® but its security remains a matter of discussion. In the following, we outline the
entangled photons used in the BB-84 protocol and the applications of QD for the entangled photon

emitter device.

3-2-2. Entangled Photon Pair

It is well known that an entangled photon pair can be generated by parametric down-conversion
on a non-linear optical crystal such as BBO (BaB,0,).*" The signal and idler beams generated by
the parametric down-conversion radiate along separate circular cone edges because of momentum
conservation. These cones intersect with each other in the case of an appropriate crystal angle. Both
the signal and idler beams can radiate in the direction of the two nodal lines of the intersected cones,
where the polarizations of the two beams are orthogonally oriented to each other. Therefore, we
cannot distinguish the photon polarization on a single nodal line. In other words, when the photon
on nodal line 1 is polarized in the horizontal direction, the photon on nodal line 2 is always

polarized in the vertical direction, and vice versa. Mathematically, thisis described as
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f=%([H>1|V>2+|V>1|H>2). . Eq.36

Each state (|H) V), or |[V) |H) ) isunknown before the observation, i.e., two photons lie in an
“entangled state” with each other. Thisis one example of the entangled photon pair.

The characteristic of an entangled photon pair is most clearly demonstrated by the
Einstein-Podolsky-Rosen (EPR) paradox experiment as shown in Fig. 3-9.%2 The experimental
set-up consists of an entangled photon emitter and two polarization detection systems consisting of
a polarization beam splitter and two single photon detectors. One photon of the entangled photon
pair radiated from the photon emitter is transmitted to detector A, and the other is transmitted to
detector B.

Let us consider the case where detector A detects x polarization (detected by A-1) and detector B
detects y polarization (detected by B-2), for the first observation (top of Fig. 3-9). In this case, it
can be safely deemed that the polarizations of photons have been aready decided at the time of
radiation from the emitter and the opposite polarization to photon A is observed in photon B. Next,
we consider the case where the angles of the detectors are tilted at 45 degrees during the flight of
the photons from the emitter to the detectors (middle of the figure). In this case, photon A and B
can never anticipate the tilting of the detectors during the flight. But surprisingly, when photon A is
detected at A-1, photon B is sure to be detected at B-2 perpendicular to photon A, in spite of the
change in detection condition. It looks as if the information on polarization obtained in the
detection of photon A was instantaneoudly transmitted to photon B in a distant place. However,

photon A does not interact with

Polarization
_ Detector A B  discriminator
photon B, and in any case, the A_lcu_@ O+— [photon| —O .. [DB'l
emitter
faster transmission of polarization ﬁ'A 5 B2
information than the light velocity A B

1 : Q<— [photon] —O DB
contradicts the theory of relativity. A 1d]§ emitter % B-1
A-2 B-2

Thus, the entangled photon pair is

oA B,
a non-local quantum correlation AJ(HE@ Photon %H} B-1
system arising from an entangled A-2 B-2

Fig. 3-9. EPR Paradox experiment.

state and a reduction in wave

packet.
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3-2-3. Quantum Dot and Photon Entanglement

A QD provides a completely discrete electronic state; therefore, the number of excitons at the
lowest excited level is only one. This suggests the single photon emission in the radiative
recombination of the exciton in a QD. Here, we show that a single photon emitter can produce an

entangled photon pair.*

First, we consider the behavior of a single photon passing <. & o
. NS
through the 50:50 beam splitter. As shown in Fig. 3-10, the ° ~ b '
incident photon penetrates or is reflected by the beam splitter with O
- _ oA o o
a probability of 50%. What happens in the case where two photons e N
are incident onto the beam splitter on both sides? While both O/' e \O
B L

photons A and B penetrate or are reflected by the beam splitter £y 310 Generation of entangled
. . - . . hoton pair by 50:50 mirror.

even in this case, we can no longer distinguish which photon (A P pair by

and B) penetrates or is reflected by the beam splitter in the case of simultaneous photon detection

on both sides of the splitter. In other words, thisis described mathematically as

f =L (Pen) [Pen)_ +|Ref) |Ref) ). ..Eq37

V2

While photon B must penetrate in the case of photon A penetration and must be reflected in the
case of photon A reflection, these two cases cannot be distinguished, and consequently are in an
“entangled state” with each other. Thus, we can generate an entangled state from a beam splitter
and two photons.

Next, we mention entangled state generation using a single photon emitter.”® Let us consider the
detection of photons 1 and 2 in the system shown in Fig. 3-11, where the two photons are generated
from a single photon emitter with time delay t. These photons are transmitted to Alice and Bob
through the 50:50 beam splitter. Alice and Bob detect a photon by means of the single photon
detection system with time delay t. In this system, we consider the case where Alice and Bob
simultaneously detect the photons at t = 0. In this case, when Alice detects photon 1, Bob must
detect photon 2. This is because the two photons passing through the beam splitter are transmitted
to either Alice or Bob. In the present case, photon 1 must pass through the long delay line of Alice's
detector and photon 2 must pass through the short delay line of Bob's detector. However, Alice can

never distinguish which of photon 1 or 2 is detected. This is because the probability that Alice
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detects photon 2 through the short delay pass and Bob detects photon 1 through the long delay pass

is the same (see the detection sequence in the figure). This situation is described mathematically as

f:i(ll,long>mce|2,short> +|2,short>Ance|1,Iong>Bob), ...Eq. 3-8

NG

and these two cases are Situated in an entangled state with each other. Thus, the single photon

Bob

emitter enables us to generate an entangled photon pair essential for quantum cryptographic

communication, and the QD can be used as a single photon emitter. In fact, there have been many

reports of a single photon emitting from a
e'“’ dep : (Bob —
single QD,%®888 ang the transmission , LN 50:50
1
of a single photon in a 13 um H I AN E

7P
telecommunication band has  been \ 1!
[
confirmed.® Additionally, D. Fattal et al.

reported the breaking of Bell's inequality

T
using the entangled photon pair generated \ ; [[ Alice |:|

by a single photon emitted from a single - Bob

QD.* Moreover, the radiation of an

—/1 | 3 .
I | .

Alice
entangled photon pair using the Bob I:I I

exciton/biexciton complex in a single QD
86 Fig. 3-11. Entangled state generation by using single
has recently been reported. photon emitter.

Shohgo YAMAUCHI 21



3. Quantum Information Devices Using Quantum Dot Optical Propertiesin InAs/GaAs Coupled Quantum Dots

22 Shohgo YAMAUCHI



Optical Propertiesin InAs/GaAs Coupled Quantum Dots 4, Quantum Dot Fabrication

4. Quantum Dot Fabrication

In this chapter, the crystal growth of QDs is discussed. Many techniques have been proposed for
QD fabrication,®* and these are briefly categorized into top-down-like and bottom-up-like
processes. The former is a method of cutting a nanostructure by the fine processing technology for
semiconductor devices, and the latter is a method of building up a nanostructure by the
self-organization phenomenon. In the top-down process, athough the controllability of QD
fabrication is comparatively good within the process error range, the error limit is about 50 nm, and
more importantly, these processes carry great risks of process damage. In contrast, the bottom-up
process can provide a high quality crystal of QDs, which are naturally formed (self-organized) by
the fine crystal growth technique, but each QD is grown fortuitously and individually. Therefore,
the controllability of the size and location of QDs remains a significant matter for development.
There is an intermediate method between the above techniques, in which QDs are fabricated in the
crystal structure selectively grown on the patterned substrate,®” but this method is difficult to apply
in the fabrication of a coupled QD (CQD) structure.

Among these alternatives, we employed the epitaxial growth technique of InAs QDs on a GaAs
crystal on the basis of the self-organization phenomenon. The INASGaAs QD has been the most
investigated to date because the time-proven crystal growth technology can be used. In addition, it
has the potential to be applied in GaAs based telecommunication optical devices,® and more
reasonably we can easily obtain a QD structure. The scope of this study is not the pursuit of the
growth technique but the estimation of the physical characteristics of CQDs. Therefore, previous
knowledge will be used for QD fabrication. The next sections deal with the fabrication of aQD.

4-1. Epitaxial Growth of InAs/GaAs Quantum Dots

4-1-1. Feature of Quantum Dot Growth

It is well known that there are three different growth modes for hetero-epitaxial growth in
different materials.*® These are the Frank-van der Merwe (FvdM), Volmer-Weber (VW), and

Stranski-Krastanow (SK) modes, as shown in Fig. 4-1. The transition between growth modes
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depends on the interfacial energy

and the difference in lattice | |

constants. In the lattice matching e L1 —

system, when the surface energy of | |

the substrates is more than the [Frank-van der Merwe] [Volmer-Weber] [Stranski-Krastanow]
Fig. 4-1. Heter o-epitaxial growth modes.

summation of the surface and

interfacial energies of the growth materials, the FvdM mode is induced. In the opposite energy
conditions, the growth makes the transition to the VW mode. In the lattice mismatch system, in the
case of low interfacial energy, the SK growth mode is induced. In this mode, the two-dimensional
growth initially occurs layer-by-layer, and afterwards, deposition over the critical thickness induces
an isand-shaped three-dimensional crystal growth, which is caused by the strain relaxation with
large lattice mismatch. Here, the first 2D growth layer constitutes an ultrathin quantum well in
units of mono layer (ML), whichis called “wetting layer (WL) .

In the early days, the 3D crystal islands in the SK growth mode were considered as dislocations.
But in 1985, L. Goldstein et al. reported the beneficial optical properties of the InAs 3D idand
structure grown on GaAs crystal,® and recognized it as a quantum dot. Thus, the growth mechanism
of InNAS/GaAs self-organized QDs originates from the crystal strain. In addition, the critical

thickness is crucially important in the SK growth mode of QDs. Figure 4-2 shows the in-plane QD

density as a function of InAs layer thickness e,fg @)5
reported by R. Heitz et al.*® As seen in the ,,; 10°F 3D islands c i
figure, deposition over the critical thickness “;’10" InAS/GaAs detection Timit
(~1.6 ML) produces the dramatic transition of '% 10°F | L ./.l
growth mode to 3D idand growth. Therefore, A 0.8 1.2 1.6 2.0

® (ML)

we must pay careful attention to the deposition Fig. 4-2. In-plane QD density vs InAs layer thickness,

thickness in the growth of InAs/GaAs QDs. reported by R. Heitzetal..

In this study, we employed the molecular beam epitaxy (MBE) technique as the crystal growth
method. In MBE growth, the molecules of source materials are directly irradiated and deposited on
a substrate crystal in an ultra high vacuum chamber (<10 Torr). Therefore, high crystal quality
with lower impurity content can be obtained as long as a high cleaning level is maintained in the

chamber. As an additional characteristic of MBE growth, we can estimate the precise growth rate
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and surface conditions by reflection high energy electron diffraction (RHEED).*

The actual InAs QD growth depends significantly on the supplied amount of indium molecules
and the mean free path of the molecules on the substrate surface. Therefore, the size and in-plane
density of QDs is determined by the InAs thickness, the substrate temperature, and the growth
rate,® as shown in Fig. 4-3. In the case of high substrate temperature, which gives a highly active
status to the substrate surface, the supplied indium and arsenic molecules move around on the
substrate with long mean free paths. This results in a low in-plane QD density. In contrast, a low
substrate temperature leads to short mean free paths, which accelerates QD formation, and
accordingly, resultsin a high in-plane QD density. At the same substrate temperature, a low amount
of supplied indium molecules gives a small size QD and a low in-plane density; wheresas, a thick
InAs layer (high amount of indium molecules) induces a high in-plane density and a large size QD
because of the increment of QD formation probability. In addition, the high substrate temperature
causes a desorption of indium molecules from the substrate surface, which effectively gives alow
amount of deposited indium. Furthermore, the high growth rate, which means high amount of
indium molecules per unit time, yields a high in-plane QD density because of the high probability
of QD formation per unit time. Thus, the QD growth is a complex mix between InAs thickness,

substrate temperature, and the growth

< Growth temperature> @ :As @ :in

rate. In brief, a high substrate o} 3 @ | Vo
. . _Qi—m i‘b /\8&5:‘ > B °D<—$ —p &
temperature can induce a low in-plane
density, a low supplied amount of [High] (Low]
i lecl | < Growth thickness > .
indium molecules can cause a low ©
"Labl B e afla 2 PR

in-plane density and size reduction in i i

[Thin] [Thick]
Fig. 4-3. Growth process of InAs QDs. Dependence on growth
low in-plane density and size temperature and thickness.

QD, and alow growth rate can give a

increment of QD.

4-1-2. Practical Examples

Here, we give some practica examples of InAsGaAs QD growth. Figure 4-4 shows the
dependence of InAs/GaAs QD growth on the InAs deposition thickness at a substrate temperature
of 590°C, where the InAs thicknesses are 1.7 ML [figure (a)] and 1.6 ML [figure (b)]. The left
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figures are the scanning electron microscope (SEM)

@ |10
images of sample surfaces and the right figures
present the photoluminescence (PL) spectra of QDs. >
. : 0.5
As seen in the figures, the thin InAs layer induces e é
low in-plane QD density and QD size reduction, E
""""""  pPererrer '000_
which enhances the quantum confinement and results b o
(b) 1o o
in the blue shift of the PL wavelength (see Section =
S
2'2). -052
On the other hand, Figure 4-5 presents the
dependence of QD growth on substrate temperature 0.0
a the same InAs thickness of 1.65 ML, and 800 900 1000 1100

Wavelength [nm]

temperatures of 590°C [figure (a)] and 600°C [figure Fig. 4-4. InASGaAs QDs growth depending on
deposition thickness: (a) 1.7 ML, (b) 1.6 ML.

(b)]. As shown in the figure, the higher substrate

temperature induces low in-plane QD density. The 1.0
blue shift of the emission wavelength is considered to
originate from the QD size reduction due to the -0-5%
re-evaporation of indium molecules. Thus, the .*053
optimization of growth conditions enables us to F0.0F
control the in-plane density and the emission § '1'°§
wavelength of QDs (QD size). g
F0.53
----------- 0.0

800 900 1000 1100
Wavelength [nm]

Fig. 4-5. INASGaAs QDs growth depending on
substrate temperature: (a) 590 °C, (b) 600 °C.

4-2. M odulation of Confinement Potential by Crystal
Srain

As mentioned above, the self-organized QD is the product derived from the strain originating

from lattice mismatch. Therefore, the confinement potential of a QD will be deeply modulated by
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the strain in and around the QD. Here, let us consider the influence of crystal strain on quantum
confinement of the QD.

Previously, much effort has been made to apply the InAs/GaAs QDs to the laser source used in
optical telecommunication wavelength band by producing a long wavelength emission from
InGay,AsGaAs QDs.* Through these investigations, it is known that relaxation of the strain
around a QD produces a long wavelength emission. Relaxing the strain is commonly achieved by
cladding the InAs QDs with an InGaAs layer, whose lattice mismatch is lower than that for GaAs
layers.® Inducing these strain relaxation layers (SRL) is expected to modulate the confinement
potential. T. Amano et al. have evaluated the variance of confinement potential originating from the
crystal strain in the INAS/GaAs QDs with SRL.”’

Figure 4-6(a—b) shows the PL spectra of the INnAS/GaAs QDs with or without SRL in the high
excitation condition. Because the SRL produces along wavelength emission, the QDs without SRL

were grown to a larger size than QDs with

SRL in order to adjust the lowest energy (a) ' <—>|' —

o ) ) E1 AE2|1 — InAs QDs
emission band. In the figures, the excited / | ,\Ez without SRL
state emissions (E2, E3, E4...) are observed / E3

because of the state-filling effects under the

\ A E4 1
WAAE

E1l s - nGasstrain
relaxation layer

GaAs ™ InAs QDs

with SRL

high power excitation.**

PL intensity

What has to be noted here is the energy

splitting between the excited states. The
E3

sub-band energy splitting is generally derived _J e

from the confinement potential structure. For 0.9 1.0 1.1 1.2 13 1.4
Photon energy [eV]

example, the harmonic oscillator potential T

e without SRL
A with SRL

(c) ]

induces the same energy difference between

al sub-levels. In figure (c), the sub-band

energy differences (AE) between the QDs

Sub-band AE [meV]
'—\
3

with and without SRL are compared. It is T v T v T v T
AE21 AE32 AE43 AE54
very interesting to note that the variance of Sub-band levels
. . . . Fig. 4-6. Comparison of InAs QDswith and without SRL.
energy splitting in the QDs without SRL is (a-b) PL spectra from InAs QDs samples without SRL
. (a), with SRL (b). (c) Sub-band energy splitting.
very small and linear. On the other hand, the
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variance of energy splitting in the QDs with SRL dramatically GaAs GaAs
increases with higher excited states. This result indicates that the
confinement potential of the QDs without SRL is similar to the

harmonic oscillator potential, and that of the QDs with SRL is

similar to the square-well potential. This is schematically shown in

Fig. 4-7. In the case of the QD without SRL, the crystal strain

-----

induces a deformation of confinement potential in a QD, which is (b) """

----- H

similar to the harmonic oscillator potential [figure (8)]. On the other

InAs T_ SRL

hand, in the case of the QD with SRL, the relaxation of the strain QD
Fig. 4-7. Confinement potential.
yields the square-well-like potential. (a) Without SRL. (b) With SRL.

Thus, the crystal strain around a QD plays a significant role in the

confinement potential and the electronic state in QD systems.

4-3. Crystal Srain and Ordering Growth of Quantum
Dots

The quantum information device requires the operation of a single quantum two-level system.
Therefore, the site-controllable fabrication technique of QDs is crucialy important from a practical
viewpoint. As already stated, QDs grow in the wake of a crystal strain. Consequently, based on this
feature, there have been many attempts to grow self-organized QDs at arbitrary locations. For
example, there have been reported that QDs were grown on a V-groove substrate, a patterned
holes on a substrate,®® an atomic layer step on a buffer layer surface,”” and a misfit dislocation.®
Recently, the direct writing deposition of indium molecules on a substrate using the cantilever of an
atomic force microscope (AFM) has been demonstrated.”® An extreme crystal strain acceleration
resultsin a dislocation and a defect. In the latter case, it iswell known that micrometer-size defects,
the so-called “oval defects,” are formed in MBE growth. Although an oval defect was previously
considered as a weak crystalline region leading to the degradation of electronic devices, it has been
revealed from the results of micro photoluminescence (p-PL) measurement that such aregion is not
very weak.'® Thus, the strain originating from the oval defect can possibly be used for the site

alignment of QDs; therefore, the investigation of the quality of QDs in the presence of oval defects
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has enormous significance. In this section, we discuss the self-alignment of InAs QDs in the strain

region produced by oval defectsin the GaAs matrix.

4-3-1. Self-Aligned Growth of Quantum Dots

In MBE growth, we used the surface-engineered GaAs (001) substrate to accelerate oval defect

formation.'®

After a 500 nm i-GaAs buffer layer was grown on the substrate, a 1.65-monolayer
(ML) InAs QD layer and a 150 nm i-GaAs cap layer were sequentially grown at 600°C. Finaly,
another 1.65-ML InAs QD layer was grown on top of the surface under the same conditions to
confirm QD formation.

Figure 4-8 shows SEM images of the top of the
sample surface. As shown in figure (a), the QDs
are orderly aligned along an oval whose typica
areais 1.2 x 0.4 um. The oval alignment of QDsis
caused by the ova strain that does not evolve to

form a defect. This is based on the fact that the

dliptic direction of such an alignment corresponds

500nm

to that of QDs aigned around a complete defect
[figure (b)]. Here, the in-plane densities of the oval
aligned QD group and the complete oval defect are
1.7 x 10® and 7.5 x 10* cm?® respectively.
Furthermore, a remarkable feature is that QDs
hardly exist outside the strain or defect region. This

shows that InAs molecules are very sensitive to

strain  during prestack migration before QD  Fig. 4-8. SEM images of the sample surface.
(a) Selective QDs growth in the presence of oval

formation. strain. (b) QDs growth near the oval defect.

4-3-2. Optical Characteristics
Next, we evaluated the optical properties of self-aligned QDs embedded in the GaAs matrix by
means of the p-PL experiment. The selective QD growth enables us to observe only the QDs

aligned on the oval strain or defect region, because the in-plane density of the QD group on the
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strain is sufficiently low compared with

the gspatial resolution of our measurements.

| Surface
The experimental set-up is schematically CCD check
(S—
shown in Fig. 4-9. We used a standard | | Menochro- O "
mator y
microspectroscopy system with a 50x
large-numerical-aperture  objective lens % /

whose spatial resolution was ~3um¢. The

observation of emission spectra was

Fig. 4-9. Micro-spectroscopy experimental setup.

performed using a 55 cm single monochromator and a cooled charge-coupled device (CCD)

detector. The sample was cooled to 10 K in a liquid helium flow cryostat, and a semiconductor

laser was used as an excitation source whose photon energy was 1.95 eV.

The p-PL spectrum of the self-aligned QDs is presented in Fig. 4-10(a). The spectrum shows the

PL peaks from the free exciton in the GaAs matrix (fXgaas), the bound exciton in GaAs defects

(bXGaAS),loo and the exciton in an InAs wetting
layer (WL). Furthermore, at a lower energy
(1.25-1.41 eV) than the WL peak, many sharp
(less than the resolution limit) peaks are
observed (Xgus) in the spectrum. These sharp
peaks are attributed to the self-aligned QDs of
the first InAs layer on the GaAs strain region.
The sharpness of the peaks reflects the
three-dimensional confinement of carriers in
QDs and the PL energies correspond to the

energies of InAs QDs reported in many

55, 101 , 102

previous studies. For additional
evidence confirming the peaks from QDs, we
only need to check the PL spectra of other
observation points, because QDs do not exist
outside the strain region. Figure 4-10(b) shows

the PL spectrum at the different spatial

Lopg T
1 (a) on strain
1000+ | Ko |WL|bxG'°TS -

X

GaAs=

800 -

600 - -

N B
o o
o o
1 1

1

o
P

3000 rt=—f—t—t—t—t—f—t—t—t—t—f—t—t—t—+t
{(b) 4pm displacement
2000 4

PL intensity [arb.units]

10004

——T—T—r—T— T
12 13 14 15

Photon energy [eV]
Fig. 4-10. u-PL spectra.
(a) Near the oval defect.
(b) 4 um displacement position from (a).
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position: a4 pm displacement from the position in figure (a). In figure (b), the sharp peaks vanish
and the WL peak intensity increases. Here, based on the 3.5 x 1.5 um location area of the oval
defect QDs, the vanishing of QD emissions at the 4 um displacement position is reasonable. In
other words, the sharp peaks in figure (a) certainly originate from the QDs in the strain region. In
addition, the PL intensities of the fXgas and bXgas peaks are similar to that in figure (a), in
contrast to the increase in WL and the vanishing of Xyqs. These observations imply that the carriers
transported in the WL are effectively supplied to QDs, which indicates the few number of
non-radiative recombination centers and the high quality of QDs on the strain region

To obtain more details of the emission properties, we measured the high-resolution p-PL and
W-PLE spectra using a 1 m double monochromator and a tunable cw Ti:sapphire laser. In Fig. 4-11,
we present the p-PL and p-PLE spectra obtained from a single self-aligned QD. The PL spectrum
shows an extremely sharp PL peak from a single QD whose full width at half maximum (FWHM)
is 26 peV (the resolution limit of the system), which is similar to a conventionally grown InAs
QD.®19M192 The width of the PL peak reflects the lifetime of an exciton, which indicates the
stability of exciton states. Consequently, our observation of the sharp peaks shows the high stability
of exciton states in a self-aligned QD, which indicates the few number of carrier scattering factors
in a QD crystal. The inset in Fig. 4-11 shows the PLE spectrum of the single self-aligned QD
indicated as “Detect.” The zero absorption region (1.350-1.376 V) in the spectrum is the result of
the discrete excited levels produced by a three-dimensional confinement. Moreover, the spectrum
shows a discrete peak (indicated as “L Q") at an energy corresponding to the longitudinal optical
(LO) phonon of InAs (30.1 meV).>>*%

The appearance of this LO phonon 7| PLE 1 Detect
resonant peak indicates the existence of S LO

or -
an effective carrie—LO  phonon & !
. . . . 210 26ueV
interaction in self-aligned QDs. The & T 5 " -l

2 . . .
carrier—phonon interaction suggests the E xcitation energy [eV]

_l 3
crystalline quality of QDs, because the o " M
existence of a phonon requires a certain L 3'32 T - T '338

Photon energy [eV]
Fig. 4-11. High-resolution PL spectrum of single self-aligned
QD. Theinset showsthe pu-PLE spectrum of the arrowed peak.

crystaline quality level. Therefore,

these observations revea that the
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self-aligned QD in the strain region has a sufficiently high crystaline quality for preserving the
carrier—L O phonon interaction.

Additionally, we investigated the excitation power dependence of the PL spectrain self-aligned
QDs. If there are many non-radiative recombination centers around the strain region, the
photo-generated carriers will be incorporated into these non-radiative centers at a high excitation
intensity. Fig. 4-11, we present the excitation power dependence of the PL spectra in self-aligned
QDs. The increase in the peak number on the high energy side (1.35-1.4 eV) with increasing
excitation intensity is attributed to the luminescence from the excited states in QDs due to the
state-filling effect.’®® At a high excitation intensity, the surplus carriers, which are not expended in
QDs, are expected to be distributed in the WL, bX¢aas, OF non-radiative recombination centers. The
inset in Fig. 4-11 shows the integral PL intensities of the luminescence bands of X4, WL, and
bXcaas 8s a function of excitation intensity. As shown in the figure, the increase in the intensity of

the WL is inversely proportional to the intensity

of the QDs that saturate with increasing excitation
intensity, in contrast to the bXgas intensity that

shows a linear increase. This observation shows

Integral PL intensity

3R P

1. 10 | 100
Excitation intensity [uW]

v A O

that the surplus carriers are expended not in the

non-radiative recombination centers but in the
WL. In other words, these photo-generated

carriers are radiatively recombined efficiently in

the self-aligned QDs, free from the effect of the

PL intensity [arb.units]

non-radiative recombination centers around the

strain region. x1/4 SpW

Thus, our experimental results show that the
x1 1uW
QDs grown in the crystal strain region are of high - . . . u 3

11 12 13 14 15 16
Photon energy [eV]

Fig. 4-12. Excitation power dependence of PL intensity.

quality, similar to a conventionally grown QD,
and have a potentia for site controlled QD

growth.
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4-4. Coupled Quantum Dot Fabrication
4-4-1. Vertically Coupled Quantum Dot

Next, we discuss the growth technique for coupled QD (CQD). As previously mentioned, the
crystal strain acts effectively on the site selective QD growth. When multiple layers of QD are
stacked with barrier layers, the 1st layer QD induces crystal strain in the covering barrier layer
around the QD because of lattice mismatch. T —— m
Therefore, this phenomenon can be used in CQD  &eé® = ¥ ; .S‘ mm?
fabrication. p— '

In multiple stacked QDs, the ordering growth of
QDs in the stacking direction (vertical direction)

has been closely investigated by Q. Xie et al.’®

The features are shown in Fig. 4-13-14. Asseen in

the  cross-sectional transmission electron

microscope (TEM) images of Fig. 4-13, the impinging In flux

stacking growth induces the ordering growth of l l l l l l

QDs, which are directly located above the 1st layer - s:}-—:;;_‘; +(:+ ro%b

QDs. The bottom drawing in Fig. 4-13 indicates E"E*?ifﬁ i;: SL::;EW ‘

the mechanism of ordering of QD growth. The 1st IAs st = | s’
layer QD causes a crystal strain in the barrier T\ R S— e m|

GaAs crystal, and the supplied InAs molecules Fig. 4-13. InAYGaAs stacking QDs;

(above) Cross-sectional TEM images.
(below) Sacking growth mechanism.
reported by Q. Xieet al..

susceptibly sense this strain and construct the next

layer QDs in the strain region. Here, it is easy to

predict that the thick GaAs barrier layer inhibits T Ty PO
the coupling growth because of strain relaxation. Q. Ef g ] - E 1‘-}-. |
Xie et al. gave a detailed discussion of this point. g . i :ﬁﬂ?&w"“ I%

Figure 4-14 indicates the coupling growth EM | | comeluion i ﬂ'gﬁ?n?]a"‘“ |
probahility (pairing probability) between upper and = T ]

10 100 1000

. . S thick: ML
lower QDs as a function of the GaAs barrier pacer thickness (ML)

Fig. 4-14. Coupling growth probability as a
thickness. As shown in the figure, the pairing  function of barrier thickness, reported by Q. Xie.
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probahility between upper and lower QDs is more than 90% in the cases when the barrier thickness
is less than 40 ML (~11 nm, 1 ML = 0.283 nm in GaAs). In our study, we fabricated the CQD
samples using the growth technique of vertically stacked CQDs.

However, simple stacking growth is inadequate for our purpose, which is the observation of the
physical properties of a CQD involving a quantum mechanically coupled system. Because the
inter-dot distance required for quantum mechanical coupling is expected to be less than 5 nm,
which is comparable to the QD height (~5 nm), such athin barrier layer close to the QD height will
induce a non-uniformity of the barrier layer. Furthermore, the 2nd layer QDs grown on the

concavoconvex surface are at risk of being

deformed. An example is presented in Fig.

4-15.% |t is not easy for us to estimate the

inter-dot distance because of the large

Fig. 4-15. Deformation of barrier layer and QD shapein

deformation of barrier layers, and the upper stacking growth.

QD shape is deformed compared to the 1st
layer QD.

4-4-2. Indium-Flush M ethod

To solve this problem, we used the “Indium-Flush” growth technique proposed by Z. R.
Wasilewski et al.'® While they adopted this method to grow similarly sized upper and lower layer
QDs, it is also useful for fabricating adjacently stacked QDs. The growth procedure of the
Indium-Flush (I-F) method is shown in Fig. 4-16. First, the 1st INAs QD layer is hormally grown on
a GaAs buffer layer. Next, a thin GaAs layer, the so-called “partial cap layer” whose thickness is
less than the QD height (<5 nm) is grown. Then, the substrate temperature is risen upto 30-40°C,

and isimmediately dropped to the former temperature (1-F process). Then, the GaAs barrier layer is

grown with an arbitrary thickness, and =" E:>
the 2nd InAs QD Iayer is sequentially 1. Partial cap layer growth 2. Substrate temperature rising
grown. The same I-F process is applied p
to the 2nd QD layer, and finally the QD E:>
layers are covered by the GaAs cap layer. 3. Barrier layer growth 4.2 QDs layer growth
& embedding
The key point in this procedure is the Fig. 4-16. Growth procedure of Indium-Flush method
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partial cap layer and the I-F process. While there are convexoconcave features on the surface of the
as-grown partial cap layer due to the existence of 1st layer QDs, the temperature rise of the
substrate induces the migration and reconfiguration of the surface molecules, and provides a flat
surface. Thus, the 2nd layer QDs are grown on a flat surface produced by the I-F method, and we

can obtain high quality CQD samples with a homogeneous barrier layer and less deformed 2nd

layer QDs.

4-4-3. Practical Examples of Coupled Quantum Dot Growth

Here, we present practical examples of 1.0]
0.84
0.64
0.44

. (a) —e— without I-F
INAS/GaAs QD growth with the I-F method. —a— with I-F
The effect of the I-F process is shown in the

PL gpectra of Fig. 4-17, where the
1.01 (b) Partial cap
—e—5nm
—&—4nm

—v—3nm

thicknesses of the InAs and the partial cap

Normalized PL intensity
o
o

layer were 1.65 ML and 4 nm, and the

temperatures of the substrate and the I-F 0.0

850 900 950 1000 1050 1100 1150
process were 600 and 630°C, respectively. Wavelength [nm]
) : Fig. 4-17. PL spectra of QDs grown by I-F method.
As seen in the figure, the PL spectrum of (a) Effect of I-F method in single QDs layer.

) ) (b) Dependence on thickness of partial cap layer.
QDs with the I-F process shows a blue shift

of emission wavelength due to the enhancement of quantum confinement by truncation of the tops
of the QDs with the I-F application. Figure (b) indicates the dependence of the partial cap layer
(InAs layer: 1.7 ML) on the thickness. A partial cap layer thickness less than 4 nm causes a blue
shift of the longer wavelength edge of the emission curve, which indicates the truncation of the
tops of the QDs. In other words, this result implies that the height of InAs QDs is about 4-5 nm.
Next, we show examples of CQD growth. As mentioned above, the growth of the 2nd layer QDs
is accelerated by the strain originating from the 1st layer QDs. Consequently, if the same amount of
InAsis supplied for both the 1st and 2nd layer growths, the QDs of the 2nd layer grow larger than
those of the 1st layer. Therefore, in order to fabricate the upper and lower QDs with similar sizes,
the small amount of indium supplied to the 2nd QD layer must be controlled. This featureis seenin
Fig. 4-18. In thisfigure, the 2nd InAs layer thickness is varied with a constant 1.65 ML thickness of
the 1st InAs layer, where the partial cap and barrier layers are 4 and 5 nm thick, respectively. As

Shohgo YAMAUCHI 35



4. Quantum Dot Fabrication Optical Propertiesin InAs/GaAs Coupled Quantum Dots

seen in the figure, in the case of similar ——

_ 2.54 1st layer Goar=5NM <
thicknesses of the 1st and 2nd layers (1.6, 1.7 2 | I
0 |
- 2.0 -
ML), the 2nd layer QDs exhibit longer § | : 1st /2nd
£ 1.65/1.7 ML
wavelength emission than the 1st layer QDs ' 7
o ] 1.65/1.6 ML ]
because of the weskness of quantum & 1.0- 5
. N . R 1.651.5ML 1
confinement originating from the larger size £ .| I e
o | 1.65/1.4 ML
growth of 2nd layer QDs. With the reduction < | | 1.65/1.35 ML |
0.0 e
in the 2nd InAs layer thickness, the QD size 900 1000 1100 1200

Wavelength [nm]

Fig. 4-18. PL spectra of CQDs. Dependence on
thickness of 2nd InAslayer.

decreases, which induces the blue shift of the
emissions. A decrease in the thickness from
1.4 to 1.5 ML results in a similar size of upper and lower layer QDs. A further reduction of 2nd
layer thickness (1.35 ML) provides more smaller sized QDs in the 2nd layer than those in the 1st
layer, which causes the blue shift of the 2nd layer emission compared with the wavelength of the
1st layer emission. Thus, it is possible to control the energy difference between the upper and lower
QDs by adjusting the thickness of the 2nd QD layer.

Finally, we consider the application effect of the I-F process on CQD growth. Figure 4-19 presents
the PL spectra of the CQD with or without the I-F method. The barrier layer thickness “d” was
changed to 3 nm [(a), (c)] and 5 nm [(b), (d)]. Figure (a-b) indicates the CQDs with the I-F method,
and figure (c-d) indicates the CQD without I-F. Each graph contains two PL curves under the

conditions of high (lower curve)

and low (upper curve) excitation

=
o

Twith-F A (&)t
d=3nm

intensities. Here, the InAs layer

Iy
=]
i

thicknesses were adjusted as 2

5 %51 /2nd 1st
1st/2nd = 1.65/1.4 ML. £ b 10 /
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Consequently, the longer 2 15{ without I-F
wavelength peak (indicated as 1st) g o
is attributed to the 1st layer QDs 2 o \ \

. \ \
and the shorter wavelength peak e S \ 7 Pyl0 \
(indicated as 2nd) to the 2nd layer 850 900 950 1000 1050 850 900 950 1000 1050
Wavelength [nm]

QDs. Comparing d = 3 nm with 5 Fig. 4-19. Application effect of |-F processin CQD growth.
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nm, the 2nd layer QDs with d = 3 nm emit light with great difficulty. This is because the
photo-generated carriersin the 2nd layer QDs leak into the 1st layer QDs because of the thin barrier.
Here, let us focus on the application effect of the I-F process. Comparing figure (a-b) with (c-d),
the 2nd layer QDs without I-F emit light with great difficulty in both cases of d = 3 and 5 nm. This
means that the carriers easily leak into the 1st layer QDs in the CQD without the I-F process. This
phenomenon is considered to occur because the barrier layer without I-F cannot adequately
separate the upper and lower QDs because of the convexoconcave nature of the barrier layer
surface. Thus, the I-F method is absolutely essential for fabricating the CQD samples with adequate

barrier thickness and a stacked structure.

4-4-4, Comparing with Other Self-Organized CQD Systems

Finally, we summarize a CQD sample comparing our samples with other self-organized CQD
structures. To investigate a single CQD system, very low in-plane QD density is first required for
single QD spectroscopy. To investigate the physical properties dependent on the interdot distance,
we need to precisely control the barrier thickness between the two QDs. Because the energy
difference between the QDs influences the strength of the interdot interaction, it is preferred that
both QDs have the same size and the same crystal composition. Furthermore, reproducibility of QD
growth is also heeded to compare the different samples. In addition, it would be better if the sample
shows a high optical response.

Table 4-1 compares various self-organized CQD structures with respect to these five perspectives.
The GaAs quantum disk induced in a very narrow quantum well has excellent crystal composition
and optical response,® but it is difficult to control the QD size and interdot distance because the
disk isfortuitously formed at the concavoconvex edge of the quantum well. With lateral CQDs, itis
also difficult to control the interdot distance because of the uncontrollable QD formation.’”” The
In,Gay As vertical QD makes it possible for us to control the in-plane QD density, but it is difficult
to produce the precise crystal composition because very low growth rate is required for the crystal
growth of QDs.'® It was mentioned above that the InAs vertica CQD without Indium-Flush
method has concavoconvex barrier layers.

Compared to the above examples, the InAs vertical CQD grown with the Indium-Flush method

shows excellent controllability of interdot distance. As mentioned in the previous sections, these
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CQDs also provide good controllability of in-plane QD density and QD size, which are crucia for
single dot spectroscopy and investigation of interdot interaction. Thus, the fabrication method used
in this work provides the best CQD samples for the investigation of physical propertiesin asingle

CQD system.
Table 4-1. Comparison of self-organized CQDs

Reproducibility | Controllability of Controllability of Controallability of
of Crystal | In-planeQD | “ON @MY O I nterdot
o ) QD Size :
Composmon Density Distance

Optical
Response

InAsVertical CQD

with 1-F O @ @ @ A

nAsVertical CQD

without |-F O @ O O A

INnGaAs QDs

Lateral CQD

GaAsDisk

© X X X ©

In Fig. 4-20, we present the cross-sectional scanning transmission electron microscope (STEM)
image of the CQD sample used in our study (see Section 5-2). The thickness of each layer was
adjusted so that the 1st/2nd InAs layer = 1.65/1.45 ML, the partial cap layer = 3.5 nm, and the
GaAs barrier layer = 7 nm, respectively. From this
image, the lateral and vertica sizes of QDs are
estimated as about 20 and 3 nm. As seen in the
figure, the 2nd layer QDs are grown just above the

1st layer QDs, and the barrier layer is not deformed.

TrrrrrrenT
G0.0nrm

4-20. Crosectional STEM image of the
properties of a CQD system on the basis of  CQDusedin thisstudy.

Thus, in our study, we estimated the optical
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correctly fabricated samples.

4-5. Sample Preparation for Single Dot Spectroscopy

In the next chapter, we present the observation results for single CQD. In order to observe asingle

QD, it is necessary to collect the luminescence from only a single QD and this must be directed

into a monochromator. Therefore, the number of QDs within the visual area of a lens must be

around one. While we used the objective lens for focusing
the excitation light and the collection of luminescence, its
spot size of 24 um remained insufficient for single QD
observation, compared to the in-plane QD density of
20-100 pes/pm?.

For this reason, we fabricated an aperture mask on the
sample surface for light interception.® Figure 4-21 presents
a schematic diagram of sample construction. The fine pores
on the metal surface make it possible for us to observe only
an arealess than the spot size of an objective lens. We chose
Ti/Au (100/700 A) as the metal mask, and fabricated the
fine pores (0.2-0.5 um¢) by means of electron beam
lithography and the lift-off technique.

Figure 4-22 shows the actual sample surface. As seen in
figure (@), the addresses were marked in the metal mask,
and enabled us to observe the same position in repeat
experiments. Figure (b) presents the expanded SEM image
around a pore, in which the fine pore formation of 0.2 pm¢
is confirmed. Figure (c) shows an SEM image of the sample
surface before mask fabrication. The optimization of QD
growth conditions gave low in-plane QD density, and
accordingly, pores of 0.2 um¢ sufficiently ensured the

selectivity of asingle QD.

metal mask
I

Fig. 4-21. Sample construction for single
QD observation.

V 10.4mm x120k SE(M)

0.2um
Mask area

Fig. 4-22. Images of sample surface.
(a) Metal mask pattern.

(b) Fine pore formation (0.2 pmg).
(c) Surface before mask fabrication.
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Thus, the observations of optical properties mentioned in the next chapter were performed using

reliable samples of CQDs fabricated as mentioned above.
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5. Optical Properties of Coupled Quantum
Dots

In this chapter, we detail the optical characteristics of InAs/GaAs coupled quantum dot (CQD),
which were fabricated by methods mentioned in the previous sections. In Section 5-1, we
determine the optical properties of CQD ensembles by macrospectroscopic observations. The
optical characteristics of single CQDs observed by microspectroscopy will be discussed in Section

5-2 or later.

5-1. Optical Propertiesin Non-Resonant Coupled
Quantum Dots Ensembles

In this section, the optical characteristics of CQD ensembles are presented. While each QD is
expected to individually exist under different surroundings, we firstly estimated the general optical
properties of QD ensembles in order to avoid missing out the broader picture of the CQD. In redlity,
it may be difficult for us to distinguish the upper and lower QDs in the PL spectra by macroscopic
measurements, because the QD ensembles show large inhomogeneous PL broadening due to the
large size distribution of QDs. However, as mentioned in Section 4-4-3, we achieved distinct
observations between the upper and lower QDs by growing smaller QDs in the second QD layer
than those in the first QD layer. In this section, we discuss the macro-optical features of the
energetically non-resonant CQD.

The samples used in this section are INAS/GaAs CQDs grown by the Indium-Flush (I-F) method
mentioned in Section 4-4-3. The thicknesses of the 1st and 2nd InAs QD layers were 1.65 and 1.5
monolayer (ML), respectively. The thickness of the partial capping layer was 4 nm, and we used
three samples whose effective barrier thicknesses “d” were 7 nm (sample C), 5 nm (sample D), and

3 nm (sample E), respectively.

5-1-1. PL Spectra Reflecting Wave Function Penetration

Figure 5-1 shows the PL spectra of three non-resonant CQD samples at several excitation
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densities, where each spectrum is normalized T
- Single layer QDs

at the highest peak intensity. The laser diode
(635 nm) was used as an excitation source,
and we utilized the 55-cm single -
monochromator and the cooled CCD detector
for the spectroscopy, while the samples were
cooled to 10 K in a ligquid helium flow

cryostat. In the inset, we also present the PL

spectra of a single QD layer sample grown

Normalized PL intensity

by the I-F method as a reference. As shown
in the figure, we observed two main peaks in B
the PL spectra of all three CQD samples, and

confirmed a noticeable difference of

| (a) Sample C

(b) Sample D -

[ (c) Sample E

T T[T TT—T—T~T
—a— 17W/cm®

—A—8.4W/cm® 1
—w—0.42W/cm’ J

12 13 14 15

excitation density dependence between the 1' 0' '

three samples in which the PL intensity of

the higher energy pesk decreases with o esss

T T e
Photon energy [eV]

Fig. 5-1. Macro-PL spectra of non-resonant CQDs. Barrier

“d”: (@ 7nm, (b) 5nm, (c) 3nm. The inset

indicates the spectra of single layer QDs. Each spectrum is

reductions in the barrier thickness at the o malized
same excitation density. We interpret the two
PL peaks as luminescence from the upper (smaller) and
lower (larger) QD layers, respectively, as discussed in the
section 4-4-3, whereas the excitation density dependence
is distinctly different from that in the spectrum of the
single QD layer sample. Moreover, this observation
indicates that photo generated carriers in the smaller dots,
which are the origin of the higher energy peak, transfer to
the larger dots due to the thinner barrier. In other words,
the reduction in the barrier thickness enhances the
tunneling probability between the double QDs.

Let us detail the profiles of the PL spectra. Figure 5-2

presents the results of Gaussian fitting to the PL spectra.

at the maximum intensity.

Sample C
0.42Wicm’

Sample D
0.42W/icm’

Normalized PL intensity

17Wicm’

Ty
11 12 13 14 15

Photon energy [eV]
Fig. 5-2. Gaussian fitting to the PL
spectra.
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All spectra were fitted by four Gaussian curves, where we carefully chose the fitting parameters
which satisfied the spectra at six levels excitation densities from 0.42-17 W/cm?. We assigned two
main peaks X1 and Y1 to the lowest excited states of the 1¥ and 2™ layer QDs, respectively. The
sub-peaks X2 and Y 2 seem to be the excited states of X1 and Y 1.

We then plotted the energies of each peak as a function of the barrier thicknessin Fig. 5-3(a). The
energy splitting between the main X1 and Y1 peaks increases with reductions in the barrier
thickness. This feature can not be explained by an aftereffect of the thin barrier, which leads to a
larger strain on the surface and enhances the growth of the 2™ layer QDs. That is because the fact
that the 2™ layer QDs are smaller than the 1% layer QDs in our CQDs can not explain the shift in
the lower energy peak that originates from the 1% layer QDs. The energy shift natures in Fig. 5-3(a)
are attributed to the enhancement of the wave function penetrating to a neighboring QD with the

barrier thickness reduction, which causes the weakening

of an effective quantum confinement. For comparison, %1'35_' (@) . . . V2 ]

we calculated the energy states of a non-resonant g
. . .. . o v v v Y1

quantum well pair and obtained similar energy shift < 130 A 4

A 4

A X2 ]

results to those shown schematically in Fig. 5-3(b). § . o ° 1 1

P ] ]

These states are interpreted as the bonding-like and ey ]

o 2 4 6 8 10

antibonding-like coupling states. However, the higher Barrier thickness [nm]

(Y1) and the lower state (X 1) among the coupling states

, . (b) Thin barrier Thick barrier
are expected to be mainly occupied by smaller (2™ _
layer) and larger (1% layer) QD’s electrons, because of § !’\ (\
the weak electron coupling originating from the (i j \)C j ) \
relatively large energy difference between the upper and M ina
lower QDs before coupling. Therefore, the coupling Distance

Fig. 5-3. (a) PL peak energiesasa function
of barrier thickness. (b) Calculation

. . example of wave function in non-resonant
as the carrier tunneling between QDs. coupled quantum wells,

nature in non-resonant CQD systems can be interpreted

5-1-2. Carrier Transfer Process between QDs

On the basis of the above mentioned discussions, we estimated the carrier transfer transience

through the tunneling process from the smaller QD state (Y1) to the larger QD state (X1) by
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measuring the PL decay time of the CQD. In > ' 7T
_ 2 (a) N Sample E |
the experiments, we used a streak camera @ 1st 2nd
[ Z :
(Hamamatsu  Photonics C4334) and a g€ [ T
picosecond Ti:sapphire  laser  whose 8 200-400ps 1
N
wavelength, pulse repetition, and pulse width T [ 600-800ps-
£ ]
were 750 nm, 76 MHz, and 1.9 ps, S 1.0-1.2ns
. Z b -
respectively. 12 13 14
Figure 5-4(a) shows time resolved PL spectra Photon energy [eV]
of the sample E (d = 3 nm) at severa delay 100004 _ _ 9
Carrier transfer time ]
times. It can be seen from the figure that the & exp(0.37xd,__) ®
q-) arr
photo-generated carriers are transferred from 8
smaller QDs (Y1 peak) to larger QDs (X1 GE’ 10004 A A r
= 3 A ]
peak). Next, we estimate the carrier transfer = ] (b) PL decay time ]
time. The decay time of smaller QDs (tyi1) ) é ) 21 ) é ) é
consists of both the carrier transfer time (t;) to Barrier thickness [nm]
. N . Fig. 5-4. Carrier tunneling between QDs.
larger dots and the carrier recombination time () Timeresolved PL spectra of d=3nm CQD.
. . . Each spectrum isnormalized at the max intensity.
(v), and is given by the following rate (b) Carrier transfer timevsbarrier thickness. The
109 filled triangle indicates the PL life time of Y1
equation: peak. The solid lineisthe fitting curive (see text).
dNS :_NS _& ’ Tt:M7 ...Eq.51
dt T, T, T, — Ty

where N is the carrier density in the smaller dots. 1, was estimated at 1.24 ns from the decay time
of the single layer QDs, and accordingly, we can calculate t; from 1y, and t,. The estimated carrier
transfer times are presented in Fig. 5-4(b). As shown in the figure, the carrier transfer time
decreases with a reduction in the barrier layer thickness, and is longer than the PL life time of
single layer QDs.

Asiswell known, the tunneling probability depends on the barrier thickness and the energy gap
between the confinement energy level and the conduction band energy of the barrier material, and
is given by aWKB approximation as follows;**'%

T~ exp[— 20, +/(2m’/n? )V - E)J, Q.52

where dpar IS the barrier thickness, m* is the effective mass in the barrier layer, V is the conduction
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band energy of the barrier material, and E is the confinement energy level in the QD. In carrier
transfer process, the penetrated carrier needs to be relaxed energetically to the energy level in the
neighboring QD (Fig. 5-5). Therefore, the carrier transfer time 1, involves the energy relaxation

timein the energy offset AE, and iswritten as
%t ~ exp[— 2d,,, \/(Zm*/hZXV - E)Jx Ven»  ---EQ.5-3

where ypy, is the energy relaxation probability in AE. Our experimental result isfitted by Eq. 5-3 as

follows [solid linein Fig. 5-4(b)]:
7, [ns] = exp(0.37-d,,, [nM])/0.48, ...Eq.54

where the data of d = 7 nm CQDs is neglected in the fitting because of large experimental error.

barr

From this fitting result, the barrier height V—E was estimated as 31.4 meV, using m* = 0.0665
(GaAs electron).

Here, we show the acceptability of this estimated value in

52,110

another way. In the previous reports, the barrier height

V—E has been estimated as 140 meV from the results of

infrared spectroscopy in INAs/GaAs QDs whose center of /i Ph% IAE

luminescence was 1.2 €V. The luminescence energy

2ndQD  1stQD

Fig. 5-5. Carrier transfer process in
non-resonant coupling system.

difference between reported QDs and our smaller dots
(1.31 eV) is 110 meV. We can estimate the electron

contribution to the energy difference (110 meV)
35.8meV_ 73 gmev

considering that the carrier confinement energy is %< |—A X
approximately proportional to 1/m* on the basis of Eq. 2-3. 140mev “Imme\, Y $38mev
We estimated the electron contribution as 104 meV, / S (R | e o
assuming that the effective mass of the electron (hole) was 1.2ev 1.3lev |1.27ev

TN« vry RERON K
0.023 (0.41). Then, we estimated V—E as 35.8 (73.8) meV 1 FSmev

180meV

for our smaller (larger) QDs, compared with the reported ¥
value of 140 meV (Fig. 5-6). This estimation of V~E = 35.8 @ (b)) (o)

itAti i Fig. 5-6. Estimation of energy offset V-E.
meV corresponds gquantitatively to the estimated value from (@ Band diagram of InAs QD in

references.
(b) V-E in 2" layer QD.
(¢) V-E in 1% layer QD.

Eq. 5-4 (31.4 meV). Thus, the barrier thickness dependence
of the carrier transfer time is explained by the carrier

tunneling probability of Eq. 5-2.
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Next, we compare our results with the other reported results. Figure 5-7 shows the carrier transfer
time as a function of Gamow transmission factor . [m*(V-E)]Y2 The square in the figure
indicates the reference data in the case of InAs/InAlAs CQDs given by A. Tackeuchi et al.,'® and
the triangle indicates the reference data in the case of InASGaAs CQDs given by Yu. |. Mazur et
al.™ Our estimated value is not only longer than the PL life time but is 10 times as large as these

reference values. This mismatch is considered to come from the energy relaxation probability ye, in

Eq. 5-3.

S. Muto et al. discussed the t carrier transfer process LARAAALAAALAARAL AL ARAL AAAAE
in a non-resonant coupled quantum well.™? They o This work 3
indicated that the carrier transfer process was g o

determined by the energy relaxation time of the %1000' 3
tunnel electrons in the neighboring well (AE in Fig. E

5-5). Furthermore, they suggested that the 1004 -
longitudinal optical (LO) phonon played the main 0 5 10 15 20 25 30 35

* 12 1/2
d...[m(V-B)]"" [nm(meV)™]
Fig. 5-7. Comparing with the previousreports.

rolein the carrier transfer process. Thisis because the

L O-phonon produces fast intraband relaxation due to The squar and triangle indicate the reference
valuesreported by A. Tackeuchi et al. and Yu.
strong coupling with the electron.™® In contrast, I. Mazur et al., respectively.

when the energy relaxation requires an acoustic phonon emission, the energy relaxation time is one
order of magnitude longer than that by the optical phonon.” In our case, the energy separation AE is
estimated as 38 meV (see Fig. 5-6), which does not agree with the LO-phonon energy (~34 meV in
InAs QD™4). This mismatch is compensated by the acoustic phonon emission, which results in a
long carrier transfer time.

From Eq. 5-4, we estimated the energy relaxation time 1/yp, as 480 ps. This value corresponds to
the theoretical estimation of the energy relaxation time with LO + acoustic phonon.**> On the other
hand, in reference reports, the energy separation AE between two QDs is larger than 80 meV (much
larger than our case). In this case, it is highly possible that there are real electron levels in AE.
Because the transition probability through the real electron levelsis high (several tens picosecond),
the carrier transfer times in the references are thought to be shorter than our observations. Thus, the
long carrier transfer time in our case is attributed to the fact that the electron energy relaxation in

the carrier transfer process is interrupted because of the small energy separation between QDs,
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namely, the phonon-bottleneck effect.

5-1-3. Electron—L O-phonon Interaction in Coupled Quantum Dots

In addition, we discuss the barrier

thickness dependence of the

eectron—-LO-phonon interaction in

LO peak intensity
2 Il 2

non-resonant CQD systems. Figure

5-8 presents the photoluminescence

PL intensity

excitation (PLE) spectra of the

non-resonant CQD, where the PLE

excitation source is a cw Ti:sapphire il v T v T v . v
60 80 100
C_Edet [mev]

Fig. 5-8. PLE spectra of non-resonant CQD. Each spectrum was
clearly observed the PLE peaks detected at the arrowed PL peak in the left inset. The right inset

shows the integral PLE intensity of the LO resonant peak as a
function of the barrier thickness. The solid line is the theoretical
curve (seetext).

40
laser. As shown in the figure, we AE=E_

resonant to the LO-phonon (34.5
meV), which indicates strong
interactions between the carriers and the LO-phonon in the CQD. Furthermore, one noticeable
feature is that the intensity of the LO-phonon resonant peak decreases with a reduction in the
barrier thickness.

One possible interpretation of this observation is the competitive process between the
electron—L O-phonon interaction and the electron tunneling process. In this competitive process, as

shown in Fig. 5-9, the rate equation of the carriersiswritten as

dNo _ Nl _(NO +&J %=F_(m+mJ ...EQ.5-5

d 7o (7T Ty dt Tio Tu

where 1,0 is the energy relaxation time caused by the

. . . . Pump |
electron-LO-phonon interaction, tp. is the carrier >N, P 1
recombination time, 1, and ty are the carrier transfer times N Shofel S
0
through the tunneling process in the ground and excited To fo %
levels, No and N; are the carrier populations in the ground 2ndQD 1stQD

Fig. 5-9. Competitive process between
the electron-LO-phonon interaction
and the electron tunneling.

and excited levels, and I is the excitation rate. From these

equations, the PL intensity | o (PLE intensity of the LO
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resonant peak) is given by

N, 1 1
= =I- . . ...Eq.56
TpL 1+7p /TtO 1+7, /Ttl

ILO

In the right inset figure of Fig. 5-8, we present the application result of Eq. 5-6 for data
reproduction, where 1y is given by Eq. 5-4 and tp_ is 1.24 ns. The theoretical consideration of EQ.
5-6 corresponds to the experimental result as a general trend, but acceptable fitting could not be
achieved with any fitting parameters. This result implies that some other physics remains conceal ed.
For example, it is thought that the electron—L O-phonon interaction itself is weakened by a thin
barrier thickness. This possibility has been discussed by P. Borri et al.,"*° in which they proposed
that the overlap between the acoustic phonon and the electron wave function in the interaction
matrix element was cut off in the very narrow quantum well by the “equivalent” well thickness
because of the penetration of the electron wave function into the barrier. However, further

investigations are required to interpret our results.

5-1-4. Conclusion

In conclusion, we discussed the macro-optical characteristics of non-resonant CQDs. The
excitation power dependence of the PL spectra indicated an enhancement in the tunneling
probahility between QDs with areduction in the barrier thickness. From the results of the PL peak
shift, we also confirmed the weakening of effective quantum confinement because of the
penetration of wave function into aneighboring QD. We estimated the carrier transfer time between
QDs and found a long tunneling time, which was more than the PL life time in asingle QD. This
result suggests that the electron transfer process is interrupted by the phonon bottleneck effect
originating from the small energy separation between QDs. Additionally, we discussed the
competitive nature between the electron-LO-phonon interaction and the carrier tunnel transfer

process on the basis of the PLE experiments.
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5-2. Electronic Sructuresin a Single Coupled Quantum
Dot

In the preceding section, the macro-optical characteristics of non-resonant CQD ensembles were
presented. In this and the following sections, we discuss the optical properties of a single resonant
CQD. The éectronic structures of a single CQD are mentioned in this section, and then we discuss
the interdot interactionsin a CQD system in the following sections.

As previously mentioned, the main purpose of this study is to observe interdot interactions in a
CQD system, as shown in Fig. 3-6. For this, we first need to detail the electronic structures in a
single CQD. Although several observation results of single CQD have been
reported, 38 /4171819120 thage gtudies focused only on the fine structures around the ground
exciton states, and little attention was given to the higher electronic states. In this section, we
consider the overall electronic structures, involving higher energy states, in a CQD system with

various interdot spacings.

5-2-1. Samples and Experimental Setup

The samples used in this section were INASGaAs CQDs fabricated by the Indium-Flush method,
as shown in Section 4-4-3. We achieved a low in-plane QD density of 4-30 pcs/um? by optimizing
the growth conditions, which enabled us to perform single dot spectroscopy. At the same time, we
optimized the InAs thickness of the 2nd QD layer to obtain similar (resonantly) sized upper and
lower QDs, where the thicknesses of the 1st/2nd InAs layers were 1.7/1.45 ML and the thickness of
the partial cap layer was 3.5 nm. We prepared three samples whose barrier thicknesses were 3, 5,
and 7 nm, with the aim of observing the barrier thickness dependence of the electronic structuresin
a CQD. Figure 5-10(a) shows the cross-sectional scanning transmission electron microscope
(STEM) image of the CQD sample with d = 7 nm (the same as Fig. 4-20). We clearly confirmed the
vertical alignment of two QDs in the image, where we estimated the dot height as ~3 nm and the
effective thickness “d” of the barrier as ~7 nm, respectively. The dot diameter was also estimated as
~20 nm using a high-resolution scanning electron microscope (HRSEM). In addition, we fabricated
an aluminum aperture mask (0.2-0.5 um¢) on the sample surface by an electron beam lithography

technique, as mentioned in Section 4-5. Considering the low in-plane QD density, this mask
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enables us to observe single CQD by selecting the aperture hole that shows the luminescence of
only one CQD. In the macro-PL spectra, the luminescence peak from the QD ensemble ranged
from 935 to 955 nm. We did not observe any energy splitting caused by wave function coupling in
the macro-PL spectra because the QD ensemble had a large size distribution due to the thin InAs
layer close to the critical thickness of the dot formation.

All micro-PL (u-PL) and photoluminescence excitation (u-PLE) measurements were performed
using a microspectroscopy system similar to that shown in Fig. 4-9. We used a 1-m double
monochromator and a cooled CCD detector with a spectral resolution of ~20 peV. The excitation
light focusing and the luminescence collection were performed using a microscope objective with a
large numerical aperture (spot diameter ~4 um¢). The samples were cooled to 6 K in a liquid

helium cryostat and a continuous-wave tunable Ti:sapphire laser was used as the excitation source.

5-2-2. Energy Satesaround Ground L evel

Typical pu-PL spectra from a single CQD are shown in Fig. 5-10(b), where the excitation energy
was 1.41 eV (absorption band of WL) and the excitation intensity was set low enough (< 0.1 mW)
to prevent multiple excitons from being excited. We also show the PL spectrum of a single QD
layer sample as a reference at the top of the figure. As shown in Fig. 5-10(b), the overall trend of
the CQD is that the spectra have two PL groups on the high and low energy sides, unlike the single
QD which has only one group. Each PL group consists of two or three peaks that are separated by
2-5 meV, except for the d = 7 nm sample. The notable feature of the CQD is that the energy
separation between the two PL groups increases with reductions in the barrier thicknesses, as
indicated by AE in Fig. 5-10(b). This feature arises from the wave function coupling of electrons
between the upper and lower QD and these PL groups constitute the bonding (X™) and anti-bonding
(X") states, respectively. The barrier thickness dependence of the energy splitting AE agrees well
with previously reported results.™"*® Of course, AE values may include the energy differences
originating from the variations of characteristics between two QDs (size, location, strain efc.). But,
in our observations, many CQDs in the different aperture hole areas show similar PL spectra and
AE vaues, athough the PL energies varied (1.285-1.350 €V) due to reflection of the
inhomogeneity of the QD sizes. As seen in the inset in Fig. 5-10(b), the small data spread (fudge

factor) of AE in our samples implies that the upper and lower QDs are of the similar (resonantly
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growing) size in the analogous
surrounding conditions. Here, increases
in the data spread of AE with reductions
in the barrier thickness seem to originate

from increases in the thickness

fluctuations with reductions in the

barrier thicknesses because the barrier T A1
— ¢ e I / Single QD
thickness is dominant element to affect St . < N — -
S 3 AVA Coupled QD
the wave function couplin of d[nm] =3.0mev 1| ]
pling ? . AE=3omeV | I'_ d=7nm
electrons.® 0 o '
% AE=12meV
Other feature of PL spectra is that the 2 l d=5nm -
higher energy PL group (X~ state) e e
g & group ) ot X'/ AE=283meV X
intains | PL i i h ;’ ) |
maintains large intensity under the d=3nm | l | J |

weak excitation conditions and has e R it S s .
(b) 130 131 132 133 134 135

Photon energy [eV]

L . Fig. 5-10. (a) Cross-sectional STEM image of vertically coupled

group. This indicates that the carrier QDs (d=7nm). (b) p-PL spectra of single CQD (pump: 1.41eV).

. _ + . The inset indicates a barrier thickness dependence of the
relaxation from X° to X' sate is ener gy difference AE between X* and X~ levels.

narrow line width as similar as X* PL

suppressed. The energy relaxation of

carriers under the weak exaction is mainly caused by the phonon emission. As is well known, the
carrier relaxation rate induced by the acoustic phonons is ten times less than that by the optical
phonons.® In our cases, the energy splitting AE are less than the longitudinal-optical (LO) phonon
energy (~35 meV in InAs QDs): the acoustic phonons dominant the relaxation processes. Therefore,
the long relaxation time from X~ to X" state due to the contribution of acoustic phonons to the
relaxation processes, which is regarded as being longer than the exciton decay time, allows the
strong PL intensity for the X~ state.

We shall now look more carefully at the multiple PL peaks of each PL group in our QDs. First, we
will distinguish the emissions of exciton from those of multiple excitonic states by observing the
excitation power dependence of the PL intensities. In the case of multiple excitonic states
(biexciton etc.), the excitation power dependence will be out of linearly dependence on the

excitation intensity. In Fig. 5-11(a)—(d), we show the PL spectra under the low and high power
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excitation conditions. We also shows
the example of the excitation power
dependence of the integral PL
intensitiesin d = 3 nm CQD and the
table in Fig. 5-11 presents the
exponent “m” of al labeled PL peaks
to the excitation power. At low
excitation intensities, two peaks with
a few meV energy separation
dominate the one PL group (labeled
X1, X2), where one peak dominates
the PL group in the case of thed = 7
nm CQD. On the other hand, at high
excitation intensities, extra peaks
(labeled Xxx etc.) appear with lower
energies than the X;, X, peaks and
exhibit a nonlinear dependence on
the excitation intensities (m > 1),
which indicates that these extra

peaks originate from the multiple

0.1 1 10
Excitation power [mW]

_(a)d=3nm -
X 1
X+
l —
+ X _

i} X, ] \3 X, X

X \X‘X x\)ix J ]
— 8xP, l
S L P L
S, P | " | A J 0 |
Fry 1312 1.316 1.340 1.344 1308 1314 1.320
m T T T
S 1(C)d=7nm X, (d)single «
= 1
—
o

1.328 1.332 1324 1326 1328

—_ Photon energy [eV]
=} T
g
= Exponent : m
@ X1 | X% X | X1 | X2 | X3 [Xxx
5 d=3nm| 0.95 [ 1.02 [ 1.47 [ 0.97 | 0.94 | 1.24 | 1.51
_E X Dx—l' d=5nm|(1.021092| 1.4 | 1.0 |095| - |[142
o .X+z OX—2 d=7nm| - |097|145| - |096| - |[1.85
s A, A, | Xl Xe X
g V X Single | 0.9 | 0.85| 1.7
c

Fig. 5-11. Excitation power dependence of PL spectra (pump:
1.41eV). (a)-(d) PL spectra at the high/low excitation intensity.
(e) Excitation power dependence of the integrated PL intensity
in d=3nm CQD. Table: Exponent “m” to the excitation power of

all labeled peaks.

excitonic (biexciton-like) states (see the tablein Fig. 5-11).

Here, we focus on the two fundamental PL peaks (X; and X,). These peaks exhibit a linear

dependence on the excitation intensities (m ~ 1). This feature shows that the X; and X, peaks

originate from exciton states rather than multiple excitonic states. Much the same is true for the

single QD. The presence of the doublet PL peaks (X, and X;) has possibilities of several origins:

(1) Charged exciton (2) Different exciton states (involving a dark exciton) caused by the anisotropy

of the QD shape (3) Asymmetric transition between an electron in one QD and a hole in the

neighboring QD (4) Excited states of exciton. We shall consider these possibilitiesin order.
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(1) Charged exciton:

Many previous studies indicate the existence of a charged exciton in In(Ga)As QDs***'#" and

GaAs quantum disks.*** Asiswell known, a negatively (positively) charged exciton shows a lower

(higher) energy PL peak than a PL peak of a neutral exciton. Furthermore, it has been reported that

anegatively charged exciton in an InAs QD'? and a positively charged exciton in a GaAs quantum

disk™® had the polarization memory to circularly polarized right, unlike a neutral exciton which did

not depend on circularly polarized right. Here, we show the circular polarization dependences of

the PL spectrain our CQDs and asingle QD in Fig. 5-12(a)—(d). As seen in the figures, the X; peak

in al samples is strongly dependent on circularly polarized light. The X; peak, therefore, has

possibility of a positively charged exciton because of the higher peak energy than the neutral

exciton energy (X, peak). But, we
need to be careful about the origin
of extra carriers contributing to the
charged exciton formation, which
will be supplied from out of QDs or
exist preliminarily in QDs. J. J.
Finley et al. have reported that the
PLE spectra of the positively
charged exciton do not have peaks
below the WL energy.® This
suggests that the extra carriers
contributing to the charged exciton
formation are not excited under the
excitation condition of lower
energy than the WL energy; this
condition leads to create only one
pair of an electron and a hole. In
other words, in this case, the extra

carriers contributing to the charged

exciton formation were supplies

d=5nm]

(a) X+l’,’r\y X_l n
[d=3nm | A Xl
O | . L

{ Lo iyl O ; !

I il i | TR R — b

PL intensity [a.u.]

32

-
A

1.308 1.314 1.320

(d) singte

1.324 1.328 1332 1324 1326 1328
 (e) d=3nm X' Exc. Det. x X,
. 2
llxz J X
. | = >~ L
- N J < | ) -
+—>
jl J I ol l
1.312 1.316 1.340 1.344

Photon energy [eV]

Fig. 5-12. PL spectra under the polarized light excitation.

(a)-(d) PL spectra under the circularly light excitation. The
polarization of the excitation light is clockwise and the polarization
of the PL detection is both clockwise and anticlockwise. (e)
Dependence of the PL spectra on linearly polarized light in d=3nm
CQD. Excitation energy was 1.41eV in all spectra.
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from out of a QD. L. Besombes et al. have also reported that the PLE spectra of the positively
charged exciton do not have peaks around the WL energy.”’ This suggests that the carriers
originating from background doping, which contribute to the charged exciton formation, are
compensated by the extra carriers dissociating from excitons in the WL. In other words, in this case,
the extra carriers contributing to the charged exciton formation exist preliminarily in a QD.
However, in our cases, the structure of X; PLE spectra (see Fig. 5-13-14) has many peaks at the
overall excitation energy and we confirmed that the X; peak maintains it's intensity at the WL
excitation (Fig. 5-10-12) and the interband excitation (1.55 €V), conflicting with the results of
previous works about the charged exciton. These observations suggest that the X; peak does not
originate from extra carriers. Therefore, a charged exciton does not explain our observations.

(2) Different exciton states (involving a dark exciton) dueto the QD shape:

The doublet exciton states in a QD have been discussed theoretically*®?*'® and have been
observed experimentally.”®®*?” This doublet structure with 0.01-1 meV scale energy splitting is
considered to be results of an activation of the “bright” exciton mixing with the “dark” exciton
through the exchange interaction caused by the anisotropy of the QD shape or magnetic field
induced. Furthermore, it has been reported that these doublet peaks depend on linearly polarized
light, because of the origin of the QD shape anisotropy.****?® Now, we show the linear polarization
dependences of the PL spectrain our d = 3 nm CQD in Fig. 5-12(€). As seen in the figure, the ratios
between the X; and X, PL intensities are almost same. This result indicates that the X; and X,
peaks do not relate to the QD shape anisotropy. Therefore, the possibility given here can not
explain our observations. Intrinsically, the splitting energy between the X; and X, peaks (1-5 meV)
istoo large to be explained by the exchange interaction.

(3) Asymmetric transition between an electron in one QD and a hole in the neighbor QD:

It has been suggested that an electron of the coupling levels (bonding and anti-bonding states) in a

CQD has possibility to recombine severaly with each hole in two QDs because a hole isisolated in

each QD due to its large effective mass.*®

This prediction indicates multiple PL peaks in a PL
spectrum of a single CQD. In this case, it seems to be roughly expected that the energy separation
between two peaks (X1, X») will be same in both two PL groups (X, X") because the energies of
holes in each QD stay constant. But, in our observation, the energy separations between the X; and

X, peaks are dl different in each PL group of every CQDs. Furthermore, the fact that the single QD
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also has double PL lines conflicts with this prediction, because a single QD would have asingle PL
lineif this prediction was true. In addition, this prediction does not explain the circular polarization
memory of the X; peaks. Therefore, the asymmetric transition can not explain our observations.

(4) Excited states of exciton:

Thus, the possibilities of (1)—(3) mentioned above can not explain our observation. When we
focus on the circular polarization memory of the X; peaks, this feature implies that the X; states
have a nonzero quantum number; it means that the X, states will be excited states of a neutral
exciton. Many hole bound states with a close energy level separation of afew meV in a QD were

128 in contrast

expected on the basis of theoretical calculations®™ and were reported experimentally,
to the electron bound states with a large energy separation more than several tens meV. Therefore,
considering the result of the circular polarization memory, we think that the X; peak seems to
originate from the p-like hole excited state in the exciton consisting of the coupling levels. In
contrast, the X, peak, which has a zero quantum number on the basis of its lack of dependence on
circularly polarized light, seems to originate from the s-like ground state. Furthermore, the X peak
is thought to be stable and to have a long relaxation time for relaxation to the ground X, states
based on the large PL intensity.

Here, we note that d = 7 nm CQD has only s-like X, peak which is independent on circularly
polarized light [Fig. 5-12(c)], whereas single QD has both X; and X, peaks [Fig. 5-12(d)].
Although it is currently unclear why the d = 7 nm CQD does not have an p-like X; peak, we
consider this may be because the X, state is forbidden as a result of the strain distribution of d = 7
nm CQD being different from those of other samples. At any rate, comparison of PLE spectra
enables us to confirm more clear origin whether two PL peaks originate from same QD (single QD)

or different QDs (d = 7 nm CQD). The details will be mentioned in the next section.

5-2-3. Electronic Sructuresat Higher Energy Sates

Next, we discuss the higher excited states of CQDs using the results of photoluminescence
excitation (PLE) measurements. The electronic structures at the higher energy states will inform us
about the carrier transfer between two QDs through the electron wave function coupling of the
excited levels. Moreover, we will also identify the origin of the emission more clearly by means of

comparing the peak energy correspondence between PLE spectra. In Fig. 5-13-14, we present the
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PLE spectra of a single CQD with various barrier thicknesses and a single QD. We can see two
general characteristics in the figure. Oneisthat the PLE spectra of the two PL peaks (X1, X») in one
PL group have many coincident peaks as indicated by the dotted line. Another is that there are
several coincident PLE peaks between the two PL groups (between the X* and X~ states) as
indicated by the dashed line but other peaks are inherent to each group.

The former characteristic, the existence of many coincident PLE peaks in one PL group (between
X1 and X,), indicates that these two peaks originate from the same excited level series, which
means that the X; peak is the excited level of the X, state in a group. In the single QD [Fig.
5-14(b)], we also observed same feature, which indicates the pair PL lines (X;, X;) originating
from same QD. These observations support our suggestion in the previous section that the X; state
is the p-like hole excited state. In contrast, in the case of d = 7 nm CQD [Fig. 5-14(a)], the PLE
spectra of two PL peaks (X', X7)

are not correspondent, which means
that these peaks originate from
different QD ind =7 nm CQD each
other. Thus, comparison of PLE
spectra enables us to identify the
origin of the emission.

On the other hand, the latter

characteristic, the coexistence of

both the coincident PLE peaks

between the two PL groups and the

PL intensity [a.u.]

inherent peaks to each group,

indicates the coexistence of two
different excited level series in the
electronic structure of our CQDs,

which are the common excited

level series between the X* and X~ 1.30 132 134 136 138
Photon energy [eV]
levels and the individua excited
Fig. 5-13. PLE spectrain aCQD

level series for each state. In these (@ d=3nm, (b)d=5nm.
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two excited level series, the individual excited level seriesis considered to originate from the hole
excited states. As mentioned above, many hole bound states with a close energy level separation of
afew meV are existing in a QD.%* Because of a large effective mass of the hole, the hole wave
functions will not couple with the neighboring QD. Therefore, the energy levels related to the hole
excited states should be observed as individual excited level series for each PL group (each
coupling level of X* and X"). On the contrary, the electron wave function coupling between two
QDs will induce the common excited levels between the X* and X~ states. The number of the
common excited levels should change with the coupling strength between two QDs; for examples,
the strong wave function coupling will result in many common excited levels due to increasing of
the number of the electron excited states coupling with the neighboring QD (the level sharing
between the X* and X~ states), which means enhancement of the carrier transfer between two QDs.

This prediction can be seen in Fig.

5-13-14. Comparing the PLE (a) X', ' X, j
spectra of CQDs with various . . _

barrier thicknesses, the number of X\Xlx Xy X2

the common PLE pesaks between -'—; ;5- : 'l'l.?:so' — l
the X* and X~ states increases with [ d=7nm

reductions of the barrier thicknesses

as indicated by the dashed line.

This observation directly shows

that the level sharing between the

PL intensity [a.u.]

X" and X~ states and the carrier

transfer between two QDs are - 1324 1326 1.328

enhanced with reductions of the e 1
Single
barrier thickness due to the wave i

function coupling of the excited I ?
Ie\/els- B XXXW

1.32 134 136 138
Photon energy [eV]

Thus, we observed the common

excited levels due to the level _ . .
Fig. 5-14. PLE spectrain a CQD and single QD.

sharing between the electron (@) d =7nm CQD (b) single QD.
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excited states and the individual excited levels originating from the hole excited states in a CQD
system. From these results, we can roughly classify d = 3, 5 nm CQDs into the quantum
mechanical coupling system (strong coupling region), in which the wave function coupling and the
carrier transfer are large, and d = 7 nm CQD into the electromagnetic coupling system (weak
coupling region), in which the wave function coupling and the carrier transfer are very small and

the electromagnetic interaction will be dominant.

5-2-4. Carrier Relaxation in CQD System

Additionally, we will mention the carrier relaxation in a CQD

system. Gotoh et al. discussed the quantum resonance, namely the X

Fano resonance, in a single QD.* They suggested that an exciton P,
shows the Fano resonance with a biexciton because the difference in B ¢1='

the relaxation path between the exciton and the biexciton yields the % X XX
phase difference of the coherent dipole as long as the exciton and the ! !

biexciton maintain its coherence (Fig. 5-15). Further, they showed its Fig. 5-15. Fano resonance n

a QD proposed by H. Gotoh

experimental evidences in a single QD in which the PLE spectraof 3~

the exciton showed dip structure caused by the existence of the

biexciton. We observed same features in the PLE spectra of our QDs. In Fig. 5-13-14, we aso
show the PLE spectra of the biexciton-like states (labeled as Xxx). With the single QD and d = 7
nm CQD, there are dip structures in the X, PLE spectra at an energy corresponding to the peaksin
the PLE spectra of the Xxx states, for example, peaks A and B in the figures (the detail spectra are
shown in Fig. 5-16). This phenomenon suggests that there is Fano resonance between the X, , and
Xxx statesin our QD as discussed in Ref. 129.

This expression of the quantum resonance will enable us to monitor the coherence of the carrier
relaxation in a CQD. The strong wave function coupling will induce many fine energy structures
because of the exchange interaction among electrons and holes. Then, the complexity of the
relaxation process originating from the mixed energy structures should dissipate the carrier
coherence and eliminate the quantum resonance because of the carrier—phonon interaction which is
main rule of the carrier relaxation. This prediction can be seen in our observation. The reductionsin

the barrier thicknesses leads many weak PLE peaks which blur boundaries between neighboring
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peaks and yield quasi-continuum band (Fig.

5-13-14). This suggests that the strong wave
function coupling induces many mixing energy
states. And, in the single QD and d = 7 nm CQD
which are a non-coupling and a weak coupling

system, there are dip structures in the X;, PLE

spectra at an energy corresponding to the PLE

peaks of the Xxx states; it indicates the existence

PL intensity [a.u.]

of the quantum resonance. On the contrary, in the
d =5 and 3 nm CQDs which are strong coupling
system, the dip structures do not appear in the

X12 PLE spectra; it indicates the nonexistence of

the quantum resonance. This observation directly 1.35 1.36 1.37 1.38
Photon energy [eV]
shows that the complexity of the energy states in Fig. 5-16. Expanded PLE spectra.
(@) d=7nm CQDs. (b) single QD. The dotted
a strong CQD system has an important influence line indicates the levels causing the Fano

resonance between the X; and Xxx states.
on the decoherence of the carrier relaxation

process. Therefore, we must be careful when choosing the energy states if a CQD system with

quantum mechanical coupling is used for applications involving the use of coherence.

5-2-5. Conclusion

The electronic structures in a single InAs/GaAs CQD have been discussed. We observed the
bonding and anti-bonding states due to the electron wave function coupling in the PL spectra, in
which the strength variation of the quantum mechanical coupling with different barrier thicknesses
was confirmed. We also discussed the origin of the multiple PL peaks and suggested the
contribution of the hole excited states to the emissions in the QDs. On the basis of PLE
measurements, we showed the electronic structures of a CQD system in higher energy states. We
confirmed the common excited levels due to level sharing between the electron excited states and
the individual excited levels originating from the hole excited states in a CQD system. From this
result, we classified d = 3, 5 nm CQDs into the quantum mechanica coupling system (strong

coupling region) and d = 7 nm CQD into the electromagnetic coupling system (weak coupling
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region). Moreover, we implied the influence of strong wave function coupling on the decoherence

of the carrier relaxation processesin single CQD.
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5-3. Interdot Interactionsin a Strongly Coupled
Quantum Dot ~Formation of Exciton Molecule~

In the previous section, we showed the characteristics of electronic structures in a single CQD. It
was shown that d = 3, 5 nm CQDs were classified into the quantum mechanical coupling system
and d = 7 nm CQD was classified into the electromagnetic coupling system. In this section, we
focus on the interdot interaction in a strongly (quantum mechanically) CQD with d = 3 nm. We

discuss the inter-exciton interaction in a CQD by means of the two-color excitation technique.

5-3-1. Samples and Experimental Setup

The sample used in this section was the same as that used for d = 3 nm CQDs presented in Fig.
5-10(b). The experimental set-up was also the same as that in the previous section, in which a 1-m
double monochromator and a cooled CCD detector were used. The samples were cooledto 6 K ina
liquid helium cryostat, and two continuous-wave tunable Ti:sapphire lasers were used as excitation

sources in the two-color PLE measurement.

5-3-2. Results and Discussion

We replot the PL/PLE spectra of the e B . A R S S A
d =3 nmsingle CQD in Fig. 5-17. As -
discussed in the previous section, the

PLE spectra show common excited

levels and individual excited levels

between the bonding (X*) and the

PL intensity

anti-bonding (X") dates. In this

section, we focus on the latter: the

. . 1
individual excited levels for each e v
1.30 1.32 1.34 1.36 1.38

coupling state. These individua Photon energy [eV]
Fig. 5-17. PL/PLE spectra of d=3nm CQD.

excited level series enable us to excite
the X* and X  states individually. Using this characteristic, we attempted to observe the

inter-exciton interaction between bonding levelsin astrongly CQD system.
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For this purpose, we proposed the differential PLE (DPLE) spectroscopy. The measurement
procedure is described in Fig. 5-18(a). To begin with, we measure the one-color PLE spectra of
both the X™ and X~ states, and we select the energy level in the X* PLE spectrum whose energy
does not respond to the X~ state, as indicated by “Pump” in the figure. Tuning the wavelength of
the pump light source at this energy makes it possible for usto create carriers constantly only in the
X" state. Then, we measure the PLE spectrum of the X~ state excited by the probe light source with
or without pumping the X*. Finally, we obtain the DPLE spectrum of the X~ state in a reflection of
the X™ carrier creation by subtraction between the two PLE spectra of the X~ state.

In the top of Figure 5-18(b), we show the DPLE spectrum of the X, state. Here, the X*; state was
stationary excited by the pump excitation source whose energy was fixed at the E,m energy in the
figure. This Eyum energy is in the zero absorption range of the X™; state and excites only the X*;
state. The DPLE spectrum of the X™; state was obtained by subtraction between the one-color PLE

spectrum (without pump) and the two-color

PLE spectrum (with pump) which are shown (a) —
. . . . . Pump - . t Pro_be ]
in the middle of figure. As shown in Fig. excitation ———<*—gxcitation
— c—— . | (scan)
fixed) . .
5-18(b), the remarkable feature of the DPLE  ( I
spectrum is the existence of the X7
+ W W
luminescence suppression at the X™; excited X |[WwWw» X
dtates. (b)

We aso show PL spectra under the X' X . DPLE lE N
two-color excitation condition in Fig. 5-19(a), J . Y‘ Y
where X*; and X™; were excited at Eoum and *? |;;w ordeasd AL[L__M T

n N " :
Ea energies, respectively. In the X* group 5 2 colors of X : o
e 1
spectra, the carrier creation in X™; (two-color i= 1 color of X i
— 1
excitation) induces dramatic PL increment of o 10 EO ey

pum

the XX* peak, which is located at a lower 1 color W
1

energy than X*;, in contrast to amost the e e
1.30 1.32 1.34 1.36 1.38 1.40

same PL intensities of X*; and X, peaks. On Photon energy [eV]

the other hand, in the X~ group spectra, the Fig. 5-18. (a) Observation scheme of carrier correlation.
(b) 1-color, 2-color and differential PLE spectra in

carrier creation in X*; (two-color excitation) d=3nm CQD.
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induces noticeable PL decrement of the X™;

peak. These features are more clearly

A
L
1

presented in the excitation power dependence

of PL intensities described in Fig. 5-19(b),

2color - 1'- I -
where X, was constantly excited at Ex and """‘" .

PL intensity

the excitation intensity for X*; was changed [ . 1color . ]
the —-.-“h:‘ M I “ " l

L] L] ' L] L] L] ' L]
1.308 1.312 1.316 1.340 1.344
Photon energy [eV]

V XXT A X,
O X+1 0 X+2

a Eum energy. Significantly, in

two-color excitation condition, the X'

excitation (Epm) induces only the XX*
increment in spite of the prompt saturation
of X*i/X", peaks. At the same time, more

remarkably, it induces the decrement of the

/N . .
O Integral PL intensity
N

X1 emission, antisymmetricaly to the O O O
XX* increment. These features L B A A A BN N N B NN N A
0 5 10 15
demonstrate that X, carriers contribute to E Power [mW]
pump
XX formation. Of course, X*; surely Fig. 519. (a) PL spectra under the 1-color/2-color
excitation condition, where X*; and X~; were excited
contributes to XX* formation. In other at Epum and Ea respectively. (b) Integral PL intensity
as a function of excitation power of E,, under the
words, the XX*~ peak consists of both X*; 2-color excitation.

and X4 states.

Essentially, the bonding (X*) and anti-bonding (X") states in a quantum mechanical CQD will
constitute a quasi-biexcitonic state, called “exciton molecule,” caused by the interaction between
them. This formation corresponds to the X;X,—AE state in Fig. 3-6. Our observations in Fig. 5-19
precisely show that the XX* peak originates from an exciton-molecule. What is more noteworthy
is that X™; carriers are inductively expended to form exciton molecules under the existence of X*;
carriers.

Next, let us examine the detailed PL spectra of the X group. In truth, the biexciton of X™; itself
(called “self-biexciton”) is observed at an energy close to the XX ™~ peak. Figure 5-20 shows the PL
spectra of the X™ group with various Eym excitation intensities: (a) with X™; excitation at the Ea
energy (b) without X™; excitation. As can be seen in figure (b), when X7; is not excited, the

self-biexciton of X*; (XX™;) is dominantly emitted with an increment of excitation intensity, and
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the intensity of X'; aso increases. In
contrast, when X" is excited [figure (3)],

the exciton molecule (XX™1) s

dominantly emitted, and furthermore, X*;
and XX%; hardly increase. This
observation demonstrates that the X',

carrier is aso expended inductively to

form exciton molecules under the
existence of X7, carriers.
Here, we consider the biexciton

formation yield “y" on the basis of the

excitation power dependence of PL
intensity, | =y x P, where | and P area PL
and an excitation intensity, respectively
(Fig. 5-21). The origina vyield of
self-biexciton y*; is estimated at 1.96 from
the PL intensity in the one-color excitation
condition [filled triangle in Fig. 5-20(c)].
On the other hand, the estimated yield of
exciton molecules in two-color excitation
(y") is larger than y*; (open triangle). This

result shows that the X*; carrier forms an

exciton molecule more inductively than the self-biexciton formation. In our
two-color excitation condition, we estimated that the yield of exciton
molecules was 1.7 (y"/y*, = 2.68/1.57) times larger than that of
self-biexciton. We note that the yield of exciton molecules depends on the

excitation rate of X7, carriers because the exciton molecule formation

PL intensity

v L) v L) v L) A v L) v L)
1.3098 1.3100 1.3102 1.3104 1.3152 1.3154 1.3156

Integral PL intensity

/L
L) v L) v L) v L) v L)

i ' X' 2-color Exc. ' ('a)-
[ XX, /X\L XX,
% N NN

/L

Photon energy [eV]
] OXX™, AXX,

y=1.96

————r—r——r—r—r—r——r—
5 10 15

Epump Power [mW]

Fig. 5-20. (a-b). Excitation intensity dependence of X*
PL group: (a) with (b) without X™; excitation, where X*;
and X7, were excited at Ep,m and Ea respectively. (c).
Integral PL intensities of exciton molecule (XX*;) and
self-biexciton (XX*;) asa function of excitation intensity
of Epum under the 2-color excitation [the condition of
figure (a)]. Filled triangle indicates XX*; intensity
under the 1-color excitation. Solid lines indicate linear
fitting.

XX+
XX+_ —/\—
—/\— N .
x- |+ XY

X+

depends on the coexistence rate of both X* and X™; per unit time. At any

rate, both X* and X~ carriers preferentially contribute to the formation of

exciton molecules.

Fig. 5-21. Biexciton
formation yield.
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Putting it all together, the above processes are schematically shown in Fig. 5-22. In the one-color
excitation condition [figure ()], the photo excited carrier in the X~ excited level is preferentially
expended on X~ exciton emission because X~ carriers cannot form an exciton molecule because of
the non-existence of X" carriers. This case is common to the one-color PLE spectrum of X in Fig.
5-18(b) and the PL spectrain Fig. 5-20(b). On the other hand, in the two-color excitation condition
[Fig. 5-22 (b)], the existence of both X* and X carriers induces inductive formation of an exciton
molecule that results in the dominant emission of XX™ [Fig. 5-19, 5-20(a)], the dip structures in

the DPLE spectrum in Fig. 5-18(b), and the decrement of X intensity in Fig. 5-19(b).

(a) with Pump (b) without Pump
EA—>—(—)—
—
Pump

v v v

Fig. 5-22. Schematic drawing of inductive exciton-molecule formation in strongly CQDs. (a)
Mono-excitation. (b) Co-excitation.

5-3-3. Conclusion

We discussed the inter-exciton interaction between bonding levelsin a strongly CQD. The unique
excited levels of X*/X™ bonding states enabled us to excite the X" states individually. Analysis of
the differential PLE spectrum and the two-color excitation PL spectra demonstrated the inductive
formation of an exciton molecule consisting of both X and X~ states due to strong quantum
mechanical coupling. The formation yield of exciton molecules is 1.7 times larger than that of
self-biexciton in our excitation condition. These results and discussion offer new possibilities to

expand the design flexihilities of quantum logic devices using coupled QD systems.
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5-4. Interdot Interactionsin an Intermediate Coupled
Quantum Dot ~Formation of Exciton Molecule~

In the previous section, we considered the interdot interactions in a strongly (quantum
mechanically) CQD system. We showed that both bonding (X*) and anti-bonding (X°) States
contributed inductively to form an exciton molecule originating from the guantum mechanical
coupling. However, it was not possible to perform absolute separated excitation of the X*/X™ states
because of the large energy separation between these states originating from the strong quantum
coupling. This situation made it difficult for us to simply observe the inter-carrier interaction in a
CQD. In this section, the subject of the experiments is the d = 5 nm CQD, in which the energy
separation between the bonding statesis smaller than that in d = 3 nm CQD due to the intermediate
coupling strength. This condition in the d = 5 nm CQD will enable us to produce an individual

excitation of the X*/X™ states and a distinct observation of the inter-exciton interaction in a CQD.

5-4-1. Samples and Experimental Setup

The sample used in this section is the same as that in Section 5-2. The experimental set-up is also
the same as that in the previous section, in which a 1-m double monochromator and a cooled CCD
detector were used. The samples were cooled to 6 K in a liquid helium cryostat and two
continuous-wave tunable Ti:sapphire lasers were used as excitation sources in the two-color PLE

measurement.

5-4-2. Results and Discussion

In the previous section, we showed the formation of an exciton molecule consisting of both
bonding (X*) and anti-bonding (X°) states. Ind =5 nm CQD (intermediate coupling), the quantum
mechanical coupling is comparatively available, and consequently, there is the possibility that
coupling X* with X~ causes formation of an exciton molecule evenind =5 nm CQD.

Figure 5-23(a) presents the PL and PLE spectra of d =5 nm single CQD used in this section; here,
this CQD is different from that presented in Section 5-2 (different aperture hole). As shown in the
figure, this CQD shows the energy separation between X*/X™ states of AE = 17.5 meV. With careful

selection, we could find CQDs whose coupling levels were individually excited, although the
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sharing excited levels between X*/X~ were observed. In Fig. 5-23(a), X*/X~ states can be separately
excited at the E'/E" levels that originate from the hole excited states as mentioned in Section 5-3.
Thus, the energy difference of the excited states between X* and X~ makes it possible to
individually control the creation of an exciton in each bonding state.

The co-creation of X and X~ carriers

a. X X
by means of two-color excitation yields ( ) i i 17.5mey; 51 |
an interaction between X*/X™ states. In

Fig. 5-23(b), we present the PL spectra

under individual or simultaneous ';‘
excitation conditions. The excitation at ,E,
+ . + >
the E" (E") energy yielded only an X =
n |
_ .. . [ T T v )
(X") emission as shown in the center @ 130 132 154 136
(bottom) of the figure. However, when .S X ' 7/ ' '
— XX o Excitation x~,
the X* and X sates were excited 0O | ,’l'\ Xy x:, Eneray /Y |
il E'+E J !
simultaneously ~ [two-color  (E'/E) Al .“;1 vt p——
i ! [
. . o | : | -
excitation], a new peak appeared on the : . £ | :._/
L b PR | oy !
lower energy side than the X*; pesk v v B X
(c)) IS
(labeled XX™ at the top of the figure). v v 7/ . Y
1.296 1.300 1.304 1.316 1.320
This observation indicates the formation Photon energy [eV]
of an exciton molecule consisting of X* Fig. 5-23. (a) PL/PLE spectra of d=5nm CQD. The inset
indicates the PL spectrum under WL excitation. (b) PL
and X~ statesin ad = 3 nm CQD as spectra under the 1-color/2-color excitation (E*/E7). XX

indicates the exciton molecule.
shown in the previous section.

To rule out the possibility that XX™ peak attributed to self-biexciton of X*, we check the
excitation power dependence on PL intensity of all multiple exciton peaks. Firstly, we examined
the one-color excitation power dependence of the PL intensities as presented in Fig. 5-24(a), where
the excitation laser energy was fixed at wetting layer energy. At high excitation density, the four
new peaks (XX, XX™,, XX, XX7,) were appeared at lower energy side of each fundamental peak
(X*1, X¥5, X71, X7,). The excitation power dependence of these four peaks exhibits the quadratic
dependence on excitation power, which imply that two excitons contribute to form these new peak.

From this result, there are two possibility that new peak XX is due to the biexciton of X*; exciton
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itself or an exciton molecule consisting of
two different exctions.

If the XX™ originates from the
self-biexiciton of the X™;, the PL intensity
of XX*~ should strongly depend on only
the E' excitation, while if the XX*
originates from an exciton molecule, the
PL intensity of XX* should depend on
both E and E" excitation. Consequently,
we measured the two-color excitation
power dependence of the XX PL
intensity, as shown in Fig. 5-24(b), where
the two-color excitation energies were
fixed at E" and E". As seen in the figure,
the XX*~ PL intensity depends on both E
and E" excitation, which reveals that XX
originates from an exciton molecule
consisting of the X*/X™ states.

Furthermore, we will show another

evidence for the existence of an exciton

~~
QO
=

PL intensity [a.u.]

Vji
| — | 57/
1=
SK @
.’.
“’IA(A { &
m=1 A/‘{v A 1 F
13
o X<, 5
Ax, Vx| & m=2/@ Ax, AXxX,
! m—rrrm— € by
L 01 1 10 01 1 10
+_ P [mW]
XX
: 20P,
L + -
XX,

XX -
0 N 1

X x* L X X
At l_Jl 2 3F_)_Q_,.l .llj i

A | PO A |

/) e

T r r v 17 111>
1.296 1.298 1.300 1.302 1.314 1.316 1.318

XX intensity

2
°0 ¢
Fig. 5-24. Excitation power dependence of PL spectra.

(@) 1l-color excitation condition (WL excitation). (b)
Integral PL intensity of XX peak under 2-color
excitation (E*/E).

molecule by undertaking a two-color PLE measurement, as mentioned in the previous section. If

the exciton molecule originates from both the X and X~ states, the X* exciton should always

contribute to the formation of an exciton molecule regardless of which higher energy levels of X*

are excited. The measurement procedure is as follows [see Fig. 5-25(a)]. To begin with, the energy

of the pump light source isfixed at the excited state of X, which is excited constantly, as indicated

by “Pump” in the figure. Then, X" is excited by a 2™ probe light source whose energy is scanned

for the PL E measurement. We measure the PLE spectra of the XX ™ peak with the pump (two-color

PLE) and the X" peak without the pump (one-color PLE), and finally we confirm which X* levels

contribute to the XX*~ emission by comparing the PLE spectra of the XX~ and X states.

The measurement results are presented in Fig. 5-25(b), where the X~ states was constantly excited
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at E ump energy indicated in the figure. The -

B
two-color PLE peaks of the XX™ state (at the —1— Probe, Pump
_ o _ _ 1 (scan) “ (fixed)
top of the figure) nearly coincide with the | —

—l—\ v
one-color PLE peaks of X*; (second from the —1—

bottom in the figure) as indicated by dotted . . v

X XX X (a)

lines. This result shows that the X exciton is

certain to contribute to the XX emission in

the excited state of X*. Thus, we show 3

@®
evidence for the formation of an exciton —

o . . _ _Z\ | X 2-color

molecule consisting of X™ and X~ excitons in D 1
an intermediate CQD system. % 1-color

OF
Now, let us briefly mention the binding = E.

] b - pump
energy of an exciton molecule (between QO ( ) 1-color X 1

v ) v ) v ) v T v T y

excitons). Figure 5-26 shows the binding 131 132 133 134 135

Photon energy [eV]
Fig. 5-25. (a) 2-color excitation experiment. (b) PLE
nm CQDs and the self-biexciton in d = 3 nm spectra under 1-color/2-color excitation.

energies of an exciton molecule ind = 3, 5

CQD (see the previous section). As shown in the figure, the binding energy of the exciton molecule
is larger than that of the self-biexciton, and also increases with increments in the barrier thickness.
Here, an exciton is analogous to a hydrogen atom, consequently we can assume that the interaction

130 \When the inter-exciton distance is close

between excitons is analogous to a hydrogen molecule.
to the Bohr radius, the repulsive force between exctions may make the system energy large; that is,

the binding energy between excitons will be

reduced. In our QD system, the QD size (~20 nm) E 0.0+ ' S A
is smaller than the exciton Bohr radius (36.8 nmin . 0.5-. A . ® .
bulk). Therefore, the binding energy between g Lol xx XX+_ ]
excitons seems to be smaller than the value at the qév 1.5_' o _
minimum system energy. In this condition, losing E | S S B
the inter-carrier distance will reduce the system Barrier thickness [nm]

. . Fig. 5-26. Binding energy of the exciton molecule
energy rapidly. In our CQDs, the carrier and the self-biexciton as a function of the barrier
thickness.
occupation in different bonding levels (X*, X°)
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increases the inter-carrier distance, and also the larger interdot spacing may increase it, because
these bonding levels are expected to be dlightly localized in either one of two QDs, respectively,
due to the small energy mismatch between two QDs. We think that this effect seems to be the main
origin of the large binding energy of an exciton molecule and the barrier thickness dependence. Of
course, our data is insufficient for quantitative analysis, therefore, further systematic experiments

need to be performed for a definitive understanding.

5-4-3. Conclusion

We discussed the interdot interaction in an intermediate CQD system. The intermediate coupling
strength in d = 5 nm CQD enabled us to produce an individual excitation of the bonding
(XM)/anti-bonding (X*) states. We demonstrated the formation of an exciton molecule consisting of
X" and X~ excitons in a CQD, which appeared in the two-color excitation PL spectra. In addition,
we suggested that the binding energy of an exciton molecule depended on the inter-carrier distance.

Our result offers new possibilities for quantum logic devices using a CQD system.
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5-5. Interdot Interaction in a Weakly Coupled Quantum
Dot ~Multiplication Effect of PL Intensity~

In the above sections, we investigated the inter-exciton interaction in quantum mechanical CQDs.
We demonstrated that quantum mechanical coupling induced the formation of an exciton molecule
consisting of bonding states. However, it is difficult for us to distinguish between quantum
mechanical and electromagnetic couplings, because these coexist in the quantum coupling system.
Furthermore, the complexities of the electronic structures and the coupling mechanisms are an
obstacle for the application of a CQD system, as indicated in Section 5-2-4. On the other hand, as
described in Section 3-1-5, the thick interdot spacing sufficiently weakens the quantum mechanical
coupling so as to neglect the carrier transfer between QDs, but maintains an electromagnetic
interaction. The simplification of the coupling mechanisms will help us understand the interdot
interaction and provide us with a simple system for applications. In this section, we discuss the
interdot interaction in d = 7 nm single CQD, in which the carrier transfer between QDs is
negligible as mentioned in Section 5-2. We present the responses in a co-excitation of two QDs

constituting a CQD.

5-5-1. Samples and Experimental Setup

The sample used in this section was the same as the d = 7 nm CQD treated in Section 5-2. The
experimental set-up was also the same as that outlined in the previous Sections 5-2-4, in which a
1-m double monochromator and a cooled CCD detector were used. The samples were cooled to 6
K in a liquid helium cryostat and two continuous-wave tunable Ti:sapphire lasers were used as

excitation sources in the two-color PLE measurement.

5-5-2. Results and Discussion

The PL and PLE spectra of two pairs of CQDs used in this section are presented in Fig. 5-27(a).
CQD A isthe same single CQD as presented in Section 5-2, and CQD B is another single CQD
lying in a different aperture hole on the same sample. In Section 5-2, we described the two
fundamental PL peaks as X*, and X ,. However, it may be better to express these peaks as the
different QDs constituting a CQD, because the carrier transfer is negligible in d = 7 nm CQD.
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Therefore, the two PL peaks are

expressed as two QDs (QD1, QD2) in (a) CQD A QD2 PLE |E:
Fig. 5-27(3). QD1 QDlMU
As shown in the PLE spectra of [
QD1/QD2, the discrete excited levels
due to threedimensional quantum 3
@©
confinement, which are related to holes :
o
(Section 5-2), are observed as in g
previous sections. These excited levels % i
— 131 1.32 1.33 1.34 1.35 1.36 1.37
vary between QD1 and QD2 as regards _| p—r—r—v—v——— e
a= - CQD B N CQDA
the reflection of the different I Q i1 QDA
| | QD1 QD2 i |QD1 QD2
luminescence energies, consequently this i ' | i Excitation
_ . | 1E;+E,, ! i§+@l
observation ensures that there is no repeepend bl .
B i
carrier transfer between QD1 and QD2. (b) ‘.\ ;i E, \; L, E, J
These results are common features in 1.3;12' 7 '1.3:16' M '“'1.?:28' i '1‘3;32'
CQD A and B, and make it possible for Photon energy [eV]
. o . Fig. 5-27. (@) PL/PLE spectra of d=7nm single CQD. CQDs
us to excite each QD individually using A/B are located in different aperture hole. QD1/QD2
indicate the two QDs in a single CQD, respectively. (b) PL
two laser sources and observe the spectra of CQDs in figure (a) under 1-color and 2-color
excitation condition. E1 (E3) and E2 (E4) indicate the
interdot interaction. excitation energy of the two laser sources as are shown in
figure (a).

Figure 5-27(b) presents the PL spectra
under the one-color or two-color excitation. In the case of CQD A, the E1 (E2) energy excites only
QD1 (QD2) as shown in the middle (bottom) of the figure. However, when QD1 and QD2 are
excited at the same time by using two-color excitation (both E1 and E2), there is a noticeable
increase in the PL intensity (at the top of the figure). In particular, the PL intensity of QD1 is
dramatically increased more than three times. Exactly the same feature was observed in the case of
CQD B. These observations directly indicate the existence of an interdot interaction in the
electromagnetic CQD.

To rule out the possibility that the above results indicate an accidental observation, we simply
have to confirm whether the luminescence intensity of QD1 increases with the excitation of most

excited levels of QD2. This is because the carriers created in QD2 will influence the luminescence
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of QD1 independently of which levels of

— T —
QD2 are excited if the interaction occurs. (a) < Probe >
(scan) ot g Pump
Therefore, we performed a two-color PLE P S i) (fixed)
measurement, as mentioned in the —— 1
previous sections. The measurement QD2" W QDlU'WW’
procedure is as follows [Fig. 5-28(a)]. To v L M L |
o O)[ e 7, 15 capa
begin with, the wavelength of the pump _ o 3 5 -
light source is fixed at an excited state of :5 1% % %
© Peak energy [eV]

QD1, which is excited constantly, as : QD1 ;
indicated by “Pump” in the figure. Then, g - 2 color : _ E 5 i i .
: . : ) b Epump | :

QD2 is excited by a 2nd probe light 2 | 1color ; , o ;

source whose wavelength is scanned for D_I__ QD2 5 : v

the PLE measurement. We measure the | 1color -
T ———————————

PLE spectra of QD1 with (two-color PLE) 134 1.35 1.36 1.37

Photon energy [eV]

Fig. 5-28. (a) 2-color PLE experiment. (b) Results of
2-color PLE measurement in CQD A. The bottom
(middle) spectrum is the 1-color PLE spectrum of QD2
(QD1). The top spectrum is the 2-color PLE spectrum of

and without (one-color PLE) the pump:

the interaction between two QDs will

appear in the two-color PLE. Finally, we QD1, which was pumped constantly at the Epym, energy
. . . by another laser source. The inset shows rate of PL
confirm which levels of QD2 influence increasing in QD1 with 2-color excitation; the amount of
QD1 PL increasing with 2-color excitation is divided by

the luminescence intensity of QD1 by the QD2 PL intensity with 1-color excitation for the

particular peaksindicated by the dotted lines.
comparing the two-color and one-color

PLE.

The measurement result of CQD A is shown in Fig. 5-28(b). The one-color PLE peaks of QD2
seen at the bottom of the figure coincide with the two-color PLE peaks of QD1 at the top of the
figure, which indicate the increasing PL intensities of QD1, as indicated by dotted lines. This result
shows that the carriers created in QD2 are certain to couple with those in QD1 in any excited state
of QD2. Thus, our remarkable observation demonstrates the interdot interaction in the
electromagnetic CQD.

Next, let us consider the mechanism of interdot interaction in weakly CQDs. Here, we give some
possible explanations for the PL enhancement effect, as follows: (1) carrier transfer through the

tunneling process (Dexter type energy transfer);***  (2) two-photon absorption; (3) Forster type
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energy transfer;™** (4) super radiance effect.’®

As mentioned in Section 5-2, the assumption (1), carrier transfer, is very small ind =7 nm CQD.
If the tunneling process had occurred, the one-color excitation would have yielded both QD1 and
QD2 emissions. The realization of separate excitation evinced the inadequacy of assumption (1).
Next, the assumption (2), two-photon absorption, induces interband transition at a higher energy
than the wetting layer energy. In this case, the PL spectrum under two-color excitation should be
the same as that under one-color wetting layer excitation. However, this prediction contradicts our
observations. It is also difficult to explain the PL enhancement more than three times by
two-photon absorption. The Forster type energy transfer, assumption (3), is a typical process in
electromagnetic interaction. In this process, the higher energy system releases energy to the lower
energy system through dipole-dipole interaction. In this case, athough carrier transfer is not
involved, the one-color excitation of QD1 yielded QD2 emission. However, the separate excitation
in our CQD system conflicts with this assumption. The super radiance effect, assumption (4),
proposed by R. H. Dicke, is the coherent conjunction phenomenon of the transition dipole
aggregates, in which coherent coupling between transition dipoles leads to stimulated emission
resulting in enhanced luminescence.™® In QDs, the shortening of emission lifetime, namely the
emission enhancement per unit time, has been reported.*® This has been understood as the super
radiance effect caused by the fact that the transition dipole fills the volume of a QD coherently
(coherent volume).™® In this case, the PL intensity is expected to be two-fold with the double
coherent volume caused by the total size of a

CQD. However, the increment in the PL _—

< Pump
intensities in our observations is too large to o —r (e
be explained by super radiance. !
Thus, the explanations given above do not .
correspond to our observations. Here, we ‘ Biexcitonic levels [X>
propose a model where the PL increment %’\/\/\b A W
originates from the enhancement of the energy
relaxation caused by the electromagnetic _QD2_ ?Dl_Ig>

. . . Fig. 5-29. Quasi-biexcitonic state induced by the

interaction between two QDs. That is, the  gipoledipole interaction between excitons of
S . QD1/QD.

guasi-biexcitonic state induced by the
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dipole-dipole interaction between excitons

of QDL/QD2 alows extra rapid relaxation
paths that enhance the energy relaxation per
unit time, resulting in the increment of the

PL intensity (Fig. 5-29).

PL intensity

Here, in order to consider the above

PL increment: AIQDl

1-color Q:QD1,A:QD2
2-color @:QD1,A:QD2,V Al o1
2 2 2 2 222l o 2 a2 2 2 222l

interpretation, we present the excitation m=0.8

power dependence of the PL intensity under 2 .(.).1 s : ik
two-color excitation. Figure 5-30(a) shows Excitation power [mW]
the excitation power dependence of integral (b) |QD1)|QD2)

PL intensities in CQD A. The open circle
and triangle indicate the dependences of
QD1 and QD2, respectively, under the

one-color excitation condition, which

reasonably exhibits linear dependence on

A . Fig. 5-30. (a) Excitation power dependence of integral PL
the excitation power (m = 1)- The filled intgensitieﬁ(irz CQD A. QFI)Dl and e(SDZ were excit:g at E1
. . and E2, respectively. In 2-color excitation, the detection of
circle and triangle denote the dependences QD1 was performed under the varied E2 intensity with
constant E1 excitation, and vice versa. Solid lines are
under the two-color excitation condition,  fitting curves with the exponent “m’” to the excitation

power. (b) Carrier occupation diagram in aweakly CQD.

where the data for QD1 were obtained under

the varied E2 intensity with constant E1 excitation and the data for QD2 were obtained under the
varied E1 intensity with constant E2 excitation. Consequently, these observations mean the PL
increment caused by carrier creation in the neighboring QD [see Fig. 5-30(b)]. As we can see, the
dependences in two-color excitation express the non-linear dependence on excitation intesity (m <
0.5). Here, we consider the increasing amount of PL intensity in two-color excitation:

_ 12 1c
Al oy =101 —lop1s  -+-Eq.57

|2C IlC

where 1< is the PL intensity under two-color excitation, and |~ is the PL intensity under one-color
excitation. The inverted triangle in Fig. 5-30(a) denotes Algp; as a function of QD2 excitation
power. As we can see, Algp; shows close to linear dependence on the QD2 excitation power (m =
0.8). This result reflects the fact that the PL increment arises from the state |QD1)|QD2) in which

both QD1 and QD2 are excited [|QD1)|QD2) — |QD2) as shown in Fig. 5-30(b)]. The fact that the
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PL increment is more than three times indicates that the increasing ratio of PL intensity is very
large.
Then, we analyzed the PL increasing ratio in two-color excitation on the basis of our

interpretation. We consider the rate equation of QD1 [Fig. 5-31(a)]:

dN dN
dt2 :_}/21N2 +FNO’ d_tl:_yloNl-i_yZlNzl Eq5‘8

From these equations, the population of the lowest excited level N; iswritten as

r-
N, = Va1 N. ..Eq59
710F+(710 +F)'721

When the interband energy relaxation j,; is modulated by the carrier population of QD2, the

increasing ratio of PL intensity in two-color excitation is derived as

Ny /' _ Yl + (o + D)5 72
2c

N, Vol + (7’10 +F)7/21 7%2
where Nic and N, are the carrier populations in one-color and two-color excitations, y;g and

. ...Eq.510

and y> are the interband energy relaxation rates in one-color and two-color excitation,

respectively. Here, we assume that the

interband  energy  relaxation 2 s (a) Yor N,
proportional to the carrier population of QD2 N1
(Nap2); that is, yZ° is proportional to the r Yo WY Ao
QD2 excitation intensity (Pg):
Va1 © Ngpp € Py ..Eq.5-11 QD1 No
Then, we analyzed the observation results ZH 6 '(b) ' ' ' '
using Egs 510 and 5-11. Figure 5-31(b) = A B A
S i
presents the PL increasing ratio Np/N;c as a -%
function of QD2 excitation intensity. Different E Circle : P_,=1.0mW
o 24 .
marks in the figure denote different QD1 &£ Triangle : P =1.6mW
[}
excitation conditions. As shown in the figure, g P TP T T —
— 0 1 2 3 4
the fitting curves derived from Egs 5-10 and Excitation power: P, [mW]
5-11 reproduce the observation results even Fig. 5-31. (a) Energy level diagram of QD1. (b)
Increment ratio of QD1 PL intensity in CQD A under
with different excitation conditions of QD1 (I 2-color excitation as a function of E2 excitation
intensity, where the E1 intensity was constant. Solid
= 042, 0.67), where the carriers mainly lines arefitting curves (see the text).

76 Shohgo YAMAUCHI



Optical Propertiesin InAs/GaAs Coupled Quantum Dots 5. Optical Properties of Coupled Quantum Dots

occupy the excited state N, in these excitation conditions. Thus, these analyses strongly support our
interpretation that the PL increment in two-color excitation arises from enhancement of the
interband energy relaxation due to interdot interaction, such as dipole-dipole interaction. When we
consider 150 = 1.24 ns (Section 5-1), we obtain 1/y3 = 5.2 ns from the fitting parameters.
Furthermore, we can estimate that the energy relaxation time ],/ 722‘1: is reduced from 5.2 ns to 650
ps by the co-excitation of QD1/QD2 (at Pg, = 1 mW).

Here, we mention another possible interpretation: the defect levels near the QD are occupied by
photo-generated carriers in QD2, which leads to the inhibition of optical quenching, and
consequently QD2 emission is increased. We verified this interpretation by means of the rate

equations

dN dN
d'[z =I'Ng = (7 + 74 )N;, d_t1:721N2 ~ (Y0 +74)N;,  ...Eq.512

where yq is the relaxation rate through the defect level. We assumed y3 o« v /Pe, . and

estimated Noo/N;. as is the case with Eqg. 5-10. However, we could not reproduce our experimental
results with realistic fitting parameters, because we needed yq >> y10 (one-order magnitude) for the
fitting (1/y4 ~ 100—200 ps). This kind of fast detention time in the defect level is unlikely because
the non-radiative recombination time was estimated at 1-10 ns in 111-V compound semiconductor
nano-structures.**"**® Furthermore, the observation of PL lifetime = 1.24 ns (Section 5-1) conflicts
with such a fast non-radiative recombination because the PL lifetime is composed of radiative and
non-radiative recombination times (L/tp. = Uty + Vty).

In the first place, if the defect level has an effect on the photon emission process, the two-color
excitation of QD1 induces similar phenomena to the PL increment in the excitation of both
QD1/QD2. However, our results in the two-color PLE experiment conflict with this prediction. For
example, let us look back at the two-color PLE spectrum of QD1 in Fig. 5-28(b). The one-color
PLE spectrum of QD1 exhibits PLE peaks around 1.362 and 1.364 €V. Therefore, it might be
expected that the excitation at these PLE peaks induced the large PL increment in the two-color
excitation condition if the above prediction was correct. However, the fact that the large PL
increments are not present around 1.362 and 1.364 eV in the two-color PLE spectrum of QD1
conflicts with the mentioned assumption of the effect from the defect levels.

Thus, from the above discussion, our interpretation of the acceleration of energy relaxation with
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interdot interaction is thought to be the most likely cause of our observations. In passing, a PL
energy shift by the two-color excitation was not observed in our experiments. This implies that the
dipole-dipole interaction in d = 7 nm CQDs is not as intensive as leading to a larger energy shift

than the spectrum resolution (20 peV).

5-5-3. Conclusion

Interdot interaction in d = 7 nm weakly CQDs has been discussed. The separate excitation of two
QDs constituting the CQD was achieved because of the negligible carrier transfer arising from
weak wave function coupling. The simultaneous carrier creation in two QDs (two-color excitation)
induced the anomalous increment in PL intensity in the PL/PLE spectra, which evidenced the
interdot interaction in electromagnetic CQD. We suggest that this result originated from the

enhancement of interband energy relaxation due to interdot interaction.
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5-6. Correlated Photon Emission in a Weakly Coupled
Quantum Dot

In the previous section, we presented interdot interaction in electromagnetic CQDs. The
enhancement of PL intensity was observed as interdot interaction under the simultaneous
co-excitation of two QDs constituting the CQD. We suggested that this observation seemed to arise
from the enhancement of the interband energy relaxation due to the dipole-dipole interaction
between QDs. However, the photon emission dynamics is not aways clear. Therefore, in this
section, we attempt to detail the photon emission process in an el ectromagnetic CQD by observing
the photon emission correlation between QDs. The observation of a photon emission processin a
CQD by the time correlated single photon counting experiment will make it possible for us to

discuss the time evolution of the interdot interaction.

5-6-1. Sample

The sample used in this section is the (a)l T

same as the d = 7 nm CQD treated in the
previous section, while the aperture hole is
different from that used in the previous
section. Figure 5-32 presents the g
observation results under two-color >
excitation spectroscopy as performed in 2
G) LJ v LJ v LJ v LJ v LJ v LJ v LJ
the previous section. In spite of & _133 134 135 136 137 138 139
T [———————————
, . , —
observation with a different aperture hole, A QD1 QD2
enhancement of the PL intensity was B Excitation -
+
observed when both QD1 and QD2 El EZ
o . i E, |} i
congtituting the CQD were simultaneously — = 2 4
excited at their unique excited states E1 (b) — A_ — 1' —_———
q . b - in th 1.330 1.332 1.334 1336 1.338
and E2 [figure (b)], as shown in the Photon energy [eV]
previous section. As mentioned in the Fig. 5-32. (a) PL/PLE spectra of d=7nm single CQD.
(b) PL spectra of the CQD under 1-color/2-color
previous section, this phenomenon is a excitation, whose energies areindicated in figure (a).
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common feature in d = 7 nm CQDs. In this section, we measure the photon emission correlation

between QD1 and QD2 in Fig. 5-32 by the time correlated photon counting experiment.

5-6-2. Photon Correlation Satistics

Here, we briefly mention the photon correlation measurement

technique.f** Firgt, let us consider the time correlation of 1(t) /‘\/\/

optical intensity in an intensity fluctuated light as shown in Fig.

; - . . (a) t t+t
5-33(a). The Hanbury-Brown-Twiss set-up indicated in Fig.
5-33(b) is commonly used in the time correlation measurement X "?_%|(t+‘t) Det.2
of photons.* In the experimental set-up, the coincident i

counting of photons both on the single photon detector 1 in the (b) \(®) ~ Coincidence
Det 1 counting

time interval from t to t+dt; and on detector 2 from t+7 to

t+7+dt, is proportional to the following formula: T
| (t)I (t +7)dt,dt,. ...Eq.513 1)
Here, we define the time average of Eq. 5-13as (1(t)l (t+7)),

>t
. . (c) tt t  t+r
and define the time averages of photon counts by detectors 1
Fig. 5-33. Time-correlated photon
and 2 as (I(t)) and (I(t+7)), respectively. Then, the statistics (a) Light with temporal
fluctuation. (b) Photon correlation

former is normalized by the latter, and we obtain the coincident measurement (Hanbury-Brown-Twiss
setup). (c) Pulsed light source.

counting probability at the time delay t, asfollows:

@(r) = (11 (t+7))
(O)Y1(t+7))

...Eq. 5-14

@

Thisis known as a second-order photon correlation function. As 9o() (a)
can be seen from Fig. 5-33 and Eq. 5-14, the photon correlation 1 Y
function near = 0 means the photon number at 7= O relative to .
the photon number at t >> 0. For example, in the case of a @ 0

g@(r) ' (b)
pulsed light as shown in Fig. 5-33(c), if a single pulse contains
only a single photon, the destination of this photon through the 1
beam splitter is either detector 1 or detector 2. This means a >T

0

coincident counting probability of g@(0) < 1, because the two  Fig. 5-34. Second-order photon
correlation function.
detectors do not detect the photon simultaneously. This feature  (a). Anti-bunching. (b). Bunting.
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is called “photon anti-bunching” [Fig. 5-34(a)]. Even with a single photon in a single pulse, the
non-correlation of emissions between one photon at t and another photon at t + n-z results in
g®(n-7) = 1 (n = +1, +2, £3...). On the other hand, the case of a pulse containing several photons
has the possibility of g®@(0) > 1, because the detectors can detect photons simultaneously. Here, the
case of a coherent light source with a Poisson distribution, such as a laser, presents g?(0) = 1. In
addition, natural light, such as black-body radiation, provides g?(0) > 1, because the stimulated
emission of one atom is induced by the photon emitted from another atom within the coherence
time. Thisfeature is called “ photon bunching” [Fig. 5-34(b)].

As mentioned in Section 3-2-3, the exciton level in a QD becomes a single discrete state due to
three-dimensional quantum confinement. This means that the number of excitons lying at the
lowest excited level is unity. Consequently, the recombination of the exciton causes emission of a
single photon. In this process, the photon re-emission of the exciton after the photon emission of
the previous exciton requires a time interval more than the recombination life time of an exciton. In
other words, a single QD aways emits a single photon intermittently, even in the continuous
excitation condition.

In fact, there have been severa previous reports on observation of a single photon emitting from a
single QD by the Hanbury-Brown-Twiss experiment.?® 88 |n one example, we cite the
emission correlation between an exciton and a biexciton in a QD, reported by E. Moreau et al. (Fig.
5-35).3 In the case of the hiexciton existing in a QD, the exciton emits a photon just after the
dissociation and photon emission of the biexciton. In this system, the observation of the coincident
counting probability between an exciton and a biexciton at z < 0 shows the anti-bunching of g®(0)

< 1, because the exciton emission does not arise at -

r < 0, which is the time segment before the 1: " - i 400
biexciton emission (see Fig. 5-35). On the other 1l | e, UT‘X ﬁ ::: 3
hand, in the time segment of z > 0, in which the x ]'2': - ik :250 ‘"?:
biexciton has dready emitted a photon, the ; ;: '%ﬂﬁ'ﬁwﬂ% i WW’W’M =00 %
coincident counting rate presents the bunching of “'BE \J :: E
g®(0) > 1 due to the cascading photon emission of z; R ‘, R
the exciton after the biexciton emission. Thus, the ® _m De|a$ At (ns) "’ °

Fig. 5-35. Time-correlated photon statistics in a
estimation of g'?(z) by the time correlated photon ~ single QD, reported by E. Moreau et al..
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counting gives information on photon emission dynamics.

This technique has already been applied to the observation of a single CQD, as reported by B. D.
Gerardot et al.®® Although they suggested that dipole-dipole interaction dominated the photon
emission process in a CQD, the very thin barrier (d = 3 nm) between QDs in the sample used in
their report was unable to remove the effect of quantum coupling and has made it difficult to
analyze the photon emission processes. On the other hand, the CQDs used in this section have a
thick barrier layer (d = 7 nm), which effectively diminishes the quantum coupling and enables the
individual excitation of two QDs, as mentioned in the previous sections. Therefore, the

dipole—dipole interaction in a CQD will be discussed more clearly.

5-6-3. Single Photon Emission Depending on Energy Relaxation

Figure 5-36(a) shows the experimental

syssem we used for time correlated Cryoetat I_ICC"‘““"’““‘“E
50:50
photon-counting  measurements. The - \\ . R (a)
L

e
1 1

QD| opjective

basic system is pursuant to the e lens A — Photon
_ EE Det.1 Det.2
Hanbury-Brown-Twiss  set-up, as | _5[|_4 K | [D_
. E Q § Q Start Stop [
mentioned above. The CQD sample was  |*3||"§ [Monochromatort | E——re—
) o ) 3 3 counting Board
cooled to 6 K in aliquid helium cryostat
. L M L (2') L M L M L M L M L M L M L
and excited by two continuouswave &_209(b) g;; Start:QD1
o 15 Stop:QD1
tunable Ti:sapphire lasers at the sample  — Lo
o .
rear surface, where the components were 8 05
, . c
located in forward scattering geometry. 300
. - - 20 Start:QD2
The QD luminescence emitting from the S s Stop:QD2
sample front surface was collected % 10
through a 50x objective lens and was led % 0.5
O 0.0

M L M L M L M L M L M L M L

-8 6 -4 -2 0 2 4 6 8
beams were led into two monochromators, Delay time [nsec]

Fig. 5-36. (a) Experimental setup of time-correlated photon

which selected photons from an arbitrary counting. (b-c) 2nd-order photon correlation function spectra

of asingle CQD under 1-color excitation [QD1: (b), QD2: (c)],

QD (QD1 or QD2), and the selected where the excitation energies are indicated in Fig. 5-25 (Es,
' E.).

into a 50:50 beam splitter. The separated

photons were then detected by single
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photon detectors (Si avalanche photodiode). By using start and stop signals from the detectors, the
time correlated counting board outputs the second-order photon correlation function (PCF)
spectrum: g%, () = (1O (t + 7)) /{1 ©))(1 (t + 7)), where the suffix o (B) indicates the selected
QD asadtart (stop) signal.

First, we confirm the single photon emission from each QD constituting the CQD. In Fig.
5-36(b-c), we present the auto-PCF spectra of QD1 and QD2 under the one-color excitation
condition, where the wavelengths of both monochromators were set to that of QD1 or QD2. The
two QDs were individually excited at the E3 (E4) energy indicated in Fig. 5-32(a); this means that
the interdot interaction between QD1 and QD2 was miniscule. As shown in the figures, the
auto-PCF spectra of both QD1 and QD2 (g®,; and g@,,) exhibit dip structures around the delay
time DT = 0, which mean reduction in the coincident photon counting rate. These structures
originate from photon anti-bunching, which is evidence for the single photon emission from each
QD constituting the CQD, as described in previous reports.

Even in the case without interdot interaction, the auto-PCF spectrum of a single QD reflects the
difference of the energy relaxation process to the state emitting photon. With an excitation energy
higher than the longitudinal optical (LO) phonon energy, the energy relaxation of the

photo-generated carriers is rapid due to the

. . - . 3- . . . . -
exciton—-LO phonon interaction, as discussed o ] QD2 (a) Excitation: E4
in Section 5-1. On the other hand, when the © 2. )
excitation energy is lower than that of the g 1

= 14
LO-phonon, the energy relaxation of the o |
c
carriers depends only on the acoustic phonon &2 g =ttt

. . . c (b) Excitation: E
emission, which requires several nanoseconds. © 1 2
In Fig. 5-37, we show the auto-PCF spectra of %

QD2 under one-color excitation whose energy S
was higher [E4: Fig. (8)] or lower [E2: Fig. Oi

_.8'_6'_.4'_.2' 6 v é v A v é v é

Delay time [nsec]

LO-phonon (AE o = 34.4 meV, see Fig. 5-32).  Fig. 5-37. Excitation energy dependence of a photon
correlation spectrum in QD2. (a). Excitation energy

While both spectra show anti-bunching at DT ~ more than LO-phonon resonated level (Es). (b).
Excitation energy less than LO-phonon resonated level

= 0 reflecting single photon emission, the (E2). 7 indicates the decay time of bunching appear ance.

(b)] than the excited level resonated with the
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excitation at an energy lower than the LO-phonon level causes bunching feature whose decay time
T is about 4 ns. This result indicates that the photon emission is stimulated during DT < * 4 ns
when the energy relaxation is caused by the acoustic phonon.

When the carrier energy relaxation is caused by the LO-phonon (E4 excitation), the cycle time of
an exciton emission in a QD is about an exciton lifetime (~1 ns) due to the rapid energy relaxation
process, and consequently the detection probability of the next exciton emission is regarded as
constant in the time domain of DT > +1 ns. Therefore, the g@,, in Fig. 5-37(a) does not show
bunching. On the other hand, when the carrier energy relaxation is caused by the acoustic phonon
(E2 excitation), the 1st exciton (detected as a start signal) will leave several acoustic phononsin the
QD before the photon emission. In this case, it is just conceivable that these phonons remain in the
QD for a while after the photon emission. Consequently, the 2nd exciton generated in the QD
(detected as a stop signal) will be scattered by these residual phonons (see Fig. 5-38). The phonon

scattering rate is proportional to the phonon number, according to following formula:

. |(k+an, —1‘aq‘k,nq>‘2 =n

‘Mq‘ «

where n, is the number of phonons, a, and a', are creation and

: : Absorption
, ...Eq.5-15

Kk—q, N, +1‘a§‘k, nq>‘2 =n,+1 :Emission

destruction operators, and k and q are the exciton and phonon | Start photon
detection

wavenumbers. The high scattering rate accelerates the carrier

energy relaxation. Therefore, the detection probability of a stop

signal during the phonon survival time is expected to become

higher than that in DT >> 0 time domain. On the basis of the [ Stop photon
detection

above discussion, our observation of the bunching for DT < + 4

ns in Fig. 5-37(b) is considered to originate from the g IM hy
enhancement in the energy relaxation caused by the residual Fig. 5-38. Photon detection processes.
phonons emitted from the start signal exciton. And, the decay
time of the bunching (~4 ns) indicates the phonon dissipation time.

Here, let us compare the bunching decay time with the phonon dissipation time estimated using

classical statistical mechanics. It iswell known that the phonon dissipation time is classically given

by
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3k

T= :
CV’

...Eq.5-16

where C, is the specific heat at constant volume, x is the thermal conductivity, and v is the phonon
(sound) velocity.*** When we used C, = 107.2 mJK,*? x = 25 W/cm K, and v = 4x10° cm/s for
GaAs® the phonon dissipation time was estimated to be 4.4 ns. This value corresponds
quantitatively with our observation of the bunching decay time and this correspondence supports
our interpretation. In addition, we roughly estimate the number of residual phonons on the basis of
the magnitude of g@. As seen in Fig. 5-37(b), the bunching magnitude is almost double. If it is
assumed that a phonon does not exist in the steady state, the phonon scattering rate will double
when there is an average of one phonon in the bunching time domain (see Eq. 5-15). In this case,
the photon detection probability (g@,,) is considered to be doubled. Accordingly, we can roughly

estimate the number of residual phonons as one in the bunching time domain.

5-6-4. Cross-Photon
Correlation between

Two QDs 29 Start:QD1
2.0 Stop:QD1 ]
Next, we consider the correlated photon 15
& 1.0
emission between two QDs in a weakly ©
- 05 T=4.12ns
CQD. Figure 5-39 shows the PCF spectra 5 00 } ———
. = Start:QD2 4
of the CQD under two-color excitation § 20 Stop:QD2]
conditions, where QD1 (QD2) was ‘= 15
1.0
excited at E1 (E2) energy indicated in Fig. -% 05
5-32(a). Figure (@) and (b) show the Tﬁ 0.0
S 15
o)
auto-PCF spectra of QD1 and QD2, O
- @ @ 1.0
respectively. Both spectra, g“”11 and g7,
05

Start:QD1
Stop:QD2
with the result in Fig. 5-37(b). Figure (c) 00 tr——T——T——— T
-20 -10 0 10 20

shows the crossPCF spectrum g9y, Delay time [nsec]

Fig. 5-39. 2nd-order photon correlation spectra of a single
between QD1 (for a start signal) and QD2 CQD under 2-color excitation. (a-b) Auto photon correlation

spectra, (a): QD1, (b): QD2. (c) Cross photon correlation
(for a stop signal). It is noteworthy that spectrum between QD1 and QD2. QD1/QD2 were excited at

E4/E, indicated in Fig. 5-25, respectively. t indicates the decay
spectrum  g@;, exhibits a wide timeof bunchingand anti-bunching.

exhibit the bunching feature as found
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anti-bunching structure without bunching. We qualitatively interpret this notable observation on the
basis of the discussion in Section 5-5, as described below.

First, we consider the photon detection process in the cross-photon correlation experiment. Figure
5-40 shows the carrier occupation diagram in a CQD, which includes the inter-band energy
relaxation process in each QD. In this figure, the photon detection process of the start signal (QD1)
is either |1)]0) — |0)|0) or |1)|1) — |0)|1). For each start detection process, the detection processes of
the stop signal (QD2) are described as below;

[QD1 detection] [QD2 detection]
[1I0) — [0)|0) (1) 10)0) — 0)[1) — [0)[0)

(2 10)[0) — [1)[0) — [1)[1) — [1)[0)
IDIL) — [0)|1) (3) 10)[1) — [0)[0)

(4) 10)[1) — [1)[1) — [1)[0)

The shortest of these detection processesis the (3) pass;

QDL: L)1) — [0)[1), QD2: |0)|1) — [0)|0). Therefore, in |1)|1)

the cross-photon correlation measurement, it is

considered that the (3) pass is mainly counted and QD1 10)11)
| o |1)/0) QD2
contributes to the g1, spectrum.
In this detection pass, QD1 emits a photon at DT = 0 10Y[0)

. . . . . in aweakly CQDs.
must alone emit a photon without an interdot interaction.

Here, when we review the discussion in Section 5-5, the carrier energy relaxation time without the
interdot interaction is longer than that with the interdot interaction. Accordingly, the probability of
detecting QD2 is considered to become lower in the immediate aftermath of the QD1 emission: this
process results in anti-bunching. In this case, QD2 will take a long energy relaxation time before
the photon emission and then begin to emit a photon gradually, which results in the long recovery
time of the g‘z’lz anti-bunching. At the same time, even if the next carriers are excited in QD1 at DT
> 0, these carriers does not affect the carrier energy relaxation in QD2. This is because the
secondarily excited carrier in QD1 is rapidly relaxed energetically by the residual phonon emitted
at DT = 0 and then emits a photon (Section 5-6-3). Therefore, the long energy relaxation time in

QD2 is maintained, which keeps the long recovery time of the g®y, anti-bunching. In fact, the
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anti-bunching recovery times (4-5 ns) are comparable to the estimated energy relaxation time in
Section 5-5 (~5 ns). As discussed above, the g?y, anti-bunching and it's long recovery time are
attributed to the photon detection processes in the weakly CQD in the presence of the interdot
interaction, and these results support our interpretation that the enhancement of carrier energy
relaxation is caused by the interdot interaction.

Here, we mention other possibilities for interpretation. The first is the effect of the defect levels as
mentioned in Section 5-5. In this case, in order to cause anti-bunching, the relaxation process
through the defect level must be very fast (perhaps less than a few hundred picoseconds). This is
because the defect level should be filled before the QD1 emission and the filled carriers should
disappear immediately after the QD1 emission in order to trap the QD2 carrier. And then, the
trapped QD2 carrier also disappears immediately and the next excited carrier in QD1 or QD2 fills
the defect level again. If the QD1 carrier fills the defect, the excited carrier in QD2 relaxes
energetically to the lowest level and emits a photon. In this process, if the energy relaxation timeis
long, a long recovery time for the anti-bunching will be observed. However, this kind of fast
detention time in the defect level is unlikely, as discussed in Section 5-5. Another possibility is the
effect of an acoustic phonon as mentioned in Section 5-6-3. The acoustic phonons emitted before
the QD1 emission may influence the QD2 emission process. In this case, these retained phonons
will accelerate the energy relaxation of the QD2 carriers. This effect would induce the fast recovery
time of the g, anti-bunching, but our observations conflict with this prediction.

Thus, from the above discussions, the acceleration of exciton energy relaxation with the interdot

interaction is thought to be the most likely interpretation of our observations.

5-6-5. Conclusion

We observed the second-order photon correlation function spectra and discussed the interdot
interaction in ad = 7 nm weakly CQD. We confirmed the single photon emission from each QD
constituting the CQD, in which the auto photon correlation spectrum depended on the energy
relaxation process derived from the exciton—phonon interaction. The cross photon correlation
spectrum between two QDs exhibited photon anti-bunching. This result implies the enhancement of

exciton energy relaxation caused by the interdot interaction.
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6. SUmmary

This thesis has mainly focused on understanding the electronic structure and interdot interaction
in a coupled QD (CQD) system, which is an important physical system with the potential to realize
adaptable quantum information devices. We fabricated reliable samples of CQDs, and observed

their physical properties by optical measurements.

Quantum dot fabrication

We produced InAs/GaAs self-organized QD samples by the MBE crystal growth technique. The
self-organized QD is the product derived from the strain originating from lattice mismatch.

In Section 4-3, we showed the potential for site controlled QD growth by utilizing the strain of a
host material. We found orderly self-aligned InAs QDs on a GaAs oval crystal strain region, and
showed that these QDs had high crystalline quality, similar to a QD grown by conventional
methods.

In the fabrication of CQD structures, we employed the stacking growth technique of QD layers, in
which the 2nd layer QDs were orderly grown above the 1st layer QDs because of the presence of
crystal strain in the barrier layer induced by the 1st layer QDs. Using this technique, we could
obtain a CQD system joined in the growth direction (vertical direction) with an arbitrary barrier
thickness.

In Section 4-4, we showed that the modification of an InAs layer thickness enabled us to control
the QD size (emission wavelength) between the 1st and 2nd QD layers, and showed that the
application of the Indium-Flush method provided us with a fine quality CQD structure even in the
case of athinner barrier thickness.

In order to observe the optical properties of asingle CQD, a sample that enables us to extract just
a single CQD must be prepared. In Section 4-1, it was shown that optimization of the InAs layer
thickness and substrate temperature enabled us amost individually to control the emission
wavelength of QDs and the in-plane QD density. Accordingly, we achieved to provide the very low
in-plane dot density, which was essential for single QD spectroscopy. Furthermore, it was shown in

Section 4-5 that the fabrication of an aperture metal mask on the surface of QD samples with low
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in-plane dot density could sufficiently ensure the selectivity of asingle QD.

Optical properties of coupled QDs

Based on reliable samples of CQDs fabricated as mentioned above, we observed the optical
properties and discussed the electronic structure and interdot interaction in CQDs.

In Section 5-1, we first considered the interdot interaction in non-resonant CQDs on the basis of
the observation of general optical properties averaged as ensembles by macrospectroscopic
measurements. We observed the carrier transfer between QDs depending on the interdot distance as
a result of the variance in PL spectra, and confirmed the weakening of effective quantum
confinement caused by the wave function penetrating to a neighboring QD. On the basis of
observation of the carrier transfer time between QDs by time-resolved PL spectroscopy, we found a
long carrier transfer time more than the PL life time of a QD. This result indicated that the electron
tunneling transfer was interrupted by the phonon bottleneck effect which arose from the small
energy separation between QDs.

For the readlization of a quantum information device, it is necessary to understand in detail the
eectronic structures in a single CQD system. In Section 5-2, we discussed the overall electronic
structures, involving higher energy states, in a CQD with various interdot spacings. We observed
the bonding (X*) and anti-bonding (X") states due to electron wave function coupling in the PL
spectra of a single CQD, and confirmed that the strength of the quantum mechanical coupling
varied with barrier thicknesses. We also discussed the origin of the multiple PL peaks and
suggested the contribution of the hole excited states to the emission spectra of the QDs. On the
basis of PLE measurements, we showed the electronic structures of a CQD system in higher energy
states. We confirmed the common excited levels due to level sharing between the electron excited
states and the individual excited levels originating from the hole excited states in a CQD. From
these results, we classified d = 3, 5 nm CQDs into the quantum mechanical coupling system (strong
coupling region) and d = 7 nm CQD into the electromagnetic coupling system (weak coupling
region).

In Section 5-3, we presented the interdot interaction in a strongly (quantum mechanically) CQD
with barrier thickness “d” = 3 nm. On the basis of two-color excitation spectroscopy, we

demonstrated the formation of an exciton molecule consisting of X* and X~ excitons in a CQD.
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Furthermore, we showed that both X and X~ carriers were preferentially expended to form an
exciton molecule, and confirmed that the formation yield of an exciton molecule was larger than
that of a self-biexciton.

In Section 5-4, we discussed the interdot interaction in an intermediate CQD system, in which the
gquantum mechanical coupling remained. The intermediate coupling strength in d = 5 nm CQDs
enabled us to produce a completely individual excitation of the X* and X~ states. The simultaneous
excitation of both X* and X~ states induced a new PL peak that appeared at alower energy than the
X" level. We showed that this new peak originated from the exciton molecule as was discussed in
Section 5-3. Thus, it was demonstrated that the quantum mechanical coupling between two QDs
induced an exciton molecule consisting of X* and X~ states. These results offer new possibilities
for guantum logic devices using a CQD system.

In Section 5-5, the interdot interaction in d = 7 nm weakly (electromagnetically) COD was
discussed. The separate excitation of two QDs constituting the CQD was achieved because of the
negligible carrier transfer arising from the weak wave function coupling. The simultaneous carrier
creation in two QDs (two-color excitation) induced an anomalous increment of PL intensity in the
PL/PLE spectra. This observation seems to originate from the enhancement of the carrier energy
relaxation caused by dipole-dipole interaction between excitonsin two QDs.

In Section 5-6, we further examined the interdot interaction in ad = 7 nm weakly CQD on the
basis of the second-order photon correlation spectra. We confirmed the single photon emission
from each QD constituting the CQD by means of the auto photon correlation spectra. In this photon
emission process, the carrier—phonon interaction is very important, and we have shown that the
residual acoustic phonon enhanced the carrier energy relaxation in the photon emission process.
The cross photon correlation spectrum between two QDs exhibited long-lived photon
anti-bunching. This result implies the enhancement of the exciton energy relaxation caused by the

interdot interaction as described in Section 5-5.

Thus, this thesis has provided findings regarding the electronic structure and interdot interaction
in a CQD system using reliable samples of CQDs that were cautiously fabricated. As a remarkable
finding, we showed that the quantum mechanical coupling between two QDs induced an exciton

molecule. However, unfortunately, the physical properties of CQDs have not been completely
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revealed. Although it is undeniable that our theoretical discussion still remains insufficient in this
study, our results and discussion are considered to be able to offer some contribution to the
understanding of a CQD system with a view to realize quantum information device applications.

In order to understand and extract the physical properties which enable operation of a specific
device, it is indispensable to accumulate a lot of data from further systematic and interdisciplinary

investigations. We look forward to the future development of research in this area.
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