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Chapter 1

Introduction

1.1 Background

Electronic energy structures in low-dimensional semiconductors transfer the
continuous structure in bulk crystals to the quantized discrete levels that is derived from
the restricted kinetic energy of the carrier. The discrete energy levels of electrons or
holes result in the convergence of the oscillator strength and the energy shift of the
absorption band, which are called “quantum size effect” [1, 2]. Therefore, optical
properties of the low-dimensional semiconductors, such as thin films, wires and dots,
have attracted great attention in a few decades from the view point of both fundamental
physics and application to novel optical devices. In addition, progress in crystal-growth
techniques of nanostructures have been achieved in these days, such as molecular beam
epitaxy method [3] or chemical-vapor deposition [4] and so on, that make possible of
the control of nanostructures within the accuracy of the atomic levels. Researches of
nanostructured materials have become more and more prosperous and important at
present.

In nanoparticles, the quantum confinement occurs three dimensionally, that realize
the completely discrete electronic energy levels. Therefore, nanoparticles are called
“quantum dots” or expressed as “artificial atoms” with the discrete energy levels. Since
the quantum dots acquire the completely discrete energy levels, it is the most competent
candidate for the nano-devices utilizing the quantum size effect. Accordingly, the
quantum dots are prospected to be available for various novel optical devices, e.g., high

efficient solid-state lasers [5 - 7], photo-detectors [8], infrared light emitting diodes [9],



and so on.

Since the success of the fabrication of the semiconductor nanoparticles or quantum
dots grown in glass materials [10], alkali halide crystals [11, 12] and organic solvents
[13], a lot of investigations have been carried out on the optical properties of the
semiconductor quantum dots. The optical spectroscopy of the semiconductors is
basically related to a photoexcited e-h pair, so-called exciton. The exciton is expressed
as an electrically neutral quasi-particle composed of an electron and a hole through the
Coulomb interaction. The energy shift of the exciton due to the quantum size effect is
approximately classified into two limiting cases which are determined by the relation of
the size of the nanocrystal and the exciton effective Bohr radius [14 - 16]. When the
exciton effective Bohr radius is sufficiently larger than the dot radius, the concept of the
exciton as a quasi-particle is broken, and the kinetic energies of the electron and hole
are quantized individually. On the other hand, when the exciton effective Bohr radius is
smaller than the dot radius, the quantum confinement affects mainly the center-of-mass
motion of the excitons and less the relative motion of the electron and hole. We call the
former and latter cases strong and weak confinement, respectively.

To date, a lot of studies on the application of quantum dots to nano-devices have
been carried out about the materials of “strong confinement” [5 - 9]. However, it is
interesting to study the materials of the “weak confinement” because the coupled mode
of the exciton and an electromagnetic field is expected to enhance the optical
nonlinearities, and thus useful for the new optical applications [17].

Moreover, we should notice the phenomena of confined multiexciton states in the
quantum dots. In the confinement system, a compulsory correlation of the carriers is
expected to generate distinctive energy levels and transition dynamics, which never
appear in the bulk crystal, and induce the large optical nonlinearities. A biexciton
consisting of the two excitons is the most important quasi-particle that reveals the strong
correlation effect of the electrons and holes in the quantum dots. In addition to this, the
biexciton is strongly related to the optical nonlinear response of semiconductors and
serves the useful exciton-related state for optical-devices [18]. Therefore, the study of
the quantum size effect of the biexcitons is important subject.

CuCl is one of the most appropriate semiconductors for the study of the fundamental
properties of excitons because of its simple band structure [19] and large exciton

binding energy [20]. Furthermore, CuCl quantum dots show a typical nature of weak



confinement, because of the small effective Bohr radius. The optical measurements of
CuCl quantum dots embedded in glass [10, 21 - 23] or alkali halide matrices [11, 24 -
26] have been carried out mainly on the confined excitons extensively. Consequently,
the many interesting features have been reported; e.g., large oscillator strength [22, 27],
large optical nonlinear susceptibility [23, 24, 26, 28], exciton superradiance [21, 25, 29],
and so on.

On the other hand, the study on confined biexcitons in CuCl quantum dots also have
been reported for the basic features; e.g., the biexciton binding energy [30, 31], the
relaxation process of the excitons and biexcitons [32 - 35], the excited-biexciton states
(weakly correlated two excitons) [31, 36, 37]. In addition, lasing action of biexciton
photoluminescence and the large optical gain have been reported [38], so that the
confined biexcitons are suggested to be available realizing for the highly efficient
quantum-dot laser.

However, a lot of unresolved questions still remain on the confined biexciton
properties. First, there is no report on the resonant two-photon absorption of the
confined biexciton state, which is observed clearly for bulk crystals [39]. Study on the
two-photon absorption process for the quantum dots is very important because the
two-photon absorption coefficient is one of the parameters related to the optical
nonlinearlity. In addition, it will serve a new experimental method to provide us further
information about the quantum size effect to the biexciton states. Second, there is no
report on the excited-state properties of the confined biexcitons. However, we should
look more carefully into the quantum size effects not only on the lowest state but also
on the excited states of the biexciton. The excited biexciton properties are attractive
since the specific properties are expected to emerge because of much larger correlation
between the excitons in the confinement system.

Based on these contexts, I have performed two experiments, the resonant
two-photon excitation and the mid-infrared transient absorption for the study on the
confined biexciton properties in CuCl quantum dots embedded in NaCl matrices. In the
following sections in Chapter 1, I will introduce the basic theory of the quantum size
effect and the exciton and the biexciton properties of CuCl quantum dots which are
previously reported. In Chapter 2, the experimental procedure will be explained. In
Chapter 3, I will show the evidences of the resonant two-photon excitation process of

the confined biexcitons. In Chapter 4, I will show photoluminescence (PL) spectra



under the two-photon excitation of the confined biexcitons and discuss the size-selective
excitation of the biexcitons. In Chapter 5, I will show the experimental results of the
infrared transient absorption and discuss the excited-states of the confined biexciton.

Finally, I will summarize them in Chapter 6.

1.2 Exciton

When the electronic system of a semiconductor or an ionic crystal absorbs a photon
with the energy larger than the band-gap energy, an electron is excited from the valence
band into the conduction band leaving a hole in the valence band. The electron and the
hole are bound through the Coulomb interaction and such an electron—hole (e-h) pair
state is called “exciton”. The exciton is an electronic excitation with the lowest energy
when pure semiconductors are weakly excited, and the energy consists of three
components, a band gap, a center-of-mass motion and a relative motion of the electron
and the hole. In a semiconductor with a small electron or hole mass and a large
dielectronic constant, a wave function of the relative motion of the e~h pair spreads over
many unit cells and this weakly bound e—h pair state is called a Wannier exciton.

The hamiltonian of the e-h pair bound by the Coulomb interaction is expressed by

2

2 2
e
H: pe + ph _ +
2m, 2m, g|re—rh[

E, (1.1)

where me, pe and r., and my, pn and r,, are the effective mass, momentum and position
vector of the electron and hole, respectively. Here the band gap energy E; is taken into
account. The coordinate conversion of Eq. (1.1) can be carried out using the relative and
center-of-mass positions (» and R) of the electron and hole. Therefore, Eq.(1.1) can be

converted into

2 2 2
H:(— 2}1 -Vf—%;j——h—-vi +E

(1.2)
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me + ny,
and
Mex:me + M (14)

Here, pex and M. are a reduced mass and a translational mass of the exciton,
respectively. The energy dispersion of the exciton Ee(n, K) is expressed as follows;

1) #»’K*
E (nK)=E,~Eq, (-};—j + A (1.5)
4
pe H
E,, = = Ryt 1.6
B 2gm? ym082 (1.6)

where 7 and K are a Rydberg principal number and a wave vector of the exciton, Ry and
my are Rydberg energy of hydrogen atom and an electron mass in vacuum. The second
term on the right hand side of Eq. (1.5) exhibits the hydrogen-like energy levels,
originating from the relative motion of the e—h pair, with a principal quantum number »
(=1, 2, ....) and the orbital quantum number / (= 0, 1, ..., n— 1). These energy states of
the exciton are expressed as 1s, 2s, 2p, ... and so on. On the other hand, the third term
of right hand side of Eq. (1.5) indicates the kinetic energy of the exciton, which is
associated with the center-of-mass motion of the exciton.
In addition, the effective Bohr radius ag of the exciton can be expressed as

eh? m.e
a,= —=r, 0 (1.7).

Here, r is Bohr radius of the hydrogen atom.

Thus, a Wannier exciton is, in many respects analogous, to a hydrogen atom.

1.3 Biexciton

With increasing the exciton concentration from low-density limit, many kinds of new
optical phenomena occur, which are induced by the interaction between excitons. The
bound state of two excitons, which are formed through the effective interaction potential,
is called “excitonic molecule” or “biexciton”. Up to now, the optical properties of the

biexciton state have been studied in many semiconductors [40 - 43].



According to the consideration that an exciton is analogous to the hydrogen atom, the
biexciton can be the analogy to the hydrogen molecule, the positive holes playing the
role of protons. However, the translational mass of the biexicton is considered to be
only twice that of the excitons, and it is much smaller in comparison with that of the
hydrogen molecule. Therefore, the binding energy of the biexciton, which is defined as
the dissociation energy into two isolated excitons, is much different between various
semiconductors and depends on an effective mass ratio of the electron and hole ¢ =
me/my. Figure 1-1 shows the biexciton binding energy G, in a unit of the exciton
binding energy Gex as a function of &, which is obtained theoretically by means of a
variational method [44] and so on [45, 46], together with experimental results for a
variety of crystals. According to the theoretical calculation, the biexciton state should
exist regardless of the magnitude of .

The essential difference of the biexciton from the hydrogen molecule is the transient
state of excitations with a short lifetime. In addition, the biexcitons constitutes an open
system in close contact with the radiation field. Therefore, a variety of optical methods
are used not only to create the biexcitons but also to study its properties.

There are three optical processes related to the biexciton states. The first one is a
luminescence process, in which one of the two excitons composing the biexciton is
radiatively annihilated and the other one remains in the crystal. The second process is an
one-photon absorption process from the exciton to the biexciton, i.e., it is the process
reverse to luminescence of the biexciton. The last one is a two-photon absorption
process of the biexciton [47].

1.3.1 Luminescence

The luminescence due to the biexciton is originated from a radiative annihilation of
one of the two excitons composing the biexciton with leaving another exciton.

Therefore, the luminescence photon energy is expressed as

22 22
hw = 2Eex—Eb+hK —Eex+hK
2M 2M,

mol
' K?
2M

Here, E.., Ey, and My indicate the exciton energy of 1s state, the biexciton binding

=E_-E, - (1.8).

mol



energy and a translational mass of the biexciton which is twice that of the exciton.
When the Boltzmann distribution with the effective temperature 7o is assumed for
the kinetic energy of the biexcitons, the luminescence spectrum of the biexcitons is

expressed as follows;

W\(@)oc JEo ~E, ~ho -exp[-(E,, ~ E, ~10)/ kT ] (1.9)

for hw<E,_k -FE,,
As a result, luminescence spectrum rises by the biexciton binding energy below the
exciton energy and the spectral shape shows an inversed Boltzmann distribution which

has a tail to the lower energy side.

1.3.2 Giant oscillator strength

An effect of giant oscillator strength works in one-photon absorption in presence of
single excitons due to conversion of excitons into biexcitons, which is reverse to the

luminescence process of the biexcitons. The ratio of the transition probability from the
ground state to the exciton state /!’ and that from the exciton state to the biexciton

state w" is expressed as follows;
WO WS = 64y’ (1.10)

where anol expresses the effective radius of the biexciton and pe is exciton density.

This strong enhancement of the transition from the exciton to the biexciton state is
attributed to the effect of giant oscillator strength, which is coming from that the
biexciton could be created by exciting any valence electron in the large biexciton orbital

around the existing the first exciton.

1.3.3 Giant two-photon absorption

In general, the biexcitons is formed from two excitons by the relaxation process due
to the their interaction with the lattice system, and its existence can be observed from
the luminescence spectrum. However, direct creation process of the biexcitons is shown
theoretically and experimentally to be capable of being fulfilled by using the giant
two-photon absorption (GTA) due to the biexciton.

The two-photon absorption of the biexciton is extremely enhanced by two factors.



The first enhancement factor comes from the giant oscillator strength of the transition
between the biexciton and exciton states. The second factor is resonant effect at the
excitation photon energy of E.x — Eu/2. As a result, in two-photon spectroscopy, the
biexciton will be confirmed as the sharp absorption peak at Eex — Ep/2. which are
embedded in the rather weak background of the one-photon absorption tail of an exciton
and the ordinary two-photon absorption due to band-to-band transition.

The selection rules for direct creation of biexcitons by two-photon absorption
processes have been discussed on symmetry basis [48]. There are three types of the
selection rules, i.e., dipole selection rule, geometrical selection rule and dynamical

selection rule for the two-photon absorption.

1.4 Physical properties of CuCl bulk crystal

CuCl has a zinc-blende crystal structure at the normal condition and the symmetry is
T4 in the space group. It is a direct semiconductor, that is, the top of the valence band
and the bottom of the conduction band are located at the I'-point in the k-space.

In the zinc-blende structure, in general, the conduction band consists of s-orbit of
cations, which is a non-degenerated state with I'¢ symmetry. The valence band origins
from the p-orbit of anions, which is a triply degenerated state with I';s symmetry. The
degeneracy of I';5 is separated into a doubly degenerated state I's and a non-degenerated
state I'; by spin-orbit splitting. In the ordinal zinc-blende structures, I's band is located
above I'; band. This structure of the valence band leads to two series of the exciton, that
is, the Z; » and Z;3 exciton states associated with the I's band and I'; band, respectively.

In the case of CuCl, the conduction band origins from the 4s electrons of Cu’, and
the valence band is as admixture of the 3p electrons of Cl" and 3d electrons of Cu’.
Differently from the other cupper halide crystal, CuCl shows the peculiar valence band
structure that I's band is located beneath I'; band because of the negative spin-orbit
splitting due to the contribution of d electrons to the valence band. The energy band
structure of CuCl is shown in Fig. 1-2.

Consequently, the lowest absorption peak of CuCl is due to Z3 exciton state which

consists of the hole at the I'; valence band and the electron at the I's conduction band. Z;



exciton has a simple band structure that has only spin degeneracy at I'-point. Z3 exciton
has two states, I's exciton (total angular momentum of an exciton J.x = 1) and I'; exciton
(Jex = 0), originating from I'¢ electron and I'7 hole. The energy levels of the I's exciton
and T, exciton are split by exchange interaction, and the optical transition from ground
state to I's exciton is allowed but that to I"> exciton is forbidden.

CuCl is an appropriate material for the study of basic properties of the exciton since
the exciton state is very stable because of the large binding energy compared to the
other semiconductors. Therefore, the series of the exciton Rygberg states can be
observed clearly in the absorption spectra. Saito ef al. reported the one- and two-photon
absorption spectra of CuCl single crystals and found the Rydberg s- and p-series of the
73 exciton [20].

In addition, for the study of the biexciton, CuCl is the appropriate material because
of the large biexciton binding energy and the simple energy structure. The optical
properties of the biexciton in CuCl have been clarified experimentally, the PL spectrum
[40], the radiative decay time [49], giant two-photon absorption {39, 50 - 52], and so on.
Figure 1-3 shows the energy diagram and the selection rules of excitons and biexcitons
in CuCl. The transition from I's exciton to the lowest biexciton state (I'1) is optically
allowed but that to the I'y state is forbidden. In the case of two-photon resonant
absorption of biexciton, only I'; state is optically allowed. The polarization selection
rules of the biexciton of CuCl have been discussed by Doni, ef al. [48]. Accordingly,
when one uses a single laser beam, the two-photon absorption of the biexciton occurs
with the linearly polarized beam. However, the biexciton can not be created by the
circularly polarized beam because the geometrical factor (Table A-1) becomes zero.

The important physical properties of the CuCl crystal and of the exciton and

biexciton are shown in Table 1-1.

1.5 Quantum size effect on exciton

When an electron, a hole or an exciton exists in low-dimensional semiconductors,
the size of which is comparable with their de Broglie wavelength, they can be treated as

a spatially confined particle. Since the kinetic energy of such particle is quantized by the



confinement effect, the blue shift of the band-gap energy or the absorption band is
observed, which is attributable to the increasing the Kinetic energy. This phenomenon is
called “quantum size effect” and one of the most characteristic features of the
low-dimensional semiconductors.

In this section, the quantum size effect on the exciton confined in a spherical particle,
i.e., quantum dot, is discussed. It can be classified into two limiting cases which is
determined by the relation of the dot radius @ and the exciton effective Bohr radius as,
i.e., “weak confinement (or exciton confinement)” for the condition of a/ag>> 1, and

“strong confinement (or individual confinement)” for a/ag << 1.

1.5.1 Weak confinement

Firstly, it is considered that an e-h pair is confined in a spherical well, the radius of
which a is sufficiently larger than the exciton Bohr radius gg. The hamiltonian of the

e—h pair in this case is acquired by adding a term of a potential well to Eq. (1.2);
h’ e’
H= {———-vf __j_ﬁw_'vz +V(R)+E, (1.11)

0 (R<a)

oo (otherwise)

V(R)={

Consequently, the exciton energy is expressed as

2 2
E. (nlnL)=E, - i‘;y + th N [”i’j (1.12)
where &, is a n’-th root of the spherical Bessel equation of the L-th order j;(7&, ) = 0.
The last term of the right hand side of Eq. (1.12) shows the quantized kinetic energy of
the exciton due to the confinement effect. n’ (=1, 2, 3) represents a confined principle
quantum number, and L (=0, 1. 2,... ) represents the orbital quantum number which
determines the angular momentums in this system. Consequently, the quantum confined
states of the exciton are labeled as 1S, 1P, 1D,.. 2S, 2P, 2D..., 3S, 3P,... . The exciton
energy of the lowest state (1s, 15) is

2 2
E. (151S)= E, - Ey, + 2% [%} (1.13).

10



As a result, the energy shift of the lowest-energy exciton AE resulted from the

confinement effect is expressed by

2 2
AE = 2}’; (ﬁ) (1.14).
€X a

1.5.2 Strong confinement

In the case that the radius of the spherical particle is sufficiently smaller than exciton
effective Bohr radius, also the internal motion of the exciton is influenced by the
quantum confinement. Here, let us consider a simple confinement model that an
electron and a hole are affected individually by quantum confinement and the Coulomb
interaction between them is negligible.

The energy of the e—h pair in such system can be expressed by

no(7G,, ’ ho( 78, ’
Ee-h(nele’nhlh)zEg+ =~ + 1 (115),
h a

2m,\ a 2m

where ne, I, and ny, In represent a principal quantum number and an orbital quantum
number of quantum confined states of the electron and hole, respectively. The energy

shift of the lowest e—h pair state (1s, 1sp) is expressed by
2 2 2 2
w245
2m,\ a 2m, \ a

2 2
= 2’2 (gj (1.16).

From this result, we can see that the energy shift is larger than that in the case of weak

confinement model, Eq. (1.14) by a factor of My/stex. Figure 1-4 shows the confinement
models of the weak and strong confinement, respectively.

Next, we consider the confinement regime where the e-h pair is confined in the
space of the order of the exciton Bohr radius and the Coulomb interaction can not be

negligible. The hamiltonian of this system is expressed by

11



2 2 2
H=Le B ¢  .y(r) (1.17)
2m, 2m, e|r —rh|

€ €

V(R):{O [~

o (otherwise)

>

"h‘<a)

To solve Eq. (1.17) is rather complicated. However, by treating the Coulomb term as
perturbation, several kinds of calculation have been performed with using variational
approach. According to the calculation reported by Kayanuma [16], the lowest energy of

‘the e-h pair is obtained as

2 2 2
E, (Is..1s,)=E, +h—(ﬁj ~1.786°——0.248E,, (1.18).

2u\a &a
The second and third term in the right hand side of Eq. (1.18) show the kinetic energies
of the electron and hole and calibration of the Coulombic energy taking account of the
shortening relative distance of the e-h pair, respectively. The fourth term indicates the
binding energy of the e—h pair by the exciton effect. In this confinement region, the
exciton as a particle is strongly deformed, and the electron and hole is affected by

quantum confinement individually.

1.6 Exciton properties confined in CuCl quantum dots

CuCl quantum dot shows typical properties of “weak confinement” regime because
of the very small exciton Bohr radius (ag = 0.7 nm). To date, many studies of optical
properties of CuCl quantum dots embedded in alkali halide matrices [11, 24 - 26] or
glass material [10, 21 - 23] have been performed, and they provided the fundamental
and interesting properties of the confined exciton in “weak confinement” regime, for
example, the superradiation of the confined exciton [21, 25], large nonlinear
susceptibility [23, 24] and persistent hole burning [26], etc. These results indicate that
the confined exciton has large coherence overwhelming the quantum dot and it induces

the large optical nonlinearity in the mesoscopic system.

12



In this section, I introduce the previous studies of the quantum size effect on the
confined exciton in CuCl quantum dot. First, the relation between the energy shift of the
1s exciton and the size and shape of CuCl quantum dots embedded in NaCl matrix is
discussed. Second, the quantum size effect on the higher Rydberg states (2p, 3p...) of

the exciton is described.

1.6.1 CuCl nanocrystals in NaCl matrix

As described in the previous section, the quantum size effect on the exciton is
explained by two-limiting cases, so-called “strong confinement” and “weak
confinement”. For CuCl nanocrystal, the quantum size effect on the excitons is
considered to show the nature of “weak confinement” because of the small exciton
effective Bohr radius. However, it is important to investigate the size and shape of the
CuCl quantum dots in a matrix, to discuss more detailed quantum size effect.

For CuCl quantum dots embedded in a NaCl matrix, there was the report that the
sizes and shapes of the dots were determined by means of small angle X-ray scattering
(SAXS), and the identification of the quantum size effect on the excitons was carried
out by taking account into the relation between the dot size and the PL energy of the
confined exciton [11].

The SAXS was measured for various samples after the different thermal treatments.

The relation between SAXS intensity /(S) and the radius of gyration R, is expressed as
27SR
I(S) o exp[— (—35-)1} (1.19).

Here, S is expressed, by using scattering angle 26 and the wavelength A of the X-ray, as
S=%Sin6’. (1.20)

Figure 1-5 shows the exciton PL spectra of CuCl quantum dots in NaCl, in which R,
were obtained by the results of SAXS. The PL spectrum of sample 01, which was not
performed heat treatment, has the small peak at the Z3; exciton energy of s state in the
CuCl bulk crystal and the main peak at the higher energy side. As R, is decreased, the
PL peak energy is shifted to the higher energy side and the PL band becomes broadened
with long tail to the higher energy side. This broadening of the PL band is related to the
blueshift of the PL energy and reflects the size-distribution of the quantum dots.

13



When it is assumed that the shape of the quantum dot is spherical, the radius of the

dot a is obtained as follows:

5
a—\/;Rg (1 21).

Following this assumption, the PL peak energy is plotted versus the dot radius a in Fig.
1-6, together with some calculated lines of the quantum size confinement with using
exciton parameters of CuCl. Solid curves of 1 and 2 were obtained by Eq. (1.16) and
(1.14) assuming of “strong confinement” and “weak confinement”, respectively. The
experimental values are close to the curve 2. Furthermore, line 2’ was obtained by
taking account of the dead layer, the thickness of which is estimated to be 0.5ag. The
experimental values agreed well to this line. From this result, for the CuCl quantum dots
in NaCl matrix, the energy shift of the 1s exciton AE due the quantum size effect is
expressed as

s = (”j (1.22)

2M, \a
a =a-05a,. (1.23)

Here, a’ is defined as effective dot radius.

1.6.2 Excited states of the exciton confined in CuCl quantum dots

It have been revealed that quantum size effect on the exciton of lowest 1s state in
CuCl quantum dots can be explained by weak confinement. However, the study on the
excited exciton states (2s, 2p,...) is also important and interesting. The quantum size
effect on the excited excitons is expected to be different from that of the lowest exciton
because of their larger or anisotropic wave functions.

Yamanaka and co-workers reported the infrared transient absorption (IRTA)
attributed to the transition between Rydberg 1s and 2p states of confined exciton for
CuCl quantum dots embedded in NaCl matrix by means of pump-probe spectroscopy
[53]. They used the second harmonic (SH) light of Ti:sapphire laser pumped by
Q-switch YAG laser (pulse width: 15 ns, repetition rate: 10 Hz) as a tunable pump light
and pulsed Xe lamp (pulse width: 8 ps) with MgF, window as a probe one with time
resolution of several ns.

Figure 1-7 shows a typical temporal decay profile of the observed transient
absorption at 77 K. The IRTA exhibits two decay components. The decay time of the
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faster component (t;) was estimated to be less than 1 ns by taking into account the
temporal pulse profile of the pump light. The fast component was concluded to be
originated from the transition from Rydberg 1s to 2p state of the exciton since the decay
time is consistent with that of the exciton (~380 ps [33]) and the size-dependence of the
transition energy which is mentioned later.

On the other hand, the decay time of the slow component (t,>>100 ps at 77 K) was
increased up to ~10 ms with decreasing the sample temperature to 4.2 K. This persistent
IRTA does not show the simple exponential decay but the logarithmic decay behavior.
This decay feature is similar to that of the hole-burning phenomena reported in CuCl or
other semiconductor nanocrystals [26]. From these results, the origin of the slower
component was concluded to be some trapping centers of carriers, which is induced by
the intense laser excitation at or near the interface between the dots and NaCl matrix.

Figure 1-8 shows the IRTA spectra of the fast decay component. It was observed
that the absorption peak energy increased monotonously with decreasing the effective
radius of the dots under the size-selective excitation. As the results, the quantum size
effect on the 2p-like states of the exciton is much deviated from the “weak
confinement” regime toward to the “strong confinement” regime, since the energy shift
of the 2p exciton due to the confinement effect is larger than that of the 1s exciton. This
is owing to the fact that the effective Bohr radius of the 2p-exciton is lager twice or four
times than that of the 1s exciton, so that the confinement effect on the relative motion
between the electron and hole has to be take into account. In other words, the Rydberg
energy of the confined exciton has dot size dependency.

On the other hand, Uozumi and Kayanuma reported theoretically the energy levels
of the exciton confined in a spherical quantum dot in a weak confinement regime within
the effective mass approximation (EMA) [54, 55]. In this report, the exciton states were
denoted by different sets of two quantum numbers which are different among the two
limiting cases that are determined by the relative ratio of the exciton Bohr radius and
dot radius.

In the case that the dot radius is larger than the exciton Bohr radius, the confined
exciton state are denoted by (n/, n’L). Here, nl shows the exciton Rydberg states (1s, 2s,
2p, 3s, -+ -) and n’L shows the quantum confined states of the tranlational motions of
the exciton (1S, 1P, -, 2S, 2P,--, 3S, 3P,- -, ). On the other hand, for the smaller dot

size where the confinement effect on the relative motion of the electron and hole is no
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more negligible, the confined exciton states are expressed by (nele, nuly). Here, nele (milh)
indicates the quantum confined states of the electron (hole).

Figure 1-9 shows the calculated IRTA spectra due to the transition from the lowest
exciton (1s, 1S) state to the higher excited states denoted in the figure. The vertical line
indicates the transition energy and oscillator strength of each transition, and the
continuous curve with finite spectral width was obtained by the convolution of a
Gaussian function with O.lERy* width (HWHM). For the larger dot (R/ag > 3), the IRTA
peak is dominated with the transition to the (2p, 1S) state, and the IRTA spectra has a
asymmetric shape with a tail to the higher energy side, showing contributed by the
higher excited states other than the (2p, 1S) states. The transition energy between 1s and
2p state increased with decreasing the dot radius. The dot-size dependency of the IRTA
peak energy experimentally almost coincides fairly well with that of the theoretical
calculation, as shown in Fig. 1-10.

1.7 Biexciton properties confined in CuCl quantum dots

The quantum size effect on the biexciton is expected to show the energy shift
different from that of the single exciton because of the heavier translational mass and
the larger effective radius. As a result, the biexciton binding energy, which is defined by
the difference energy between twice the single exciton energy and the biexciton energy,
depends on the sizes of the quantum dots. Added to this, in the confinement system like
the quantum dot, the excited biexciton state possessing the energy larger than twice the
single exciton energy becomes significant for the transition dynamics between the
biexciton and exciton states although such biexciton states have been hardly discussed
in the case of the bulk crystal.

In this section, I describe the previous works on the confined biexciton properties in

CuCl quantum dots, with respect to the energy levels and the transition dynamics.

1.7.1 Energy levels and oscillator strength of confined biexcitons

One exciton and two-exciton pair (biexciton) states in a spherical dot in the weak

confinement regime were investigated, and the energies and oscillator strengths of
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several exciton and biexciton states were calculated by Nair and Takagahara [36, 37].
They investigated the transition energy and oscillator strength from the lowest exciton
['s state with j = 1 to the biexciton states with J = 0, 1 and 2. Here, there are two
biexciton states with J = 0; a bound exciton pair and an unbound pair, respectively.
Namely, the bound exciton pair (J = 0) is the “lowest biexciton” state, and the unbound
states of J = 0, 1 and 2 are called “excited biexciton” states.

Figure 1-11 shows the transition dipole moments for the transition from the ground
(denoted by 0) to the j = 1 exciton state (X;o) and for those from the exciton states (Xoo,
X0, X11) to the various biexciton states (BX, XX0, XX1, XX2). Here, the exciton states
are denoted by X; ., assuming that the incident light has z-polarization. On the other
hand, the biexciton states are denoted by BX for the bound exciton pair (the lowest
biexciton state) or XX.J for unbound biexciton states (excited biexciton states). The
noticeable feature in the Fig. 1-11 is that the transition dipole moment to the J = 2 state
(XX2) is the strongest among those from the exciton to the biexciton states.

Figure 1-12 shows the energies of the induced absorption from the exciton to the
biexciton states of J = 0 or 2 as a function of the lowest exciton energy. The strongest
excited-state absorption due to the J = 2 biexciton state has a nearly linear dependence
on the exciton energy with a slope of about 2.4. By invoking the tranlational mass
confinement picture, it is speculated that the weakly correlated exciton pair has an
energy equal to that of two excitons independently confined in a region of half the
volume of the dot. According to this assumption, the confined kinetic energy of the
weakly correlated exciton pair is 2x3/4=3.174 times that of a single exciton.
Consequently, the corresponding excited-state absorption energy will shows the linear
dependence on the exciton energy with a slope about 3.174-1~22, in close
agreement with the calculated value.

Masumoto and co-workers reported the transition energy from the lowest exciton to
the biexciton states for CuCl quantum dots embedded in NaCl matrix by means of
pump-probe spectroscopy [30, 31]. Figure 1-13 (b) shows the differential absorption
spectra with the resonant excitation of confined exciton in the quantum dots. The
induced absorption due to the transition from the exciton to the lowest and excited
biexciton states were observed as the dips indicated by the open and close triangles.
Figure 1-14 shows the excitation energy dependence of the absorption change. It is

consistent with the theoretical results shown in Fig. 1-12 and the observed excited
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biexciton state is associated with the state of J = 2. Experimentally, the exciton energy
dependence of the transition energy to the excited biexciton state shows linear with a
slope of 2.0.

1.7.2 PL energy of biexcitons confined in CuCl quantum dots

For CuCl quantum dots embedded in NaCl matrix, Itoh reported the PL energies of
the biexciton as a function of the exciton energy [32].

The PL spectra was obtained by using the pulsed dye laser with a peak power of
several hundred kW/em? pumped by a N, laser. When the exciton absorption band,
which is inhomogeneously broadened due to the dot size distribution, is selectively
excited, pairs of position-changing peaks which are dependent on the excitation energy
appear superimposition the PL bands of M and Ex as indicated by 1 and 1°, 2 and 2 etc.
in Fig. 1-15. It is suggested that the peaks denoted as »n’ in the M band are PL due to the
biexcitons confined in quantum dots of the same sizes for the confined excitons
indicated by peaks # in the Ex band. The energy relations between n and n’ are shown
by open squares in Fig. 1-16, together with that of the PL peaks of the Ex and M bands
which were obtained for the samples with different dot size by the band-to-band
excitation (open circles). When the radius of the biexciton is sufficiently smaller than
the dot size, it is assumed approximately that the center-of-mass motion of the
biexcitons is affected by quantum confinement. On this assumption, the energy shift of
the biexciton PL in a spherical quantum dot of the radius a is expressed as the following

equation.

2 2
dhao, :-ZI_ I (f) (1.24)
2\M, M, \a

Here, M. and M, are translational masses of the exciton and biexciton, respectively.
The size dependence of the biexciton PL energy obtained by this equation, using the
mass relation of My, = 2.3M. in the bulk crystal, is expressed by dashed line in Fig.
1-16. Here, the low-energy shift experimentally obtained is well reproduced for a > 3
nm. As a result, the effective radius of the biexciton was estimated to be ~3 nm which is
nearly four times larger that the effective Bohr radius of the exciton. For a < 3 nm, on
the other hand, the PL peaks experimentally obtained shows the high-energy shift and
the confinement model of center-of-mass motion of the biexciton does not seem to be
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applicable because the internal motion of the biexciton is deformed. In this case, the

biexciton binding energy depends on the dot size, and it is given by

E'(a)=E, (a)-hw,(a)  (1.25)

m

The biexciton binding energy is increased as the dot size is decreased, and this tendency
is qualitatively consist of the theoretical report. In addition, the reason for the difference
of the open squares and circles in the case of a < 3 nm is that giant oscillator strength of
the transition between the exciton and the biexciton is in proportion to the volume of the
biexciton. That is to say, when volume of the quantum dot is smaller than that of the
biexciton in the bulk crystal, giant oscillator strength decreased with the dot volume, so
that PL efficiency decreases. Accordingly, in the case of the band-to-band excitation, M
band, of which band width is resulted from the inhomogeneous broadening owing to the
size distribution, has a peak in the lower energy side due to more important contribution
from the larger dots.

In Fig. 1-16, the transient absorption energies originating from the transition from
the exciton to biexciton state which were obtained by pump-probe spectroscopy which
was reported by Masumoto and coworkers are also plotted by closed inverted triangles
[31]. The obtained absorption energy does not agree with that obtained by the PL

spectra, in particular, for a < 3 nm. This is unresolved question.

1.7.3 Transition dynamics of confined biexcitons and excitons

Up to now, the transition dynamics related to the biexciton and exciton in the CuCl
quantum dots in NaCl matrix have been investigated by means of time-resolved
luminescence obtained by using a streak camera or by using the up-conversion method
with temporal resolution of the subpicosecond, and the optical gain and induced
absorption obtained by subpicosecond pump-probe spectroscopy [33 - 35]. The energy
diagrams related to the exciton and biexciton at the sample temperature of 77 K and 2K
are shown in Fig. 1-17.

In the case of 77 K, the biexciton and exciton decay times were reported to be 65 ps
and 380 ps, respectively, which were obtained by using the streak camera [33], The
formation process from an excited e-h pair to an exciton have been clarified by the

analysis of the temporal change of the luminescence obtained by the up-conversion
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method, where the cascade relaxation model which is drawn in Fig. 1-18 have been
suggested. As a result, the formation time of the exciton is estimated to be 1.6 ps.

On the other hand, the dynamics process of the excitons at 2 K is more complicated
than that at 77 K because of the coexistence of “free” and “bound” excitons, and of
“free” and “bound” biexcitons. The decay times of bound exciton, bound biexciton and
free biexciton were reported to be 800, 70, and 125 ps, respectively, which were
obtained by using the streak camera and by the absorption changes for the bound
biexcitons and free biexcitons obtained by pump-probe spectroscopy. In addition, also
the transition rate of the non-radiative relaxation between them were proposed by
analyzing the time-resolved luminescence obtained by the up-conversion method
similarly to the case of 77 K. The obtained values are shown in Fig. 1-18.

From these previous reports, it is concluded that the transition dynamics of the
biexcitons and excitons confined in the quantum dots can be explained by the cascade

relaxation model.

1.8 Motivations and purpose

Up to now, optical properties of biexciton states confined in CuCl quantum dots
have been studied extensively. However, many unresolved properties still remains.

First, dot-size dependence of the biexciton energy is still ambiguous. The biexciton
energy has been investigated by the two methods until now; one is the transient
absorption from the exciton to the biexciton, and another is PL energy relation between
the biexcitons and excitons. However, these results are not consistent quantitatively. The
answer to this question has been asked because it is one of the most important
information in order to evaluate a variety of optical properties associated with the
confined biexcitons. I propose that two-photon excitation of the confined biexciton is
expected to derive this answer. Since the direct creation of the biexciton by two-photon
absorption gives rise to simple relaxation process of the biexciton and exciton in a dot,
the analysis of the confined biexciton energy is expected to be easy and it become
possible to examine the differences between the absorption energy and luminescence

energy of the biexicitons. However, there is no report on the two-photon excitation of
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the biexciton in CuCl quantum dots. Therefore it is necessary first thing to confirm the
two-photon excitation process of the confined biexcitons. In addition, it is interesting to
investigate how large the two-photon absorption coefficient is and whether the selection
rule of the biexciton is kept or not even in confinement system like a quantum dot.

Next, the quantum size effect not only on the lowest state but also on the excited
states of the biexciton is an interesting subject. To date, the excited biexciton states (J =
2) composed of weakly correlated two of lowest (Rydberg 1s state) excitons were
already studied. The large transition probability from the exciton to the excited
biexciton was observed, which never appear in the bulk crystal. Similarly, the excited
biexciton states associated with the excitons with higher Rydberg states are suggested to
be stable in the quantum dots although such biexciton states have not been reported yet.
For confined excitons in CuCl quantum dots, Rydberg 1s — 2p transition has been
reported by using the infrared transient absorption [53]. However, in this measurement,
the temporal resolution, the spectral resolution and the pump power are insufficient to
evaluate the fine energy structure of the confined exciton and biexcitons. Therefore,
more sophisticated pump-probe spectroscopy was necessary to study the excited states
of the excitons and biexcitons confined in the quantum dots.

In this research work, my goals are to solve these questions about the confined
biexciton properties. The points of the purpose of this thesis are summarized as follows:

1. To investigate the resonant two-photon excitation of the confined biexcitons in
CuCl quantum dots and confirm the polarization selection rule of the biexcitons
for the excitation laser beam.

2. To discuss the dot size dependence and the possibility of size-selective excitation
of confined biexciton state by using the two-photon excitation spectroscopy.

3. To investigate the excited excitons and biexcitons by means of the infrared

transient absorption (IRTA) by ultrafast pump-probe spectroscopy.
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Figure 1-1. Ratio of a biexciton binding energy G and an exciton binding energy Gex as
a function of the effective mass ratio of an electron and a hole o. Experimental values
for some typical semiconductor are marked, respectively. The solid lines are obtained by
theoretical calculations according to a: Akimoto [44], b: Brinkman [45] and c¢: Huang
[46], respectively.
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Figure 1-2. Band structure of CuCl crystal.
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Figure 1-3. Energy diagrams and the selection rules of excitons and biexcitons in CuCl.
The thick (thin) arrows show the two- (one-) photon transitions and the solid (broken)
lines represent optically allowed (forbidden) transitions. In the case of two-photon
absorption of I'j biexciton state with use of single laser beam, the transition is allowed
by only the linearly polarized beam [48].
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Figure 1-4. Typical regimes of quantum size confinement on an electron-hole pair in a

spherical potential well.
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Figure 1-5. PL spectra of CuCl quantum dots with use of a variety of samples (left side).
Table on the right side shows the radius of gyration of the samples [11].
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Figure 1-6. Relation between the peak energy of the exciton luminescence and the
squared reciprocal radius of the CuCl quantum dots obtained by assuming the spherical
shapes [11]. The open circles and solid curves are experimental results and calculated
one, respectively. The curves / and 2 are obtained by the assumption of “strong
confinement” and “weak confinement”, which obey Eq. (1.16) and (1.14), respectively.
The line 2’ shows the weak confinement model taking a dead layer effect into account,
represented by Eq. (1.22). The curves 3 and 4 are obtained according to the variational

calculations for three- and one-dimensional confinement, respectively.
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Figure 1-7. Temporal profile of the transient absorption for CuCl qunatum dots at 77 K
reported in doctor thesis of Yamanaka [53]. Pump photon energy (wavelength) is
3.230 €V (383.4 nm) that corresponds to the resonant excitation energy of confined
exciton in quantum dots with effective radius of ~3.9 nm. Probe photon energy
(wavelength) is 210 meV (5.9 um). Solid line shows the experimental result. The
dashed and broken curves shows the fast and slow decay components obtained by the

line shape fitting, respectively.
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Figure 1-8. IRTA spectra of the fast decay componenet of CuCl quantum dots with
different size-selective pumping reported by Yamanaka et al [53]. a* indicates the

effective radius of the quantum dot.
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Figure 1-9. Dot-size dependence of IRTA spectra of spherical quantum dots obtained by
theoretical calculation [55]. The transition energy is normalized by exciton Rydberg
energy ERy*. The dot radius, R, is normalized by the exciton Bohr radius, ag . The
effective ratio is taken as me/myp = 0.3.
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Figure 1-10. The peak energies (solid circles) and bandwidths (distance between a pair
of triangles) of the IRTA for the fast component as a function of dot radius a* [53]. The
open circles shows the 1s-2p transition energies obtained by theoretical calculation [54].
The dotted line is a guide to the eye. The broken line indicates the energy separation
between 1s and 2p exciton states for CuCl bulk crystal (170 meV) reported in Ref. [20].
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Figure 1-11. Dot radius dependence of the transition dipole moments for the
ground-to-exciton and exciton-to-biexciton transitions. The ground, exciton and
biexciton states are denoted by 0, Xz and XXJ. [37]
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Figure 1-12. The induced absorption energies of the two-exciton states as a function of
the exciton energy obtained by theoretical calculation. Er and E, indicate the exciton

Rydberg energy and band gap energy, respectively [37].
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Figure 1-13. (a) The solid and dotted line show the absorption specta without and with
pump light, respectively. (b) The change of the absorption spectra induced by the pump
light. The closed and opened circles indicate the induced absorption to the lowest and

excited-biexciton states [31].
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Figure 1-14. The induced absorption energies of the lowest biexciton (closed inversed
triangles) and excited biexciton (opened inverted triangles) as functions of excitation

photon energy. The closed circles indicated the excition energy [31].
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Figure 1-15. The excitation energy dependence of the PL spectra of the biexcitons (M)
and the excitons (Ex) for CuCl quantum dots at 77 K. The excitation energy is shown on

the right. 1 and 1°. 2 and 2, etc. represent the peak energy appearing as pairs in the M
and Ex PL bands [32].
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Figure 1-16. The relationship between the peak energy in the PL bands of the exciton
(Ex) and the biexciton (M), which are reported by Itoh [32]. The open squares and
circles show the data obtained with the band-to-band excitation and the selective
excitation, respectively. The dashed line shows the energy relationship calculated under
the assumption of confinement model for the center-of-mass motion of the biexcitons.
The closed triangles show the transient absorption energies as a function of the

excitation energies, which were reported by Masumoto ef al [31].
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Figure 1-17. Energy diagrams of the excitons and biexcitons confined in CuCl quantum
dots at 77 K (right side) and 2 K (left side). Symbols |G), [X), |BX), [M), |BM) represent
the states of a ground, free exciton, bound exciton, free biexciton, and bound biexciton,
respectively. The vertical and dotted lines represent the radiative and non-radiative

relaxation.
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Figure 1-18. The scheme of the cascade relaxation process at 77 K and 2K when one or
two e-h pairs are initially created in a nanocrystal. The characters, e, h, X, M, BX and
BM, denote an electron, a hole, an exciton, a biexciton, a bound exciton and bound
biexciton, respectively. r;, 7o, r3, in the case of 77 K denote the transition rates of e-h
pair state to the X state, of the X state to the ground state, and of the M to the X state,
respectively. k; (i =1 — 6 and d) and k; in the case of 2 K denote relaxation rates from a
high state to a low state, similarly to the case of 77 K. For the average effective radius
~4.2 nm, these relaxation rate was reported as follows: 1/r; = 1.6 ps, 1/r, =400 ps, 1/r;3
=70 ps at 77 K, and 1/k; = 1.3 ps, 1k, =1.8 ps, 1/k; = 1.4 ps, 1/k; =120 ps, 1/k; =30
ps, 1/ks = 800 ps, and 1/k; = 30 ps at 2K, respectively [35].
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Table 1-1. Physical constant of CuCl bulk crystal

lattice constant ar 0.54 nm (298 K)) [56]
band gap energy Ee 3.399 eV (4 K) [20]
effective masses

electron (I'¢c) me 0.5my [57]
hole (I'7y) my 1.8my
dielectric constant & 3.6 [58]

Z; exciton states

Is Eis 3.218 eV (77 K) [59]
3.202eV (2K)
2s Eos 3.266 eV (2 K) [20]
2p Eop 3.372 eV (2 K) [20]
exciton binding energy
Z3(1s) Gex 197 meV [20]

effective exciton Rydberg energies for n>2
73 s-series Egry 131 meV [20]
Zsp-series  Egy 109 meV [20]
effective exciton Bohr radius
Z3(1s) ap 0.7 nm (4.2 K) [60]
effective masses of transverse Z3 exciton
translational mass M 23my [61]

reduced mass Hex 0.39my [62]

biexciton binding energy
E, 32 meV [39]

36



Chapter 2

Experimental Setup

2.1 Sample preparation

The samples used in this experiment were CuCl quantum dots embedded in NaCl
matrix, which were produced by Itoh ef al. [11], and aged for about fifteen years old to
stabilize the supersaturation. The preparation method was already described in the

reference, so that it will be described simply as follows.

1. NaCl powder placed in a quartz tube was heated with vacuum pumping to get rid of
gaseous impurities to purify NaCl which is used as a matrix. In addition, it was melt
at 820 °C in sealed quartz tube with 0.9 atm Cl, gas, so that NaCl ingot free from
water was obtained.

2. CuCl flakes were added to the NaCl ingot at 1 mol% concentration and they were
sealed together with H; gas of 0.3 atm in the quartz tube.

3. CuCl flakes and NaCl ingot were melted in a transverse Bridgman furnace, and
NaCl was crystallized from one end by moving the furnace slowly (2 cm/day). As a
result, single crystals of NaCl doped with Cu" were grown.

4. The prepared crystals were quarried out to be about 5x5%5 mm, then a subsequent
annealing process makes the coagulation of Cu” ions to form small crystallites of

the order of several nm in size.

During the annealing process, it is possible to control the average size of the dots by

changing annealing temperature and time. The average size becomes larger (~ 10 nm)
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when the annealing temperature is low, that is 200 ~ 300 °C, whereas it becomes
smaller (~ a few nm) when the temperature is raised to 500 ~ 600 °C. The samples were
annealed for several hours in Ar gas atmosphere of 0.3 atm which was used to prevent
the evaporation of CuCl from NaCl matrix.

The obtained crystals were cleaved to be suitable for the optical measurement.
Optical density of the samples is 1 ~ 2 at the peak energy of the absorption band of Z3

exciton.

2.2 Tunable ps pulse laser system

I have studied confined biexcitons in quantum dots by means of two-photon
excitation spectroscopy and mid-infrared transient absorption spectroscopy, so that the
excitation light has been required to possess following specifications for these
experiments. First, it is necessary that the excitation light intensity is strong enough to
excite at least one biexciton in considerable amounts of the quantum dots. The
estimation of the light intensity for exciting one biexciton in all of the quantum dots on
average will be discussed later. Second, a short pulse width is required in order to
resolve the decay components attributable to the excitons and biexcitons in the transient
absorption spectroscopy. The decay times of the excitons and biexcitons confined in the
CuCl quantum dots are reported to be about several hundreds and tens of picoseconds
[33]. Accordingly, the pulse width is necessary to be less than ten ps. Furthermore, a
narrow spectral width is required for the size-selective excitation of the excitons and/or
the biexcitons because the absorption band of the confined excitons is broadened due to
the size distribution of the quantum dots. It is desirable that the spectral width of the
laser is nearby the Fourier transform limit of the pulse width.

I have used the laser system based on ps dual optical parametric amplifiers (OPAs)
pumped by a regeneratively amplified mode-locked Ti:sapphire laser pulses, which
meet aforementioned requirements as the pump and probe light sources for my research
work.

The ps dual OPA system comprises the lasers and amplification systems provided by

Spectra Physics. OPA systems have been now introduced in many laboratories but most
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of them are, in general, /s OPA systems. The ps OPA requires higher pump power for
stable operation in comparison with fs OPA operate since the wavelength-conversion
efficiency of the ps pulse is lower than that of the fs pulse due to the low peak intensity.
In addition, the higher pump power is necessary to operate two OPAs simultaneously.
Therefore, the amplification system is figured out to generate higher pump power than
the ordinary one. I will explain functions of this laser system, outline of which is shown
in Fig. 2-2.

2.2.1 Amplification system

The laser light from a mode-locked Ti:sapphire laser (Tsunami, wavelength: 799nm,
repetition rate: 82 MHz, pulse width: ~100 fs) pumped by a diode-pumped cw visible
laser (Millennia, wavelength: 532 nm, output power: ~5 W) is used as a seed light in
this laser system. The spectral width of the seed light is more than 10 nm, and the output
power is about 1 W.

The laser light from the mode-locked Ti:sapphire laser is amplified by a Ti:sapphire
amplifier (Spitfire) pumped by intra-cavity doubled Nd:YLF pump laser (Merlin,
wavelength: 527 nm, repetition rate: 1 kHz, pulse width: ~250 ns, output power: ~20
W).

Spitfire comprises three main parts, so-called, Ti:sapphire amplification system,
optical pulse stretcher and optical pulse compressor. The technique of chirped pulse
amplification, the principle of which is shown in Fig. 2-3, is used to remove the
limitation of the amplification, which comes from self-focus destructivity of the
amplified pulse for a Ti:sapphire crystal. The peak energy of the pulse is reduced
significantly by stretching the pulse width, then the stretched pulse with lower-peak
intensity is amplified. After the amplification, the pulse is recompressed to the short
pulse width.

Pulse stretching and compression are achieved with the use of diffraction gratings. In
the pulse stretcher, the input beam is incident on a diffraction grating, causing the light
with different wavelengths to disperse. The grating can be configured in such a way that
the shorter wavelength components have to travel longer through the stretcher than the
longer wavelength components. A single grating is used in the stretcher, and spatially
reconstruction of the stretched pulse is ensured by passing the grating four times. Pulse

compression is essentially the reverse of the pulse stretching, in which, however, the
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grating is arranged so that the shorter wavelength components travel shorter path and
catch up the longer components.

In the ps amplifier, the spectral mask is placed inside the pulse stretcher to select the
small portion (AX: ~1 nm) of the seed spectrum to achieve the narrow spectral width, as
shown in Fig. 2-4. The stretched pulse with the narrower spectral width results in a few
ps pulse after the compressions, which is close to the Fourier transform limit.

The amplification system comprises two parts, that is, a Ti:sapphire regenerative
amplifier and Ti:sapphire external amplifier. The layout of these amplifiers is shown in
Fig. 2-5. Pump laser beam from Merlin is split into two beams, then both beams is used
for pumping the Ti:sapphire crystals in the regenerative amplifier and external amplifier,
respectively.

The principle of the regenerative amplification is first the confinement of a single
pulse selected from a mode-locked pulse train by polarization rotation followed by the
amplification to an appropriate power level, and finally the production of cavity dumped
output.

The seed pulses coming from the pulse stretcher are injected into the cavity of the
regenerative amplifier through the reflection at the Ti:sapphire rod (R1). The pulse
passes through a A/4 wave plate (WP) and an input Pockels cell (PCl), and it is
reflected by mirror and thus retraces its path. Because it doubly passes the WP, the
polarization has undergone a A/2 rotation and is transmitted by the R1 and other optical
components with Brewster angle with respect to the optical path. When the PCI is
deactivated, a pulse makes a single round-trip and exits again. On the other hand, when
the incident single pulse is amplified, the quarter-wave voltage is applied to PC1 as
soon as the pulse leaves PC1. The PC1 is now effectively a A/4 wave plate and cancels
the effect of WP. Thus, the pulse is trapped in the cavity.

After a number of round trip, usually about 20, and that the pulse energy reaches the
appropriate power level, a quarter-wave voltage is applied to the output Pockels cell
(PC2), causing a half wave rotation to the pulse polarization after it has doubly passed
the PC2. The pulse is thus ejected from the cavity by the polarizing beam splitter (P1).

The amplified pulse is amplified further in the external amplifier, by passing though
the Ti:sapphire crystals twice to acquire the higher power enough to pump the two
OPAs simultaneously.

After the amplification system, the amplified pulse is recompressed in the pulse
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compressor, to obtain the pulse width of ~2 ps. The output energy of the Spitfire is ~3
mJ and the repetition rate is 1 kHz. Amplified laser beams is split into two beams and

they pump the OPAs, respectively.

2.2.2 Optical parametric amplifier

Figure 2-6 shows the simple layout of the OPA-800P. The amplified input beam is
split into two beams by a beam splitter (BS1). Approximately 96 % of the energy is
reflected by BS1 and used as a pump beam, and the remains passes through BS1 and
used to generate a white light continuum that provides the seed pulse for OPA. A half
wave plate (WP) and a cube polarizer (P) are used to polarize the beam horizontally and
the stable white light generation is provided by attenuating the beam intensity by an iris.
After passing through a delay stage, the generated seed pulse is incident on BBO crystal,
which is used for optical parametric amplification.

In the other leg, the major portion of the amplified beam is split into two pump
beams by the beam splitter (BS2), then ~15 % of the beam is reflected by BS2, which is
used as a pre-amplifier beam in the first stage, and the remainder passed through BS2 is
used as a main-amplifier beam in the second stage. In the first amplification stage, the
pre-amplifier beam is steered to BBO crystal by using a dichroic mirror D1, which is a
high reflector for 750 — 850 nm and highly transmissive for the longer wavelengths. The
signal and idler beams generated in the BBO crystal in the first amplification stage pass
through the dichroic mirror D2, then the idler beam is diffracted back to the BBO
crystal by the grating, which is mounted on a rotation stage on the delay line. The
main-amplifier beam is steered to BBO crystal by using D2, where it is overlapped
co-linearly with the returning idler beam into BBO crystal in the second amplification
stage. As a result, the amplified signal and idler beams are generated co-linarly. The
residual 800 nm beam is separated from the amplified signal and idler beam by the
dichroic mirror D4.

The wavelengths of the signal or idler beam can be tuned by rotating the BBO
crystal for changing the phase-matching condition and by rotating the grating to make
an appropriate diffraction angle for the idler beam. Tables 2-1 and 2-2 show the
specification of the OPA-800P at the pump energy of 1 mJ/pulse.

In my research work, one OPA which is pumped by ~2 mJ is used as the pump light

source. Fourth harmonic generation (FHG) of the signal beam is achieved by using two
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BBO crystals, and the wavelength was tuned in the ultraviolet region. On the other hand,
another OPA is used for the probe light source in the pump-probe spectroscopy. The
wavelength is tuned at the mid-infrared region, which is obtained by an idler beam or
differential-frequency-mixing (DFM) of the idler and signal beam by using AgGaS,
crystal.

2.3 Estimation of excitation intensity for creation of excitons

and biexictons

For measurements of the two-photon excitation and mid-infrared transient
absorption of the biexcitons in the quantum dots, the high power of the excitation light
is required. I will describe how to estimate the light intensity which is necessary to
excite one biexciton in the quantum dots. Although the samples used or the excitation
conditions are not equal for some of the experiments, here I will explain the estimation
by adopting the sample thickness to be 1 mm, the mean radius of the dots to be 4 nm,
and irradiated spot size to be 300 um.

The concentration of the CuCl quantum dots in NaCl is 1mol%, so that it results in
3.37 x 10" /em® by taking account of the dot radius of 4 nm. Since the irradiated
volume is 7.07 x 10 ¢cm® which is calculated by using the spot size and sample
thickness, the number of the quantum dots in the irradiated volume is estimated to be
~2.37 x 10". Namely, the number of photons is needed to be 2.37 x 10" in the
irradiated volume to create one exciton in one quantum dot, by assuming that one
photon was converted to the exciton with probability of 100%. By assuming that the
excitation light wavelength is 384 nm and O.D. is 1.8 at this wavelength, excitation
intensity of 1.3 pJ/pulse is necessary. In addition, to excite two excitons in a quantum

dot in average, the power of ~3 pJ/pulse is necessary.

2.4 Two-photon excitation spectroscopy
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2.4.1 Absorption and PL spectra at 77 K

The sizes of the quantum dots can be estimated by the absorption and
photoluminescence (PL) spectrum. Figures 2-7 and 2-8 show the experimental setups
for the measurement of the absorption and PL spectrum, respectively. The samples were
fixed on the sample holders in a cryostat and the sample temperature was kept at 77 K.
For the absorption measurement, I used the tungsten lamp as a light source. The
transmitted light from the sample was focused on an optical fiber, which was connected
to the slit of a spectrometer. For the PL. measurement, a continuous wave He-Cd laser
(wavelength: 325 nm) was used as the excitation light source. The laser light was
focused on the sample, and PL from the sample was collected into the optical fiber with
the backward-scattering geometry.

The detection was made by the spectrometers with focal length of 150 mm and
grating of 1200 g/mm (Acton Research Corporation, hereafter denoted by ARC ;
SpectraPro-150) equipped with a charge-coupled device (CCD) (Hamamatsu; C7042),
or that with focal length of 500 mm and a grating of 1200 or 2400 g/mm (ARC;
SpectraPro-500) with a liquid nitrogen cooled CCD array (Prinston Instruments ;
LN/CCD-1340/100-EB).

2.4.2 Two-photon excitation spectroscopy at 4 K

The experimental setup for two-photon excitation of the biexcitons at 4 K is shown
in Fig. 2-9. The excitation light is obtained from FHG of the signal beam of OPA, and
the wavelength is tuned in the range of 384 — 390 nm (3.195 — 3.220 eV). The
maximum output power of the laser was ~3 pJ/pulse. The excitation light was focused
by the quartz lens and the irradiated spot size on the sample was ~100 pm. The
excitation light was normally incident on the samples, and the polarization is chosen by
using the A/4 plate (luceo; RETAX-A/4:3900) which is placed in front of the focus lens.
The polarizer was placed in front of the optical fiber to remove the scattering light of the
excitation laser. PL was collected with the forward-scattering geometry and was
detected by using the spectrometer (ARC; SpectraPro-500) equipped with liquid
nitrogen cooled CCD array.

The average of the effective radius of the CuCl quantum dots is ~6 nm, which is

estimated from the one-photon absorption spectrum. The samples was cleaved with the
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thickness of ~0.5 mm. The sample was placed in the He flow cryostat and the
temperature is kept at 4.2 K.

2.4.3 Two-photon excitation spectroscopy at 70 K

Figure 2-10 shows the experimental setup of two-photon excitation of the biexcitons
at 70 K. The excitation light source was obtained by FHG of the signal beam from the
OPA, and the wavelength (photon energy) was tuned from 382.3 nm (3.242 eV) to
388.6 nm (3.189 eV). The maximum output power of the laser was about ~3 pJ/pulse.
The excitation light was focused by a quartz lens and the irradiated spot size on the
sample was ~180 um. The PL was collected with the backward-scattering geometry to
acquire the PL due to the excitons and was detected by using the spectrometer (ARC;
SpectraPro-500) equipped with liquid nitrogen cooled CCD array.

The average of the effective radius of the CuCl quantum dots is ~3.7 nm, which 1is
estimated from the one-photon absorption spectrum. The samples was cleaved with
thickness of ~0.5 mm. The sample was placed in the He flow cryostat and the
temperature is kept at 70 K.

2-§ Mid-infrared transient absorption spectroscopy

2.5.1 Experimental setup

Pump-probe spectroscopy was performed with using the dual OPA system. The
experimental setup is shown in Fig. 2-11.

The pump pulse was obtained by FHG of the signal beam from one OPA and
wavelength was tuned at 383 — 388 nm (3.236 — 3.194 eV) for the resonant excitation of
the exciton or biexciton state in CuCl quantum dots in NaCl matrices. The pump pulse
was focused on the sample with the spot size of ~300 um. The maximum excitation
intensity was 4 pJ/pulse, and with this intensity, it was estimated that on average 2.5 e-h
pairs would be created in a dot.

On the other hand, the probe pulse was obtained by an idler beam or the DFM of the
signal and idler beam from another OPA. The probe pulse intensity was reduced by
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neutral-density filters to ~0.1 pJ/pulse and focused on the sample with spot size of ~200
um by using the parabolic reflector. The relative angle between the pump and probe
pulse was ~11°.

PL spectrum was measured simultaneously with the transient absorption spectroscopy.
The PL retraced the optical path of the excitation light was collected by using the
reflection of a quartz plate and was detected by using the spectrometer (ARC;
SpectraPro-150 or SpectraPro-500) equipped with the CCD.

The samples were held in a He gas flow cryostat with the BaF, windows. The sample
temperature was kept to 70 K in the measurements in order to avoid the influences from
the trapping states of the carriers at the interfaces of the dot, which contributes the IRTA

signals at the low temperature [48].

2.5.2 Detecting system

The transmitted probe light was detected by a liquid nitrogen cooled HgMnTe
photodiode (Broward Infrared Detector Corporation, MCTLNE-0.2-10.6 (hereafter
denoted by MCT)) after a monochromator with focal length of 100 mm and grating of
120 g/mm (JASCO: M10). Some important characteristic parameters of MCT are shown
in Table 2-4.

Output signals of MCT were amplified by a pre-amplifier circuit and introduced a
lock-in amplifier (EG & G Instruments, 7260) or a digital oscilloscope (Tektronix,
TDS3032). The differential transmitted signal (A/) was obtained with the lock-in
amplifier synchronized with the chopping frequency (~80 Hz) of the pump light. On the
other hand, the reference intensity of the transmitted probe light (/5) was obtained by
chopping the probe light with cutting the pump light.

The transient absorption intensity (AO.D.) was obtained as follows;

AO.D.= —logm(l o =4 ] (2.1).
I 0

For this measurement, the stability of the laser output during collecting the signals is

very important because the fluctuation of the laser light gives rise to noise in the signal.

Therefore, before and after collecting the signals by changing the delay time, I checked

the stability of the light intensity by observing the fluctuations of waveforms of the

signals by using the digital oscilloscope, which is triggered by TTL signal from the
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regenerative amplifier.

2.5.3 Origin of delay time

The origin of the delay time for this pump-probe spectroscopy was determined by
cross-correlation of difference frequency mixing (DFM) of the pump and probe light,
which is obtained by using a LilO; crystal (4x4x4 mm, cutting angle: 24°). The
generated DFM light was collected by the lens and focused on the optical fiber, and the
spectrum of the DFM light was measured by the spectrometer (Acton Research
Corporation SpectraPro-150) and the liquid nitrogen cooled CCD (Hamamatsu: C7557).
Figure 2-13 shows the obtained temporal profiles of the DFM of the pump light of
386.9 nm and probe light of 4.5 um, which was denoted as solid circles. The
wavelength of the DFM was 423.4 nm. The solid curve shows result of fitting to the
experimental values with a Gaussian function. The obtained temporal width of the
correlation from the fitting curve was 1.7 ps, and this value was defined as the temporal
resolution of this measurement.

We may note, in passing, that the pulse width was estimated to be 1.3 ps by the
assumption that temporal profiles of the pump and probe light are approximated by
Gaussian functions with the same width. However, I have not confirmed the pulse
widths of them individually.

For the longer wavelength of the probe light than 5 pm, the DFM intensity decreases
and the temporal width becomes extended since the wavelength region for the
transparency of LilOj; is 300-5000 nm. Consequently, the origin of the delay time was
necessary to be determined by using the probe wavelength shorter than 5 pum, before the
measurement of transient absorption spectra. It was confirmed that origin of the delay

time is constant regardless of the changes of the probe wavelength from 3 umto 5 um.

2.5.4 Transient absorption spectra

Transient absorption spectrum was obtained by changing the probe wavelength from
2.5-10 pm. The output direction of the light from OPA varies with changing the output
wavelength. Consequently, the realignment of the optical pass was necessary to make
the light incident on the same point on the sample surface every time the wavelength

was tuned.
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Figure 2-1. Procedure for the sample preparation of CuCl quantum dots embedded in
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Figure 2-2. Outline of the ps OPA system which was used for my research work. Output

powers from the OPAs indicate typical values.
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49



From stretcher

To compressor

\
Regenerative amplifier
Byl i b PRGSO JR U PR, I VSIS USSP
5 I( VﬁP PC1 R1 )l i
1 _Pump laser i
R1, R2 Ti:sapphire WP /4 wawe plate
PC1, PC2 Pockels cell P1  Output polarizer

Figure 2-5. Layout of the Ti:sapphire amplification systems.

50



Telescope

BS2 T oo--T

R

S R
S V¥
Telescope :
s i oo
WP P | FL WLP (f:\L S LR
U PN ! Delay
BS1 white light bl
R — 7
Grat ' v main amp
ratin - ' i
g BBO Pre-amp : : D3
I’ ~ : ——7
—> D1 MY
Delay
P signal and idler
-\
R
RV idual
R Reflactor FL Focusing lens 5;" ua
D1, D2, D3 Dichroic mirror CL  Collimating lens pump
BS1, BS2 Beam splitter WLP  White light plate
WP A2 wawe plate

Figure 2-6. Layout of optical parametric amplifier system.

sample
\|
Al
Cryostat
Spectro-
meter
CCD

Figure 2-7. Experimental setup for absorption measurement at 77 K.

51



— 325nm ]

HeCd laser l u

Cryostat

Spectro-
meter

CCD

i

Figure 2-8. Experimental setup for photoluminescence measurement at 77 K.

Regenerative amplifier ML Ti:sapphire laser
OPA
N
= A4 plate
=T
gy

— | | Cryostat

Polarizer

Spectro-
meter

Figure 2-9. Experimental scheme for the two-photon excitation of biexcitons at 4 K.
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Figure 2-10. Experimental setup for the two-photon excitation of biexcitons at 70 K.
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Figure 2-13. Temporal profile of the cross-correlation between pump and probe pulses,
which is obtained by difference-frequency-mixing (DFM). The pump and probe
wavelengths were 386.9 nm and 4.5 um, and the generated DFM wavelength was 324.6
nm. The solid line shows the fitted curve to the experimental points with a Gaussian

function.
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Table 2-1. OPA-800P Specification

Input Characteristic Output Performance
Pump Energy Signal (A= 1.3 pm) ider (A= 2.08 um)
Pulse Energy 1.0 mJ 60 uJ 25w
Pulse Width < 1.5 ps <1.5ps < 1.5ps
Line Width <22 cm™ @800 nm <25cm’ <25cm’
Tuning Range 1.10 - 1.60 um 1.60 - 3.00 pm
Repetition Rate 1 kHz
Energy Stability <3%
Table 2-2. Specification of OPA-800P Wavelength Extension Output
Option Wavelength Range | Pulse Energy Pulse Width | Energy Stability
;i 1.6 — 1.6 ym 25 pJ at 2.0 pm <25cm’ <3%
o 1.1-1.6 um 60 wJ at 1.3 pm <25cm’ <3%
4 300 — 400 nm 4 pJ at 330 nm <30 cm’ <15%
DFM os—o; 3.0-10.0 um 3uJat4.0 um <25cm’ <5%
Table 2-3.  Estimation of excitation intensity to excite the excitons and biexcitons.

Radius of CuCl quantum dots 4 nm

Concentration of the CuCl quantum dots 3.37x 10" /em®

Irradiated spot size (diameter) 300 um

Thickness of the sample 1 mm

Wavelength of the pump light 384 nm

Minimum of the photon numbers to excite an | 2.37 x 10

exciton per dot 1.3 pl/pulse

Minimum of the photon numbers to excite a | 4.74 x 10"

biexciton per dot 2.6 wl/pulse
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Table 2-4. Characteristic parameter of MCT.

Cutoff wavelength
Spectral responsibility
Quantum efficiency
Response frequency
Active areas

Window

11.84 um
6.0 A/W

> 50 %

> 100 MHz
4.0x10™* cm?
Z/nSe
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Chapter 3

Two-Photon Excitation of Confined Biexcitons

3.1 Introduction

The biexciton (excitonic molecule), which is formed by the combination of two
excitons, has provided us the huge information of basic properties of the interactions
between the excitons. In addition, it plays the important role for the optical nonlinear
response of the semiconductors. The biexcitons have been considered as a candidate for
the high-efficient semiconductor lasers [18], since their luminescence has in essential
quasi-three-level-system and the inverse population can be realized easily between the
biexcitons and longitudinal exciton states. The binding energy of the biexcitons in low
dimensional materials is increased because of the confinement effects, so that the
biexciton become stable even at elevated temperature. Therefore, in the thin films or
nanoparticales, the biexciton state has been studied very much.

In most experiments, the biexcitons are generated through the thermalization of hot
carriers or exctions generated by the band-to-band excitation or the exciton resonant
excitation. However, the direct creation of the biexcitons is possible by the giant
two-photon absorption involving quasi-resonant intermediate states of the exictons.
Experimentally, the giant two photon absorptions of the biexciton were reported in some
II-VI and I-VII semiconductors [39, 43, 50 - 52, 63, 64]. For the two-photon absorption
process, the total angular momentum of the biexciton state determines the optical
selection rule [48]. In the case of CuCl, the direct creation of the lowest biexciton (I';
state) is forbidden for co-circularly polarized lights because the total angular momentum

is zero. This selection rule was confirmed experimentally [51]. The two-photon
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absorption process of the biexcitons was investigated extensively for CuCl bulk crystal
[39, 50 - 52].

However, in the case of the quantum dots, there is no report on the two-photon
resonant excitation of the biexciton states, although the study of it is very interesting
and important. First, a two-photon absorption coefficient is the important parameter
associated with the optical nonlinearity. In general, the nonlinear susceptibility of
quantum dots increases compared to the bulk crystal. However, the confinement effect
on the two-photon absorption of the biexcitons has not been revealed. Second, the
confinement effect on the polarization selection rule of the biexciton creation by the
two-photon absorption is still unknown. In the confinement system, the interaction
between the electrons and holes is modulated, and it may affect the selection rule of the
biexcitons. Furthermore, for the development of the quantum dot lasers, one of the
important problems to be solved is how to prevent the Auger ionization of the dots,
which originates from mutual interactions between the isolated excitons. The direct
creation process of the biexciton would give the stable and efficient system for the laser
applications since the excess energy of the biexciton in the generation process is
suppressed.

The energy levels of the biexciton confined in the quantum dots, taking account of
the correlation between two excitons, were investigated [37]. According to the previous
investigations, when one exciton already exist in a quantum dot, the second exciton can
not be created at the same energy as that of the first exciton because of the influence of
the large correlation between the two excitons. In other words, one can not create the
two exciton state by the step-by-step process of one-photon absorption under the
resonant excitation of the confined single exciton. This result makes the investigation of
the quantum size effect on the biexciton more difficult and complicated. If the direct
creation of the confined biexciton by two-photon absorption is successful, the details of

the quantum size effect of the biexciton will be clarified.

3.2 Motivations and purpose

According to the previous study on the confined biexciton states in semiconductor
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quantum dots, the second exciton is created at the absorption energy different from that
of the first exciton in the creation process of the biexciton. However, the
photoluminescence (PL) band of the biexciton has been observed even in the case of
exciting the confined exciton level size-selectively [32]. This report does not agree with
the former reports and it has been unresolved question. In order to resolve this
discrepancy, I tried to investigate the existence of the two-photon resonant absorption
process of the confined biexcitons. I propose that two-photon absorption process of the
biexciton is capable of a new tool to study the confined biexciton states.

To date, there is no report on the direct creation process of the confined biexciton
states in CuCl quantum dots by the two-photon resonant excitation, to my knowledge. It
is perhaps because of the wide size distribution of the quantum dots in one sample. The
large size distribution of the dots results in the extension of the one-photon absorption
band to the lower energy side. In the photoluminescence excitation (PLE) spectrum of
the biexciton, consequently, it is difficult to clearly discriminate the two-photon
absorption band from the one-photon absorption band.

To resolve this problem, I examined the dependence of the PLE spectrum of the
biexciton on the polarization of the excitation light. If the polarization selection rule of
the biexction survives even in the confined system like the quantum dot, the PL
intensity of the biexciton is expected to decrease for the circularly polarized light in
comparison with the linearly polarized one. It must be a clear evidence of the two
photon resonant excitation of the confined biexciton state. By means of this method, the
observation of the biexciton state in the GaAs quantum dots was succeeded for single
quantum dot by using microspectroscopy [65].

Furthermore, it should be possible to observe the transition not only to the lowest
biexciton state (J = 0) but also the excited biexciton state (J = 0, J = 2) by the
two-photon absorption process.

I will discuss the possibility of the two photon resonant absorption of the confined
biexciton states in reference to the one-photon induced absorption from the exciton to

biexciton state.

3.3 Results and discussion
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3.3.1 PL spectra

Figure 3-1 shows the PL spectra with the excitation photon energy of 3.228 eV
(thick line) and 3.184 eV (thin line), respectively. These excitation photon energies are
higher and lower than the exciton energy in the bulk crystal (indicated by dotted vertical
line), respectively.

The photon energy of 3.228 eV corresponds to the resonant excitation of the
confined excitons in the dots with the effective radius of 2.5 nm. The observed PL bands
are the same as the case of the band-to-band excitation [34]. The PL bands denoted by
M, BM and BX are originated from free biexcitons, bound biexcitons, and bound
excitons, respectively. The sharp line denoted by I, is the PL originating from the
exciton trapped to the some neutral donar, the energy of which is not dependent on the
dot radius. The energy diagram and the relaxation process associated with the free and
bound biexcitons and the bound excitons are shown in Fig. 3-2.

Although the excitation photon energy of 3.228 eV corresponds to the resonant
energy of the excitons in the dot with effective radius is 2.5 nm, the larger dots than 2.5
nm is also excited since it is possible that the excitation photon energy corresponds to
the higher confinement states of the excitons in larger dots. Such kind of creation
process for excitons and biexcitons will be discussed in next chapter.

On the other hand, in the case of the excitation photon energy lower than the exciton
energy for the bulk crystal, the PL bands of M, BM and BX were also observed. In this
excitation condition, the excitons are not created by the one-photon absorption process,
but by some nonlinear process. Consequently, the biexciton can be created through the
two-photon absorption process. In the M and BM bands, a few structures appeared in
the case of the two-photon excitation. The origin of these structures is considered as
follows.

For the biexciton luminescence in the bulk crystal, the two bands were observed,
which are associated with the longitudinal and transverse excitons as the final states
[49]. It might be possible to observe these bands even in large quantum dots although
the mixing of the transverse and longitudinal modes of exciton occurres for smaller
quantum dots [66]. Furthermore, by the two-photon absorption, the size-selective
excitation of the biexcitons would be possible. As a result, fine structures of the
biexciton luminescence would appear. More detailed discussion is necessary to clarify

the origin of the fine structures.
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In summary for the PL spectrum under the excitation at the photon energy lower
than the exciton energy for the bulk crystal, it was confirmed that the biexcitons were
created in the quantum dots since the M and BM bands were observed. This result

seems to show the two-photon absorption process of the confined lowest biexciton state.

3.3.2 PLE spectra of confined biexcitons

Next, I examined the PLE spectra of the M and BM bands with linear and circular
polarizations of the excitation light in order to confirm the two-photon absorption
process. Figure 3-3 shows the PLE spectra of the M and BM bands with excitation
photon energy between 3.179 and 3.228 eV. For the linearly polarized excitation shown
in the Fig. 3-3 (A), the PLE spectrum has a peak around 3.21 eV and continuous
structure in the higher energy side. In addition, the PLE intensity is decreased
monotonously toward the lower energy side. The isolated peak structure due to the
two-photon resonant absorption, which was clearly observed in the bulk crystal, was not
observed, perhaps because of the inhomogeneous size distribution of the dots.

On the other hand, for the circularly polarized excitation, however, the PL intensities
of the M and BM band reduced abruptly beneath the 3.204 eV, as shown in Fig. 3-3 (B).
This value almost coincides with the transverse exciton energy (3.202 eV) in the bulk
crystal which corresponds to the lowest energy edge of the one-photon absorption band
of the free exicitons. According to this result, the biexcitons confined in the quantum
dots are not be created by the two-photon absorption with the circularly polarized
excitation light. This feature of the PLE agrees with the polarization selection rule for
the lowest biexciton (J = 0).

This polarization dependency of the PLE is more explicitly shown by the ratio
spectrum of the PLE as shown in Fig. 3-4. The ratio spectrum was obtained by dividing
the PLE curve with circularly polarized excitation by that with linearly one. Beneath the
excitation photon energy of 3.202 eV, the PL intensities of the M and BM decrease for
the circularly polarized excitation compared to the linear one. This is direct and clear
confirmation of the existence of the direct creation process of the biexciton confined in

CuCl quantum dots by the two-photon resonant absorption.

3.3.3 Two-photon absorption of excited biexciton states
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In the ratio spectra of the PLE shown in Fig. 3-4, the ratio exceeds unity above the
excitation photon energy higher than 3.204 eV. That is to say, the biexcitons are created
more efficiently with the circularly polarized excitation light than with the linearly one.
This polarization dependency is quite opposite to the selection rule of the biexciton with
J = 0. In order to clarify the difference of the PL intensities of the M and BM bands, I
examined the differential PL spectrum, shown by a thin line in Fig. 3-5. It is obtained by
subtracting the PL spectrum for the linearly polarized excitation light (thick dotted line)
from that for the circularly one (thick solid line). The increase of the PL intensities of
the M and BM bands and the decrease of the PL intensity of BX band are observed
clearly in the differential spectrum.

I will discuss this peculiar nature of the polarization dependence. When the excitation
photon energy is higher than the exciton energy of the bulk crystal, one can assume the
two kinds of the creation processes of the biexciton. One process is that the biexcitons
are collisionally created from two excitons after they are created by one-photon
absorption process and then thermalized. However, the one-photon absorption of the
excitons has no polarization dependency for the excitation light. Therefore, the creation
process of the biexcitons also has no polarization dependency, so that the ratio of the
PLE should be 1. Other possibility is the two-photon absorption process for the direct
creation of the biexcitons. However, in the case of the generation process of the
biexcitons of J = 0, the biexcitons would not be created by the circularly polarized light
as mentioned before.

In order to explain the observed polarization dependency of the PLE above 3.207 eV,
I assumed the two-photon absorption of the excited biexciton states, the energies of
which are larger than twice the creation energy of the isolated excitons. According to
previous reports on the pump-probe spectroscopy [31], two of the excited biexciton
states (J = 0, 2) are optically allowed for the transition from the exciton state with Jex =
1, and the transition dipole moment for J = 2 biexciton state is much larger than that for
J = 0 biexciton state. Since the two-photon absorption process of the biexciton utilize
the exciton state as the virtual immediate state, the giant transition dipole moment
between the exciton and biexciton affects efficiently to the two-photon absorption
coefficient. Under this assumption, it is reasonable to consider that resonant two-photon
absorption of the excited biexciton of J = 2 has a larger dipole moment than that of J = 0.

Since the excited biexciton with J = 2 are created by the circularly polarized light more
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efficiently than by linearly one, the polarization dependency of PLE above 3.204 eV can
be explained. The energy diagrams for the two cases that the excitation photon energy is

higher and lower than the exciton energy are shown in Fig. 3-6.

3.3.4 Excitation intensity dependence of PL intensity of biexcitons

At the photon energy for the resonant excitation of the confined excitons, it was
supposed that the excitons and biexcitons of J = 2 are excited at the same time. In this
case, the one-photon absorption process of the excitons might reduce the efficiency of
the biexciton creation. Nevertheless, the PL intensities of M and BM bands in this
excitation energy region are larger than the case of the creation process of the lowest
biexciton of J = 0, as shown in the Fig. 3-3 (A). This fact indicates that the two-photon
absorption of the excited biexciton (J = 2) has the transition dipole moment larger than
that of the lowest biexciton (J = 0).

One can compare the two-photon absorption coefficient between the lowest and
excited biexciton states from the result of the excitation intensity dependence of the
biexciton PL intensity. The PL intensities of the M and BM bands increase superlinearly
with the excitation intensity. Figure 3-7 shows the excitation intensity dependence of
them at the excitation photon energy of 3.230 eV, which corresponds to the resonant
excitation of the confined excitons for the dot with the size of 2.4 nm. The PL intensities
of M and BM bands increase in proportion to the excitation intensity to the power 1.4
and 1.2, respectively.

On the other hand, in the case of the excitation photon energy of 3.189 eV, which
corresponds to the two photon absorption of the lowest biexciton state, the dependencies
of M and BM bands show the excitation intensity to the power 1.9 and 1.7, shown in
Fig. 3-8. In order to explain the difference in the excitation intensity dependencies
between the two different excitation photon energies, I will discuss about the net
absorbed light intensity by the two-photon absorption processes.

One- and two-photon absorption coefficients, & and f, are defined as

dl =—(af + pI° )iz . (3-1).

Here, I is a beam flux and z is a length for the beam propagation. By solving this
equation with respect to the incident beam intensity /) and the sample thickness /, the

transmitted light intensity / is given as
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When one considers only the two photon absorption process, by assuming that « in
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Namely, for a small S or a low incident light intensity, the absorbed light intensity
increases in proportion to the square of the incident light intensity. On the other hand,
for a large S or a high incident light intensity, the dependency becomes nearly linear.

As shown in Fig. 3-7 and 3-8, the nonlinearlity of the PL intensities of the M and BM
bands is smaller for the excitation of the excited biexciton compared to that of the
lowest biexcitons. This result indicates that S associated with the excited biexcitons is
considerably larger than that associated with the lowest biexcitons. This assumption
agrees with the PLE spectrum in which the biexcitons are created more efficiently than
the excitons with the excitation energy of the excited biexciton, in spite of the

occurrence of the one-photon absorption of the excitons at the same energy.

3.3.5 Lasing action of biexciton luminescence

Here, I introduce an interesting phenomenon related to the two-photon excitation of
confined biexciton in CuCl quantum dots. With the excitation intensity is increased
under the two-photon excitation of the lowest biexcitons, successful achievement of
stable and efficient lasing of the biexciton luminescence is realized.

Figure 3-9 shows the PL spectra under the two-photon resonant excitation of the

biexcitons at two different excitation intensities. The lower curve was taken at the
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excitation power just below the lasing threshold Is,. The upper curve shows the durable
laser emission of the biexcitons around 3.173eV where the excitation power is
somewhat above the lasing threshold. The observed mode distance and the direction of
lasing clearly show that the cleaved parallel surfaces of the NaCl matrix act as an
effective optical cavity in spite of the low reflectivity which is only 5%. This fact
implies that the optical gain should be extremely high and. On the contrary, in case of
the resonant one-photon excitation of excitons, the laser action stops within a few
seconds. Therefore, the direct two-photon resonant creation of biexcitons is essential to
prevent the Auger ionization of the quantum dots, that dramatically improves the

quantum efficiency and long durability of lasing.

3.4 Summary

I have investigated the direct creation process of the confined biexciton states in CuCl
quantum dots by resonant two-photon absorption at 4 K.

The PL bands of the free and bound biexcitons (M and BM) were observed when the
excitation photon energy was lower than the one-photon absorption band of the
confined excitons. From this result, the two-photon absorption process of the biexciton
has been proposed.

Furthermore, I have measured the photoluminescence excitation (PLE) spectra of the
M and BM bands with the linearly and circularly polarized excitation lights. When the
excitation photon energy is lower than the lowest energy edge of the exciton absorption
band, the PL intensities of the M and BM bands were decreased clearly with the
circularly polarized light in comparison with the linearly one. This feature agrees with
the polarization selection rule of the lowest biexciton state with J = 0. As a result, the
direct creation process of the biexcitons by the two-photon absorption was confirmed.

In addition, when the excitation photon energy falls inside the one-photon absorption
band of the confined excitons, the PL intensities of the M and BM bands were larger
with the circularly polarized light than with the linearly polarized light. This
polarization dependence for the excitation light was quite opposite to the selection rule
of the biexcitons with J = 0. I proposed that this feature is attributable to the two-photon
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absorption process for the excited biexcitons with J = 2. Based on this assumption, the
circularly polarized light is found to create the biexcitons more efficiently than the
linearly polarized light.

From these experimental results, the existence of the characteristic of the two-photon
absorption process of the confined biexcitons in the semiconductor quantum dots was
clarified for the first time. This two-photon absorption process will be a novel tool for
the study of the quantum size effect on the biexcitons. The dot-size dependence of the
two-photon absorption coefficient and the optical nonlinearlity associated with the
biexciton states will be revealed in the near future. Furthermore, it will be possible to
realize hyper parametric scattering process utilizing the resonant two-photon excitation
of the biexcitons confined in single quantum dots. The process has been observed in the
bulk crystal and will be the useful candidates for the applications of the quantum dots to

the quantum information.
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Figure 3-1. PL spectrum under the excitation photon energy of 3.228 eV (thick line) and
3.184 eV (thin line). The dotted vertical line indicates the exciton energy in the bulk

crystals.
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Figure 3-2. The energy diagram of the relaxation process.
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Figure 3-3. PLE spectra of biexciton and bound biexciton with linearly (A) and

circularly (B) polarized excitation light.
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Figure 3-4. Ratio of PLE spectra for different polarized excitations.
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Figure 3-5. PL spectra with linearly (thick dotted line) and circularly (thick solid line)
polarized excitation light. The excitation photon energy was 3.228 eV. The thin line

indicates the differential spectra between them.
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Figure 3-6. Energy diagrams of the two photon absorption processes of the lowest
biexciton (left) and the excited biexciton (right) states. The open and closed arrows
show the absorption and emission processes. Non-radiative relaxation from the excited
to the lowest biexciton state is expressed by a thin arrow.
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Figure 3-7. Excitation intensity dependence of the PL intensities of the M and BM
bands at the excitation photon energy of 3.230 eV. The open circles and triangles
indicate the PL intensities of the M and BM bands, respectively.
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Figure 3-8. The excitation intensity dependence of PL intensities of the M and BM
bands at the excitation photon energy of 3.189 eV. The open circles and triangles
indicate the PL intensities of the M and BM bands, respectively.
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Figure 3-9. Luminescence spectra of CuCl quantum dots at the excitation power
below (lower curve) and above (upper curve) the lasing threshold (I) under the
two-photon resonant excitation of confined biexcitons at 4K. The excitation energy of

3.195¢V is about 10meV below the one-photon resonance of confined excitons.
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Chapter 4
Photoluminescence under Two-Photon Excitation

of Biexcitons

4.1 Introduction

The study of the quantum size effect on the confined biexcitons in semiconductor
quantum dots is very important and interesting from view of their distinctive features
from those of the confined excitons because of larger effective radius and large
correlation between electrons and holes. For CuCl quantum dots embedded in NaCl
matrices, the studies on the confined biexciton states have been carried out by means of
two experimental methods. One is the measurement of the PL spectra of the biexcitons
obtained by the size-selective intense excitation of the confined excitons [32], and
another one is the transient absorption from the excitons to the biexcitons by means of
the pump-probe spectroscopy [31]. However, the reported size-dependence of the PL
energy and that of the transient absorption energy are not equal. Therefore, the confined
biexciton states in CuCl quantum dots still have many unknown properties to be solved.

Here, I propose for the investigation into the confined biexciton properties that one
has to consider strictly the size-selective excitation condition of the biexciton states in
the quantum dots. For the confined excitons, the size-selective excitation can be realized
by tuning the excitation photon energy. However, the biexcitons would not be created in
the quantum dots of the same sizes as in the case of the excitons since the second
exciton is created by absorbing somewhat different photon energy from that for the first

exciton due to the mutual correlation between two excitons. The stepwise creation
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process of the biexciton via a real state of the exciton by the use of two beams can be
realized but the method is rather complicated and unconventional.

In former Chapter, the direct creation process of the biexcitons by the two-photon
absorption was confirmed. This excitation process is proposed to be a novel technique
for the study on the quantum size effect on the biexciton states since it can be realized
conventionally by using only one excitation beam. In addition, since there is no excess
energy originating from the stabilization energy for the bound two excitons in the
creation process of the biexcitons, the simple creation and cascade relaxation process of
the biexcitons and excitons can be considered. It has been very difficult to estimate the
size of the quantum dot possessing the biexcitons from the PL energy because it is
nearly constant in the large dot sizes (¢ > ~3 nm) [32]. However, the PL energy of the
excitons, which are created after the radiative relaxation of the directly created
biexcitons by the two-photon absorption, indicates the excited dot size more exactly.

PL of the free excitons can not be observed at low temperature since the excitons
are bound to impurities strongly. Therefore, it is necessary to measure the PL spectra at
the elevated temperature to confirm the size-selective excitation by two-photon

excitation of the biexciton.

4.2 Motivations and purpose

In Chapter 3, the direct creation process of the biexcitons by the two-photon
absorption has been clarified by means of polarization dependence of the PL intensity
on the excitation light. The question which we must consider next is the confirmation of
the sizes of the quantum dots where the biexcitons are created. Although it is prospected
that the size-selective excitation of the biexcitons are achieved by the two-photon
absorption process, the estimating the excited dot size from the PL energies of the free
or bound biexcitons could not be successful because PL energy observed at low
temperature showed almost no dependence on the excitation photon energy. This fact
agrees with the previous report, in which the PL energy of the biexciton shows nearly
constant with changing the effective dot radius larger than 3 nm [32].

In order to resolve this question, it is suggested that the observation the PL energy of
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the excitons is an available method to estimate the selected dot size. When the
biexcitons are created directly by the two-photon absorption, the excitons are not
created directly by the excitation light because the excitation energy is lower than the
exciton absorption band. Therefore, the excitons are created only through the
de-excitation of the biexcitons. Consequently, we can estimate the selected dot size for
the biexciton creation from the PL energy of the excitons by utilizing well-known
relation of the exciton energy and the effective dot radius.

Furthermore, when the excitation photon energy corresponds to the one-photon
absorption bands, the creation process of the excited biexciton state with J = 2 is
observed. In this case, the biexcitons are created in the quantum dots of larger sizes in
comparison with that for the resonantly excited excitons by one-photon absorption.
Consequently, it is expected to observe the PL peaks due to the exciton, which are
associated with the two-photon absorption of the biexcitons, at the lower energy side of
that due to the excitons, which are associated with the one-photon absorption.

In this chapter, I report the PL spectra with changing the excitation photon energy
corresponding to the both regions of the one-photon absorption band of the excitons and
the two-photon absorption band of the biexcitons at 70 K. With using the excitation
energy dependence and intensity dependence of the PL spectra, I tried to confirm the

possibility of the size-selective excitation of the confined biexcitons.

4.3 Results and discussion

4.3.1 PL spectra under one-photon absorption of excitons

Figure 4-1 shows the PL spectra with changing the excitation photon energy from
3.224 eV to 3.213 eV, together with the PL spectrum obtained by using a continuous
wave HeCd laser (325 nm) and the absorption spectrum at the bottom. The excitation
photon energy corresponds to the resonant excitation of the confined excitons
size-selectively.

When the excitation energy was 3.242 eV as in curve (a), two PL bands of the
confined exciton (X, X;) and a PL line of the bound exciton trapped to the neutral
donors (Iy), the free and bound biexciton (M, BM) were observed. Since the peak
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energy of the X; band is the same as the excitation photon energy, it is associated with
the excitons which are created size-selectively in the dots of the effective radius a = 2.8
nm by the resonant excitation. The spectral width of the X; band is ~5 meV, which is
broader than that of the excitation light (2.7 meV) because of the interaction with the
acoustic phonons. On the other hand, the X band is located on lower energy side at peak
energy of the absorption band and the PL peak energy shows no dependence on the
excitation energy. When the excitation energy was decreased, the PL intensity of the X
band decreased relatively to that of the X; band, and finally, the X band was
overwhelmed by the X; band. Accordingly, it is suggested that the X band originates
from the excitons which are created by the resonant excitation of the higher
confinement states of exciton in larger dots.

Figure 4-2 shows the excitation intensity dependence of the PL intensities of X, X,
BM and M bands at the excitation photon energy of 3.237 eV which corresponds to
resonant energy of the confined excitons in the dot radius of ~3.1 nm. The PL intensity
of the X, band shows a linear dependence at low excitation intensity and then tends to
saturate as the excitation intensity is increased. On the other hand, the BM and M band
increased superlinearly (oclexc' ) as the excitation intensity increased. The X band also
shows sublinear dependence like the X; band. However, the PL intensity relative to the
X; band became larger with increasing the excitation intensity.

To show the change of the relative PL intensities clearly, the excitation intensity
dependence of the PL spectra, which are normalized by the PL intensity of the X band,
are shown in Fig. 4-3. The numbers of the created excitons in the dots by the resonant
excitation follows a Poisson distribution. Therefore, when the excitation intensity is
increased, the PL intensity of the X band should saturate. On the other hand, in the case
of the resonant excitation of the higher confinement states, the two or three excitons can
be created in the dots. Therefore, the relative PL intensity of the X band may be larger
than that of the X; band. When the excitation energy was changed, the excitation
intensity dependence of the PL intensities of these bands was changed slightly, but
overall feature was nearly the same.

On the other hand, the M band shows, in principle, the superlinear dependence on

the X band intensity, which is a typical feature of the PL bands due to the biexcitons.
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4.3.2 Two-photon absorption of excited biexciton states

In Chapter 3, the two-photon absorption of the excited biexciton states with J = 2
has been proposed by the polarization dependence of the PLE of the biexcitons for the
excitation light. Under this excitation condition, the PL band of the excitons which are
created after the relaxation of the biexcitons was expected to appear at the lower energy
side of the excitation photon energy.

In Fig. 4-3, the new PL structure denoted by X’ appears around 3.23 eV, which 1s
overlapped with X band, as the excitation intensity is increased. It is suggested that the
X’ band is attributed to the excitons which are created by nonlinear excitation process.
According to Eq.(B-5) in Appendix B, when the exciton is created in the quantum dots
of ~3.1 nm, the dot radius where the excited biexciton is created is estimated to be ~3.7
nm. The PL energy of the exciton in the quantum dot of ~3.7 nm is 3.231 eV. Therefore,
X’ band is thought to be the PL band of the excitons which are created after the
relaxation of the biexcitons created directly into J = 2 state by the two-photon
absorption process.

However, I could not succeed in the observation of the X’ band clearly in all cases
of the excitation energy since the spectral width of the PL bands were broader so that it
hide the fine structures of the expected exciton bands. If the measurements will be
performed with the excitation laser with the narrower spectral width, there is a
possibility that we can discuss the dot size where the biexcitons are created at J = 2 state

by the two-photon absorption process.

4.3.3 PL spectra under two-photon absorption of biexcitons

Figure 4-4 shows the PL spectra with changing the excitation photon energy which
corresponds to the resonant two-photon absorption of the lowest biexciton. At 70 K, the
exciton resonant energy of the CuCl bulk crystal is 3.215 eV. In the PL spectra, two PL
bands, which are attributed to the biexcitons and excitons, appeared on the lower and
higher energy sides of the excitation photon energy, respectively. Since the excitation
photon energy was lower than the one-photon absorption band, the excitons are not
directly excited by the excitation light. Consequently, the creation process of the
excitons originated from the radiative-cascade relaxation from the biexcitons which are

created directly by the two-photon absorption.
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At the lower energy side of the excitation energy, there are the PL peaks of the free
and bound biexcitons (M and BM). In addition, M band has two fine structures which
are denoted by open squares and diamonds. The origins of these fine structures have
been still ambiguous. However, it can be reasonable that these are associated with the
several excitonic modes as the final states of the transition from the biexciton states. In
the case of the bulk crystal, the two PL bands were observed, which are associated with
transition from the lowest biexciton to the longitudinal and transverse excitons,
respectively [49]. In the nanocrystal or quantum dots, L-T modes of the biexciton
couple and form new modes [66]. In addition, the surface mode of the exciton will
appear, which shows almost constant energy for the change in the dot size. There is a
possibility that the fine structures in the biexciton band are related to these modes which,
however, have not been observed experimentally until now.

On the other hand, at the higher energy side of the excitation energy, the PL band
(X) of the excitons was observed. Figure 4-5 shows the excitation intensity dependence
of the PL intensities of X, BM and M bands (solid circles, squares and triangles) at the
excitation photon energy of 3.198 eV. The PL intensities of both the X and M bands
increased superlinearly (Iexc'’) with the excitation intensity. Namely, the PL intensity
of the exciton showed the excitation intensity dependence similar to that of the
biexcitons. As a result, it is concluded that the excitons are created after the relaxation
of the biexciton which are created by the two-photon absorption.

Based on this evidence, the number of the exciton should be the same as that of the
biexciton. However, the PL intensity of the M band is larger than that of the X band.
When the excitation photon energy corresponds to the one-photon absorption band, only
the quantum dots near the surface of the sample are excited due to the attenuation of the
excitation light inside the sample. However, in the case of the two-photon excitation
condition, the excitation light pass through the whole thickness of the sample, and the
quantum dots inside the sample were excited. Since the PL of the exciton was affected
by reabsorption process, the PL intensity of the exciton is weaker than that of the
biexcitons although it is thought that the created numbers of the biexcitons and the
excitons are the same. Some difference in the quantum yields of luminescence between

the exciton and biexciton might be the additional factor.
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4.3.4 Energy relation between confined biexcitons and excitons

Figure 4-6 shows the PL peak energies of the excitons (solid circles), the bound
biexcitons (open triangles) and two peaks of the free biexcitons (open squares and
diamonds) plotted as a function of the excitation photon energies. The PL energies of
three peaks associated with the biexcitons showed almost no dependence on the
excitation photon energy. This feature is consistent with the previous reports, in which
the PL energy of the biexciton is almost constant in the quantum dot of the larger sizes.
On the other hand, the PL energy of the exciton was changed very sensitively with the
change in the excitation photon energy. Since the excitons are created after the radiative
relaxation of the biexcitons which are created directly by the two-photon absorption, the
PL energy of the excitons can be concluded to indicate directly the dot-size where the
corresponding biexciton are created. In other words, it is confirmed that the biexciton
were excited size-selectively by the two-photon absorption although the biexciton
luminescence peaks do not shift in energy.

When the excitation photon energy was decreased, the satellite peaks at the lower
energy side of the X band appeared. I speculate that these satellites may be originated
from the two-photon absorption of the higher confinement states of the biexcitons
confined in the larger dots. It would be possible that the excitation photon energy
corresponds not only to the resonant excitation of the lowest confinement state but also
to the higher confinement states of the biexcitons. In this case, the exciton PL will
appear at the lower energy side of the fundamental PL of the X band.

Here, I examined the energy relation of the exciton and biexciton PLs obtained by
the two-photon absorption, and compare it with that of the previous reports. The
two-photon excitation energy is half the energy of the biexciton state, that is, it must
appear just at the middle energy between the PL energies of the biexciton and exciton.
Based on this assumption, I calculate the expected energy values for the transition
between the exciton and biexciton, which were obtained by subtracting the exciton PL
energy from twice the excitation energy. They are plotted as a function of the exciton PL
energy as open circles in Fig. 4-7, together with the transition absorption energies (solid
triangles) reported by Masumoto et al [31]. Here, the calculated transition energies were
recalibrated by 2 meV with taking account of the temperature difference between 70 and
77 K of the band gap. As a result, the calculated transition energy coincides well with

the transient absorption energy. On the other hand, in Fig. 4-8, the PL energies of the
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free biexcitons (open squares and diamonds) obtained by the two-photon absorption are
shown, together with the PL energies of the biexcitons reported by Itoh [32]. The lower
PL peak energies (open diamonds) are almost the same as those obtained by the
band-to-band excitation (solid triangles). However, the higher energy peaks (open
squares) do not corresponds to any reported structures. Analysis of the features of the
excitation energy dependence of the PL spectra of the biexcitons is rather difficult and
complex because one can not deny the possibility that there are further structures in the
PL bands, which are unresolved due to the band-width of the excitation laser or the
spectral broadening owing to high temperature in the PL band.

In Figures 4-7 and 4-8, the energy values obtained by the present experiment (open
circle in Fig. 4-7, and open diamonds in Fig. 4-8) around the exciton energy of 3.223 eV
deviated away from the aforementioned explanations. The reason is not well known, but
these energy values were obtained at the two-photon excitation energy of 3.194 eV, and
it is much lower than the two-photon absorption energy for the bulk crystal, which is
3.200 eV at 70 K [52]. Therefore, it is speculated that the unknown mechanism is
involved in the two-photon excitation process for larger dot sizes.

As a result of the investigation of the energy relation between the excitons and
biexcitons obtained by the present two-photon absorption measurement, it was clarified
that the behavior of the PL energy of the excitons coincides well with the result of the
transient absorption measurement, and the PL of the biexcitons agreed nearly with the
result of the previously reported one. Therefore, it may be concluded that the transition
energy between the excitons and biexcitons may be different between the absorption

and emission processes. It is still open to question.

4.4 Summary

I have measured the PL spectra of CuCl quantum dots with changing the excitation
photon energy which corresponds to the one-photon absorption band of the excitons and
the two-photon absorption band of the biexcitons, at 70 K. As a result, I have succeeded
in the confirmation of the size-selective excitation of the confined biexcitons which are

created by the two-photon absorption process.
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When the excitation photon energy falls inside the one-photon absorption band of
the exciton, the PL bands due to the excitons (X;, X) and the free and bound biexciton
(BM and M) were observed. The X; band is due to the excitons which were created
size-selectively by the resonant excitation of the excitons because the PL energy was the
same as the excitation photon energy. On the other hand, the X band is associated with
the excitons which are created at the higher energy confinement states in the quantum
dots with larger dot sizes than that for the X, band. In addition, the PL intensities of M
and BM bands increased superlinearly with respect to that of the exciton band. This is
the typical feature of the PL bands attributable to the biexcitons.

When the excitation energy is 3.237 eV which corresponds to confined exciton
energy in the quantum dot of the radius ~3.1 nm, the new PL band (X’) appears at the
lower energy side of X; band with increasing the excitation intensity. PL energy of the
X’ band is consistent with the exciton energy which is estimated from the assumption
that the excitons are created after the relaxation of the biexcitons which are created
directly into excited state of J = 2 by the two-photon resonant excitation. This
assumption supports the dependence of PLE spectra of the biexciton on polarization of
the excitation light in Chapter 3. As a result, the two-photon absorption process of the
excited biexciton states is confirmed.

In the case that the excitation photon energy corresponds to the two-photon
absorption of the biexcitons, the PL band of the exciton, which are created after the
relaxation process of the biexcitons, were observed at the higher energy side of the
excitation energy. The PL energies of the excitons were quite sensitive to the excitation
energy. From the PL energy of the excitons, we can deduce the excited dot size for the
biexcitons by the two-photon absorption. Therefore, it was confirmed that the
size-selective excitation of the biexcitons was successful by the resonant two-photon
absorption.

The relation between the PL energy of the excitons and the excitation photon energy
shows that the biexciton state calculated from energy difference between the exciton
and biexciton obtained by the two-photon absorption measurement is consistent well
with the previously reported energy obtained by the transient absorption measurement.
On the other hand, the PL energy of the biexcitons agrees with that obtained by the
size-selective excitation. As a result, it seems reasonable to conclude that the biexciton

states observed by the absorption process does not coincide with the PL transition
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energy from the biexciton to excitons. In order to clarify the difference of the transition
energies obtained by the absorption and luminescence processes, further experiments
will be necessary. For example, the measurement of transient absorption measurement
with use of pump-probe spectroscopy or time-resolved PL spectra under the excitation
condition of the two-photon absorption of the biexcitons, will provide us more detailed

information about the energy levels of the confined biexciton and exciton states.
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Figure 4-1. Lower traces show the PL spectrum (thick curve) obtained by using a cw
HeCd laser (325 nm) and absorption spectrum (thin curve) at 77 K. Upper traces show
the PL spectra obtained by using a FH light of a signal beam from an OPA. The
excitation photon energies are 3.242 eV (a), 3.237 eV (b), 3.235 eV (c), 3.228 €V (d)
and 3.220 eV (e), respectively.
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Figure 4-2. The excitation intensity dependence of the PL intensities of X; (solid
circles), X (open circles), M (open triangles) and BM (solid triangles) bands when the
excitation photon energy is 3.237 eV.
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Figure 4-3. The excitation intensity dependence of the PL spectra with the excitation
photon energy of 3.237 eV. The PL intensities were normalized for that of the X bands.
The excitation intensities were (a) 0.05, (b) 0.17, (c) 0.58, (d) 2.0 and (e) 5.8 mJ/em’,

respectively.
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Figure 4-4 Lower traces show the PL spectrum (thick curve) obtained by using a cw
HeCd laser (325 nm) and absorption spectrum (thin curve) at 77 K. Upper traces show
the PL spectra obtained by using a FHG of a signal beam from an OPA. The excitation
photon energies are 3.205eV (a), 3.203 eV (b), 3.199 €V (c), 3.197 eV (d) and 3.194 eV
(e), respectively. The solid circles show the PL peaks in the X band due to the excitons.
The open triangles, squares and diamonds show the PL peaks of the bound biexcitons
(BM) and two of the structures in free exciton band (M).
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Figure 4-6. The excitation photon energy dependence of the PL energies of the X (solid
circles), M (open triangles and diamonds) and BM bands (open squares), respectively.
The crosses indicate the excitation energy, and the dotted line indicate the exciton

energy in the bulk crystal.
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Figure 4-7. Energy relation between the excitons and the transition between the exciton
and biexciton. The open circles were obtained by subtracting the exciton energy from
twice the excitation photon energy under the two-photon excitation of the biexcitons.
The solid triangles show the previously reported values obtained in the transient
absorption measurement.
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Figure 4-8. The PL-energy relation between the excitons and biexcitons. The open
squares and diamonds show the PL energy of the biexcitons, which were obtained in the
two-photon absorption measurement. The solid triangles and inverted triangles were

previously reported values obtained in the size-selective excitation of the excitons.
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Chapter S
Mid-Infrared Transient Absorption Spectroscopy

5.1 Introduction

In recent years, optical investigations of semiconductor nanocrystals or quantum
dots have been performed extensively. The electronic structure in the quantum dots
shows atomic-like discrete energy levels by the three dimensional confinement of
electrons and holes. To date, previous studies on the quantum size effect have been
concentrated on their lowest state properties. However, it is interesting to study the
excited state properties because of wider and anisotropic wavefunctions compared to
that of the lowest state. Consequently, the quantum size effect on the excited states is
expected to be different from that on the lowest state. In addition, the optical
nonlinearlity associated with the transitions between sublevels of the electron — hole
pairs (exciton) are expected to be available for the novel infrared devices. In fact,
utilizing the sublevel transition, the developments of the quantum cascade lasers [6] or
infrared photodetectors [8] have been investigated in recent years. Therefore, it is
important to study the optical properties not only of the lowest state but also of the
higher excited states of confined excitons and multi-excitons.

Transient absorption measurement is very useful for the study of the excited state
properties, since it provides us much information about the transition dynamics between
the sublevels, which can not be observed by the conventional photoluminescence (PL)
or one-photon absorption spectroscopy. Up to now, an infrared transient absorption
(IRTA) of the quantum dots was reported mainly for the strong confinement regime, for
example, InAs/GaAs dots [67], CdSe colloids [68, 69] and Si/Ge quantum dots [70]. In
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these researches, the reported IRTA were attributable to the transitions between 1s and
Ip quantum confined states or from-bound-to-continuum states of the electron or hole.
On the other hand, for the weak confinement regime, the IRTA of CuCl quantum dots
embedded in NaCl was reported [53, 54]. For this material, IRTA is ascribed mainly to
the transition from Rydberg 1s to 2p state of the confined exciton. Thus, there were the
reports on the IRTA only of one electron-hole pair or exciton for both of the weak and
strong confinement regimes.

However, there is no report on the IRTA of the biexciton states. Up to now, “excited
biexciton states” described generally in the previous reports have indicated the
anti-bounding states of the two 1s excitons. The quantum size effect to such state was
investigated already for CuCl quantum dots [31, 37], as described in Chapter 1.
However, the excited biexciton states, which are composed of higher Rydberg states (2s,
2p, 3s, 3p...) of the exciton, have not been investigated. Molecular orbitals of a
hydrogen molecule is well-known, including not only the pairs of Rydberg 1s state but
also that is related with the higher Rydberg state (n = 2) of hydrogen atom [71]. Since
the biexcitons in the semiconductor can be considered to have the comparable energy
levels of the hydrogen molecule, it is reasonable to suppose the existence of the excited
biexciton states including the excited exciton with the higher Rydberg state.

The quantum confinement effects to such excited biexcitons have strong
possibilities to induce the specific properties which have not been observed. First, the
excited biexciton has the larger correlations between two electrons and holes compared
to the lowest one because of the wider wave functions. Therefore, quantum confinement
affects not only on the translational motion of the biexcitons but also on the relative
motions of the electrons and holes. This is the unknown regime of the quantum size
confinement. Next, two excitons in one quantum dot have to be spatially confined, so
that they can not dissociate completely even if they absorb the larger photon energy than
the dissociation energy, namely biexciton binding energy. Therefore, the transition
dynamics are expected to show the specific features that never appear in the bulk
crystal.

CuCl quantum dot is an appropriate material to study the excited states of the
confined biexciton since the quantum confinement affects on the translational motion of
the lowest biexciton in the case of the larger quantum dots (¢ > 3 nm). In this work, I

report the IRTA originating from the biexciton confined in CuCl quantum dots. To our
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knowledge, the IRTA of the biexciton confined in the semiconductor quantum dots is
the first observation. The transition energies from the lowest to higher excited biexciton

states will be discussed in comparison with that of the confined exciton.

5.2 Motivations and purpose

As the aforementioned description, the IRTA due to the confined exciton for CuCl
quantum dots was reported. However, there still remain many unresolved questions.

Firstly, the temporal resolution is not sufficient to resolve the fast decay time of the
IRTA, so that the assignment of the confined exciton to the fast component is still
ambiguous. Thus, it is necessary to confirm that the transient absorption is actually
induced by the exciton, and to examine the possibilities of other origins for the transient
absorption. Among them, it is interesting to study the excited states of the confined
biexciton state under the high excitation intensity. No one has even reported the IRTA of
the biexciton confined in the semiconductor quantum dots.

Secondly, the observed IRTA spectra had large spectral widths due to the rack of
spectral resolution and the absorption band corresponding to the individual higher
excited states were not resolved. Therefore, it is also interesting to observe the transient
absorption with higher spectral resolution in order to examine the influence of the
higher excited states. | |

In order to solve these questions, I have performed the IRTA measurement by means
of ultrafast pump-probe spectroscopy with the use of a dual OPA system. The pulse
duration of ~2 ps from the OPAs is sufficient to resolve the decay components of
biexciton (several tens ps) and exciton (several hundreds ps) confined in the CuCl
quantum dots [33]. In addition, the higher peak energy of the short pulse laser can create
larger amounts of electron-hole pairs efficiently, compared to the previous experiment,
where the effective numbers of created exciton per a quantum dot are ~0.15 by taking
account of the pulse duration. Therefore, the IRTA associated with the biexciton may be
expected to be observed in this experiment. Furthermore, in the previous measurement,
the poor spectral resolution was caused by the large slit width of the monochromator,

which was necessary to collect weak differential absorption signals. By adopting the
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pulse lasers for both of the pump and probe lights, however, the IRTA spectrum is
expected to be obtained with higher spectral resolution which is determined by the band
width of the probe pulse.

In this section, I report on the IRTA of CuCl quantum dots with higher temporal and

spectral resolutions by means of pump-probe spectroscopy using the dual OPA system.

5.3 Results and discussion

5.3.1 PL spectrum

Figure 5-1 shows a typical PL spectrum at 70 K. The excitation wavelength was
383.9 nm (3.229 eV) that corresponds to resonant excitation of the excitons confined in
the quantum dots with the radius @ = 3.9 nm. The excitation intensity was 2 mlJ/cm?.
The resonant PL from the exciton is not separable from the scattered excitation light.
The M band, which appeared in the lower-energy side of the excitation light, is due to
the radiative relaxation from the biexciton state to the exciton state. Thus, it is evident
that biexcitons were created in a considerable amount of the quantum dots under the
present excitation condition.

As discussed in Chapters 3 and 4, when the excitation energy falls inside the
absorption band of the confined excitons, the biexcitons are created in the quantum dots
by two-photon absorption process for the excited state of J = 2. Consequently, the dot
size for biexciton creation is different from that for exciton creation (3.9 nm). By using
the size relation of Eq. (B-5), it is suggested that the biexcitons exist in the quantum

dots of a = 4.6 nm

5.3.2 Temporal profile of IRTA

Figure 5-2 shows the temporal profile of the IRTA measured at the probe photon
energy of 250 meV (4.9 um) with pump photon energy of 3.227 eV (384.1 nm). At this
pump photon energy, the dot radius in which the excitons and biexcitons were created is
estimated to be 4.2 nm and 5.5 nm, respectively.

The IRTA exhibits two decay components in a sub-nanosecond region. This result
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clarifies that previously reported faster decay component (<1 ns) was decomposed
further into two kinds of components. The decay curve was fit by calculated curve

assuming two exponentially decay components as follows:

I pra (t)= C, -exp(— LJ +C, -exp(— Lj (5.1
4 [}
where C) and C, are absorption intensities at # = 0. As a result, the faster decay time (t1)
was obtained to be ~56 + 15 ps and the slower one (t2) was ~490 + 200 ps. These decay
times are almost the same as those previously reported for the biexciton (~65 ps) and
exciton (~380 ps) in the quantum dots, respectively [33].

Figure 5-3 shows the excitation intensity dependences of the intensities of the two
decay components at ¢ = 0. The faster decay component increases superlinearly with the
excitation intensity (cc Iexc' ), while the slower one has a linear dependence (oc Texc' ™).
From these results, it is suggested that the observed IRTA components with the faster
and slower decay times are induced from the confined biexciton and exciton,
respectively.

Here, the calculated curves are obtained under the assumption that the biexcitons
and excitons are created simultaneously at ¢ = 0 and the effect of the excitons which are
created after the relaxation of the biexcitons is neglected. It is impossible to fit the
calculated curve including such effect to the experimental data. Therefore, the estimated
IRTA intensity of the slow decay component includes approximately the effect of both
the excitons which are created directly by the excitation light and created after the

relaxation of the biexcitons.

5.3.3 PL and IRTA under two-photon excitation of biexcitons

In order to confirm that the IRTA is caused by the biexciton, I examined the IRTA
under the two-photon resonant excitation of the confined biexciton. In chapter 3, it is
clarified that selection rule of the biexciton with lowest state (J = 0) is available in the
quantum dot.

Figure 5-4 shows the PL spectra (A) and IRTA temporal profiles (B) under the
excitation with the photon energy of 3.204 eV, which is lower than the resonant energy
of the exciton for the bulk crystal. Therefore, the biexciton of J = 0 is created directly by

the excitation light and the creation process of the exciton is only the cascade relaxation
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process from the biexciton. In the PL spectra, I clearly observed the PL bands of the
biexcitons (~3.18 eV) on the lower energy side of the excitation light and even the
excitons (3.235 eV) on the higher energy side. The dot radius for the biexciton creation
is estimated to be 3.5 nm from the PL energy of the exciton. In addition, the PL
intensities of the biexciton and exciton decreased under the circularly polarized
excitation light compared to the linearly polarized one. This feature of the polarization
dependence coincides with that of the low temperature measurement in Chapter 3, so
that it is evident that the biexcitons of the lowest state are created in the quantum dots
by the two-photon resonant excitation.

On the other hand, the existence of the fast decay component of the IRTA suggests
that it is originating from the biexciton state. In addition, the IRTA of the fast
component decreased for the circularly polarized light, which is similar to the case of
the biexciton PL spectra. As a result, I concluded that the fast decay component of IRTA
is originated from the lowest biexciton state. To our knowledge, this is the first
observation of the IRTA attributable to the biexciton state confined in semiconductor
quantum dots.

The solid and dashed curves are obtained by calculation fitted to the experimental

decays with the linearly and circularly polarized excitation lights, by using the equation:

I rta (t) =C;- exp[— TLJ +C, - {exp(— ;t—] - exp(— TLH (5.2).

Here, the first and second terms on the right hand side of Eq. (5.2) show the
contributions of the biexcitons and excitons, respectively. As a result, the IRTA of the
biexciton is much larger than that of the exciton although the number of the exciton

should be the same as that of the biexciton.

5.3.4 IRTA spectra

Figure 5-5 (A) presents the IRTA spectra originating from the biexciton (closed
circles) and the exciton (open circles) under the excitation photon energy of 3.227 eV
(384.1 nm). The dot radius in which the excitons and biexcitons were created is
estimated to be 4.2 nm and 5.5 nm, respectively. The transient absorption is dominated
by the biexciton absorption at this excitation intensity (~2 mJ/ecm?®). The absorption
spectrum has a main peak at 225 meV (spectral width ~50 meV) with a tail to the higher
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energy side. On the other hand, in the absorption spectrum of the exciton, one could not
observe any structure because of the insufficient signal to noise ratio. The peak energy
of the biexciton is almost same as that of the exciton previously reported, shown in Fig.
5-5 (B) [53]. In the following, we focus on the IRTA originating from the confined
biexciton state and discuss it in comparison with that due to the confined exciton
discussed in the previous reports [54, 55].

For the exciton confined in spherical dots, the transition energies from the lowest (1s,
1S) state to the P-like states (np, n’S), (ns, n’P), etc. have been calculated [54, 55].
Theoretical IRTA spectrum of CuCl quantum dots with the radius of a=15.6 nm is
shown in Fig. 5-5 (C). Here, the vertical lines indicate the energies and strengths of the
transitions to the p-like states. The theoretical spectrum with broadening was obtained
by convoluting the line spectral width Gaussian functions with an arbitrary width
(~40 meV). It has a main peak at 190 meV that originates from the transition to the (2p,
1S) state, and several small peaks due to (np, 1S) (n > 2) and others in the higher energy
side. The calculated transition energy to the (2p, 1S) state as a function of the dot size is
plotted by the solid curve in Fig. 5-6, together with our experimental point (closed
circle), the experimental data from Ref. [53] (open circles) and separation energy
between 1s and 2p states of the exciton for bulk crystals [20] (dashed line). The peak
energy of the IRTA originating from the biexciton (closed triangle) eventually almost
coincides with the transition energy of 1s—2p state of the confined exciton. Also, the
spectral shape of the IRTA has a wide tail in the higher energy side, suggesting the
absorption to the higher excited states.

In order to explain these features, we consider the following assumption. The lowest
state of the biexciton is composed of two 1s excitons. The excited-biexciton states are
supposed to be mainly composed of one 1s lowest exciton and one excited exciton (e.g.
2p state). The speculated energy diagrams are shown in Fig. 5-7. In general, such states
would not to be stable in bulk crystal and the biexciton would separate into the two
excitons since the excess energy of the excited state is considerably larger than the
biexciton binding energy (~50 meV). In the three-dimensional confinement as in the
case of quantum dots, however, the two excitons do not separate so that the excited
biexciton states become stable. Under this assumption, it is reasonable that the observed
IRTA spectrum of the biexciton is very similar to that of the exciton.

In addition, it is interesting that the observed IRTA from the biexciton state is much
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stronger than that of the exciton. Taking account of the fact that the decay of one
biexciton remains one exciton, we suppose that the absorption cross section of the
biexciton is more than two times larger than that of the exciton (giant oscillator

strength).

5.3.5 Energy levels of hydrogen molecule

By the experimental results of the mid-infrared transient absorption, the excited
biexciton states which comprise the lowest state and excited states of the excitons have
been proposed. I will discuss such excited biexciton states in aspect of the energy levels
of the hydrogen molecule.

The electronic energies of diatomic molecules have been investigated. Figure 5-8
shows the electron states of the H, molecule reported by Mulliken [72]. The vertical
axis indicates the potential energy and the literal axis shows the distance between two
nucleuses. Namely, the limitation of the distance toward O results in He atom. On the
other hand, for further distance, there are two isolated H atoms. The molecular orbital of

lowest state of H,, which is expressed by '2. | is composed of two H(1s) atoms. The

g
higher states which are composing of one H(1s) and one H(2s or 2p state) are expressed
by 12: , 77 4 »----» Where X means total orbital momentum, which is denoted as 2, /7,
4,... ,and upper symbol + (or —) expresses sign on reflection in a plane passing through
the nuclei and lower symbol g (or u) indicates symmetry of parity respect to the
operation of inversion of the wave function.

The transition from 'Z, state to 2, 7, states have been observed experimentally
and its energy is called “second dissociation energy” of H, [71]. Consequently, it is
reasonable to consider that IRTA of the biexciton observed in my measurement is
associated with the excited biexciton states composing of one 1s exciton and one 2p
exciton. Replacing this fact into the IRTA absorption energy of the biexciton, the
transition energy of biexciton is expected to be larger than that of the excitons.

When H; atom absorbs the photon, which of energy corresponds to the transition
energy to higher excited state, it separates into two H atom. In the case of the confined
biexciton in semiconductor quantum dots, it never dissociate into two excitons.
Therefore, It is interesting to study the confinement effect on the transition energy of the

biexciton in semiconductor quantum dots.
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5.4 Summary

I have measured the mid-infrared transient absorption for the CuCl quantum dots
embedded in NaCl matrix by pump-probe spectroscopy with picosecond temporal
resolution. I have observed two decay components of the IRTA, which decay times are
~56 ps and ~490 ps, respectively. The faster component is increased superlinearly with
the excitation intensity, on the other hand, the slower component shows linear
dependence. As a result, the faster and slower decay components are attributed to the
confined exciton and biexciton, respectively.

The existence of IRTA contributed by the biexcitons is confirmed by the
measurement under the two-photon excitation of the lowest biexcitons; the IRTA
intensity decreased with the circular polarized excitation light compared to with the
linearly polarized light. The IRTA of the confined biexciton in semiconductor quantum
dots is the first observation.

The IRTA of the biexciton shows the similar spectrum to that of the confined
excitons. From these results, it is supposed that the excited biexciton states may be not
much different from those composed of one exciton at the lowest state and the other at
the excited states. The observation of the IRTA of the biexciton is an essential in
spatially confined system like the quantum dots. In the bulk crystal, such excited
biexciton would dissociate into two isolated excitons because transition energy from the
lowest to excited biexciton state is much larger than the biexciton binding energy.
However, observed absorption spectrum of the biexciton similarly to that of the excitons
suggests that the excited biexciton states are stable in the confinement system.

Our results open a new concept on the excited states of the confined biexcitons and
multiexciton states. Next interest in the excited biexciton poperties is dot size
dependence of the IRTA. Since the biexciton has effective radius larger compared to that
of the exciton, the IRTA energy of the biexciton is expected to be larger than that of the
exciton due to the strong confinement effect and distinctive features of the transition

dynamics in the quantum dots are expected to be appear.

100



PL Intensity (a.u.)

N

3.10 3.15 3.20 3.25
Photon Energy (eV)

Figure 5-1. PL spectrum with excitation photon energy of 3.229 eV, which corresponds
to resonant excitation of the confined exciton in the quantum dots with ¢ = 3.9 nm, and
biexciton in that of 4.6 nm (thick line). The thin line shows the spectral profile of the

excitation light.
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Figure 5-2. Temporal profile of the IRTA measured at the probe photon energy of 250
meV. The excitation was made at 3.227 eV. The solid curve is a fit to the experimental

data assuming two decay components; ~56 ps (dashed line) and ~490 ps (dotted line).
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Figure 5-3. Excitation intensity dependence of initial intensities of the fast and slow

decay components of the IRTA.
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Figure 5-4. PL spectra (A) and temporal profiles of the IRTA (B) under the two photon

resonant excitation of the confined biexcitons with linearly (solid) and circularly

(dashed line) polarized lights.
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Figure 5-5 A) The IRTA spectra due to the biexciton (closed circles) and the exciton
(opened circles). B) The IRTA spectra due to the exciton with dot radius of 5.6 nm,
previously reported [53]. C) Theoretical IRTA spectrum due to the exciton confined in
the quantum dots with the radius of ~5.6 nm [55].
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Figure 5-6. Dot-size dependence of the IRTA peak energy. The opened circles and
closed triangle indicate the [RTA peak energies due to the exciton [53] and the biexciton
(the present result), respectively. The solid line indicates the theoretical transition
energy from s to 2p exciton states [54, 55]. The broken line indicates that for the bulk

crystals [20].
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second 1-quantum or a 2-quantum atom on dissociation [72]. The curve for the normal
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state of H,  is shown for comparison,
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Chapter 6

Conclusion

I have studied confined biexciton properties in CuCl quantum dots by means of
two-photon excitation spectroscopy and mid-infrared transient absorption spectroscopy.

The lowest biexciton state with the total angular momentum J = 0 in CuCl bulk
crystal can not be created two-photon absorption by using a single beam with circularly
polarization. Utilizing this polarization selection rule of the biexciton, I have succeeded
in the first confirmation of direct creation of the lowest biexciton confined in
semiconductor quantum dots by polarization depehdence of the photoluminescence
excitation spectra of confined biexciton on the excitation light. In addition, I have
observed the two-photon absorption process of the excited biexciton state (J = 2) which
plays the important roles in transition between biexciton and exciton confined in
quantum dots.

These results provide us the important solution for the creation process of the
confined biexcitons. When the excitation photon energy is lower than the one-photon
absorption energy of confined excitons, the lowest biexciton of J = 0 is created directly.
On the other hand, when the excitation photon energy falls inside the one-photon
absorption band of the confined exciton, the exciton creation by the one-photon
absorption and the biexciton creation into the excited state of J = 2 by the two-photon
absorption occur simultaneously. In this case, the sizes of the dot, in which the
biexcitons are created, are larger than that for the confined excitons.

Next, I tried to solve the dot-size dependence of the confined biexciton states. Since
PL energy of the biexciton shows almost no dependence of the excitation energy in

larger dots, it is difficult to estimate the dot size where the biexciton exists from the PL
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energy. Therefore, I tried to clarify it by utilizing the transition dynamics of biexciton
and exciton under the two-photon excitation of the confined biexciton. In this excitation
condition, the exciton is created after the radiative-relaxation of the biexciton directly
created. Therefore, one can estimated the dot sizes for the creation of the biexciton from
the PL energy of the exciton. From analysis of the PL energy relation between the
exciton and biexciton, I discussed the transition between the biexciton and exciton
confined in the quantum dots. As a result, I concluded that the transition between
confined biexciton and exciton might be different between absorption process and
luminescence process. It is still an open question, so that more detailed measurement is
necessary. However, I could show that the two-photon excitation spectroscopy is greatly
useful for the study of the confined biexciton properties.

Further, I have measured the mid-infrared transient absorption spectroscopy for
CuCl quantum dots with ps temporal resolution. As a result, I have observed two decay
components in IRTA temporal profiles. The decay times of faster and slower
components (~56 ps and ~490 ps) agree with the lifetimes of the biexcitons and exciton
previously reported, respectively. The excitation intensity dependence of the IRTA
intensities of the faster and slower components shows superlinearity and linearity,
respectively. In addition, under the excitation condition of two-photon excitation of the
biexciton, the fast component of the IRTA decreased with the circularly polarized
excitation light compared to the linearly polarized one. This behavior obeys the
polarization selection rule of the biexciton of the lowest state. From these results, I
concluded that the fast and slow decay components of the IRTA are attributed to the
confined biexciton and exciton, respectively. The IRTA due to the biexciton confined in
semiconductor quantum dots is the first observation. IRTA spectrum of the biexciton has
similar spectral shape to that of the confined exciton, which is mainly contributed by
transition from Rydberg 1s state to 2p state of the exciton. In addition, the IRTA peak
energy of the biexciton is almost same as that of the exciton. From these results, it is
proposed that the observed excited biexciton state is composed of one lowest exciton
(1s state) and one excited exciton (2p, 3p,... state). In the bulk crystal, such an excited
biexciton is unstable and separated into two isolated excitons. However, in the
confinement system like a quantum dot, the excited biexciton state would be stable
because two excitons never separated. Thus my research opens a new concept of

quantum confinement.
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In this report, I showed the excited states of the confined biexciton in semiconductor
quantum dots. However, many questions still remain. The IRTA energy of the biexciton
can be different from that of the exciton but the difference was not clarified in my
experiment. This reason is assumed to come from that dot radius studied in the
experiment (~5.5 nm) is large, so that transition of 1s — 2p states of one exciton would
not be strongly influenced from the existence of the other exciton. To clarify more
detailed properties of the excited states of the confined biexciton, improvements of the
experimental system is necessary to suppress noise of IRTA in order to observe the fine
structures in IRTA spectra of both the biexciton and exciton. In addition, it is necessary
to measure the size dependence of IRTA spectra of the biexciton and exciton. With
decreasing the size of the dot, IRTA energy of the biexciton might be modulated from
that of the exciton because correlation between two electrons and holes increases greatly
and a concept of biexciton as a quasi-particle is broken. It is very interesting to study the
change of excited biexciton state confined in smaller dots.

In near future, more detailed discussion will be realized for the biexciton properties
confined in semiconductor quantum dots by means of two-photon excitation of the

biexiciton and infrared transient absorption, as shown in this thesis.
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Appendix A

Optical Properties of Biexciton

A.1 Electronic structure of biexciton

The electronic structure of the biexciton is discussed in the case of CuCl. It has a
band structure with a top of the valence band at k = 0 (symmetry I'7) and the bottom of
the conduction band at k = 0 (symmetry I'¢). The conduction Bloch function I's is

written as

ep=yle) and c =y |B)  (A-LD)

where ¥.can be identified with 4s function of Cu. On the other hand, the valence Bloch

functions are of the form
2 1 2 1
Vap = gl//—lla>— g‘/lolﬂ> and v, = g‘//1|ﬁ>+ E‘//ola> (A-1.2)
where the orbital parts may be expressed as
1 .
7 =f( . izpy) and y, = p. - (A-1.3).

Here, py, py, p- are the normalized p-like functions.
The superposition of excitations of the valence electron into the conduction band

gives two kinds of excitons which have ', (total angular momentum J.x = 0) and I's
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(Jex= 1) symmetry, respectively. The wave functions of I'; and I's exciton states of the
CuCl, in which the electron and hole are indicated by notations 1 and a, respectively,

and the position vector of them are r; (i =1, a), are expressed as

U?Q =—J1—I—/—exp[iK-(a"] + 61, )]-(n —ra).U f:((iaa))%} m=-1,0,1) (A-1.4)

Sm
where the parts of Bloch function are given by

2Ll = =l v s fa) e nvislo)

B (1a) =, (v, (a)

R a)=lap0vpl)re @] 1)
B (La))=c v s(a).

a and fare given by

m
a=—-="— and B=1-a.
m, +m,
The envelope function ¢(r, - r,) which describes the relative motion of the electron and

hole is rewritten as

()= — exp(—Lj, r=r-—r, (A-1.6)

3 a
a, B

by using the effective mass approximation.

The wave functions of biexcitons are also superposition of excitations of two valence
electrons into the conduction band. The lowest state of the biexciton has singlet
structure, which minimizes the intraband exchange interaction energy of two electrons
and two holes. Consequently, it is I'; state with total angular momentum J = 0, and the
envelope function @~ (r,r',R), where r =ry —ry ¥’ =ro—n, R = r, — 1, has even
parity with respect to the permutation of two electrons and two holes. Here the second
electron and hole are denoted by the notations 2 and b, respectively, and r, and ry
express their position vectors. The first and second suffixes + mean the parity of the
envelope function with the respect to the permutation of electrons and holes,
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respectively. The next higher state of the biexciton with symmetry I'4 is formed with
sacrificing the exchange energy of two holes because the effective mass of the hole is
heavier than that of the electron, and the envelope function is given as @ (r,r',R).

The wave functions of the biexciton are represented for two low-lying states as follows;

|77 (K:1,2,2.b)) = L[eXP(iK ‘R, (r, ', R)| 13(1,2,2,b)) (A-1.7)

N7
exp(iK - R,))| @ (r, 7, R)| r,{1,a2, b)>

)=

ol

= % [Cl/z (1)C—1/2 (2) —Cap (1)c1/2 (2)] [Vl/z (a)v,l/z (b) Vvan (a)"1/2 (b)] (A-1.8)

|77 (K:1,2,2,b

where

stz |

|7,(1,a.2,b))

and
R, = %[a(rl +r,)+ B(r, +1,)] (A-1.9).

Ry indicates the center-of-mass coordinate of the system. The envelope function
A (r,r',R) is given, by using the effective mass approximation, as

@~ (r.r', R)= f(R)g(¢, &, 1. 1,3 R) (A-1.10)
where

&= +n,)/R and 7, =(r,—r, /R (i=1,2)  (A-L1D).
The envelope function of the first rotational state @ (r,r',R) may be given as

@ (r.r", R)= [ (R)Y,,(0,4)g(&,. &30 1123 R) (A-1.12)
where Y, (0,¢)(m = -1, 0, 1) is a spherical harmonic of the first order and (6, ¢)
describes the orientation of the vector R.

The energy splitting between I'; and I'4 states origins from the exchange energy of
two electrons or two holes. The lowest states of the biexciton I'y is formed .by
superposing the product of two electron state with J. = 0 and two holes with J, = 0
which minimize the intraband exchange energies, respectively.

In the limit of zero e-h exchange splitting, the lowest biexciton state (J = 0) consists
of the linear combination of two J = 0 states which are made up of two Je = 0 excitons

and two Jex = 1 excitons, respectively, as follows;

112
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ARy IR LR L) SCRRE

The exciton state is hardly modified in the biexciton. Under this assumption, the e-h

intraband exchange effect works only on the I's exciton component of a biexciton and it

is evaluated as a perturbation in terms of the wave function, as follows:

H exch

e-h

<1~1mol rlmol> - 2x%x AFech ,

e-h

where AE®™ is the energy splitting of the I's and I'; excitons. As a result, the energy

e-h

of the lowest state of the biexciton is expressed by

3 exch thz
E (K)= - —AE
m( ) 2Eex (1_'2) Eb + 2 e-h + 2M °

mol

(A-1.14)

where the biexciton binding energy Ey is measured with respect to the lowest two-I"
excitons, which is not influenced by the e—h exchange effect, and the translational mass

of the biexciton is
M, =2(m, +m,) (A-1.15).

A.2 Luminescence process

The luminescence due to the biexciton is originated from a radiative annihilation of
one of the two excitons composing the biexcitons with leaving another exciton.

Therefore, luminescence photon energy is expressed as

22 22
ha)=(2Eex—Eb+ K ]—[Eex+hK j

2‘]\4m01 2Mex
212
=E, -E, - ZwK (A-2.1).

mol

Here, E. indicates the exciton energy of lowest 1s state and Ej, indicates the biexciton

binding energy.
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The luminescence spectrum of the biexcitons with distribution fme(K) in CuCl can be

evaluated in terms of the wave functions, by a simple perturbation method, as follows:
27r Z’ Fe"
where H'. is the photon emission part of the electron-radiation interaction;

=Y eF -{E. exp(~ip-r, )+ E_explip-r, )}

fmo,(K)xé(hw—Emol(K)wLEex(K)) (A-2.2)

= @Z(er, -e){ apTexp(ia)t —ip- r,.)+ apexp(— it +ip - r,.) } (A-2.3)
Here, r; and ¢f are the position vector and the dipole-moment of the i-th electron,
respectively, e is the unit polarization vector of the radiation field, a, and apTare the
annihilation and creation operators of photon with the momentum p. The following
expression is obtained by multiplying ‘Fsﬁ’f’l>by 1/ 2{v1/2 (B, (4) = v, By, (4)jand
inserting Eq. (A-1.4) and (A-1.7) into (A-2.2);

472 B
(@)= 22y 6| p, }p(0) [ (RMR] -3 £y (K500 ~E (K )+ E, (K)
K
(A-2.4).
Here, we used the fact that
(w.lex|p.)=(w.]e¥|p,) = (w.|eZ| p.).

taking account of the isotropic symmetry of the crystal. The envelope function of the
biexciton is approximated to be as

@ (r,0,R)=¢(r)p(0)z(R).
In addition, we neglected (Kagaf/Q)2 and (Ka,,,ol/2)2 in comparison with one, where dmol
is the average separation of the two excitons of the biexciton and g(R) was expressed as

1 R
g(R)= exp[— —J (A-2.5).
’\, 7Z'am013 Aol

When the Boltzmann distribution with the effective temperature 7esr is assumed for the

kinetic energy of the biexcitons, the integration in (A-2.4) can be done as follows;
W)= A\JE, - E, —ho -exp|-(E,, - E, —ho)/ kTy| (A-2.6)

for hw<E, -E,,
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Here, with the biexciton density Ny,

4 32

JT (0]

A= N2
(kBTeJ M3 2

As a result, luminescence spectrum rises by the biexciton binding energy below the

| p, ) (0) [2(R)IRY

exciton energy and the spectral shape shows an inversed Boltzmann distribution which
has a tail to lower energy side.

The radiative annihilation of biexcitons, in which pure triplet I'; free exciton remains,
is forbidden in CuCl because of the group-theoretical property of Bloch function, i.e.,

<1_j7_ex H'

1—;mol>=0.

This is also implied easily from the absence of product terms of the pure triplet I
exciton and optically active I's exciton in Eq.(1.21). The threefold degenerate state of I's
exciton is split into the longitudinal exciton and the twofold transverse exciton due to

the long-range dipole interaction.

A.3 Giant oscillator strength

An effect of giant oscillator strength works in one-photon absorption in presence of
single excitons due to conversion of excitons into biexcitons, which is reverse process
of luminescence of biexcitons. Let us consider that single I's excitons are accumulated
in CuCl and distributed over the exciton dispersion curve with the Boltzmann
distribution fx(K). The transition probability of this conversion process is evaluated as
the reverse process of luminescence by taking the hermite conjugate of the matrix
element in Eq. (A-2.2) and replacing fm.i(K) by exciton distribution function fex(K);

2
2 ~ ex
@)= 3 e pl S| r ()] £ (B0 £ (K)- Eoa(K 1)
m=-1,0,1

(A-3.1).
When we neglect the photon momentum p in comparison with K and assume the
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simplified form for the biexciton envelope function ¢(r)g(r')g(R), Eq.(A-3.1) is

rewritten as

W ()= vz

p.)#(0) [g(R)R] E? x 3 K510 ., ()~ (1)

= AJE. ~E, —ho -exp _AE,-E ~ho)| (A-3.2)
kT
We compare the total transition probability which is obtained by integrating (1.32) over

w, with that of the single exciton I's,
wo [wh = [jg(R)dR]Z p.. (p, isthe exciton density). (A-3.3)

When the relative motion of two holes g(R) is assumed by (A-2.5), Eq. (A-3.3) is
wh WD =6dma, p,..  (A-3.4)

This strong enhancement of the transition from the exciton to the biexciton state is
attributed to the effect of giant oscillator strength, which is coming from the
factor J- g(R)a’R . This means that the biexciton could be created by exciting any

valence electron in the large biexciton orbital around the existing the first exciton.

A.4 Giant two-photon absorption

The transition probability of the two-photon excitation from the ground state to the
final state of the biexciton is expressed by

2

>—mH'|g> xo(2ho-E(K))

<I—;mol(K)’HLIZE|f :ha)

2

o (r0)- 2

_r

I oy .
2 elle) £ E <ok

2
(of><¢)c e3c'_|(p+ > % (EIEI +EE; )}:'
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«{9(0) [dr [aRg(r)0" (r, 0. R)f 50h0-E,(K)) (A1),

then, W )(1"1;(0) is simplified as follows, by taking account of the cubic symmetry for
CuCl,

W(z)(rl;w)zz_ﬂ'[<‘//c px>2

ex

Wl Ex] 42 2 2>< ~ _h2(2p)2
7 6(Eex—ha))¢ (O)Ing(R)E J 5(2%) 2E, +E, —— }

mol

(A-4.2).
The transition probability of one-photon absorption due to a single exciton is

w(res )= 3’5(@“ i

p) ) o Wy _
- ¢(0)J E ><5(hco Eo-mor j (A-4.3).

B

In comparison with the case of an ordinary two-photon absorption due to band-to-band

ex

transitions, we have furthermore, two strong enhancement factors in the case of the
biexcitons. The first enhancement factor is [¢5(0)fg(R)dR]2 which comes from the
two-electron excitation and the second one comes from the resonant effect.

The first enhancement is explained as follows: in the process of the transition from
exciton to biexciton, we can choose the any valence electron in the range within the
large molecule radius ame around the first exciton in order to make an biexciton
coherently. This is contrast to the ordinal case where the electron excited to the
intermediate state should interact again with the second photon.

As a result, we have the factor

[6) e(R)R] = 64(—} 210,

The second enhancement factor of the resonance effect is estimated to be of an order of
10* at Eex— Ey/2 if we assume a few electron volts for the energy denominator in the
band-to-band transition.

These two effects are combined to give the extremely strong two-photon absorption
due to the biexciton. As a result, in two-photon spectroscopy, the biexciton will be
confirmed as the sharp absorption peak at Eex— Ep/2. which are embedded in the rather
weak background of the one-photon absorption tail of an exciton and the ordinary

two-photon absorption due to band-to-band transition.
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A.5 Selection rules of biexciton

Next, we discuss selection rules and polarization dependence for the direct creation of
the biexciton by GTA. The transition probability for absorption of two photons of the
frequencies @wjand @, and polarization e; and e; can be expressed in the from

W(w, o, ) ;Gu(el,ez)d(Efu —E, —ho, —ha)2)x ;x<f” pruwxw ”pxug> ,

(A-5.1)

where the geometric factors, expressed in terms of Clebsch-Gordan coefficients, are

e e))=>
&

and the dynamical factors are
A = ! + ! (A-5.3),
E -E -ho, E-E -ho,

the sign + (=) being appropriate for the final states which is contained in the symmetric
>is

the crystal ground state of energy E, belonging to the identity

2
> ehel (pmh, 00 i (A-5.2),
10

(antisymmetric) product of the momentum representation. In the above expression,

representation. <¢A ||P’”||g> is the reduced matrix element of the momentum operator P
(belonging to the A irreducible representation) between the ground state and an
intermediate state ‘¢’1> of the energy £ 4 and < f ”P’1 ” ¢’1> is the reduced matrix element
of the momentum operator P between the intermediate state and the final state of the
energy Efﬂ

We have three types of the selection rules from the expression (A-5.1-3) for the

two-photon absorption.
1) Dipole selection rule
Two-photon transitions are possible only to final states belonging to the direct product

of the irreducible representations of the two photons. For CuCl, we have
ixs=N++1+ 15 (A-5.4).

2) Geometrical selection rule
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Two-photon transitions to a final state are possible only when the corresponding
geometrical factor is not zero. Selection rules allows for particular directions of the
polarization vectors with respect to one another or with respect to the crystallographic
axes. The geometrical factors for the CuCl have been calculated from (1.39) and are

shown in Table 1-1.

3) Dynamical selection rule

Two-photon transitions to a final state belonging to the antisymmetric product of the
irreducible representations of the two photons are forbidden when @ = @, as it can be
seen from (1.40). The dynamical selection rules are resulted from the properties of
Clebsch-Gordan coefficients: (um‘/il’,ﬂl)= i(um'/?.l, ﬂ.l') for the exchange of e; with e;
and @, with a» in the second order transition probability.

For CuCl, the symmetric and antisymmetric products are respectively

[ix]=L+ LG+ 1 (A-5.5)
and
x5} =T, (A-5.6)

The strength of the transitions to the I'j, I's, I's final states involves the factor A+¢x,
while that to the 'y final state involves the factor /1;,1 . Therefore the former states are

strongly allowed, and latter is weakly allowed and forbidden for @, = @,.

Figure 1-3 shows a schematic diagram of biexciton states in CuCl with indication of
strongly allowed and weakly allowed transitions due to the dynamical factors. In the
case of direct creation of biexcitons by two photons of a unique laser beam (e; = ez, &
= @), the transition from ground state (I"}) to biexciton state with I'4 is forbidden both
by dynamical rule and geometrical selection rule, which gives G, =0 for e; = e, as
can be seen from Table A-1. Consequently, only I'; biexciton state can be created by
giant two-photon absorption by a unique laser beam with linearly polarization. It is
possible to create the I'y biexciton state with use of two tunable laser beams with
difference frequencies, and the transition probability increases in proportional to |e; x
e,*. Since the transition probability to I'; biexciton state is proportional to |e; - e)*, this
transition becomes forbidden for perpendicularly polarized beams or a unique laser

beam with circularly polarization.
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Table A-1. Geometric factor for T4 point group

Gr, (el 5 €2 ) = %lel : ezlz

Gr, (el,ez)= %'el ><ez|2

2 2 2 2 2 2 2
Gl"s (e1> (%] ) = g(elx ey + €1y €2y +é1: €;: )_ E(elxelye2xe2y + €1y€1:€2y€2: + elzelerZeZX)

Gr (e, e:)= %[(elery +een ) +(een + e-es, ) +(erzea +e1xe2z)2]
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Appendix B

Estimation of Dot Radius for Creation of Excited Biexcitons

When the excitation energy falls inside the one-photon absorption band of the
confined excitons, the excited biexciton is created into the excited state by two-photon
absorption. Here, the estimation of the dot sizes for the biexciton creation is discussed.

According to the transition energy from the exciton (Jx = 1) to excited biexciton
(J=2) previously reported [31, 37], the exciton energy dependence of the transition
energy is expressed as follows:

Evvo = Epu = a(Eex - Ebulk) (B-1)
where Exx2, Eex and Euyk indicate the transition energy from the exiciton to the excited
biexciton, the exciton energy in a spherical dot and in the bulk crystal, respectively, a is
reported to be 2 experimentally [31] and 2.4 theoretically [37]. The confined exciton

energy is

PRI 2
ex 2]\; (a _015a j + Ebulk (B-2).
ex . B

Therefore, Exx2is given by

K’ 1 ’
Eyyy =« ( j + By (B-3).

oM, \a-03a,

The two-photon absorption energy for the excited biexciton state is given by
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EXX2 + Eex
2

2 2 2

a+l h'x 1

= : +Ebulk
2 2M_\a-0J5ay

When the excitation energy is equal to the confined exciton energy, the dot size relation

hao =
(B-4)

between the biexciton creation (amor) and the exciton creation (dey) is given by

22 2 2 2 2
h'r 1 L E = a+l1 . h'm 1 L E
2M_\ a, —0.5a, Mo oM\ a,, —0.5a, bulk

a,, —0.5ay ’ _a+l (B-5)
a, —0.5a, 2 '

When one uses the experimental value of & = 2 and neglects the dead layer effect,

the size relation is simplified as

amo = E»\« -
/aex_\fzq.zz (B-6).
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