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Abstract 

Quantum dots (quasi-zero-dimensional electron systems) are one 

class of the most interesting system in semiconductor nanostructures 

and have received considerable attention in the past decade. Besides 

being an interesting physical system where new physical phenomena are 

expected to be explored, quantum dots are also interesting from the 

technological point of views. In this research, the optical properties of 

II -VI compound semiconductor quantum dots in a polymer matrix were 

investigated. We prepared CdS and CdS:Mn quantum dots embedded 

in polyvinyl alcohol (PVA) matrix through chemical methods and 

investigated their optical properties by means of optical absorption, 

photoluminescence, time-resolved photoluminescence, 

photoluminescence excitation, time-resolved optical absorption, 

nanosecond pump-probe and persistent spectral hole burning (PSHB) 

measurements. 

We first studied the PSHB phenomena in CdS quantum dots 

embedded in the polymer matrix and found that its persistent time 

depends on the molar ratio of Cd2+/S2• in the sample. It is found that the 

persistent time of burnt hole is less than 0.33 ms when the molar ratio of 

Cd2+/S2. is less than 1, less than 0.1 sec when Cd2+/S2• is near 1, and 

larger than 1 min when Cd2+/S2. is larger than 1. Based on the 

experimental observations, we proposed an electron photoionization 

model to explain why the PSHB phenomena are observed in quantum 

dots. "When a quantum dot is excited, an electron escapes from the 

quantum dot through the potential barrier in the polymeric matrix and 

is trapped at Cd2+ center in the polymeric matrix. Photoionized 

quantum dots and trapped electrons are stable enough to give PSHB at 



low temperatures. There are many spatial configurations for electrons 

and holes in both quantum dots and the polymeric host. A variety of 

spatial arrangements induce an additional inhomogeneous broadening 

of the absorption spectra of CdS quantum dot. The presence of the 

inhomogeneous broadening due to the carrier spatial distribution 

satisfies the requirement of the PSHB. 

We studied the magnetic ion Mn2+ doped CdS quantum dots, since 

physical properties of semiconductors are greatly influenced by the 

doped impurities. CdS:Mn quantum dots belong to a new kind system 

-diluted magnetic semiconductor quantum dots. Similar to CdS 

quantum dots, the blue-shifted absorption spectrum due to the quantum 

size effect was observed also in the CdS:Mn quantum dots. The intense 

luminescence from Mn2+ was observed. It shows a large quantum yield 

of 20%, and decays very fast with a nanosecond order of lifetimes which 

is shorter than the corresponding one of millisecond order of lifetime in 

bulk CdS:Mn crystals by five orders of magnitude. From the 

photoluminescence excitation spectrum, we found that Mn2+ is excited 

through the energy transfer from photoexcited CdS quantum dots. The 

doped Mn2+ ions are located in the quantum dots, or on the surface of the 

quantum dots and outside the quantum dots in the matrix. MnS 

compounds are formed by the Mn2+ ions located on the surface and in the 

polymer matrix. Since the band gap of MnS crystal (3.75 e V) is much 

wider than the band gap of CdS quantum dots, MnS cannot be excited by 

the photons with the energies less than 3.492 e V (which is the maximum 

photon energy we used to excite CdS quantum dots). MnS on the 

surface of quantum dots may moderate the defect of quantum dots, 

decrease the nonradiative energy transfer to the surface trap centers. 

So that the Mn2+ photoluminescence is from the Mn2+ ion 4Tl - GAl 
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transition in the CdS host quantum dots. Large mixing of exciton state 

of CdS with the d state of Mn2+ makes an effective energy transfer path 

from CdS to Mn2+ (through the exchange interaction and electric 

multipole interaction), relaxes the partial spin-forbidden Mn2+ cations, 

and results in a fast decay time of Mn2+. The observed high quantum 

yield is considered as due to the decrease of the nonradiative relaxation 

rate, the increase of the energy transfer rate from CdS to Mn2+ and the 

increase of the radiative rate of Mn2+. 
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1 Introduction 

1 Introduction 

Nanometer semiconductor crystallites or semiconductor quantum 

dots have attracted much attention in recent years in the field of physics, 

chemistry, material sciences, electronic engineering and technology. 

Optical and electronic properties of quantum dots are of special interests, 

because they exhibit new quantum phenomena and have potential 

applications for the novel devices [1]. When the sizes of nanometer 

semiconductors are small compared to the exciton Bohr radius of bulk 

semiconductor, their electronic wave-functions undergo a three

dimensional quantum confinement due to the quantum dot boundary. 

The confinement effect induces the quantization of the electronic bands, 

so that the quantum dots have discrete electronic transitions shifting to 

higher energies with the decrease of the size. On the other hand, the 

physical properties of semiconductor are greatly influenced by the doped 

impurities, the magnetic ion doped quantum dots (diluted magnetic 

semiconductor quantum dots) have attracted attentions recently because 

they can combine both the semiconductor nanometer size confinement 

effect and magnetic finite size effects. 

So far, a variety of methods have been used to fabricate the free 

standing semiconductor quantum dots, and the quantum dots embedded 

in crystal, glass, polymer, solution and porous materials, and much effort 

was spent to make size monodispersed and surface perfect. The studies 

of optical properties of 1-VII, II -VI, ill - V, et al., compound semiconductor 

and N element semiconductor quantum dots have been reported. For 

example, the major parts of works have been done in CdS [1-6], CdSe 

[7-10], CdSxSel.x [11], CdTe [12-14], CuCl or CuBr [15-16], GaAs, InP, or 

InAs [17-21], and Si related quantum structure materials [22]. 
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1 Introduction 

In this research, we have prepared the II - VI compound 

semiconductor CdS, CdSe, ZnSe and CdS:Mn, CdSe:Mn, ZnSe:Mn 

quantum dots through the polymer organmetallic chemical methods, and 

studied the optical properties of them by means of optical absorption, 

photoluminescence, photoluminescence excitation, time-resolved 

photoluminescence and nanosecond pump-probe measurements. 

The contents of this paper are organized as follows. In Section I, 

we describe the fundamental physics of this paper: the semiconductor 

quantum dots, the diluted magnetic semiconductor quantum dots, and 

the related material features of CdS and CdS:Mn. In Section 2, we 

simply review the synthesis methods of the quantum dots, and describe 

our method of preparing CdS, CdSe, ZnSe and CdS:lVln, CdSe:Mn, 

ZnSe:Mn quantum dots embedded in polyvinyl alcohol. In Section 3, we 

give the observation results on persistent spectral hole burning in CdS 

quantum dots, and propose a possible mechanism based on the 

observations. In Section 4, we report the luminescence properties of 

CdS:Mn quantum dot, make the comparisons with CdS quantum dots 

embedded in polyvinyl alcohol and the bulk CdS:Mn crystal, and propose 

the possible mechanism to explain the novel optical properties of 

CdS:Mn quantum dots. Finally, in Section 5, we give the conclusion of 

this research and remarks on future study. 

In the following parts of this section, we present a brief background of 

quantum dot, diluted magnetic semiconductor and the material 

properties of CdS, CdS:Mn crystals and quantum dots. 
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1 Introduction 

1.1 Semiconductor quantum dot 

Most of the electronic elementary excitations in solids possess a 

spatial extension several times larger than the lattice constant of the 

crystal. The rapid development of technology enables the fabrication of 

confined semiconductor structures of low dimensions to be realizable on 

the nanometer scale. Depending on the confinement geometry, these 

structures have been classified into two-dimensional ( quantum wells ), 

one-dimensional ( quantum wires ), and zero-dimensional ( quantum 

dots) systems (see Fig. L 1). 

3D 2D ID OD 

(a) (b) (c) (d) 

Fig. L 1 Geometric illustrations of material system of different 
dimensionality: (a) bulk semiconductor, 3D; (b) quantum wells, 2D; (c) 
quantum wires, 1D; (d) quantum dots, OD. 

In semiconductor quantum structures, such as quantum wells, 

quantum wires and quantum dots, the most drastic change due to the 

quantum confinement effect is the quantization of the electronic bands, 

so that the quantum structures have the discrete electronic transitions 

shifting to higher energies with the decrease of the size. Especially in 

quantum dots, this change can be easily observed through the optical 
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1 Introduction 

absorption spectrum that shows a blue shift of the absorption edge as the 

SIze IS reduced. As a result, the optical absorption spectroscopy is 

widely used in the study of the quantum size effect of dots. The 

absorption edge of direct and allowed semiconductors is governed by the 

exciton absorption. Depending on the average quantum dot radius R, 

the confinement effects can be divided into three regimes: the weak 

confinement regime (R »aB ), the strong confinement (R «as) and the 

intermediate confinement regime, where a B is the exciton Bohr radius of 

bulk crystal. The excitons of different confinement regimes in the 

quantum dots will be stated in later part of this section. 

In spite of a number of common properties for all of these quantum

confined systems, there are several interesting features inherent in 

quasi-zero-dimensional structures. Quantum wells and quantum wires 

still possess a translational symmetry in two or one dimension, 

semiconductor quantum dots do not possess the translational symmetry 

in all directions (with quantum dot system, there is confinement in all 

three dimensions). Unlike quantum wells or quantum wires, quantum 

dots are hardly to study by means of electric techniques, and contactless 

optical methods are used to study the electronic properties of these 

structures, especially, if the quantum dots are embedded in an 

insulating matrix. Some preparation methods for quantum dots in 

transparent host materials are quite different from those for the 

quantum wells or quantum wires, and some of them are very old of the 

history of centuries. 

Since the first concept of zero-dimensional structures has been 

published in the early eighties [23-25], a large progress has been 

achieved [1]. The research of the quantum dot has been developed as a 
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1 Introduction 

separated field bordered by solid state physics, colloidal chemistry, laser 

physics and optics. The investigated quantum dot systems include the 

microcrystallites, nanocrystals, clusters and colloids. 

1.2 Exciton states in semiconductors 

1.2.1 Exciton in bulk semiconductors: 

three-dimensional case 

An exciton is a bound electron-hole prur through the Coulomb 

interaction, and is generally created by the absorption of the photon of 

appropriate energy (in direct semiconductor). The energy levels En,K of 

excitons are given by the simple hydro genic model: 

J.1E4 n2 K2 
EnK = Eg - +----

, 32Jr2n2n28~8~ 2(m; +m~) 

n2 n2 K2 
=E ---+--

g 2J-1Cl~ 2M (1.1) 

= Eg -Eb +EK' 

Here, K := ke - kh is the wave vector of exciton, Eg is the bulk energy 

gap at the center in the Brillourin zone, n (n=l, 2, 3, ... ) is the exciton 

quantum number; m; and mZ are effective masses of the electron and 

'" '" 
hole, respectively; f.1 = ~emh '" is the reduced mass and M = m; +mZ is the 

me +mh 

translational mass of exciton; &2 is the dielectric constant of the 

semiconductor materials. The second term in Eq. (1.1) is the exciton 

/i 2 

binding energy Eb = --I ; and the third term in Eq. (1.1) is the exciton 
2j1£1s 
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1 Introduction 

kinetic energy E K = 1i
2 

K2 associated with the center-of-mass motion of 
2M 

the exciton. The exciton Bohr radius is given by 

4 r. 2 ? 
JrcOc2fl na B = -----..:.--=:.---

J-le 2 
(1.2) 

As a result of the interaction with the phonons, the exciton line shape 

is broadened and asymmetric at low temperature. 

1.2.2 Exciton in low dimensional semiconductors 

As stated above, the common feature of the low dimensional quantum 

structures is that they have the discrete electronic transitions which 

shift to higher energies with the decreasing of the size. In this part, we 

give a brief picture of the excitons in low dimensional semiconductors. 

The geometric illustrations of the different dimensional systems are 

shown in Fig. 1.1. Figure 1.2 shows the state density N(E) varies with 

3D 

E 

N(E) 

(a) 

E 

2D 

N(E) 

(b) 

E 

ID 

N(E) 

(c) 

En 
OD 

.. -
N(E) 

(d) 

Fig. 1.2 State densities N(E) for ideal (a) 3D, (b) 2D, (c) ID and (d) aD 

systems. 
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1 Introduction 

the system dimensionality. From the three-dimensions to two

dimensions, one-dimension and zero-dimension, the state density 

changes from the continuous dependence of N(E) ex: Ell2 (3D) to the step

like dependence (2D), the separated band dependence (lD) and the 

separated delta function dependence (OD). It means in the quantum 

dots, the oscillator strength is concentrated into just a few transitions. 

Fig. 1.3 shows the exciton binding energies vary with sample size of 

the low dimensional CdS semiconductors. The ground state exciton 

binding energy Eb for the bulk CdS crystal is 28 meV, 1Vf-=O.94 mo, and 

8 2 =8.1; for the slab (2D), Lz =L is the thickness; for the wire (lD), 

Lx=Ly=L; for the quantum dot, Lx=Ly = Lz =L with L>3 aB . 

E 

-10 

-20 

-30 

slab 

I , , , 
\ 

100 

CdS 

WIre 

. dot 
\ 

'II 

\ 
\ . 
\ '. 
'\ \ 

...... .. , .... 
"'-- ........ ,........ . .... 

--. - -..::-. --- ... -

300 500 L (A) 

Fig. 1.3 Exciton energies for cubic CdS in the form of a slab, wire 
and quantum dot of size L. (Mter Ref. 26). 
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1 Introduction 

1.2.3 Exciton in semiconductor quantum dots 

In case of the exciton, a confined electron and a confined hole coupled 

via the Coulomb interaction, in a spherical quantum dot, one has to deal 

with the Hamiltonian: 

ti 2 ti 2 e2 

H= __ V2 __ V2- +V(r)+V(r) (1.3) 
2 e 2 It I lee h h' me mh Ere - rh 

where ill, r, and V represent mass, radius vector, and the potential, 

resp ecti vely. 

The boundary conditions at the surface of the quantum dot are: 

when 

The potential barrier is treated as: 

V(r)={: (0 < r < R) 

r ~ R 

it is illustrated in Fig. 1.4. 

'r' ~ R. 

Fig. 1.4 The confinement potential barrier of a quantum dot. 

(1.4) 

(1.5) 
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1 Introduction 

For a Wannier exciton In a three-dimensional bulk material, the 

corresponding Hamiltonian without the confinement potentials ~ and 

Vh , the problem can be considered as the center-of-mass motion of the 

electron-hole pair. The binding energy of exciton is given by Eq. 1.1. 

However, it is difficult to get a common analytical expression of the 

binding energy of exciton in case of quantum dots. This is because that 

there is a strong symmetry breakdown in the quantum dots, as a result 

of the Coulomb interaction depends on the spatial coordinate between 

the electron and hole. The problem is analytically treated with two 

limiting conditions, i.e., the strong confinement situation (R«aB) and 

the weak confinement regime (J1;»aB). 

In the limit R» aB , the electron-hole pair still can be considered as 

a quasiparticle of exciton while the translation freedom is confined with 

a small energy increment (the regime of the exciton confinement). The 

lowest energy is: 

i;. 2 2 
* fl Jr E=-E Ry + , 

2MR2 
(1.6) 

where the higher-order terms decrease faster than R -2 [27]. 

In the opposite limit R« a B' the electron and the hole should 

occupy primarily the individual lowest eigenstate of the zero

dimensional quantum well with relatively small spatial correlation (the 

regime of the individual particle confinement). The exciton energy is 

given as [28] : 

-n 2 Jr2 
E=---

2J.lR2 
(1.7) 
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1 Introduction 

The third term comes from the exciton effect. 

In Fig. 1.5, the numberical results of Kayanuma [27] and some 

experimental results on CuCl in NaCl crystal (0) [29], and CdS in glass 

(6) [30] are shown. 

~ 1.0 • ex: 

6 0.5 
<t:: 
:..a 

<Zl 

>--
2!l 
(!) 0.1 c 

(.Ll 

0.05 

0.01 

0.05 

-... _"'---_ ... ----

o 2 4 6 8 10 12 14 

RI a~ 

Fig. 1.5 The calculated energy shift of the ground state of exciton in the quantum 
dot (solid lines) with (5 == mh/me as a fixed parameter. The observed values of the 

luminescence peak in the CuCl quantum dot in NaCl (0) and the absorption peak 
of CdS quantum dots in the silicate glass (6) are also plotted. After Ref. 27. 

Recently, Richard et al. have considered the finite spin-obit splitting 

on the energy and wave-functions of valence band levels in some II-VI 

and III-V spherical semiconductor quantum dots [31]. Figure 1.6 shows 

their numerical calculated results on the valence band energy levels of 

CdS quantum dot and Figure 1. 7 shows the calculated absorption 

spectrum of CdS quantum dots. 
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R(run) 

65 4 3 2 
400 

CdS nanocrystals 

300 

2 DS1I2 

200 ;.--
2 PFP3/2 

3 SDD.3/2 

1 DS1I2 

2SDD.312 

100 1 PPl12 

1 SDTh/2 

1 PFP3/2 

0 

0 0.1 0.2 0.3 

l/R2 (nm-2) 

Fig. 1.6 Plot of the energies of some valence band levels in CdS 

quantum dots versus lIR2 calculated by Richard [31]. Solid lines 

(dashed lines) represent levels for which interband transitions are 

allowed (forbidden) towards the ISe lowest conduction band level. 

Here, the integer numbers, in the hole states, are the principal 

quantum numbers, the first and the second capital letters indicate the 

types of the orbit state (S, P, D, ... ) which are mixed, the last capital 

letters correspond to the component related to the spin-orbit split-off 

states, and the subscript indices correspond to the value of total 

angular momentum. 
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1 Introduction 

CdS quantum dots 

R=2.10nm; r =10meV 

2.9 3.1 3.3 

Photon energy (e V) 

3.5 3.7 

Fig. 1.7 The absorption spectrum of a crowd of CdS quantum dots of 

average radius 2.10 nm calculated by Richard [31]. The band gap of 

the system is 3.10 e V. The bottom and the top of the figure 

corresponding to two different size-dispersion functions (bottom: 

Dirac distribution; top: Gaussian distribution with a =0.3 nm). 

Transitions labeled a-h correspond to lSe-1SDD3/2, lSe-2SDD3/2, 

lSe-3SDD3/2, 1Pe-1PFP3/2, 1Pe-1PP1/2, 1Pe-1PFF5/2, 1Pe-2PFF5/2 

and 1Pe-3PFF5/2, respectively. For valence band levels, the last 

letter corresponds to the L value of the spin -orbit split-off state 

involved. 
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1 Introduction 

The exciton oscillator strengths can also increase in the quantum dots. 

This is due to quantum confinement of both electrons and holes, and also 

because of the increased spatial overlap of electron and hole wave

functions. The exciton oscillator strength is expressed as : 

f == 2m; I1EIMI2/U 12 Ii 2 (0) , (1.8) 

where DE is the transition energy, M is the transition dipole moment 

and IU(o) 12 is related to the probability of finding an electron and a hole 

on the same site (the overlap). 

In the weak confinement regime (R;»aB) , IU(o)1
2 

is independent of the 

size of quantum dot, and f is determined by the macroscopic transition 

dipole moment. The exciton oscillator strength of quantum dots, fQD, 

increases linearly with the increase of quantum dot volume. 

In the strong confinement regime (R«aB) , IU(o)1
2 

increases with the 

decrease of the size of quantum dots. As a result, fQD weakly depends 

on quantum dot size. 

1.3 Properties of CdS crystal and quantum dots 

1.3.1 Properties of bulk CdS crystal 

The crystallographic properties of the A IT B VI semiconductors are 

remarkable, because their form is in either the wurtzite phase or zinc

bIen de phase. In the A IT B VI compounds, two valence electrons of the 

group II element and six electrons of the group VI element are distributed 

13 



1 Introduction 

according to the so-called S-p3 orbital bonding configuration. In this 

picture, the highest-lying valence band is triply degenerate (in the 

absence of spin-orbit splitting), and the states at the center of the 

Brillourin zone are bonding combinations of p-like functions. The 

lowest conduction band is s-like. 

The introduction of spin-orbit interaction alters the bands, 

principally, by splitting certain degeneracies. Figure 1.8 gives the 

detail of the band structure around k=O of zinc-blende structure and 

wurtzite structure, respectively. 

E.l..c 

r 
7 

(a) (b) 

Fig. 1.8 The band structure around k=O of (a) zinc blend structure 

and (b) wurtzite structure. (b) also shows the selection rule for 

optical transitions near the band edge for wurtzite structure. 
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1 Introduction 

The lattice structures of semiconductor CdS and CdSe are of 

wurtzite type, and the point group of them is C6v symmetry. The lattice 

structure of semiconductor ZnSe is of zinc-blende type, and its point 

group is T d symmetry. 

Some fundamental physical properties of CdS, CdSe and ZnSe 

crystal are shown in Table 1.1. 

1.3.2 Properties of CdS quantum dot 

Although II -VI semiconductor quantum dots embedded in either the 

glass or in the polymer matrix are the most widely studied quasi-zero

dimensional structures, it is difficult to give a satisfied description on the 

optical properties of them. There is a controversy in the observations in 

the photoluminescence and the photoinduced spectral hole burning. 

The observations depend on the samples being used, and depend on the 

surface properties of the sample. Obviously, these issues need further 

investigations. We will describe the subjects further in the later parts. 

1.4 Diluted magnetic semiconductor quantum dots 

1.4.1 Properties of bulk diluted magnetic semiconductor 

The diluted magnetic semiconductor (DMS) or semimagnetic 

semiconductor is that the semiconductor with a fraction of its constituent 

ions is replaced by some species of magnetic ions (i. e., ions bearing a net 

magnetic moment, such as the transition metal cations: Mn2+, Fe2+, or the 

rare earth metal cation: Eu2+ ). So far, majority of DMS studies were 

done with the bulk AI~xNJnxBVI mixed crystals and the low dimensional 
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quantum structures on basis of Al~xMnxB VI. The reasons may be: 

CD Mn2+ can be incorporated in sizable amounts in the All BVl host 

without affecting substantially the crystallographic quality of the 

resulting material (e. g., up to nearly 80% of Mn can be added in 

CdTe, and nearly 50% in case of CdS, see Fig. 1.9). 
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Fig. 1.9 A summary of the energy gap (Eg) as a function of the Mn 

mole fraction(x); for the (Zn, Mn) and (Cd, Mn) chalcogenides at low 

temperature (""'4 K) in linear approximation. The solid lines indicate 

ranges of the molar fraction x for which homogeneous crystal phases 

are formed. "WZ" and "ZE" indicate wurtzite and zinc-blende, 

respectively. Dashed lines: extrapolations into the miscibility gap. 
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® Mn+2 possesses a relatively large magnetic moment (S = 5/2), 

characteristic of a half-filled d shell (from this point of view, Eu+2 

with S=7/2 might be even more attractive); 

® Mn+2 is electrically neutral in All BVI hosts, I.e., it constitutes 

neither an accepting nor a donating center. 

There are three aspects of DMS properties that make these alloys 

interesting. 

CD The band gap of the material can be varied by changing the Mn+2 

mole fraction in the crystal. Similarly, the lattice parameters can 

be tuned by varying the composition (Fig. 1.9). 

@ The magnetic properties of DMS, including paramagnetic, spIn'

glass and antiferromagnetic properties, are studied. It is possible 

to study all these magnetic features systematically as a function of 

the concentration ofMn+2. 

® The interaction between the localized magnetic moments of Mn+2 

and the conduction band electrons, and valence band holes (which 

are referred as the s, p-d interaction) results in a series of unique 

features. The best known features are the huge Faraday rotation 

of the visible and near-infrared light and the giant negative 

magnetoresistance in DMS. These impressive features have their 

common origin in the s, p-d exchange interaction. 

At very low concentration of Mn (typically below 1 atomic percent), 

the influence of Mn on the band structure can be disregarded. When 

larger· mole fractions of Mn (of a few atomic percent or more) are alloyed 

with A II B VI host material, the situation is drastically altered. The 

changes of these kinds of DMS' band gaps with the Mn concentration x 
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are shown in Fig. 1.9. 

The introduction of Mn not only changes the band structure of the 

host A II B VI semiconductor, but also introduces new optical transition 

levels. These include prominent absorption and emission features, 

which can be correlated with the expected splitting of Mn multiplets in a 

crystalline field. 

Significant understanding of this aspect of DMS can be obtained by 

considering an isolated Mn ion in an A II B VI lattice. A free Mn atom has 

the 3d54s2 ground state configuration for the outermost shells. Its 

ground state is 6S and the excited states are 4G, 4P' 4D, 4F, etc., in order of 

increasing energy. When an Mn atom is put into a DMS, it substitutes 

for the cation. Two 4s electrons form the bonds with the surrounding 

ions, and five 3d electrons interact strongly with the electrical potential 

of the nearest neighbor anions. In the crystal field, the states of free Mn 

atom are split. In analyzing experimental data and making 

assignments concerning absorption and emission, the diagrams 

presented by Tanabe and Sugano [32] are very useful. In these 

diagrams the variations of energy level are plotted against crystal field 

strength in the octahedral symmetry. 

Details of Mn2+ optical transitions in A II B VI semiconductors have 

been the subject of intense investigation for many years, but the results 

were predominantly confined to samples with Mn in extreme dilution. 

In this regime, details of vibrational interactions, Jahn-Teller effects, 

and other phenomena requiring high resolution spectroscopy could be 

studied because of the rich structures of the spectrum. Such structures 

disappear rapidly with x ~ 0.01 , and only broad excitation and emission 
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features remain as the Mn concentration is further increased. 

The Mn-related absorption/excitation bands seen in various DMS, the 

corresponding intra-ion transitions, and in several selected cases, also 

crystal field parameters employed in the analysis of the data are listed in 

Table 1.2. In all A/~xMnxBJV DMS where Eg exceeds 2.2 eV, a broad 

( FWHM ~ 0 .1e V) photoluminescence band is seen in the yellow region of 

the spectrum. This transition is generally accepted as the 4Tl(4G)->-

6Al(6S) transition, and is the emission associated with the excitation 

bands listed in Table 1.2. 
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Table 1.2 A summary of Mn2+ absorption/excitation band maxims (in 

e V) in the (Zn, Mn) and (Cd, Mn) chalcogenides DMS alloys 

D Ivrs Alloy 6Al-?4Tl 6Al-?4T2 6Al-?4Al,4E other x Reference 

Cdl-xMnxTe "'2.2 0.4~x~0.7 33, 34 

"'2.2 "'2_5 0.4~x~0.7 35 

"'2.43* ""2.63* 0.7 36, 37 

----2.4* ----2.6* 0.7 38 

Cdl-xMnxSe "'-'2.3 (Threshold) ""'0.48 39 

Cdl-xMnxS 2.43 2.58 2.72 ----0.4 40 

Znl-xMnxTe '""'2.3 ----2.36 '"'-'0.1 41 

"'2.3 ""'2.38 '"'-'2.576 ""0.5 41 

----2.33 "'-'2.40 ""2.605 ""'2.745 ""0.6 41 

B (cm-1) C (cm-1) Dq (cm-I) 

720 2664 743 (Td), 330 (l7h) "'-'0.1 41 

713 1638 750 (Td), 330 (l7h) ----0.5 41 

713 2637 913 (Td), 400 (~) ""'0.6 41 

Znl-xMnxSe 2.34 2.48 2.655 0.001 42 

2.38 2.57 2.68 0.23 43 

2.4 2.5 2.70 2.9 0.35 43 

2.42 2.54 2.70 2.93 0.5 43 

B (cm-I) C (em-I) Dq (cm-I) 

750 2730 836 (Td), 372 (l7h) 0.23 43 

749 2772 830 (Td), 369 (l7h) 0.35 43 

751 2782 795 (Td), 353 (l7h) 0.5 43 

Znl-xMnxS 2.22 2.44 2.635 2.815 3.13 <0.01 44 

2.35 2.53 2.69 2.96, 3.13 0.216 

* Assignments ambiguous because of broadening and overlapping of bands. 
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In DMS, a variety of remarkable magneto-optical properties have 

been observed due to the exchange interaction of the band electrons with 

the magnetic ions. The exchange interaction of the exciton with the 

Mn2+ ions is given by 

(1.9) 

where No is the number of unit cells per unit volume, a and /3 are the 

exchange parameters of the interaction of electrons and holes with the 

Mn2+ ions, respectively, x is the mole fraction of Mn2+ and (Sz) is the z 

component of Mn2+ spins. In the presence of an external magnetic field, 

this exchange interaction causes a large spin splitting described by a 

giant effective gfactor given by 

(1.10) 

where go is the g factor of the excitons as determined by the energy band 

parameters, f-lB is the Bohr magneton, and H is the magnetic field. The 

exchange interaction induces a giant g factor for the excitons and in their 

Zeeman effect under magnetic field appears as the marked energy shifts 

in the absorption, reflectivity, and photoluminescence spectra of the 

exciton. Remarkable enhancement of the exciton luminescence 

intensity with increasing magnetic polaron effect in the exciton states 

has been intensively studied in the quantum wells as well as in the bulk 

crystals. 

1.4.2 Properties of diluted magnetic semiconductor 

quantum dots 

As above mentioned, wide band gap A:~xMnxBJV semiconductor mixed 

crystals are typical and the most extensively studied DMS. Their 

physical properties are characterized by the combination of the 
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properties of nonmagnetic semiconductor mixed crystals with the special 

properties caused by the half-filled 3d-shell of the Mn2+ cations. They 

have attracted continuously growing interests from both basic and 

application sides. The further studies are stimulated by the successful 

preparation of DMS quantum structures. The DMS properties bring 

new physical aspects into the already rich and exciting phenomena of 

low dimensional quantum structures. 

Since the first successful preparation of DMS superlattices and 

multi-quantum well structures in 1984 on the basis of (Cd,Mn)Te [45-46], 

many works have been done on DMS nanostructures. The magneto

optical properties are explained by the s,p-d exchange interaction [47]. 

The magnetic phase transitions in quantum well structures were 

observed due to the antiferromagnetic interaction between neighboring 

Mn ions [48]. 

The DMS quantum dots are interesting since both the quantum size 

effect and the quantum confined exchange effect arise. In the quantum 

dots, the electronic states are significantly modified from those of the 

bulk materials. The magneto-optical properties due to strong sp-d 

exchange interaction between the band carriers and Mn2+ ions have been 

extensively studied in bulk and two dimensional DMS materials. A 

similar situation is expected in an optically excited DMS quantum dot. 

Wang et al. reported the first experimental investigation of DMS 

quantum dots in 1991 [49]. In their case, ZnO.93Mno.07S crystallites of 

average diameter 25A were grown in a glass matrix. The observed 

photoluminescence peak at 2.12 e V corresponds to the well-known Mn2+ 

internal emission. They also measured the static magnetic 

susceptibility from 2.3 K to 314 K; the data fit the Curie-Weiss law with 
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a negligibly small e value, suggesting a smaller contribution of the 

antiferromagnetic Mn-Mn interaction in the quantum dot than in the 

bulle More recently, Bhargava et a1. fabricated coated Mn-doped ZnS 

particles of diameter varying from 35 to 75 A [50]. They focused on the 

characteristics of the Mn2+ luminescence: a high luminescence efficiency 

and a dramatically short decay time were observed. However, the 

mechanism of these novel optical properties is not well known. 

Moreover, some observations showed different results [51-52]. 

In some narrow band gap Al~xMnxB VI semiconductor quantum dots, 

like Cdl-xMnx Te and Cdl-xMnxSe, the exciton luminescence shows the 

excitonic magnetic polaron (EMP) effect in the quantum dots [53]. 

Marked decrease of the exciton lifetime is observed with increasing the 

magnetic field. 

1.5 Applications 

One of the most important reasons why the research of quantum dots 

has been progressing greatly during the passed decade is the strong 

technological interest, because the quasi-zero-dimensional systems 

exhibit new quantum phenomena and have potential applications for 

becoming novel devices. There are several active research fields of the 

applications of quantum dot. 

The saturation of optical absorption which is easily to be observed in 

the semiconductor doped glasses and polymers may be used to develop 

different devices for modulating and controlling optical signals by light 

[54]. There are two main advantages of these materials compared to 

the bulk semiconductors and organic dyes. The first is a very wide 
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tuning range of the nonlinear absorption spectrum. The second is a 

very high contrast provided by semiconductor doped glasses as an 

absorption saturator. 

Using quantum dot system as a gain medium to produce the quantum 

dot laser is another active research field in the application study of 

quantum dots [55-56]. 

Similar to the bulk and two-dimensional semiconductors, quantum 

dots have been demonstrated that they can be used to be photodiode and 

electro-luminescence devices. However, the research on this subject is 

at early stage, because the reported efficiencies are extremely low [57-

58]. 

The persistent spectral hole burning in the quantum dots, a recent 

found novel phenomenon in quantum dots by the group that author 

belongs to, has a potential application as a photo-recording and reading 

memory medium [59]. And the investigation on the persistent spectral 

hole burning in the quantum dots embedded in polymer matrix is a part 

of this research. 

1.6 Objective of this work 

The purpose of this research work is to explore the novel optical 

properties originating from the quantum dot structures and study their 

mechanisms, thereby open up a new regime in the material science of 

potential applications. 

In particularly, In this research work we have systematically 
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investigated the optical properties of CdS quantum dots by means of a 

variety of spectroscopy measurements. We investigated the persistent 

spectral hole burning in quantum dots embedded in polymer matrix; 

and the photoluminescence of CdS quantum dots and CdS:Mn quantum 

dots in zero external field. 
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2 Samples 

2.1 Introduction 

A variety of techniques have been used in the preparation of quasi

zero-dimensional semiconductors. The quasi -zero-dimensional 

semiconductors may be in the form of powders, dispersed in inorganic 

glasses or organic polymers, and in the crystalline such as GaAs, N aCI, 

and so on. In Section 2, we simply review the currently used methods in 

the fabrications of quantum dots. We mainly focus on the synthesis of 

the compound semiconductor quantum dots embedded in the polymer 

matrixes, since they are the commonest methods used by researchers in 

preparing CuCI, CuBr, and various II-VI, III-V semiconductor quantum 

dots. They can give near monodispersed quantum dots in a matrix and 

new hybrid nanometer structures. The fabrications of silicon related 

single element semiconductor quantum dots are not included here, as 

there are many related reviews [1]. Then, we describe our method of 

synthesis II-VI semiconductor quantum dots and Mn doped II-VI 

semiconductor quantum dots embedded in polyvinyl alcohol and the 

characterization of these quantum dots by small angle X-ray scattering 

measurements. 

2.1.1 Quantum dots in a polymer matrix 

Presently, a number of techniques are available in preparing II-VI, 

III -V semiconductor quantum dots in an organic matrix. These 

techniques use the methods of organometallic reactions and polymer 

chemistry at near room temperature [2-17]. 
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The basic features of the method are: 

CD The relatively low preparation temperature (usually not more than 

200°C) is favorable to minimize the number of lattice defects. 

@ The possibility to cap the crystallite surface by organic groups, 

inorganic groups, and molecules. 

® It is possible to get isolated quantum dots or to disperse them in a 

thin film. 

® An extremely narrow size distribution of the quantum dots can be 

obtained. For example, the well-developed method of fabrication 

of edSe can lead to nearly monodisperse size dispersion less than 

5% and well-defined crystalline [7]. 

The size of quantum dots can be controlled by the temperature, the 

mixing rate of the reagents, as well as by the concentration of the 

stabilizer [4-5]. To merge the nanocrystallites into the inverse micelles 

[5], liposome vesicles [18] and zeolites [19], etc. also can lead the 

controlled size of quantum dots. 

The high surface-to-volume ratio of small quantum dots suggests 

that the surface properties should have significant affections on their 

structure and optical properties. While surfaces capped by various 

organic or inorganic layers appear to influence only mildly the 

absorption characteristics, it is well-known that the emission efficiency, 

spectrum, and time evolution are strongly affected by the surface. This 

is generally understood as the presence of surface trap states arising 

from surface nonstoichiometry, unsaturated bonds, etc. These surface 

states trap electrons or holes and degrade the optical properties of the 

materials. The control of the surface is a key to prepare high quantum 

yield quantum dots. Both the organic materials or inorganic materials 
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have been used for surface control. The surface chemical control 

process is called surface passivation or capping. It is made through 

bonding the surface atoms to another material of a much large band gap, 

eliminating all of the energy levels inside the gap. The ideal 

termination naturally removes the reconstructions, strains, and 

produces an abrupt jump in the chemical potential for electrons and 

holes at the interface. 

It is possible to use a polymer material as both the stabilizer and 

matrix [15, 20]. Polyvinyl alcohol (PVA) and polymethylmethacrylate 

(pMl\1A) are known as well-suited matrix materials. The obtained 

quantum dots in these matrixes have clearly resolved absorption bands 

and intense luminescence. The £lm can easily be made very thin with 

the thickness of 10 J1l11 or even less. A method developed by Bawendi et 

ale [6] using the tri-n-octylphosphine (TOP), tri-n-octylphosphine oxide 

(TOPO) as stabilizer and capping materials, can make edSe quantum 

dots with the narrowest dispersion of size (known as the best quantum 

dots up to now) and a high quantum yield (''''0.9 at 10 K). This kind of 

method seems very suited for making nanostructures in the polymer 

matrix and has been applied to make other II-VI [17, 21], III-V [22-24] 

nanometer semiconductors, and new hybrid nanometer semiconductors 

[25,26]. Organically capped quantum dots can have a quantum yield 

of -'"'-' 10% at room temperature reaching nearly 100% at low temperature 

[6-7], but at the expense of a very long (microsecond) fluorescence 

lifetime. It means these quantum dots do not have a perfectly 

passivated surface. They also exhibit some red shifted luminescence 

and complex decay of the excited state [8]. Obviously, the organic 

passivation needs further improvements on it. 
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Inorganic capping IS another alternative way. Nanometer 

semiconductors capped by inorganic layer have been studied by several 

groups. The systems studied are (CdS)Cd(OH)2 [16, 27], (CdSe)ZnS 

[17], (CdSe)ZnSe [28], «CdS)HgS)Cd(OH)2 [25-26], (ZnS)MnS [29], 

(CdS)MnS [30] and (CdS)Ag [31]. Proper choice of the cap material can 

lead to enhancement of charge transfer or improved luminescence [17, 

30]. The ZnS-capped CdSe quantum dot exhibits strong band edge 

luminescence with a 50% quantum yield at room temperature [17]. It is 

the highest emission quantum yield of quantum dots so far reported at 

room temperature. Using highly luminescent samples, the single 

quantum dot luminescence spectra have been studied recently [32-33]. 

Besides the above organometallic chemical methods, there is a special 

physical method to prepare CuCl, CuBr quantum dots in the polymer 

matrix by using the polymer solution. The mixture of CuCl organic 

solution and polymer solution is dried under a low vacuum till stick film 

was obtained, then the quantum dots are formed by annealing the film in 

the temperature region of 85-200°C [34]. 

2.1.2 Other techniques 

There are several other ways to make quasi -zero-dimensional 

semiconductors. 

The growth method of semiconductor quantum dots in the glass host 

is widely used for II-VI [35-37], and I-VII compounds [38]. This method 

is based on the commercial technologies developed for manufacturing 

color cutoff filters and photochromic glasses, which are known over 

decades ( or even over centuries ~n the sense of color glasses). The 
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semiconductor quantum dots surrounded by amorphous glass and with 

mean size between one and several ten nanometers can be obtained by 

using this method. Most widely used matrixes are silicate, borosilcate 

and germanium oxide glasses with the absorption onset near 4 e V. The 

optical transparency of the glass host allows optical spectroscopy of the 

semiconductor inclusions over the whole visible spectral range. 

For nanometer cuprous halide semiconductors, a successful example 

is embedding them into the sodium halides (potassium halides) crystals. 

Many works have demonstrated that the porous materials as zerolites 

[19], sol-gel glasses [39-41], or other porous glasses can be used as the 

host matrixes of nanometer semiconductor. 

As well used for fabrications of the quantum well structures, the 

molecular beam epitaxy (lVIJ3E) and metalorganic chemical vapor 

deposition (MOCVD) techniques, are no doubt useful in fabrication of 

quantum dot array. The research works are performed mainly on the 

III-V based structures [42-43]. 

Rf sputtering method is also used in synthesis of the quantum dots as 

CuCl, CdTe:Mn [44-45], etc. 

2.2 Experiments 

In this work, we have fabricated CdS, CdSe, ZnSe quantum dots, and 

the Mn2+ doped corresponding dots, CdS:Mn, CdSe:Mn, ZnSe:Mn 

quantum dots, and investigated their optical properties. In this part, 

we present our method of preparation of CdS, CdSe, ZnSe and CdS:Mn, 

CdSe:Mn, ZnSe:Mn quantum dots embedded in polyvinyl alcohol and the 
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characterization of the quantum dots by small angle X-ray scattering 

measurements. 

2.2.1 Fabrication of CdS quantum dots 

In this work, we have made the following considerations In 

preparing the quantum dot samples. 

CD The sample should have a narrow size dispersion and thus have 

a sharp absorption edge; 

® The sample should be stable enough during a serious optical 

measurements. This means the sample does not show obvious 

changes in absorption and luminescence; 

® The sample should be easily handled both at room temperature 

or liquid helium temperature. 

We used the method of organometallic reactions and polymer 

chemistry at near room temperature to synthesize the nanometer 

semiconductors. We chose polyvinyl alcohol (pV A) polymer as the host 

matrix. As stated in the former part of this section, PVA polymer may 

act as both the stabilizer and matrix, simultaneously. It is easy to 

make the film very thin with the thickness of 10 J.1lrl or even less. The 

obtained quantum dots have clearly resolved absorption bands and 

intense luminescence. 

As the stabilizing agents, PVA, 2-mercaptoethanol (RSH) and N aOH 

were used. The nanostructure size can be controlled by the 

concentration of RSH. The reason why we add N aOH into the solution 

to preparing the quantum dots under high pH conditions is that Cd(OH)2 

as capping materials can weaken the deep trap luminescence centers 
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and that this procedure results in relatively larger quantum yield of 

luminescence [32]. 

We used two different methods to prepare quantum dots. The 

reagents: cadmium chloride (CdCh), sodium sulfide (N as · 9H20), sodium 

selenide (Na2Se), zinc chloride (ZnCh), 2-mercaptoethanol (RSH) , and 

polyvinyl alcohol (They were obtained from Kanto Chem., Furuuchi 

Chem. and Wako Chem. The degree of polymerization of PYA = 2000) 

were used without further purification. The samples were prepared by 

the following procedure: 

+ CdCb H20 + RSH 
~ 

OH OH OH 

(PVA) 

N a2S solution 
~ 

HO OH OH HO OR OR . . . . . . 
~ 

Cd---RS Cd CdS CdS- - -RS 

-6 "Cl c( "Cl 

( -"? film) 

+ NaCl (soluble in water) . 

The first method, so-called the casting method, is described as follows. 

Aqueous solution of CdCh (lOmM/lml) was mixed with an aqueous 

solution of PYA (lmg/lOml). The adequate amount of RSH was added 

to the mixed solution for the control of the size of quantum dots, because 

CdCh adsorbed by RSH was protected from forming CdS. Next, the 

fresh N a2SIN aOH aqueous solution was added to the mixture in the dark. 

The quantity of S2- controlled the ratio of Cd2+/ S2-. The mixture was 
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stirred by a magnetic stirrer throughout all these processes. The 

resultant solution was dried in a nitrogen atmosphere at 40°C for more 

than 6 hours and then was cast onto a cover glass plate. The precursor 

film was dried further at 40 mmHg for one day. 

Another method is an improved one which can easily control the size 

of quantum dots and the thin film. First, O.OlmM CdCl2 was dissolved 

and the adequate amount of RSH was added into the aqueous solution of 

PV A (lmg/10ml). After being stirred sufficiently, the resultant solution 

was cast onto the cover glass plate. Then it was dried in the vacuum at 

70°C for more than 4 hours. N ext, the film was put into the solution of 

S2. (30g N a2S and 5ml of 2N N aOH solution dissolved into 100ml H20) at 

70°C. After several minutes the film was taken out and washed with 

the distilled water, and dried in vacuum at 70°C for more than 6 hours. 

The films about 20-80 J1 m thick were optically transparent, colorless, 

and can be easy to be handled, e.g., be cut, bent and taken off from the 

glass base. 

CdSe and ZnSe quantum dots are fabricated by the similar methods 

as described above. 

2.2.2 Fabrication of CdS:Mn quantum dots 

The DMS quantum dots can be prepared by a variety of methods, 

such as MBE, MOCVD, rf-sputtering [45-46], organometallic chemistry 

[14,47], and other physical methods [48]. The organometallic chemical 

method can give a relatively high quantum yield with a very short 

lifetime of luminescence of Mn2+ ions. 
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In this research, the DMS quantum dots of CdS:Mn in polyvinyl 

alcohol (PVA) were synthesized by using a chemical method similar to 

that used for fabrication of undoped CdS by reacting a N a2S with a 

mixture of Cd2+ and Mn2+ in aqueous solution. We also used two 

different methods to prepare DMS quantum dots. 

The first method is as follows: reagents of 0.1 mM CdCb, 0.1 to 10 J1 

M of MnCb and O.Olml RSH (2-mercaptoethanol) were added into 10 ml 

of PV A saturated aqueous solution, while the solution was deoxygenated 

by N2 gas and stirred by a magnetic stirrer. The prepared mixture was 

dried at 70°C in a vacuum oven for several hours and then was casted on 

a glass plate. Mter that, it was dried further for 6 hours at the same 

temperature. N ext, the glass plate was put in an aqueous solution of 

Na2S and NaOH for 1 to 5 minutes. Then the plate was washed with 

distilled water and put in the vacuum oven to be dried again. 

Subsequently the PYA film of 10'"'-'80 J1 m with CdS:Mn quantum dots 

was obtained. CdS quantum dot size can be controlled by altering the 

concentration of RSH or the reaction time with S2 .. 

The second method is as follows: reagent solutions of 0.1 mM CdCb, 

0.1 to 10 J1 M ofMnCb and 0.005-0.05 ml RSH (2-mercaptoethanol) were 

added into 10 ml PYA saturated aqueous solution, while the solution was 

deoxygenated by N 2 gas and stirred by a magnetic stirrer. N ext, the 

fresh N a2S, N aOH aqueous solution was added to the mixture in the 

dark while the mixture being stirred by a magnetic stirrer, and stirred it 

for an hour. The resultant solution was dried in nitrogen atmosphere at 

70°C for more than 6 hours and then was cast onto a cover glass plate. 

The precursor film was dried further at 40 mmHg for one day. 
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CdSe:Mn and ZnSe:Mn quantum dots are fabricated similarly by the 

second method in this work, because the sodium selenide is much 

expensive than sodium sulfide, and is unstable in air. 

2.2.3 Characterization of quantum dots 

The size of quantum dots was determined by the small angle X-ray 

scattering (SAXS) measurement. The incident X-ray beam was 

elastically scattered by quantum dots and detected. The signal was 

analyzed using the Guinier's method. The scattered X-ray intensity is 

expressed as: 

(2TCSR
o 

)2 
J(s) cc exp( _ <», 

3 (2.1) 
2 sin(B) 

S=---
A ' 

where 28 is the scattering angle, ;t is the wavelength of X-ray, Rg = ~R, 

R is the average radius of quantum dots. 
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3 Persistent spectral hole burning in CdS 

quantum dots embedded in PV A 

3.1 Introduction 

Semiconductor quantum dots have received much attention during 

recent years as promising nonlinear media for optical processing, and as 

novel systems exhibiting quantum confinement of the elementary 

excitation of crystals [1-2]. When spectrally narrow light excites the 

materials having the inhomogeneously broadened absorption band, a 

spectral hole is formed at the position of the excitation photon energy in 

the absorption band. The hole burning spectroscopy is useful for 

investigating the electronic quantum states of quantum dots buried in 

the inhomogeneous broadening [3-9]. So far, it is believed that the 

inhomogeneous broadening comes from the size distribution and the 

spectral hole burning observed in semiconductor quantum dots is 

transient. Nevertheless, the persistent spectral hole burning (PSHB) 

phenomena have been widely observed in many kinds of semiconductor 

quantum dots, such as CuCl, CuBr and CdSe quantum dots embedded in 

glass and crystal matrixes recently [10-12]. This phenomenon shows 

that the semiconductor quantum dots may be the promIsIng new 

materials for the frequency domain optical storage. 

The PSHB phenomena of semiconductor quantum dots depend 

strongly on the environmental host as well as the guest, as generally 

known in PSHB phenomena of many guest-host systems [13]. We can 

guess the PSHB phenomena in the quantum dots embedded in the 

polymeric matrixes have another character. According to the reported 
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spectral hole burning phenomena of quantum dots embedded in 

polymeric matrixes [3-6], the observed spectral hole can be preserved for 

microsecond in the CdSe quantum dots embedded in polyvinyl butyral 

[5], or for subsecond in the CdS quantum dots embedded in the polymer 

[3]. This means that the phenomena are not transient [14] and that the 

persistent time depends on samples. However, the persistent time of 

microsecond or subsecond is very short, compared with the persistent 

time of several hours observed in quantum dots embedded in glass and 

crystals [10-12]. The question whether the hole burning phenomenon 

lasting for much longer time can be observed or not in semiconductor 

quantum dots embedded in the polymeric matrixes arises. 

In this research, we have studied the PSHB of CdS quantum dots 

embedded in the polymeric matrix. Here, we report the sample

dependent spectral hole burning phenomena in CdS quantum dots. We 

have found that the persistent time of the hole burning depends on the 

composition ratio of Cd2+/S2. and discussed the possible mechanism of the 

PSHB phenomena. 

3.2 Experiment 

3.2.1 Sample 

The samples, CdS quantum dots embedded in polyvinyl alcohol, are 

prepared by using two different methods, which have been described in 

Sec. 2.2. The sizes of quantum dots are evaluated using the small angle 

x-ray scattering measurement. The mean radii of CdS quantum dots 

are between 1.4 nm and 3.0 nm. Since the Bohr radius of exciton of 
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bulk CdS crystal is 3.0 nm, our samples belong to the strong confinement 

regime on the criteria given by Kayanuma [15]. 

3.2.2 Optical absorption measurements 

The spectroscopic measurements were performed at room 

temperature and low temperatures, respectively. At room temperature, 

absorption spectra were measured with a Hitachi U -4000 

spectrophotometer. At low temperatures, absorption spectra were 

measured using a setup shown in Fig. 3.1. A deuterium lamp or a 

halogen lamp was used as the light source. The samples were 

immersed in liquid nitrogen (77 K) or superfluid helium (2 K) in a dewer 

or put in a temperature variable cryostat with a temperature range of 12 

- 300 K. The transmission light was dispersed by a 93 em 

monochromator (SPEX 1702), and detected by an optical multichannel 

analyzer (OMA) or a cooled CCD system. 

Aperture Aperture 

Lamp Filters Sample Lens 

Monochromator 
& 

CCD (OMA) 

Fig. 3.1 Experimental setup for absorption spectral measurement 

at low temperature. 
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3.2.3 Photoluminescence measurements 

The photoluminescence (PL) was measured using the setup shown in 

Fig. 3.2 at both room temperature and low temperatures. The 

excitation light source was the third harmonics of a Q-switched 

N d3+:YAG (yttrium aluminum garnet) laser pulse (5 ns) or the dye laser 

pulse pumped by it. The luminescence light was dispersed by a 

monochromator, and detected by a diode-array optical multichannel 

analyzer (OMA) or a cooled charge coupled device (CCD) system. The 

luminescence light was also detected by a photomultiplier, and averaged 

by a Boxcar integrator. 

Q-switched 
Nd3+:Y AG laser 

B.S. 

I 
\ 
I 
I 
I 
I 
I 
I 
I 
I 

Dye laser 

"\--~ 
I 

Aperture -r--t-

Monochromator 
& 

CCD (OMA) 

Sample Lens Filter'-------------' 

Fig. 3.2 Experimental setup for photoluminescence spectral 

measurements. Legend: B. S., beam splitter. 
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3.2.4 Nanosecond pump and probe measurements 

The spectral hole burning measurements were done by using two 

kinds of setups according to the time regime of measurements. A 

narrow band dye laser pumped by the third harmonics of the output of a 

Q-switched Nd3+:YAG laser was used to excite the sample selectively. 

The spectral line-width of the dye laser pulses was 0.003 nm and the 

pulse duration was about 5 ns. The first setup, shown in the Fig. 3.3, 

was used to measured the absorption change in the time regime shorter 

Nd 3+:y AG laser 

Nd 3+:y AG laser 

Pusle generator 

Oscilloscope 

D. 

L 

Mono
chromator 

Fig. 3.3 Experimental setup for nanosecond pump-and-probe 

measurements. The time delay ranges from 0 to 0.1 s which is 

limited by the repetition rate of the dye laser. Legend: A, 

aperture; B.S., beam splitter; F, filter; L, lens and M, mirror. 
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than 0.1 s, the probe source was the amplified spontaneous emission 

light from the dye solution excited by the 5 ns laser pulse from another 

Q-switched Nd3+:YAG laser. The time delay between two laser pulses 

of Nd3+:YAG lasers was provided by a high-precision pulse generator 

(DG535, Stanford Res. Sys.). The delay time was set to range from zero 

to 0.1 s for the measurement of the spectral hole burning in this time 

regime. Another setup was used to measure the absorption change in 

the time regime longer than 1 min. The narrow band dye laser was 

used to excite the sample selectively and a halogen lamp was used as a 

probe source. 

In the experiments, we first measured the absorbance (ad) 0 of the 

sample without the pump laser beam, then measured the absorbance 

(ad) at the arbitrary delay time after the pump, and got the 
pump 

differential absorption spectrum (DAS) of the sample. The absorption 

change can be expressed by the DAS, - ~ad = (ad) - (ad) . o pump 

3.3 Results 

The optical absorption and photoluminescence spectra are shown in 

Fig. 3.4. The absorption spectra are inhomogeneously broadened. The 

absorption thresholds show the blue shift due to the quantum size effect. 

The luminescence spectra obviously consist of two major components, 

and the luminescence peaks show a blue shift with the decrease of the 

quantum dot size. The shorter wavelength component is the 

recombination emission of excitons in the quantum dots, and the longer 

wavelength luminescence component is attributed to the radiative 

recombination of the localized carriers at the trap sites. The strong 
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longer wavelength luminescence suggests that there is a large relaxation 

rate to the trapped states for the excited electrons in the samples. 

CdS in PVA 

1 2K 2 
..-.. #1 en 
~ 
c: 
:::s 

0 . 0 .c 
'-
C'O 

----
~ 1 2 -CI) 
Z 
W 
I- 0 0 Z 

..J #4 a.. 1 2 

o 
2.0 2.5 3.0 3.5 4.0 

PHOTON ENERGY (eV) 

Fig. 3.4 Linear absorption spectra and photoluminescence spectra of 3 typical 

samples of CdS quantum dots embedded in PYA with the average radius of R=2.4, 

2.1 and 1.9 nm, respectively, at 2 K. 
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The spectral hole burning we observed in the samples 'With rich S~

ions has the shortest persistent time in all our samples. Figure 3.5 

shows the spectral hole burning in the sample #1 at 14 I{. We could not 

observe the burnt hole at the millisecond regime after the pump dye 

laser pulse hits the sample. However, in some samples containing 

nearly the same quantities of S2- and Cd2+ ions, the spectral hole lasting 

for a very long time was observed, as shown in Fig. 3.6. The upper 

part of Fig. 3.6 shows the linear absorption spectra of the sample. The 

dashed line was the absorption spectrum of the virgin sample, while the 

solid one and the dotted one represent the absorption spectra measured 

at 0.2 f1 sand 700 f1 s after the laser the laser irradiation, respectively. 

The bleached dip shows a slight blue shift from the excitation energy. 

The full 'Width at the half maximum (FWHM) of the hole is about 80 meV, 

which is nearly the same with that was observed in other CdS quantum 

dots [6,9]. The observed broad 'Width of the hole is believed to come 

from the large electron-phonon coupling. The lower part shows the hole 

depth changes with the delay times. It shows that the spectral hole at 

15 K can persist for as long as 100 ms after the laser irradiation. 

However, the hole structure disappears in the minute regime. The hole 

depth decays fast initially, and its decay becomes slower from 1 f1 s after 

the excitation. This shows that there are the different decay processes 

at the different time stage. 

51 



3 Persistent spectral hole burning in CdS quantum dots 

0.04 ,.....--....,---r----r----r----r----,-----,----. 

--10ns 
- 33ms 

0.03 

CdS in PYA 
14K 

R=2.4nm 

#1 

-c 002 
~ . 

<l 
I 

0.01 1 
3.22geV 

0.00 ~~-

3.0 3.2 3.4 3.6 

PHOTON ENERGY (eV) 

Fig. 3.5 Differential absorption spectra of the sample #1 at 14 K. 

The CdS quantum dots embedded in PV A were prepared by the first 

method described in the Sec.2.2. The pump laser photon energy is 

indicated by an upward arrow. 
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2.0 

1.5 

PHOTON ENERGY (eV) 
3.0 3.2 

.......... before pump 

------ 0.2 J1. s 

-- 700J1. s 

3.4 3.6 

~ 1.0 

0.5 t 3.22geV 

0.35 I CdS in PVA 

-0 14.5K 
~ 0.30 R=2.1nm 

<:] #2 
I 0.25 

0.20 

10-1 10° 10
1 

10
2 

10
3 

10
5 

DELAY TIME (1.15) 

Fig. 3.6 Upper figure: Linear absorption spectra of the virgin sample and 

the laser-irradiated sample at different delay times after the pump at 15 K. 

Lower figure: the hole depth versus the delay times. The solid line is a 

guide to the eye. The excitation density and the laser repetition rate are 

200 f.l. J/cm 2 and 10 Hz, respectively. 
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2 before ... ....... 

-0 

~ 

1 

o 

0.15 

0.10 

<l 0.05 
I 

0.00 

------ after 
a CdS in PVA 
!\ ~ c 14K 

) V~ R=1.9nm 
------------~- - #4 

3.2 3.4 3.6 3.8 
PHOTON ENERGY (eV) 

Fig. 3.7 Linear absorption spectra and differential absorption spectra of the 

sample #4, CdS quantum dots embedded in PYA prepared by the second method 

described in the text. Upper figure: the linear absorption spectrum of the virgin 

sample (solid line), the linear absorption of the laser-irradiated sample at 1 min 

after the laser excitation at 3.377 e V is stopped (dashed line), and the simulated 

result (dotted line). The excitation energy density and the number of shots are 

500 f1 J/cm2 and 9000, respectively. Lower figure: the differential spectra (solid 

lines: experimental results; dashed lines: simulated results). The pump photon 

energies are shown by the downward arrows. 
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The persistent time of the spectral hole in CdS quantum dots 

embedded in polyvinyl alcohol matrix strongly depends on the sample. 

Figure 3.7 shows the persistent spectral hole burnt in the samples 

synthesized by the second preparation method that described in Sec. 2.2. 

The hole can be held for several hours. It also shows that the hole 

structure depends on the pumping photon energy. The bleached dip is 

not located at the excitation laser photon energy, but shows a slight red 

or blue shift depending on whether the laser photon energy is above or 

below the absorption shoulder, respectively. The PSHB of CdS 

quantum dots can be observed even at liquid nitrogen temperature. 

However, the bleaching hole structure is erasable when the temperature 

rises to 280 K. This observation is the longest persistent hole burning 

of the semiconductor quantum dots embedded in polymer matrix to our 

knowledge. According to the preparation method used here, there is a 

high probability of the free Cd2+ ions at the polymeric chains without S2-

ion counterparts. So it is considered that the PSHB observed in the 

samples is related to the excess Cd2+ ions of the samples. We also 

successfully observed PSHB lasting for more than 10 min in the samples 

with excess Cd2+ ions prepared by the first preparation method. Table 

3.1 shows the persistent time of the burnt hole depending on the ratio of 

Cd2+/ S2- in the samples. 
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Table 3.1 CdSIPVA samples and the persistent time of their hole 

burning. Samples #1 '"'-'#3 were prepared by the first method and the 

sample #4 was prepared by the second method. Persistent time means 

the time until the hole structure is held. 

sample 

#1 

#2 

#3 

#4 

radius (nm) 

2.4 

2.1 

2.1 

1.9 

Cd2+/S2- ratio 

0.947 

1.000 

1.103 

>1 

3.4 Discussions 

HB persistent time 

t < 33ms 

O.ls< t < 60s 

t> 102s 

t > 103s 

So far, we have successfully observed PSHB in CdS quantum dots 

with the persistent time of the burnt hole depending on the ratio of Cd2+/ 

S2- in the samples. Here, we will discuss the mechanism of the observed 

PSHB phenomena. 

Generally, if the preservation time of burnt spectral hole in a system 

longer than the excited lifetime of the sample, it can be considered as the 

PSHB. Basic requirements for the PSHB are as follows: 

CD The optical absorption of a guest embedded in a host must be 

broadened imhomogenously. 

@ There must exist more than one ground-state configurations of 

the total system consisting of a guest and a host. 

® The relaxation among the states must be slower than the decay of 

any excited state. 
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The microscopic mechanism leading to the PSHB phenomenon can be 

classified into two classes: 

CD Photochemical mechanism: Photochemical mechanism usually 

involves some internal changes in the guest itself, and the 

optical absorption from photochemical products can be 

observed in the linear absorption spectrum. 

@ Photophysical mechanism: Photophysical mechanism arIses 

from the change in the surroundings of the guest. 

The photophysical mechanism is observed in many systems of 

amorphous hosts. Figure 3.8 shows the schematic illustration of the 

photophysical PSHB mechanism based on the two-level-system model. 

The excited state, the initial ground state and the other ground states 

are represented by (E), (1) and (G), respectively. Site-selective 

excitation causes the transition from the initial ground state to the 

excited state and provides another ground-state configuration. The 

population at (G) is increased by the relaxation from (E). This causes 

the increase of the absorption at the both sides of spectral holes in the 

absorption spectrum. The relaxation time in the PSHB mechanism is 

mainly due to the relaxation from (G) to (1). The overall absorption area 

integrated over the inhomogeneously broadened spectrum should 

remain approximately constant, because the site-selective excitation 

redistributes the population among the ground states. 
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. .. ----------------------------------E 

Fig. 3.8 The schematic illustration of the persistent spectral 

hole-burning phenomenon based on the photophysical 

mechanism. The excited state, the initial ground state and the 

other ground states are represented by (E), (1) and (G), 

respectively. 

In the CdS quantum dots embedded in PYA, the observed HB 

persistent time depends on the ratio of Cd2+/ S2. in the samples. It is 

believed that the Cd2+ ions located around the CdS quantum dots or on 

the surface of the quantum dots can act as the electronic trap centers. 

According to the three-level-model [1], some excited electrons recombine 

fast with the valence hole. The other excited electrons can he captured 

by the trap centers through the tunnel process, and then relax to the 

ground state by radiative and nonradiative processes. If the all the 

excited electrons relax fast to the ground state, we can observe the 

transient HB only, not the PSHB. Similar to the PSHB in quantum 

dots embedded in the glasses and crystals [12], the possible mechanism 

may be as follows. When quantum dot is excited, an electron may 

escape from the quantum dot through the potential barrier in polymeric 
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host and is trapped at Cd2+ center in polymeric host. Photoionization of 

CdS quantum dots embedded in silicate glass has been clearly observed 

before [16]. Photoionized quantum dots and trapped electrons are 

stable enough to give PSHB at low temperature. There are many 

spatial arrangements for electrons and holes in both quantum dots and 

polymeric host. A variety of spatial arrangements induce an additional 

inhomogeneous broadening of the absorption spectra of CdS quantum 

dot. The presence of the inhomogeneous broadening coming from the 

carrier distribution configuration caused by the pumping light satisfies 

the requirement of the PSHB [13]. In Fig. 3.9, the schematic 

illustration of the proposed model is shown. 

CdS Quantum dot 
r----------, 

~~nap 
Fig. 3.9 Schematic model of the photo

ionization of CdS quantum dots 

embedded in PV A. Photogenerated 

electrons tunnel trough the barrier and 

are captured by traps (Cd2+) in the host. 

The solid arrow and dashed arrow 

represent the electron tunneling process and hole-filling process induced 

by thermal annealing or light irradiation, respectively. 

Since it is difficult to describe the PSHB starting from the quantum 

mechanics equation, instead of it, we give a semiclassical simulation of 

the phenomenon. 

We simulated the experimental PSHB spectra following the 

procedure written in Ref. 17. The pump-induced bleached spectrum (

i1ad) can be simulated by 
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where E is the photon energy, A(E - E1) represents a dim,ensionless 

"single quantum dot" line shape function centered at E 1 ' S(Ep·EJ) is a 

"saturation factor" which accounts for the decrease in absorption due to 

pump [17], D(El-Eo} is a Gaussian inhomogeneous distribution centered 

at Eo and C is an appropriate scaling factor. The saturation factor is 

given by 

(3.2) 

where IR is the ratio of pump light intensity to saturation intensity, and 

the inhomogeneous distribution function is normalized as, 

(3.3) 

In the treatment of the single quantum dot absorption, we used the 

theoretically calculated results of Ref. 18, which considered the finite 

spin-orbit splitting effects on the optical properties of spherical quantum 

dots. The used single quantum dot line shape is shown in Fig. 3.7. 

The lowest three peaks labeled a-c correspond to the transitions between 

the electron state lSe and hole state 1SDD3/2, 2SDD3/2, and 3SDD3/2 

respectively. Here, the integer numbers, in the hole states, are the 

principal quantum numbers, the first and the second capital letters 

indicate the types of the orbit state (S, P, D, ... ) which are mixed, the last 

capital letters correspond to the component related to the spin-orbit 

split-off states, and the subscript indices correspond to the value of total 

angular momentum. Two higher energy peaks separate from the lowest 

energy peak by 80 me V and 125 meV, according to the theoretical 

estimation of Ref. 18. First we use the convolution integral of the single 

quantum dot line shape function and the inhomogeneous distribution to 
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fit the linear absorption spectra. The fitting result is shown at the 

upper part of Fig. 3.7. The linewidths of peaks a-c are 30.4 meV, 50.2 

me V and 55.5 meV, respectively; the relative oscillator strengths are 1, 

0.77, 0.73, respectively. The width of inhomogeneous distribution is 

300meV. Under the same condition, Eq. 3.1 was used to fit 

- f1ad spectra. The fitting results of - f1ad spectra are shown at the 

lower part of Fig. 3.7 by broad solid lines. The calculated differential 

absorption spectra agree with the experiments. 

3.5 Conclusion 

In summary, we have synthesized the Cd8 quantum dots embedded 

in polyvinyl alcohol polymer, and observed the persistent time of the hole 

burning depends on the molar ratio of Cd2+ / 8 2- in the sample. In the 

samples with excess 10% Cd2+ ions, the observed hole structure lasted for 

several hours. In the sample whose Cd2+ / 8 2- ratio is equal to or less 

than 1, the hole persistent time was less than 1 min. These observa

tions suggest the following process as the PSHB mechanism. The 

excited electrons escape from the excited quantum dots and are trapped 

by the Cd2+ centers around the quantum dots in the polymer. 
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4 Photoluminescence of CdS:Mn quantum dots 

4.1 Introduction 

Diluted magnetic semiconductor (DMS) quantum dots belong to an 

attractive material system that combine both the semiconductor 

nanometer size confinement effect and magnetic finite size effects. 

Bhargava et ale recently reported the optical research on manganese

doped quantum dots ofZnS [1]. They found that the photoluminescence 

of Mn2+ ion in ZnS:Mn quantum dots has very high external quantum 

efficiency and its luminescence decays faster than that of Mn2+ in the 

bulk crystal by five orders of magnitude, suggesting that doped quantum 

dots are a new class of luminescent materials showing novel optical 

behaviors. Thus, it is expected that other DMS quantum dot systems 

may also have the similar optical properties. However, recent results 

on Mn2+ doped CdS quantum dots showed that the Mn2+ emission 

lifetime was not affected by quantum confinement, and it was similar to 

the Mn2+ emission lifetime in the bulk CdS host crystal [2]. This result 

is different from the Bhargava's observations. The reason of the so 

drastical difference in intrinsic properties of manganese is unimaginable, 

and is not known yet. Thus the luminescence properties of the DMS 

quantum dots need a further study. In this research, we have 

synthesized CdS:Mn quantum dots and investigated their optical 

properties. We focused on the behaviors of the Mn2+ luminescence. A 

high luminescence efficiency with a dramatically short lifetime (in the ns 

regime) was observed. Its excitation originates from the energy 

transfer from the host CdS quantum dots. We will give discussions on 

the possible mechanism on the Mn2+ luminescence. 
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4.2 Experiments 

4.2.1 Sample 

The DMS quantum dots in polyvinyl alcohol (PVA) were synthesized 

by using a chemical method by reacting a N a2S with a mixture of Cd2+ 

and Mn2+ in aqueous solution. The details are described in the Sec. 2.2. 

4.2.2 Photoluminescence measurements 

The spectroscopic measurements were done at 2 K and room 

temperature. Absorption spectra were measured at the room 

temperature using a Hitachi U-4000 spectrophotometer, and at liquid 

nitrogen or liquid helium temperature using the setup shown in Fig. 3.1. 

The photoluminescence (PL) was measured using the setup shown in Fig. 

3.2 at both room temperature and low temperatures. 

Photoluminescence excitation (PLE) measurements were performed by 

using two sets of 25 cm monochromators, an Ushio 500 W arc Xenon 

lamp as an excitation source and a photomultiplier tube for the detection 

of the PL. The experimental arrangement for PLE is shown in Fig. 4.1. 

For quantum yield measurements, a rhodamine B dye solution of 

10-6 M was used as a standard sample, its quantum yield is about 0.83 [3]_ 

The quantum yield is calculated by: 

<Dpu = <Dps(Ks I Ku)(Is I Iu)(n; In;)(Au I AJ, (4.1) 

where, <D p' K, 1, A, n are the quantum yield, the absorbance at excitation 

wavelength, excitation intensity, luminescence intensity and the 
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refractive index, respectively; u and s represent the measured sample of 

the unknown quantum yield and the standard sample, respectively. 

XeLamp L1 L2 L3 

0-----B- Monochromator Sample 

L4 

Controller Chopper 
--4-- Filter 

o Lock-in Amp_ 

PMT 

Fig. 4.1 Experimental setup for photoluminescence excitation 

sp ectroscopy. 
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4.2.3 Time resolved photoluminescence measurements 

The PL decays were measured by a single photon counting method, 

using the 100 fs frequency-doubled pulses from a mode-locked 

Ti:sapphire laser as an excitation source. The pulse repetition was 250 

kHz. 

4.3 Results 

4.3.1 Absorption and photoluminescence spectra 

Figure 4.2 shows the optical absorption spectra and PL spectra of 

undoped and Mn2+ doped CdS quantum dots which are prepared in the 

same condition (i. e., the same quantities of reagents except the Mn 

-- 1,4 CdS:Mn QD 

- 2,3 CdS QD 

2K 

R=1.5nm 

400 500 600 700 800 900 

WAVELENGTH (nm) 

Fig. 4.2 Optical absorption spectra and PL spectra of undoped and 

Mn2+ doped CdS quantum dots at 2 K. 
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element, the same temperatures and the same sulphidation time as are 

used for the preparation of undoped CdS quantum dots). No obvious 

absorption components from d-d electron transitions ofMn2+ in CdS were 

observed in the absorption spectra. This is explained by considering 

that the concentration of Mn2+ ions is very low, and that only several 

Mn2+ ions are doped into a CdS quantum dot. In the bulk Cdl-xMnxS 

case, the absorption of Mn2+ ions is observed when x '"'"'0.4 [4]. The 

observed absorption bands come from the transitions from the valence 

band to the conduction band in host CdS quantum dots. The blue shift 

of absorption peaks from the band gap of bulk CdS (Eg = 2.58 e V) is a 

direct evidence of the quantum confinement effect [5-6], which is the 

characteristic of quantum dots formed in the sample. Absorption 

spectra of Mn2+ doped and undoped CdS quantum dot samples are 

essentially similar to each other since the doping concentration is very 

low. Doping is effective only in altering the luminescence properties of 

the samples, but not the quantum dot size under the same synthesis 

conditions. A simple three-dimensional confinement model based on 

the effective mass approximation predicts the energy shift, M, as [5-6] 

(1) 

where R is the quantum dot radius, m; ,m; are the effective masses of 

electron and hole, respectively; E is the dielectric constant, and E;y is 

the effective Rydberg energy, e4 /282n2 (l/m: + 11m;). Using m; = 0.19 mo, 

m;= 0.8 mo and E = 5.7 [6], we estimated the quantum dot size from the 

absorption data. For the sample with the absorption peak at 360 nm 

(3.444 eVor M = 0.86 eV), the calculated value of R is 1.5 nm. It is a 
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little smaller than the value measured by means of the small angle X-ray 

scattering. The PL spectra of undoped CdS quantum dots show the 

green color emission bands from the trap centers on the surface of 

quantum dots with the peaks at 490, 540, and 570 nm. These peaks 

show a small shift with the size of quantum dots (i.e., absorption band 

edge), showing they come from the weakly localized trap states. 

However, the PL spectra of CdS:Mn quantum dots show a new orange 

emission components with a peak at 630 nm. This peak does not shift 

with the size of quantum dots, suggesting they come from deep localized 

centers. The emission is very strong and the greatest quantum yield is 

over 20% at room temperature. The strong luminescence is a unique 

character of our CdS:Mn quantum dots. We will discuss it at later part. 

This emission is attributed to Mn2+ ion 4TI-GAI transition in CdS host 

quantum dots, which is the result of s, p-d electron interactions between 

CdS host and Mn2+ impurity cations. 

4.3.2 Excitation dependence of photoluminescence 

Figure 4.3 shows PL spectra of undoped and Mn2+ doped CdS 

quantum dots under different excitation intensities at 2 K. The PL 

spectra of CdS quantum dots are broadened with the increase of 

excitation. On the other hand, the PL spectra of CdS:Mn quantum dots 

show the green trap PL component and orange Mn2+ PL component 

increasing with excitation by different rates (also see Fig.4.4). This fact 

again shows that orange and green luminescence components of CdS:Mn 

quantum dots come from the different luminescence centers. 
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CdS QD at 2K 

73 10 

CdS:Mn QD at 2K 

400 500 600 700 80C 

WAVELENGTH (nm) 

Fig. 4.3 PL spectra of undoped and Mn2+ doped CdS quantum dots under 
different excitation intensities at 2 K. Excitation laser wavelength is 384 nm. 
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________ 0 

Mn2
+ ---------

o~ _________ • 
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o 0 

.€ 1° I CdS:Mn QD at 2K 
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~ c;,/ 
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Fig. 4.4 The PL intensities (which are normalized to their 

values at the excitation of 1.5 mJ/cm2) of Mn2+ ion and the trap 

site emission in CdS:Mn quantum dots versus excitation 

intensity. The excitation laser wavelength is 384 nm. 

Figure 4.5 shows the PLE spectra probed at different luminescence 

wavelengths of undoped CdS quantum dots (upper part) and Mn2+ doped 

CdS quantum dots (lower part) at 2 K. The PLE spectra show that both 

the excitation bands of Mn2+ emission and the trap state emission 

originate from the band-to-band transition of host CdS quantum dots. 

Both the excitation spectra of the trap state emission and the Mn2+ 

emission are similar to the optical absorption spectra, and they are blue 

shifted obviously due to the quantum size effect compared with the bulk 

materials. No distinguished excitation spectrum feature coming from 
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Mn2+ 3d electron transition was observed at 510 nm (4Tl), 486 nm (4T2) 

and 463 nm (4E, 4Al) (see Ref. [7]). However, when using the 514 nm, 

488 nm lines of a cw Ar+ laser to excite resonantly the Mn2+ in the 

quantum dots, the luminescence from Mn2+ can be observed, as shown in 

Fig. 4.6. These facts imply that the Mn2+ emission in CdS:Mn quantum 

dots are excited mainly through energy transfer from the band-to-band 

excited CdS quantum dots. It also means that the energy transfer to 

Mn2+ is more efficient than the Mn2+ direct excitation in CdS:Mn 

quantum dots. 

The excitation energy transfer from CdS to Mn2+ can be also observed 

in bulk crystal materials. However, a larger spatial overlap of confined 

exciton wave-function with the localized d electron states of Mn2+ ions 

may occur in the quantum dots. The enhanced exchange interaction of 

s, p electrons with d electrons of Mn2+ in the quantum dots makes the 

energy transfer much faster than in the bulk state. In fact, we cannot 

observe the rise time of Mn2+ luminescence In our time-resolved 

measurement with the 50 ps time resolution. 

72 



4 Photoluminescence of CdS:Mn quantum dots 

CdS QD at 2 K 

CdS:Mn QD at 2 K 

530 om 

570 om 

350 400 450 500 

WAVELENGTII (om) 

Fig. 4.5 Photoluminescence excitation spectra of (a) undoped and (b) 

Mn2+ doped CdS quantum dots at 2 K. 
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CdS::Mn QD at RT 

550 600 650 700 750 

WAVELENGTH (nm) 

Fig. 4.6 PL spectra of Mn2+ doped CdS quantum dots resonantly 

excited by different wavelength line of an Ar+ laser at room 

temperature. 

4.3.3 Luminescence decay 

In this research, we have investigated the temporal decay properties of 

the Mn2+ luminescence. Figure 4.7 shows the measured luminescence 

decays of CdS:Mn quantum dots. Two-component exponential fit to the 

Mn2+ emission decay gave lifetime components on the order of ns. The 

620 nm luminescence has 5.0 ns and 46 ns components of the emission 

lifetime. The PL decay of Mn2+ cannot be fit by a single exponential 

function. This implies the PL relaxation process of Mn2+ d electrons is 
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complex. However, It should be noted that this luminescence decays 

much faster than the corresponding one of millisecond order of lifetime 

in the bulk [2,8]. This observation is similar to the observation on the 

Mn2+ PL decay in ZnS:Mn quantum dots [1], in ZnTelMnTe quantum 

wells [9], and Cu2+ PL decay in ZnS:Cu quantum dots [10], where the PL 

lifetimes of doped impurities in the nanostructures are shorter than the 

corresponding ones in the bulk structures. However, it is different from 

the observation on CdS:Mn quantum dots in glass [2], which shows the 

Mn2+ emission lifetime is not affected by the quantum confinement, and 

is nearly the same as the PL lifetime of millisecond order in the bulk 

CdS:Mn. 
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CdS:M n QD at 2K 

8.5 n s 

420 nm 

o 20 40 60 

TIM E (ns) 

Fig. 4.7 The photoluminescence decay of Mn2+ doped CdS quantum 

dots at 2 K. The dots show the experimental results, and the solid 

lines show the results obtained by two-component exponential fitting. 
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4.4 Discussions 

In the previous parts, we have shown that CdS:Mn quantum dots 

were successfully synthesized by the aqueous chemical method. The 

absorption spectra of CdS:Mn quantum dots show the blue shifts due to 

the quantum confinement effect. However, no absorption band of Mn2+ 

cations was observed because the low Mn2+ doping concentrations. The 

strong Mn2+ emission band associated with the 3d electron 4Tl -6Al 

transition was observed, and its lifetime is in the ns regime. The high 

quantum yield and short lifetime are two most remarkable characters of 

the Mn2+ emission in our CdS:Mn quantum dot sample. PLE 

observations show Mn2+ emission is excited through the energy transfer 

from the host CdS quantum dots to the internal Mn2+ levels. In the 

following parts, we discuss the possible mechanism of the observed Mn2+ 

emission in CdS:Mn quantum dots. 

4.4.1 Mn2+ emission efficiency 

As shown in Fig. 4.8 (b), the possible physical processes happened in 

the photo-excited CdS:Mn quantum dots are: 

So +hv----*SI' absorption (4.2) 

Sl 
kRO ) So +hvp exciton emission (4.3) 

Sl 
kTl ) T+, carrier trapping (4.4) 

Sl 
kT2 )Mn+, energy transfer to Mn2+ (4.5) 

SI 
knrl ) So + hw, nonradiative relaxation of S 1 (4.6) 

T" kR ) So +hV2' trap state emission (4.7) 
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T* knr2 >So+hw, nonradiative relaxation of T* (4.8) 

Mn* kr 
) Mn+ hv3' Mn 2+ emission (4.9) 

Mn* knr3 ) Mn+hw, nonradiative relaxation of Mn2+ (4.10) 

The quantum yield is defined as the ratio of the emission photon number 

to the absorbed photon number. For Mn2+ emission in CdS:Mn 

quantum dots, the quantum yield of Mn2+ emission can be expressed as 

(4.11) 

Sl --~--~------~-------

Fig.4.8 Schematic energy level diagrams for (a) undoped and (b) Mn2+ doped 

CdS quantum dots. The solid and dashed arrows indicate the radiative and 

nonradiative transitions, respectively. 

where k r' k Rand k RO are the radiative recombination rates of Mn2+ ion, 

trapped carrier and exciton, respectively; knr is the nonradiative 

recombination rate. From the Eq. (4.11), we can see there are several 

ways to increase the <I> Mn' i. e., the increase of kr (shortening of the 

lifetime r), kT2 (energy transfer rate from CdS to Mn2+) and the decrease 
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of knr1 • 

We believe that the high quantum yield of Mn2+ emission canbe 

explained by these three reasons. 

The first reason is the increase of kr (shortening of the lifetime 'fr) of 

Mn2+ emission. This is true since we have experimentally observed the 

remarkably short lifetime of Mn2+ emission in CdS:Mn quantum dots 

compared to the corresponding one in the bulk CdS:Mn crystal. 

The second reason is the increase of the energy transfer rate from 

CdS to Mn2+ , which will be discussed in 4.4.3. 

The third reason IS the decrease of k nr caused by the surface 

passivation. 

In the samples we used, the whole amount of Mn element in the 

reagent cannot be doped into CdS quantum dots. It is believed that the 

Mn cations can exist in the PV A matrix, on the surface of quantum dots 

or inside the quantum dots. Mn2+ cations inside the quantum dots 

substitute the Cd2+ cation site, and receive the excitation energy of CdS. 

The Mn2+ cations located on the surface of quantum dots and in the 

polymer matrix are believed to be existing in the form of MnS and 

Mn(OH)2. As the results, the surfaces of CdS:Mn quantum dots are 

passivated by MnS, Mn(OH)2, Cd(OH)2, and PYA, then the energy 

transfer to nonradiative surface defects (e.g., the Cd2+ , S2. vacancies) is 

weakened, i.e., the knr is decreased. So the surface passivation effect is 

another reason to cause the high radiative efficiency of CdS:Mn 
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quantum dots. Since MnS band gap equals to 3.75+0.1 eV [7], which is 

much larger than the band gap of bulk CdS of 2.58 e V, or the absorption 

edge of CdS:Mn quantum dots of 3.444 e V, no luminescence from MnS on 

quantum dot surface or in the PYA matrix can be observed for our 

experimental excitation energy less than 3.492 e V. Mn(OH)2, Cd(OH)2. 

and PYA also passivate the surface and cause the decrease of k in the nr 

same way. The passivation of the quantum dot surface is a very 

effective way to increase the emission efficiency of the quantum dots. 

For example, the wide band ZnS-capped CdSe quantum dot exhibits 

strong band edge luminescence with a 50% quantum yield at room 

temperature [11]. It is the highest emission quantum yield of quantum 

dots so far reported at room temperature. U sing this kind of sample, 

the single quantum dot luminescence spectra have been studied recently 

[12-13]. 

Therefore, we can conclude that the surface effects are very important 

to the luminescence properties of many kinds of quantum dots as well as 

the Mn2+ doped quantum dots. 

The existence of a large number of surface defects maybe the most 

important reason why some authors observed the weak Mn2+ 

luminescence [14-15]. Another reason may be the concentration effects. 

The Mn2+ luminescence intensity increased with the increase of the 

concentration of Mn2+ cations, but the intensity was decreased by 

concentration quenching effect when Mn2+ concentration is above 0.12 at. 

wt %[16]. 

The problem how the Mn2+ luminescence influenced by the Mn2+ 

cation locations was also studied by other authors. Sooklal et al. have 
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found that neither the luminescence from the surface trap states nor 

from the Mn2+ ions can be observed, when the ZnS quantum dot was 

capped with Mn2+ ions [17]. However, when the Mn2+ ions are doped 

into the quantum dot, the luminescence from the 4Tl-6Al transition of 

Mn2+ ions can be observed. Soo et al. also studied the local structure 

around Mn2+ luminescence centers in ZnS by X-ray absorption fine 

structure measurements. They found that the Mn2+ ions substitute the 

Zn2+ site in the host ZnS and that the substitution induces size 

dependent local structural changes [18]. Taking account of these 

studies and the fact that MnS and Mn(OH)2 cannot be excited in our case, 

we believe that the observed Mn2+ emission in our CdS:Mn quantum dot 

samples comes from the Mn2+ ions inside CdS quantum dots (Fig.4.8). 

4.4.2 Mn2+ emission lifetime 

The short lifetime is another remarkable character of the Mn2+ 

emission in our CdS:Mn quantum dot sample. We will discuss it in this 

part. 

In the bulk AJ~x}VfnxB VI DMS materials, Mn2+ cation replaced the A2+ 

cation site. The characteristic Mn2+ luminescence comes from the Mn2+ 

3d5 electron 4Tl~6Al transition. This is a spin forbidden transition in 

the free-ion states, but in crystals the forbiddenness is partially broken 

owing to crystal field perturbation, phonon coupling and also to spin

orbit interaction. Its oscillator strength is about 10-5 or smaller than it. 

Typical lifetime is in the millisecond order. 
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Fig. 4.9 A model depicting the overlap of electron-hole wave-function 

with a localized impurity potential in a quantum dot. 

The fast transition rate (or short lifetime) of the Mn2+ 4Tl~6Al 

transition in CdS:Mn quantum dots, can be explained, if the parity 

selection rule (thl = 0) is broken in the quantum dots because of a large 

spatial overlapping of exciton wave-function with the Mn2+ 3d electron 

wave-function (Fig 4.9). The strong sp-d mixing in the quantum dots 

results in the fast decay time of Mn2+ ions. 

This is the reason why Mn2+ 4Tl~6Al transition lifetime is greatly 

shortened in CdS:Mn quantum dots. This reasoning can also be applied 

to explain the similar observations in other systems, e.g., the Mn2+ 4Tl~ 

6Al transition lifetime (ns) in the ZnS:Mn quantum dots [1], the Cu2+ 

transition lifetime (ns) in the ZnS:Cu quantum dots [10], and the Mn2+ 

4Tl~6Al transition lifetime (f.JS) in the ZnTefMnTe quantum well [9]. 
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4.4.3 Energy transfer mechanism 

Here, we discuss the mechanism of the energy transfer from CdS to 

Mn2+ in CdS:Mn quantum dots. First of all, the resonant energy 

transfer condition is satisfied by the overlap between the emission band 

of CdS quantum dots and the absorption band of Mn2+. Next, we see the 

several resonant energy transfer models proposed by Dexter [19] and 

Forster [20] can be applied to the energy transfer to Mn+2 in the quantum 

dots. 

CD Excited charge transfer: Mn+2 has a half-filled 3d5 structure. 

All five 3d electron spins are parallel to each other in the 3d orbit 

and form a stable structure. Mn+2 is electrically neutral in 

Al~xMnxBVJ structures, i.e., it constitutes neither an accepting nor a 

donating center. The energy transfer cannot work through the 

electron transfer between a CdS donor and a Mn+2 ion acceptor. 

Therefore, the electron transfer mechanism is excluded. 

® Electric multipole interaction: The energy transfer through 

electric multipoles interaction may be a way of energy transfer 

from CdS to Mn2+ in CdS:Mn quantum dots, i.e., the exciton dipole 

interacts with dipole of Mn2+, and passes its excited energy to the 

later. The probability of energy transfer between a pair of a 

donor and an acceptor through the dipole-dipole interaction is 

expressed as [19]: 

P. (dd) = 3c
4

1i
4 

• (J*A f iD(E)FA (E) dE (4.12) 
DA 4 mz4 L6 'fA E4 ' 

where, n, (J and r are the refractive index, absorption cross 

section and the radiative lifetime, respectively; irE) and F(E) are 
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the emission spectral shape of a donor and the absorption spectral 

shape of an acceptor, respectively; L is the distance between a 

donor and an acceptor. Similarly, the probability of energy 

transfer between a pair of donor and acceptor through the dipole

quadrupole interaction is expressed as: 

P. (d) = 135n-ac
8
h

9 
ffD(E)FA(E) dE 

DA q 4 6 r8 £8 ' n TDTAi..J 

(a = 1.266). (4.13) 

The dipole-quadrupole and quadrupole-quadrupole interaction 

are much weaker than the dipole-dipole interaction when the 

donor and the acceptor are distant from each other. Since the 

dipole transition in the acceptor (Mn2+) is partially forbidden in 

bulk, the dipole-dipole energy transfer may be very weak in bulk. 

Moreover, the dipole-quadrupole and quadrupole-quadrupole 

interaction (the energy transfer probabilities of these processes 

have the dependencies of L-8 and L-10) also do not playas the key 

roles in the bulk crystal, since Mn2+ ions and the excitons are 

randomly dispersed in the crystal, the average distance between 

exciton and Mn2+ may be very long. 

The situation is changed in the quantum dots. Firstly, the 

transition between the Mn2+ internal energy levels is allowed, i.e., 

the dipole-dipole interaction may be an active process. Secondly, 

all the excited exciton dipole, quadrupole of exciton, and dipole or 

quadrupole of Mn2+ cations are confined in the same quantum dot. 

The multipole interaction in CdS:Mn quantum dots may be 

enhanced compared to that of the bulk crystal. Therefore, the 

multipole interaction may be one reason causing the energy 
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transfer from CdS to Mn2+ in CdS:Mn quantum dots. 

@ Exchange interaction: When the energy donor is adjacent to the 

acceptor spatially, its wave-function (electron cloud) is overlapping 

with that of the acceptor (see Fig. 4.10). It is possible to transfer 

energy through the quantum exchange interaction. If the 

overlapping of wave-functions is expressed by K exp(-t), the 

energy transfer probability can be expressed as [19], 

2 2rc 2L f FDA (ex) = K (-) exp( --) fD (E)FA (E)dE, 
Ii R 

(4.14) 

where, R is effective Bohr radius (i.e., the average effective Bohr 

radius between the donor excited state and the acceptor ground 

state), K=3 is a dimensional factor. Since there is not a term of 

absorption cross section in Eq. (4.14), the exchange interaction can 

cause the energy transfer from the donor to the acceptor when they 

are spatially adjacent to each other, even if the light absorption by 

the acceptor is forbidden. For this reason, the exchange 

interaction process may be the key process of the energy transfer 

from CdS to Mn2+ in the bulk crystal. In a quantum dot of the 

strong confinement condition, all the exciton wave-functions are 

confined in the quantum dot, the overlapping of the wave-functions 

between the s, p electronic states of exciton and d states of Mn2+ is 

increased. As a result, the transfer rate was enhanced in the 

quantum dots. 

Therefore, we believe that the electric multipole interaction and 

exchange interaction mechanisms transfer the excited energy of CdS to 

Mn2+ in CdS:Mn quantum dots. This is different from the bulk case, 

where only the exchange interaction mechanism works. Both the 

electric multipole interaction and exchange interaction are enhanced 

85 



4 Photoluminescence of CdS:Mn quantum dots 

due to the quantum confinement. These interaction mechanisms result 

in a large energy transfer rate, a fast rise time of Mn2+ (see Fig. 4.7) and 

a high quantum yield ofMn2+ emission. 

Ol--ct--L A 

Fig. 4.10 A model depicting the resonant energy 

transfer through the exchange interaction. The 

shadow part shows the overlapping of electron 

clouds of a donor and an acceptor. 

4.4.4 PSHB in CdS:Mn quantum dots 

The PSHB in CdS:Mn quantum dot samples has been measured, too. 

A typical result is shown in the Fig. 4.11. The spectral hole burning can 

be observed at 1 min after the laser irradiation. Similarly to the PSHB 

in CdS quantum dots (see Sec. 3), the PSHB in CdS:Mn quantum dots 

can also be explained by the photoionization of quantum dots, i.e., a part 

of the excited carriers are trapped in the surrounding matrix. However, 
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experimentally, it needs much more laser fluence to generate a spectral 

hole in CdS:Mn quantum dots than that needed for generating a same 

depth hole in CdS quantum dots. This is understood as follows. 

Due to the existence of a strong energy transfer path to the Mn2+ ions, 

the number of the carriers being trapped by the trap sites in the 

surrounding matrix is decreased in the photoexcited CdS:Mn quantum 

dots compared to that of CdS quantum dots. Moreover, since a Mn2+ 

ion has a very short lifetime, it cannot contribute to the PSHB. Thus, it 

is difficult to generate the persistent spectral hole in CdS:Mn quantum 

dots than in CdS quantum dots. 

1.0 

CdS:Mn QD 

3.492evj 
2K 

0.5 
"0 

(j 

0.0 

0.02 

"0 

(j 
0.00 

<l 
I 

-0.02 

2.8 3.0 3.2 3.4 3.6 3.8 

PHOTON ENERGY (eV) 

Fig. 4.11 Upper figure: the linear absorption spectrum of the virgin sample. 
Lower figure: the differential absorption spectrum at 1 min after the laser 
irradiation is stopped. The pump laser photon energy is indicated by a 
downward arrow. The excitation energy density and the number of shots are 
700 f-L J/cm2 and 18000, respectively. 
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4.5 Conclusion 

We have been successful in synthesizing CdS quantum dots doped 

with Mn2+ by the aqueous chemical method. The quantum confinement 

effects on the optical properties of manganese doped CdS quantum dots 

are studied by means of absorption, PL and PLE spectra as well as 

luminescence decay at 2 K and room temperature. The main 

conclusions are: 

CD The absorption spectra of CdS:Mn quantum dots show the blue 

shift due to the quantum confinement effect. However, no 

absorption band of Mn2+ cations was observed because of the low 

Mn2+ doping concentrations. 

@ The strong Mn2+ emission band associated with the 3d electron 4TI 

-GAl transition was observed, and it decays fast with the lifetime 
. . 
In ns regime. 

® PLE observations show Mn2+ eilllssion IS excited through the 

energy transfer from the host CdS quantum dots to the internal 

Mn2+ levels. 

These properties of Mn2+ emISSIon are explained based on the 

interaction of s-p electrons of the host CdS quantum dots with the d

electrons of the doping Mn2+ cations. 
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5 Conclusion and remarks 

5.1 Conclusion 

In this paper, we present the experimental studies on the optical 

properties of II-VI semiconductor quantum dots embedded in the 

polymer matrix. The obtained results are summarized as: 

CD We succeeded in preparing the CdS and CdS:Mn quantum dots 

embedded in polyvinyl alcohol (pV A) matrix by the chemical 

methods. 

® We first studied the PSHB phenomena in CdS quantum dots 

embedded in the polymer matrix and found its persistent time 

depends on the molar rate of Cd2+/S2- in the sample. It was found 

that the persistent time of burnt hole is less than 0.33 ms when 

Cd2+/S2- less than 1, less than 0.1 sec when Cd2+/S2- near 1, and 

larger than 1 min when Cd2+/S2- larger than 1. 

® We proposed the photoionization of quantum dots to explain the 

PSHB phenomena. An electron escapes from the quantum dot 

through the potential barrier in the polymeric host and is trapped 

at Cd2+ center in the polymeric host. Photoionized quantum dots 

and trapped electrons are stable enough to give PSHB at low 

temperature. There are many spatial arrangements for electrons 

and holes in both quantum dots and the polymeric host. A variety 

of spatial arrangements induce an additional inhomogeneous 

broadening of the absorption spectra of CdS quantum dot. The 

presence of the inhomogeneous broadening coming from the carrier 

distribution satisfies the requirement of the PSHB. 

@ In the CdS:Mn quantum dots, the blue shifted absorption due to the 

quantum size effect was observed. No obvious absorption band of 
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Mn2+ cations in CdS:Mn quantum dots was observed. 

@ The photoluminescence of Mn2+ in CdS:Mn quantum dots with a 

large quantum yield and the short lifetime of nanosecond order was 

observed. 

@ From the photoluminescence excitation spectrum, we found that 

the Mn2+ is excited through the energy transfer from CdS. 

(j) Mn2+ photoluminescence comes from the 4Tl-6Al transition of the 

Mn2+ ions in the CdS:Mn quantum dots, but not from the Mn2+ ions 

located in the PV A matrix and on the CdS dot surface. 

@ Large spatial overlap of the exciton states of CdS with the d

electron state of Mn2+ makes the energy transfer rate from CdS to 

Mn2+ increased through the exchange interaction of 3d-electrons of 

Mn2+ ions with the CdS S,p electrons (holes) and the enhanced 

electric multipole interaction (dipole-dipole, dipole-quadrupole) 

between the exciton and 3d-electrons of Mn2+ ions. The enhanced s, 

p-d interaction in CdS:Mn quantum dots also relaxes the partial 

spin-forbidden transition of Mn2+, and results in fast decay time of 

Mn2+. 

® The high quantum yields of Mn2+ emission are explained by the 

combined effects, i.e. 

(a) The surface passivation by MnS, Cd(OH)2 , Mn(OH)2 and PVA. 

The surface of quantum dots may be passivated. Then the 

nonradiative energy transfer rate to the surface trap centers is 

decreased, and this results in the high quantum yields of Mn2+ 

emISSIon. 

(b) The increase of energy transfer rate. 

(c) The short lifetime of Mn2+ ion emissions. 

However, SInce there IS little knowledge on optical properties of 
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CdS:Mn DMS quantum dots synthesized by the organmetallic methods,* 

there still exist some questions related to this work and should be 

studied further. We list them in the following, 

CD The transfer rate to the Mn 2+. 

@ The nature of Mn2+ excited state: how to explain the broad 

structure and the non-single exponential decay of Mn2+ emission, 

what kind of affection from the surface atomic groups, charges to 

the Mn2+ cations in the quantum dot. 

@ How to characterize the doping impurity atoms In quasI-zero 

structure, e.g., their concentration, local structure. 

@) Whether the exciton magnetic polaron theory can be applied to the 

wide band gap DMS (e.g., ZnS:Mn and CdS:Mn) quantum dots or 

not. 

@ The theoretical studies on the Mn2+ luminescence behaviors in the 

wide band gap DMS (e.g., ZnS:Mn and CdS:Mn) quantum dots. 

5.2 Future remarks 

The SClence of quantum dots has greatly progressed in the past 

decade. We can expect steady improvements in the future years in the 

* According author's knowledge, there are only two research paper 

published dealing with CdS:Mn quantum dots; one is about chemical 

synthesis method [R. J. Bandaranayake, M. Smith, J. Y. Lin, H. X. Jiang and 

C. M. Sorensen, IEEE Trans. Mag. 30, 4930 (1994).], the other one showed 

different observations with this research [M. A. Chamarro, V. Voliotis, R. 

Grousson, P. Lavallard, T. Gacoin, G. Counio, J. P. Boilot and R. Cases, J. 

Crystal Growth 159, 853 (1996).]; in fact, the research on the optical 

properties of the bulk CdloxMnxS mixed crystal is also very fe\v 

comparing to Cdl.xMnxTe and ZnloxMnxS. 
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study of quantum dot materials, because good quality samples will be 

available. The quantum dots incorporated with magnetic atoms, or the 

hybrid quantum structure may be studied further especially in the 

electric field and magnetic field. The novel optical properties and 

magneto-optical properties in these materials may find their ways 

applied to the new concept devices. New generation experiments, e. g., 

single quantum dot spectrum measurements, may be a good method to 

study quantum dots. 
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Appendices 

Appendix A List of symbols 

mo 

M 

R 

a 

-!1a 

f1 

bulk exciton Bohr radius 

bulk exciton binding energy ( equal to ER) 

band gap energy for bulk semiconductor 

bulk exciton Rydberg energy ( equal to Eb) 

oscillator strength 

electron effective mass 

hole effective mass 

free electron mass 

m; + m; , exciton mass 

nanocrystallite radius 

absorption coefficient 

differential absorption coefficient, given by -!:1a = a l - ~ 

dielectric constant of matrix 

dielectric constant of nanocrystallite 

reduced exciton mass, given by 1/ J.1 = 11m; + 11m; 
probability of energy transfer between a pair of donor and acceptor 
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Appendix B List of publications 

On optical properties of II-VI compound semiconductors 

1. Optical Properties of CdS:Mn nanocrystal in Polyvinyl Alcohol 

Jifa Qi, Tsuyoshi Okuno and Yasuaki Masumoto 

Proceedings of 2 nd Asia Symposium on Optical Properties of Condensed 

Matter (1996, Nara, Japan) 333. 

2. Spectral Hole Burning in CdS Nanocrystals Embedded in Polyvinyl 

Alcohol 

Jifa Qi and Yasuaki Masumoto 

Solid State Communications 99, 467 (1996). 
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