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Abstract

ELECTRONIC STRUCTURE AND OPTICAL PROPERTIES OF

QUANTUM DOTS 

by

Thique Huong Nguyen

Adviser: Professor Joseph. L. Birman

Because of complete (three dimensional) confinement, quantum dots have 

a most dramatic quantum size effect. Due to the finite size of the dot, 

the conduction and valence bands of semiconductor dots are quantized and 

quantum dot spectra exhibit a  series of discret electronic transitions and 

depend strongly on the size of the nanocrystal.

In this thesis we study the electronic structure and the optical properties 

of semiconductor quantum dots and semiconductor quantum dot systems. 

Different properties and different dots and dot systems are described.

The first topic is the electric polarization in a semiconductor dot (II-VI 

compound). A simple theoretical model for the origin of spontaneous po­

larization in single aanocrystais is developed, based on the proposal that 

the origin of the spontaneous polarization is in the strained layer between 

“cap9 and the nanocrystal. The internal electric field in the dot Is due to the 

piezoelectric effect caused by the strain existing in the interface region of ma­

terial with different lattice constants. Based on spherical rotation symmetry 

without inversion 50(3)! the model employs a distribution of polarization
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with symmetry which is a subgroup of S0(3), consistent with the hexagonal 

structure of wurtzite structure.

The second topic we study is a distribution of many quantum dots, which 

axe arranged together in an array. We present a  new model to implement or­

ganic exciton-inorganic( semiconductor} exciton hybridization. We consider 

embedding a quantum dot array into an organic medium. A Wannier-Mott 

transfer exciton is formed when the exriton in each semiconductor dot in­

teracts via multipole-muitipole coupling with other exritons in the different 

semiconductor dots of the array. A new hybrid exriton appears in the sys­

tem owing to strong dipole-dipole interaction of the Frenkel exriton of organic 

molecules with the Waanier Mott transfer exriton of the quantum dot array. 

This hybrid exriton has both a large oscillator strength (Frenkel-like) and a 

large exriton Bohr radius (Wannier-like). At resonance between these two 

types of exritons, the optical non-linearity is very high and can be controlled 

by changing parameters of the system such as dot radius and dot-dot spacing.

As the third topic, which differs from the pure nanocrystal in the above 

study, we also present our study on Mn- doped semiconductor nanocrystals 

such as the ZnS:Mn quantum dot. The effect of an extra electron 'injected'’ 

into the doped quantum dot with a  substitutional Afrr* at the center is 

considered. The electron confined in the dot will be strongly coupled by 

exchange interaction with the Mn ion, and will split and mix Mn crystai- 

fieid energy levels. As a  result, this will strongly break the previous selection
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rules. The optical transition of interest is the *T% —5 A i transition. Using this 

model we evaluate the energy structure., wavefunctions, luminescent efficiency 

and transition life time of a Mn doped quantum dot and compare our results 

with experimental data.
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Chapter 1 

INTRODUCTION

Present experiments and theoretical investigations in semiconductor physics 

appear to be concentrated on the physics of reduced dimensional systems. 

Over the past several decades, the two-dimensional (quantum wells), one­

dimensional (quantum wires) and zero-dimensional (quantum dots) semicon­

ductor systems have been made artificially and studied very intensively. The 

reduced dimensional semiconductor structures show many new unique prop­

erties that are completely different from the bulk semiconductors and have 

never been observed before. Theoretical and experimental studies show the 

sensitive dependence of the electronic structures and the optical properties 

of the semiconductor mesoscopic structures on their size. When the size of 

these structures are comparable to the electron-hoie effective Bohr radius, the 

quantum wells, quantum wires and quantum dots are called two-dimensional, 

one-dimensional and zero-dimensional confined systems, respectively. Then 

the motion of the carriers like electrons and holes is quantized due to the

1
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CHAPTER 1. INTRODUCTION 2

boundary condition of the material. This quantization gives rise to many 

interesting phenomena in the confined structures and is called the "quantum 

size effect” .

Being confined in all three dimensions, quantum dots have the biggest 

quantum size effect and are very attractive objects for for both basic research 

and application [1-21].

In tli is thesis, we investigate several optical properties of the quantum 

dot for different cases: the pure dot, the system of many dots and the dot 

doped by an impurity.

In chapter 2 we will give some introduction to the theoretical and exper­

imental results on the electronic structure and energy as well as the optical 

properties of semiconductor quantum dots.

From chapter 3 to chapter 5, some models and theories are presented to 

explain some experimental results and predict some new results. In chapter 

3 our model of the origin of the polarization which is observed in polar 

nanocrvstals is decribed. The theory of piezoelectricity originating in the 

surface of the nanocrystal is used to explain the existence of the internal 

electric field inside the quantum dot. A case of particular interest is the dot 

coated by another semiconductor.

The theory of the hybrid exriton in the quantum dot array is given in 

chapter 4. In our model, when we place an array of sem iconductor quantum 

dots in an organic host, the transfer Wannier- Mott exriton of the dot array
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CHAPTER I. INTRODUCTION 3

couples with the Frenkel exciton in the organic medium. This will give nse to 

the formation of some new kind of exciton, the hybrid, with both large Bohr 

radius and large oscillator strength. It is shown this leads to an enhanced 

non-linear optical response.

In chapter 5, we present an entirely new mechanism to control the op­

tical transition by means of doping a quantum dot. We consider the spin- 

forbidden transition *TZ —6 .A transition of the M n2~ impurity ion in the 

doped nanocrystal Z nS  : M n2*. We examine the effect that an extra elec­

tron inside the quantum dot can produce in changing the transition. Our 

theory claims that the extra electron in the dot will strongly couple with 

the <P electrons involved in the transition and strongly break the old selec­

tion rule: this will transform the forbidden transition into an allowable one. 

We calculate the energy levels and the new mixed wavefunction of the new 

states, and then we have the result for the oscillator strength and lifetime 

to compare with experiment. The calculated lifetime is shortened but not as 

much as some controversial experiments have claimed.
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Chapter 2 

EXCITONS IN QUANTUM 
DOTS

In this chapter we will review some theoretical models as well as some elec­

tronic and optical properties of quantum dots as background for our work in 

chapters 3-5.

2.1 A Spherical Quantum Dot- A Particle- 
in-a-Sphere M odel

The simplest model for a quantum dot is a semiconductor (such as III-Y or 

II-VI. GaAs. ZnS. CcSe...} sphere embedded in glasses or organic material 

(Fig. 2 .1} [I-llL We will consider the cases where the radius of the quantum 

dot is larger than the lattice constant of the bulk semiconductor. In a bulk 

crystal the state of an electron can be obtained by solving the Schrodinger

4

R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .



CHAPTER 1  EXCTTONS IN  QUANTUM DOTS
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Figure 2.1: .4 quantum, dot in an insulating material jot type I  urith direct 
Band gap (After D. Norris et aL[l9}}

equation, with the periodic potential in the Brasrais lattice [14h The electron 

eigenstate then is written in the Bloch to rn

f \ ucr ' a ■* '

where eatr is the plane ware and uv^ r )  is periodic with the Brarais lattice 

rector. The energy eigenvalues of the Schrodinger equation will, be EJ^k) 

where n is the banc index, k is the wave rector. With k in the first Brtllouin 

zone near an extremum En(k) will be given as:
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CHAPTER 2. EXCTTONS IN QUANTUM DOTS 6

where m*// is the effective mass of the electron or the hole.

For direct gap semiconductors, in the simplest approximation, a nanocrys­

tallite can he considered as a semiconductor sphere of radius R surrounded 

by aa infinitely high potential barrier?6,7] For a particle inside a spherical 

potential well of radius Rq

V*(r) = 0 r  < Rq

= oo r  >  Rq (2.3)

In the framework of the envelope function approximation? 15j the Schrodinger 

equation has the solution for a wavefuntion for an electron (or a hole)

where 1^(5, b) is a spherical harmonic, ji are the spherical Bessel functions.

Xni are the n-th zero of the spherical Bessel function of the order I.

The requirement {boundary condition! that the wavefunction has to van- * \ •

ish at the sphere surface r = Rq determines the energy eigenvalues of the
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CHAPTER 2. EXCITONS IN QUANTUM DOTS 7

particle

^  " 51Z T T le f  f  K q

The first roots of the spherical Bessel function are Xis = Xip — 4-493. %id 

5.763...So the lowest energy Level of the confined particle is

£ ,° "  2 m .„  F i <2'6)

The energy of the confined electron o? confined hole in a quantum dot takes 

discrete values due to the quantization following the spherical boundary con­

dition. It depends on the square of the inverse radius R q . We also can say 

that the energy has the same form as the energy (2.2) of the free particle, 

only here the wave vector is quantized by the spherical boundary conditions.

2.2 Excitons in nanocrystals

We consider a semiconductor where an electron and a hole were created, for 

example by light, with the electron in the conduction band and the hole
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CHAPTER 2. EXCITONS IN QUANTUM DOTS 8

in the valence band. When the electron and the hole approach each other 

and interact via screened Coulomb attraction, they form a bound state with 

the energy slightly below the band gap. We understand that the band gap 

energy is that for which the electron and the hole are separated from, each 

other and no longer experience the Coulomb interaction- This elect ron-hole 

bound state is described by the hydrogenic Hamiltonian

H =  —  (2.7)
2171'^ -m eff e r* ~  r&;

and are the effective mass of the electron and the hole, respec­

tively, which is small in comparison with the real mass of the electron and 

the hole, e is the dielectric constant, which is in the range of 5-15 for semi­

conductors. The small effective masses lead to the large kinetic energy of the 

electron and the hole, while the large dielectric constant makes the Coulomb 

interaction between the electron and the hole screened. This makes the ex­

citon have a large separation between the electron and the hole positions, or 

a large exciton radius.

When the Coulomb interaction between an electron and a hole in the 

nanocrystal is larger than the size-quantization energies of the electron and 

the hole, the quantization of the exciton appears! 13;. In other words, the 

exciton is said to be confined in the quantum dot when the size of the dot
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CHAPTER 2. EXCITONS IN QUANTUM DOTS 9

approaches the exdton Bohr radius ag = ~ zs  where is the electron- 

hole pair reduced mass. This size is called the molecular limit. Then the 

electron-hoie pair state can be expressed by the wavefunction of the exdtoa

*«*» = £  ft »70*<). (2-8)
1

where W ', W* are Wannier functions of valence band and conduction bands, 

respectively, and F„im. is the envelope function of the center-of -mass motion, 

riven byor

= p.9)

bi,(r) describes the electron-hoie relative motion with jr = j  — ]'.

Ou =  ( ~ V )  e " " -  (2.10)
\™ a /

The site index j  =  and f  = positive intergers.

Then the energy of the exdton in the quantum sphere is given similarly 

to Eq. (2.5)
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CHAPTER 2. EXCITONS IN QUANTUM DOTS 10

E*  -  E , + 2M m  ^  C2-11)

where Eg is the band gap. is the exdton. binding en­

ergy, ft-rr — m^mhj (m* — mfe) is the reduced mass of the eieetron-hole pair. 

Mm  is the exdton mass, Mc„  =  m eelf -r m*f f .

From (2.11), the energy of the exdton in the sphere takes discrete values 

and is proportional to the inverse of the square of the sphere radius Rq7 and so 

is strongly dependent on the size of the sphere. Then the energy to separate 

the electron and the hole ( i.e the ’ effective band gap") will increase in a 

quantum dot with respect to the bulk semiconductor by the value

h2 x3
A E  = — —  i 9 p's

2

In (2.9) we gave the enveiooe function 15 . The neriodic oart of the wave-
\  /  W  «  W *. •  k

function of the electron and the hole have been approximated by using the 

two-band semiconductor model. For the periodic factors in the total wave 

function we use the bulk wave functions. In a direct band gap semiconductor 

like ZnS with parabolic conduction band and warped valence band, with the 

mayirnmrt of the valence band and minimum of the conduction band posi­
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CHAPTER 2. EXCITONS M  QUANTUM DOTS 11

tioned at k=0 in k-space, we retail thar near tiie band extrema ft =  0 we 

have a parabolic conduction band which is doubly degenerate. The group 

theory label of the states including spin is Fs . The valence bands are four-fold 

degenerate labelled T8 and the split-off doubly degenerate F7. Because the 

spin-orbit splitting Tg — r 7 is large we neglect the split off band and consider 

only the exdton states from Ts conduction band and Tg valence band. The 

angular part of the periodic factors in eqn(2.1) of the four-fold degenerate 

valence band are given as the following:

= ^gipr-HrjT),

V.m  =  - L ; ( X - .Y ) I ) ,

Vin =  4 ii(2 C -‘- i m - 2 Z ? } >
Vo

V_v * = ~  -  (X -  lY) - ~2Z  ;}. F2.13)
v6

while the functions of the conduction band are

Ul/2 \  2

V2
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CHAPTER 2, EXCTTONS IN QUANTUM DOTS 12

where the indices a  = 1/2, —1/2,3/2, —3/2 in (1-13), (1-14) are the com­

ponent of the total momentum (spin and orbital) of the electron or holes, 

quantized on the ”za axis- The expressions (2.13), (2.14) take account of 

spin by writing the wavefunction as a sum of products of orbital and spin 

functions, consistent with the double group.

2.3 Oscillator Strength in Quantum Dots

The size quantization effect of the absorption spectrum was studied theoret­

ically and experimentally. In the exdton picture for calculating the absorp­

tion coeffitient one needs to compute the transition dipole moment from the 

ground state $ 9to an excited state [131

a(tc) -  (2.15)

where P is a component of the dipole moment operator P

P  = Pi ~  E  l- lh )
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CHAPTER 2. EXCITONS IN QUANTUM DOTS 13

with

{W£fo)!fciW7(ri)} = (2.17)

Then the exdton transition dipole moment will have the form

(*.! W  = I  (2.18)

The transition dipole moment to the exdted state with n .l = 0,m  = 0 

for an exdton in a quantum sphere is

»i«,) =  J  dR ^^R )d > l5(Q)pcv

= ?c»Oi,(0)2v;2 /T - f^  (2.19)
n

We note from here that the oscillator strengths of exdtons in a quantum 

dot are concentrated on the low exdted states, when n is small. The oscilla­

tor strength is largest for the lowest exdted state, eg. for n = 1.
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2.4 Exciton Fine Structure

14

The spherical theory [1,2,3] predicted that in ZnS for example the lowest 

energy electron- hole pair state lS3/2lSe, or the band-edge exdton. is 8- fold 

degenerate. We recall the doubly degenerate Ts conduction band and the 

r8 four-fold degenerate valence band will give 8 exdton states. However,the 

deviation from the spherical model such as the effect of the anonsphericaln 

shape[9-l0] and internal structure of the crystal dot, as well as the electron- 

hoie exchange interaction [16] was also predicted by the theory. These effects 

will split the band-edge exdton into sublevels [18-22!. The structure was also 

observed within the first absorption feature in [IT] and implied the existence 

of the structure of the band-edge exdton [17,18].

These effects split the energy levels of the band-edge exdton into sub- 

levels. Theoretically, these effects are counted as small perturbations to the 

spherical model. In the larger dot. where the nonspherical shape of the 

nanocrystal and the anisotropy of the crystal are more important, the ex­

change interaction between the electron and the hole is considered to be 

sm all. Then, the band-edge exdton splits into two 4-fold degenerate states 

[9! due to the reduction from spherical to uniaxial symmetry. When the 

quantum dot is smaller, due to confinement of the electron and the hole, the 

overlap between the wavefunction of the electron and the hole increases and 

the electron - hole exchange effect becomes more important and the effect
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Figure 2.2: Energy level diagram of the ezciton fine structure (after Norris 
et of

of the nanocrvstal shape is iess. In this case the total angular momentum is 

the principal quantum number, and the band exdton splits into two states: 

a 5-fold degenerate X=2 state, and 3- fold degenerate N*=l state. In the 

intermediate size of the quantum dot. when both effects are included, the 

band-edge exdtoa splits into five states. The good quantum number in this 

case is the projection of the total angular momentum along the z-axis Nm. 

The five states are:one two-told sublevel with .Vm = =2, two two-fold sublevel 

with Nm = mL and two single states with,Vm = 0.

In Fig.2.2 is the diagram for this splitting, depending on the size of the 

uanocrvstai. is shown <2i ;.
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In the electric dipoie approximation the emission from the lowest band- 

edge exdton state Nm =  2 is optically forbidden. Because of this, the state 

is called the "dark exdton". Relaxation of the electron-hoie pair into this 

intrinsic, band-edge state, where the electron-hole pair can stay for a long 

time, can explain the long radiative lifetime observed in CdSe quantum dots. 

The transition from this state Mm =  2 to the ground state is one-photon 

forbidden, but a  phonon-assisted transition can occur, explaining the stronger 

L0 - phonon coupling of the emitting state and resulting the long radiative 

lifetime [21].

2.5 Doping nanocrystals

In bulk II-VI compounds, doping is used to obtain efident luminescent mate­

rials for many applications. To farther exploit the advantage of the quantum 

nanocrystal, efforts have been made to study the properties of certain impu­

rity ions in the nanocrystal. An impurity in the quantum dot was introduced 

by several groups [61, 67, 68, 69, 70, 71] with many interesting properties. 

Because of the confinement, the structure of the impurity level, and also the 

interaction of the impurity with the host all will change, and so the optical 

properties such as the probability of the optical impurity transitions, and the 

transition efidency are expected to have big changes. Nanocrvstals doped 

with transition metal or rare-earth elements have decreased concentration
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quenching effect since the resonant energy transfer among the luminescent 

centers is controled by the boundary of the nanocrystal.

Nanocrystals of ZnS doped with Mn have been claimed [61, 62] to have 

very strange properties. The doped nanocrystals w ee prepared by precip­

itation after reaction in toluene. Since nanocrystais sinter at extremiv low 

temperature, the authors [61] doped the nanocrystal during precipitation. 

To dope the ZnS, manganese chloride is reacted with ethyimagnesi urn chlo­

ride to form diethylmanganese in a solvent, and then added to the reaction. 

The separation of the particles is maintained by coating with the surfactant 

metallic add. The optical properties of these doped nanocrystais are then 

studied at room temperature with the band to band excitation to excite the 

M n2* emission. This particular system is claimed to exibit remarkable opti­

cal properties. Photoexcitation occurs via the s-p states of the nanocrystaL 

the excitation is transferred to the d states of the Mn ion, and then the 

emission can take place by transition between the d levels. But this opti­

cal process has high efficiency and a luminescence lifetime several orders of 

magnitude faster than in bulk ZnS:Mn.

The spin-forbidden *Ti —'5.4X was particularly studied and a  shortening of 

the luminescent lifetime horn 1.8 ms to 3.7 ns was reported when the system 

changes from ZnS:Mn in bulk to ZnS:Mn in a doped nanocrystal. Also, the 

enhancement of the radiative efficiency is observed to increase and to depend 

strongly on the size of the nanocrystais.
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Many explanations have been proposed for this strange effect,06, 71, 73{. 

Among then  is the enhanced hybridization of the s-p state of the host and the 

d-state of the Mn ioa[66j. It would enhance the transfer of the excitation. 

Another possibility is some surface effect on the Mn ion. But up to the 

present, there is no accepted mechanism for this effect. Actually, the problem 

now has produced a controversy as other experimental groups claimed they 

have not observed the same shortening of the lifetime for this transition. This 

will be studied in chapter 5. 74'.
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Chapter 3 

POLARIZATION IN POLAR 
NANOCRYSTALS

la  this chapter we propose the piezoelectric effect due to mismatch of lat­

tice constants in the surface of the nanocrystal as the origin of the perma­

nent polarization and the internal electric held, which are observed for the 

nanocrystals|25lIt gives good agreement with experiment.Other explanations 

wan also proposed.

3.1 Introduction

As described above, the spherical quantum confinement model with the ef­

fective mass approximation and an approximate treatment of the Coulomb 

interaction;*!,2; is presently accepted as the best model to describe the quan­

tum dot and the size-dependence of the optical properties of the quantum

19
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dot. The absorption features ana their size dependence are well described 

by this model [5,12,17]. Also, the observable fine structure of the band-edge 

exdton was predicted to result from the additional effects such as the non- 

sphericai shape of the dot and the exchange interaction between the electron 

and the hole [18,191

However, some observations give results indicating that there should be 

additional modification of the spherical model of nanocrystais [19, 22]. The 

Stark measurement [23] suggested the presence of a large change in the dipole 

moment during optical excitation. The detailed comparison 26] of one- pho­

ton and two-photon band edge spectra of CdSe nanocrystais suggests the 

presence of the internal electrical poiarization:]28-31] which lifted the inver­

sion symmetry. Some studies of colloidal CdSe nanocrystais by coating a 

CdSe surface with a layer of ZnS before capping with an organic base show a 

significant increase of photoluminescence quantum efficiency. The increase of 

photoluminescence partly can be explained by the difference of the band gaps 

( ZnS has a higher band gap than CdSe), but may also imply the existence 

of some ’ internal electric field3, which mixes the optical energy levels.
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3.2 Existence o f a Permanent Dipole Mo­
ment in a CdSe Quantum Dot

Recently, P. Guyot-Sionnest and co-workers [30] researched the one-photon 

and two-photon excitation transitions, and observed the similarity of one- 

photon and two-photon spectra in CdSe aaaocrystailites. But in the two- 

photon spectrum, the transition IS3/2 — lS e. which is parity-forbidden, has 

been found. Observation of the parity-forbidden transition strongly indicates 

that a spontaneous polarization exists in the CdSe nanocrystal, that is, some 

internal electric held exists that mixes the odd and even band-edge hole 

states, as the authors or 30: proposed. It also implies the lack of inversion 

symmetry of these nanocrystais.

In their later papers [331. these authors have measured the magnitude 

of this dipole moment by the method of dielectric constants. In their ex­

periment, the CdSe nanocrystais were syuthesied by injection of dimethyl 

cadmium and trioctylphosphine setenide in a  hot bath of trioctylphosphine 

and trioctylphosphine oxide. The size dispersion is further reduced by frac­

tional precipitation to the size dispersion between 5% — 10%. The authors 

get the diameters of 34*4. and 46.4 for two different kinds of nanocrystais.

The complex dielectric coefficient

f - n  j t \e = e —16

has the real and the imaginary parts relating to the dipole dielectric contri-
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bution following Debye’s formula [33] as:

£" -  r f c r *  '3-2’

where r  =  Arrfr^'.kT is the relaxation time and e* =  Am fPfZkT  is the 

dipole dielectric contribution, (i is the screened dipole moment, rg  is the 

hydrodynamic radaus, which is dose to the radius of the semiconductor semi­

conductor plus its capping lave:. e'e is a constant and y is the viscosity of the 

solvent.

Table I give results of their measurement. In [33; the authors obtained 

the dipole moments of 25 debye for the 17 Aracius nanocrvstal and 47 debye 

for 23 Aracius nanocrvstal. In the later paper [35 i, they report even large’ 

values of the dipole moments: 56 debye for the 34 Aradius dot and the dipole 

moment varies between 41-98 debye for the quantum doc sines they studied.

TABLE I. Results.

Semiconductor radius a 17 A UJ .“I.
Screened dipole moment ji 25 ±  2 D 47 a  5 D
Relaxation time 0.27 rr .03 its 0.7 =  0.2 .us
Hydrodynamic radius rH 29 ~  1 A 39 =  3 A
* ”sheer- 0.9 =  0.1 1.4 m 0.4
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i Jie measurements ot the conductivity showed that this dipole moment 

cannot be accounted for by the nanocrystal charge and indicated that the 

measured dipole is an intrinsic property of an uncharged nanocrystal and 

exists permanently by itself in the nanocrvstal. Also, the measurement of 

the dipole moment at different temperature shows that there is no thermal 

effect on the dipole moment.

We use the formula for the internal polarization[37i

Pq = -r e2)/4x/^ei (3-3)

where ei and e2 are the static dielectric constant of the surrounding matrix 

and nanocrystal, respectively, then the value of the internal polarization of 

0.7 and 0.9 nC fan2 is obtained for the 23 Aand IT A- radius nanocrys- 

tals, respectively. This result also implies the strong size dependence of the 

internal polarization.

In Fig. 3.1 the size dependence of the dipoie moment reported by [35] is 

shown. We see that the dipoie moment is increasing linearly with the dot 

radius.

Until now there is still no definite answer for the origin of the permanent 

dipole moment in the nanocrvstal. Bras and coworkers 27] show that the 

dipole moment is extremly sensitive to the detailed atomic structure and 

suggest that the origin of the dipole moment may be the lifting of the inver­

sion symmetry in the hexagonal lattice. Also recently. Bras and coworkers
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Figure 3.1: Size dependence of the dipole moment for CdSe

[27] measured the electrostatic charge and photoionization characteristics of 

a single CdSe nanocrvstal and came to the conclusion that the nanocrvstal is 

initially charged neutral as prepared, but upon photo excitation, it develops 

a positive charge, and the ionization rate depends linearly on the laser den­

sity producing the photoexcitation. They propose the ionization as a model 

for origin for the permanent dipoie of the dot, but since the lifetime of the - 

positive charge due to laser photoionization is different from the 3infinite 

lifetime" of the permanent dipole, they suggested that two kinds of charged, 

states can exist.

Guyot-Sionnest and coworkers [35] also suggest that the thermal induced 

charging may be one origin of the dipoie moment.
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In this chapter we want to examine another model, namely the model of 

the piezoelectric effect originating on the surface of the nanocrystal as the 

origin of the permanent electric polarization and electric internal field inside 

the nanocrystal.

3.3 Structure of CdSe Nanocrystais

The electronic structure and optical properties of nanocrystais have been 

described by by the spherical confinement approximation. So, the question 

about the real structure and symmetry of the nanocrystal is important to be 

considered. The deviation from spherical symmetry due to crystal structure 

(intrinsic hexagonal) would be some small perturbation to the model, and 

may lead to some changes in energy spectra or the selection rules of optical 

transitions.

The authors of [281 showed a micrograph of CdSe nanocrvstal from high- 

resoiution electron microscopy (HREM) and resonance spectroscopy. Their 

HREM data were collected on a sample of average diameter 65A. They were 

able to view nanoocrystais from different directions(Fig.3.2).

As the result of this work, the hexagonal shape of the nanocrystal was 

reported. The top and bottom sufaces terminate in polar (001) and (001). 

The (001) surface is purely cadmium terminated whereas the (001) is purely 

selenium. The resonant Raman depolarization data showed that the point
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Figure 3.2: a)HREM micrograph, o f CdSe nanocryszd viewed along [QQlj zone 
axis (c-axzs) of the vmrtzsie lattice. bjA Tianocryszd viewed along the [910] 
zone axis (perpendicilar to the c-azis)

group symmetry of electronic states of CdSe nanocrystal is not T. but rather 

are A and E. The fact that the triply degenerate T state splits into A and 

E states supports the point group assignement of Ca» for wurtzite CdSe 

nanocrystal

So. a CdSe nanocrystal has an hexagonal structure with a top purely cad­

mium terminated surface and a bottom purely selenium surface. It means 

that the CdSe nanocrystallite itself has no inversion symmetry. And of 

course, the coated CdSe nanocrystallite has: no inversion sym m etry  either.

d
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3.4 M odel for the Polarization- The Piezo­
electric Effect

The fact that the CdSe nanocrystal has the top surface purely Cd while 

the bottom, surface is purely Se is very important. Namely, when the CdSe 

nanocrystal is capped by another semiconductor shell, the Cd and Se in the 

top and bottom surface of the nanocrystal will couple with the ions of the 

shell to form thin layers of different materials in the top and bottom surface 

of the nanocrystal.

For a clear picture, we consider a CdSe nanocrystal capped by a ZnS shell 

and model the absence of inversion symmetry by the layer model in Fig.3.3. 

The ZnS semiconductor also can be described by the layer structure: a layer 

of Zn is continued by a layer of S, and again Zn, and so on. For CdSe coated 

by ZnS (Fig. 3.3a) we draw the layers of Cd, Se, Zn, S in detail. In the 

top and bottom surfaces of CdSe nanocrystal, the layers of the elements are 

in inverse order (Fig. 3.3b). The Cd layer (top layer of the nanocrystal 

surface) and S layer (the bottom layer of the ZnS shell) in the interface of 

CdSe and ZnS at the top surface are placed next to each another and can be 

considered as being coupled together, and so we have a  thin layer of CdS in 

the top surface of the dot. With the same assumption, the Se layer (bottom 

layer of the nanocrystal surface) and the Zn layer (the top layer of the shell) 

in the CdSe-ZnS interface at the bottom surface are placed next to each
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another and can be considered as coupling together to form a thin layer of 

ZnSe in the bottom surface of the nanocrystal (Fig.3.3c). The materials of 

those thin layers are different from each another as an additional indication 

for the absence of the inversion symmetry. Also, the materials of those thin 

layers are different from the material of the semiconductor shell, and the 

difference between the lattice constants of neighbor materials can lead to 

some strain existing on the surface of the nanocrystal [41?-

Based on this model we propose here a simple theory to explain the ex* 

istence of the spontaneous polarisation in the interface surface of CdSe and 

ZnS. In the interiayer bounding surface of a nanocrystallite, where different 

materials interface, there should be a strain caused by the difference between 

lattice constants of different materials. Because of this strain, the piezo elec­

tric effect will produce an electric polarization in the surface layer of the 

crystallite, which is proportional to the difference of the lattice constants. 

The lack of inversion symmetry is a condition for the existence of the piezo­

electric effect, and all these wurtzite structure materials are piezoelectric. 

So, originating from the piezoelectric effect, the spontaneous polarization in 

the surface layer has the form:

Att
P - e 14— . i  3.4)

u
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where e14 is the piezoelectric constant, u is some lattice constant. A u - the 

difference of the lattice constants of materials in surface layers. For simplic­

ity, we take Au  constant; in reality the strain will be distributed, i.e. Au  will 

be a friction of z. For CdSe coated hr ZnS. the value — is about 10% 39 ,■* a -1

and the polarization is rather large. We will assume elastic modulus Cn has 

its bulk value in CdSe. Note that we are assuming no free charge in the dot 

and only the lattice effect is considered.

3.5 Calculation of the Internal Electric Field

To demonstrate how this surface polarization can cause the internal electric 

Seld inside the coated dots, we use a simple geometric model, which is very 

close to the hexagonal structure of CdSe dots, but with higher symmetry 

(Fig-3-4).

Let us imagine that we have a spherical dot of CdSe, coated by ZnS. At 

the surface of this dot, where CdSe and ZnS interface, there exists a thin 

layer, composed of CdS in the upper half of the spherical surface, and ZnSe 

in the lower half To be similar to the hexagonal structure of the crystallite, 

where the polarization due to the piezoelectric effect is nonzero only in the top 

and bottom horizontal planes (Fig.3.4a), in our spherical model we assume 

that the piezoelectricity causes a nonzero P* only in the part of CdS surface 

(top) layer with angle 8 satisfying x/3 < 8 < 2 r/3 , and a nonzero P* only 

in the part of ZnSe surface (bottom) where — 2x/3 <  8 <  —x/3 (Fig.3.4b).
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Figure 3.4: The spherical roods! illustrating die hesagonai structure of
nenocrgstaLa} Hexagonal structure of a CdSe quantum dot capped bp a ZnS 
coat The polarization is «jfersn£ from zero onip fo r  the very top and very 
bottom surface. b}Spkericai modeLSurfocs polarization is isfTercni from zero 
onh teaere it szzsis in ike hexagonal structure. CdSe is inside, outside is 
ZnS. ike upper surface layer is CdS and the Lower surface leper is ZnSe.
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In ail other parts of the surface, the polarization, equals zero.

In other word, we write the expression for the polarization in the dot 

surface:

P  = P1© {#-x /3}e(2x /3 -S },

P  = P2e(0-4T/3)e{5~ 3-S), (3.5)

The dielectric constants of the dot, the thin layer and the coat are c», e2, 

e3, respectively.

Because of the lack of inversion symmetry, P i, P 2 will have the same 

direction.

Now we use the usuai electrostatic method to 2nd the internal electric 

field inside the dot due to the surface spontaneous polarization.

The surface charges due to the polarization m the inside (cra and outside

(cy) surfaces of the thin layer obey :

r a = P  • n = P cos 6.

-i, =  P - n' = —P cos y. (3.6)
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wick P given in (3.5).

Due to the symmetry of our model, it is easy to choose the electrostatic 

potentials and the boundary conditions for this coated dot system. The 

electrostatic potential for regions inside the dot, in the thin surface layer and 

in the coat are # 2, $ 3, respectively, which can be expanded in spherical 

Legendre polynomials:

$1 = y ;  Qj7~'P;(cOS 8),
I

* !  =  T . ( f t r 1 -  J r )  « ( c o j« ) ,

*3 = Z -Jh fifc o s  9)- (3.7)f r

where r is the distance to the centre of the cot, P> is a Legendre Polynomiai.o*. 

3ir 7i j are coefficients, 1 are non-negative integers. The boundary conditions 

at the surface a and b of the coated dot require the continuity of tangential 

components of electric field

- f d ^3 d6 T-i  =  -rd$-> b 0
■* T

- - 5 # 2 / ^ W  =  f3.3'
c  a
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and the discontinuity of normal components of the displacement

e2d ^ 2 /d^'r=a -  e id $ i /d 0  r=a =  - P c o s f f .

ezd^i/dd r=b — €’5^ 2, ^  =  P  cos S. (3.9)

(3.S) and (3.9) give the system of equations for the coemcients a/. 3i, ji, 

6i of the expressions(3.T). Replacing (3.7) into (3.8) and (3.9) we have the 

system of equations:

ctib1 = 3 $  -  -p 7 jj-*.

J L  -  q J
al~ I ~  Jt<1 Qi-I

| e 2 / c i _ ‘ 5 [  —  & 2 ~ — j ~~  — j  Pt(cosS) = -PcosB
L c *“ i

t I * - £*tl i — I j „
-€3 ^ — — 7  £2/3(0 — — ; Pi{cOS$) =  Pcosti (3.10}

Or * if ' ** J
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To satisfy ail equations in (3.10) simultaneously, ail cu, pi, ~it, 6{ with i == 1 

oust be zero. Then the electrostatic potential inside and outside the quan­

tum dot will be described by these coefficients foEows:

Vmt(r) = - r cosB (3.11)

where Vm(r) is the electrostatic potential at point r inside the quantum dot, 

and is the electrostatic potential outside the dot. From (3.10} we have 

a system of equations for a t ,0%,^ and Si

a-ih =  A 6 +  77 
IT

2 2rh
~  £̂ ~3 cJ fcV ' =  (Pi - P i  • ■ */ * *

3v 3 \

~e3 ~ S3
(3.12)
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we have a solution for a 3, the expansion coefficient of the potential inside 

the nanocry stailite as the following

a t = - a ( P  -  P2) {3.13}

where

a  =
3v3 2(e2 - e2h5 — 2e3as

8 j  2(€j — )(e2 -  e^ja^iP — (e2a3 -r 2e3a3}(e1A3 e2P)
(3.14)

Then the electrostatic notential inside the nanocrvstai will be ecuai to:

V  = —a(Pi — P2}cos0 (3.15)

It means that the internal electric held caused by the spontaneous polar­

ization in the narocrystallite dot will be linearly proportional to the sum oi 

Pi and P 2:

E = o( P i - P 2) (3.16)
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So, from (3.4) and (3.16), we have the polarization, is the surface and the 

electric Held inside the nanocrvstai due to the piezoelectric effect caused by 

the difference of the lattice constant of the material layers in the dot sur­

face. We will estimate the polarization and the electric Held numerically to 

compare with the experimental results 33

3.6 Numerical Estim ation and Comparison 
with the Experiments

In order to examine the amplitude of the polarization and the internal electric 

Held, we can evaluate P and E using standard parameters of CdSe and ZnS 

[381- The piezoelectric constant eM = 4.2 • lO^estt) [37-,[40]. For the lattice 

constants of CdSe. CdS. ZnS, ZnSe we take :

u(CdSe) = 6.05-4, u(CdS) =  5.83.4, u(ZnS) = 5.40,4,u(ZnSe)  = 5.66.4

so that in the upper surface? interface of CdS-ZnS } = 0.08, and in the

lower surface ( interface of ZnSe-ZnS = 0.05. Hence, resnectivelv. theV y »

polarization in the upper and lower surfaces equal P; = 3.3 - 103; esu) and 

P2 =  2.1 - iCPi’esu) (or P: = l.l/iC fa n 2 and P2 =  QJfiC'cm2}.

Taking dielectric constants e-. = 6.1, e2 = 5.3, £3 =  5-2, for a CdSe 

nanocrvstai of radius a = 20.4 and the surface thin layer h — a = 5.4. the
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coefficient a = 0.06 and the magnitude of internal electric field is about 

3.3 • IQ^esu) (or 4.8 - lQ4F/cm)-The field is rather large, and the effect can 

be considered important.

At presence there is still no experimental data for the magnitude of elec­

tric field of coated dot. But the data of bare CdSe dot can give us some idea. 

The predicted polarization and electric field are almost of the same magni­

tude of the data observed in [33,35], with some small difference. The reason 

maybe lies in the difference between the strain effects of the coated dot and 

bare dot in organic host. Another possibility, as some authors suggested, is 

due to the existence of the space charges distributed around the nanocrystal.

3.7 Summary

In summary, we have proposed the piezoelectric effect as the origin of the 

spontaneous polarization and the large dipole moment in nanocrystailites. 

We presented a simple model in which we used the absence of inversion 

symmetry in the structure of a wurtzite nanocrystal in. order to evaluate the 

magnitude of the dipole moment. We obtain a rather large internal electric 

field existing inside the nanocrystallite. This electric field exists not only in 

the coated dots, but in all nanocrystailites, which are put into other materials, 

because of the strain in their surfaces. The existence of the internal electric
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field and t ie  absence of inversion will change the electronic structure, mix 

the optical levels and give new results in one- and two-photon transitions, in 

the Stark effect of exdtons and other optical effects.

The calculation was made for the coated dot. We expect that for the pure 

semiconductor dot there should exist the strain on the dot surface also due 

to the mismatch of the lattice distances between the dot's material and the 

organic coat, but this requires further research.

Just after finishing the work, we received the experimental data [411 con­

firming the presence of the strain in the core/ shell surface. Working with the 

CdSe/CdS core/shell nanocrystais with the lattice mismatch between core 

and shell of 3.9%, authors of[4h have observed the presence of a strain up 

to 50A. They have seen the obvious effect of strain, such as the peak shift 

toward larger d-spadng.

This supports our proposed model of thin layers with different lattice con­

stant changing from core to shell. The authors off 41; noticed that 3the strain 

in nanocrystais should involve a larger volume traction than in a superlattice 

and have a correspondingly larger erect on a XRD patterns5.
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Chapter 4 

QUANTUM DOT ARRAY IN 
AN ORGANIC HOST

In this Chapter, we present a theory for a new inorganic-organic hybrid 

exciton state, which appears when an array of semiconductor quantum dots is 

embedded in an organic medium. The hybrid exciton has uniques properties, 

which the Frenkei and Waanier-Mott exdtons separately do not have, for 

example, it has both the large exciton radius and the large oscillator strength, 

and high non-linear optical susceptibility 42,43 .

4.1 Introduction.

Development of innovative growth techniques such as molecular beam epi­

taxy and the realisation of systems in two-, one- and zero-dimensional con­

fined geometry made it possible to have many newly developed organic and

40
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inorganic structures with very interesting pxoperties{44,45j. The growth of 

organic multilayer structures analogous to semiconductor (inorganic) super­

lattices has been made in several groups; 46-48). This recent progress opens 

a new field of research for investigation of the optical properties of such 

systems, which is very promising from both the technological and the back­

ground scientific point of view. In particular, the possibilities of combining 

organic and inorganic materials in one heterostructure lead to a series of 

investigation of a new type of hybrid excitation in such systems;49-52).

In a solid, the exdtons play an important and fundamental role in optical 

properties, espedaiiy for the optical processes happening close to or below 

the band gap. As said in Chapter 2, the exriton is a bound state of an 

electron and a hole, which is created by light. By Frenkel’s definition, exdtons 

are electron exdtation waves which do not carry electric current. There 

are two different kinds of exdtons in solids: the Frenkel exdtons and the 

W arm er- Mott exdtons. The Frenkel exdton is the electronic state of a 

molecular or strongly ionic crystal, where the electrons and the holes are 

situated on the same molecule or atom. The lattice constant of the molecular 

crystal is very small, a ~  5.4 , so the Frenkel exdton can be considered as 

a small radius exdton with s r  5.4. Another case is the Wander-Mot: 

exdton in the semiconductor. Within the effective mass approximation for 

the two -particle system with the Coulomb electroa-hoie interaction, the 

Wander-Mott exdton can be represented by the hydrogen-like waverunction.
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The typical eiectron-hole distance is large, and the Wannier-Mott exdton is 

relatively weakly bound with the Bohr radii ag  ~  100.4 in III-Y materials 

and ag  ~  30.4 in II-VI materials. So. the Frenkel exdtons are also called the 

small radius exdtons, while the Waunier Mott exdtons are the large-radius 

exdtons. Because of their large radius, the interaction between the Wannier- 

Mott exdtons is very large, while the interaction between. Frenkel exdton 

in different sites can be neglected in many cases. The Frenkel exdtons have 

very strong oscillator strength, which is comparable to the oscillator strength 

of the molecule, while the oscillator strength of an Wannier-Mott exdton is 

much weaker.

The exdton resonance is reached when the exdton density equals the 

saturation density, i.e when the exdton wavehmctions begin to overlap each 

other. The small radii of the Frenkel exdtons lead to their very large sat­

uration density so that the extitonic resonance in organic material is very 

difncult to achieve due to too high concentration which is accessary. In con- 

strast to that, the optical noniinearity of the Wannier-Mott exdton can be 

large at rather low saturation density n, — I; rag  .521

The differences between the Frenkel exdton of organic materials and the 

Wannier-Mott exdtons of semiconductors gave scientists the idea to form 

the systems having some hybrid exdtation states which has the composite 

properties of both kinds of exdtons and in this way to overcome the limitation 

of each kind of exdtons. Thus, one expects to have an hybrid exdton with
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the large exdton radius of t ie  Waanier exdton but possessing the large 

oscillator strength of the Frenkel exdton. Then the hybrid state can have at 

the same time the large optical resonance nonlinearity and the low erdton 

saturation density. By combining the organic and semiconducture in one 

heterostructure system one expect to have the exdtation state with all t ie  

major properties of both kinds of exdtons.

To realize this idea, physicists propose systems with different geometrical 

configuration of organic-sem:conductor ma£erialsj49-52i so that the Frenkel 

exdtons of organic material and the Wannier-Mott exdtons in semiconductor 

are in resonance of each other, and interact with each other by the dipole- 

dipole interaction at their interface to form the mixed state.

The very first effort in this field is the mode! of nanostructure consisting of 

a neighbouring organic quantum well and inorganic quantum well 4S . The 

resonant interaction of two kind of exdton at the interface of two 2D quantum 

wells leads to strong mixing and to the apperance of new states with, the 

large exdton radii typical for Wannier-Mott exdtons, and the large oscillator 

strength typical for the Frenkel exdtons. The dispersion curves shifts the 

rnl-nlmnm away from the center of the Briilouin rone, which is expected to 

influence the optical properties. The dipoie-dipole coming decays very fast 

with increasing the mterweii distance. The new hybrid states exists in a 

large region of exdton wave vectors, but disappears in a range of small two- 

dimensional exdton wave vectors. Another configuration is proposed 50 .
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where the authors study the exdted states iu parallel neighboring organic 

and inorganic semiconductor quantum wires. For this geometry, the hybrid 

exdton state is different from, zero even for zero wavevector. Recently, in 

[51] the interesting model of a single semiconductor quantum dot with an 

organic shell was also proposed and the strong mixing was found for the 

weak confinement regime in the limit of dot radius Rq >> as  (exdton 

Bohr-radius). For these models, the authors predict a large enhancement of 

nonlinear!ties at resonance, in some cases it is about two-orders of magnitude 

in comparison with the traditional systems.

As a new model for the heterostructures, where the resonant mixing of 

Wannier-Mott and Frenkel exdton can appear, we propose here the system 

of a semiconductor quantum dot array embedded in a medium of organic 

material. Such structures were reported to have hem fabricated in several 

labs 47,48].

As was said in chapter 2, the oscillator strength of a quantum dot increases 

proportionally to the radius of the dot. So the optical non-linearities should 

also increase with increase of the dot radius as long as the quantum size 

effect of the zero-dimensional quantum dot still works. When the quantum 

dot radius is too large, the exdton energy becomes continuous as in the 

bulk semiconductor, the quantum size effect does not work any more, and 

the non-linearities stop increasing with the increasing of the dot's size. So, 

there is some size of the quantum dot, where the non linearities archieve the
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maximum value, which, is the limitation that the pure dot cannot overcome.

It is already known [54_ that when many quantum dots are arranged 

together in an array, due to the multipole interaction of exdtons in different 

dots, an exdton inside a quantum dot can be considered as not localized 

in that dot, but it can propagate through the lattice via the mechanism of 

exdton transfer processes. So, the quantum dot array can help to overcome 

the above limitation and can enhance the optical non linearities in the system.

When we place such a dot array in an organic material, due to the inter­

action of this propagating exdton with the medium, a new hybrid exdton 

state will appear in a system. This hybrid exdton, which is a mixed state of 

the transfer exdton and the Frenkel exdton of the medium when these are at 

resonance, also has a large exdton radius ( because of the large Wannier-Mott 

exdton radius) and a large oscillator strength (because of the large oscilla­

tor strengths of the both Frenkel and transfer Wannier-Mott exdtons). The 

small mass of the transfer exdton then leads to a large coherence length of 

the system. This fact, as well as the hybridization, will give us a very large 

optical non-linearity. It may also give unusual transport properties, but at 

the time of writing these have not been investigated.

In section 4.2 we present our model to get the hybrid exdton Hamilto­

nian. The hopping coemdent of the exdton in different dots and the Wannier- 

Frenkel exdton coupling constant are described in section 4.3 and 4.4. The 

nonlinear optical susceptibility and its dependence upon the system param­
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eters are obtained in section 4.5. along with an estimate of the m agnitude of 

the non-linear coefficient for a typical system.

4.2 The M odel.

We consider a nanostructure consisting of a three dimensional array of semi­

conductor quantum dots placed into some organic material as a host medium. 

The size of the system should be considerably smaller than the wavelength 

of light that corresponds to the transition between excited and ground state 

[51]. As an approximation, we will consider here the ideal array with dots of 

the same radius R  and the same dot-dot spacing d. The excitations in inor­

ganic semiconductor quantum dots are the Wannier Mott exdtons, which will 

interact with the Wannier-Mott exdtons in other dots through the dipole- 

cipole interaction. The Frenkel exdton in the organic medium is represented 

as an electronic state o ‘ the crystal where the hole and the electron are sit­

uated at the same molecule.

The total Hamiltonian of the system will be taken as follows:

H = H«- - H f -  (4.1)

where Hw is the Wannier Mott exdton Hamiltonian, which consists of terms
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for a free exdtons and for the hopping between the exdtons in different dots:

Hw — T  -5a aa ° a  -F 5Z ^ a » ( aa ^ ’ ~  ^•c-) (^--)
rU nffU'

where a#, (am) are creation (annihilation) operators of Wannier exdtons 

in quantum dots. Index I labels the exdton states and n indicates the sites 

of the dot in the dot lattice. Here we assume that the dots are distributed on 

sites of a three-dimensional lattice with the position n = (n* .n ,,n .) of each 

site in (x,y,z) coordinates, where the distance between the sites (the "lattice* 

constant) equals <L For simpiicty we assume a cubic array, i.e. the number 

of dots in each directions N~, .V„ N. is the same .V* = = Nz = N.

The Frenkei exdton Hamiltonian can be written in the following form 

■49;-.

= E t S s t o i N .  («)

where hr . (or ) are creation (annihilation '< onerators for the Frenkel exd-cra ' *”»' ' '

ton in the organic medium with wave vector k in the m^-exdton state. Note 

here that because the Frenkei exdton is localized, the Frenkei exdton energy 

in the wavevector expansion 4.3 depends on k very weakly.
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T ie  interaction Hamiltonian between the Wannier Mott exdtons in the 

dots and the Frenkel exdtons in the medium has the form:

Hmt — 9lra{rn, j{arâ km. J ( -- -)
mlnjc

In (4-2) and (4.3) £ |f  and ££^ are the exdtation energies of Wannier exdtons 

in the dots and the Frenkel exdton in the host medium, respectively.

As was said in Chapter 2, for the Wannier exdtons confined to a dot, 

or quantum sphere, the oscillator strengths are concentrated mainly on the 

low exdted states. So, with no loss of generality, and in order to simplify 

we will consider only the interaction of the two lowest states of exdtonsf the 

ground state and the lowest exdted state). Also we assume that the energy 

difference between the energy levels Ee amd E w is much smaller than the 

distance to other bamds.

Simifn: k) is the coupling constant of Wannier and Frenkel exdtons, and 

i&?u‘ is the hopping constant between Wannier exdtons in the dots. This 

hopping constant, which has its origin, in the multipolar interaction of exd- 

tons in different dots, in general, is different in different directions because of 

the direction of polarization. Here we assume only nearest dots interact with 

each other, so the hopping constants for the nearest dots in the x, y, z direc­

tion are tx, iy, i z, respectively, where e.g. t~ =  Usm* if iT =  (r„ — 1, n ,,n .)
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and I, I' are the label of the lowest energy levels, and similarly for

Because the dot radius is approximately equal to the ground state exdton. 

Bohr radius for the systems under consideration, we assume there exists only 

one exdton in each dot, so we omit the exdton-exdton interaction in the 

same dot. Then we have for the hopping term:

Hhop — E E -̂S i*-
tlr

Changing to k-space by Fourier transformation with:

Here d is the distance between dots, k =  {«s, £.} is the wave vector

of the exdton in the coupled dots. The Fourier transform of i-A v. i z will 

be t{fes},t(fe?),t(«I), respectively. Then we obtain the Hamiltonian for the 

Wannier- Mott excton including the transfer exdton process in different 

dots:
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dtf V i C ^  -  e * > > £ « «  -  i ( k } { e - ^ 0 -  (4.

so we have:

Hw -  E* {k)*uaid ~ ZY. Y  }iK)z°sk4-
kJ. I
—i^ky)cashed-r i(kz) cas k-^ajj-ag (4.8}

The Fourier transformation for the dot-medium coupling constant piTO( r*. &} 

wiii be the following:

S**(r«t k) =  Y  [«*?*(«*&* ~  ~  ^s&.d^GfaiCfc'. *)• (4-S)

Notice here that it one makes the translational transformation with a lat­

tice vector L in the lattice, due to the exponential forms of the Frenkel and 

Wannier exdton state functions, one will get, by translational invariance, 

H i exp i( it — k')L =  E{k — k’). So the coefrdent G ^Jk.k ')  will he different
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from zero only if k =  fc'. Then instead of G ^ k ,  k') we can write the coupling 

constant as Ghm.(k) and omit the sum over t .

Then we get the total Hamiltonian (4.1) as:

it mi

;« # >
rttik

where E& (k. 1) is the energy of the Wannier-Mott exdton inducing the hop­

ping transfer process as in (4.8).

In the perfect confinement approximation 1,2(. the exdton wave functions 

must vanish at the boundary of dots, and the energy of the Wannier exdton 

in the spherical quantum dot has discrete values according to the zeros of 

the Bessel function. Then the energy of the Wannier exdton confined in the 

dot with quantum number {n, 1} is

* . 2 2
rW/t* — F — F6 — 11 "k* ,'i n  ‘! K; ^3 *~ext fp '

where E , is the band gap. is the exdton binding energy, and -v  is 

the n-th zero of the spherical Bessel function ji(x) of order I, which depends
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on the magnitude of the dot radius R. Here Mc* is the effective mass of the 

exdton. The lowest exdtation in the dot will be the state with / =  0. n = 1. 

As we consider only the lowest exdton state, from now on we will omit the 

index I of the exdton state. In writing the expression for E% (k; we are 

assuming the dot is spherical as a good approximation to the actual shape. 

For kd small, the total Hamilton (4.10) can be written as:

^ Y , G(k)(ai h  + H bz)  u -12)
fc * *

Tr(Jcl6~k°i

Now we call E ^ (k )  the transfer energy of the Wannier exdton of the semi­

conductor dot array:

E g{k) = E w  ~  2T ' i i k )  - * £ « ( * ) £ ,  (4-L3)
x i

where : =  {x.y.

Equation (4.12) describes the system of Wannier exdtons and Frenkel 

exdtons, interacting with each other. Besides the exdton energy in single 

quantum dots, the energy of the Wannier exdton in the quantum dot array 

also induces the large transfer energy between two nearest quantum dots in 

the array.
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We notice that because of confinement, the energy and the state of one 

Quantum dot cannot be described bv the wave vector. B it the energy and 

the state of the transfer exdton in the quantum dot array does have the k- 

vector dependence and we will need to indude the dispersion relation for the 

energy of this transfer ocdton. This energy strongly depends on the value of 

the hopping constant t(k') and the direction of the polarization vector of the 

exdton. which we will investigate in the next sections. The presence of the 

transfer exdton allows us to change the energy region of the resonance and 

also the optical properties of the hybrid exdton.

So in our model the semiconductor quantum dot array embedded in an 

organic medium can be interpreted as foliows: the Wannier exdtons in quan­

tum dots interact with each other to form a kind of transfer exdton prop­

agating through the lattice This transfer exdton in its turn is coupled at 

resonance with the Frenkel exdtons in the organic medium to form an hybrid 

organic-inorganic exdton state.

In our model we consider the exdton-exdton interaction and the hy­

bridization as the prindpai effect, so here we omit the potential scattering 

between the dot arrav and the medium and leave it for future reseach.
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4.3 The Hybrid Exciton State

We consider the case where the energy separation between the Wannier-Mott 

exciton and and the Frenkei exdtons is much less than the distance to any 

other exdton band, and seek the mixed state only between the two nearest 

bands. As a basic set we choose the mixing state so that when the Wannier- 

Mott exdton is exdted, the Frenkei exdton is in its ground state, and when 

the Frenkei exdton is exdted, the Wannier-Mott exdton is in its ground 

state.

We write the new hybrid exdted state as the following:

i m  > =  -  M W " {OJi’t f W  > (4-U)

where Tiw(k) and are exdted states and fHr{0),f* (0) are ground

states of the Wannier exdton in the dot array and Frenkei exdtons in medium, 

respectively. Since we will consider only the lowest exdted states of the ex­

dton, so horn now on we will omit the indices I and P. The coeSdents u(k) 

and vfk) have the following form after making a Bogoiiubov Transformation 

from operators a^. a* and ke7 bj~ to new operators a*, :
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u(k} =  m _____________
{ 'E F[k) -  E Z (kf*  +  G2{i)p ''2

_ £f(i) -  g ( t  5 , . 15,
H i  { ! £ ' ( * ) - £ ? ( * ) ? - G W }1' 2 '  1

Thai in term, of hybrid operators a^. a - , the Hamiltonian in equation *4-12) 

can be written:

i r = £ £ ( i : ) a ; a . -  (4.16)
t

with the energy E (k) of the hybrid state given by the following dispersion 

relation:

E(k) = l/2 {£ r {fc) -  =  l/2{-£F(i)  -  £*{E)j»-4G *(i)}, ' J S4.17)

Due to the weak dependence of the Frenkei exciton energy upon the k- vec­

tor. the Frenkel exciton energy may be taken independent of the wave vector 

k. EF(k} =  £ F(0). We can see from {4-17} that the existence of the array of
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dots, which results in the appearance of the transfer exciton energy E™(k), 

enhances the coupling between these two kinds of exdton at resonance, i.e., 

the gap between two hybrid exdton branches becomes large. The coupling 

will be strong when EF(k ) and E™(A) are in resonance. So. the resonance 

coupling behavior depends strongly on the hopping coemdent t{k) and the 

hybridization coeSdent (7(A), which we will investigate in the next sections.

From (4.16) we can obtain the average exdton radius of the new hybrid 

exdton:

=  j u ( A ) i 2 a w  -  W k )? a P ( 4 . 1 8 )

where a»*. ap are the radius of the Wannier-Mott exdton and Frenkel ex­

dton, respectively. As we said, a»- >>  a? and for strong hybrid state we 

have a-nybnd ~  ‘a(A)paw- And since u(A, depends on the coemdents Gfk) 

and t(k), the hybrid exdton radius is also dependent on those coemdents.

4.4 Hopping coefficient t ( k )

The hopping coeSdent i( A) is in fact the transfer energy between two nearest 

dots in the dot array and plays an important role in the processes occurring 

when a dot array is placed in an organic medium.
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The transfer energy is estimated as the electrostatic interaction between 

exdtons in dots [54]. Dae to the existence of ’’confined3 exdtons, each dot 

has its transition dipole moment, which will interact with the corresponding 

moment of another dot when the distance between dots is comparable to the 

dot radius. As mentioned above, for one isolated quantum, dot the oscilla­

tor strength is concentrated mainly on the lowest exdted states and so we 

assume that only the transition dipole moment to the lowest exdted states 

are involved in the interaction for an array. This multipolar interaction is 

intrinsically strongly short-range, and dependent upon the distance between 

dots.so we use here the nearest neighbor approximation.

Now consider the electrostatic interaction between exdtons in two spher­

ical quantum dots:

t(k) =<  Wt{k)\B±*W ,{k) > (4.19)

where Wi(jfe), are the exdton wave functions in two dots.

w t(k) >=  ■— f  d f i f  * ;(f« )# r{^ )< iP cA ;o  >
V'o j
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where d ir f1) is the relative elect ron-hole motion function, f f 1 =  ra  -  r^ , 

■s(t) is the exdton envelope function, fa , ^r^}, are :~e co­

ordinates ana creation operators of electron (hole) in the dot, respectively. 

Vs is the spherical dot’s volume. The exponent e1** can be expressed in terras 

of spherical harmonics [58].

s_tfcE =  4 x £  ^  (~ i? ] t ( ’>rr}Yi'm'Yim.
U' m,m'

The envelope function for the exdton inside a spherical dot depends on 

the radius of the dot and has the form [1,4]:

- t - \  _ v  re .  \ - 1 ” ••jnim — ^t) > \ v**-—- !
R ’2]nl-U7at)

where r.* is the electron-hoie relative coordinate and r is the center of mass 

coordinate of the exdton. H4 - 4  is the interaction Hamiltonian between two 

dipole moments in these two dots. In our case the distance between two dots 

is larger than the dot radius d > rL so the interaction can be coastdereu 

approximately as the ordinary dipoie-dipoie interaction. But wnen the dot 

spacing is of the same order as of the dot radius, we have to consider the 

multipolar interaction. Neglecting the higher orders the interaction between 

two quantum dots can be written in the form:
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Hi i  = J  %r-Pz){rpi) + (f.-P zV  ,x m

where pi,pz are the polarization vector of the Wazmier Mott exciton in the 

two dots

?t = Mo *e(re),*k(rik)i -  O.C. (4.23)

is the optical transition dipoie moment of the Wannier-Mott exciton. 

Put (4.22), (4.24) into (4.21), and then after some calculation we obtain 

for the hopping coefficient between two spherical quantum dots:

pni{rj is tae quantum cot exciton envelope junction. ,a-_, are transtion crpoie 

moments to the excited state (n. I = Q.m = 0) for the quantum dot spheres 

1 and 2, respectively. n t2 is the unit vector directed along the straight line 

connecting two exritons, which due to the small dot radius we can approxi­

mately treat as directed along the line connecting two dot centers. / „  is the
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integral:

f J M )  =  j  f  C 4 - 2 5 )

The integrals are taken over the volume of the two dots.

For the exciton polarization parallel to the direction connecting two dot 

centers:

i, -  (*26)

For the exciton polarization perpendicular to the direction connecting two 

dot centers the hopping coefficient is equal to:

•i _ JL M'.l ;  f as'2 ;< <17',*•_ — '? jrisyr* j \ —  * /

The hopping constant depends strongly on the polarization direction of ex- 

chocs. Also, the transfer energy (A. 15) depends on the direction of k-vector 

and relationship between the k-vector and the polarization mode of the ex- 

dton. The longitudinal and transverse modes have different energies.
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For the transition dipole moment to the excited state (n, 1 = 0, m = 0) of 

the spherical quantum dot we have:

foW2
S ’ =  — — ©isvOJpcsi?3'3 (4-28)

TIT

Hence, from (4.24) - (4.27). the hopping coeSdent t  depends on Rid, so 

we can change the dot separation d with respect to dot radius R in order to 

determine the optimum t for the strong hybridization state.

4.5 Hybridization parameter G(k)

The organic medium can also be described as a lattice, with organic molecules 

occuDving everr site. The Frenkel exciton can move between the sites. 3e- 

cause of the small ’ lattice constant’ here, the organic molecular lattice can 

be considered as a ’microscopic" lattice in comparison with the macroscopic 

size of the dot lattice. The organic ’ lattice constant31 is of order 5.4., while the 

dot radius is about 30-100 A and the dot lattice constant is usually around 

60-500 A. The resonance coupling of Frenkel exdtons in the medium and 

Wan trier exdtons in the dot array is determined by the interaction parameter 

[49]:

G{k) = <  F, k > (4.29)
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where the interaction Hamiltonian is taken similarly to 1. 3. 4-

Htni = - y t E(rn;P{rn'J (4.30)

Here E(rn) is the operator of the electric held created at point rn in the 

organic medium fay the exdtons in quantum dots. P(rn) is the transition po­

larization operator of the Frenkel exdton at molecular site rn of the organic 

medium.

If the static dielectric constant of the semiconductor dots is Ci; and of the 

organic medium is £3, the field at some point rR outside of the dot, created 

by the exdton in the dot located at r is:

t*.« 3et 3 * tco s0 -£  C/._ ,  , . . , „  / f01 ,E{r  -  r n j  =   ----- ;-------- :----------— p a ^ r }  -  r ;> ‘ 4 .3 i-t
2e2 — 61 {r — r.«/

P(rR) is the polarization operator of the i-renkel exdton at molecular site

~ M 4-*; V~’
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jiF is the optical transition dipole moment of the organic molecule. The 

Frenkel exdton wave function is written in the form:

tf*(rn) is the exdted state of the molecule at site rn. Putting (4.32) - (4.35) 

into (4.31), we have the expression for the hybridization coeffident of the 

semiconductor quantum dot and the organic medium

G(i;  = (4.34)

where 9 is the angle between exdton transition dipole moments of the quan­

tum dot and the organic molecule, and

O J i )  = !  t ^ ' x U r ' W  I  A  - 35)
J Me&aan. J DoC r  T  — *
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The first integral is taken over the dot and the second one is taken over 

the volume of the whole medium.

For illustration a numerical calculation was done for some samples. Fig. 

4.2 shows the hybrid exciton dispersion curves plotted for ZnSe dots embed­

ded in a standard organic material. The parameters were taken as ag =  

30 A, = 5D, N  =  5. In Fig 4.1 two branches of the hybrid exciton are plot­

ted for an array of dots with radius R =  40:4. and the dot lattice constant

<f = 80A.

4.6 Non - Linear Optical Response

In the presence of the external electric field

E(r) =  E oe^ ' (4.36)

the interaction Hamiltonian of the electric field with the hybrid exdton is 

described in the following form:

Hmt = Ef i \ [  _ I  dr (4.3?)
Im Afesnzm J Dot i
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i

Figure 4.1: Hybnc Ecciior. Dispersion czictdcted tor ZtiSe dots placed in un 
organic materiel The dispersion came is plated for dot radius & =  35.4 and 
dot spacing i  = 200.4
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T ie matrix element consists of two parts: t ie  Wannier Mott exdton ma­

trix dement and t ie  Frenkd exdton matrix element:

< a , kiH^lQ >= E ^ d k )M p  -  v(k)M *l (4-38)

where M F and M w is the optical matrix element of the Frenkd exdton 

and W annier exdton. respectively. In the region of mixing, the oscillator 

strength of the hybrid exdton is determined as:

m  =  M M ) f f  *  H i ) f r  (4.39)

Both components, the transfer Wannier and the Frenkel exdton. give con­

tributions to the oscillator strength of the hybrid exdton. Due to the con­

finement effect of the exdton in one single dot as well as the transfer exdton 

coupling between dots in the array, the Wannier transfer exdton osdilator 

strength may achieve a value comparable to that of the Frenkel exdton. 

which is very big due to their small exdton radius and small molecular lat­

tice constant- So, placing of many semiconductor dots in an organic medium 

leads to a large oscillator strength, of the hybrid exdton. At resonance, the
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oscillator strength of the hybrid state is determined by its Frenkel exciton 

component.

From the above result, we see the hybrid exdton has both the large ex­

dton radius and large oscillator strength. The large radius leads to rather 

low saturation density, and so we have at the same time the large oscilla­

tor strength and the low saturation density, which promise the large non- 

linearities of the state.

As already noted in [53* and can be seen from (4.15), the Wannier transfer 

exdton has a rather small translational mass, which depends on the hopping 

constant and the number of dots. For instant, for the simple case where we 

assume all t- =  tg =  tz =  i, comparing the (4.15) with the energy formula 

E  =  h2kr;27n, we have the formula for the so called translational mass

M =

This translational mass depends on the hopping constant between dots and 

the cot-dot sparin g , and it will be a few rimes smaller than the ordinary 

reduced eiectron-hole mass.

This small translational mass is one reason for a large coherence length, 

which is related to the homogeneous linewidth of the exdtonic. transition.: 54!
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M is the exdton translational mass (4.42) which, we can. control by chang­

ing the system parameters namely dot radius and dot spacing. F*. is the 

linewidth of the exdton V is the volume of the whole system. is the

volume of the organic host, and Kwi is the volume of one cell in the organic 

lattice. Notice here that we consider the case where the sample size is smaller 

than the coherence length, so the size dependence appears as in (29).

In the presence of an electric field, the third-order susceptibility can be 

calculated using standard pertubation theory 56-60\  By definition the third- 

order non-linear optical polarization of an exdton is written as:

< P « ( r 5f) > = f ? ) 3 f  i t ,  f  i t 2 r  i t3 < P(r,t)[lT{ti),
\  fl /  J _oo J —oo J -oc

: j r ( t2)v [ff'(t3)}poFi> (4.42)

Each term in the above integral, consists of the contribution from interme­

diate states, which can be one-exdton states or two-exdton states. In the 

vicinity of an exdton resonance, however, it is found 53 that the magni­

tude of x*3'5 can be safely approximated by the contribution mom one-exdton 

states only and can be approximately computed as:
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— ^ - 4 ? — =— m  (*•«>V \2m ow , J {uj —«j — — uj — iy,,)

where V is the system volume, are the longitudinal ana transverse

relaxation rate, hu is the lowest excitation energy of the hybrid exdton. f x t 

is the exdton oscillator strength. The summation is taken over all the exdton 

levels lying within the homogeneous Iinewidth of the ground exdton state. 

The oscillator strength is determined by the coherence volume (4.43), which, 

is related to the homogeneous iinewidth. which reflects the energy fluctua­

tion of the exdton state. So, the oscillator strength of the k=0 exdton state 

is redistributed among ail states within the homogeneous Iinewidth and is 

written as:

h  = M t f - . m *  {«•«)

where / 0 is the oscillator strength {4.41 )of the baad-to-band transition, and 

c(0} is the envelope function of the exdton.

Considering only the resonance case and neglecting contributions from 

the other nonresonant levels and taking into account (4.4I)-(4.46) we have 

approximately the result for the optical nonlinearity of the hybrid exdtons:
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(!• — r*i<) 
(4.45) ‘

Yudam  is the volume of the organic host, and Vlw> is the volume of one 

ceil in the organic lattice. The result (4.45 j includes the contribution from 

the lowest exciton state.

The value of x ^ ( w) '-n (28) at resonance may be very large. By changing 

the number of dots and other parameters of the array, one can control value 

of the non-linearity.

Also, we have to note here one more factor for the optical non-linearities. 

The figure of merit of the exciton is defined as the relative change A \/x  

of nonlinear susceptibility in the presence of a pump density IP. And the 

relationship between the figure of merit and the saturation density and the 

coherence length can be written as the following:

V ̂ Of? *£'■  ~  -\ici ~
d r ' A s

So, the increase of the coherence length leads to a large figure of merit of 

the exdton. and, associated with it. low saturation density. large exdton

[U! —Ui —
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resonance oscillator strength and the large non-linearity 531

4.7 Illustrative Calculations

Here we present some numerical results for ZnSe dots.

In Fig. 4.2 the third-order non linear susceptibility of ZnSe quantum dot 

lattice embedded in an organic material is plotted for several different dot 

radii and dot spadngs. We use here the following typical parameters of or­

ganic and semiconductor materials: vF = 100-4, = 5.4, ftF — oD.uxg =

3GA, £ f (Q) — £^(0 ) = 5meV\ We see that at resonance, e.g. where the 

hybridization is strongest, we have very high peak of nonlinear susceptibility 

with the enhancement of about 5 orders of magnitude in comparison with 

that of the Wannier exciton. The nonlinear coefficient is larger for smaller 

dots and closer spacing between them. Also we expect that disorder in the 

semiconductor dot array will decrease the enhancement effect, but this re­

quired a separate investigation which has not been carried out yet.

4.8 Summary

We presented in this chapter the possibility of creating systems which offer 

a strong resonance coupling of Frenkel and Wannier exdtons to obtain an 

hybrid exdton state with the spedal properties of both kinds of exdton.
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9u
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Figure- 4.2: Third-order r.arddzear snsceotihiliirj for the hybrid exczion scats 
o f ZrsSt dots in ormmsc rrjzisried. We picz the suscsptszriaiy verszs ra re  - 
rector. Note that there is a very szcnifazr.z erhar.cerzsr.z of \ s' . Fiats are 
for dzjjsrsnt dai radios R and sepcrczior. d
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i.e.having large exciton radius as well as large oscillator strength. In addition, 

we can control the expected resonance parameters by changing the number 

of dots, their radios, the distance between them, and the dot radios and dot 

separation ratio.
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Chapter 5

MANGANESE-DOPED
NANOCRYSTALS

In this chapter we will present oar study of Mu-doped nanocrystals ZnS. We 

will consider the effect of an extra electron in the doped quantum dot ZnS  : 

M n2~ . The effect of Coulomb interaction and exchange interaction between 

the extra electron and the states of the Ms ion will mix the wavefuuccions, 

split the impurity energy levels and break the previous selection rules and 

change the transition probabilities. Using this model of an extra electron 

in the doped quantum dot, we calculate the energy and the wave functions, 

the luminescence efficiency and the transition lifetime and compare with the 

experiments.

74
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5.1 Introduction

75

In contrast to undoped materials, the imparity states in doped nanocrystal 

piavs an important role in the electronic structure, transition probabilities 

and the optical properties. An attempt to understand more about these 

zero-dimensional nanocrystals efforts has been made in several labs(61-7L 

by doping an impurity in a nanocrystal and searching for a novel material 

and properties. When the size of the nanocrystals is reduced to the size 

comparable to some characteristic lengths, such as the effective Bohr radius 

around the impurity center or the electronic de Broglie wavelength, the effect 

of the confinement effect on the energy states and waverunctions of the im­

purity will occur, and unusual physical and optical properties are expected 

to be found.

In recent years, Mn-doped ZnS nanoparticles have been intensively stud­

ied. Among many wide band gap compounds, manganese is well known as an 

activator for photoluminescence {PL} and electroluminescence (EL) and the 

M n2~ ion d-electrons states act as efficient luminescent centers while doped 

into a semiconductor. In order to find the way to improve the efficiency, 

people are trying to reduce the size of the doped nanocrystal.

In 1994 Bhargava and Gallagherfil, 62’. reported the first realization of 

ZnS semiconductor nanocrystal doped, with Mn iscelectronic impurities and 

claimed that Mn-doped ZnS nanocrystal can yield both the high iumir.es-
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cence effidency and lifetime shortening. The doped nanocrystais ZnS:Mn 

were prepared by an organometaiic reaction at room temperature and these 

nanocrystais were coated with polymer or monomer to maintain the sepa­

ration of the partides. The report claimed that their EXAFS experiments 

confirm that the Mn2~ ion was occupying the site of Zn2~ ion. In this 

system the authors [61, 621 observed the significant increase of the quan­

tum effidency when the system was exposed to the MO n n  UY light. For 

the ZnS:Mn nanocrystais, when exposed to the exdting 300 nm UY light, 

the room temperature quantum effidency increases gradually but rather sig­

nificantly with the decreasing size of the nanocrystais, from < 1% for the 

nanocrystal of radius 70 Ato 18% for the nanocrystal of radius 35 A. In Fig 

(5.1} the size dependence of the quantum efficiency is shown: 62}. The spectra 

of nanocrystal were measured under identical conditions, so the ratio of the 

PL intensities reflects the ratio of their luminescence effidency.

The yellow emission characterrized for Mu2* in bulk ZnS 77 , which is 

assodated with the transition was claimed to be observed in photolu­

minescence (PL) spectra for the A/u2* in nanocrystal ZnS. In nanocrystais, 

however, the PL peak for the yellow emission is reported slightly shifted to­

ward a lower energy (in bulk ZnS:Mn it peaks arount 2.12 ev, in nanocrystal 

ZnS:Mn it peaks at 2.10 eV). Also, the iinewidth of the yellow emisiou in the 

PL spectrum for nanocrystal is larger than for the bulk. In Fig (5.2) the PL 

spectra for nanocrystais of different radii are shown to compare with the PL
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Figure 5.1: Var~ciio~ of the luminescence efficiency as a function of the size 
of the nanocrystais

spectra of the bulk.

The luminescence lifetime of the Mn2~ *Ti —s -4- transition icas reported 

to decrease by 5 orders of magnitude, hom l.S ms in bulk to 3.7 ns and 20.5 

ns in nanocrystais ^rhile maintaining the high 1 i%%) quantum emciency.

The authors: 66' suggested that the increase in quantum emdency as xeil 

as the lifetime shortening is the result of strong hybridization of s-p electrons 

of the ZnS host and d- electrons of the Mn impurity due to confinement, and 

also of the modification of crystal held near the surface of the nanocrystais.

Stimulated by this dramatic result, many other laboratories are trying to 

svnthesize the Mr-coned ZnS rarocrvstals and considerable attention has
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Figure 5.2: The PLE and PL spectra of hulk ' dashed iir.ej and o f nazoc-jsizls 
of various sizes (solid lines)

been paid to optical properties of these kind of materials:67-74;. The papers 

of Yu et ai. i l l ' reports to obtain the yellow characteristic emission peak of 

*Ti Ai and the peak is slight!" shifted toward the higher energy. Also, 

they obtain the increase in the luminescence emctency of the nanocrystal 

Zn5:Mn in comparison with the bulk Mn-doped ZnS. Sookiai et aL.oS' re- . 

ported the shortening of the decay time to ns for nanocrystal Z nS  : MrS~ 

while Ito et ai. 70 obtained the life time shortening to as in ZnTe  : Mnf~ 

quantum well. Also, several different workers hare proposed models to try to 

explain the processes happening with the impur.ty centers inside the confined 

nanocrystais J3 . Tab But if it is now well established that the confnement

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 5. MANGANESE-DOPED NANOCRYSTALS 79

effect strongly modified the electronic structure of nanocrystais, the effects 

of the Mn-impurity on the electronic structure of the nanocrystal, or to put 

in a different way, the effects of the confinement on the energy structure and 

transitions of the Mn impurity in the nanocrystais, still are controversial. 

In fact, there is still no settled mechanism to explain the changes in optical 

properties of the Mn in the nanocrystais. Also, if some labs reports that they 

also obtained the large change in optical properties of ZnS:Mn nanocrystais, 

there are some other reports claiming no change in the luminescence results 

in comparison with the Mn-doped semiconductor hulk [72,74].

Tanaka et ai [72] studied the ZnS:Mn nanocrystal and found the quantum 

efficiency of the ZnStMn nanocrystal higher than the Mn-doped ZnS bulk. 

But they also found that the local structure around the M n2~ ion remain 

similar to the bulk, and does not depend on the size of the nanocrystais. 

so they conclude that the confinement does not increase the mixing of sp- 

eiectroas of the host and d-eiectrons of the Mn2~ ion and the sp-d mixing is 

not responsible for the enhancement of the pkotoiumlnescence efficiency.

In addition, in [74], Bol and Mejerink showed that the luminescence of 

the ZnS:Mn nanocrystal have actually two kinds of decay time, one short 

f~  IOObs), and one long (~  1.9ms - which is. typical for the bulk doped 

ZnS:Ma). And also, they argued that the short decay time is not from the 

decay of 4Ti —6 .4* at all, but is associated with the defect-related emission 

of ZnS. And they conclude that the doped semiconductor nanoparticles do

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 5. MANGANESE-DOPED NANOCRYSTALS 80

not form a new Hud of material.

T ie  aim of our work in tMs chapter is to study more about the doped 

ZnS:Mn nanocrystais. We consider a new mechanism for the Mn doped ZnS 

nanocrystal, namely the effect of an extra electron in the doped aanocrys- 

tai, and consider what mechanism will then occur, to affect the electronic 

structure and optical properties of the nanocrystais.

5.2 Model of an Injected Extra Electron in 
a Nanocrystal

Here we propose a new mechanism to control the emission and other optical 

transitions in a nanocrystal. Our model is to inject an extra electron into 

the quantum dot. The extra electron will strongly couple to the electron 

involved in the transitions, split energy levels and mix the wavefonctions, and 

will thus strongly break the former selection rules. Because the dot is small, 

the boundary conditions make the coupling very strong, so by controiing 

the presence or absence of the extra electron in the dot, one can control 

the optical transitions in the dot. This can provide the explanation to the 

observed shortening lifetime and enhancement of the quantum efficiency.

The transition of our interest here is *Tt —5 At of the Mn3“ ion in the 

crystal Seta of the ZnS nanocrystal. The luminescent transition from the 

lowest excited level *Tt (spin f ) to the ground state (spin f } is spin-forbidden.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 5. MANGANESE-DOPED NANOCRYSTALS 81

But, the weak spin-orbital interaction makes the transition slightly allowed 

[75,77,78].

If an extra electron is in the dot, the electron will couple with the electrons 

of Mn2~ in each state, namely the electron will couple with the states 4Tl 

and 5/It. In this work we consider as the coupling Hamiltonian the exchange 

interaction. The wavefunctions of the dr electrons in °.4x and 4Tr states will 

be derived in the next two sections. For the extra electron which is confined 

in the dot, we will use the wavefcnction for confined electron in the sphere:

(5.1)

where VJ is a spherical harmonics, |,cr > is spin function for the electron 

with spin s = |  and cr =  — or - for spin up and spin down states. R f*  is 

the envelope function for the electron confined in a sphere of radius R (2.4)

2 ■ -  • ~ i\t ----------- =— ; a . i :V Rz :i-iUnii

where is the spherical Bessel fimction.Xni is the zero of the spherical 

Bessel function.

The interaction Hamiltonian between the extra electron and the <r eiec-
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trons is given in section 5. In section 3 we will recall the strong field limit 

approximation for a single a electron in a crystal field, so that section 4 we 

can derive the wavefunctions for the d5 electrons in 42\ and 6.4: states.

5.3 A Single 3d Electron in the Crystal 
Field-Strong Coupling Limit

Impurity centers are formed by foreign ions substituting for host ions or 

placed interstitiaily in the lattice. When the activator ions such as Mn are 

placed in the crystal field of the semiconductor lattice, the crystal field would 

affect the wavefunctions and energy structure of the impurity to form so 

called crystal field states of the impurity ions. For the transition metal ions 

with the outer 3d* electron configuration, the crystal field energy and the in­

terelectron Coulomb interaction are comparable 78.79 , so these d* electrons 

can be treated in the intermediate crystal field or in the strong crystal field 

limit, and they are more often treated in the strong field approximation. In 

the next section we will present the application of strong crystal field ap­

proximation for the case of 3d5 electrons of Mn2'  ions. To do that, at first 

in this section we recall some well known results for a single 3d electron. We 

consider an ion having a single 3d election outside the closed shell placed in 

an octahedral crystal field. In terms of spherical harmonics, the octahedral 

crystal field Hamiltonian can be expressed as the following 79':
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^ (T} = IS I; " S + « + <£’(*. *)} | + r W * -
Ze2 r«
4lT€o

(5.3)

where r(r. 5. ®) is the position of the d-electron.

= (5.4)

Y£ is the spherical harmonic. The values of the integrals over angles. 

c^{Vmi>, Inn) =<  Y p 'C ik) Y p  > *** given in the Table 5.1. with some con­

ditions for non-zero value:

i — TTij — rrtjt.

k - i -  I’

: l - t  < k < l - r  (5.5)

To evaluate the effect of H?x on the 3d electron states, we have to evaluate 

the matrix elements of the type:
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kCrk^Tllm,, >=< > ( i f 1 iCf» i p (5.6)

The radial integral can cause configuration mixing, but because of the large 

separation between the energies of d the mixing can be ignored and it is 

assumed that n!=nT. Then the matrix dements of H?K will remain inside 

the states of the 3d configuration. The nonzero matrix elements will be the 

following (791:

< m iH % h\Zdl > 

< 3d2 |5fk13d2 > 

< 3 d 2 if lf* :3 d -2 >

6 Dq

< 3 d -  1 Hf* 3d — 1 >=  -ADq 

< 3 d -  2 H?K 3d -  2 >=  Da 

<3d — %H?KZ H  >=5Dq '5.7'

where we emolov conventional notation as:

i 35Ze- 2 .
D = ---------- —. <7 =  —— < r  >2d o.S j

4 t & ;  - k r i  ‘  i O o

Then we have the Hamiltonian, matrix
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£c-60<7

£g — 4 0
——— Ot„.  Ot.'.

*o“ #?*

figure 5.3: Splitting diagram, o f a single 3d electron in ihe octahedral crystal 
field. The five-fold degenerate d-electron with energy Eq splits in an octahedral

levels with the separation of 10 Dq.

Dq 0 0 0 5 Do |
i 0̂ —4 Dq 0 0 0* |

1 0 0 " 6 Dq 0 o S
i 0 0 0 —4Da

0 1
_ 5 Dq 0 0 0 * Do !

(5-9)

that can. he diagonalized to obtain eigenstates and eigenvalues. Then the 

Svefbid degenerate 3d letrel will split into two levels. the two-fold degenerate 

level with the additional energy —6Dc. and the three-told degenerate one 

with the additional energy of -4Dc. In Fig. 5.3 the splitting diagram for a 

3d electron in the octahedral crystal held is shown 75;-

The eigenstates of the two-fold degenerate level •' the e-orbitals! are writ-
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= :3d0 >=

*m = ( i n i a e  > -r|3i -  2 >) = X5.10)

And she eigenstates for the three-fold degenerate level (the t2-orfaitai) are 

written as:

= ( jm i M L  > -HW -  1 »  = B U r X l f W ' f y  

*w = -K|)l/,(i«2 > -!M -  2 »  -  a W r X ^ ) ^ ^ )  (5.11)

For simplicity, from now on we will denote these double degenerate and 

triple degenerate eigenstates u, v. g, 7} and £. respectively.

The calculation of 3d* electron states in the crysta! held is much more 

complicated than in the case of a single electron. In the next section, we will 

derive the wavefunctions of the 3d5 electrons with help of the symmetry of 

the crystal field.
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5.4 3d5 Electron in the Crystal Field -Crystal
Field Manganese Energy Levels and Wave- 
functions

For a mclti-3d-electron system, the orbital Hamiltonian in crystal field will 

be the following:

H  = '£H 2(T t) + '£B -{r„TJ) (5.12)
* »>J

where E$(rt) is the Hamiltonian (5.1) of single electron interacting with 

crystal field in the previous section, £P(r„rj) is the electron- electron in­

teraction Hamiltonian between the d-electrons. For the strong crystal field 

limit, the Hamiltonian Sq(rt) will be solved of first to obtain the wavefunc- 

tions of a single 3d electron as in the last chapter, then these states will be 

interacting by the Hamiltonian The wavefunctions of 3d-eiectron

orbitals are u,v, which belong to the E irreducible (in 0&) representation, 

and <f, tj. C which belong to the Ti reducible representation. So in the strong 

crystal field case, the wavefunctions of muiti-Sd-eiectron Hamiltonian will be 

the products of these one-electron orhitais.

In an octahedral crystal field, the Hamiltonian (5-9) is invariant under 

ail the rotation operators of the group 0 . where for the first term of (5.9).
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t ie  rotations are appEed independently for each rt and for t ie  second term, 

t ie  rotations are appEed simultaneously for all r, Tien t ie  wavefunctions 

will transform according to irreducible representation of t ie  0  group. T ie  

products of irreducible representations of t ie  group 0  follow the following 

rules

A; x Ax — Ai, £  x £  = Ax -  A2 -  £ .

A t X At = M, £  x Tz =  Tx -  T2j

At x E = E, £  x Tt = Tx -  Tz,

Ax X T = Tu T\ X Tt — At — £  — T x "T

Ax x Tz = Tz, Tx x Ti = Ax — £  -  Tx -

At X At = -■lit r 2 X Tt = Ax -  £  -  Tx -

A t X E = E,

A2 x Tt = T2,

A2 X Tt — Tu

(5.13)

where Ax- Az are one-dimensional representations (At is  symmetric and At 

is antisymmetric), E is t ie  two-dimensional representation and T . Tz are
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three-dimensional representations of the group 0 .

Begining the reduction process for the two 3d electrons configuration, we 

will bare the products E x E, T2 x T2 and T2 x T2. The E  x E  product 

functions will belong to Ai, A2 and E irreducible representation. From table

(5.1) for Ciebsch-Gordan coefficients, the product functions of the £  x E 

orbitals will be:

, 1 .

\e ~ .A i > =  —  ;u(rx)tt(r2}-r  t?(rT;u{r2)j
v 2 '
1

l<rt A2 > = —=  ;« ( r j  }v(r2) -  xj(rt )n(r2)i
v'2

e2. Eu >  =  — z t t(r i)u(r2} -  u(r:)u(r2)i

e2: {3.14) 
\ ' l

The ;e2,.4i > function is symmetric under interchange of r 1;r2. Then be­

cause of the Pauli principle, to obtain the antisymmetric function its spin 

function must be the antisymmetric spin function with the total spin S=0

I
\S = 0,Afs = 0  > =  —= ’aiai)S(s-2} — 3 { a i ) a i (5.15) 

v'2 ‘

where 0 (c) and 3{<r) are the up H T>) aad down (j i> )  spin functions.
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And. the fall wavefanction \e2, Ai > will be the product of the orbital and 

the spin function:

je2,.4 i, M s  =  0 > =  -  [tt(ri)a(rj) -  u(r!)r(r2 }l

to.ib

Using the notation for the Slater determinant:

1 1 v'2 ! u(rt}̂ (“i) t4 r 2}0 (<r3)

the final fail wavefanction e2. At > is written in the short farm

e ~ . A i . M s  = 0  > =  -~= i u ~ u ~ _ — • 5.18
V'2

Similarly for the wavefunctions .e2, A* > of the E  x E  orbitals we have the 

antisymmetric orbital wave&nction, then the spin functions must be three' 

symmetric spin functions of the total spin S=l:

S  -  1.Ms = 1 > =  a(ai';a{?2}
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'.S =  l ,M s =  0 > =  — aia-jdiat} i-0(cr1)a(a2)j
v 2

5  = I, Ms =  -1  > = S(a-i)0(cr2) (5.19)

Then the total 'wavefunctions of e2,A 2 > will have the form:

le2 3 Ms  = 1 > =

|e2 3 -4a, M s  =  0 >  =  ( r a ' r - ; — ■u- c 'r ]j 

e2 3 A 2, M s  = -1  > =  [u~v~] (5.20)

Similariv for the e2.E  > wavefunctions

:e !.x £u. Ms = 0 > = —= 1 u~u -  v~v~ ) ■* ./o  - - ‘J

:e2.1'E v,M $ = 0 >  = —  v  : — [u

v'2
1 /-

v 2
(5.21)

In the same way for the T2 x T2 .79::

m> = -i (iT£ i - rn)vo
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l4,l E u >

ti. Ev > = 

4 xT2s4 >  =  

it?.1 T2,17 > =  

:t?,1r 2,C >  =

T x<2. .V j  =  1 >

^ ( - [ r n - b i V i + a r n )  

- i  C i r r i  -  E r i ' f iv 3  '

- s  ( r n  -  b i 'c i )
V 2

i_ f ' r - c - '
f t  v - *  s  * [rri)

v '2  v
( [C 7? *f])

“ l l7?" c ;V  >3

(5.22)

and for t2e configuration:

*2e .‘ 7W > =  ! (~v~ -  C r ” ;■ ** • * \ - •* - /

:2e,3 T\~f. Ms =  1 > =

.i2e ,‘ T2C ^  =

t2e.: T17 > =

.<> t?
I

\A
i 5.231

Continuing in this way one can get ail the possible wavefunctions and en­

ergies for £*, ea and :me* configuration of 3a” in the octahedral crystal held
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[80]. The functions of f*  and en are given in the Appendix 1 [80]. In Fig.(5.4) 

is the energy diagram tor configuration calculated by Tanabe and Sugano 

[80].

The ground state of the 3d5 configuration is the sextet sAi with the total 

soin z. The first excited level is the triolet states 4Tt, which is the excited 

state closest to the ground state. We are interested in the optical transition 

between the first excited state and the ground state, this is the transition 

4T- —5 Ai. The wavefunctions of the states 6.4; and *T  can be calculated. 

The wavefunction of 5.4i and 47\ states can be derived, using the table of 

coupling coefficients from [80,82].

The ground state - the sextet 6 At is derived from tf x e2. From the table

(5.2) the 5.4i state is:

5 At > — tl{*A7}e2{3A2)* -4iai)

=  e*(3.42) ’ (5.24}

The function of £̂ (4.42) and £ 2(3.4j) are (Appendix 1)

;e2(1.42jlS2 > = [u~v' (5.25)
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134 Symmetry and Group Representation Theory

c \B

*0

10

0 2 3 M**

Dq 3

•gurs a.4: Enercq dxemtrt for <£* electrons m the octahedral crystal jieii
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Then xe have for the wavefnnrtions of the ground state s4-u

5.4:c: > =  f '5-26}

! -4 .x  .4,

i c . o. i 1 |

Tabie 5.1. The coeslinz coefficients of .4? x .4; reoresentations

The triplet 4T: •vavefurctioas of 3cr are derived from :4; 3'7\ i x e*' ~E).

The fanctioas of i4(3T } .r .y . r  > are (Appendix 1}:
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i% 3T i)ly >  =  - l i + T f r f C  j

\4CT*)iz > = irrccl (5.2s)
From the table (5.2) we save the wavefunctions of t ie  triplet 4X: of the 3c? 

configuration:

fZ ]Tt\ ~ , v 3t E }u>  - ~

Tu > i5.2S;

* 3
T iz s > = ’ “*■ i 3

2 2'
3 ?

’%  y > = f <M 
1

r*T ^ * 
‘ 2~

> = 5̂ 2̂  •
■* r*y 1

:
F u /rr

Tx 1
ti T t i

i
-*■ i

r y .  i 
* ! § V £ ii

t r ; t
- |V 3

i
- i

9 - i E W 3 i
« . * 1 ! . . tj
£ r K 3 * i

r i

e ♦ » *

COV-
r-4ll

1 • I i« •  i
£ 2 - * - - 1 !

Table (5.2}. The coupling coefficients of £  x T- representations.

And Snaliy we hare for the wavefanctions of the triplet 4 If of the b5 

configuration in the octahedral crrstal Selc:
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- - j i e z

i % | r >  =  i

!4Ti | z > =  [ r y c r * * :  (5.30)

We recall here that the wavefunctions in (5.24) and (5.28) are Slater deter­

minants which we have written in the short notation. For demonstration we 

write here the foil form of one of the functions

j £(r i)o(0i) 
1 ! *?(r iM o i)

i r r c c ^ i  = ^ \  c (n M * i)
v 3 j C(r i)>3(ci 

j n  r l ) a { a l

£{r3)a(a5) j
7}(r3)a(o-5) i
C(r5W ffs ) j  (5.3i) 
<(rs)0(trs) ! 
u(rs)a i> 5) i

5.5 The Exchange Interaction

The exchange interaction will couple the extra electron and the d5 electrons 

to have different spin configurations, so we expect this will make the spin- 

forbidden transition become allowable. The exchange interaction between 

the extra electron and the d? configuration has the following form:

f i l r  7 F.Vf— (5.32!
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where S*fn is the total spin of the <P configuration in the states of inter­

est. se is spin of the injected electron, j is the exchange matrix dement, 

which has the form:

jtx =  5Z < \9xQk > (5.33)

where pk is the electron wavefanction, V is the two-electron interaction op­

erator:

| ~f \ ?X ?2V (r: . r2) = -----  »,o.34j

Because both the wavefunctions of the extra electron (5.1) and of the <P 

eiectrons in the s.4i and *T state (5.26). (5.30) are expressed in terms of 

spherical harmonics, it will be natural that for the two-electron interacting 

operator V we want to use the expression in terms of the spherical harmonics. 

V can be expanded in the forrmSCl:

V'(r: . Tv) =  ^  J  ~wPfc^cosd) (5.35)
' > c=0 r >
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where the Pt(cos0) axe the Legendre polynomials and can be expanded in 

term, of spherical harmonics by the spherical harmonic addition theorem:

Then:

V ( n , r , ) = ^ £ 5p T ! f E K - ( l ) F l_(2) (5-37)• "S I «* -A i **•r> fc=0 m

If we put the electron functions into the equations (5.3} and {5.4}. the matrix 

elements will consist of two parts - the radial part and the angular part:

OS

< 6 d 3m 6„P t > =  E  p f a * ,  x (5-38)
fc=0

where r.-P. rJmr) is the radial part
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n*P, nmf*, nem£) = <  R ^ ^ R ^ v  I : RntP >  (5.
e*r* 39)

and Ak is the angular part

    _
••U =  2k -  I ^  ^tjAkpYftjt}\Yvp;YipY?*-,* (o.4Q)

p=—t

where Y^YkpYi-pi) is a Clebsch-Gorcan coefficient, which is different from 

zero only when the following conditions are satisfied:

?* =  P - P '

k — T —? = even

f - 2 *  < f - i *  (5.41;

These conditions will reduce the terms in the rum (5.40) and leave only 

several matrix elements different from zero.

Now with the wavefunctions (5.1), (5-26), (5.30) and the exchange in­

teraction (5.33), (5.37) we are ready to calculate the exchange interaction
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between the extra electron, and the electrons in d5 configuration.

5.6 Exchange Interaction o f M n 2 Ion with  
the Extra Electron in the Nanocrystal

Now we suppose that the extra electron inside the aanocrystai is close enough 

to the M n2* ion at the center so that the electron can couple via exchange 

interaction with the d5 electrons in both the ground state 5.4i and the excited 

state 42\.

The matrix element of the exchange interaction of the injected electron 

and the d5 electrons in the 6.4i state:

We should nav attention here so the ooint that the wavefanction of the 
■* *•

sAi state of d5 electrons is a  Slater determinant with five single d-eiectron 

wavefanction. So the coordinate f  of the d5 electron wavefanction is actu­
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ally five different coordinates (r1, r 2, r 3jr4lr5} of these five single d-eiectron 

wavefunctions ( see 5.31). In fact, t ie  extra electron has an exchange inter­

action with each of the five d-eiectrons. Because these five coordinates are 

independent, the integrals will be taken separately.

In the calculation of the determicantal matrix elements of (5.42), we have 

to deal with the single electron matrix element of the type, for example:

(5(r )9(r,);F(r -  r ')^ (r)^ (r'))

x

i  (*4) yssafi (n1 -nr!)) (*•«)
m=-t '

or.

« ( r M r ')!V*(r  “  r ' M r }£(r '))

4/i 0’C2

] i { * r  #  js  '2k -  1 \
V  v r ~  r ( R sJ r) j( i  ( r ' ~  j . 3 ^ 7  Jo ( x -  j a * *o

a ;  7

*=-4
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m=—fc

k
h v i y ? \  e  *ra ww; o ?

i k
n - * i? |  E  > r w . r ( 2 ) i O ?

< U =-i
■—i (5.44)

The conditions (5.41) for non-zero Clebsch-Gordan coefficients give the se­

lection rales for k and m. Because of the selection rales, it is less difficult 

in calculation of the angular part, also it determines the terms of the sum 

in the radial part. Here k ran be only 2. And the radial part of the matrix 

element becomes:

p ( 3 i s , t  =  2] =  J S d r (5.45)

Her* «g*(r) is the envelope function (5.2) for the electron confined in a 

dot. Rm is the orbital function of the 3d-eiectron, which can be approxi­

mately taken as Slater fanction[8Qi R ^ r )  =  r e -1'87'7'*, where a =  ^  The 

first integral is taken over the Mn-ion radius (assuming that the Mn - ion is
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situated at the center of the dot), the second integral is taken over the dot 

size. Then the radial integral p(3d, s, k  =  2) (5.45) can be computed and the 

matrix element (5.43) has the form:

2glf2

JxC *)2&
p (U ,s ,k  = 2) (5.46)

As the result of the calculation for determinantal matrix element (5.42), 

we receive the exchange matrix element (5.33) for the d5 electrons and the 

extra electron:

> (% . ?£*) = V h - f & x t l M  s , k = 2 )  C5.4T)
I T

and for the exchange matrix elements of the d5 electrons in 4TX states:

X T ^ V -g " )  = 2 ( 5 - 2 v 3 ) - ^ g - X M , ^ t  =  2
] l < ~

-f-irp „  _Oo*N (5.48)
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And as the effect of the exchange interaction (5.32) with the injected elec­

tron, the levels 6 A* will be shifted and split into 2 sublevels with total spin 

5 = 3  and 5 =  2 with the corresponding exchange energy:

£ « { % , * (  I s , - ) , S  =  3) = _ : x i 0T^ S _ , ( M , s , i  = 2)
•S }%{* j I t

E„(sAi, i=(!j ,- ) ,S = 2 )  = -  x  10—: - p(3d. s ,k  = 2}
4  J i ( t )2 R 3 ' •

(5.49)

with the corresponding wavefunctions:

*At M i h + ) , s  = z >  =  h r f ^ v ; i s ^ >  

!% ,^(ls,^)s5 = 2 >  = H V C u ^ l ; * -  > (5-50)

And the *TX levels splits into four sublevels: two sublevels with the value 

of the total spin 5  =  2:
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E j f T ltz>ftU,+)*S = 2} =  - j x l Q - ^ - p ( Z d , s , k  = 2)
4 m *t “

E ^ ( 'T l ,zy V( U , - ) , S  =  2) =  - 1  x 2(5 t2 v '3 ) . * * „ f ( 3 d , 3 , k  =  2)
M Tr™

(5.51)

and t ie  two sublevels witb t ie  total spin 5 = 1

J U T , , = j x l 0 j - j ^ j p ( 3 r f , « , * = 2 )

£= (V I,xSfK U ,-) ,S  = 2i = | x 2 ( 5 - 2 V 3 ! - ^ p s ; P( H * , t  = 2)

(5.52)

with t ie  corresponding wavefunctions:

; % z , v ( l s y- l S  = 2 >  =  T n ' C C ^ h -  >
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fT txg.ifiils, ~ ) ,S  = 2 > = ^ l e r  +  Y ’i F t  f C " !  1* t >

v '2 v'6.
— [ T7*7 r ^ D i i s -  >

i O.o3 ]

and

f T xz ,ip ( is ,- ) ,S  = i  > =  fj T r C (  >

v2- . v'6
i4Tissf,v<i-*,-))5 = i  > = — i r c r  o **hls~ > >

V'2. „  v'6- _  .
— s - r r  ? « » « iii5~ > i o t ? Ct? i 0 i i 5 - >

(5.54)

The two sublevels ,4Ti-. ^ ( l s —).S =  2) and ,s(ls—),S = 2 > of

the *Ti state of the M n r ~  ion and the sublevel s .4i. ;?(ls—}. S  = 2 > now 

have the same total spin S = 2 and the transition between them now are 

allowable. In Fig. (5.5) is the exchange energy splitting of the 4I \  and s.4i 

levels and the transitions allowable between them.

So the exchange interaction between the electron injected in the dot and 

the d- electrons of the Mn-impurity center really make the previously for­

bidden transition become allowable. In the next section we will give some 

numerical calculations for the transition probability and the transition iife-
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Figure 5.5: Exchange energy spatting of the 43\ and 5.4? states of the M n2~ 
ion. Arrows indicate the allowable transitions

5.7 Luminescence and the Lifetime of the 
Transition

T ie electric dipole transition matrix element between two state k > and 

:s >  is written in t ie  form. 82;: •

. .. f f \ ‘ \ f e \
< k'T.els > =  - Y  { t  rlY?  - |  s ) x K  ’ J -  ?. —* \ ' \ ? / / * I “ I

So the matrix element cf the transition oet*.veen tie  sutueveis ot tne state 

*T\ and *Ai will again nave tie  form of t ie  determinantant matrix element
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between the wavefunctioas (5.55) and (5.50) of the Mn-ion and the extra elec­

tron, respectively. Again, here we can separate the radial and the angular 

part

/ i r p  .-Dot c    i  S , D ot\\  T i z z . j s ^ h  = 1 r.e A ,. ? u _j

(5.56)

where < (x)!rj(j) > denote the angtdar part and the < irj > -  the radial 

part. Similar to the calculation of the exchange matrix element in the last 

section, the angular part is calculated using the Clebsch-Gordan coeffidents. 

The radial part also can be computed. Note here that the radial part of the 

exchange interaction matrix dement, in general, is difficult to calculate. But 

for the case of a nanocrystal, when we use the envdope function as the Bessd 

function, the integral becomes easier to compute when using the expansion 

of the zero-order Bessd function.

And for the radial function of d-dectron of Mn ion we use the approximate 

expression’80
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Rm  ~  r V 1-*7̂  (5.5T)

with a =  h2/m e2. Then the integral can be computed approximately.

We now do numerical calculations for the case of a quantum dot of Ma- 

doping Z-nS of radius 50A. We use here the standard parameters of Mn and 

ZaS. For this doping ZnS:Mn quantum dot, we obtain the exchange coefficient 

j  ~  G.leV’. splitting due to exchange will be L.O to 1.5 eV, which is rather 

large. The probability of the transition approximately equals 5.4 x IDS-1 It 

results in a lifetime, that is inversely proportional to the transition probabil­

ity. The life time of transition in our calculation is approximately 2 x 10_3s. 

The integral is strongly depends on the radius of the nanocrystai.

To compare with the experiments, we notice that our result for the lifetime 

is two orders larger than the transition lifetime in the Mn doped ZnS bulk 

(1.8 ms). So the extra electron injected into the quantum dot really makes 

the spin-forbidden transition allowable. But we do not obtain the 5 order of 

magnitude shortening, which is reported by Bhargava 62;.

The result can be affected by many parameters. We still did not calcu­

late the Coulomb interaction between the extra electron and the d-electrons, 

which can shift the energy levels and can change the transition oscillator 

strength 83h And also, in this work we assume that the Mn2~ ion is situ­

ated at the center, which is the simplest model for our calculation. But, of 

course, the Mn ion can be away mom the center. Then, because the spher-
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icai harmonic functions will be different, the selection rule will be different, 

leading to the different mixing of energy levels. In this case, we may have 

different result for transition selection rules and transition probability. The 

total effect can be evaluated only when we consider all those cases.

5.8 Summary

In this Chapter, we present a theory for the entirely new model to control the 

optical transitions in the nanocrystal. By injecting one extra electron into 

the dot, one can change the transition probability and the optical properties 

of the nanocrystal- The mixed wavefunciions and energy level splitting were 

calculated in detail. This will provide the tool for further investigation of the 

structure and interaction of the Mn-impurity inside the nanocrystal. The 

rather large shortening of lifetime obtained as a numerical result shows the 

importance of the mechanism.
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Chapter 6 

CONCLUSIONS

In this thesis, we studied several important optical properties of the quantum 

dot and the quantum dot system.

We proposed the strain in the surface of the coated nanocrystal due to 

the mismatch of afferent lattice constants as the origin of the permanent 

dipoie moment and the internal electric field inside the nanocrvstai. We 

calculate the piezoelectric effect to evaluate the polarization in the surface 

of the nanocxystal and obtain rather large internal electric field which is 

comparable with experiment.

We studied the semiconductor-organic hybrid exciton , which we claim 

will appear when a lattice of quantum dots is embedded in the organic 

medium.The hyrid exciton is the result of the coupling between the "trans­

fer5 Wannier-Mott exciton. which is propagating between different dots, and 

the Frenkel exciton of the organic medium. The new hybrid exciton has the 

large exciton radius, large oscillator strength and large optical non linearity.

112
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These properties can be tuned by varying dot radius, dot separation, and 

energies of the "bare” Wannier and Frenkel extitons.

We also present the first time a new mechanism to control the optical 

transitions inside the doped nanocrystai. Studying the Mn-doped ZnS quan­

tum dot, our model investigates injecting one extra electron into the quantum 

dot. We calculated the exchange interaction of the extra electron with the 

impurity electrons at the center. The wavefunction and energy splitting were 

obtained in detail. As the result of this effect, the spin-forbidden transition 

become allowable. We obtain the shortening of lifetime of two orders of 

magnitude in comparison with the doped bulk. However, we do not find a 

shortening by 5 orders of magnitude reported by some experiments.

R e p ro d u c e d  with p erm iss ion  of th e  copyright ow ner.  F u r the r  reproduction  prohibited without perm iss ion .



Chapter 7 

FUTURE WORK

Due to experimental difficulties in producing a precise cubic lattice of dots. 

Dr. D. Norris of NEC Laboratory suggested us to consider t ie  problem of 

random distribution of dots. We are planning to consider this problem in 

the near future. We expect that the hybrid exciton effect -will remain almost 

the same, but the random distribution may decrease the nonlinearities.

We intend to continue the problem with the hybrid exdtons. Namely, 

we will investigate the hybrid exciton when a single dot is embedded in 

the organic medium. We also intend to investigate the effect of this hybrid 

exciton on the medium, i.e. the change of refractive index, the interaction of 

this medium with light...

The M n2~ doped ZnS nanocrystal will be a continuing issue. We will 

calculate the effect of Coulomb interaction and compare with the exchange 

interaction. We also want to consider the Stark effect in this nanocrystal. 

We also consider the interaction with the s-p electrons of the host in this

114
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confinement geometry. We also plan to consider the case when the Mn ion

is away from the center. And as some experiments reported the Mn ion in 

some case may seat in the surface of the nanocrystal, the problem, with the

Mn ion in the naaocrystal surface is worth being considered.
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