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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
2 most dramatic quaatum 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 sermiconductor 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 nanocrystals is developeg, based on the proposal that
the origin of the spontaneous polarization is in the strained layer between
"cap” and the nanocrvstal. The internai electric fieid in the dot 1s 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 SO(3), the model employs a distribution of polarization
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with symmetry which is a suhgroup of SO(3), consistent with the hexagonal
structure of wurtzite structure.

The second topic we study is a distribution of many quantum dots, which
are 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 excton in each semiconductor dot ic-
teracts via multipole-multipole coupling with other excitons in the different
semiconductor dots of the array. A new hybrid excitor appears in the sys-
tem owing to strong dipole-dipole interaction of the Frenkei exciton of organic
molecules with the Wannier Mott transfer exciton of the quantum dot array.
This hybrid exciton has both a large oscillator strength (Frenkel-like) and a
large exciton Bohr radius (Wanrier-like). A: resonance between these two
types of excitons, 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

udy, we also present our study on Mn- doped semicenductor nanocrystais
such as the ZnS:Mn guantum dot. The effect of an extra electron “injected”
into the doped quantum dot with a substitutional Mn?™ at the center is
considered. The electron confined in the dot wiil be sirongly coupled by
exchange interaction with the M=z ion, and wiil spiit and mix Mz crrstal-

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; —% A; transition. Using this
model we evaluate the energy structure, wavefunctions, luminescent efficiency
and transition life time of 2 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-dimensionzl (quantum welis}, 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 she electronic structures anc the optical properties
of the semiconductor mesoscopic structures on their size. When the size of
these structures are comparable to the electron-hole effective Bohr radius, the
guaatum weils, quantum wires and quantum dots are called two-dimeasional,
one-dimensional and zero-dimensional confined systems, respectively. Then

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

-t
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CHAPTER 1. INTRODUCTION 2

boundary condition of ihe materiai. 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
quaniurn size effect and are very attractive objects for for both basic research
and application 1-21].

In this 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
nanocrystals 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 exciton in the quantum dot array is given in
chapter 4. In our model, when we place an array of semiconductor quantum

dots in an organic host, the transfer Wannier- Mott exciten of the dot array
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CHAPTER 1. INTRODUCTION 3

couples with the Frenkel exciton in the organic medium. This will give rise 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-
ical transition by means of doping a quartum dot. We consider the spin-
forbidden transition *T; —° 4, transition of the Mn?* impurity ion in the
doped nanocrystal ZnS : Mn?*. We examine the efect that an extra elec-
tron inside the quantum dot can produce in changing the transition. QOur
theory claims that the extra electron in the cdot will strongly couple with
the &° electrons involved in the transition and strongly break the old selec-
tion rule: this wiil 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 oscilator 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 3-3.

2.1 A Spherical Quantum Dot- A Particle-
in-a-Sphere Model

The simpiest model for a quantum dot is a semiconductor (such as [II-V or
[I-VI, GaAs, ZnS, CdSe...} sphere embedded in glasses or organic matenai
{Fig. 2.1} [1-111. We will consider the cases wrere the racius 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

tie
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CHAPTER 2. EXCITONS IN QUANTUM DOTS 5
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CHAPTER 2. EXCITONS IN QUANTUM DOTS 6

where m.¢; is the effective mass of the electror or the hole.

For direct gap semiconductors, in the simplest approximation, 2 nanocrys-
tallite can be considered as a semiconcuctor sphere of radius R surrounded
by an infinitely high potential barrier(6,7; For a particle inside a spherical

potential well of radius Ry

Vir) = 0 r<R

= x r>H (2.3)

In the framework of the envelope function approximation[13: the Scarodinger

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

Ty PR

, o012 nixur R

@m{r. §.oy=Y; 9, @} . (2.
68 = Ziml VR filxw)

b2
How
[N

where Yi(f, 6) is 2 spherical harmonic, j; are the spherical Bessel functions,
Xnt are the n-th zero of the spherical Bessel function of the order [.
The requirement {boundary condition} that the wavefunctior has o vaz-

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

B x4
2mess RY

The first roots of the spherical Bessel function are y15 = 7, x1p, = 4493, x14 =

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

F. 2
2m,¢

Em = (2-6)

3L

The energy of the confined electron or 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;. 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 electron-hoie

bound state is described by the hydrogenic Hamiltonian

(2.7)

mZ; and m’:ﬁ 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. € is the dielectric constant, which is in the racge of 3-135 for semi-
conductors. The smail 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 aad the hole positions, or
a large exciton radius.

When the Coulomb interactior between an eleciron and a hole in the
nanocrystal is larger than the size-quantization energies of ihe electron and
the hole, the quantization of the exciton appearsii3. 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 excton Bohr radius ag = He_ where poo. is the electron-
hole pair reduced mass. This size is called the molecular limit. Then the

electron-hole pair state can be expressed by the wavefunction of the exciton

=Y Fum(3)00 W (r;) [T W3 (rs), (2.8)
J‘ -

where W, W} are Wannier functions of valence band and conduction bands,
respectively, and Foun, is the envelope function of the center-of -mass motion,

given by

o
Fuim{ R.8.2) = Yim (6.2} 15 ﬁ%:_)) (2.9)

61,{r} describes the electron-hole relative motion with 7, =7 —J'.

{ ——-) e~T/e8 {2.10)

\TGB

The site index j = (jz, 7y, 7:) an€ J' = (1,15, 71} are positive intergers.
Then the energy of the excitorn in the quantum sphere is given similariy

‘O Eq \" L
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CHAPTER 2. EXCITONS IN QUANTUM DOTS 10

2
Ey=E,-E:_+ B xu (2.11)

where E, is the band gap, E®_ = pe.e'/2R%¢ is the exciton binding en-
€TTY, ez = Memp/(Me ~ my) is the reduced mass of the electron-hole pair.
M_. is the exciton mass, M. = m&;; +mb, ;.

From (2.11), the energy of the exciton in the sphere takes discrete values
and is proportionai to the inverse of the square of the sphere radius Ry, 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

ﬁz
2t ere

AE =

&3]
19
Py
o

N’

In {2.9) we gave the envelope function [13.. The periodic part of the wave-
function of the eleciron and the hole have been approximated by using the
two-Danc semiconductor mocel. For the periodic factors in thke total wave
function we use the bulk wave functions. In a direc: band gap semiconductor

tike ZnS with parabolic conduction bancd and warpec valence band. with the

maximum of the valence band and mimmum of the conduction band posi-
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CHAPTER 2. EXCITONS IN QUANTUM DOTS 11

tioned at k=0 in k-space, we recall that near the band extrema k = { we
have a parabolic conduction band which is doubly degenerate. The group
theory label of the states including spin is['s. The valence bands are four-fold
degenerate labeiled T’y and the split-off doubly degenerate I';. Because the
spin-orbit splitting I's — I'; is large we neglect the split off band and consider
only the exciton states from ['s conduction band and I's 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:

1

wp = X ),
1
- = —i X —iy. l 1
v 3/2 \;fé( ) )
|
i = =i X =Y ,—22 T‘z
V172 Vﬁv( tY)
vn = .\;—Eg-(x—m? +2Z ). (2.13)

while the fuactions of the conduction band are

1
L 4 -
Uz = ‘—‘,315
V a
i
= ‘ 143
U2 = ‘Tgss- (2.14}
YV &
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CHAPTER 2. EXCITONS IN QUANTUM DOTS 12

where the indices @ = 172, -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 "z” 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 exciton picture for calculating the absorp-
tion coeflicient one needs to compute the transition dipole moment from the

ground state ¥,to an excited state ¥, 13}

a(w) ~ (.| PIE,; (2.13)

where P is a component of the dipole moment operator P

a1
i
™
W
1l
N
5
'Y
e
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CHAPTER 2. EXCITONS IN QUANTUM DOTS 13

with

(W;(Tj)ipjiw';[r,)} = Pabiy (2.17)

Then the exciton transition dipole moment will have the form

(TP, = Z Fal3 WS (r3) 5 W () (2.18)

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

for an exciton in a quantum sphere is

W P, = f dﬁ‘?m(fi)éls(ﬁ)pcv

omw R (2.19)

We note from kere that the oscllator strengths of excitons in 2 quantum
dot are concentrated on the low excited states, when n is small. The osclia-

tor strength is largest for the lowest excited state, eg. forn =
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CHAPTER 2. EXCITONS IN QUANTUM DOTS 14

2.4 Exciton Fine Structure

The spherical theory {1,2,3] predicted that in ZnS for example the lowest
energy electron- hole pair state 15;/,15,, or the band-edge exciton, is 8- fold
degenerate. We recall the doubly degenerate I's conduction band and the
I's four-fold degenerate valence band will give 8 exciton states. However,the
deviation from the spherical model such as the effect of the "nonspherical”
shape{9-10] and internal structure of the crystal dot, as well as the electron-
hole exchange interaction [16] was also predicted by the theory. These effects
will split the band-edge exciton into sublevels [18-22]. The structure was also
observed within the first absorption feature in {17} and implied the existence
of the structure of the band-edge exciton [17,18}.

These effects split the energy levels of the band-edge exciton 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
small. Then, the band-edge exciton 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 kole, the
overlap between the wavefunction of the eleciron aand the hole increases aad

the electron - hole exchange effect becomes more important and the effect
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CHAPTER 2. EXCITONS IN QUANTUM DOTS 15
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Figure 2.2: Energy level diagram of the ezciton fine structure /after Norris
et o, [21)

of she narocrystal shape is less. In this case the total angular momentum is
the princpal quantum cumber, and the band exciton splits into two states:
a 5-fold degenerate N=2 state, and 3- fold degererate N=l state. In the
intermediate size of the quantum dot, when both efects are inciuded, the
band-edge exciton spiits into Ive states. The gooc guantur: cumber in this
case is the projection of the total angular momezntum along the z-axis Np.

The five states are:one two-foid sublevel with N, = =2, 1wo two-fold sublevel

with Na = =1, and *wo single states with N, = 0.

[z Fig2.2 is the diagram for this splitiing, ceperding oz the size of the

zanoccystal, is shown (211
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CHAPTER 2. EXCITONS IN QUANTUM DOTS 16

In the electric dipole approximation the emission from the iowest band-
edge exciton staie N,, = 2 is optically forbidden. Because of this, the state
is called the "dark exciton”. Relaxation of the electron-hole 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 N, = 2 to the ground state is one-photon
forbidden, but a phonon-assisted transition can occur, explaining the stronger
LO- 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 efficient lurninescent mate-
rials for many applications. To further exploit the advantage of the quantum
nanocrystal, efforts have been made to study the properties of certain mmpu-
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 wiil change, and so the optical
properties such as the probability of the optical impunty traositions, and the
transition efficiency are expected to have nig changes. Nanocrystals doped

ith iransition metal or rare-earth elements have decreased concentration
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CHAPTER 2. EXCITONS IN QUANTUM DOTS 17

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 nanmocrystals were prepared by precip-
itation after reaction in toluene. Since nanocrystals sinter at extremiy low
temperature, the authors (61, doped the nanocrystal during predpitation.
To dope the ZnS, manganese chloride is reacted with ethylmagnesium calo-
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 acid. The optical properties of these doped nanocrystals are then
studied at room temperature with the band to band exdtation to exdte the
Mn?* emission. This particular system is claimed to exibit remarkable opti-
cal properties. Photoexcitation occurs via the s-p states of the nanocrystal,
the exctation is transferred to the d states of the Mn ion, and then the
emission can take piace by transition between the d leveis. But this opti-
cal process has high efficdency and a luminescence lifetime several orders of
magnitude faster than in bulk ZnS:Mn.

The spin-forbidden *T; —% 4; was particularly studied and a shortening of
the luminescent lifetime from 1.8 ms to 3.7 ns was reported when the system
changes from ZnS:Mn in bulk to ZnS:Mn in a dopec nanocrystal. Also, the
enhancement of the radiative efficency is observed to increase and to depend

strongly on the size of the nanocrystals.
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CHAPTER 2. EXCITONS IN QUANTUM DOTS 18

Many expianations have been proposed for this sirange effect(66, 71, 73].
Among them is the enhanced hybridization of the s-p state of the host and the
d-state of the Mn ion{66]. It would enhance the transfer of the excitation.
Another possibility is some surface effect on the Mn ion. But up to tke
present, there is no accepted mechanism for this effect. Actually, the prodlem
a0ow has produced a2 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

In this chapter we propose the piezoeleciric effect due to musmatch of lat-
tice constants in the surface of the nanocrystal as the origin of the perma-
nent polarization and the internal electric field, which are observed for the
nanocrystals{25].It gives good agreement with experiment.Other explanations
were also proposed.

3.1 Introduction

As described above, the spherical quantum coafinement model with tke ef-
fective mass approximation and an approximate treatment of the Coulomb
interaction1,2] is presentiy 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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CHAPTER 3. POLARIZATION IN POLAR NANOCRYSTALS 20

dot. The absorption {features and their size dependence are weil described
by this model {5,12,17]. Also, the observable fine structure of the band-edge
exciton was predicted to result from the additional effects such as the non-
spherical shape of the dot and the excharge interaction between the electron
and the hole [18,19.

However, some observations give results indicating that there should be
additional modification of the spherical model of nanocrystals {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 nanocrystals suggests the
presence of the internal electrical poiarization28-31] which lhifted the inver-
sion symmetry. Some studies of colloidal CdSe nanocrystals by coating 2
CdSe surface with a laver of ZnS before capping with an organic base show a
significant increase of photoluminescence quantum eficiency. The increase of
photoluminescence partly can be explaired by the diference of the band gaps
{ ZnS has a higher band gap than CdSe]j, but may aiso impiy the existence

of some "internal electric field”, which mixes the optical energy leveis.
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CHAPTER 3. POLARIZATION IN POLAR NANOCRYSTALS 21

3.2 Existence of a Permanent Dipole Mo-
ment in a CdSe Quantum Dot

Recently, P. Guyot-Sionnest and coworkers [30] researched the one-photon
and two-photon excitation transitions, and observed the similarity of one-
photon and two-photon spectra in CdSe nanocrystallites. But in the two-
photon spectrum, the transition 1532 — 1S,, which is parity-forbidden, has
been found. Observation of the parity-forbiddern transition strongly indicates
that a spontanecus polarization exists in the CdSe nanocrystal, that is, some
internal electric field exists that mixes the odd and even band-edge hole
states, as the authors of{30] proposed. It aiso implies the lack of inversion
symmetry of these nanocrystals.

In their later papers {33!. these authors have measured the magnitude
of this dipole moment by the method of dielectric constants. In their ex-
periment, the CdSe narocrystals were synthesied by injection of dimethyl
cadmium and trioctylphosphine seienide in a hot bath of trioctviphosphine
and trioctyiphosphine oxide. The size dispersion is further reduced by irac-
tional precipitation to the size dispersion between 3% — 10%. The authors
get the diameters of 344 and 464 for two cifferent kinds of nanocrystals.

The complex dielectric coeficent

e=€ —z&" (3.1}

has the real and the imaginary parts relating to the dipole dielectric conin-
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CHAPTER 3. POLARIZATION IN POLAR NANOCRYSTALS 22

bution following Debve’s formula {33] as:

€
€ €+
1+ {wr)?
" €4
€ = —ur 2
T+ (wr)? (32)

where T = 4xnrk/kT is the relaxation time and e¢; = 4xnu®/3kT is the
dipole dielectric conimibution. g is the screened dipole moment, ry is the
hydrodynamic radius, which is close o the radius of the semiconductor semi-
concuctor plus its capping layer. €, is 2 constan: azc 7 is the viscosity of the
solvent.

Table I give resuits of their measurement. In {33! the authors obtained
the dipole moments of 23 debye for the 17 Aradius nanocrystal and 47 debye
for 23 Aradius namocrystal. In the later paper (33, they report even larger
valzes of the dipole moments: 66 debye for the 34 A-adius dot and the cipole

Torment varies between 41-98 dedye for the quantum dot sizes tkey siudied.

TABLEL Resuls.
Semiconductor radius a 17 A 235
Scresred disole moment 20 232D 47=3D
Relaxaiion ime Teo 027 =05 us C7=02as
Hydrodvnamic radius re 0=1A 3¢8=3A
Texod Teseore 09 = 0.1 14z 04
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CHAPTER 3. POLARIZATION IN POLAR NANOCRYSTALS 23

The measurements of 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 nanocrystal. 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{37]

Pc = ;1(261 + Ez)f4ﬂ'f§€1 (3.3)

where €; and ¢, 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 uC/em? is obtained for the 23 Aand 17 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 dipole moment reported by 35! is
shown. We see that the dipole moment is increasing linearly with the dot
radius.

Until now there is stiil no definite answer for the origin of the permanent
dipole moment in the nanocrystai. Brus and coworkers 27) show that the
dipoie momen: is extremiy sensitive to the detalled atomic siructure and
suggest that the origin of the dipole moment may be the Lifting of the inver-

sion svmmetry in the hexagonal iattice. Also recently, Brus and coworkers
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Figure 3.1: Size dependence of the dipole moment for CdSe

127 measured the electrostatic charge and photoionization characteristics of
2 single CdSe nanocrystal and came to the conclusion that the nanocrystal is
initially charged neutral as prepared, but upon photo excitation, it develops
a positive czarge, and the ionization rate depends :laearly on the laser dex-
sity producing the photoexcitation. They propose the lonization as a mocel
for onigin for the permanent dipole of the cot, but siace the lifetime of the -
positive charge due to laser photoionization is difereat from the “infinite
ifetime” of the permanexnt dipoie. they suggested thal two Knds of caarged
stazes can excst.

Gurot-Sionnest and coworkers 33 alse suggest tZat the thermal incduced

charging may De one origin of the dipoie moment.
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CHAPTER 3. POLARIZATION IN POLAR NANOCRYSTALS 25

In this chapter we want to examine another model, namely the modei 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 Nanocrystals

The electronic structure and optical properties of nanocrystals 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 28] showed a micrograph of CdSe narocrystal from high-
resolution electron microscopy (HREM) and resonance spectroscopy. Their
HREM data were collected on a sample of average diameter 65A. They were
able to view nanoocrystals 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) aad {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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CHAPTER 3. POLARIZATION IN POLAR NANOCRYSTALS 26

Figure 3.2: ajHREM mic: h of CdSe nenocrysicl riewed along /001 zome
(=2 i -

azis {c-azis} of the wurtzite latiice. bj4 nanocrysial viewed along the [G10/
zone azis {perpendicular 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 taply degenerate T state spiits into A and
E states supports the point group assignermernt of Ci, for wurtzite CdSe
narocrystal

So, 2 CdSe nanoccystal has an hexagoral structure with a top purely cac- -

mium termminated surface and a bottom purely selenium surface. [t means
tha: the CdSe nanocrystallite itself has zo inversion symmetry. Aznc of

course, the coated CcSe nanocrystallite has no inversion symmetry etther.
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3.4 Model 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 semiconcuctor stell, the Cd anc Se in the
top and bottom surface of the nanocrystal will couple witk 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 ZoS (Fig. 3.32) 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 laver (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 togetter to form a thin layer of
ZaSe in the boitom surface of the nanocrystal {Fig.3.3c). The materiais 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, acd tne
differecce between the lattice constants of zeighbor meaterials can lead to
some strain existing on the surface of the nanoerystal 417

Based on this mode! we propose here a simple theory to explain the ex-
istence of the spontaneous polarization iz the interface surface of CdSe and
ZaS. Iz the interiaver bounding surface of a nanocrystaliite, where different
materials interface, there should be a strain caused by the diference between
lattice constants of different materials. Because of this strain, the piezo elec-
tric effect will produce an eleciric polarization in the surface laver of the
crystailite, which is propertional to the diference of the laitice constants.
The lack of inversion symmetry is a condition for the existence of tke piezo-
electric effect, and all these wurtzite siructure materials are piezoelectric.
So, originating from the piezoelectric effect, the spontaneous polarization

the surface layer has the form:

P~ 14— ‘3.’;\‘
u
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where e,4 1s the piezoelectric constant, u is some lattice constant, Au - the
difference of the lattice constants of materials in surface layers. For simplic-
ity, we take Au constant; in reai’ty the strain will be distributed, i.e. Au wiil
be a funtion of z. For CdSe coated by ZnS, the vaive =2 is about 10% (39,
and the polarization is rather large. We will assume elastic modulus Cy; has
its buik valve in CdSe. Note that we are assurmning no free charge in the dot

and only the lattice effect is considered.

3.5 Calculation of the Internal Electric Field

To demonstrate now this surface poiarization can cause the internal eiectzic
field inside the coated dots, we use a simple geometric model, ®hich is very
close to the hexagonal structure of CdSe dots, but with higher symmetry
(Fig.3.4).

Let us imagine that we have a sprerical dot of CdSe, coated 5¥ ZnS. At
the surface of this dot, where CdSe and ZzoS interface, there exisis a thiz
layer, composec of CdS in the upper haif of the spherical surface, and ZnSe
in the lower half To be similar to the hexagornal structure of the crystailite,
where the polarization due to the piezoelectric effec: is nonzero oniy in the top
and bottom horizontal planes {Fig.3.42}, in our spherical model we assume
that the piezoelectricity causes a nonzero P, only in the part of CdS surface
(top} layer with angle § satisfying 7,3 < ¢ < 27,3, and a nonzero P oriy

in the part of ZnSe surface (bottom} where —2x/3 < 6 < —7/3 (Fig.3.4b).
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Iz ail other parts of the surface, the polarization equals zero.
In other word, we write the expression for the polarization iz the dot

surface:

P = P.6(6-=/3)0(2/3 -6,

e~
i
—~~
o
4 1]
N ot

P,0/6 — 42,/310(5%/3 — §),

The dielectric constants of the cot, the thin layer and the coat are €, &,
€3, respectively.

Because of the lack of inversion symmetry, P;, P, will have the same

cdirection.

Now we use the usual electrostatic methoc to ind the interral electric
feid inside the dot due to the surface spontaneous poiarization.

The surface charges due to the polarization in the inside (¢, and outside

T z L eha shyry 1 - b -
2\0'5) Suriaces oo Loe N :ayer ovey !

. = P-n= Pcosh.

g5 = P-n'=—Pcosd.
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with P given in (3.3}

Due to the symmetry of our model, it is easy to choose the electrostatic
potentials and the coundary conditions for this coated dot system. The
electrostatic potential for regions inside the cot, in tie thin surface laver and

in the coat are ®;, @,, $,, respectively, which car be expanced in spaerical

Legendre polynomtals:

where 1 is the distazce to the centre of the dot, P; is 2 Legendre Poiyznomial ay,
51, m, & are coeficients, | are mon-negative integers. The boundary conditions
at the surface a and b of the coated dot reguire the continuity of tangential

components of electric feid

- .
' ( ‘ i . ; .
——095/06' = = -ga@z’é@ =ty

b

Los. iag Dos s 7,
——:3@:;‘862':3 = --3@2;506}253 33:

G a
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and the discontinuity of normai componerts of the displacement

523@3,*"33';,“ - 51‘a§1;ae;:,:z

€3093/09! 1= — €09,/08 =

(3.8) and (3.9) give the system of eguations

8 of the expressions(3.7). Replaciag (3.7} int

system of equations:

34
= —Pcosé,
= Pcosé. (3.9}

for the coefficients ;. 31, ¥,

o (3.8) and (3.9 we have the

"
Q{b‘ = 5{5‘ - SI——:
& w
gl
et~ at-t
r fr Ty 3
% ~1 te=—1 é’l _ .
;Ezfal G — e —; 5 — e oqd ‘g Pcos6) = —Pcost
¢ i
Poa=ng {(I+11
> 4 - 6t ey o S200 T 1M O
—€3° e i3t - pree { P{cos#) = Pcosé (3.18
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To satisiy aii equations in (3.10) simultazeously, all aj, G, w, & wiih [ # 1

must be zero. Then the electrostatic potential inside ané outside the quan-

tum dot will be described by these coefficients follows:

Va(r) = ayreosf

where V,,(r) is the electrostatic potential at point r insice tle quantum dot,
and V.. is the electrostatic potential outsice the dot. From (3.10} we have

a system of equations for a;, 4, ™ and &

"
a:h = Gid+
1)
5 "
;z' = Gia—- 3
9 Iy
:;cg__‘?"h_e,q,‘ = (P. =P VI
sigd — a3 h, = (A i
9 (54 8 E
?_E. 25')"!‘ [ 3\"5\
-3 — €& — — = (PP} ( - (3.12}
P # 8
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we nave a soiution for @, the expansion coefficeni of the potentiai inside

~ -

the nanocrystallite as the following
ay = —a{P; - Psj {3.13)
where

\ e — €3)a°h — 5% — 2e3a°
8 A —a)e - a)e’l — (@ - 2aa’){ad’ - &)
(3.14)

Then the electrostatic potential inside the narnocrystal will be egual tor

.:' .
Pt
[8]]
ot

V=-alP, - Pjcost

.y

It means that the internmal electric feid caused by the spontaneous polar-
izatior iz the nanocrvstallite dot will be lineariy proportional to the sum of

Pz and P:I

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 3. POLARIZATION IN POLAR NANOCRYSTALS 37

So, from (3.4) and (3.16}, we have the polarization in the surface and the
electric field inside the narocrystal due to the piezoeiectric effect caused by
the diference of the lastice constant of the material iayers in the dot sur-
face. We will estimate the poiarizaticn and the electric feld numerically to

compare with the experimertal results (33!

3.6 Numerical Estimation and Comparison
with the Experiments

In order to examine the amplitude of the poiarization and the internal electr:
field, we can evaluate P and E using standard parameters of CdSe and ZnS
'38. The piezoeleciric constant ey = 4.2- 10%esu) 37,40!. For :ke lattice

constants of CaSe, CaS, ZaS, ZnSe we take :

u(CdSe} = 6.051, u(CéS) = 5.831,u{ZnS) = 5.404, u{ ZnSe) = 5.55.

.. S . PP ~ Ag
so that In the upper surface{ interface of CdS-ZaS } =% = 0.08, and in tke

34

lower surface { interface of ZnSe-Za§ ‘%f;l = 0.03. Herce. respectiveiy, ide
nolarization in the upper and lower surfaces equai P, = 3.3 - 0% esu} and
P, =21-10%esu) (or P, = 1.1pC/cn? and P = 0.7l /cm’).

Taking dielectric constants & = 6.1, & = 33, g = 3.2, for a CdSe

aanocrystal of radius @ = 204 arnd the surface thin layer 5 —a = 34, the
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coefficient @ = 0.06 and the magnitude cf internal eleciric fieid is 2bout
3.3- 10%(esu) (or 4.8 - 10°V/am).The field is rather large, and the effect can
be considered :mportant.

At presence there is stiil no experimental data for the magnitude of elec-
sric field of coated dot. But the data of bare CdSe dot can give us some idea.
The predicted polarization anc electric fieid are alrmost of the same magni-
tude of the data observed in 33,35, with some smalil difference. The reason
mayde lles in the diference between the strain effects of the coated dot and
bare dot in organic host. Another possibility, as some authors suggestec, is

3

due 1o the existerce of the space charges distributed arotnd the nanocrystal.

3.7 Summary

In summary, we have proposed the piezoelectric effect as the ongit of the
spontareous polarization and the large dipole moment in narocrystailites.
We preseanted a simple mode! in which we usec the absence of inversion
symmetry in the structure of a wurtzite nanocrystal in order to evaiuate the
magnitucde of the dipole moment. We obtain a rather large interna: elecinic
feid exsting inside the nanocrystallite. This electizic feld exists zet only in
the coatec dots, but in ail nanocrystailites, which are put into other matenials,

hecause of the strain in their surfaces. The existence of the internal eleciric
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field and the absence of inversion will change the electronic structure, mix
the optical levels anc give new results in one- and two-photon transitions, i
the Stark efiect of excitons and other optical effects.

The calculation was made for the coated dot. We expect that for the pure
semiconcductor dot there should exist the strain on the dot surface also due
o the mismatch of tie lattice distances between the dot's material and the
organic coat, but this requires further researcn.

Just after finishing the work, we received the experimental data 41 con-
firming the presence of the strain in the core, sheil surface. Working with the
CdSe/CdS core/shell nanocrystals with the lattice mismatch between core
and shell of 3.9%, authors of/41! have observed the presence of a strain up
to 30A. They have seen the obvious efect of strain, such as the peak shift
toward larger d-spaacg.

This supports our proposed model of thin layers with different lattice con-
stant changing from core ‘o shell. The authors of'41] noticed that “the straiz
iz nanocrystals should inveive a larger volume fraction thar in a superiatiice

anc have a correspondingly iarger efect on @ XRD patterns”™.
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Chapter 4

QUANTUM DOT ARRAY IN
AN ORGANIC HOST

In this Chapter, we present 2 theory for 2 new Inorganic-organic avbrn

exciton state, which appears when an array of semiconductor guantum dots Is
embedded in ar organic medium. The bybzid exciton has uniques properties.
which the Frenke! and Wannier-Mott excitons separately do not have. for

example, it has both the large exciton racius azd the large osciliator streng:a,

and high nor-lirear optical susceptibility 42,43
4.1 Introduction.

Development of innovative growth techniques suca as moiecular beam epi-
taxy and the reaiization of systems in iwo-, ome- and zero-cimensional con-

fined geometry mace it possible to have many zewly developed orgaxnic and
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inorganic structures with very interesiing propertiesi44,43.. The growth of
organic multilayer structures analogous to semiconductor (inorgaaic) super-
lattices has been made in several groupsi45-48]. This recent progress opens
a new field of research ior investigation of the optical properties of such
systems, which Is very promising from both the techrological and the tack-
ground scientific point of view. In particular, the possioilities of combining
organic and inorganic materials in one heterostruciure lead to a series of
investigation of a new type of hybrid excitatior in such systems(£9-32..

In 2 solid. the excitons play an important and fundamentai role in optical
properties, especiaily for the optical processes happening close to or below
the band gep. As said in Chapter 2, the exdton is 2 bound state of an
electron and a hole, which is created by light. By Frenkel’s definition, excitons
are electron exciiation waves which do not carry eleciric current. There
are two different kinds of excitons in solids: the Frenkel excitons and tae
Wannier- Mott excitons. The Frenke! exciton is the electronic state of a
molecular or strongly lonic crystal, where ile electrons and tae Loles are
situated on the same molecule or atom. The lattice constant of tze molecular
crystal is very small, @ ~ 54, so the Frenkel exciton can de consicered as
a smail radius exciton with @ ~ 34. Azother case is the Wannier-Mozt
exciton in the semiconcductor. Within the efective mass approximation for
the two -particle system with the Coulomb eleciron-hoie interactiorn. ine

Wannier-Mott exciton can be represented by the hydrogen-like wavetunction.
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The typical electron-hole distance is large, and the Wannier-Mott exciton is
relatively weakly bound with the Bokr radii ag ~ 1004 iz III-V materials
and eg ~ 304 in II-V]I materials. So, the Frenkel excitons are 2lso called the
smail radius excitons, while the Warnier Mott excitons are the large-radius
excitons. Because of their large radius, the interaction between the Wannier-
Mott excitons is very large, while the interaction between Frenke! exciton
in different sites can be neglected in many cases. The Frenkel excitons have
very strong osc:llator strength, which Is comparabie to the oscillator sirength
of the molecule, while the osciilator strength of an Wannier-Mot: exciton is
much weaker.

The exciton resonance is reached when the exciton deasity equals the
saturation density, 1.e when the exciton wavefunctions begin to overlap each
other. The smail radii of the Frenkel excitons lead to their very large sat-
uration density so that the excitonic resonaace ir organic material is very
difficuit to achieve due to too high concentration which is necessary. In con-
strast to that, the optical nonlinearity of the Wannier-Mott exciton caz be
large at rather low saturation censity n, ~ 1/7ej 32\

The cifferences between the Frerkel exciton of organic materials anc the
Wannier-Mott excitons of semiconcuctors gave sclentisis the icez o form

the systems having some hybrid excration states wiich has the composite
properties of both inds of excizons and iz this way to overcome the [Imilalion

of each kind of excitons. Thus, one expects to have an hybrid exc ton Wik
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the large exciton radius of the Wannier exciton but possessing the large
oscillator strength of the Frenkel exciton. Then the hybrid staie can have at
the same time the la-ge optical resonance nonlirearity and the low exciton
saturation density. By combining the organic and semiconducture iz one
Leterostructure system, one expect o have the excitation siate with all the
major properties of both kinds of excitons.

To realize this idea, physicists propose systems with different geometrical
configuration of organic-semiconcuctor materialsi19-32; so that the Frenkel
excitons of organic material and the Wannier-Mott excitons in semiconductor
are in resonance of each oiher, anc 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 model of nanostructure consisting of
a ceighbouring organic guantum well and norgaric quantum well 49.. The
resonant interaction of two kind of excitor at the interface of two 2D quaatum
wells leads to strong mixing and to the apperance of new states with the
large exciton radii typical for Wannier-Mott excitons, and the large osciliator
sirength typical for the Frenkel excitons. The dispersion curves shifis the
minimum away from the cexter of the Brillowin zome, which is expected to

ol

influence the opticai properties. Lhe dipole-cipele couiing decays very fast

1,

with increasing the interweil distance. The zew hybric states ecsis m 2

large region of exciton wave vectors, dut disappears in a range of smail IWo-

dimensicnal exciton wave vectors. Another coafiguration is propasec 30,
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where the authors study the excited states in parallel neighboring organic
and morganic semiconductor quanturn wires. For this geometry, the hybnd
exciton state is different from zero even for zero wavevector. Recently, in
151 the interesting model of a single semiconductor quantum dot with an
organic shell was aiso proposed and the strong mixing was found for the
weak confinement regime in the limit of dot racdius Bp >> ap [exdton
Bohr-radius}. For these models, the authors predict a large enhancement of
nonlinearities at resonance, in some cases it is about two-orders of magnitude
in comparison with the tracitiornal systems.

As a new model for the heterostructures, where the resonant mixing of
Wannier-Mott and Frenke! exciton 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 been fabricated in several
labs 47,481

As was said in chapter 2, the oscillator strength of a guanturn dot incTeases
proportionally to the radius of the dot. So the optical non-linearities shoula
aiso increase with increase of the cdot racdius as long as the quanium size
effect of the zero-dirmensional quantum cot stiil works. Whez the quantum
dot radius is too large, the exciton enmergy becomes continuous as in the
balk semiconductor, the guanium size effect does not work any more, ancd
the non-[inearities stop increasing wiih the increasing of the dot’s size. So,

there is some size of the quantum cot, where the noniinearities 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 quanium dots are arranged
together in an array, due to the multipole interaction of excitons in different
dots, an exciton inside a quantum dot can be considered as not localized
in that dot, but it can propagate through the latiice via the mechanism of
exciton transfer processes. So, the guantum dot array can help to overcome
the above limitation and can enhance the optical nonlinearities in the sysiem.

When we place such a dot array in an crganic material, due to the inter-
action of this propagating exciton with the medium, 2 new hybnid exaton
state will appear 1n a system. This hybrid exciton, which is a2 mixed state of
the transfer exciton and the Frenkel excton of the medium when these are at
resonance, also has a large exciton radius { because of the large Wannier-Mott
exciton radius} and 2 iarge oscillator strergth (because of the large oscilla-
tor strengths of the both Frenkel anc transfer Wannier-Mott excitons). The
small mass of the transfer exciton then leads to a large coherence iength of
the systemm. This fact, as well as the hybridizatior, will give us a vers large
optical non-linearity. It may also give unusual transpor: properties, but at
the time of writing these have not been investigated.

In section 4.2 we present our moce! to get the hybrid excitor Hamilto-
aian. The hopping coeficient of the exciion in different dots and the Wannier-
Frenke! exciton coupiing constant are described in section 4.3 and +.4. The

sonlinear optical susceptibiiity and its depencence upon the system param-
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eters are obtained in section 4.5, alorg with an estimate of the magnitude of

the non-iinear coefficent for a typical system.

4.2 The Model.

We consider a nanostructure consisting of a three dimensiorai array of semi-
conductor guantum dots placed Into some organic materiai as a host medium.
The size of the system should be considerabiy smaller than ihe wavelengin
of light that corresponds to the transition cetween excited and ground state
151i. As an approxXimation, we will consider Lere the ideal array with dots of
the same radius R and the same dot-dot spacing d. The excitations ir inor-
ganic seriiconductor quantum cots are the Wannier Mott excitons, which wili
interact with the Wannier-Mott excitons in other dots through the dipoie-
cipole interaction. The Frenkel excitor in the organic medium is represented
as an electronic state - the crystal where the hoie and the electron are sit-
uated at the same molecule.

The total Hamiltonian of the systerm wiil be taken as foilows:

H=Hy ~-Hr - Ho: {

N

where Hyw 1s the Waznier Mott exciton Hamiltonian, which consists of terms
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for a free excitons and for the hopping between the excitons in different dots:

Hy =Y EZazoa+ Y tzew{agesr — h.c) (£.2)
al wow

where a3, (ag) are creation (annihilation} operators of Wannier excitons
in quantum cots. Index [ lzbeis the exciton'staus and 7 indicates the sites
of the dot in the cot lattice. Here we assume that the dots are distributed on
sites of a three-dimeasional iattice with the position & = (n,,n,,n.) of each
site in {X,¥,2) coordinates, where the distance between the sites (the "lattice”
constant} equals d. For simplicity we assurme 2 cubic array, !.e, the number
of dots in each directions N, V,, V. is thesame N. = N, = N. = V.

The Frenkel exciton Hamiltorian can be written in the {oilowing form

493

where BZ . (bz '} are creation {amcihilation ; operators for the Frenkel exc-
&m” ¥ by
ton in the organic medium with wave vector & in the m™-exciton state. Note

qere that becanse the Frenkel exciten is localizeg, she Frenkel exciron energy

in the wavevector expansion 4.J cepends on k very weakly.
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The interaction Ham:ltonian between the Wannier Mott excitons in the

dots and the Frenke! excitons in the medium kas the form:

Heot = Y gim(Fa. E)(abz,) {£4)
miik

In{42)and (4.3) EY and E ga are the excitatior energies of Wanaier excitons
in the dots and the rrenke! exciton in the bost medium, respectively.

As was said in Chapter 2, for the Wannier excitons confined to a dot,
or guantur sphere, the oscillator strengths are concentrated mainly on the
low excited states. So, with no loss of generzlity, and in order to sumpiify
we will consider only the interaction of the :wo lowest states of excitons( the
ground state and the lowest excited state}. Also we assume that the energy
difference between the energy levels E¥ and E¥ is much smaller than the
distance to other bands.

GtmiTa, 5} is the coupiing constant of Wannier and Frenkel excitons, and
iz is the hopping constant between Wannier excitons in the dots. This
hopping constant, which has its origin in the rmultipolar interaction of exci-
ions in different dots, iz gereral, is differeat in cifferent directions because of
the direction of poiarization. Here we assurme only nearest dots interact with
each other, so the hopping copstants for the nearest dots in the X, 7, z direc-

‘iom are t., iy, t., respectively, where e.g. f = tggy L = (nz = [, ny.
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and [ I' are the label of the lowest energy levels, and similarly for ¢, ¢,.
Because the dot rzdius 1s approximately equal to the ground state exciton

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

one excitor in each dot, so we omii the exciton-exciton interactior in th

same dot. Thex we have for the hopping term:

Hip = Z Z {tz‘zﬁc;vl,n,.n.;laf-:,a-;.nz;l’Téyaﬁ,,u,,-l.ng;lanhn;,m;i"‘
' Rzny.Re

; - Lo ‘2
“-t=an‘,n',ng-f—l;£aﬂsnﬂzﬂtéz' —f.C.j L=

e
n

Changing to k-space by Fourler transformation with:

Here d is the distance between dois. k& = {k;, &, %.} is the wave vector
of the exciton in the coupled dots. The Fourier transform of i %,,2. will
se t{k. !, i{ky), t(k.), respectively. Then we obtamn the Hamiltomian for i

Wannier- Mot: exciton inciuding the transier exciton process in different

dots:
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Hy = ZE{F (Riegau + Z Et(k:){e"""-f- e&:a)ﬂ;zaa—"
&l ke deg ke d

<t{fg)(e ™5 = S agan — (Yo — S lagay (47

5o we have:

By = Y EF(kogau=2Y 3 (t(k)cos ud -
el

T ke oy ked
~t(ky ) cos kyd — i k. ) cos kdla e, {4.8}

The Fourier transformation for the dot-medium coupling constart gmirs, k)
wiil be the {ollowing:
Gm{Tr k) = D exni{nakld —nykid ~ 2.k )Gk &) 18
e

Notice here that if one makes the iransiational trensformation with a lat-
tice vector L in the lattice, due to the exponential forms of the Frenkel and
Wannier exciton state fuactions, one will get, by translatiozal invariance,

Trexpi{k — &)L = &k - £"). So the coefcient Gin{ %, k") will be different
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from zero only if k = K. Then instead of Gy (k. £’} we can write the coupiing
constant as Gpy(k) and omit the sum over k.

Then we get the total Hamiltonian (4.1) as:

H = ZE (k,Dazag -~y EL(kjbZ_
mi

= G (EaTh- =~ a-b-
ﬁz\:h{&‘;(aabb‘ agb?
mik

bn

v
'
et
ool
S

where E¥ {k, ) is the energy of the Wannier-Mott exciton including the hop-
ping transfer process as in {4.8).

In the perfect confinement approximation'l,2), the exciton wave functions
must vanish at the boundary of dots, ard the energy of the Wannier exciton
in the spnerical quantum dot has discrete values according to the zeros of
the Bessel function. Then the energy of the Wannier exciton confinec in the

dot with quaztum rurmber {n,l} is

2.2
b 3 Vot .
Ej{ki=E, - 43
nd L 7 ezt ~ T.Ldf
2M_R?

where E, is the band gap, EZ, is the exciton binding energy, and +u is

the a-th zero of the spherical Bessel funciion 7(z) of orcer [, which depends
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on the magnitude of the dot radius R. Here M, is the effective mass of the
exciton. The lowest excitation in the dot will be the state with [=0.n = 1.
As we consider only the lowest exciton state, from now on we will omit the
irdex I of the exciton state. In writing the expression for EJ (k} we are
assuming the dot is spkerical as a good approximation o the actual shape.

For kd smail, the totai Hamilton (4.10} caz be written as:

W 7 — F - F &
Z ~ (kjaza ZE’U\:‘&E Y G! kiaztp —agdz)  (412)
R k

Now we call E¥ () the transfer energy of the Wannier exciton of the semi-

conductor dot array:

N

EF(k; = E¥ —23 t{k) - &Ytk (.13

where : = {z.y,:z}.

Equation {4.12} describes the system of Wannier excitons and Freakel
excitons, interacting with each other. Besides the excitorn emergy in single
guacntum dots, the energy of the Wannier exciton it tke guantum dot array
also includes the large transier energy between T®O nearest guaniurm Cols In

the array.
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We notice that because of confinement, the energy and ihe state of one
quantum dot cannot be described by the wave vector. But the energy and
the state of the transfer exciton in the quantum dot array does have the k-
vector dependence anc we will need to include the dispersion relation for the
energy of this transfer exciton. This energy strongly depends on the vaize of
the hopping constant k) and the direction of the poiarization vector of the
exciton, which we will investigate in the next sections. The presence of the
transfer exciton aliows us to change the energy region of the resonance and
also the optical properties of the hybrd exciton.

So in our moce! the semiconductor guantur cot array embedded in an
organic medium can be interpreted as foilows: the Wannier excitors in quar-
tum dots interact with eack other to form a kind of transfer exciton prop-
agating through the lattice. This transfer excitor in its turn is coupled at
resonance with the Frernel excitons in the organic mecium to form an hybrid
Organic-inorganic excitorn state.

Iz our mocel we consider the exator-exciton interaction and the oy-
bridizatioz as the principai efect, so here we om:t the potentiai scatiering

between the cot array anc the mecium anc leave It ior 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 Frenkel excitons is much less than the distance to any
other exciton band, and seek the mixed state oniy bDetween the two nearest
bands. As a basic set we choose the mixing state so that when the Wannier-
Mot: exciton is excited, tke Frenkel exaitor is in its ground state, anc when
the Frenke! exciton is excited, the Wanmier-Mott excton is in iis ground
state.
We write the new hybric excited state as the following:

V() >= w(B) O () ~wlR T O R > (418)

i A

where ¥¥(k} and U7(k) are excited states ancé ¥ (0}, fF(0) are ground
states of the Wannier exciion in the dot array anc Frenkel excitors in medium,
respectively. Since we wiil consicer only the lowest excited states of the ex-
citon. so from now on we will omit the indices [ and I". The coeficients u{k}

anc v{k) have the followiag form after making a Bogoliubov Transformation

from operators @, a; aad b, b; 0 new operators ax.qy :
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G(k)
u(k) {{EF(k)} — E¥ (k)2 + G*{k)}'/2
o(k) = ET(k) - Eg (k) (4.13)

{EF(k) - EX (R)? - GRRT?

Then in term of hybrid operators a,:.a- the Hamiitonian in eguation {+.12]

can be written:

= Z E{k)aga; (4.16)
k

with the energy E(k) of the hybrid state givexn by the foilowing dispersion

relation:

E{k) = 1/H{EF(k) - EY (k)} = /2 EF (&) - EZ(R)? —4G*(R)} (417)

Due %o the weak dependence of the Frenke: exciton energy upon the k- vec-
tor, the Frenkel exciton energy may be taken independent of the wave vecior

k, EFf(k) = EF{0). We can see from {4.17) that the existence of the array of
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dots, which results in the appezarance of the transfer exciton energy E¥(k},
enhances the coupiing between these two kinds of exciton at resonance, ie.,
the gap between two hybrid excitor branches becomes large. The coupling
will be strong when EF(k) and E (k) are in resonance. So, the resonance
coupling bebavior depencs stroagly on the hopping coefficient #{ ;} and the
hybridization coeficient G{k}, which we will investigate in the nex: sections.

From {4.16) we can obtain the average exciton radius of the new nybrid

exaion:

. i B R 5y
taird = u(E)aw — w{k)%ar (4.18)

where aw,aF are the radius of the Wannier-Mott exciton and Frenkel ex-
citon, respeciively. As we said, aw >> ar and for sirong hybrid state we
have Qagra ~ u(k)Zew. And since u(k, cepends on the coeffcients G{k}

and :(k), the hybrid exciton radius is also cepencent on those coeficients.

—

4.4 Hopping coefficient t(k)

The Zopping coeficient 4 &) is in fact the traasfer energy Detween two nearest
dots in the dot array and plays an important role in the processes occurning

~aidey

when a got arrey is placed in an organic medium.
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The transfer energy is estimated as the electrostatic interaction between
excitons in dots {34]. Due to the existence of "corfined” excitons, each dot
has its tracsition dipole moment, which will mmteract with the corresponding
moment of another dot when the distance between dots is comparabie to tne
dot radius. As mentioned above, for one isolated gquantum cot the oscilla-
tor strength is concentrated mainiy on the lowest excited states and so we
assume that only the transition dipole moment to the iowest excited states
are icvolved in the interaction for an array. This mulitipolar interaction is
intrinsically strongly short-range, and dependent upon the distance between
dots.so we use here the nearest neighbor approximation.

Now consider :he electrostatic interaction between excitons in two spher-

ical quantum dots:

k) =< W,(&) Hy_s W, (k) > (4.19)

where W,lk“ W7k are the exciton wave Sunctioss in two dots,
LS b P4 NS
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where ¢(r=*} is the relative electron-hole motion function, F* = fy, — s,
(7} is the excton envelope function, Tu, [Fha}, ¥ {7}, (¥5 (Tae) are the co-
ordinates and creation operators of electron (hole] in the cot, respectively.

V; is the spherical dot’s volume. The exponent €= can be expressed i terms

of spherical harmeornics (38].

e =42 Y (—i) &) Yem Yim
w

m,m’

The enmone function for the excitor insice a <:)ﬂencai cot d"OC'”CS Q.

tke radius of the dot and has the form 1,4l

&(Filntm = Yim(B:, 0)

where 1_; is the electron-koie relative coordinate and r is the center of mass
coordinate of the exciton. Hy_g; is the interaction Hamiltoniarn between two
dipole momerts in these two dots. In our case iLbe distance between two dois
is larger than the dot radius d > R, so the interaction can be coasicered
approximately as the ordinary dipoie-cdipole interaction. Bu: when the dot
spacing is of the same orcer as of the dot radius, we have to coasicer the

muitipolar interaction. Neglecting the higner orders the interaction between

two quaztum dots can be written in the form:
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Hyy— /3(r P2)TR) - (7B -

r:

,..».\
=3
i‘
—

where p;,p; are the polarization vector of the Wannier Mott exciton in ke

two dots

w ” .y I \,
A= Hp o(re ) ¥alra): — hec 423

gp is the optical trassition dipole moment of the Wannier-Mott exciton.

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

for the hooping coefficient between two spherical quantum dots:

A 237 ¥4 -~ . R p
k) = 0ma(0) fau{{A7 27} — (& R0 7 An2} (424

Su{r) is the quantum dot excitor envelope function. 47, are traastion dipoie
moments to the excited state {n.{ = 0,m = 0) for the quantum det spheres

1 and 2. respectively. R, is the unit vector directed along the straight iine

connecting two excitons, which Cue %0 the small ot racius we can approxi-

9

telv treat as directed along the line connecting two cot centers. fn, Is the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 4 QUANTUM DOT ARRAY IN AN ORGANIC HOST 60

0
N ot

Ful®) = [ iChryouad'r [ 2T

S d-r+7!

The integrals are tagen over the volume of the two dots.
For the exciton poiarization parallel to the cirection connecting two dot

ceuiers:

t: = —6ng(0) fu2(p") {1.26)

For the exciton polarization perpendicuiar to the cirection connecting two
dot centers the hopping coefficient is equal to:
" ; £3

_ s r,wn2
t = Gny{0) fraiis

Y i
; -
i 5

e
t9
-]
"y g

The hopping constant depends strongiy on the polarizatior direction of ex-
ctons. Also, the transier energy (4.15} cepends oz the direction of X-vecior
and relationship betwees the k-vector and the poiarization mode of the ex-

cton. The longitudinal and transverse moces have diferent energies.
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For the transition dipole moment to the excited state (n,l{ = 0,m = 0) of
the spherical quaatum dot we have:
(2)3;2

E-J

;‘:

$1.{0)p= R (£.28)

nx

Hence, from {424} - {4.27}, the hopping coeficien: t depends oan R.d, so
we can change the dot separation d with respect to dot radius R in orcer to

determine the optimum t for the strong hybricization state.

4.5 Hybridization parameter G(k)

The organic medium can also be described as a lattice, with organic molecuies
occupving every site. The Frenkel exciton can move between the sites. Be-
cause of the smail "lattice constant” here, the organic molecular lattice can
be considered as a “microscopic” lattice in comparison with the macroscopic
size of the cot lattice. The organic latiice constant” is of order 54, while the
dot radivs is abeut 30-100 A and the dot lattice constant is usually arournd
60-300 1. Tke resonance couplig of Fremkel excitons in the medium and

Wannier exciions iz the cot array is determined by the interaction parameter

Gik) =< F.kiHo W.k >

I
=
t

&
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where the interaction Hamiitonian is taken similariy to (1, 3, 4i

ot = —Z E{r,}P(r,} 4

”

1he
[
D
e

»

Here E{r,) is the operator of the electiric field created at point r, in the

orgarnic mecium by the excitons in quantum dots, P(r,) is the traasition po-

larization operator of the Frenkel excton a: molecular site r, of the orgaaic
medium.

If the static dielectric constan: of the semiconductor dots is €;, and of the

by S5 . - g 1 3- Py § - L P :

organic medium Is €., the field at some point r, outside of the dot, created

by the exciton in the dot located at ris:

3¢; 3ncosb—p -

6
§ ]
)
B!
s’
e
3
E )
the
(25
e

Eir—r,i= 5

€ —-€& (T— T,”
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¥ is the optical transition dipole momer: of the organic moiecule. The
Frerkel exciton wave function is written in the form:

_ i lkfu fs “?.
F(k) = —‘_1725 X, (ma)87 0 >
2 F n

iy
im
'
&
—r

“sTn) is the excited state of the molecule at site r,. Putting (4.32) - (1.35)
into {4.31), we have the expression for the hvbridization ccefficient of the
semiconductor quanium dot and the organic medium
3¢ T smb -
L 0 Fowz oy N fa Ay
Glk) = F2k # Ons(0) Dy (K} (4.34)
Z

263'»'61 2({N

A

where § is the angie between exciton transition dipoie momezts of the quan-
tum dot anc the organic molecule, and
=}
rs

v
- f P — nim |
Dk = [ b Rt ud = By
C Y IMedoum ™ iDeerr —73

the
e
4T}
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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 a2 numerical calculation was done for some samples. Fig.
4.2 shows the hybrid exciton dispersion curves plottec for ZnSe dots embed-
ded 1 a standard organic material. The parameters were taken as ag =
304, zf =5D,N = 3. In Fig 4.1 two branches of the hybrid exciton are plot-
ted for an array of dots with redius R = 407, and the dot lattice constant

d =804

4.6 Non - Linear Optical Response

In the preserce of the external electric field

E(r) = Ege¥* (1.36)

the interaction Hamiltonian of :he electric field with the hybric exatorn is

described in the {ollowing form:

T —~ - = ; \
Hu:=E ! | pirle™ ~ [Mpw-’r}e"”% dr 337
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The matrix element consists of two parts: the Wannier Mott exciton ma-

trix element and the Frenke! exciton matrix elem

< 0 kiHm 0 >= Eulk)MT = w(k} M £438)

where M¥ and M™ is the optical mairix elemen: of the Frenkel exciton
and Wannier exciton, respectively. In the regior of mixing, the osallator

strength of the hybrid exciton is determined as:

FE) = uw(B)PFF = (k)Y (:

e
[2%3
¢

Both components, the transfer Wanrrer and the Frenkel exciton. give con-
tributions to the oscillator strength of the kybrid exciton. Due to the con-
Snement effect of the exciton in one singie cot as weil as the transfer exciton
coupling between dots in the array, :he Waanier transfer exciton escilator
sirengih may achieve a velue comparabie to tha: of the Frenkei excitern,
which is very big due to their small exciten radivs arnd small molecular laz-
tice constan:. So, placing of many semiconductor dots in az organic megium

leads to a large oscllator strength of the hybrid exciton. At resonance, the
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osciilator strength of the hybrid state is determined by its Frenkel exciton
componexnt.

From the above resuit, we see the hybrid exciton has both the large ex-
citon radius and large oscillator strength. The large radius leads to rather
low saturation denmsity, and so we nave at the same time the large oscilia-
tor strength and the low saiuration density, which promise the large nor-
linearities of the state.

As already noted in (33} and can be seen from {4.13}, the Wannier transfer
exciton has a rather small translational mass, whick cepends on tbe hopping
constant and the number of dots. For instant, for the simple case where we
assume ail ¢t, = ty = ¢, = i, comparing the (.15} with the energy formula
E = *k*/2m, we have the formula for the so called translational mass

2

13
4 — 7 4 3
M= ‘){"dz i-.j.'g}

This translational mass cdepends on the hopping constant between dots and
the dot-dot spacing, and it wiil be a ‘ew :imes smaller than the orcinary
recuced electron-hole mass.

This small transiational mass is one reason for 2 large coherence lengil,

which is related to the homogeneous linewidth of the excitonic iransition 34 .

i o 173 -
. f37? 3 RN
e = \ ; 3 IS
9172 [ Vf5T, M2 J
22 (MAT,
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M 1s the exciton translational mass (4.42) which we can control by chang-
ing the system parameters namely dot radius and dot spacing. [ is the
Linewtdth of the exciton V is the volume of the whole system, Vigoson is the
volume of the orgaric nost, azd V.. is the volume of one cell in the orgazic
lattice. Notice here that we consider the case where the sample size is smmaller
than the conerence length, so the size dependence appears as in (29).

In the presence of an electric field, the third-order susceptibiiity can be
calculated using stancard pertubation theory [56-60.. By definition the third-

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

—i\3 gt ¢ a
<> = (Z) [ [ dn [ dn< P,
i) J-= —oo e

H'(ta), H'ta) g} >

-
the
(I%)

-

Each term in the above integral consists of the contribution from interme-
ciate states. which can be one-exciion staies or two-exciton states. In the
vicmity of an exciton resonznce, however, it is found 33! tha: the magni-
tuce of ¥ can be safely approximated by the coniribution from ore-exciton

states only and can be approximateiy computec as:
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3L e\’ fz.
Imxy3 = FZ - (4.43)

(o — w7 Pl — o — i
w—w 7 Plw— o —tw)

where V is the system volume, 7. .7 are the longitudinal ard traasverse
relaxation rate, Aw is the lowest excitation energy of the hybrid exciton. [y,
is the exciton oscillator strength. The summation is taken over aii the exciton
levels Iying within the homogeneous liremidth of the ground exciton state.
The oscillator strergth is determined by the cohererce volume (4.43), which
is related to the homogeneous linewidth, which reflects the emergy fuctua-
tion of the exciton state. So, the oscillator strength of the k=0 excton state
is redistributed amorg ail states within the homogeneous linewidth and is
written as:

-

ISR & B IO ‘2 I
fx = folke) o(0) LY

¥
]

N
{2
St

where f; is the osciilator sirength {4.41}of the band-to-band transition, and

?
¢(0} is the envelope function of the exciton.
Considering oriy the resonance case and neglecting contributions from
3

the other nonresonan: levels and taking into account (4.41)-/4.46; we have

approximately the result for the optical nonlinearnity of the hybrid excitons:
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¥Iw) = F?OW)‘( ) ();,(0}[ — ‘

T3

Vifedium is the velume of the organic hos:,rand Ve is the voiume of one
cell in the organic lattice. The result (4.43} includes the contribution from
the lowest exciton state.

The value of x*¥w) in (28) at resonance may be very large. By changing
the number of dots and other parameters of the array, one can contro!l velue
of the non-linearity.

Also, we have to note here one more factor for the optical non-iinearities.
The figure of merit of the excitor is defined as the reiative change Ay, 'x
of norlinear susceptibility in the presence of @ pump density I,. And the
relationship between the figure of merit and the saturation density and th

coberence length can be written as the foilowing:

!
|
55;
5,

-
o
ag

So, the increase of ihe coherence length leads to a large fgure of merit of

the exciton, and, associated with i, iow saturation demsity, large exciton
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resonance oscillator strength and the large non-linearity (53!

4.7 TINustrative Calculations

Here we present some numerical results for ZnSe dots.

In Fig. 4.2 the third-order roriinear susceptibtiity of ZaSe quanium dot
lattice embedded in an organic material is piotted for several different dot
radil and dot spacings. We use here the following typical parameters of or-
ganic and semiconductor materials: of = 100.:1, Gorg = 54,pF =3D,a13 =
304, EF(0) — E™(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 orcers of magnitude ir comparison with
that of the Wannier exciton. The zonlinear coefficent is larger for smailer
dots and closer spacing between them. Also we expect that disorder in tte
semiconductor dot array will decrease the enhancement effect, but this re-

quired a separate investigation whick has not been carried out vet.
4.8 Summary
We presented in this chapter the possidbility of creating s¥siems which offer

2 strong resonance counling of Frenkel and Wanzoter excions to obtain an
~“Q g t=3

aybrid exciton staie with the special properties of bothk kinds of exciton.
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i.e.having large exciton radius as well as large osallator strength. In addition,
we can control the expected resonance parameters by changing the number
of dots, their radius, the distance between them, and the dot radius and dot

separation ratio.
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Chapter 5

MANGANESE-DOPED
NANOCRYSTALS

In this chapter we will present our study of Mn-doped nanocrystals ZaS. We
will consider the effect of an extra electron in the coped quantum dot ZnS :
Mn®~. The effect of Coulomb interaction and exchange interaction between
the extra electron and the states of the M=z ion will mix the wavefunctions,
split the impurity energy levels and break the previous selectioz rules and
change the iransition probapilities. Using this model of an exira eleciron
in the doped guantum dot, we calculate the energy and the wave functions,
the lumirescence eficiency and the transition lfetime and compare with the

expernments.

~1

¥
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5.1 Introduction

In contrast to undoped materials, the impurity states in doped zanocrysial
plays an important role in the elecironic structure, transition probabilities
and the optical properties. An ailempt o understand more about these
zero-dimensional nanocrystais efforts has been made in several labs§1-T1
by doping an impurity in a nanocrystal and searching for a nove! material
anc properties. When the size of the narocrystals is reduced to the size
comparable to some characteristic lengths, such as the efective Bohr radius
around the impurity center or the electronic ce Brogiie waveleagth, the effect
of the confinement effect on the ezergy states and wavefunctions of the im-
purity wil: occur, and unusual physical and optical properties are expected
to be found.

In recent years, Ma-doped ZnS nanoparticles have been intensively stud-
ted. Among many wide band gep compounds. manganese is well known as an
activator for photoiuminescence {PL) anc electroluminescence {EL} and the
Mn?" ion d-elecirorns states act as effcient luminescent centers while doped
into a semiconductor. In order to find the way to improve tze efficency,
peopie are trving 1o reduce the size of the doped zanocrystal.

In 1884 Bhargave and Gallagher6l, 62 reported the first realization of
ZzS semiconductor nanocrystal doped with Mrn iscelectronic impurities and

ciaimed that Mn-doped ZaS nanocrystal can vield both the high lumines-
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cence efficency and lifetime shortening. The doped nanocrystals ZnS:Mn

re prepared by an organometalic reaction at room temperature and these
nanocrystals were coated with polymer or monomer to maintain the sepa-
ration of the particles. The report claimed that their EXAFS experiments
confirm that the Mn?" ion was occupying the site of Zn®” ion. In this
system the authors 61, 62| observed the significant ircrease of the guan-
tum efficency when the system was exposed to the 300 nm UV ligkt. For
the ZnS:Mza nanocrystals, wher exposed to the exdting 300 nm UV ligh:,
the room temperature quantum efficiency increases gradually but rather sig-
nificantly with the cecreasing size of the nanocrystals, from < 1% for the
nanocrystal of radius 70 Ato 18% for the nanocrystal of radius 35 A. In Fig
(5.1) tke size dependence of the guantum 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 lumimescence eficiency.

The vellow emission characterrized for Mn*~ in bulk ZaS (77, which is
associated with the transition *T;—#, was claimed to be observed in photolu-
minescence {PL) spectra for the Mn?" in nanocrystal ZaS. In nanocrystals,
however, the PL peak for the yellow emission is reported slightiy shifted to-
®arc a lower energy (iz buik ZnS:Mn it peaks arouzt 2.12 ev, in nanocrystal
Z=S:Mn it peaxs at 2.10 V). Also, the linewidth of the vellow emision in the
PL spectrum for nanocrystal is larger than for the bulk. In Fig (5.2} the PL

spectra for nanocrysials of different radit are shown to compare with the PL
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effect strongly modified the electronic structure of nanocrystals, the efiects
of the Mn-impurity on the electronic structure of the nanocrystai, or to put
in a different way, the effects of the confinement on the energy structure and
transitions of the Mn impurity in the nanocrystals, still are controversial.
In fact, there is still no settled mechanism to explain the changes in optical
properties of the Mz in the nanocrystals. Also, if some labs reports that they
also obtaired the large change in optical properties of ZnS:Mn nanocrystals,
there are some otker reports claiming no change in the luminescence resulis
in comparison with the Mr-doped semiconductor bulk [72,74].

Tanaka et al [72] studied the ZnS:Mn nanocrystal and found the quantum
effidency of the ZnS:Mn nanocrystal higher than the Mn-doped ZnS bulk.
But they also found that the local structure around the Mn?" ion remain
similar to the bulk, and does not depend on the size of the nanocrystals,
so they conclude that the confinement does not increase the mixing of sp-
electrons of the host and d-electrons of the Mn?®~ ion and the sp-d mixing is
not responsible for the enhancement of the photoiuminescence eficiency.

. -

In addition, in (74}, Bol and Meijerink showed that the luminescence of
the ZaS:Ma nanocrystal have actually twe kinds of decay time, one short
{(~ 100ns}, anc oze iong {~ 1.9ms - which is twpical for the buik coped
ZrS:Mz). And aiso, thev argued tha: the short decay time is not from the

decay of *T: ~% 4, at all, but is assodated with the defect-related emission

of ZaS. Azd thev conclude that the doped semiconducter nanoparticies de
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not form a new kind of material.

The aim of our work in this chapter is to study more zbout the dopec
ZnS:Mn panocrystals. We consider a new mectanism for the Mn doped ZnS
nanocrystal, namely the effect of an extra electror in the doped nanocrys-
tal, and consider what mechanism will then occur, to affect the eiecirenic

structure and optical properties of the nanocrvstais.

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 eiectron iato
the guantum dot. The exira electron will strongly couple o ihe electron
invoived in the transitions, split energy levels anc mix the wavefunctions, and
will thus strongly break the former selection rules. Because ke dot is small,
the boundary conditions maxe the coupling very strong, so by controling
the presence or absence of the extra electron in ihe cot, one can control
the optical transitions in the dot. This can provide the explanation to the
observed shortening lifetime and exhancermernt of the guantum efficiency.
The iransition of our :nterest tere is *T; =5 4, of the Mn*™ ion ir ih
crystal feid of the ZnS nanocrystal. The lumiresceat trensitioz from the

- v - ey N , ’ -
lowest exciied level *T; {spin 2) to the ground state {spin

rjw
e g

is spin-forbicden.
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But, the weak spin-orbital interaction makes the transition slightly allowed
75,77,781.

If an extra electron is in the doz, the electron will couple with the electrons
of Mn®" ia each state, namely the electron wili couple with the states *T;
and 5A,. In this work we consider as the coupiing hamiltonian the exchange
interaction. The wavefunctions of the & electrons in ®4; and *T; states will
be derived in the next two sections. For the extra electron which is confined
in the cot, we will use the wavefunction for confined electron ir the spi

.

#{*1s) = RV 5.0 > (5.1)

where Y7 is a spherical harmonics, |3, > is spin function for the electron

e

with spin s = : and ¢ = = or - for spin up acd spiz down states. RD™ is

e

the envelope functior for the electron confined in a sphere of radius R (2.4}
P9 gfa 2N
RE* = ‘2 nxag) (39

{ ~ I3 D \
\ & Ji=1{Xnt)

where J is ine spherical Bessel function.xm is ize zero of the spherical
Bessel function.

The interaction Hamiltonian between the exirz eleciron ang ihe & eiec-
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trons is given in section 3. In section 3 we will recall the strong fieid limit
approximation for a single d electron in a crystal feld, so that section 4 we

can derive the wavefunctions for the d° electrons in *T; and 54, 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 interstitially in the lattice. When the activator ions such as Mn are
placed in the crystal fieid of the semiconductor lattice, the crystal field would
affect the wavefunctions and energy struciure of the impurity to form so
called crystal feld states of the impurity loas. For the transition metal ions
with the outer 3@* electron configuration, the crvstal feld energy aad the in-
terelectron Coulomb interaction are comparabie 78,79, so these d™ electrons
can be treated in the intermediate crystal feld or in the strong crystal field
iimit, and they are more often treatecd iz the sirong feid approxmation. In
the next section we wil preseat the application of strong crystal feld ap-
proximation for the case of 3&° elecirons of Mn?™ ions. To do that, at first
in this section we recail some well known results for a single 3¢ electron. We
consicer an ion having a single 3¢ electron outside :he closed stell placed iz
an octahedral crystal fleld. In terms of spherical harmonics, the octahedral

crvstal feld Hamiltonian can be expressed as the following 79::
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Zez rﬁ ir 4) 3 i
xf S I Yo f— /2, %}, ‘ —_

HOr) = S L = {cg (8,8) = ()%CL%8,8) = €18 é)}l PSterms—.

::3.3}

where /{r,6, ¢} is the position of the d-eleciron,
& / . 45
CcHig ) = (——— 1YY, 5), (5.4)
2%k +1

Y: is the spherical harmonic. The values of {he integrals over angies,
(k
H{Pmyp, lmy) =< Y.. 0 }Ym‘ > are given in the Table 3.1, with some con-

ditions for non-zero value:

t = my—-m.
|4 L :
£—I1={ = eveninteger.
I-1" < k<i=1 3.3}

.

To evaluate the effect of H; O\ on the 3d eleciron states, we have to evaluate

the matrix elements of the type:
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< n'Pmiir* CEinlmy >=< ,,,gr"imp(\y;f“t §c§"}%y;=*> (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 anc it is
assumed that nl=nl’. Then tke matrix elements of H2* will remain inside
the states of the 3d configuration. The nonzero matrix elements wiil be the

following {79i:

< 3d0iH%*{3d0 > = 6Dg
<3dUHS*3dl1 > = <3d-1H?3d-1>= —4Dq

<3RHMIR> = <3d-2H*3d-2>=Dqg

<3d2H%*3d-2> = <3d-2H> 342 >=5Dg (5.7
where we empioy conventionai notaiion as:
1 33Z€ 2
D= —. g=——<r*> 5.8)
: g = 3d )
dxey 4@’ 103

Then we have the Hamiitoman mais

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 5. MANGANESE-DOPED NANOCRYSTALS 835
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Figure 5.3: Splitting diagrem of a singie 3¢ 2leciron in the octahecrel crysial
fieid. The five-fold dzgenerate d-electran with energy Eg sphis in an ocianiedrel

crystal field into two levels wnth the separation of 10 Dg.
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86
- ) .’.2—
6u = 10 >= BN CESD)
bo = (BFEBR> 32 5) = R 2L s 0)

And the eigenstates for the three-foid degenerate level (the ¢;-orbital) are

written as:

e = ;} (3dL > +3d - 1 >) = Ryg{r)( - }If‘-’aizz(!ﬂ:;

1 iy, T2
ét:m = {é 1/2( 3&’ > - 3& -1 >l = thld&r)( \If 31[2(;_7)7
: z / H H 5 i,u - 7
o = —{5)H3d2>-3d-2>)= Rasri o =) 31’2( }(3.11)

For simplicty, from now on we wiil denote these double cegenerate and
triple degenerate eigenstates u,v.£,7 and (, respectively.

The calculation of 3d™ electror states in the crystal feld is much more

complicated than in the case of a single electron. In the next section, we wiil
cerive the wavefunciiors of the 34° electrons with help of the symmetry of

the crystal felc.
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5.4 3d° Electron in the Crystal Field -Crystal

Field Manganese Energy Levels and Wave-
functions

For a multi-3d-eleciron system, the orbital Hamiltoniaz in crystal Seld wiil

be the following:

4 e N =
H=) Hy(r.}+) H{r,r; (5.12

3 >3

where HQ(r.) is the Hamiltorian (5.1} of single electron interacting with
crystal field in the previous section, H'(r,,r;} is the electron- electron in-
teraction Hamiltonian between the d-electrons. For the strong crystal field
limit, the Hamiltoniac Hj(r,) will be solved of frst to obtain the wavefunc-
tions of a single 3d electron as in the last chapter, then these states will be
izteracting by the Hamiltonian H'(r,,r;; The wavefunctions of 3d-eleciron
orbitals are u,v, which delorng to the E irrecucbie {(in O representation,
and &, 7,{ which belong to the T» reducible representation. So iz the strong
crysial fleld case, the wavefunciions of multi-3d-electiron Hamiltonlaz wiil be
the procucts of these one-electron orbitais.

In an octanedral crystal Seld, the Hamiitontaz (5.9) is invaniant under

all the rotation operators of the group O, where for the first term of {3.9).
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the rotatiors are applied independently for each r, and for the second term,
the rotations are applied simultaneously for zll r, Then the wavefunctions
will transform according to irreducible representation of the O group. The
products of irreducible representations of the group O follow tke following

rules

Aixd = A4, ExE=4 -4—E.
.‘1;)(.47 = ‘42: EXIEzTI;Tz,
A, xE = E, ExTo=T ~Ts,

:hXT; = Tl, TIXT3=.42+E+I.1+T3,

A4 xTp, = T-r, T, xT =.41?E+T1+T3,

Aax A = A4, Lxh=4+~E+-T:-T,,

A2 x E = E,
4, X Tz = Tz
:'12 X Tz = T1

o

‘CH
poos
[
ety

where 4;, 4, are one-dimensional representations {4; is symmetric anc 4,

is antisymmetric), E is the iwo-dimensional representation and I:. T, are
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three-dimensional representations of the group O.

Begining the reduction process for the two 3d electrons configuration, we
will have the products £ x E,T, x T; and T, x T5. The E x E product
functions will belong to A;, 4; and E irreducible representatior. From tazbie
(3.1} for Clebsch-Gordan coefficients, the product functions of the E x £

orbitals will be:

1 I oo# 7z Y z ¥ 1
e 4> = ?;ugr;jm(rg} ~v{ryju(r)]
V<&
2 1 T Y 4 3 -
€ 4> = —=lulreln) - v(ru(ra)]
V<
1
2 L. . .
€ Bu> = —ulrju(ra) - s(rju(ra)l
v2
, 1, , )
A > = —Tulrye(r) +o(r)u(ra)] (5.14)
Ve

The ‘e?, 4; > fucction is symmetric under interchange of r;,ry. Thern be-
cause of the Pauli principle, 1o obtain the antisymmetric funciicn its spin

function must be the antisymmetric spin function with the total spin S=0

where a{c) and 3{c) are the up (! 7>) and cdown {| _>) spin fuactions.
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And the full wavefunction |2, 4; > will be the product of the orbital and

the spin function:

1
Loy . IRt B4 ; 1
e AL Ms=0>= 5 w(r fulry ) + v(r vl (el )8(s2) — 8(o:jalaai

(5.16)
Using the notation for the Slater determinant:
P u(raja(on) .
uwyT = KOS {(5.17)
: : u(ra)on) |

ot
;.»c
20

v2 Y

Similariy for ke wavefunctions e, 42 > of she E x E orbitals we have the

tisymmetric orbital wavefunction, thea the spin functions must De three

S=1i:

symmetnic spin functions of the total spin

S=1L,Ms=1> = afor)almn}
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1 .
:5 =1, Ms=0> = "'5{&(61)5{0'2) '%',5(0’1}0(0'215
v

S=LMs=-1> = 3(c,)8(c2) (5.19)

Then the total wavefunctions of €%, A; > will have tke form:

E24,Ms=1> = uv™
24 Ms=0> = [uv = uTTT
At
@34, Ms=-1> = uv] {5.20)
Similarly for the €, E > wavefunctions
v Vo o . .o o,
ErEuMs=0> = —uwu i -TvTv ‘\
S VRS ¢ J
21 1 fr == 1 ==} = 913
e Er,Ms=0> = — Ty —uTr | (5.21
= B 3 - T -
V2
In tke same way for the Th x T 79:
421 IR S (S U
> = ,~*\.§€;-:}3*?‘—5 C‘}
%
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1 - ! P ‘\
B Eu> = (-7 -+ 20
v6
7 2 e
B> = =iy
V3 ~ 4
521 1 {in+r—1 _ " M
v2
;+21T,7;> = 1 {Ff-c—?__s'c‘;f{‘
[*2 44 v;;)' B S . S .)
H

(> = \/‘(iﬁ‘rz'f’-if'n";}

B3TeMs=1> = —7("

(5.22)
and for t,e configuration:
1 (= T
tie, Tiv> = ([ (v - (v}
el T Ms=1> = (v~
, ‘!. o i Y
‘e, Tl > = AR
¢ /4) - - 4
Vi
e Tiv> = [(Tu7, $5.28)

Continuing in this way ome can get ali the possible wavefunctions and en-

ergies for £*,¢® and :™e* configuration of 3d™ in the octahedral crvstal feld
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:80]. The functions of ™ and e® are given in the Appendix 1 80]. In Fig.(5.4)
is the energy diagram for & configuration calculated by Tanabe and Sugano

1801,

The ground state of the 3d° configuration is the sextet $4; with the total
spin L. The first excited level is the triplet states *Ty, which is the excited
state closest to the ground state. We are iaterested in the optical trazsition
between the first excited state anc ihe ground state, this is the transition
T, —® 4,. The wavefunctions of the states 4; ard *T; can be calcuiatec.
The wavefunction of °4; and *T states can be derived, using the tabie of
coupling coeficients from [80,82..

The ground state - the sextet 54, is derived from t3 x ¢*. From the table

(5.2) the 84, state is:

3;5:!.1 > = ét;(‘:’.‘;)ez{{‘&z)f .{IG;>

N Vg i1 o 5
= :3-1‘:4:12)‘2 e {3—423} (3.24]

¥
&

The function of £{*4,} and E*(*4,) are { Appeadix i}

. 3
H*)za > = =7
e34)a, > = e {3.25}
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134 Symmetry and Group Representation Theory
£:8 10 - 4A_2
t
i
'
{
<F
=
2A,
2A‘
“A.°E
3]
2E
G
>
‘AZ' 2Tx
T,
T, (e}
SA, (12e7)
s T
Dgi8
Figare 5.4 Energy digrom for & electrons in the octehedral crystal Zeid
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Thexz we have for the wavefzzcticns of the ground siaze 54;:

-~

BSdia, >=T—E e 3.26;

-~

Table 3.1. The coupiing coeficienzs of 4; x 4; representations

: o iar 4 Fop s 2948 Carivad Srnm HHITL o GS2ET
The triplet *T. wavefurciions of 3&° are dermived Tom 33T, ) « e*FE L

- “

e VR & R S8 S
T.-z> = R e "B Ti-z>

. ot h s s

-+ ot ST - -y

ii=y > = LLiTiy € AN B ¥ >

: -1 ; . -

T 43 -2 X R
v=x> = T e "E Tz > 3.2

1 Cato] G| W

|
B2 a5 G 1D} Lo

Lo Smee 3T te T
The fznctions of 337, 2.y 2 > are [Appendix 1
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BCT)y > = ~E+q777 (]
HBeTE> = (T (5.28)

From the tadle {5.2) we have the wavefunctions of the triplet *T; of the 385

SR

configuration:

3
a7 3 _

2
3 .3 430 Ny 172 o :
jT;‘S() = —‘1»53\2.1‘3?:8(\E}u>—

o 3 2. - . ;- Y
"T;i—: > = PNz e CEu > (3.2¢°

t

i

x v < S S !

t

z | -3 : R O
y - ‘-; - - go'f3 -

u

m m m D D D
]
[y

1154
”
|
e
2
[+
.
.
|
1
N

"

Tzdle {3.2). The coupling coeficents of £ x T. represen:ations.

-

T e fr =3 Frrr v £ 51 inTas 4 Dna S
Ang fpally we have for the wavefunctions of the itiplet *T: of the &

LA S

]

:

configuration In the octahedral crrstal feld:
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3 }-rﬂ_.‘V4~ \/gr‘-——'-’—‘-'
Mi—z> = 266 Cu™ - =€ v
2 2 2
o3 Lo e V3
g‘T1§y> = T CuT = Ty (e
3 fes e o
fTisz> = 97T (5.30)

We recail here that the wavefunctions in (5.24) and (5.28) are Slater cetes-
minants which we have written in the short notation. For demonstration we

write here the full form of one of the functions

He(ri)alay) . . . &rs)a{os) |

- ' 1 a(ria(oy) . . . m(rs)e{os)
EnCuT = —= ((nale) . . . ((rs)afos) (3.31)

VD ((ri)d(ar} - . . {{(rs)B(os) |

cu'rgale} ... u(rsjelos)

5.5 The Exchange Interaction

The exchange interaction will couple the extra eleciren and the &° elecirons
to have different spin configuratiozs, so we expect this wiill make the spin-
forbidcen transition become allowable. The exchange interaciion between

the extra electron and the d° configuration has the following form:

H. = —1Sxns. (5.32)
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where Sy, is the total spin of the & cornfiguraiion in the states of inter-
est, s. is spin of the injected electron. ] is the exchange matrix eiement,

which has the form:

=3 < 8.8, Vidaow > (5.33)
kA

where ¢ is the electron wavefunction, V is the two-eleciron interaction op-

erator:

S)l
4
e

P

Because both the wavefunctions of the exira electron (5.1} and of the &
electrons in the 54; and *T; state {3.26. (5.30} are expressed in terms of
spherical harmonics, it wiil be natural tha: for the two-electron interacting

operator V we want 1o use the expression in terms of the spheric

V can be expanced in the form 80::

Pi{cosd) 3.35)

Lol

= -3
T x:&

M
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where tne P;{cosf) are the Legendre polynomiais ard can be expanded n

term of spherical harmonics by the spherical harmonic addition theorem:

47 m={ A _
= m=—{
Then:
- Y g1q2 > i'-‘T rk< - PR P rd
Vir,,r)= —= =Y Yiall (2 {3.37)
(r,m2 r} ;S-:sz-‘-lr‘;g in{ 1)Y em{2) (3.37)

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 aagular part:
x B . -
< 6y Vidmbe >= 3 g T nl ™ 0T x Apo(s'st)o(s15™) {5.38)

k=2

where p%(n'l* n?l7 n™[™ n'm?} is the radial par:
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pk(nili,rtjlj,n’“[u,ntm‘) =< Rn;p&uy?e;i%*&mpx&m > (5-39)
>

and A; is the angular part

47 ok ~ - N \ f= \
A= Eo1 Y Vo YipYep (Yip Y ipYimpm) {540
H F"k

where Y n Yip Yoo} is 2 Clebsch-Gordan coefficient, which is different from

zero only whezn the followirg conditions are satisfied:

P =p-p
kP~ = even
r-r < rf=r 3.41)

These conditions will reduce the terms in the sum ({3.40) acc leave oznly
several matrix elements diferent from zero.
Now with the wavefunctions {3.1}, {3.26}, {5.30) and the exchange in-

teraction (3.33), {3.37} we are reacy o caiculate the exchange interaction
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between the extra electron and the electrons in d° configuration.

5.6 Exchange Interaction of Mn?" Ion with
the Extra Electron in the Nanocrystal

Now we suppose that the extra electron inside the nanocrystal is close enough
10 the Mn?* ion at the center so that the electron can couple via exchange
interaction with the d° electrons in both the ground state ®4; and the excited
state *T;.

The matrix element of the exchange interaction of the injected electron

and the & electrons in the 4, state:

EAPPH PV - )l AE)

= (& Cu o (MREA(FIYS V{r — ) RIS~ T (r))

We should pay atiention here to the point that the wavefunction of the
54, state of & electrons is a Slater determinant with five single d-electron

wavefunction. So the coordinate T of the d° electron wavefunction is actu-
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ally five different coordinates (ry,r;,r3,7¢,7s) of these five single d-electron
wavefunctions ( see 5.31). In fact, the extra electron has an exchange inter-
action with each of the five d-electrons. Because these five coordinates are
independent, the integrais will be taken separately.

In the caiculation of the determinantal matrix elements of {5.42}, we have

to deal with the single electron matrix element of the type, for example:

Ere(r Vi — r)ie(r i)

‘%KQ}Q;I o 71 . s/ =i\ — 1" —-’
S REFE LT < KA (”') Yol x

R
s Ay [y : -
S X TR 5o (vg) ¥Rt (1 - i) s

or,

E(r)elr YV (r — ()

izqier 1 = 1 —_— PN ™\ PR
= m—;ﬁ'iz—i.s 5 | Rtz TE‘ i {x— ) Ry(r"
(TP RZ2%+1\ B b RN o/

N # N
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< Z O

m—k

Yﬂv)

¥ k t
(7% 3 womEe Ry

m=-k

(1)1’:*(2); v

The conditions (5.41) for non-zero Clebsch-Gordan coeflicients give the se-
lection rules for k and m. Because of the selection rules, it is less difficult
in calculation of the angular part, also it determines the terms of the sum
in the radial part. Here k can be only 2. And the radial part of the matnx

element becomes:

p3d.5,k =2) = [ [ rdr' T Rau(r) Reale R (REX() (5.45)

Here RZ®(r) is the enwvelope function (5.2} for the electron confined in a

ot. Ray is the orbital function of the 3d-electron, whick can be approx-
aplte saln &1 z iR fe) = pla—187c/a o1 _ R Th

mately taken as Slater function{80 Rag(r) =re , where a = —= The

first integral is taken over the Mn-ion radius (assuming that the Ma - lonis
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situated at the center of the dot}, the second integral is taken over the dot
size. Then the radiai integral p(3d, s, k = 2) (5.45) can be computed and the
matrix element (5.43) has the form:

. 21 ., -
Eelr WV = o) = B p3d s k=) (5.46)
}1‘\?)'3

As the result of the calculation for determinantal matrix element {5.42),
we receive the exchange matrix element {5.33) for the & electrons and the

extra electron:

]( AI!“I: = 10 (ql)q:RJp{us k - "'}

~—

iy
SJ!
e

and for the exchange matrix elements of the &° electrons in *T; states:

4p _ Doty _ . TR -
Tz e = sﬂjz(ﬂzmp@&s E=2)
= q?i"?l r
0he e} = 205 - pA3d ek =2
& i
= 3Ty, (5.48)
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And as the effect of the exchange interaction {3.32) with the injected elec-
tron, the levels ® 4; will be shifted and spiit into 2 sublevels with totai spin

S =3 and § = 2 with the corresponding exchange energy:

q
x 10, g142
11\"/

Eo{54,,5(1s,+),5 = 3) BB 3d,s,

l\)
St

b | €

Eﬂ{s"&lz'ﬁs(lsr —)75 = 2) =

e | =}

x 10— Rzp(%skz?.l

}I\T}‘
(5.49)
with the corresponding wavefunctioas:
S9(ls, )5 =3> = 0w Tes >
4,615, ), =2> = —Ep Cuv s—-> {3.30)

And the *T; levels splits into four subleveis: two subleveis with the value

of the total spin S = 2:
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3 i
4 Py - - —_ —— l . S . 2
E_(*T, z¢(ls,+),5=2) = 1" 03'1{1)2123‘,(‘3&’3":: )
Eo(*Ty, zye(ls, =), $§=2) = 23 x2(5+2V 2 H3d,s. k=2)
T 3 R RN 31 4 ’j!(T)?‘Ra 3
(5.51)

and the two sublevels with the total spin S =1

Eu*Ty,zo(ls, =), S=1) = 1x10—20p(3d,s,k =2)

Ea(*Tuzyp(ls,),5=2) = > x23 -2 — 22 n3d 5.k =2)

with the corresponding wavefunctions:

3Tz, e(ls, =), 5=2> = 7w lis—>
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V2 v

: & FRy R T . . 6'4-.—....'.;-';
‘Tizy, p(ls, +),5=2> = € Culils+)+ T Colils- >

2
I~ -
V2. o oL V6, L
— 5T T s > 2T T T T ils - >
(3.33)
and
BTz, p(ls, ), S=1> = &7 (Culls—>
o =
, , . V2. . vb. _ . ..
Moy e(ls =) S=1> = el > =TTl >
/3 6
V‘-! S V - - e -
—5 T CuT s > =Ty (v I0iLs— >

(5.34)

The two sublevels *T;z, ¢(1s=).S = 2) and *Tizy, o(ls+),S =2 > of
the *T} state of the Mn®" ion and ihe subievel 54;,2(1s-),5 = 2 > now
bave the same total spin § = 2 anc the transition betweer them now are
allowable. [ Fig. {5.3) is the exchange energy splitting of the *T; and °4,
levels and the transitions allowable tetween them.

So the exchange interaction between the electron injected in tie dot and
the d- electrons of the Mp-impurity center reaily make the previously for-
bidden traasition become allowable. In the next section we wiil give some

sumerical calculations for the transiticn probability and the transition Life-
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“Ty 5=1

» ot
X

A,

S

Figure 5.5: Ezchange energy spizifing of the 4T and ®A; steies of the M=n?
ton. Arrous indicate the aliowadle irensitions

ume.

5.7 Luminescence and the Lifetime of the
Transition

;{?

sleciric "’30‘6 traosiziorn mairix element Detween Two stale k > ang

S«

's > is wrttez in the form 82i:

A 5 -y Y { -

. = velTV N Lv—sf® P
<krés>==Y {kr¥i|{-] sy x¥ 72 3.33]
")‘_4~ ‘ - { - Lo
Ry ) - 4 . v I y.\..},'

k3 i

S el H S aha - il 1 - o5 -
20 oe _’I‘..a’.'l"..:{ ejement oI lne transiticn detween oo S"quC”E.; (5.4 he siaie

ok N

Ty and ©4; will again have the form of the determinantant matrix element
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CHAPTER 5. MANGANESE-DOPED NANOCRYSTALS 109

between the wavefunctions (5.55} and (5.50) of the Mn-ion and the extra elec-
tron, respectively. Again K here we can separate the radial and the angular

part

n
(5
%
-
2
£
%
M
oy
(o]
B
et
e ‘&
-
o
N ?
P
[4]]
cn
(4]
S

where < (1)iri(j} > denote the angular part and the < irl > — the radial
part. Similar to the calculation of the exchange matrix elernent in the last
section, the argular part is calculated using the Clebsch-Gordan coefficients.
The radial part also can be compnuted. Note here that the radial part of the
exchange Interaction matrix element, in general, Is difficuit to caiculate. But
for the case of a nanocrystal, wher we use the enveiope function as ihe Bessel
function, the integral becomes easier to computte wken using the expansion
of the zero-orcer Bessel function.

And for the radial function of d-electron of Mn 1on we use the approxamate

expression 80
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Rad ~ r.‘!e-l.s‘ff/a (

with a = i?/me®. Then the integral can be computed approximately.

We now do numerical calculations for the case of a2 quantum dot of Ma-
doping ZzS of radius 50A. We use here the standard parameters of Mz aad
ZaS. For this doping ZnS:Mz quantum dot, we obtaiz the exchange coefficient
7 ~ 0.1eV, splitting due to exchange will be 1.0 to 1.5 eV, which is rather
large. The probability of the transition approximateiy equals 5.4 x 10%s7! 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 1073s.
The integral is strongly depends on the radius of the nanocrystal.

To compare with the experiments, we notice that our result for the lifetime
is two orders larger than the transitiorn lifetime in the Mn doped ZnS buik
(1.8 ms}. So the extra electron injected into the quantum dot reaily makes
the spin-forbidden transition allowable. But we do zot obtain the 3 order of
magnitude shortening, which is reported by Bhargava 62!

The result can be affected by maay parameters. We still did not calcu-
late the Coulomb interaction between the extra eieciron and the d-electrons,
which can shift the energy levels and can change the transition oscliator
strength/83). And also, in this work we assume that the Mn?~ ion is situ-
ated at the center, which is the simplest model for our calculation. But, of

course, the Mn ion can be away from the center. Then, because the spher-
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ica! harmonic functions will be different, the selection ruie will be different,
leading to the different mixing of energy levels. In this case, we may have
different result for transition selection rules and traasition 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 wavefunctions and energy level splitting were
calculated in detail. This will provice the tool for further investigation of the
structure and interaction of the Mn-impurity mside the nanocrystal. The
rather large shortening of lifetime obtained as 2 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 different lattice constants as the origin of the permanen:
dipole moment ancd the Internal eleciric field inside the nanocrystal. We
calculate the piezoelectric effect to evaluate the polarization in the surface
of the nanocrystai and obtain rather large internal eleciric field which is
comparabie with experiment.

We studied the semiconductor-organic hybrid exciton , which we claim
will appear when 2 lattice of guantum dots is embedded in tke organic
medium.The hytid exciton is the resuit of the coupling betweex the “irans-
fer” Wannier-Mott exciton, which is propagating between different dots, and
the Frenkel exciton of the organic medium. The new hybnid exater has tke

large exciton radius, large osallator sirength and large optical nonitneanty.

119
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CHAPTER 6. CONCLUSIONS 113

These properties can be tuned by varying dot radius, dot separation, and
energies of the "bare” Wannier and Frenkel excitons.

We aiso present the first time a new mechaxnism to control the optical
transitions inside the doped nanocrysial. Studying the Mn-doped ZnS quac-
tum dot, our mode!l investigates injeciing 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 wita the doped bulk. However, we do not find a

shortening by 5 orders of magnitude reported by some experiments.
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Chapter 7
FUTURE WORK

Due to experimentzl difficulties in producing a precise cubic lattice of dots,
Dr. D. Norris of NEC Laboratory suggested us to consider the problem of
random distribution of dots. We are planning to consider this problem mn
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 hrbrid excitons. 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 Mn®" doped ZnS nanocrystal will be a continuing issue. We will
calculate the effect of Coulomb mteraction and compare with the exchange
interaction. We also want to consicer the Stark effect in this nanocrysial

We also consider the interaction with the s-p electrons of the host in this

114
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coniinement geornetry. We also plan to consider the case when the Mn ion
is away from the center. And as some experiments reported the Mz ion in
some case may seat in the surface of the nanocrystal, the problem with the

Mn ion in the nanocrystal surface is worth being considered.
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