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Abstract 

A very small semiconductor crystal with a size on the order of the exciton Bohr radius 

exhibits discrete electronic states compared to the quasi-continuum of states in bulk 

semiconductor. These states have been studied using optical spectroscopy. In this dissertation, 

various optical spectroscopic methods have been used to investigate the energy levels of quantum 

dots. Transmission technique was used to obtain linear absorption spectra; photo-luminescence 

was measured; pump and probe spectroscopy was used to investigate nonlinear optical properties, 

excitation spectroscopy was employed to obtain two-photon absorption spectra, and a new 

spectroscopic method involvi.ng 3 beams was used to investigate energy levels in a system with 

large inhomogeneous broadening. 

Beginning with a very simple theoretical model, a single particle in an infinite confining 

potential using the effective mass approximation, the electronic states of quantum dots can be 

approximated. By including the Coulomb interaction, dielectric polarization, and eventually 

mixing of the bands, these simple states can be used as a basis for fonning more realistic 

wavefunctions. 

The simple theoretical model, using a single conduction and a single valence band, can 

be used to describe the observed discrete resonances of quantum dots in the linear absorption 

spectra. To investigate relaxation processes, the pho~o-luminescent properties of quantum dots 

have been studied. For various reasons, donor-acceptor pairs appear to be responsible for the 

luminescence, however the interpretation still has some problems. In the investigation, non

radiative recombination is found to be very strong, but its origin can only be speculated upon. 

Employing pump and probe spectroscopy. nonlinear optical properties of CdS quantum 
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dots have been investigated. From this investigation, bleaching due to phase space filling has 

been observed as well as transitions to biexciton states. However the transition to the ground 

state biexciton has only be seen in two samples. This is attributed to broad bleaching in the 

differential absorption spectra. In addition, the photo-darkening effect has been investigated with 

different matrix systems. The effect permanently changes the samples' optical properties. By 

controlling the matrix surrounding the dots we have significantly reduced the photo-darkening 

effect. 

From theoretical calculations, it is expected that confinement-induced mixing of the bands 

are to be observed by measuring one and two photon absorption spectra. We have observed this 

phenomenon and have explained. the results by assuming mixing of the bands, especially the 

valence bands. 

With recently available quantum dot samples showing a narrow hole burning, a three 

beam experiment with pump and probe and saturator is used to obtain better resolution than can 

be obtained from conventional pump and probe spectroscopy. From these experimental results, 

biexciton binding energies, and discrete transitions from different valence bands can be observed. 

Also, enhancement of the biexciton binding energy with reduced dot size and strong mixing of 

the bands has been observed experimentally. 



Chapter 1 

Introduction 

18 

Optical properties of bulk semiconductors at the band gap have been studied extensivel y. 

At the band gap of a semiconductor, the interband electronic transitions from the valence bands 

to the conduction band are mainly responsible for the optical properties. At the limit of low light 

intensity, optical properties are mostly governed by the band structure of the semiconductor. 

With absorption of high intensity light by the semiconductor, a high density of carriers can be 

generated to significantly modify the optical properties. This change in the optical properties at 

the band gap region arises from the effects of many-body interactions. 

With the advances in sample preparation techniques, both linear and nonlinear optical 

properties of bulk semiconductors can be modified by restricting the movement of carriers in 

structures like quantum wells, quantum wires, and quantum dots. 

In this chapter, linear and nonlinear optical properties of semiconductors are briefly 

described. General information and historical development of quantum dots are presented in 

sections 1.2 and 1.4 respectively. The scope of dissertation is presented in section 1.3. Since 

this dissertation is mainly about CdS microcrystal lites, information about CdS and sample 

preparation are presented in sections 1.5 and 1.6. 

1.1 Optical Properties or Bulk Semiconductor 

Semiconductors are generally separated into two groups based on the band gap structure. 

It is called a direct band gap semiconductor if the lowest energy of the conduction band and the 

highest energy of the valence bands coincide in k space (Fig. l-l(a». For the indirect band gap 
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semiconductor (Fig. 1-1(b», the lowest energy of the conduction band and the highest energy of 

the valence bands do not coincide in k space. Because of the difference in the band gap structure 

between the direct and indirect band gap semiconductor, the general optical properties of the tWo 

types are very different [pankove (1971); Peyghambarian et. aI. (1993) ]. 

Photons are absorbed in the semiconductor, and electrons in the valence bands are 

promoted to the conduction band with the creation of holes in the valence bands. This electronic 

transition is called interband transition. It is also possible to have transitions between the 

subbands of the conduction or the valence band. These are called intraband transitions. For the 

process of light absorption and the electronic interband transition, the conservation of the 

momentum as well as the conservation of the energy have to be satisfied. 

From the consideration of the conservation of energy, the lowest interband transition 

energy possible for the both types of semiconductor is in the vicinity of the band gap energy. 

Fig. 1-1. Electronic transition between conduction and valence band in (a) direct, and (b) 
indirect band gap semiconductor. 

(a) (b) E(k) 

k k 
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Therefore the lowest photon energy, liw, for the absorption is the band gap energy, E" if we 

ignore Coulomb interaction between electrons and holes. Because of this critical photon energy, 

semiconductors are transparent at the spectral region where the photon energy is lower than the 

energy of the band gap. If the photon energy is above the band gap energy, light is strongly 

absorbed by the semiconductor, because of the continuum of states. 

However the conservation of momentum contributes the different optical properties 

between the direct and the indirect gap semiconductors. For direct gap semiconductors, it is 

possible to excite the electron from the top of the valence band to the bottom of the conduction 

band by the absorption of a photon as illustrated in Fig. 1-1 (a). From a simple theoretical model 

of free carrier transitions, the absorption coefficient, a(liw}, for direct transition can be described 

by 

(1-1) 

where n. is the index of refraction, and m, is the reduced mass (lIm: + 11m,,)·' where m: is the 

effective electron mass and mit· is the hole effective mass. PC"I is the interband dipole matrix 

element. In this equation, Heavyside function 

(1-2) 

has been used to indicate the behavior near the band gap. 

For indirect gap semiconductors as shown in Fig. 1-1(b), the electronic transition from 

the top of the valence band to the bottom of the conduction band is not allowed by an optical 

excitation alone. Photon momentum at visible wavelength region is very small compared to the 
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momentum difference between the bottom of the conduction and the top of the valence bands in 

the indirect semiconductor, therefore the conservation of momentum can not be satisfied. 

However, the transition is possible if there is an additional interaction which can satisfy the 

momentum conservation. One of the possible additional interactions is an electron-phonon 

interaction. The phonon energy is negligible compared to the photon energy but the phonon 

momentum is very large compared to the photon momentum. This transition is a second order 

process due to the involvement of two quanta, photon and phonon, therefore the absorption 

strength of an indirect transition is smaller than the absorption strength of a direct transition. The 

absorption coefficient, a(~w) , for an indirect transition is described as 

(1-3) 

where A is a constant, and Ep = ~O is the phonon energy. As shown in the Eq. (1-3), the 

absorption coefficient, a(~w), depends on the temperature, because the phonon density depends 

on the temperature and the transition probability depends on the phonon density. 

For the direct gap semiconductor, the second order process of indirect transition is also 

possible. However the possibility of indirect transition is very small compared to a direct 

transition, therefore the indirect transition is generally ignored in the consideration of the optical 

properties for the direct gap semiconductors. 

In the previous description, we ignored the Coulomb interaction between the electron and 

hole. However, the Coulomb interaction modifies the absorption strength above the band gap 

energy and creates energy states inside the band gap [Elliot (1957); Haug and Koch (1990); 

Peyghambarian et. aI. (1993)]. Since the electron and hole have opposite charges, they can 
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interact with each other through the Coulomb field, and can form bound hydrogen-like states -

delocalized with respect to the unit cell. The hydrogenic bound states are called excitons and 

their energy levels lie inside the forbidden energy gap region as shown in Fig. 1-2(a). These 

exciton states have been observed in the absorption spectra of large band gap semiconductors at 

low temperature only, because higher temperatures ionize the exciton into the continuum of 

states. These exciton states have been investigated extensively. In the continuum of states where 

the electron and hole is not bound, the absorption strength is also enhanced due to the Coulomb 

interaction. The absorption coefficient with the consideration of Coulomb interaction at the 

continuum of states for the direct band gap semiconductor is proportional to Eq. (1-1) with a 

factor called the Sommerfeld or Coulomb enhancement factor. The Coulomb enhancement 

Fig. 1-2. (a) Coulomb interaction between electron and hole creates new states, excitons, inside 
the forbidden energy gap. (b) Discrete strong absorption inside the forbidden energy region and 
enhancement of absorption above the band gap. 
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(1-4) 

(1-5) 

The schematic of the absorption coefficient, a(w), with and without the consideration of 

Coulomb interaction in the direct semiconductor is illustrated in Fig. 1-2(b). Without Coulomb 

interaction (dashed curve), the absorption increases as (flw - EJII2. However Coulomb interaction 

causes the strong absorption lines with very sharp features below the band gap energy, and 

enhances the absorption above the band gap energy with an almost constant value. 

The previous descriptions of the optical properties of semiconductors are based on the 

absorption of low light intensity. With the application of a high intensity light, changes in the 

optical properties of the semiconductor have been observed. In general, nonlinear optical 

properties of semiconductors depends on the light field intensity either directly or indirectly. 

With an external applied electro-magnetic field, the polarization of the medium can be 

described by 

(1-6) 

where the susceptibility, the xs, describe the medium's response. The first term on the right 

describes the linear optics, but the rest of the terms describe the nonlinear effects [Bloembergen 

(1965); Shen (1984); Hopf and Stegeman (1986)1. The nonliear effects are usually negligible in 
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a weak light field, therefore the linear effect is usually dominating. Nonlinear effects can be 

observed in high intensity laser light. For example, second harmonic generation, sum and 

difference frequency generation, parametric oscillation arise from the second term in Eq. (1~) 

while four-wave mixing, third harmonic generation, resonant Raman scattering, etc. come from 

the third term. Also simultaneous absorption of two photons is a x(3) process. 

Resonant optical nonlinearity of semiconductors is intensity-dependent only through 

carrier density excitation. If the spectral energy of high intensity light is in resonance with 

excitonic transitions or above the band gap region in semiconductor, a large number of carriers 

can be generated. If the density of carriers is large enough to interact with each other, 

modifications in the energy levels and the transition probabilities can occur. This many body 

effect causes large optical nonlinearities in the semiconductor band gap region. Because of the 

dependence on the real carrier density, the optical properties of the semiconductor indirectly 

depends on the light intensity [Haug (1988)]. 

The most important optical nonlinearities in a semiconductor material is due to many 

body effects, therefore in this introduction I am going to describe the optical nonlinearities related 

to large carrier density. 

Optical nonlinearities which are related to a large carrier density are the following: band 

filling, band gap renomalization, and Coulomb screening [Haug and Koch (1990); Peyghambarian 

et. aI. (1993)]. All these mechanisms are based on the many body effect and should exist in all 

semiconductor materials. Different aspects of those pbysical mechanisms affect different parts 

of the absorption spectrum in the band gap region as shown in Fig. 1-3. Also, depending on the 

band gap energy of the semiconductor, one or more of those physical mechanisms may dominate. 

Therefore it is worth while to mention each of the physical mechanisms separately. 
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Fig. 1-3. Changes in the absorption spectrum at the 
band gap region due to the many body effects. Down 
arrow indicates the reduction in the absorption strength, 
and left arrow indicates the red shift of the absorption 
edge. Band tilling is the bleaching of the absorption of 
the low energy states. 

Bleach!DI 
of Bxcl1oa. 

electron in the same state. This also applies to the hole. Therefore transitions to or from 

occupied states are forbidden. This requires higher photon energy than the minimum energy of 

the band gap to excite additional electrons. Therefore this change in photon energy bleaches the 

absorption near the band gap and appears as a blue shift of the absorption edge. This effect is 

called band filling or dynamic Burstein-Moss shift. The effect is similar to the popuhtion 

saturation in a two level system. This effect is the dominant mechanism of optical nonlinearity 

for small band gap semiconductors. 

With a high electron and hole density, a plasma can be formed inside the semiconductor. 

The most dramatic effect of a plasma is the screening of the Coulomb interaction between the 

carriers. As described before, the formation of bound excitons is due to the Coulomb interaction 



26 

between the electron and hole. If the strength of Coulomb interaction is reduced, the electron 

hole pair can be easily ionized and can no longer support bound states. This critical density at 

which no bound states are possible is called the Mott density. Therefore a bleaching of the 

absorption at the exciton transition can be observed with generation of high carrier density. In 

small band gap semiconductors, good excitonic features even at the low temperature can not be 

observed, because small band gap semiconductors have large dielectric constants which reduce 

the effective Coulomb field. Therefore excitonic optical nonlinearity can only be observed in 

large band gap semiconductors. It is also possible that Coulomb screening by the plasma can 

reduce the Coulomb enhancement factor in Eq. (1-3), and the strength of the absorption above 

the band gap can be reduced. 

Another important effect of the Coulomb field among the generated carriers is band gap 

renormalization. The energy reduction among the electrons and holes in their respective bands 

can occur by the exchange interactions and the Coulomb field correlation. Because of the Pauli 

exclusion principle, the same types of fermions with the same spin quantum number can not be 

near each other very closely. This separation reduces overall repulsive energy among the same 

type of carriers. Also the same type of carriers but with different spin quantum numbers should 

be separated from each other. This also causes a reduction in the repulsive energy. This 

reduction in the energy causes the red shift of the absorption edge in the spectra. 

1.2 What is a Quantum Dot? 

A quantum dot is a very small semiconductor microcrystal lite such that the size of the 

microcrystal lite is on the order of an exciton Bohr-radius which is in the range of tens of 

Angstroms (A). Despite the small size of the microcrystal lite, the semiconductor maintains its 
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bulk lattice structure. Therefore the physical properties of quantum dots can be approximated 

using solid state physics terminology. Usually II-VI type quantum dots in a glass matrix or in 

a form of colloid have been prepared. However quantum dots with different types of 

semiconductor other than the type II-VI have been prepared. Also, new types of host media 

which are different than glass have been used to prepare quantum dots. Examples of such host 

media are polymer and zeolite. The list of various types of quantum dot samples reported until 

recently is shown in Table 1-1. 

Because of the small size associated with the quantum dot, boundary effects which were 

usually neglected in a bulk semiconductor can not be ignored completely. One of the boundary 

effects is the quantum confinement of the carriers inside the semiconductor. Because of the 

quantum confinement, the energy level structures are transformed from the usual description of 

the continuum of the states in the conduction and valence bands to a discrete set of states in the 

conduction and valence bands. Also the energy of the lowest interband electronic transition 

becomes larger than the lowest transition energy associated with the bulk semiconductor. 

The effects of carrier confinement in quantum dots have been observed in the absorption 

and luminescence spectra. For samples which exhibit a small quantum confinement, the blue 

shift of excitonic transitions has been observed. However, absorption spectra of samples with 

large quantum confinement exhibit a large blue shift of the absorption edge with respect to the 

bulk, and oscillating features above the absorption edge. The oscillating features become sharper 

with decreasing quantum dot size. Up to now the resonance of large quantum confinement 

systems have shown a large broadening which is due a large inhomogeneous broadening by the 

large variations in the size and shape of the dots in the sample, and possibly due to a large 

homogenous broadening. 
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Table 1-1. Different types of quantum dots with different semiconductor and different host 
media have been prepared. 

I Reported Types of Quantum Dot I 
Semi- Host 

Conductor Medium Researcher Year Note 

CuCI Glass Ekimov 1982 

CdS Colloid Rossetti 1983 Cubic CdS at 35A 

CdS Glass Ekimov 1984 

CuCI NaCI Itoh 1984 

ZnS Colloid Brus 1984 

CdSe Glass Ekimov 1985 

CuBr Glass Ekimov 1985 

CdS "Se\oJ, Glass Roussignol 1987 

CdS"Se\." Glass Borrelli 1987 

CdS Polymer Wang 1987 

CdSe Colloid Steigerwald 1988 

PbS Polymer Wang 1989 

CdS Zeolite Wang 1989 

InSb Sikorski 1989 etching 

GaAs/AlGa Clausen 1989 etching 
As 

CdTe Glass Esch 1990 

Zn\.IlCdIlS Colloid Ernsting 1990 

The physical mechanism for the optical nonlinearities of quantum dots is different than 

the usual descriptions of bulk semiconductors. The physical mechanisms for the changes in the 

optical properties of quantum dots are the formation of biexciton and phase space filling (or state 
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filling). In the bulk semiconductor, two electron-hole pairs can bind together to form a molecular 

excitonic state called a biexciton. The total energy of the biexciton is smaller than twice the 

individual exciton energy, because the Coulomb interaction reduces the total energy. In the 

quantum dot, the formation of a biexciton is also possible by creating two electron-hole pairs. 

Unlike the different volume occupied by the exciton and the biexciton in the bulk, the volume 

occupied by the exciton and biexciton in the quantum dot is same. Therefore it is expected that 

there is a large difference in the biexciton binding energy in the dots compared with bulk. If a 

single electron has been excited to the exciton states, the next excited electron can not have a 

transition to the exciton states, but to the biexciton states. This causes a bleaching in the exciton 

transitions, and an induced absorption at the newly created states by a biexciton. 

1.3 Scope or Dissertation 

In this dissertation, the investigation of the origin of the optical· properties related to the 

microcrystal lites and quantum dots of mostly CdS semiconductor in a glass matrix will be 

presented. In the rest of this chapter, there are descriptions of the historical development related 

to microcrystal lites and quantum dots, a brief discussion about the CdS semiconductor, and brief 

descriptions about the sample preparation. 

The second chapter contains a brief theoretical treatment for calculations of energy level 

in quantum dots. Starting with a simple theoretical model of non-interacting electron-hole pairs, 

the energy level structure calculation can be refined with the inclusion of the Coulomb interaction 

through matrix diagonalization or variational method. 

In the third chapter, the linear optical properties, linear absorption and photo

luminescence, related to CdS microcrystal lites will be presented. The first section is a theoretical 
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description of the linear absorption spectra of quantum dots based on the energy level structure 

calculated in the previous chapter. Presentation of experimental methods and results will be 

followed with discussions of the experimental results. 

The fourth chapter will describe the nonlinear optical properties of quantum dots. 

Changes in the optical properties of quantum dots have been observed with pump and probe 

spectroscopy and the origin of these nonlinear optical properties will be discussed. In this 

chapter, I also include experimental results on photo-darkening with a discussion of the possible 

origin of the effect and its elimination. The photo-darkening effect permanently changes the 

optical properties of quantum dots. 

In the fifth chapter, an investigation of the mixing of the bands in the CdS quantum dots 

by one- and two-photon absorption will be described. Without mixing of the bands, the predicted 

absorption spectra of one- and two-photon absorption show different resonances since the energy 

levels accessible by one and two-photon absorption are well separated. However, the 

experimental results show no observable shift between the resonances of one- and two-photon 

absorption. This experimental observation can be explained by mixing of the bands which is 

induced by the spherical confining potential. 

In the sixth chapter, pump and probe spectroscopy is modified with an additional laser 

beam. The additional laser beam will allow us to accurately determine energy levels of quantum 

dots which exhibit narrow hole burning. Usual pump and probe spectroscopy on these samples 

does not show the expected induced absorption due to two electron-hole pair transitions below 

the single electron-hole pair resonance. The modification in pump and probe spectroscopy 

allowed observation of the biexciton ground state. 

Finally, I am going to present the experimental results of CdSe quantum dots and to 
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summarize the investigation of optical properties related to quantum dot structures in seventh 

chapter. 

1.4 Historical Development 

In 1981, Ekimov and Onushchenko reported the observation of a blue shift for the 

excitons in the absorption spectra of CuCI in a glass matrix. They claimed the blue shift was due 

to confinement of the carriers. This experimental observation WclS theoretically explained by 

Efros and Efros (1982) using the effective mass approximation with a particle in a sphere. The 

explanation involved the spatial confinement of the carriers by the host matrix, the glass. 

Following this observation and explanation in terms of carrier confinement, various 

semiconductors in different host media, as tabulated in Table 1-1, were prepared. Those samples 

exhibited a blue shift of the absorption edge with respect to the band gap, and a clear indication 

of the discrete interband transitions as predicted by the theory. 

The general solution for semiconductors of any size can be solved in principle, however 

the solution is not a simple analytical functional form. Therefore, Efros and Efros (1982) 

separated the size limits into three different regimes, and used the following models: confinement 

of non-interacting electron and hole, adiabatic treatment, and confinement of an exciton. Brus 

(1983 and 1984) also reported a theoretical calculation. In his calculations, he introduced an 

additional term, the dielectric polarization, and considered the tuMeling of the electron from the 

semiconductor. 

In the small size limit, the Coulomb interaction between electron and hole has been 

introduced in a variational calculation[Kayanuma (1986); Nair et. al (1987); Takagaha (1987)]. 

Usually the variational approach is used for the ground state, and does not provide the excited 



32 

states. This problem can be overcome by diagonalizing the matrix elements of the Hamiltonian 

which contains the Coulomb interaction. With this approach, excited states of the electron-hole 

pair can be obtained [Nair et. aI (1987); Hu (1991)]. 

The nonlinear optical properties of quantum dots based on two electron-hole pairs have 

been formulated using a variational approach and diagonalizing the matrix. Because of the 

formation of two electron-hole pair states, changes in the absorption spectra near the resonance 

have been expected. This expectation has been observed experimentally in CdS and CdSe 

quantum dot samples in a glass matrix [Hu at. el (1990); Park at. aI (1990)]. 

Also a theoretical investigation of the tunneling effect due to the finite boundary potential 

of the glass matrix has been performed [Tran Thoai et. al (1990)). 

In addition to the above considerations, more sophisticated theories based on the band 

mixing have been formulated [Ekimov et. aI (1985); Xia (1989); Grigoryan et. aI (1990); Vahala 

et. al (1990)], and the effect has been observed in two-photon absorption spectra of CdS quantum 

dots [Kang et. aI (1991)). 

1.5 Properties or Bulk CdS 

CdS is one of the II-VI type binary compound semiconductors with a direct band gap 

structure. Two different types of crystal structure, hexagonal close packed(wurtzite) and face

centered cubic(zinc-blend), have been observed. However the wurtzite structure is the most 

common, while the zinc-blend structure is rarely observed. Therefore only information about the 

wurtzite structural type will be presented here [Madelung et aI. (1987)]. 

For the wurtzite crystal structure, CdS is a direct band gap semiconductor with a band 

gap energy of 2.58 eV at a temperature of 4 K. The conduction band originates from the 5s 
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states of cadmium with the quantum number state of J = 112 and Jz= 1/2. The valence bands are 

derived from the 3p states of sulfur, therefore the bands are degenerate besides the spin 

degeneracies. The degenerate valence bands are split into 3 bands by the crystal-field splitting, 

and the spin-orbit coupling. The quantum numbers for the valence subbands are J = 3/2 with two 

possible Jz's of 3/2 and 112. The splitting energies of 0.065 eV and 0.027 eV at 1.6 K due to 

spin-orbit and crystal field splitting, respectively, have been observed. The maximum of the 

valence band and the minimum of the conduction band are at the center of the first Brillouin zone 

(r-point), and this leads to the direct band gap semiconductor. The isotropic effective mass for 

the electron is about 0.21 1Ilo, The hole 

effective masses are 0.7 IIlo and 5 IIlo for a 

direction perpendicular and parallel to the 

constant energy surface respectively. IIlo is 

the gravitational electronic mass. 

Excitons associated with 3 subbands 

of the valence band can be observed in 

absorption spectra at low temperatures. The 

excitons arising from each valence subband 

are classified as A, B, and C excitons. The 

measured binding energies for the excitons 

are 30.2 meV for the A exciton and 30.9 

meV for the B exciton. The binding energy 

of the C exciton has not been reported. The 

Bohr radius of the exciton is about 29 A. 

Fig. 1-4. Linear absorption spectra of CdS 
taken at 10 K. (a) Electric field is polarized 
parallel to the C crystal axis, and (b) electric 
field is polarized perpendicular to the C crystal 
axis. The letters, A, B, and C indicates the 
appropriate exciton transitions. 
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The transition to the A exciton is forbidden if the light field is polarized parallel to the 

C-crystal axis, and is allowed if the light field is polarized perpendicular to the C-crystal axis. 

However both B and C exciton transitions are allowed in both polarizations. These can be seen 

from the Fig. 1-4. 

1.6 Sample Preparation 

Mostly CdS microcrystal lites in a glass matrix have been used to investigate the optical 

properties. The samples were prepared by L. C. Liu and S. H. Risbud in the Material Sciences 

department at the University of Arizona (now at UC Davis). The complete description of the 

sample preparation and characterization has been reported [Liu and Risbud (1990), (1990)], 

therefore a brief description will be presented here. 

The samples were synthesized by the usual technique of first melting and casting an oxide 

glass melt of nominal batch composition: 56% Si02, 24% ~O, 9% BaO, 8% B20 3, and 3% CaO 

(in weight % of each oxide). Powders were ground from this glass, mixed with 0.5 to 1 wt% 

CdS, and the batch was remelted in alumina crucibles at 1400 °c for 1.5 hours. Glass samples 

containing dissolved CdS in solution were obtained and sections cut from the slab were reheated 

to induce the growth of various sized quantum dots. The samples containing CdS quantum dots 

bave been analyzed to obtain their size distribution by field emission electron microscope and 

differential thermal analysis techniques. The measured sizes are shown in table 1-2. It is well 

documented that the average radii of the quantum dot increase with higber temperatures and 

longer treatment times. Heat treated samples were cut to dimensions of approximately 1 nun x 

3 nun x 10 mID. The samples were polished with IJ,Lm size diamond paste on the front and the 

back surface to minimize scattering, and on the edge to collect the photo-luminescence. 
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Table 1-2. The sizes of CdS quantum dots are evaluated by field emission electron microscope 
and thermo-analysis. The microscope is a Hitachi S4000, and its point resolution is ± 7 A. 

Sample 
Field Emission Electron 

Thermo-Analysis Microscope 

640Cllhr 9±7A 15A 

640C/3hr 27 ± 7 A 22A 

640C/6hr 2sA 

700cllhr 3sA 

700c/Shr 77A 

700c/16hr SO ± 7 A 95A 

In addition to the above samples, CdS quantum dots in a polymer matrix and CdS 

quantum dots in a glass matrix from Coming glass[Borrelli et. al. (19S7)], CdS quantum dots in 

a sol-gel[Yamani et. al (1992); Li et. al. (1992)], CdS"Se\." quantum dots in a glass [Woggon et. 

al. (1993)] have been investigated. 
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Chapter 2 

Quantum Dot Energy Level Structure 

A single electron in a periodic potential can be described by a Bloch wavefunction. The 

Bloch wavefunction is a product of two components: one has the periodicity of the lattice and 

the other is an envelope plane wave. If the electron is perturbed by a potential which varies 

slowly over a unit cell of the lattice, of internal or external origin, the motion of the electron can 

be described by the effective mass approximation. This approximation is an important 

simplification to understand the motion of electrons and holes in a periodic potential perturbed 

by additional potentials such as external electric or magnetic fields. The approximation is based 

on a transformation in which the effect of the periodic potential is described by introducing an 

effective mass for the carriers. The effective mass is related to the curvature at the extrema of 

the relevant band. The effective mass approximation has been successfully used to describe the 

motion of carriers in quantum wells or super lattice structures which still maintain their periodic 

potential inside, and a boundary potential at the interface. Since a quantum dot maintains its bulk 

lattice structure inside and boundary potential at the surface, we can attempt to describe the 

motion of carriers inside the quantum dot by the effective mass approximation. 

2.1 Effective Mass Approximation for the Single Particle States. 

A single electron in a periodic potential can be described by a Bloch wavefunction: 
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(2-1) 

where the first term on the left, eii
'
r
, is the envelope component, and the second term, u~,.t(r), has 

the periodicity of the lattice [Kittel (1976); Ashcroft and Mermin (1976)]. The subscripts k and 

A in u~,.t refer to wavenumber and band, respectively. 

With a time independent potential, either external or internal origin, the SchrOdinger 

equation for an electron in a periodic potential can be described by 

(2-2) 

where Ho is the unperturbed Hamiltonian and Vp is the perturbation potential. The Hamiltonian, 

Ho, already contains the periodic potential associated with the lattice structure. Without the 

perturbation potential, Vp, the wavefunction of the unperturbed Hamiltonian, Ho, can be described 

by the Bloch function as in Eq. (2-1). 

If the perturbation is slowly varying and this potential does not change the band structure 

substantially, the SchrOdinger equation can be transformed to 

r ~ . .;. + Vp(r)} r(r) = E I'(r) (2-3) 

where me is the effective electron mass which is related to the band curvature. This equation is 

called the effective mass equation [Ridley (1986)]. The wavefunction, r(r), is related to the 

wavefunction in Eq. (2-2) by 

~(r) = rA,(r) "A,o' (2-4) 

where the periodic component of Bloch wavefunction is at 1=0. In this equation, we can see that 

the wavefunction, r~(r), describes the envelope component. 
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With the transformation as described above, the motion of an electron or hole subject to 

a boundary potential may be described by the effective-mass equation, since the boundary 

potential is slowly varying except at the interface. At this point we are going to consider the 

perturbation on a single band: an electron in a conduction band or a hole in a single valence 

band. In reality, we have to consider the effects of perturbation on all bands. 

A single electron in a conduction band with a boundary potential, V.(r), can be described 

by the following effective mass equation: 

(2-5) 

where m.· is the effective electron mass. A hole in a valence band can be described with the 

above equation by disregarding the energy gap, E" and replacing the effective electron mass by 

the effective hole mass. 

In principle, the SchrOdinger equation (2-5) can be solved for any general shape. 

However we are going to assume a spherical shape of the semiconductor with radius R. This 

assumption will greatly simplify calculations. The assumption of a spherical shape is reasonable 

if we consider the effect of surface tension when the semiconductor crystallizes inside a glass 

matrix. 

In addition, we are going to assume an infinite potential energy at the boundary. With 

those assumptions, the SchrOdinger equation for the electron can be solved as shown in the 

appendix A. 

The solution of a single electron with an infinite boundary potential in the effective mass 

approximation is: 
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(2-6) 

where j,(r) is the Spherical Bessel function of order I, and Y"",(8,q,) is a spherical Harmonic 

[Arflcen (1970)]. 

The wavefunction can satisfy the boundary condition if the following condition is 

satisfied: 

(2-7) 

The condition for the quantum number n is 1, 2, 3, "., co and for the quantum number 

I is 0, 1,2, 3, ... co. For the quantum number I, we can also use the spectroscopic notation to 

denote the states. It is called s, p, d, f, g ... , when I is 0, 1, 2, 3, 4, ... respectively. The first 

two roots of the spherical Bessel function are alO = ... and all = 4.4934. Additional roots can 

be found in most mathematical tables [Abramowitz and Stegun (1970)) 

The energy of the electron from the top of the valence band is 

(2-8) 

where a's are the roots of the Eq. (2-7). 

Since the hole effective mass equation is similar to the electron effective mass equation, 

the hole wavefunction is: 

lb (r 6 A.) = ~ 2 j,( .. ",r/RJ ~ (6 A.) 
A ' ,"I" l. ( ) ''- ,"I" 

R 1,.1"111 
(2-9) 
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with the eigenenergy, 

EI&./IbII (2-10) 

relative to the top of the valence band. 

Since the effective mass approximation describes the envelope component, the complete 

wavefunction of a single electron is 

(2-11) 

In this wavefunction, 1 is no longer a good quantum number, but new quantum numbers 

n, I, and m are introduced. The subscript A in Eq. (2.11) denotes the band. 

2.2 Coulomb Interaction between Electron and Hole. 

In the previous section, I described the states of single electron or single hole in the 

appropriate band. But a description in tenns of a single electron or a single hole is not very 

useful to describe the interaction of light and semiconductor. If an electron is promoted to the 

conduction band, a hole is simultaneously created in the valence band. The Coulomb interaction 

between the electron and hole must be considered. Therefore the appropriate theoretical approach 

is to consider the combined electron and hole. For the single electron-hole pair in a boundary 

potential, the SchrOdinger equation in the effective mass approximation becomes. 
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(2-12) 

where the first and second term describe the kinetic energy of electron and hole, the third term 

is the boundary potential, and the fourth term describes the Coulomb interaction between electron 

and hole. 

If the boundary potential is zero, the solution can be easily obtained by transforming to 

the center of mass and relative coordinate system. This kind of problem has been treated for the 

hydrogen atom. However, the boundary potential is not zero, and this creates a very complicated 

problem. There are no general solutions available for the Schrooinger equation (2-12). 

Therefore Efros and Efros (1982) considered 3 different size limits: (1) a,., llt. < R, (2) 

llt. < R < a,., and (3) R < 11", llt. where ao and llt. are the Bohr radii for the electron and hole, 

respectively, and R is the radius of the semiconductor. With the above consideration, we can 

separate the wavefunction into two independent components by appropriate assumptions. 

For the first case, the Coulomb interaction term is ignored in the Schrooinger equation. 

From the previous section, the kinetic energy of a single carrier in the infinite boundary potential 

is shown to be inversely proportional to R2. However the potential energy of Coulomb term is 

proportional to 1/(lr.-rbD, therefore we can assume the Coulomb term is inversely proportional 

to R. At the limit of small size R, the kinetic energy dominates the Coulomb interaction term. 

Consequently we can safely neglect the Coulomb interaction term. This size limit is generally 

called the strong confinement limit. 

For the second case, we assume that the hole is subject to the average field created by 

the electron. The motion of electron is faster than the hole, because the electron effective mass 
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is usually smaller than the hole effective mass. Therefore we can treat the motion of hole in the 

field created by the electron. This approximation is called the adiabatic approximation. 

For the third case, we can assume that the quasi-particle, an exciton, is confined in- an 

infinite boundary potential well. With this assumption, we can transform the coordinate system 

to the center of mass and the relative coordinate system. The center of mass motion is governed 

by the boundary potential, and the relative motion is governed by the Coulomb interaction 

between electron and hole. This size limit is called the weak confinement limit. 

In addition to the above approximation used by Efros and Efros (1982), we can obtain 

the ground state solution of single electron-hole pair using a variational approach or, more 

generally, using matrix diagonalization. However each approaches has its own problems. The 

variational approach is usually used to obtain a ground state energy, and matrix diagonalization 

requires a large number of computations in order to converge. 

The problem of solving the Schrlklinger equation becomes complicated by an additional 

term called the dielectric polarization. This was introduced by Brus (1983, 1984) to account 

different dielectric media for the semiconductor and the host medium. 

In the following sections, a brief description of each approach is discussed. 

2.3 Strong and Weak Connnement Limit. 

In this section, I am going to describe one electron-hole pair states in two different size 

limits: strong confinement and weak confinement. For the strong confinement treatment based 

on the non-interacting electron-hole pair, we can simplify the Schrlklinger equation (2-12) to 
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(2-13) 

Since there is no coupling term between electron and hole, we can separate the 

wavefunction into two independent wavefunctions: 

(2-14) 

where the first term on the right only depends on the motion of electron and the second the 

motion of hole. 

Because two wavefunctions are independent, the Schrooinger equation can be described 

by two independent Schrooinger equations: one describes a single electron, and the other 

describes a single hole. The solutions for the single electronlhole are already described in the 

section 2.1. 

The eigenenergy of the non-interacting single electron-hole pair at the strong confinement 

limit is 

2 
1\2 "',.'1' +----

2m; R2 

where n and I describe an electron state, and n' and I' describe a hole state. 

For the weak confinement limit, Eq. (2-12) can be transformed to 

with the coordinate transformation from r. and r" to the center of mass coordinate, 

(2-15> 
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(2-17) 

and the relative coordinate, 

r(r"r,) = r, - ria (2-18) 

where p. is the reduced mass, p. = (m/m" j I (m,. +m"e), and Vb(Rc ) is the boundary potential 

which depends only on the center of mass coordinate. 

The wavefunction of Eq. (2-16) can be separated into two independent terms, 

v(r,R) = ~r(r) ~R (R,:> 
II 

(2-19) 

to describe the relative motion and the center of mass motion. With the separable wavefunction, 

we can obtain two independent Schrooinger equations. The Schrooinger equation for the center 

of mass coordinate is similar to the Eq. (2-2), therefore the solutions can be described by the 

equations in the section 2-1 with the changes in mass parameters. The Schrooinger equation for 

the relative coordinate system is similar to the Hydrogen atom model. The calculation for the 

hydrogenic model is described in the appendix. 

Therefore the solutions for the weak confinement in a semiconductor with a radius R can 

be described by the wavefunction, 

0 •• (r D \=I(2...)3(n/
-I

I
-l)I]1/2 e-cr(2. (a.r)" L~/+: (a.r) Y~/(6 ~,) 

"I' ..... c' 1 2 '( 1 l)1 " -, -1 , r' 
11 00 11 n + (2-20) 

. ITita.,.,RJR) y (6 ~ ) 
~ Iii i'+l(fI,) ~ Rc' Itt: 

and the energy, 



E = E + 
8 

where ex is 2/(n' Qo) and Qo is fj2/(p. e~. 

2 n2 «III 

2(m,: +m;) R2 

2.4 Dielectric Polarization and Variational Approach. 
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(2-21) 

The solution of the Schrooinger equation for the electron and hole pair becomes 

complicated by the Coulomb interaction, however there is an additional complication arising from 

different dielectric constants for the semiconductor and the host medium. This additional term is 

called the dielectric polarization, and it was introduced by Bros (1984). A surface charge can 

be induced by the electron and hole inside the semiconductor. The potential energy for the 

electron and hole pair in the field of this induced charge can be described by 

(2-22) 

with 

(2-23) 

where E2 is the dielectric constant for the semiconductor and EI is the dielectric constant for the 

host medium. 

In a crude approximation, Brus estimated the energy of the lowest excited state by using 

the lowest excited state of non-interacting electron-hole pair wavefunction. He found 



46 

(2-24) 

where E, is the band gap, and the bar over on the last term means the average over the lowest 

energy single electronlhole wavefunction. The second term describes the kinetic energy, the third 

term is the Coulomb interaction energy, and the fourth the dielectric polarization energy. 

Brus also presented results from a variational calculation, neglecting the dielectric 

polarization term. As shown in Eq. (2-22), evaluation of the dielectric term requires a lot of 

computations. His trial wavefunction, which includes coupling of the two lowest excited states 

of a single electron and a single hole, is 

where e and h denote electron and hole, and Is and 2s denote quantum numbers of n= 1, n=2, 

and 1=0 with two adjustable parameters 136 and 13,.. 

The very simple trial wavefunction of Eq. (2-25) has been improved by a wavefunction, 

which is a combination of wavefunctions from a hydrogen atom and a particle in a box 

[Kayanuma(1986); Nair, et aI. (1987); Takagahara (1987)]. One of the trial wavefunction is 

{
sin('ltr JR)}CII'(sin('ltrJR)}CII. ~ P Ir, -r"l) cI» =N ex - • 

,A rJR rJR R 
(2-26) 

with adjustable parameters of ae, a,., and 13. The adjustable parameters are obtained by 

minimizing expectation values of energy [Schiff (1968)]. 

2.S Matrix DiagonaUzation. 
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Previously described methods for calculating energy levels for electron-hole pairs have 

inherent problems. Non-interacting electron-hole pairs can not describe precisely states for 

quantum dots. As the size of semiconductor becomes smaller, the kinetic energy dominates over 

the Coulomb potential energy. However this domination does not mean that the potential energy 

is negligible. The contribution from the Coulomb interaction becomes larger with the 

semiconductor becomes smaller. The Coulomb energy is inversely proportional to the separation 

of electron and hole, and the separation between electron and hole is always smaller than the size 

of semiconductor. 

The variational approach can give us information by using a simple trial wavefunction 

which reflects the physical system. However variational approach is usually used for ground state 

calculations, therefore information about other excited states are not available. 

Instead of the approaches used in the previous calculations, we can use matrix 

diagonalization method to precisely calculate energy levels and wavefunctions [Hu, et al. (1990); 

Hu (1991)] and do not classify the three regimes listed earlier. This method does not have the 

drawbacks associated with the previous method, however it requires a large number of 

computations. 

For the calculation of electron-hole pairs in quantum dots, we choose basis functions, 

which are the products of single electron and single hole wavefunctions. Therefore the 

wavefunctions for the electron-hole pair can be described by the following wavefunction, 

(2-27) 

where t/I"",,(r)'s are single particle wavefunctions, and a's are the coefficients for the expansion. 

The wavefunctions of Eq. (2-27) can be applied in the SchrMinger equation (2-12), and the 
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Hamiltonian matrix can be formulated. The coefficients a's and the eigen-energies can be 

obtained by diagonalizing the matrix. 

The kinetic energy terms in the Schrodinger equation can be easily evaluated since the 

single particle states are orthogonal. For the potential energy terms, we have to evaluate each 

matrix elements, because we can not obtain the general relationship. The number of 

computations can be reduced if we consider the addition theorem and the three product rule of 

spherical harmonics [Arflcen (1970)]. From the addition theorem, 111'6-'111 can be expanded in 

terms of the spherical harmonics, 

(2-28) 

where,> ('<) is the larger (smaller) radius of'6 and '11' Combining the spherical harmonics in 

the Coulomb term and the single particle wavefunctions, we can obtain the following equation 

for the angular component, 

The angular component is zero unless following conditions are satisfied: 

111-1:1 ~ I ~ '1 +1: 
I ml-ml = m 

'1 +1: +1 = even number. 

This requirement will reduce the number of computations. 

2.6 Band Mixing 

(2-30) 
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With the Coulomb interaction, it has been shown that the states in the quantum dot are 

the mixed states of single particle states of electron and hole. Therefore we can not describe the 

states as Is, 2s, Ip, etc. To denote the states of electron-hole pairs, we can only describe the 

states by its dominant characteristics. The calculations are based on an assumption that each band 

maintains its bulk characteristics, and are not mixed. Without the mixing of the bands, we can 

describe electron-hole pairs states by 3 different mass parameters for the holes in the valence 

bands. However the bands can be mixed strongly by the boundary potential, and we have to 

consider band mixing for a calculation of the discrete states in quantum dots. 

This can be accomplished by using the Luttinger Hamiltonian in k • P perturbation theory 

which accounts for the coupling of the envelope component and the periodic component of the 

Bloch wavefunction. Considering the spherical shape of the quantum dot, k· P has to be 

expressed in terms of spherical tensors. This has been accomplished by Baldereschi and Lipari. 

After this transformation, we can calculate the energy levels of quantum dots using matrix 

diagonal ization. 

By this simplification, some of the problems with the simple effective mass approximation 

can be fixed. We can describe the states by their total angular momentum, a combination of the 

orbital angular momentum from the envelope component of the wavefunction and the intrinsic 

angular momentum from the bands. This description is very important to understand the optical 

properties of quantum dots, because the transition selection rules depend on the change in total 

angular momentum quantum number. 

A detailed theoretical calculation of the Luttinger Hamiltonian in quantum dots is given 

in Chapter S. 
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Chapter 3 

Linear Absorption and Photo-luminescence 

A quantum of light, a photon, is absorbed by the medium to excite the system from a 

lower energy state, usually the ground state, to a higher energy state. Energy must be conserved 

in the transition. Therefore, the photon energy should be the same as change in energy of the 

medium. In addition to the conservation of energy, other selection rules related to the transition 

have to be satisfied. 'The selection rules for the electronic transitions can be obtained from a 

consideration of the dipole interaction, 

After excitation of the medium, electrons in the excited states relax to the ground state. 

This relaxation process mayor may not pass through intermediate states, and mayor may not 

involve emission of photons. If the relaxation process involves an emission of light, it is called 

a radiative process, and the light from the medium is called luminescence. Otherwise it is called 

a non-radiative process. 

Because absorption and emission processes connect different states in the medium, we can 

obtain very important information about the states in the medium from the absorption and the 

luminescence spectra. 

3.1 Absorption 

When light passes through an absorbing medium, the light intensity in the medium is 

reduced from its original intensity. This can be simply described by the following relationship: 



d -/(%)=-(1% 
d:. 

where a is called the absorption coefficient. The solution for the equation is 

1(1.) =/(0) e-a: 
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(3-1) 

(3-2) 

where 1(0) is the light intensity at z=O, and I(z) is the light intensity inside the medium at the 

position z. During an experiment, we can obtain light intensities with and without the presence 

of investigating medium in the path of light propagation. We must also consider reflection losses 

from front and back surfaces of the medium. With consideration of multiple reflection losses 

from the surfaces, we can obtain 

I, (l-~e-d. - = ~--=---
10 l-R2e -2d. 

(3-3) 

where I, is the transmitted light intensity, 10 is the incident light intensity. R is the reflectivity 

and L is the thickness of the sample. If cd.. is sufficiently large, we can approximate the above 

equation by 

(3-4) 

A further approximation can be made if R is sufficiently small. The final approximation 

is same as Eq. (3-2) with the substitution of 1(0) to 10 and I(z) to I,. 

The relationship in Eq. (3-2) describes an exponential reduction of light intensity, and is 

called Beer's law. The absorption coefficient, a, indicates the absorption strength of the medium. 

This experimental method is usually called a transmission technique. Because of this simple 

experimental method, absorption coefficients of broad spectral region can be easily obtained. If 

the absorption spectrum of a sufficiently broad spectral region can be obtained, we can use the 
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Kramer-Kronig relationships to determine the index of refraction of the medium also. 

In this chapter, I am not going to describe the relationship between absorption coefficients 

and other optical constants such as index of refraction, extinction coefficient, etc. Such 

relationships are briefly described in the appendix B of this dissertation and they can be derived 

from a consideration of the Maxwell's equations and the constituent relationship between electric 

field and polarization of a medium. 

In order to understand linear optical properties of a medium, we have to know the energy 

levels of the medium. For an atom, bound states are discrete. Therefore we can calculate the 

transition probabilities between those discrete states within the dipole approximation. For a 

semiconductor, energy levels form bands and transition probabilities between bands have to be 

considered. 

From the transition probability and density of states in the conduction band and the 

valence band, we can describe the absorption strength of the semiconductor for the interband 

transition with the following absorption coefficient, Ct, 

(3-5) 

with the dipole matrix element, <lev. The dipole matrix element describes the strength of the 

coupling between the states. The subscripts, c and v, denotes conduction and valence bands. 

A single electron in the periodic potential due to the ions can be described by the well 

known Bloch wavefunctions: 

(3-6) 

where n denotes the band. 
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Using the Bloch wavefunction for the initial and final states, we can describe the general 

dipole matrix element as 

~ f e -1I
/
rU"/t (i . ;t) eiJ:ru1fI:dr (3-7) 

where ~ is the unit vector for the polarization of the external electric field. 

Since the envelope component, eI', is slowly varying compared to the periodic 

component, u.uc(r), we can approximate the Eq. (3-7) by two terms - one describes the interband 

transition and the other intraband transition. The interband transition dipole matrix term is 

(£u~,(r) (i·n ud(r)dr) (!e-1I1R etRdR) 

and the intraband transition dipole matrix term is 

(3-8) 

(3-9) 

where the first term is integrated over the unit cell, and the second over the volume of the 

crystal. 

From these dipole matrix terms, we can obtain selection rules for the bulk semiconductor. 

The interband selection rule requires k=k'. However the intraband transition in bulk 

semiconductor is forbidden since the electro-magnetic field interaction alone can not satisfy the 

momentum and energy conservation. For quantum confined systems, intraband transitions are 

possible due to the boundary potential. 

The optical matrix elements, as shown in Eqs. (3-8) and (3-9), can be used to find 

selection rules for the confined systems such as quantum wells, quantum wires, and quantum dots 

or boxes. For the interband transition selection rule in the quantum confined system, the 
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envelope component quantum numbers have to be conserved between the conduction band states 

and the valence band states. For intraband transitions, different conditions have to be satisfied 

compared to the interband transition selection rule. The selection rules can be obtained from the 

Eqs. (3-8) and (3-9). 

The interband dipole matrix element for the quantum dot can be described as 

( ! ~c~/I, .. ,(R) ~V,Na(R) dR ) ( [ ucJ..r) (iT) uwf..r) dr) (3-10) 

where the first term is integrated over the crystallite volume, and the second over the lattice unit 

cell. From this, we can derive the selection rule using the orthogonality of the envelope 

functions. The selection rule is such that the quantum number for the electron state and hole state 

has to be conserved. That is n'=n; 1'=1; m'=m. 

The intraband dipole matrix element for the quantum dot between the states in the valence 

band can be described as 

( ! ~v~/I, .. ,(R) (ioit) ~V,Na(R) dR ) ( [ uwf..r) uwf..r) dr) (3-11) 

For the transitions between conduction band states, the subscript v has to be replaced by 

c. From this dipole matrix element with the consideration of spherical harmonics, we can obtain 

the selection rule of n' jll!n; 1'-1=0, ± 1; m'-m=O, ± 1. The consideration of parity, and the 

orthogonal nature of the light field between polarization and propagation direction, we can finally 

obtain the selection rule of n' ii!n; 1'-1= ± 1; m'-m= ± 1 [Gasiorowicz (1974)]. 

For the calculation of the absorption strength of the quantum dots, we can invoke the 

density matrix formalism [Sargent et. al (1974); Meystre and Sargent (1990)]. The elements of 

the density matrix are defined as bilinear combinations of probability amplitudes. In the density 
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matrix, diagonal elements are related to the probability of occupation at that energy level, and 

the off-diagonal elements are related to the polarization of the medium. Therefore the off-

diagonal matrix elements are related to the absorption. Within the density matrix formalism, we 

can include phenomenological relaxation rates. The equation of motion for the density matrix, 

p, can be obtained from the Liouville equation, 

ih !p = [Ht p] + LJ..p) (3-12) 

where H is the total Hamiltonian, and LR(P) describes the decay. This infinite set of coupled 

differential equation can not be solved exactly. Therefore the equations have to be solved with 

some assumptions. With the condition of weak light field which describe linear optical 

properties, we can expand the dipole matrix element as 

P = p(O) + p(l) + ... (3-13) 

and substitute the lowest order term into the Liouville equation. From the evaluation of the off-

diagonal matrix element, we can obtain the following absorption coefficient, 

(3-14) 

since the off-diagonal matrix elements are related to the polarization of the medium, and the 

absorption coefficient is related to the imaginary part of the polarization. In Eq. (3-14), we 

denote 0 for the ground state, i for the excited state (exciton states) for the quantum dots. ~ is 

the dielectric constant of the host medium and 'Y is the relaxation rate associated with the excited 

energy levels. The dipole matrix element, d~, can be replaced with the interband dipole matrix 

element described in Eq. (3-10). However an accurate calculation has to consider the energy 
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levels obtained from a Hamiltonian which includes the Coulomb interaction between electron-hole 

pairs. The interband dipole matrix element considered in Eq. (3-10) is based on non-interacting 

electron hole pairs. 

3.2 Photo-Luminescence 

The relaxation of excited electrons in solids can be classified into two processes: (1) the 

electrons can recombine from the excited state to the lower state with the emission of light, and 

(2) the electrons can lose its energy through various interactions, such as electron-phonon 

interaction, carrier-carrier interaction, Auger effect, surface effect, etc. without emission of light. 

In an actual solid, these processes are competing with each other. From nonradiative processes, 

we cannot obtain much information about the solid, because we can not measure nonradiative 

processes directly. On the contrary, we can obtain very valuable information about the solid from 

luminescence spectra. In solids, there are five radiative processes in general: (1) band to band 

transitions, (2) transitions via shallow donor or acceptor levels, (3) donor-acceptor transitions, 

(4) transitions via deep recombination centers, and (5) excitonic transitions. 

The general relaxation process for the photo-excited semiconductor can be described as 

following. Once the semiconductor is excited by the absorption of light, electrons are promoted 

to the conduction band from the valence bands. Usually the energy of photon is larger than the 

band gap energy, therefore the electron in the conduction band has excess kinetic energy relative 

to the bottom of the conduction band. After the excitation, the electron looses its energy to 

phonon and other relaxation processes, and the electron relaxes to the bottom of the conduction 

band rather quickly on a pico-second time scale. Also, excitons can be formed and can 

recombine with the emission of photon. In addition the exciton has high enough mobility inside 
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the semiconductor, therefore it can be trapped at an impurity in the semiconductor and it can be 

recombine radiatively. Because of the intermediate states and processes, the emitted photon 

energy is usually smaller than the exciting photon energy. It is also true that fewer photons.are 

emitted than absorbed. Usually nonradiative processes are dominant. 

For the quantum dots, the relaxation process is very much complicated due to the 

interaction with the host medium, unknown impurity states, and possible faults in the crystalline 

structure. For the quantum dots, we would expect to observe the transition between the quantum 

confined states. However there would be a large nonradiative recombination rate due to the large 

number of unknown states, impurity states, surface states, etc. Possibly these processes can be 

understood from the study of luminescence spectra. 

3.3 Experimental Method 

The samples were cut to small size, approximately 1mm x 3mm x 1Omm, and polished 

on all surfaces to minimize scattering and allow us to collect the photo-luminescence from the 

edge. The samples were mounted on the cold finger of closed cycle He cryostat-Air Products 

model 1R04WSL. This allows us to change the sample temperature from room temperature to 

10K. The experimental setup for the measurement of linear absorption is shown in Fig 3-1, and 

the photo-luminescence are shown in Fig 3-2 and Fig 3-3. 

For the measurement of linear absorption spectra, deuterium lamp is used for the light 

source. The deuterium lamp emitted sufficient amount of light above 500 run to UV with a 

smooth spectral profile. The light is spectrally filtered with UV color filter to block the UV 

above 300 nm. This prevents the second order UV reflection from the grating of the 

spectrometer into the investigated spectral region, from 300 run to 500 run. In addition, 
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additional color tilters were used to produce larger intensity at the shorter wavelength region, and 

smaller intensity at the longer wavelength region. The introduction of additional color filters is 

for the following reason. The detector used in the experiment is 1024 array and specifically 

designed for the wavelength region around 800 nm, therefore the detector is sensitive at the 

longer wavelength region than the shorter wavelength region. In addition the transmitted light 

through the sample at the shorter wavelength region becomes very small due to the absorption. 

We can increase the transmitted signal by admitting more light into the sample. However this 

is limited by the detector saturation when the sample is removed. 

The light from the deuterium lamp is focused onto the sample with about 1 nun diameter 

with a concave spherical mirror to minimize the possible chromatic aberration caused by sets of 

lens. A portion of the samples magnified image is selected with an iris, and refocused on the 

entrance slit, 25 I'm wide, of the 275 mm focal length, f/3.S spectrometer. The spectrometer has 

3 holographic gratings, 1200, 600, and 150 grooves/mm, to select desired spectral resolution. 

Fig.3-1. Experimental setup for the linear absorption measurement. Light from deuterium lamp 
is focused on the sample with a spherical mirror. Light transmitted through the sample is imaged 
onto the iris, and refocused on the entrance slit of the spectrometer. 
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The intensified 1024 detector 

array, EG&G 1421, was 

located on the exit of the Dewar 

spectrometer, and collected 

light signal. The detector 

~x~or 
rn I ······ ,,' . ..... 

I·::::::::::::: """""""".. . 

c:: .... :=. Color Fil~ """.\~.:"" .. " .. "."".''''':::::,'.J 
was controlled by EG&G 

1461 optical multichannel 

analyzer. The optical 

multichannel analyzer was 

connected to a computer for 

Lens 
c:::: ___ ... ~ Iris 

~ 
Deuterium 

Lamp 

Fig. 3-2. Experimental setup for the photo-luminescence 
addition signal processing. measurement. Light from deuterium lamp is focused on the 

sample, and luminescence is collected from the edge. 
For the photo-

luminescence measurement, two different light sources, deuterium and an N2, laser have been 

used. The general experimental setups are shown on Fig. 3-2, and Fig. 3-3. In addition, some 

other variations based on 

Fig. 3-3. Experimental setup for the photo-luminescence 
measurement. Light from the deuterium lamp pass through the those general experimental 
small spectrometer to produce spectrally narrow source. 

Lens 

Leos 

~ 
rjl .... ···A··· ..... D .... ······A··· .1 W·· .. ···U········ I ·········V·I 

Dewar Iris 

.. ~ 

c:::. ,> 
! i 

C::;:. ~ 
Spectrometer 

'rr.::; 

~:::!liii1:::::!::i:::;( 
l..:.::J 

~ 

l~ Deuterium 
o Lamp 

setups have been used also. 

For the general photo-

luminescence spectra, light 

from the deuterium lamp has 

been spectrally filtered with 

color filters or a 

monochrometer, and used to 
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Fig. 3-4. Filtered deuterium light spectrum with color filters, excite the sample. The 
Schott UO-ll, UO-5, and Corning 4-97, to photo-excite the 
sample spectra of the light source 
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filtered with color filters used 

to excite the sample is shown 

on Fig. 3-4. A very strong 

peak at 370 run was used to 

excite the sample, and low 

intensity below 500 run is due 

to the small transmission of 

light by the color filters. The 

light at these wavelength does 

not excite the sample, and does not affect the photo-luminescence signal. For pumping frequency 

dependence experiments, a monochrometer with resolution of 1 om was used to generate the 

spectrally narrow source. 

For investigation of lifetime, and intensity dependence, light from an N2 laser was used 

to excite the sample. The temporal width of the laser output is below 1 ns, and the wavelength 

of the laser output is 337 run. 

The photo-luminescence was usually collected from an edge of the sample to reduce the 

pump scattering. The photo-luminescence spectra taken from the front surface does not show any 

deviations from the spectra taken from the edge. Collected photo-luminescence is focused onto 

the 200 I'm entrance slit of the spectrometer for the larger throughput. 25 I'm slit also has been 

used to compare the spectra taken with 200 Joim slit. There are no perceptible difference in the 

spectra except signal to noise ratio, because the resolution of the grating was coarse. I used 150 
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grooves/mm grating for the photo-luminescence measurement. 

For the measurement of general luminescence spectra, the previously described 1024 

intensified detector array with optical multichannel analyzer was used for the detection. For the 

lifetime measurement, a fast photo-multiplier tube, Hamamatsu R928, with a response time of 

less than 10 ns was used for the detector. The photo-multiplier tube was connected to a preamp, 

and 400 MHz bandwidth Tektronix 7912HB transient digitizer. The digitized signal is sent to 

the computer through general purpose interface bus(GPIB) for further processing. 

3.4 Experimental Results 

Linear optical properties of quantum dots have been investigated from two different 

aspects - dependence on microcrystal lites size and sample temperature. For the investigation of 

size dependence, the experiment is performed with the sample temperature at 10 K. The 

temperature change is about ± 2· while for temperature dependent data were taken. 

The linear absorption spectra for the different size of microcrystal lites are shown on Fig. 

3-5, (a) to (d), with corresponding photo-luminescence spectra. In the absorption spectra, the 

covered spectral region is usually from 300 run to 500 run for the following reasons. Light from 

the deuterium lamp produces enough UV, however the combination of lens, detector, and the 

spectrometer cannot cover the region shorter than 300 run. The lenses, which are made out of 

quartz, can absorb considerable UV, and the detector is not sensitive to UV light, because the 

detector is specifically designed for maximum IR sensitivity. Also the spectrometer grating is 

blazed for the visible wavelength region. In addition, the deuterium spectrum bas very strong 

lines in the UV which can be observed in the second order of the spectrometer grating, therefore 

color filters are used to block the strong UV line. All these combinations decrease the signal 
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Fig. 3-5(a). Linear absorption (left figures) and photo-luminescence (right figures) spectra 
obtained at 10 K. 
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Fig. 3-S(b). Linear absorption (left figures) and photo-luminescence (right figures) spectra 
obtained at 10 K. 
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Fig. 3-5(c). Linear absorption (left figures) and photo-luminescence (right figures) spectra 
obtained at 10 K. 
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Fig. 3-5(d). Linear absorption (left figures) and photo-luminescence (right figures) spectra 
obtained at 10 K. 
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around 300 run wavelength. Fortunately it was not very important for the samples, since the 

glass host medium begins to absorb at 350 run. The glass absorption begins to interfere with the 

microcrystal lites absorption. 

For the wavelengths above 500 run, most of the light is transmitted, and no appreciable 

absorption has been observed. Since glass is transparent in the visible region and bulk CdS has 

band gap energy of2.58 eV, which is at 480 run, sample does not absorb any appreciable amount 

of light at the visible region. Also the microcrystal lites are small enough that the attenuation of 

light due to the scattering, which might be an important factor for the larger size particles, is very 

small. 

From the linear absorption spectra shown in Fig. 3-5, general trends for the linear 

absorption spectra can be observed. The onset of absorption shifts to shorter wavelength, blue 

shift, as the size of microcrystal lites gets smaller. In addition to the blue shift, the appearance 

of broad resonance can be observed. 

For the largest sample we investigated, the 800c/23hr sample, the absorption spectrum 

shows a peak at 480.7 run and a monotonic feature above. This absorption peak at 480.7 run is 

an exciton transition. As the size of microcrystal lites becomes smaller, the prominent exciton 

transition disappears from the absorption spectra. However a little bump has been observed at 

the onset of 700c/8hr sample absorption spectrum. 

With further decrease in the microcrystal lites size, oscillating features can be seen in the 

linear absorption spectra. Most samples exhibit two resonance peaks and some samples exhibit 

more than two. Eventually, the resonance feature merges into the absorption spectrum of the 

glass. At this region, the bound state of quantum dot is not strongly influenced by the finite 

boundary potential. In the absorption spectra. a still large absorption compare to the glass can 
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still be observed. 

In addition to the experimental observations on the samples from Liu, two different types 

of samples have been investigated. Two samples, CdS quantum dots in glass matrix, were from 

Coming glass company, and one sample is CdS quantum dots in a polymer matrix. The 

composition of glass matrix from Coming glass company is different than Liu's sample. 

The linear absorption spectra of Coming and polymer follow the general trends of 

previous samples, however some of the noticeable differences can be seen. For the polymer 

samples, the resonance states is not very prominent compare to the glass samples. Also Coming 

samples have been annealed at a 

Fag. 3-6. Linear absorption spectra of 67OC/O.5hr at lower temperature compare to Liu's, 
different temperatures. 
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however the absorption spectra show 

oscillating features. 

For the study of linear 

absorption spectra temperature 

dependence, 67OC/O.5hr sample has 

been used to obtain the data at 

various temperatures. The data is 

shown in Fig. 3-6. As the sample's 

temperature cools down to 10 K, the 

absorption edge shift to the blue, and 

lOOK the width of the resonance becomes 
SOK 
12 K smaller. 

480 For the study of radiative 
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recombination, several experiments have been performed and we obtained the luminescence 

spectra (1) for different size of microcrystal lites at 10 K, (2) at different sample temperatures, 

(3) with different excitation spectral energies, and (4) with different pumping intensity. In 

addition to those investigation, the decay time of the luminescence also been measured. 

The luminescence spectra for different size of microcrystal lites at 10 K, shown in Fig. 

3-5, are obtained using low intensity spectrally filtered deuterium light which is shown in Fig. 

3-4. Using the low intensity light, we can avoid the effects of high carrier density which would 

occur if using high intensity laser. Also we can get a larger luminescence signal from a CW 

source than a nano-second laser pulse with moderate energy. The luminescence spectra are 

shown in Fig. 3-5 along with linear absorption spectra. The general trends are one or two broad 

luminescence band at the transmission region of the sample. In these spectra, no direct 

recombination from the absorption resonance can be observed. Also the amount of luminescence 

from the sample is very low. The detection requires a very long detector exposure time or a 

photo-multiplier tube. The quantum efficiency is estimated to be much smaller than 1 %. 

From the luminescence spectra of the samples prepared by Liu, we can observe the 

general trends as the size of microcrystal lites gets smaller. We can observe two broad band 

luminescence peaks from most of the samples. The spectral energy separation between two band 

increases as the size of microcrystal lites increases. As the size of microcrystal lites becomes 

smaller, both bands shift to the blue and start merging together. The smaller spectral energy 

band eventually disappears into the larger luminescence and lower spectral energy band in the 

luminescence spectra of smallest quantum dots. 

We also obtained the luminescence of the host glass matrix at 10 K. In order to obtain 

the luminescence from the glass, we increase the exposure time of the detector from a usual 
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Fig. 3-7. Photo-luminescence spectra taken at different 
position of the polymer sample. Note the difference in 
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condition set for other samples. 

From the glass matrix, we also 

observed two broad luminescence 

bands. The UV spectrum peaked at 

365 run is scattering of the pump, and 

the peaks at 544 run and 704 run are 

the luminescence from the glass 

matrix. 

For the Coming samples, 

the shoulder on the shorter wavelength, and in the peak both samples exhibit a single 

luminescence peak at the transmission region of the sample. The luminescence spectra are very 

similar to the luminescence spectra of the Liu's sample except for the missing higher energy side 

peak. For the polymer sample, luminescence spectra revealed two luminescence peaks but the 

higher energy side peak is not prominent. One noticeable observation from the polymer sample 

is that the luminescence spectra changed if the excited sample position shifts (Fig. 3-7). For the 

glass sample, no noticeable difference has been observed. 

The luminescence spectra at different temperatures also have been obtained. the 

luminescence spectra of 67OC/O.5hr, 640C/6hr, and polymer samples are shown in Fig. 3-8. 

From these spectra, we can see two luminescence peaks in all three samples. As the temperature 

decreases, luminescence yield increases. The higher spectral energy side of the luminescence 

peak changes less sensitively compare to the lower spectral energy side peak. For the glass 

samples, the amount of luminescence from both peaks is almost same at the room temperature, 

however the low energy side peak become dominant at low temperature. For the polymer 
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Fig. 3-8. Luminescence spectra of (a) 
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Fig. 3-9. Temperature dependence of 
luminescence yield - • corresponds the 
integration from 400 run to 900 run, and -
corresponds the integration from 470 run to 
480 run. 

sample, the amount of change in low energy side peak with temperature decrease is smaller 

compared to the glass sample, but it still exhibits a large change in luminescence. In Fig. 3-9, 

the luminescence has been integrated to observe temperature dependence. The. denotes 

integration from 400 om to 900 run. For 640C/6hr sample, the - is the integration from 470 om 

to 480 DID to observe the high spectral energy side peak temperature dependence. 

The previous experimental results were obtained using broad spectrally filtered deuterium 

light with color filters as shown on Fig. 3-4. The luminescence spectra at different excitation 

wavelengths have been obtained by using 1 run resolution monochrometer at the place of color 

filters (Fig. 3-3). The experimental results of the 67OC/0.5hr, and 800c/23hr sample at 10 K 
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changes in the luminescence magnitude is 

directly related to the light absorption at that 

wavelength. If the spectral energy of light is 

smaller than the absorption edge, negligible 

luminescence can be observed. 

Light from the N2 laser was also used 

to excite various samples at 10 K for 

Fig. 3-11. Excitation intensity dependent 
luminescence spectra (solid line) at 10 K. 
Absorption spectra (dashed line) are shown for 
the comparison. The luminescence spectra 
were obtained with following excitation 
intensities: (a) 0.2 pJ; (b) 1.0, 0.4, and 0.2 pJ; 
(c) 3.0, 1.0, and 0.2 pJ. The insets are shown 
for the detail. The excitation intensity are (a) 

0.2, 0.1, 0.05 pJ, and (b) 0.2, 0.4, 0.7 pJ. 
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Fig. 3-10. Luminescence spectra with 
different spectral energy excitation. 

are shown in Fig 3-10. From these spectra, we 

can observe that there is no perceptible change 

with different excitation frequencies except in 

magnitude. For 800c/23hr in Fig 3-10(c), the 

line spectra shorter than 500 nm is the excited 

light scattering. The scattering is broad, 

because I used a large slit to get more through 

put. No noticeable change in the luminescence 

spectra have been observed if a smaller slit is 

used except for a bad signal-to-noise ratio. The 
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investigation of intensity dependence, and life time measurement. The output of the laser with 

temporal width less than 1 ns is focused on the sample with less than I mm diameter. 

For the small size quantum dots such as those present in 640C/lhr sample, there is no 

perceptible change in the luminescence spectra with a high and low intensity laser beam 

irradiation. However there are noticeable change in the luminescence spectra in 800c123hr, 

700c/8hr, 700c/16hr, 700c/4hr and 700c/2hr samples. There is a strong luminescence line at 

the onset of absorption, and this is absent with deuterium light excitation. This luminescence can 

be observed with low intensity in the 800c/23hr sample. As the size of the microcrystallites gets 

smaller, higher pumping energies are required to observe this strong new luminescence. These 

are shown in Fig. 3-11. 

The lifetime of those two 

luminescence peaks in the 640C/6hr and 

Polymer samples have been investigated with 

an Nzlaser. The pumping energy of the laser 

is 1 J.Ll with a spot size of about 1 mm. The 

decay at 458 run and 610 run for the 

640C/6hr sample, and 473 run and 594 run 

for the polymer sample are shown in Fig. 3-

12. The lifetimes are 1680 os at 610 run and 

156 os at 480 run for the 640C/6hr sample, 

and 806 os at 594 om and 77 os at 473 run. 

Both peaks decay multi-exponentially. It also 

has been observed that the lifetime at the 

Fig. 3-12. Lifetime of the luminescence for (a) 
640C/6hr and (b) Polymer samples at 10 K. 
Shorter lifetime at shorter wavelength region 
have been noticed. Note y axis is in log scale 
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luminescence depends slightly on the pumping Fig. 3-13. Photo-luminescence lifetime vs. 
sample temperature of the polymer sample at 

intensities. 594 run region. 

The luminescence lifetime at various 

temperatures has also been investigated. The 

experimental results on the polymer sample at ••• ,.. ..... . 
• 

the 594 run region are shown in Fig. 3-13. • 3 • • • 
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is about a factor of two different compared to 
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the lifetime shown in Fig. 3-12. The reason .~ -~ 
is due to the fitting of the data using shorter ;.:3 
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time compared to the time scale used in Fig. 

3-12, and the multi-exponential decay 

mentioned earlier. From Fig. 3-13, we can 
°o~~~~--~--~--~--~ 

100 200 300 

Temperature (K) 
observe small variations in the luminescence 

lifetime due to the sample's temperature change. A similar observation also can be made in the 

glass samples. 

3.5 Discussion. 

From the absorption spectra of 800c/23hr sample, a prominent peak at 479.8 run and a 

very sharp bump at 467.8 run can be observed. These transitions are related to the B and C 

excitons. Because of the large broadening in B exciton transition and the polarization dependence 

of A exciton transition, the A exciton transition cannot be easily resolved in the linear absorption 

spectrum. In bulk CdS, the A exciton transition is dipole forbidden if E field is parallel to the 
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C crystal axis, and is dipole allowed if E field is perpendicular to C crystal axis. The A exciton 

transition has been observed in differential absorption spectra which will be described in the next 

chapter. The transition occurs at 481.1 run. 

There is a small exciton binding energy in 800c123hr sample if we consider the bulk CdS 

band gap energy. The band gap energies of bulk CdS associated with the A, B, C valence bands 

at 4 K are 480.2 run, 477.1 run and 466.0 run respectively. Using the band gap energy of bulk 

CdS, the estimated binding energies for the A, B, and C excitons in 800c123hr are about 6 meV, 

13 meV, and 11 meV respectively from the experimental observation of linear absorption and 

differential absorption spectra. For bulk CdS, the binding energies are reported to be 30.2 meV 

and 30.8 meV for the A and B excitons respectively. Despite the estimated small exciton binding 

energy for the B exciton, there is a substantial oscillator strength for the B exciton as shown in 

the linear absorption spectrum. With this small exciton binding energy, I would expect that the 

exciton features would be washed out from the spectrum by the ionization into the continuum of 

band states. 

The blue shift of exciton transitions in the 800c/23hr sample is understandable from the 

simple theoretical model described in Chapter 2: a confinement of the quasi particle, exciton. 

However the substantial oscillator strength associated with B exciton is not understandable. 

As the size of sample gets smaller, prominent features of excitonic transition disappear 

from the absorption spectra. This indicates that the confining boundary potential plays a 

significant role. With the samples from 700c/ 16hr to 700c/2hr, we cannot observe a true zero

dimensional quantum confined system. There is no noticeable observations except 700c/8hr 

sample. The sample exhibits a small bump on the shoulder of the absorption edge. This has not 

been reported elsewhere. I believe this is related to the C excitonic transition since the effective 
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mass related to the C is expected to be heavier than A and B, therefore C exciton transition 

should show a relatively small shift, however the exact nature of the transition is still unknown. 

For quantum dots smaller than the size of700c/2hr samples, the linear absorption spectra 

exhibit oscillating features. The lowest energy peak is the transition from a discrete hole state 

in the valence band and a discrete electron state in the conduction band. This resonance is 

usually denoted with lSt.-lse transition. The next higher resonance is believed to be IPJ,-lpe. The 

notation used here is from the non-interacting electron-hole pair theoretical model. 

The transitions exhibit a large broadening. One of the reasons for the large broadening 

is due to a large distribution of sizes and shapes, an inhomogeneous effect. Besides this 

inhomogeneous broadening, the homogenous broadening may be large. It may be due to the 

intrinsic nature of the quantum dots by an enhanced phonon interaction, or it can be extrinsic due 

to the interaction with the host medium. A decrease in the width of the resonance can be 

observed as the size of microcrystal lites get smaller. 

We have also observed the linear absorption spectra of the Coming and Polymer samples. 

Polymer samples show much larger broadening compared to the rest of the samples. This 

indicates that the polymer sample may have a much larger size and shape distribution. Also it 

is possible that the interaction between polymer host and semiconductor microcrystal lites may be 

stronger. The Coming samples have been annealed at a lower temperature than Liu's samples, 

and this indicates that the microcrystal lites in the Coming glass have a faster rate of 

crystallization. This may have been partially due to different glass matrix. 

The temperature dependence of the absorption spectra shows a blue shift of the resonance 

and a reduction of the resonance width as the sample temperature decreases. The reduction in 

the width of the resonance indicates a reduction of the electron-phonon interaction. Broadening 
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of the resonance is directly related to the life time of the states. The temperature increment for 

our data is about 50 K, and we could not resolve the lower temperature between 50 K and 10 K, 

where the most important comparison can be made with bulk semiconductor. This shift had been 

reported by Victor Esch, and the rate of shift is same as the bulk CdS semiconductor. This 

indicates that the quantum dot is not hydrostatical compressed by the glass matrix, and the 

quantum dot still maintains some of the bulk characteristic. 

From the luminescence spectra of Liu's sample, we can see two broad band transitions. 

Both are in the transparent region of the sample, but one is very close to the resonance and the 

other is far away from the resonance. For the Coming sample, only a single broad band 

luminescence peak (red) far away from the resonance absorption are observed. Similar to these 

experimental observations, Ramsden and Gratzel [Ramsden and Gratzel(1984)] observed two 

broad band luminescence peaks in CdS colloids, and Chestnoy et. al [Chestnoy et. al (1986)] 

observed single broad band red luminescence peak. Ramsden and Gratzel explained that the blue 

side luminescence (515 om) is due to direct carrier recombination and red side luminescence (700 

om) is due to S vacancies. By introducing methyl viologen (MV+ +), the luminescence from S 

vacancies is quenched, and luminescence at 530 om is induced. The luminescence at 530 om is 

speculated to be Cd vacancies. However Chestnoy speculated the red luminescence is due to 

donor-acceptor pair recombination after the observation of the red shift in the luminescence peak 

in the time evolution of the luminescence spectra, and shorter lifetime of the luminescence at the 

shorter wavelength region. This is a typical experimental observation for the donor-acceptor pair 

recombination since the separation of donor-acceptor pair is in the increment of unit cell distance. 

This causes different decay rates since the tunnel ing of carriers between donor and acceptor 

depends on the distance separation - higher energy decays are faster. However the origin of 
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luminescence is still a mystery. 

With small quantum dot samples, high intensity pump does not change the photo

luminescence spectra. However high intensity pumping with a larger quantum dots, such as in 

800c/23hr and 700c116hr samples, creates an additional photo-luminescence peak very close to 

the onset of absorption. Comparing the linear absorption and photo-luminescence spectra in 

800c/23 hr sample, the induced photo-luminescence peak is very close to the exciton transition. 

Therefore the photo-luminescence peak is believed to be the exciton recombination. The self 

absorption of photo-luminescence has not been corrected for the spectra, and the luminescence 

peak is very close to the exciton transition. Also, the luminescence is extended into the tail 

region of the exciton observed in the linear absorption spectrum. As the size of microcrystal lites 

gets smaller, the new induced photo-luminescence peak requires higher pumping intensity. This 

peak eventually disappears from the luminescence spectra for the smaller quantum dot samples. 

This indicates that the luminescence peaks in the transparent region observed using low intensity 

light are not due to direct carrier recombination. 

The new photo-luminescence transition can be explained by the filling up of the trap states 

by the large number of photo-generated carriers. With low intensity photo-excitation, excited 

carriers, either electron or hole, decay to (get captured by) the trap states rather quickly 

compared to the radiative recombination of the exciton. Therefore we could not observe radiative 

recombination. However it is possible to observe direct radiative recombination if the trap states 

are filled up to block the transition from the excited states. This is what we may have seen in 

800c/23hr sample. The requirement of higher intensity in other samples compared to 800c/23hr 

sample to observe direct carrier recombination in photo-luminescence has two possible 

explanations. Increase in the density of trap states requires more photo-generated carriers to fill 
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the states. This requires higher pump 

intensity. The other possibility is the increase 
Excited State 

in the non-radiative recombination rate from 

the excited state to the crystal ground state. 

The trapping mechanism and direct radiative 

recombination will be less effective if there is 

strong non-radiative recombination to the 

ground state. 

From a relationship between photo-

luminescence efficiency and photo-

luminescence lifetime, we can extract 

information about carrier relaxation. As 

described in the introduction, the excited Ground State 
carriers can relax to the lower state by two Fig. 3-14. Possible relaxation processes in two

level system. 
processes, radiative and nonradiative. If we 

consider two relaxation rates for two level system as shown in Fig. 3-14, the rate of total 

relaxation from the excited state can be described by 

(3-15) 

and the radiative relaxation rate by 

(3-16) 

where 'YN and 'YNR are radiative and nonradiative decay rates respectively. The inverse of decay 
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rate is related to the lifetime. Here N is the number of excited carrier, and NR is the number of 

carrier participating in the radiative process. 

The solution for the above equations are 

(3-17) 

and 

(3-18) 

Therefore the photo-luminescence lifetime observed in the experiment is not a real 

radiative decay lifetime. The lifetime observed in the experiment is an effective total decay rate. 

Because of this, the radiative decay rate appears to be faster if there is a strong fast nonradiative 

decay. From the above solution, we can also obtain the following radiative decay efficiency: 

(3-19) 

With this relationship, we can obtain the nonradiative decay rate if we know the quantum 

efficiency and the experimentally obtained photo-luminescence decay rate, "YR+"YNR. Also if we 

know the photo-luminescence decay rate at various temperatures with the assumption of a 

temperature independent radiative decay rate, we can predict radiative quantum efficiency at those 

temperatures. Nonradiative decay processes are strongly dependent on temperature since the 

decay is related to the participation of phonons. Using the experimentally obtained photo-

luminescence lifetime at various temperature(shown in Fig. 3-13), I plotted expected photo-

luminescence with • in Fig. 3-15. The. in Fig. 3-15 are represent integrate4 photo-

luminescence which are shown in Fig. 3-9. We would expect to see similar behavior in both 

plots, however there is a strong inconsistency in Fig. 3-15. This can be explained by the decay 
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path as shown in Fig. 3-16. The photo-

excited electron decays to either the ground 
Polymer 

state or the trap state. The photo- ....... 
§ ••••••• • luminescence occurs from the trap state. The • • • • • • B • • 

decay rate to the ground state directly from fIl • 

i 
• • • 

• • I 
the excited state is much larger than the other • 

• 
path since the luminescence quantum • 

• 
efficiency is very small. In the previous • 

• 
description, we only related the photo-

luminescence lifetime and the luminescence 
0 100 200 300 

efficiency from the trap state to the ground Temperature (K) 
state. If there is a strongly temperature Fig. 3-15. Expected photo-luminescence yield 
dependent decay rate from the excited state to (-) and experimentally obtained photo

luminescence yield(e). 

either the trap state or the crystal ground state 

as shown in Fig. 3-16, we can observe the 

disagreement as shown in Fig. 3-15. This indicates 

that the excited carriers in the quantum dots are more 

effectively captured by the trap states at lower 

temperature than higher temperature. 

For the luminescence peak at the shorter 

wavelength region, the luminescence yield is almost 

temperature independent. Therefore it appears that 

changes in the luminescence yield are due to the 

Excited State 

f
rET 

Trap State 

Ground State 

Fig. 3-16. Decay paths in three level 
system. 
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dependence of the nonradiative decay from the trap state to the ground state. There is no 

substantial change in the decay rate from the excited state to the either trap state or ground state. 

For the photo-luminescence from the trap states of quantum dots, we can consider three 

possibilities: an excited electron may be captured by a deep donor-like state; a hole may be 

captured by deep acceptor-like state, or else both an electron and a hole may be captured by 

donor and acceptor pairs. The first and second possibilities are remote for the explanation for 

the photo-luminescence in quantum dots. The wavefunction of a captured carrier in a deep state 

may be localized in the unit cell. However the wavefunction of an uncaptured carrier is not 

localized in a unit cell. Therefore there is a strong overlap between the captured carrier and the 

uncaptured carrier. Because of this overlap between electron and hole wavefunction, the photo-

luminescence decay is expected to be faster than the observed photo-luminescence decay time -

approximately the p.s range. The long lifetime indicates that the electron and hole wavefunction 

are not overlapped very much. This indicates the donor-acceptor pair recombination is a strong 

possibility as explained by Chestnoy et. al [Chestnoy et. al (1986)]. Also there is an additional 

indication of donor-acceptor pair recombination. This is the shift of the luminescence peak as 

the size of quantum gets smaller. This can be explained by the following. The spectral energy 

of the luminescence due to donor-acceptor pairs can be described by 

(3-20) 

where r is the distance between the acceptor and the donor. For a bulk semiconductor, we can 

estimate the energy difference between acceptor and donor at the limiting value of r .-. 00. 

However for small quantum dot samples, this distance is limited within the size of quantum dots. 

The separation can not be larger than the size of quantum dots. This causes the blue shift of the 
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photo-luminescence peak in the smaller quantum dot samples with respect to the larger size 

quantum dots. 

However the interpretation of donor-acceptor pair recombination is also problematic. 

There are two luminescence peaks for the Liu's sample, and a single peak in the Coming sample. 

Those luminescence peaks are strongly related to the S and Cd vacancies as described by 

Ramsden and Gratzel [Ramsden and Gratzel(1984»). These may create independent acceptor-like 

states or the donor-like states. Then the question is what causes the other donor or acceptor 

states? Also an additional question is where is it located - inside or at the surface? 

For strong nonradiative recombination, the quantum dots should have a continuum of 

states connecting a conduction band state to the valence band state. It is possible that the 

continuum of states are at the boundary of quantum dot. The excited electron-hole pairs 

recombine through those continuum of states very quickly, therefore we could not observe 

radiCl.tive decay from the excited states to the ground state. 

3.6 Conclusion. 

With the largest size microcrystailites in 800c/23hr sample, we can clearly observe the 

excitonic transitions in the linear absorption spectrum. Those transitions are blue shifted with 

respect to the bulk CdS. As the size of microcrystailites decreases, those excitonic transitions 

in the linear absorption spectra can not be observed. The photo-luminescence spectra under high 

intensity laser beam excitation shows an additional feature at the onset of absorption. This 

luminescence is believed to be the excitonic recombination. With low intensity deuterium light, 

we can not observe these transitions. This is believed to be explained by the filling up of the trap 

states with the carriers generated by the high intensity laser beam. As the size of quantum dots 



83 

becomes smaller, a higher intensity is required to observe excitonic transition. This is due to an 

increase in the density of trap states or faster nonradiative process. For still smaller 

microcrystal lites , we can observe oscillating features in the absorption spectra. The oscillating 

feature is due to discrete transitions from the hole states in the valence bands to the electronic 

states in the conduction band. The resonances exhibit very large broadening. The luminescence 

spectra of small quantum dot samples do not show any direct evidence of recombination inside 

the semiconductor with either a weak or a strong intensity excitation. It appears that the 

luminescence is due to donor-acceptor pair recombination. However this interpretation still has 

some problems. 

The experiments show that the nonradiative decay from the excited states directly to the 

ground state is the dominant decay path. Also there is a strong temperature dependence of the 

decay rate ratio between the decay of the excited state directly to the ground state, and the decay 

of the excited state to the trap states. 
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Chapter 4 

Nonlinear Optical Spectra and Photo-Darkening 

On application of a high intensity la5er beam to a medium, changes in the optical 

properties have been observed. These changes depend either directly or indirectly on the light 

intensity. In semiconductors, large optical nonlinearities have been observed near the band gap 

region. These optical nonlinearities are mainly associated with excited carrier density. If a 

sufficient carrier density is generated, the energy levels renormalize and the transitions get 

blocked according to the Pauli exclusion principle. Therefore nonlinear optical properties directly 

depend on the density of photo-generated carriers. 

For large size semiconductor macrocrystallites, the physical mechanisms for the optical 

nonlinearities are expected to be similar to those in bulk semiconductor. However the optical 

nonlinearities of the quantum dots are expected to be different than the bulk, since quantum dot 

energy levels are discrete. In the intermediate region there is a transition between bulk-like 

behavior and quantum confined behavior. 

After the samples are exposed to a high intensity laser beam, an additional phenomena 

common in ll-VI type semiconductor microcrystal lites , the so called photo-darkening effect, has 

been observed. The photo-darkening effect permanently changes the optical properties of the 

sample. Some of the characteristic changes in photodarkened samples include darkening of the 

sample on visible inspection, permanent grating formation by four wave-mixing, increase of the 

photo-generated carrier relaxation rate, etc. In this chapter, I will also describe results of 

experiments on photo-darkened samples. 
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4.1 Introduction 

The general optical properties of semiconductors, linear and nonlinear, have been 

described very briefly in the first chapter of this dissertation. In chapter 1, I only described 

nonlinear optical properties related to many body effects. In addition to these optical 

nonlinearities, nonlinear optical properties related to excitonic molecular structures can be 

observed if the density of generated carriers is large but smaller than the Mott density. 

Many different types of excitonic complexes can be observed in semiconductors. Some 

of these excitonic complexes are excitons bound to donors or acceptors. Also two excitons can 

bind together to become a molecular complex. This molecular complex is analogous to a 

hydrogen molecule and is called a biexciton. 

Since in excitonic molecular complexes the excitons are bound together, the energy levels 

of the excitonic molecule are expected to be different than the two single exciton energy levels. 

For the biexciton in bulk semiconductors, the energy of the biexciton is a little bit smaller than 

the combined energy of the two individual excitons. The difference in the energy is called the 

binding energy of the biexciton. 

The transitions from the crystal ground state to biexciton states are forbidden by one

photon absorption. However the transition is possible by the absorption of two photons. The 

oscillator strength for the biexciton transition is expected to be large, since the intermediate state, 

exciton (accurately polariton), is about the half of the biexciton transition. With time dependent 

perturbation theory, the enhancement of the oscillator strength can be understood simply by the 

denominator energy differences. The first evidence of biexciton formation in a bulk 

semiconductor was given by Mysyrowicz et aI (1968). 

The optical nonlinearities for quantum dot can be explained by formation of two electron-
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hole pairs (biexciton). The usual consideration of many body effects in bulk semiconductors can 

not be applied to small quantum dots since the dots are over Mott density with only a single 

electron-hole pair. In quantum dots, two electron-hole pairs are always bound by the Coulomb 

interaction. This is similar to biexciton formation in a bulk semiconductor, however there are 

differences. For the bulk semiconductor, the biexciton wavefunction extends beyond the single 

exciton wavefunction. In quantum dots, the wavefunction of both, excitons and biexcitons, are 

confined inside the quantum dots. The biexciton in a quantum dot is complicated due to all 4-

particle interactions with additional boundary 

potential. We have to consider all four 

particles coupled by Coulomb interaction at 
(a) 

Biexciton 
almost equal strength. It has been described 

in Chapter 2 that excitons in a confined t 11<.)2 

Exciton 

system can not be described in a general 

analytical form. There the exciton 
11<.)1 

Ground t 
wavefunctions were expanded in terms of state 

non-interacting electron-hole pair 

wavefunctions. Using this method, we can 

calculate the biexciton states. The binding 

energy of the biexciton, oE, can be obtained 

t 
, 
I I 

11<.)2 11<.)1 
from the energy difference between the 

energy of the two individual exciton, 2~, fig. 4-1. The energy levels of exciton, and 
biexciton. (a) The transition to biexciton can be 

and the biexciton energy, Ea. Therefore a possible with two photon absorption, ""'It and 
""'2' (b) occupation of the exciton states blocks 

positive binding energy, oE = 2 Ex - Ea , is the transition to cause exciton bleaching, and 
new transition to the biexciton state results in an 
induced absorption. 
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expected. These biexciton states can be accessed from the crystal ground state by two photon 

absorption (Fig 4-1(a». 

Experimentally we can use pump and probe spectroscopy to observe optical nonlinearities. 

We can generate carriers with a high intensity monochromatic light, called a pump, to prepare 

the state of the medium. Then we can employ a low intensity light with a broad spectrum, called 

the probe, to observe the transitions in the prepared state. For the case of quantum dots, we 

expect that the pump generates an exciton, and the probe generates the additional exciton to form 

a biexciton (Fig. 4-1 (a». Therefore we would expect to see the new transitions as induced 

absorption below the resonance energy of the exciton in the transmitted probe spectra (Fig. 4-

1(b». We also expect to observe bleaching at the exciton transition, since the next exciton 

created establishes a biexciton. This is a very simple description of pump and probe 

spectroscopy. 

For the larger size microcrystal lites, the optical nonlinearities are expected to be similar 

to those of bulk semiconductor. For bulk CdS, the optical nonlinearities include the band gap 

renormalization and coulomb field screening when a sufficient number of carriers are generated. 

For a much larger density of carriers, the optical nonlinearity is mainly governed by the band 

filling effect, and it causes a blue shift of absorption edge. For smaller microcrystallites, the 

optical nonlinearities would be expected to be different than those in bulk. As shown in one

dimensional confined systems, many body effects are different compared to bulk semiconductor. 

In addition, we can ignore the diffusion of carriers in the microcrystal lites because of carrier 

confinement. 

In addition to the nonlinear optical properties associated with the quantum dots, 

permanent changes in the optical properties have been observed after high intensity irradiation 
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of the sample. This effect is called photo-darkening, and has been observed in semiconductor 

microcrystallites. With larger size microcrystal lites in color filter glass, a decrease in the photo

luminescence yield and the optical nonlinearity, and an increase in the radiative recombination 

rate and induced absorption above the band gap have been observed. In addition to those effects, 

the formation of a permanent grating has been observed in four wave mixing experiments. The 

permanent grating can be erased with high intensity illumination, but it can not be written again. 

However the permanent change can be reversed by annealing the sample with higher temperature 

than the usual sample preparation conditions but lower than the sample annealing temperature at 

the preparation stage. 

In this chapter, I am going to present the experimental observation of changes in the 

photo-luminescence spectra, the linear absorption spectra, and the differential absorption spectra 

of the quantum dots after the high intensity irradiation. 

4.2 Biexdton States and Nonlinear Optical Properties. 

The formation of single electron-hole pairs inside the quantum dot is responsible for the 

linear optical properties. If there is no binding energy between electron hole pairs, two electron

hole pairs in a single dot have the same energy as two single electron-hole pairs in different dots. 

However the binding energy is expected to be large enough to deviate significantly from the two 

single e1ectron-hole pair energies. 

For the two electron-hole pairs, the SchrOdinger equation in the effective mass 

approximation with simple single conduction and single valence band is 
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(~1) 

with consideration of all the Coulomb interaction between the carriers. The solution of the 

Schrooinger equation can not be given by simple analytical functions. This Schrooinger equation 

can be solved by matrix diagonalization technique as described earlier. The wavefunction of the 

biexciton can be expanded in terms of non-interacting electron-hole pair wavefunctions. These 

wavefunctions can be used to form a matrix for the complete Hamiltonian. 

The solution of the above Schrooinger equation can be obtained by diagonalizing the 

matrix. The basis functions for the calculation are denoted 

l"II'2JIHI,J,Juk, 1)_, LM>... 1: <1,J_;m,.m_> -.. -. (4-2) 

1"1 .. ~11"~"m,> l"I.,~lwl,..Jvn.> 

where the first term on the right, braket, is the Clebsch-Gordon coefficient, and the second and 

third terms on the right are the non-interacting electron and hole pair wavefunctions with 

associated single electronlhole quantum numbers. For the calculation, we can reduce the number 

of computations by knowing commuting observables, total angular momenta. It can be shown 

that the total angular momentum of the system, L=L6+L", is conserved. Because the angular 

momentum is a constant of the motion, we can reduce the number of matrix elements in the 

calculation of the energies and wavefunctioDS. 

From this calculation, enhancement of the biexciton binding energy in smaller quantum 
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dots is expected. One of the theoretical 

results for the biexciton binding energy 

obtained from matrix diagonalization is shown 

in fig. 4-2. Here the graph is scaled to bulk 

exciton Rydberg energy and Bohr radius, ER 

and 30. R is the radius of the quant1lm dot. 

The nonlinear optical properties for 

the quantum dot can be obtained using the 

density matrix formalism which was briefly 

described in Chapter 3. The equation of 1 2 3 4 5 

motion for the density matrix can be obtained Rl30 

from a Liueville equation. However the 

equation itself represents an infinite set of Fig. 4-2. Biexciton binding energy, oEIE", as 
function of quantum dot radius Rlao (from Y. Z. 

coupled differential equations. The equation Hu et. al, 1990). 

of motion for the density matrix can be calculated by first obtaining the lowest order term in the 

expansion. The next higher order term can be obtained recursively from the previously 

calculated lower order term. This is repeated until the process converges sufficiently. This 

formalism can be used when the light field is not resonant with any of the energy levels in the 

mediUm. This formalism can also be used for the light field resonant with any of the energy 

levels in the medium if the light field is sufficiently weak. 000 example is shown in Chapter 3 

of a linear absorption spectrum calculation. In this chapter, I am going to present theoretical 

results obtained from an expansion up to 3 rd order terms (Fig. 4-3). 

In Fig. 4-3, the size of quantum dot, R, is same as the size of bulk Bohr exciton, ~. 



From (a) to (c), a different homogenous 

broadening is assumed. As shown in this 

figure, there are induced absorption features 

on either sides of the bleaching. The 

bleaching is due to phase space filling of the 

exciton transition, and the induced absorption 

is due to transitions to biexciton. The 

induced absorption feature on the lowest 

energy side is due to a transition to the 

biexciton ground state from the exciton 

ground state. The absorption feature on the 

higher energy side is due to transitions to 
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Fig. 4-3. Computed absorption change, -Aa, 
excited biexciton states. The states of excited for pump and probe excitation assuming 

pumping into the energetically lowest one pair 
biexciton consists of two electrons in the Is state. The parameters are m./II1ts=O.24, 

Rlao= 1, and (a) "'Y~= 1, (b) 2, and (c) 3, 
state and either two holes in Ip state, or one respectively (from Y. Z. Hu et ai, 1990). 

hole in each of the Is and 2s state. These transitions are dipole forbidden if there is no Coulomb 

interaction. Those transitions are possible since the Coulomb interaction breaks the symmetry. 

The other method to handle this problem is to use only those energy levels which are 

resonant with the extemalIight field. If the light field is resonant with only two energy levels 

of the medium, usually the ground state and one of the excited states, two coupled differential 

equations can be constructed. This is the familiar two level system. From these equations, an 

almost complete solution can be obtained for the case of single mode and two mode light field 

excitations. We can extend the two level system to a three level system as shown in Fig. 4-1. 
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As more levels are added to the system, the equations become much more complicated to solve. 

4.3 Experimental Method and Setup. 

Nonlinear optical properties related to the two electron-hole pair states of the quantum 

dot can be studied with the pump and probe technique (saturation spectroscopy). The pump and 

probe technique is one of the general experimental methods to investigate nonlinear optical 

properties. High intensity light, called the pump, generates a large number of carriers, and a 

weak beam, the probe, is used to obtain optical properties of the medium in the excited state. 

Usually the pump is a monochromatic beam of light, and the probe has a broad band spectrum. 

Two different probe spectra, I" and 1", taken with the pump present and the pump absent 

respectively, are obtained from the experiment. We can obtain two different absorption spectra 

with the additional spectrum, 10, which is the probe spectrum before it is transmitted through the 

sample. One absorption spectrum is related to the linear optical properties of the medium, and 

the other is related to the nonlinear optical properties. With the comparison of these two 

absorption spectra, we can obtain the information about the optical properties of the medium, 

linear and nonlinear. 

Instead of two different linear absorption spectra, usually the differential absorption 

spectrum or the differential transmission spectrum is calculated from the probe spectra. The 

relationship between the probe spectra, I,r and I", and the differential absorption spectra, (aa)/, 

is 

(b)1 • ~tl (4-3) 

where I is the thickness of the sample. The differential transmission spectra, aT, is defined as 
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I -I 
!:&T = pp pr 

Ipr 
(4-4) 

From the differential transmission spectra, a small deviation in transmission can be easily 

detected. If the absorption change is small, the differential absorption spectrum becomes the 

negative of the differential transmission spectrum. The logarithmic term in the differential 

absorption spectrum can be expanded if there is a small difference between Ipr and I",. Neglecting 

higher order terms in the expansion resulted in the negative of the differential transmission 

spectra. 

Some of the expected contributions to the differential absorption spectrum of a Lorentzian 

line are shown in Fig. 4-4. If the resonance state is shifted, anti-symmetric spectra are expected. 

For bleaching or broadening of the resonance, symmetric spectra are expected. The bleaching 

contains one peak, but the broadening contains two Valleys. Combinations of all these possible 

(b) Bleaching 

(c) Broadening 

changes can occur in actual spectra. 

The experimental setup for pump and 

probe spectroscopy is shown in Fig. 4-5. For 

the experiment, the samples were polished on 

the front and back surfaces to minimize the 

light scattering. The samples were mounted 

on the cold finger of He cryostat, and were 

cooled from room temperature to 10 K. As 

shown in the figure, the samples were excited 

Fig. 4-4. Various effects on a single line 
Lorentzian broadened system: (a) shifting, (b) 
bleaching, and (c) broadening. 
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Fig. 4-5. Pump and probe 
spectroscopy setup. the Pump 
is generated from a dye laser, 
and the probe is generated 
from dye cell (DC). 

and probed with almost 

colinear pump and probe 

beams. 

A monochromatic 

light, the pump, is generated 

from a dye laser, and a broad 

band probe is generated from 

a dye cell. Both pump and 

probe were pumped by the 

third harmonic of an injection seeded Nd:YAG laser with a repetition rate of 10 Hz, and with a 

pulse width of about 10 ns. The temporal spectra of both beams are near Gaussian, and the full 

width at half maximum(FWHM) is about 2.5 ns for the pump and 6 ns for the probe. Vertical 

polarization of the pump and horizontal polarization of the probe with respect to the optical table 

have been selected with dichroic polarizers. After spatial filtering and time delaying, pump and 

probe were focused onto the sample. The spatial overlap of the pump and probe at the sample 

is ensured by using a probe size of about 100 I'm diameter, and a pump size of about 430 I'm 

diameter. The temporal separation between the maximum intensity of the pump and probe is 

about 1.5 ns with the pump leading the probe. The propagation direction of both pump and 

probe is almost collinear with an angular separation of about 7°. The probe was collimated with 

a lens and passed through a iris and a polarizer. The iris and the polarizer were used to block 
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the pump scattering from the sample. The probe was refocused onto the 25 pm wide slit of the 

spectrometer. At the back of the spectrometer, a 1024 element intensified detector array collected 

the spectra. 

During the experiment, the Optical Multichannel Analyzer (OMA) coordinated the 

experiment. The Nd:YAG laser was triggered by the OMA at precisely a to Hz rate, which is 

one sixth of the scanning rate of the detector. The OMA controlled two shutters, one on the path 

of the pump and the other the probe. The sequence of the shutters opening is such that the first 

the pump and probe is admitted. the second the probe alone, and the third pump alone. This 

sr.quence is repeated a number of times(usually tOOO times). This alternating sequence is very 

important for the samples used, because the samples exhibit the photo-darkening effect. This 

shuttering sequence would minimize the effect of photo-darkening on the data. The OMA 

collected all three signals and stored them. After the experiment, the computer read and 

processed the data to calculate the differential absorption spectra. 

For the investigation of the photo-darkening effect, photo-luminescence spectra, linear 

absorption spectra, and nonlinear absorption spectra before and after the high intensity laser beam 

exposure have been obtained. The photo-luminescence spectra have been obtained at 10 K, and 

linear and nonlinear absorption spectra have been obtained at room temperature. The samples 

used for the photo-luminescence experiments are the 640C/6hr sample and the polymer sample. 

Photo-darkening effects on the linear and nonlinear absorption spectra have been obtained 

for samples in 3 different matrices - glass, sol-gel, and ormosil. The glass sample was prepared 

by the usual melting, annealing and heat treatment; The sol-gel sample, CdS in SiOz glass, was 

prepared by the sol-gel process[yamani et aI. (1992»); The ormosil sample was prepared by the 

sol-gel process using ormosils (organically modified silicates) as the matrix[Li et aI. (1992)]. 
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4.4 Experimental Results and Discussion. 

The experimental results of pump and probe spectroscopy on 9 different samples at 10 

K are shown on Fig 4-6 (a)-(i). The graphs (b) are the differential absorption spectra at different 

pumping intensities. The smallest signal is associated with the smallest pumping intensity, and 

largest signal is the largest pumping intensity. Using the differential absorption data, the change 

in the index of refraction, graphs (c), have been calculated using the Kramer Kronig 

transformation. Changes in the absorption spectra with different pumping intensities are shown 

on graphs (a). 

The largest quantum dots investigated are in the 800c/23hr sample. Two exciton 

transitions, B and C, are clearly visible in the linear absorption spectrum. The differential 

absorption spectra show two dominant bleaching peaks and one induced absorption valley. The 

two bleaching peaks are associated with the B and C excitons. With small pump intensities, there 

is a slight kink below the B exciton energy. The kink is related to the bleaching of the A 

exciton, and the spectral position of this kink is 481.1 run. With different pump intensities, the 

differential absorption spectra do not show any broadening at the B exciton. However there is 

a slight blue shift of the B exciton transition with increasing pump intensity. The spectral 

positions of the B exciton for different pumping intensities are 479.4 run with 0 kW/cm2, 479.1 

run with 2.79 kW/cm2, and 478.9 run with 5.52 kW/cm2, 11.04 kW/cm2, and 22.08 kW/cm2. 

The B exciton feature can not be resolved if the pumping intensity is higher than 22.08 kW/cm2. 

With higher pump intensities, the bleaching above the C exciton in the continuum can be 

observed. An induced absorption inside the continuum absorption can be seen in the differential 

absorption spectra. 

As shown in the linear absorption spectra in the previous chapter, the microcrystal lites 
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11.04,22.08,44.16,88.32, 176.64, and 353.28 KW/cml. 



~ 
<:] 

102 

400 440 480 520 
2.0 ,...-----r---,...----r---r---_.._-___. 

~ 1.0 
~ 

0.0 

0.4 

~ 
~ 

<:] 
0.0 

5xlO-7 

0 

-5xlO-7 

400 

(a) 

(b) 

(c) 

440 480 520 

Wavelength (run) 
Fig. 4-6(0. Experimental results of 700cl2hr sample. Pumping intensities are 2.76, 5.52, 
11.04, 22.08, 44.16, 88.32, 176.64,and 353.28 KW Icm2

• 



103 

370 410 450 490 

2.0 (a) 

~ 
~ l.0 

0.0 ~~==::::;:===!===::S==~~ 
0.5 

(b) 

-5xI0-7 

370 410 450 490 

Wavelength (run) 
Fig. 4-600. Experimental results of 67OC/O.5hr sample. Pumping intensities are 2.76, 5.52, 
11.04,22.08,44.16,88.32, and 176.64 KW/cm 2
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in the 700c/16hr sample are smaller than those in the 800c/23hr sample. In the differential 

absorption spectra, the 700c1l6hr sample exhibits a broad bleaching with the peak at 472 run, 

and an induced absorption above. The bleaching is asymmetric with a steeper slope at the lower 

energy side. Extrapolating the slope on the lower energy side and the crossing of zero 

absorption, we obtain about 480 run, which is approximately the band gap energy of bulk CdS. 

Below 480 run in the absorption tail, there is a substantial amount of bleaching. This absorption 

tail may be due to the lattice deformation at the boundary of quantum dot and the matrix. At 

higher pump intensity, the bleaching extends further only into the higher energy side, and the 

bleaching peak shifts to the blue. From this spectra we conclude that the dominant nonlinear 

optical mechanism for the 700c/16hr sample is phase space filling. For this size of dots, the 

energy levels are very close together and very much like bulk energy levels. However the 

discrete exciton features in the band gap region are not observed in this sample. In addition, a 

substantial optical nonlinearity occurs in the region of the absorption tail. 

For the size of dots in the 700c116hr sample, the energy levels derived from the 3 CdS 

valence bands are expected to be almost degenerate due to their different effective masses. It is 

expected that the hole effective masses associated with A and B bands are smaller than that of the 

C band. From the particle in a box model, the amount of energy shift is larger for a smaller 

effective mass. Therefore the energy states of A and B valence bands will cross with the energy 

states of the C band. Because of the near degeneracy of the energy states in valence bands, the 

experimental spectra do not show perceptible curvature changes at the band gap region. If the 

energy levels are separated appreciably, as in the bulk, a noticeable changes of curvature in 

spectra is expected. 

For the 700c/4hr sample which has smaller microcrystallites compared to the 700c1l6hr 
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sample, the linear absorption spectrum begins to show a small oscillating feature. The bleaching 

is almost symmetrical about 460 run in the differential absorption spectra. There is a very slight 

shift of the bleaching peak to the higher energy side at higher pumping intensity. However there 

is no observable amount of broadening due to increased pumping intensity. The two spectra at 

the low intensity limit show that the bleaching appears to be narrow. Despite the fact that the 

sample has been excited by a 433 run pump, the maximum bleaching occurs at about 460 run. 

This indicates that the carriers are occupying the lowest energy states in the conduction band and 

the valence bands. This leads to phase space filling optical nonlinearities. The high energy side 

induced absorption is related to the two electron hole pair states. 

True quantum confined optical transitions can be seen in the 67OC/0.5hr sample and the 

Coming samples. The linear absorption spectra clearly show an oscillating feature, which is due 

to discrete optical transitions from the valence subband states to the conduction subband states. 

The lowest optical resonance occurs at 420 run and 410 run for the 67OC/0.5hr sample and the 

Coming sample, respectively. In the differential absorption spectra, there is a bleaching at the 

lowest resonance of the sample and an induced absorption on either side of the bleaching. The 

higher energy side induced absorption is more prominent than that of the low energy side. The 

bleaching has been explained by phase space filling (state filling of a single electron-hole pair 

state) and the higher energy side induced absorption has been explained by the two electron-hole 

pair states. The observation of the low energy side induced absorption has not been reported 

previously in CdS quantum dots. 

In the experimental spectra from the 700c/4hr sample and the Coming sample, there is 

no strong evidence of non-degenerate states from valence bands. For very small sizes, we would 

expect to see at least two different optical transitions due to heavy hole mass associated with the 
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Fig. 4-7. (a) The linear absorption spectrum 
of a CdS quantum dot sample (67OC/0.5hr) at 
room temperature. The sample was pumped at 
two spectral positions inside the first quantum
confined transition. The positions of the 
pumps are shown by the small peaks' at 
wavelengths of 419 run and 447 nm. (b) The 
change in the absorption (-.:\aL) obtained as a 
result of this pumping. The absorption 
bleaches and spectral holes are generated, 
which shift as the pump wavelength is 
changed. This figure clearly demonstrates 
transient spectral hole burning at room 
temperature in a quantum dot sample. 

C band and lighter hole masses associated with 

A and B valence bands. However we could not 

490 see any evidence of two different optical 

transitions in the experimental spectra. This is 

due to a large broadening associated with the currently available samples. 

Spectral hole burning due to the inhomogeneous broadening of the samples has been 

observed by pumping at different spectral positions. Fig. 4-7(b) is the differential absorption 

spectra obtained by pumping at 419 run and 447 run with the 640C/6hr sample. In this spectrum, 

a spectral shift of bleaching peak following the pump can be observed. This is expected for a 

system with large inhomogeneous broadening such as currently available quantum dot systems. 

However the amount of shift is small due to the broad hole burning associated with the sample. 

The photo-luminescence and photo-darkening effects are shown in fig. 4-8 and fig. 4-9. 

Figures (a) are the luminescence spectra before (solid) and after (dashed) the high intensity laser 

irradiation. The samples was exposed for 1 hour to the N2 laser beam with the pumping energy 

of 10 pJ with the diameter of 1 mm and a 2.5 Hz repetition rate. There is a substantial change 

in the luminescence yield, however there are no substantial changes in the shape of the spectra. 
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Fig. 4-8. (a) Photo
luminescence spectra taken 
before (solid) and after 
(dashed) the laser beam 
exposure at 10K with 
640C/6hr sample, (b) 
Changes in the total photo
luminescence yield with the 
duration of photo-exposure. 

The luminescence yield, 

integrated over the whole 

spectral range, at 10 min 

intervals are shown in figures 

(b). The reduction of photo-

In addition to the observation of the luminescence change, the lifetime of the photo-

luminescence at different spectral positions before and after the photo-exposure has been 

investigated. However there are no substantial changes in the lifetime between fresh and photo-
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darkened samples. 

Linear absorption 

spectra of the 67OC/OShr 

sample at room temperature 

Fig. 4-9. (a) Photo
luminescence spectra taken 
before (solid) and after 
(dashed) the laser beam 
exposure at 10 K with 
Polymer sample. (b) Changes 
in the total photo-luminescence 
yield with the duration of 
photo-exposure. 
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before and after photo-exposure have been obtained. The linear absorption spectrum and its 

change after irradiation(persistent spectral hole burning) are shown in fig. 4-10. The sample has 

been exposed to a dye laser with the intensity of 0.9 MW/cm2 with a 10 Hz rate for 30 min. The 

change in its absorption spectrum is very similar to the theoretical calculation of the quantum 

confined Stark effect (fig. 4-11). 

The most dramatic changes related to photo-darkening effect are in the optical 

nonlinearities. The glass sample (700c/4hr) exposed to the high intensity laser beam shows a 

reduction in its optical nonlinearity a factor of bout 20. This is shown in fig. 4-12. with the data 

370 410 450 490 

(a) 

370 410 450 490 
Wavelength (nm) 

Fag. 4-10. (a) Linear absorption spectrum of 
the 67OC/05hr sample at room temperature. 
(b) Changes in the absorption spectrum after 
photo-exposure. The small peaks in (a) at 419 
run and 447 run represent the spectral positions 
of the pump. 

400 500 600 700 

(b) 

400 500 600 700 
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fig. 4-11. (a) Theoretical calculations of linear 
absorption spectra of CdSe quantum dots. (b) 
Calculated quantum confined Stark effect 
showing the change in absorption (-A aL) as a 
result of the application of a dc electric field. 
Note the similarity between this and the 
experimental spectrum in Fig. 4-10(b). 



taken from the samples 

prepared by sol-gel processes 

(Si02 and Ormosil matrix). 

The samples prepared by the 

sol-gel process are not as 

sensitive to the photo-

darkening effect as the glass 

samples. The experimental 

condition for all three 

samples were identical to 

allow direct comparison of 

changes in optical 

nonlinearities. The pumping 

intensity was about 400 

kW fcm with a 2hr duration 

for the photo-exposure. The 

pumping wavelengths were 

451 run for (a) and (b), and 

436 run for (c), The sbarp 

peak at 451 run in (a) is due 

to scattering of the pump by 

the sample. 
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Fag. 4-12. Linear absorption spectra (left pointing arrows) and 
negative differential absorption spectra (right pointing arrows) of 
samples (a) Liu's 700cf4hr, (b) Si02, and (c) Ormosil. Solid 
and dashed curves are associated with the - ~aL spectra taken 
before and after extended laser exposure, respectively. The 
pump intensity was about 400 kW/cm2• The pump wavelengths 
were 451 run for (a), 436 run for (b), and 451 run for (c). The 
sharp peak at 45 I run in (a) is due to scattering of the pump by 
~e sample 

Since the pboto-darkening effect strongly depends on the matrices, the composition of its 
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Table 4-1. Composition of 3 different samples. PDMS in Ormosil sample is 
polydimethylsiloxane. 

wt% Glass: melting Glass: sol-gel Ormosil 

Si02 56 80 72 

N~O - 5 -
~O 24 -
B20 3 8 15 -
CaO 3 - -
BaO 9 - -

PDMS - - 28 

melting 1400 °C, 2hr - -
conditions 

heat 590 -700 °C 590 °C 300 °C 
treatment 0.25 - 140 hr 12 hr 96 - 1000 hr 

matrices has been analyzed (fable 4-1). With the composition and the experimental observation, 

we notice that the matrices with higher silica content but lower glass modifiers (i.e., alkali or 

a1kaline-earth metal oxides) is more resistant to the photo-darkening. It seems that the glass 

modifiers provide sites (defects) for trapping carriers, leading to a much stronger photo-darkening 

effect. 

4.5 Conclusion. 

Nonlinear optical properties of CdS microcrystal lites, from weak confinement to strong 

confinement, are observed with nano-second pump and probe spectroscopy at 10 K. In the weak 

confinement limit, as in the SOOC/23hr sample the usual excitonic features associate with bulk 
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CdS are seen. In addition, band filling optical nonlinearities are observed in differential 

absorption spectra. In the intermediate confinement regime, an appreciable amount of tail 

absorption is observed. This indicates that the lattice may be deformed appreciably. In additi9n, 

differential absorption spectra show that band filling is the main cause of optical nonlinearity. 

For the strong confinement limit, we observe additional induced absorption with spectral position 

below the usual bleaching in the 67OC/0.Shr and Corning samples. Also the usual higher energy 

side induced absorption has been observed. The lower energy side induced absorption is the 

transition from the ground state exciton to the ground state of the biexciton. 

For the investigation of photo-darkening, photo-luminescence spectra have been obtained. 

From these spectra, the changes in the magnitude of the luminescence have been determined. 

There are no substantial changes in the overall spectral shape and the lifetime of the 

luminescence. The reduction of luminescence yield is not exactly exponential with pumping 

duration. A substantial amount of reduction occurs at the beginning of photo-exposure. Also the 

glass sample exhibits more changes in the luminescence yield than the polymer sample. Even 

with substantial changes in the luminescence yield, the linear absorption spectrum of glass sample 

does not change much. However there are measurable absorption changes. The change in the 

linear absorption spectrum is very similar to the theoretical calculation of the quantum confined 

Stark effect. The most dramatic observation for the photo-darkening effect is the reduction of 

the optical nonlinearity by a factor of about 20 for the sample prepared by usual melting and 

quenching technique. This experimental spectrum is compared with those of two different 

samples which were prepared by different techniques - SiOz glass prepared by the sol-gel 

technique, and Ormosil prepared by the sol-gel technique. Both specially prepared samples are 

more resistant to the photo-darkening effect than the melt quenched glass sample. 
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Chapter 5 

Two Photon Absorption 

Usually, the energy level structure of a medium can be studied by the linear absorption 

spectrum. However one photon transitions do not connect all the states in the medium, because 

not all transitions are allowed by one photon selection rules. This problem can be partially 

solved by two-photon absorption process. Some of the transitions forbidden by one photon 

processes may be allowed by two photon processes. Two photon absorption processes have 

different selection rules than one photon absorption process. The theoretical model for two

photon absorption processes was formulated by Goppert-Meyer in 1932, but experimental 

verification awaited the invention of the laser. The two-photon absorption process requires a high 

intensity light source. After the observation of two-photon absorption, two-photon absorption 

spectroscopy was used to obtain valuable information about states which could not be observed 

by one-photon absorption. 

In this dissertation, I show the first measurements of the two-photon absorption 

spectroscopy of quantum dots. Since selection rules for one- and two-photon absorption is 

different, we can observe different transitions by one- and two-photon absorption process. 

5.1 Introduction. 

The transition probability for two-photon absorption can be obtained using second order 

time dependent perturbation theory. The transition probability per unit time per unit volume is 

given as 
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(5-1) 

with &" = "'I +"'2 + "'Ii, and al and ~ are the photon annihilation operators. "'I and "'2 are the 

electromagnetic field frequencies. The matrix element, M, is exactly the same as the matrix 

element which arises in Raman scattering. However the transition probabilities described above 

has one fundamental difference compared to the Raman scattering process. That is the 

annihilation of two-photons in the two photon absorption process. Raman scattering annihilates 

one photon, and creates another photon at different frequency. 

In general, we can assume that both photons' spectral energies are different - the 

nondegenerate case. In this case we can describe the attenuation of each monochromatic light 

by 

(5-2) 

and 

(5-3) 

with one important assumption~ that each beam is not attenuated much in passing through the 

medium. In these equations, fJl("'h"'-z) and {J2("'\7WJ are the two photon absorption coefficients. 

The solutions are very similar to the linear absorption case described in the Chapter 3, therefore 

I am not going to describe it here. 

For the degenerate case where both photon energies are the same, we can describe the 

attenuation of light intensity by 
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(5-4) 

assuming no linear absorption. 

Using the above formulae, the two-photon absorption coefficient, P(w), can be obtained 

directly by a transmission technique as described in Chapter 3. However the two photon 

absorption cross-section is usually very small, therefore other indirect methods such as excitation 

spectroscopy are usually used to obtain information about transitions by two photon absorption. 

Excitation spectroscopies are based on such measurements as photo-conductivity or photo-

luminescence of the medium. After excitation of the medium, photo-generated carriers change 

the conductivity of the medium or recombine with the emission of photons. Assuming a linear 

change in the photo-current or constant decay parameters in the photo-emission process, we can 

tune the wavelength of the excitation to obtain information about the absorption spectrum of the 

sample. If the assumption is valid, the two photon absorption spectrum obtained from excitation 

spectroscopy has advantages over the direct method. The advantages are improvement of 

sensitivity and noise free background signal. 

In this chapter, I am going to describe degenerate two photon absorption measurements, 

and excitation spectroscopy from which the two photon absorption spectra are obtained from the 

photo-luminescence of the sample. 

5.2 Selection Rules Based on Simple Effective Mass Approximation 

In chapter 3, sel~ion rules for the linear absorption based on the effective mass 

approximation of single conduction and valence band has been described with the consideration 

of dipole interaction. The selection rules for interband transitions can be obtained from a dipole 



117 

matrix term which is proportional to 

(5-S) 

where the first term is integrated over the volume of the unit cell, and the second term is 

integrated over the volume of the quantum dot. In this equation, u(r) is the periodic part of the 

Bloch wavefunction, and q,aIm(r) is the envelope component described in chapter 2. Subscripts 

c and v denote the conduction band and the valence band. From the equation, we can obtain 

selection rules for interband transitions. The selection rule is that the quantum number for the 

electron and the quantum number for the hole have to be same due to the orthogonality of the 

envelope wavefunctions, q,aIm(r). This has been already described in Chapter 3. 

For the transitions by two photon absorption, we can use the following dipole matrix 

term: 

Vu U;, (r) ucQ(r)dr} ¥V 4>;".,.(R) R 4>c,u.t(R)dR} x 

Vu u;' (r) r u~r)dr} ¥V 4>;".,.(R) 4>,,~(R)dR} + (Interchange C and l') 

(5-6) 

This equation shows that two photon absorption requires interband transitions and 

intraband transitions. One photon excites the electron-hole pair from the crystal ground state 

(interband transition), and the other photon promotes the electron or the hole to other energy 

levels in the same band (intraband transition). Therefore the interband transition selection rule 

described in Chapter 3 requires the same quantum numbers for the electron and hole envelope 

wavefunctions. The selection rules for the intraband transition is also described in Chapter 3. 

These are 
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n' - n ~ 0 
l' - l = :tl 

m' - m = :1 

(5-7) 

This selection rule is based on a simple model, the wavefunctions of electron and hole 

are from the non-interacting model. The complete picture should consider the eigenfunctions of 

the total Hamiltonian expanded in a basis of non-interacting states, therefore the selection rules 

in Eq. (5-7) are relaxed. With this expectation, we expect to observe the ls-Ip and Ip-Is 

transitions by the selection rule of til = ± I. 

These are not clearly observable in the linear 

absorption spectra, but they would be 

expected in the two photon absorption 

spectra. 

Theoretical calculations of one and 

two photon absorption spectra for CdS 

quantum dots are shown in Fig. 5-1(b). The 

expected dominant transitions by one and two-

photon absorption are shown in Fig. 5-I(a). 
.. 

In this calculation, Coulomb interactton and 

dielectric polarization terms have been 

included in the effective mass Hamiltonian. 

For the calculation, effective masses 

appropriate for the A band in bulk wurtzite 

CdS, m:= 0.21110 and~· = 1.351110 [mol = 

Fig. 5-1. (a) The dominant transitions expected 
for one- and two-photon processes. The solid 
arrows are for one-photon absorption, and 
hollow arrows are for two-photon absorption. 
(b) Theoretical calculations of one and two 
photon absorption spectra in CdS quantum dot 
system. Vertical lines in (b) are inserted to 
show different resonances for one- and two
photon absorption processes. 
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(m2 J.ml)I13= 1.35010] have been used. A phenomenological broadening parameter has been 

introduced to account for the homogenous and inhomogeneous broadening. The differences 

between the peaks observed in one- and two-photon absorption are due to the different selection 

rules. Because of the different masses for the electron and hole, the lowest energy two-photon 

resonances are expected to be situated between the lowest energy two one-photon transitions. 

5.3 Experimental Methods 

The experimental setup used to obtain the linear and two-photon absorption spectra from 

the same spot of the sample is shown in Fig. 5-2. The linear absorption spectra were obtained 

Nd:YAO Laser 

from the usual transmission technique 

as described in the Chapter 3, and the 

two-photon absorption spectra were 

obtained by excitation spectroscopy. 

We did not employ the direct method 

for the experiment, since the changes 

in transmission due to the two-photon 

absorption process are too small to 

detect with our experimental 

apparatus. Excitation spectra were 

Fag. 5-2. Experimental setup to obtain 
one and two photon absorption spectra. 
Circular (dashed line) mirror is 
inserted on the path of laser beam to 
obtain the linear absorption spectrum. 
For the two photon absorption 
spectrum, the mirror(dashed line) is 
removed from the path of laser beam. 
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obtained by collecting the amount of photo-luminescence from the sample while tuning the pump 

wavelength. 

The samples used for two-photon absorption spectroscopy were prepared by Liu and 

Risbud. The samples' front and back surface were polished to minimize scattering, and the edge 

was polished to obtain the photo-luminescence. The sample was mounted on the cold finger of 

a closed cycle He cryostat and cooled to 10K. There are advantages to doing experiments at low 

temperature. These are the increase in the amount of photo-luminescence, and the minimization 

of potential photo-darkening as described in chapter 4. 

The sample was excited normal to the surface with a single beam of monochromatic high 

intensity light generated from a Ti:Sapphire laser or Dye laser. The Ti:sapphire laser and dye 

laser were pumped by the second harmonic of the injection seeded Nd:Y AG laser at a lO Hz rate. 

With the Ti:Sapphire laser, we could tune the wavelength from 850 run to 690 run using three 

different sets of mirrors. The temporal width of the light pulses ranged from 40 ns to 15 ns. 

With the dye laser we could tune the wavelength from 700 run to 600 run, and the temporal width 

is approximately 2 ns with much less than 1 ns variations. The temporal profiles from both lasers 

are very close to a Gaussian. 

The laser beam is split using microscope slides, and directed to a calibrated energy meter 

and fast detectors, which are used to record the energy and the temporal shape of the laser pulse. 

A fast diode with less than 1 ns response time was connected to the transient digitizer, and it was 

used to measure the temporal profi'te of the Ti:Sapphire laser output. For the dye laser, streak 

camera with a resolution of 2 ps was used to record the temporal profiles of the output. 

Most of the light is focused on the sample within a diameter of 0.5 mm. Photo

luminescence from the sample was collected orthogonal to the beam direction with two lenses. 
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The luminescence passed through two color filters, which blocked the scattering of the pump and 

luminescence due to one-photon absorption by the impurities in the glass matrix. The color 

filters are very important to get rid of this luminescence. The samples does not absorb much 

light by one-photon process, however the two photon absorption cross-section very small. 

Therefore the luminescence from one-photon absorption is appreciable compared to the 

luminescence from two-photon absorption. With very careful testing with these color filters, we 

were convinced that the color filters do not transmit the luminescence from one photon 

absorption. This spectrally filtered luminescence was collected by the fast photo-multiplier tube, 

and the photo-multiplier tube was connected to a box car averager via a fast pre-amp. In addition 

to the spectral filtering, the signal is temporally filtered with the box car averager. The signal 

is collected 200 ns after the laser pulse and with a gate width of 500 ns. 

The light transmitted through the sample was reduced in intensity by glass NO filters and 

by beam splitters. Part of the beam is sent to a TV camera to observe the spatial profile of the 

laser beam on the sample, and the rest is sent to a diffuser. The scattered light is observed with 

an optical multichannel analyzer for calibration. 

A computer was connected to the detectors, the energy meter, the transient digitizer or 

the streak camera, and the box car averager, and read the data during the experiment. Also, the 

computer synchronized the experiment and displayed the normalized two-photon absorption 

spectrum in real time. A reading of each pulse energy is sent to the computer, and the computer 

discriminates the luminescence signal from the box car averager to within ±5 % of the mean. 

The recorded temporal profiles were sent to the computer and two-photon absorption spectra were 

obtained by normalizing the luminescence signal. 
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5.4 Data Analysis and Experimental Results 

The validity of excitation spectroscopy for two-photon absorption was tested using one-

photon absorption. For excitation spectroscopy of one-photon transitions, high intensity light is 

not required. Therefore a deuterium light source, which had been spectrally filtered and scanned 

with a 1 om resolution spectrometer, was used to excite the sample. The intensity of the photo-

luminescence is directly proportional to the amount of absorption. Two linear absorption spectra 

obtained from the experimental methods of excitation and transmission spectroscopy are shown 

in Fig 5-3. The y-axis represents absorption, ~1Io, not an absorption coefficient, (Y. The spectra 

show fairly good agreement between the two methods. In addition we also tested for variation 
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Fig. 5-3. Absorption spectra of the 
67OC/0.5hr sample obtained at 10 K by two 
different methods - transmissionOine) and 
excitation(dot) spectroscopy. 

0.0 0.5 1.0 

Energy ( J.L I ) 

Fig. 5-4. Experimental photo-luminescence 
yield (dots) is plotted against pumping energy. 
The line is the best quadratic fit for the 
experimental data. The data were obtained at 
10 K with pumping at 720 nm. The sample 
used is 67OC/0.5hr. 
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of the luminescence spectra at different pump wavelengths, and observed that there was none. 

Finally, we tested the square dependence of the photo-luminescence yield by the two-photon 

absorption with different intensities of light. The resulting quadratic pump intensity depeodem:e 

is shown in Fig 5-4 . 

Since the two-photon absorption depends quadratically on the intensity of the pump, the 

variation of the photo-luminescence is much larger than the variation of the temporal and spatial 

profile of the laser light. Using a TV camera, no changes in the spatial profile of the beam were 

observed during the experiment, however the temporal profile of the laser varied from 40 ns to 

15 os for the Ti:Sapphire laser. This variation was corrected in the two-photon absorption 

spectra from the luminescence signal. 

Fig. 5-5. For the data analysis, 3 level system has The correction terms were calculated 
been used to obtain the relationship between the 
photoluminescence, two photon absorption coefficient, from a consideration of the following 3 
pumping energy, and pump light pulse profile. 

Excited State 

Ground State 

Trap 
States 

level system. 

We assumed the following 

decay paths and decay rates from the 

excited state in a model of the 3 level 

system shown in Fig 5-5. The carrier 

is excited from the ground state to the 

excited state with the simultaneous 

absorption of two photons. After the 

excitation, a carrier decays 

nonradiatively to the ground state or to 

the bands of trap states with the rates, 
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~ and x.. From the trap states, two possible types of recombination, radiative and nonradiative, 

were considered with the rates, 'ria and ~ respectively. Direct radiative recombination from the 

excited state to the ground state was not observed from the luminescence spectra as shown in 

Chapter 3. This indicates that the nonradiative process is much faster than the radiative process 

from the excited state. Radiative lifetimes of about 1p.sec were measured from the trap states. 

With the above observation, we assumed that the rates from the excited state, ~ and A., are 

much greater than the lITp, but the radiative rate, 'ria' is much smaller than lITp. Tp is the 

temporal width of the laser pulse. 

With the assumption of 3 levels, the rate of carrier population at the excited state can be 

described by 

dn,(t) = PI2(t) _ 11 (t)(A. - A. \_ 
dt 2'hCl) , It '8r 

p 

(5-8) 

where the first term describes the carrier generation by two photon absorption, and the second 

term the non-radiative decay from the excited state to the ground state and trap states. In the first 

term, (1 is the two-photon absorption coefficient, I(t) is the pump intensity, and liwp is the pump 

photon energy. 

Also the rate of population at the trap states can be described by 

(5-9) 

where the first term describes the non-radiative decay from the excited state, and the second term 

describes the radiative and non-radiative decays to the ground state respectively. 

In principle, the population rate at the excited state and trap states can be obtained if the 

intensity variation of the pump pulse is known. Without a knowledge of the pump intensity 
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variation, the general form of the population rate at the excited and trap states can only be 

described in integral forms. However we can simplify the solution if we employ the assumption 

of long pulse duration relative to the recombination rates. The population rate at the excited state 

can reach the steady state very fast since the decay rate is much faster than the changes in the 

pump pulse variation, therefore the population of the excited state follows the intensity of 

excitation. The population at the excited state becomes 

(5-10) 

With the determined population at the excited state, we can obtain the carrier population 

at the trap states as follows: 

(5-11) 

If the decay rates of the trap states are slow enough compared to the laser pulse duration, 

the population at the trap state, just after the pump, can be described by 

(5-12) 

where the integration is over the laser pulse duration. 

For the photo-luminescence from the trap states after the duration of the laser pulse, the 

amount of luminescence energy, ttl(t" tJ, emined during the time of tl to ~ is 
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(5-13) 

From the above equation, we can determine the relationship between the two-photon 

absorption coefficient, p, and the photo- luminescence, ~l(th~' During the experiment, the 

intensity of the pump has not been determined, but the temporal variation of the laser, i(t), and 

constant total energy, E, have been obtained. With the data, the relationship between the two-

photon absorption coefficient and the luminescence can be calculated from the above equation. 

The relationship is given by: 

(5-14) 

therefore the luminescence signal is corrected with the pump spectral energy, and the temporal 

variation of the pump light, to obtain the two-photon absorption spectra. 

The experimental results, corrected with above relationship, are shown in Fig. 5-6 (a)-(t). 

The solid lines in the figure are the linear absorption spectra, and dots are the two photon 

absorption spectra. The smallest quantum dot investigated for this experiment, 600Cllhr sample 

shows two distinct resonances in two photon absorption spectrum. As the size of quantum dot 

increases, in the 640C/3hr and 640C/8hr samples, the high energy side resonance changes from 

a distinct peak to a sharp rising edge with a monotonic feature above. The low energy side 

resonances are still observable. 

The most surprising results from these spectra are the disagreement with the theoretical 

model based on simple two bands in the effective mass approximation. With the theoretical 

calculation, as shown in Fig. 5-1, we would expect to see different resonance energies for one 

and two photon absorption. However the experimental results, Fig 5-6 (a)-(c) show that there 
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Fag. 5-6 (a)-(c). One- and two-photon absorption spectra at 10 K. Solid lines are for one-photon 
absorption, and dots are two-photon absorption. 
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Fig. 5-6 (d)-(O. One- and two-photon absorption spectra at 10 K. Solid lines are for one-photon 
absorption, and dots are two-photon absorption. 



are no distinguishable differences in the 

resonances on both low and high energy sides 

in one and two photon absorption. The 

experimental results can not be explained by 

the Coulomb interaction and dielectric 

polarization, since the theoretical model 

accounts for those effects. Also the 

inhomogeneous broadening can not explain it 

since the broadening will affect both one and 

two photon absorption spectra, therefore we 

still expect to see different resonances in one 

and two photon absorption. Therefore we 

have to go back to understand the basic 

principles of the theoretical model, the 

effective mass approximation with two bands. 

129 

Fig. 5-7. One (solid line) and two-photon 
(dotted) absorption spectra of bulk CdS at 10 K. 
(a) E field is parallel to the crystal C axis. (b) E 
field is perpendicular to the crystal C axis. 
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Fig 5-6(d)-(t) shows still bigger quantum dots, the 700c/lhr, 700c/8hr, and 700c1l6hr 

samples. With the 700cllbr sample spectrum, we still can observe the lowest energy resonance 

at 2.82 eV in two photon absorption. Also there is no distinguishable difference between the one 

and two photon resonance. As the size gets larger, resonance features at 3.21 eV and 3.05 eV 

can be observed with the 700c/8hr and 700C/16hr samples respectively. These features are still 

different than two photon absorption spectra obtained from bulk CdS shown in Fig. 5-7. 

s.s Valence Band Mixing. 



For a single electron in a periodic potential, the Schrodinger equation is 

Jp
2 + V(r)} "lIl(r)exp(ikT) = EIIl"/Il(r)exp(ik'r) 

l2m, 
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(5-15) 

where the periodic potential is V(r), and m~ is the free electron mass. The wavefunction, 

u..t(r)exp(ikr), is the Bloch wavefunction. 

From this equation, we can obtain 

(5-16) 

for the wavefunction of the periodic part of the Bloch wavefunction. 

Unfortunately we do not know the periodic component exactly. However we may obtain 

the information about it in the band gap region where k=O. With this information, we can use 

perturbation theory to calculate the changes in ll..k around the region of k=O. 

In Eq. (5-16), p only operates on the periodic component, and k is from the envelope 

component. Also there is an additional term, k·p, which couples the envelope component and 

the periodic component of the Bloch wavefunction. 

For the calculation of the quantum dot wavefunctions, we used the effective mass 

approximation where the bulk periodic component was taken with 1=0. A more accurate 

calculation should include the additional perturbation terms. These terms are very important for 

the valence bands since the valence bands are very close each other. Using this perturbation, 

Luttinger introduced an effective Hamiltonian including the effect of the spin-orbit interaction. 

The Hamiltonian is 
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and this is called the Luttinger Hamiltonian. In this equation, lab} • (ab+ba)/2, p is the linear 

momentum operator, and J is the angular momentum operator corresponding to spin 3/2. 

Parameters, 'YI> 'Y2' and 'Y3, are introduced by Luttinger for the hole dispersion relation near the 

center of the Brillouin zone (r point). 

The Luttinger Hamiltonian has to be transformed to be useful for the quantum dot system 

to account the spherical geometry. This has been done by Baldereschi and Lipari. They 

transformed the Luttinger Hamiltonian in terms of irreducible spherical tensor operators. 

Neglecting higher order terms in the transformed Luttinger Hamiltonian, we can obtain the 

following Baldereschi-Lipari Hamiltonian: 

where 

6Y3 + 4Y2 
~ = ---.;~-~ 

5Yl 

(5-18) 

(5-19) 

In Eq. (5-19), the linear momentum operator, p, and the angular momentum operator, 

J, are expressed with the representation of the irreducible tensor operator 3/2. 

For the electron-hole pair states of quantum dot, we have to consider the following 

Hamiltonian: 
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where the first term describes the electron in the conduction band and the second term is the 

Baldereschi-Lipari Hamiltonian to describe the hole in the valence bands. The third term is the 

Coulomb interaction between the electron and hole, and the fourth term is to satisfy the boundary 

condition. The mass used in the first term is the effective electron mass to account for the 

periodic potential. Without Coulomb interaction, the equation describes a non-interacting 

electron-hole pair, and can be separated into two individual components which describe the 

electron and hole independently. For the electron in the conduction band, it has been assumed 

that the energies and wavefunctions are as described in the previous chapter. For the hole, the 

Baldereschi-Lipari Hamiltonian has to be solved to obtain the wavefunctions and energies. The 

Baldereschi-Lipari Hamiltonian for the holes in the quantum dot has been solved by Xia, 

therefore I follow Xia's treattnent. 

A new quantum number based on the total angular momentum of the hole, Fb, has been 

constructed to solve the equation. The total angular momentum, Fb, is constructed by addition 

of the orbital angular momentum, ~, and the intrinsic angular momentum associated with the 

band, Jb• With this new quantum number Fh, the Hamiltonian can be described in the following 

matrix form: 
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_(1+C Jd
2 +~!!.-L(L+l)I-E C2{d

2 
+2L+S!!.+(L+l)(L+3)} 

l'Tdr2 r dr r2 dr2 r dr r2 

C{d
2 

_2L+l.E...+ L(L+2)} _(1_CJd
2 +~!!._(L+l)(L+3)}_E (5-21) 

2 dr2 r dr r2 l'(dr2 r dr r2 

with the radial functions,ll..r) and gl..r). 

x v,<r)j .. 0, 
19tr) 

In Xia's treatment, the radial functions were expanded in a basis of sine and cosine 

functions to satisfy the boundary condition. The eigen-energies and eigen-functions were obtained 

from diagonalization of the matrix. For the hole in the valence bands, a basis of sine and cosine 

functions are adequate for the calculation. 

For the calculation whose results will be presented in this dissertation, a different set of 

basis functions are used. The radial functions, j,(r) and 8,(r) , are expanded in terms of the 

spherical Bessel functions, j(r). The spherical Bessel functions are the eigenfunctions for the 

single free particle within an infinite spherical boundary potential. They will automatically satisfy 

the boundary conditions. The radial functions are 

(5-22) 

and 

(5-23) 

where a's and b's are unknown coefficients, and the coefficients can be determined from the 
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diagonalization of the matrix. With knowledge of the coefficients, wavefunctions and energies 

of the hole states can be obtained. 

With the solutions of the electron states and hole states, a non-interacting electron-hole 

pair state can be described as a product of independent electron and hole states. For the real 

quantum dot system where the Coulomb interaction between the electron and hole is not 

negligible, the problem of solving the Hamiltonian becomes complicated, because the Coulomb 

field mixes the states. In order to solve the Hamiltonian, we follow the methods previously used 

in the calculation of interacting electron-hole pair states in the simple two bands model. In this 

Hamiltonian, the total angular momentum of the electron-hole pair, F = F 0 + Fb, is conserved. 

Each carrier's total angular momentum, Fi , is described by the addition of orbital angular 

momentum, Li , and the intrinsic angular momentum associated with the bands, Ii' Using the fact 

that the angular momentum is a constant of motion, a new basis function was constructed with 

the non-interacting electron-hole pair state as the basis. The basis function is: 

(5-24) 

where the single particle state I nlm,l ,1& > has the orbital quantum numbers (n,l,m) and intrinsic 

angular momentum (1,1.). (L,L.) are total orbital angular momentum of the electron-hole pair, 

and (1,1.) are the total intrinsic angular momentum of the bands. 

With the basis described above, Hamiltonian matrix elements can be calculated. The 

states of one electron-hole pair can be obtained by diagonalization of the matrix. 

The selection rules for one- and two-photon transitions from the ground state to the 

excited states of the one electron-hole pair can be obtained by the consideration of the total 

angular momentum number, F. For one-photen transitions, the final state of the system should 
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have F = 1. The two-photon dipole-allowed Fig.5-8. Calculations of one-photon (solid line) 
and two-photon (dots) absorption spectra based 

transitions require final states that have F=2 on the Luttinger Hamiltonian with different 
amounts of broadening. (a) a broadening of 'Y = 

or F=O, since the intermediate state has 8 ER, (b) a smaller broadening of'Y = 4 ER, and 
(c) no broadening. The magnitude of a line in 

F= 1. From the calculations, it has been (c) represents the absorption strength. Here, ~ 
is the bulk exciton binding energy of 27 meV. 

found that the F = 0 transition require higher The other parameters used in the calculations are 
Riels = 0.5, with 'YI = 2.97 and JA. = 0.75. The 

energy than the F=2 transition. For the experimental data of Fig. 5-6(a) should be 
compared with Fig. 5-8(a). 

lowest energy transitions, we only considered 

the F=2 transition for the two photon 2.5 3.0 3.5 4.0 

absorption. 

The calculated absorption spectra of 

one- and two-photon is shown in Fig. 5-8. In 

these spectra, different parameters for the 

c c 
0 ,9 

'';:: -e- e-
~ ~ 

~ ~ 
broadening have been used. The vertical 

lines in the figure are the osciIlator strengths 

for one (solid) and two (dashed) photon 

c c 
0 0 -- 0 0 ..c ..c ~ ~ I 

I 

~ 0 

8 

absorption. There are several predicted new 

resonances which satisfy the selection rules of 
2.5 3.0 3.5 4.0 

total angular momentum. When sufficient Photon Energy (eV) 

broadening is added to simulate the observed spectra, we see that the resonances merge and form 

an absorption curve that agrees well with the experimental data. 

5.6 Discussion. 

If we do not consider the mixing of the bands in the quantum dot, and assume different 
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effective mass parameters for the hole and electron, we would expect to see the different spectral 

energies for the one- and two-photon transitions in the simple parabolic band model. For the CdS 

quantum dots with the bulk effective masses, the theoretical spectrum is obtained as shown in 

Fig.5-1(b). In the theoretical calculation, the Coulomb interaction between the electron and hole 

is included in the Hamiltonian. Dielectric polarization terms which arise from the different 

dielectric constants of quantum dot and host matrix are also included. In the spectrum, a large 

energy separation for the lowest energy one- and two-photon transitions can be observed even 

with the introduction of substantial broadening to account for the experimental absorption spectra. 

However the different transitional energies for the one- and two-photon absorption are not 

observed in the experimental spectra. The experimental spectra of small quantum dot samples 

show no perceptible difference in the energies between the one and two photon transitions. 

For consideration of 

valence band mixing, the 

Baldereschi-Lippari 

Hamiltonian, which is the 

transformed and simplified 

Luttinger Hamiltonian, is 

calculated with the inclusion 

of the A and B valence 

bands. The theoretical 
~.o 0.5 1.0 

Coupling Constant (,... ) 
spectra based on the 

B a Ide res chi - Lip par i Fig. 5-9. Calculated normalized energies of the two lowest 
valence-band states, Sm, and P3l2' in the quantum dot with 

Hamiltonian agree well with crystallite size of R =~. Here ERb and ~ are the Rydberg 
energy and the Bohr radius computed for the hole. The solid 
line (dashed line) represents the S312 (p~ states. 
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the experimental spectra. This agreement can be explained by the almost degenerate energy 

levels between s- and p- like states for the hole in the valence bands with the expected parameter 

1'=0.7 for cubic CdS. The expected energy for the s- and p- like hole states with respect to the 

parameter I' are calculated as shown in Fig. 5-9. The maximum separation energy between s

and p- state is expected when I' is 0, and the difference between s- and p- state gets smaller as 

the I' gets larger. The energy levels become almost degenerate at 1'=0.7. 

Because of the near degeneracy between s- and p-like states of the hole in the valence 

bands, the optical transitions involving one and two photons are almost coincident in energy. 

Therefore the experimental spectra show no perceptible difference in the transition energies for 

the one and two photon absorption. 

For very large dot sizes the assumptions made in the calculations are no longer valid, and 

this treatment does not apply. Therefore an explanation for the experimental results of Figs. 5-

6(d)-(t) are required. 

5.7 Conclusion. 

The breakdown of the simple effective mass model with a single conduction and a single 

valence band for the quantum dot has been observed in the experimental one and two photon 

absorption spectra. The theoretical model, which considered the mixing of the valence A and B 

bands, gives good agreement with the experimental observations. The theoretical spectra were 

calculated from the Baldereschi-Lippari Hamiltonian with the method of matrix diagonalization. 

With the theoretical model, new selection rules based on the total angular momentum of the 

quantum dots, including the orbital angular momentum and the intrinsic angular momentum 

associated with the bands, are found for the optical transitions. The theoretical spectra do not 
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show noticeable differences in energies for the one and two photon transition. The small 

difference in the transitional energy is explained by the almost degenerate like s- and p- states in 

the valence bands. 

The theoretical treatment used for the above is only valid for small dot sizes. At this 

point, we can not explain the experimental results on the 700c samples as shown in Fig. 5-6 (d)

(t). 



139 

Chapter 6 

Three Beam Spectroscopy 

for Observation of Biexciton Ground State in Quantum Dots 

It was mentioned in Chapter 3 that pump and probe spectroscopy was used to study 

quantum dot optical nonlinearities. It was explained there that the optical nonlinearity was due 

to biexciton states and phase space filling of the exciton states. However the transition to the 

ground state of the biexciton has been observed in only two samples. This has been explained 

by the broad bleaching signal in the differential absorption spectra. The induced absorption 

signal is expected to be close to the bleaching signal, and the broad bleaching will dominate the 

induced absorption, therefore we may not be able to observe the expected induced signal. 

There are two sources for broadening - homogenous and inhomogeneous. We can 

describe the broadening in the system by specifying whether it is predominantly homogenous or 

inhomogeneous. For the currently available quantum dot samples, both homogenous and 

inhomogeneous broadening are expected to be large. With pump and probe spectroscopy, it is 

expected to be able to resolve mostly the homogeneously broadened components from the 

inhomogeneous components. This is true for two level systems, but it may not be true for multi

level systems, especially those for which the energy separation between adjacent levels is smaller 

than the homogenous broadening. The multi-level system gets more complicated if the 

inhomogeneous broadening becomes very large. For a multi-level system with large 

inhomogeneous broadening, a new spectroscopic technique is needed to observe details of the 

energy level structure. 

In this dissertation, a new spectroscopic method, with additional "saturating" laser beam 
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in pump and probe spectroscopy, was devised for the first time to observe the detailed structure 

of the quantum dot energy levels. 

6.1 Introduction. 

Pump and probe spectroscopy is an important experimental method to investigate 

nonlinear optical properties of the medium. A high intensity laser beam populates some of the 

excited states rof the medium and transmission of low intensity light gives information about the 

excited states. This spectroscopic method has been used to investigate semiconductor quantum 

dots. However this method is not adequate for a detailed study of quantum dot energy levels. 

In our recent experiments, some samples exhibit very narrow hole burning if the sample 

has been subject to high intensity laser irradiation. Even with these samples, the expected 

induced absorption due to the biexciton transition has not been observed. This is due to the 

multi-close energy levels in quantum dot system. 

It was expected that at least the problems associated with inhomogeneous broadening 

could be partially eliminated by doing pump and probe spectroscopy. This is a good assumption 

if we are going to investigate a two-level system. However for multi-level systems such as 

quantum dots, there is a problem with selecting one particular transition from the rest of the 

transitions which are nearby. This complication can be understood by the following 

considerations. 

Let's consider a 3-level system for simplicity - the ground state of crystal, and two 

exciton states with holes in each of two different valence bands. We also consider a broad 

inhomogeneously broadened system with an embedded narrow homogenous transitions. At this 

point we are not going to consider transitions from the exciton to biexciton. If we excite one of 
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the transitions by pump, we are going to observe 3 holes in the probe spectrum instead of one. 

The reason is the common excited energy level in the conduction band. If the state in the 

conduction band is occupied, the transition from both valence bands will be blocked due to the 

Pauli exclusion principle. This bleaches two transitions in the probe spectrum of quantum dot 

samples if we only consider a homogeneously broadened system. If the sample exhibits very 

large inhomogeneous broadening, it is possible to excite the lower energy levels of one 

distribution, and the higher energy levels of other distribution. This will create 3 holes in the 

probe spectra. If the homogenous broadening is large enough to overlap with all three 

transitions, all we can see is one relatively broadened spectral hole. This is what we may have 

seen in the samples which exhibit narrow spectral holes. 

Let's consider the additional energy levels due to biexciton states. We expect that the 

transition energy for the biexciton from the exciton is smaller than the transition energy from the 

crystal ground state to the exciton. This new transition causes an induced absorption below the 

bleaching due to the transition from the crystal ground state to the exciton. This has been seen 

in two samples. The reason for the rare observation of the transition to the ground state of the 

biexciton is the following two reasons. A photon from a pump beam populates the exciton states, 

then next photon from the pump beam depopulates the exciton states and populates the biexciton 

states. This reduces the signal for the bleaching and the biexciton transition in the probe beam 

spectra with respect to a system which only has a terminated excited system - no more excitation 

possible from an already excited state. This can be intrinsic for the homogenous system. 

Additional reason is due to the large inhomogeneous broadening. The reason is due to the 

overlap of the biexciton transition in one size distribution and bleaching of the low energy side 

on other size distribution. Bleaching completely diminish the expected induced absorption. 
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For the second consideration described, we can introduce an additional laser beam to 

saturate constantly certain sized quantum dots. With the constant saturation, we can effectively 

change the distribution of quantum dot sizes. Then we can apply pump and probe spectroscopy 

at the region where size distribution of quantum dot changes sharply. This way we can 

effectively eliminate the problems of inhomogeneous broadening. 

6.2 Theory or 4 Level System 

For a theoretical calculation which will demonstrate the importance of an additional beam 

in pump and probe spectroscopy, I am 

going to use the 4-level system shown 

in Fig. 6-1. This 4-level system is not 

correct for the real quantum dot 

system, however I feel it is adequate 

enough to simulate quantum dot 

transitions. In this scheme, I d) 

represents the crystal ground state, I b) 

and I c) represent exciton states, and 

I a) represents a biexciton state. I only 

considered coupling between the ground 

state and both exciton states, and 

between one of the exciton state and the 

biexciton state. I assume that the other 

Fig. 6-1. 4-level system for the calculation. I a) is the 
biexciton state, I b) and I c) are the exciton states, and 
I d) is the ground state. After the excitation, all decays 
to the ground state, I d), with the population decay 
rates, ltS. 

la) ------:----

Ib) 
Ie) __ ---L-~I_ 

transitions are forbidden. Also I use Id) -----------
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the rotating wave approximation since the light field used in the experiment is close to resonance. 

The perturbation energy Vlj in the rotating wave approximation is 

(6-1) 

where the subscripts in D'indicate the 3 different beams, pump, probe, and saturator. <P is called 

"squiggle" and it is related to the dipole matrix elements indicating the strength of the transitions. 

Using the Liouville equations to describe the equations of motion for the density matrix, 

p = -.!. (rp+pr) - lh- 1[H,p] 
2 

where the decay operator r is defined as 

(6-2) 

(6-3) 

We can obtain 10 coupled equations of motion for the population matrix elements. 

However the important population matrix elements are those of the allowed transitions. With this 

consideration I obtain 7 coupled equations of motion: 
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(6-9) 

(6-10) 

where 'Y with one subscripts are population decay rates, and with two subscripts are dipole decay 

rates. Dipole decay rates are usually greater than the population decay rate, because the dipole 

decay rates include the population decay rate and other rates due to the stochastic nature of the 

decay. In addition to the above equations, there is an additional condition for this system. This 

system has to conserve total population, N. The relationship between N and p is 

(6-11) 

In the above equations, I ignored two photon Raman terms since we are mainly interested 

in the energy level saturation. The two photon Raman term in the off diagonal population matrix 

element is very important for the study of coherent effect, however it is very complicated to solve 

the problem if we include all those two photon Raman terms. 

In order to solve the equations, I invoke the rate equation approximation. The 

approximation is valid if the dipole decay rate is much faster than the changes in the population 

difference or the applied field envelope. Then the off diagonal matrix term can be described by 

Pu • 
(6-12) 

Substituting this results into the diagonal matrix elements of population matrix, and ignoring all 

the beating terms except DC terms, we can obtain 
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Poo = -YaPoo -RaJpaa -PcJ (6-13) 

where the rate constant RIJ is given by 

RU '" t{IP/lg'..Jl'II~U<(a)u-v ... ) + IPug',../hI~U<(a)u-v~ 
+ IPug'~I~U<(a)II-v~} 

with :£ij(w-v) which is defined as 

(6-17) 

(6-18) 

The ignored beating terms give rise to oscillations in the population in each energy level. 

In the experiment, the beatings in the population can be partially eliminated by separating all the 

3 beams temporally. 

The population difference can be calculated from the above equations with the assumption 

that the rate of population reaches the equilibrium, set to zero. The population differences are 

-Y JlRcJ.y b +R,,) 
Poo - Pee = ----

A 
(6-19) 

(6-20) 



-N(y tJ Y C +y tJRQC +y ~OC>(y b +R~ 
Pee - Pdd = 4 

where the denominator 4 is defined as 

4 = YtJYbYC+YtJy"R4C+YbY~QC+2YtJY~bd+2YtJR~bd+2Y~~bd 
+2y tJ Y Jlcd+3y bR~cd+3y ~wRcd+4R~wRcd 
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(6-21) 

(6-22) 

These population differences are substituted into the off diagonal population matrix terms 

to obtain the polarization of the 4 level system, and those polarization term can be used to obtain 

the complex absorption coefficient. Since we are going to observe the absorption at the probe 

frequency experimentally, we eliminate all the frequency component in the off diagonal matrix 

term except the probe frequency. 

From the slowly varying envelope approximation, we can obtain following relationship 

for the absorption coefficient for the transition I a) and I c): 

(6-23) 

The absorption coefficient for other transitions can also be obtained by substituting the 

appropriate subscripts denoting energy levels. 

Since the above equation is for the contribution of each transition separately, the total 

absorption can be obtained by summing all possible transitions, 

(6-24) 

The real part of this equation is the usual absorption coefficient. 

Until now, I only considered the homogenous broadening of the 4-level system. In order 

to include the inhomogeneous contribution of the 4-level system, we can use the following 

equation. 
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-
-e - (6-25) 

---
--

where Z(w) is the distribution function. The distribution functions are related to each other by 

the size of the quantum dot. In this equation, the distribution function is shifted to the origin to 

account same distribution functions for all the transitions. 

The theoretical spectra based on the 4-level system are shown in Fig. 6-2, and Fig. 6-3. 

The parameters for the calculation are listed in Table 6-1. With those parameters, the linear 

absorption spectra of Fig 6-2 (a) , and the differential 

absorption spectra of Fig. 6-2(b) are obtained. For the Table 6-1. The parameters 
used for the calculation to obtain 

distribution function, I used following Gaussian function, Fig. 6-2, and 6-3. 

W(c.» '" g" ....... 0.0001 

a~exr{ {:)') (6-26) 
'Y. 0.001 

'Y .. 0.001 

'Yc 0.001 

'Yw: 0.03 

In the linear absorption spectra, a very broad 
'Ybd 0.03 

'Y04 0.03 
resonance can be seen due to the large inhomogeneous 

ww: 2.3 

broadening. With a strong pump beam, we can see hole Ww 2.7 

burning, but no induced absorption except when the pump is Wo4 2.5 

at 2.2 eV. Also the induced absorption is very small 
a 0.2 



Fig. 6-2. Calculated (a) Linear absorption 
spectrum, and (b) Differential absorption 
spectra. For the pump, Z'pwup is 0.001, and 
Ppwup's are 2.2, 2.4, 2.6, and 2.8 for A, B, C, 
and D in (b). 

compared to the bleaching. 

In Fig. 6-3, the induced absorption 

feature due to the biexciton transition can not 

be seen with the pump and probe (solid line 

spectrum) only. However the strong saturator 

(dashed line spectrum) modifies the 

differential absorption spectra at the saturator 

spectral energy. In this calculation, the 

feature at the saturator does not go below 0 to 

show clear induced 
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Energy (eV) 

absorption. However we can 

see the effect of the saturator 

Fig. 6-3. Theoretical calculation of differential absorption 
spectra for pump and probe (solid), and pump and probe with 
saturator (dashed). The parameters are g'pump = 0.001, gr. = 
0.004, Ppump = 2.55, and v. =2.45. 

in the differential absorption 
300~------------~----~------. 

spectra of this 

inhomogeneously broadened. 

200 
system. 

100 

O~------==~--~----~~==---
2.0 2.5 3.0 

Energy (eV) 
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6.3 Experimental Method. 

The samples used in this experiment are different than the samples used in the 

experiments of previous chapters. The samples are CdSo.7S~.3 quantum dots in a glass host 

medium, and the samples exhibit two different characteristics. The samples exhibit a large 

homogenous broadening when the sample has not been exposed to the high intensity laser 

irradiation(Fig. 6-5). This is very similar to the CdS quantum dot samples as described in the 

previous chapters. However the samples exhibit very narrow homogenous broadening after they 

have exposed to high intensity laser irradiation (Fig. 6-6). Despite the narrow homogenous 

broadening in these samples, there is only one hole at the lowest energy resonance, and no 

ground state biexciton transition visible in the nonlinear optical spectra (Fig. 6-6). This is due 

to the complications explained in the introduction. Using a three beam experiment, we can 

observe the expected transitions to the biexciton ground state from the exciton ground state. 

The samples were prepared using an initial powder of commercial glass containing 0.3 

wt. % of CdS, 0.15 wt. % of CdSe, and 0.05 wt. % of S. They were annealed at a relatively 

low temperature for a relatively long time to enhance normal precipitation growth over the 

dominant coalescent growth. The sizes of the quantum dots were measured by a small angle x

ray scattering technique. I used 3 different samples in which the average radii of the quantum 

dots are 36 A, 27 A" and 23 A, and which were annealed at 6OQ°C for 24 hrs, 590°C for 36 

hrs, and S90°C for 24 hrs, respectively. The total volume fraction of quantum dot is 

approximately 0.1 %. This is less than the initial volume fraction of Cd, S, and Se because the 

rest remains in the form of ions in the glass matrix. Since the sample can exhibit either broad 

spectral hole burning when fresh or narrow spectral hole burning after high intensity laser 

irradiation, the experimental observation of the ground state of the biexciton in both broad and 
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narrow spectral hole burning situations is going to be presented in this chapter. 

The experimental arrangement, as shown in Fig. 6-4, is a three beam setup with a broad 

band probe covering the whole spectral region of interest, a narrow band pump tuned inside the 

first quantum confined transition and a third saturating beam whose spectral energy is different 

than the pump. The saturator beam is a spectrally narrow source used to constantly saturate the 

ground state exciton absorption of quantum dots within a certain size range such that those states 

are bleached and do not participate in the nonlinear spectra. The temporal widths of the pump 

and the saturating laser beams are about 3 ns, and that for the probe is 5 ns. The saturator 

arrives at the sample about 1 ns ahead 

of the pump, the pump about 1 ns 

ahead of the probe. To ensure that 

only excited portions of the sample 

are probed we use an = l00"m probe 

spot and = 250"m saturator and 

pump spots. The directions of 

propagation for the pump and probe 

are almost colinear with about 8 

degrees angular separation and the 

saturator counter propagates with an 

angular separation with respect to 

probe being = 172 degrees, and with 

respect to the pump being = 164 

degrees. For the broad spectral hole 

Fig. 6-4. Experimental setup for the pump, probe, and 
saturator. The setup is exactly same as the pump and 
probe as described in Chapter 4, except the addition of 
the saturator. The propagation of the saturator is almost 
opposite to that of pump and probe. 
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burning experiment, we chose "fresh spots" on the sample which had not been previously exposed 

to high intensity radiation. For narrow spectral hole burning, we prepared the sample by 

irradiating with 36000 pulses of about 5 ns duration from the 3rd harmonic of Nd:YAG laser. 

The average pulse intensity was about 30 MW/cm2
• The samples were mounted on the cold 

finger of closed cycle He cryostat to maintain a temperature of 15 K. 

6-4 Experimental Results and Discussion. 

The experimental results from all three samples at 15 K are shown in Fig. 6-5,6-6,6-7, 

and 6-8. For reference, the linear absorption spectra are included with the nonlinear absorption 

spectra in Fig. 6-5,6-6, and 6-7. For all the figures, the energies of the pump and saturator are 

0.5 ,u and 2.0 ,u respectively unless otherwise noted. The spectral positions for the pump are 

denoted by arrows with point down in the figures, and for the saturator by arrows with point up. 

The nonlinear absorption spectra in Fig. 6-5 are obtained before the sample has been 

irradiated with a high intensity laser beam. The top-most figures in each graph are the result of 

conventional pump and probe spectroscopy. The rest are the result of the three beam 

spectroscopy described in the previous section. The pump wavelengths are 524 run for the 36 

A sample, 503 run for the 27 A sample, and 490 om for the 23 A sample. Its spectral energies 

are denoted by arrows pointing up in the linear absorption spectra. The saturator wavelengths 

were 530 om, 535 om, and 540 om for the 36 A sample; 515 run, 520 run, and 525 om for the 

27 A sample; 500 run, 505 run, and 520 om for the 23 A sample. The nonlinear spectra obtained 

from conventional pump and probe spectroscopy are very similar to those obtained with CdS 

quantum dots. There is broad bleaching at the resonance, and induced absorption on the higher 

energy side. There is a some indication of induced absorption on the lower energy side of the 
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resonance in the 23 A spectra. However the feature is very small, and it is not conclusive 

evidence for the biexciton transition. With the addition of the saturator to conventional pump and 

probe spectroscopy, however we can clearly see the induced absorption on the lower energy side 

of the resonance with the 27 A sample and 23 A sample. We also can see that the peak of the 

induced absorption follows the saturator. With the 36 A sample, we can not see a clear induced 

absorption, however we can observe some effect of the saturator. We can see a step-like feature 

at the position of the saturator. These are missing in the nonlinear spectrum obtained using the 

Fig. 6-5. Linear (top figures) and differential absorption (bottom figures) spectra of fresh sample 
taken at 15 K. The pump spectral energies are denoted by arrows pointing up, and the saturator 
spectral energies are denoted by arrows pointing down. 

(a) 36 A tJ»27 A 

47'Onm 

°T 

4iOrm 520rm S30rm 



153 

pump and probe only. 

The nonlinear spectra shown in Fig. 6-6 are obtained after the sample has been exposed 

to the 3rd harmonic of a Nd:Yag laser. These spectra were obtained by pump and prQbe 

spectroscopy alone, and the pump has been tuned as indicated in the figure with the arrows 

pointing up. The wavelengths of the pump are 530 run, 534 run, and 538 run for the 36 A 

sample; 508 run, 514 run, and 520 run for the 27 A sample; 490 run, 496 run, and 502 run for 

the 23 A sample. In these spectra, we can clearly see the narrow bleaching at the pump 

Fig. 6-6. Linear (top figures) and differential absorption (bottom figures) spectra of photo
darkened sample taken at 15 K. The pump is tuned, and its spectral energies are denoted by 
arrows pointing up. 

(a) 36 A (b) 27 A (c) 23 A 

56m 47'Orm 
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wavelength. The width of the bleaching is estimated to be about 20 meV. This narrow spectral 

bleaching is substantially reduced compare to the estimated bleaching widths in Fig. 6-5 which 

are about 120 meV. 

There is a strong dependence of the spectral shape of the differential absorption spectra 

on the tuning of the pump, however narrow bleaching can be always seen in these spectra. One 

of the noticeable features in these spectra is that the induced absorption below the bleaching, 

which should be expected with a sample with little homogenous broadening, is absent. This can 

not be explained by the arguments made in the Chapter 4. In Chapter 4, the bleaching is very 

wide, therefore we could not see the induced absorption below the resonance easily. This 

explanation is plausible for the Fig. 6-5 also. However this can not be applied for Fig. 6-6, since 

the bleaching is very narrow. In order to understand why there are no biexciton transitions below 

the bleaching, and the changes in the differential absorption spectra with pump tuning, we have 

to understand the multi-level nature of the quantum dots which has been speculated upon in the 

introduction. 

Fig. 6-7 is the differential absorption spectra in pump and probe spectroscopy with the 

saturator present. The spectral position of the saturator is denoted by arrows pointing down. 

The topmost curves in the differential absorption spectra are obtained with the pump and probe 

only, no saturator present, for comparison with the data obtained with the saturator present. The 

wavelengths of the saturator are 534 run, 537 run, and 540 run for the 36 A sample; 516 run, 520 

run, and 524 DID for the 27 A sample; 499 run, 502 run, and 505 run for the 23 A sample. The 

wavelengths of the pump are 533 run, 515 nm, and 496 run for the 36 A, 27 A, and 23 A 

samples respectively. 

In these spectra, we can clearly see the induced absorption feature when the saturator is 
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present. The spectral energy of the induced absorption is below the bleaching, and it follows the 

saturator. However the peak of the induced absorption is not always at the saturator spectral 

energy. 

Fig. 6-8 shows the pump energy dependence. The upper graphs are differential 

absorption spectra taken with pump and probe only, and the lower graphs are differential 

absorption spectra taken with pump, probe and saturator present. The energy of the saturator is 

2.0 pJ, however pump energies are 0.2 pJ, 0.4 pJ, and 0.8 pJ for the 36 A sample; 0.05 pJ, 0.2 

Fig. 6-7. Linear (top figures) and differential absorption (bottom figures) spectra of photo
exposed sample taken at 15 K. The pump spectral energies are denoted by arrows pointing up, 
and the saturator spectral energies are denoted by arrows pointing down. The pump spectral 
energies are fixed, and the saturator is tuned below the pump. 

(a)36A (b) 27 A (c) 23 A 

54!5nm 470rm 530nrn 
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pJ, and 0.8 pJ for the 27 A sample; 0.1 pJ, 0.4 pJ, and 1.6 pJ for the 23 A sample. The 

spectral positions for the pump and saturator are 533 run and 539 run for the 36 A sample; 512 

run and 518 run for the 27 A sample; 496 run and 503 run for the 23 A sample. With no 

saturator present, the spectral shape on the high energy side of the bleaching is changing with the 

pump energy. However the shape of the spectra taken with the saturator present does not change 

with the pump energies. The reason for this different behavior with the saturator present and 

absent is due to possible selective pumping. Without the saturator present, larger pumping 

Fig. 6-8. Differential absorption spectra obtained by pump and probe spectroscopy alone (upper 
figures), and pump and probe spectroscopy with the saturator present (lower figures). The 
spectral energy of the pump (denoted by arrows pointing up), and the saturator (arrows pointing 
down) are fixed. The pump intensities are varied while the saturator intensity is fIXed. 

510rwn , !is!""' 4Slrm;:.:, :.:.-__ --=5:,:::1Orwn;:.:, :.:.-__ --=5IIlnm::::;, 4~ 500nm , 53lnm , 

(a) 36 A (JJ)27 A (c) 23 A 

~I --__ --~I ------~I ~I------~I------~I 

5Slnm 4IIlnm 510rwn 5IIlnm 41'11rm 500nm 53lnm 

~! ------~!------~! ~! ------------~~! ~! ~----~!------~! 
4IIlnm 510rwn 5IIlnm 4IIlnm 5 tOmI 5IIlnm 41'11rm 5CXInm 53lnm 
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intensity causes power broadening in the system, and effects other nearby states. In addition to 

this, it can not be possible to chose one certain states in the system. These cause a change in the 

spectral shape. However the presence of saturator makes it possible to selectively excite certain 

states in the system. Therefore the spectral shape does not change. Some of the experimental 

spectra show some of the expected phenomena obtained from theoretical calculations of the 4-

level system. The theoretical calculation shown in Fig. 6-3, show a bump below the saturator. 

This bump can be seen in some of the experimental spectra. It is due to the power broadening. 

Broadening in the bleaching is much larger than the broadening of the biexciton transition, since 

Fig. 6-9. Magnitude of induced absorption vs. 
the spectral position of the induced absorption. 
Arrows pointing up indicate the spectral position 
of the maximum induced absorption, and arrows 
pointing down indicate the pump spectral 
energies. 
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° ! 
• • 
• 
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Wavelength (nm) 

the biexciton transition is possible after the 

exciton state is filled. Therefore the biexciton 

state power broadening is smaller than the 

broadening associated with the bleaching of 

the exciton. This creates the bump which 

appears below the induced absorption. Some 

of the experimental spectra do not clearly 

show this bump, and this may be due to less 

power broadening in the system. This is very 

closely related to one of the parameter for the 

calculations. 

With the experimental observation of 

biexciton ground state transition, we can 

estimate the biexciton binding energies. To 

get biexciton binding energies experimentally, 
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2r-------~------r_------~----~ 
the saturator was tuned below 

the pump in 1 run increments 

to obtain differential 

0::: absorption spectra. From the 
W 

J 1 
differential absorption 

spectra, a graph was plotted 

of the magnitude of the 

o~------~------~------~------~ induced absorption vs. the 
0.2 0.6 1.0 

RlaB wavelength of the saturator. 
~----------------------~----------------~ 
Fig. 6-10. Experimentally obtained biexciton binding energy as These are shown in Fig. 6-9. 
a function of dot size (data points). The theoretically calculated 
variation of the biexciton binding energy with dot size is shown From these figures, the 
by the full curve. (The parameters used for the calculation were 
m,,/0ln = 0.2, ~/EI = 10, where E2, EI are the dielectric constants maximum induced absorption 
of the semiconductor and embedding glass, respectively.) 

spectral position has been 

determined. The spectral energy differences between the maximum induced absorption and the 

pump indicate the binding energies. 

The biexciton binding energies with the measured quantum dot sizes are shown in Fig. 

6-10 along with the results of a theoretical calculation. The dots in the graph are experimentally 

obtained, and the solid line is based on a theoretical calculation. For the theoretical calculation, 

the numerical matrix diagonalization method has been used to obtain the biexciton binding 

energies. 

The effect of the saturator can be very simply modelled as changing the distribution of 

dot sizes in the sample. The results of such a simplified model calculation are shown in Fig. 6-

11. The distribution function used for the calculations is a step Gaussian, e.g., f(r) oc exp(-(r-
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(b) 

(c) 
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R)2/a2) if r < (R+o) and f(r) 

= 0 if r > (R+o). The 

parameter 0 is used. to 

simulate the bleaching effect 

of the saturator. The 

parameters used for the 

calculations are R = 0.75 as 

(where aB is the exciton Bohr 

radius), and a = 0.1 R. The 

Fig. 6-11. Theoretically calculated differential absorption, -~aL, homogenous decay constant 'Y 
for different distributions of quantum dot sizes. The distribution 
function is step Gaussian with a varying step position to simulate = 1 ~ (where ER is the 
the effects of the saturator beam. Notice the shift of the induced 
absorptions on both sides of the bleaching and enhancement of exciton Rydberg energy) is 
the induced absorption below the bleaching. 

used. The pump is tuned to 

the exciton transition energy of quantum dots of size R. The chosen parameter for 0 in Fig. 6-11 

are (a) 00, (b) 0.2 R, and (c) O. 

Experimentally, we see more than one distinct bleaching peak near the pump. These can 

be seen in Fig. 6-8 very clearly. These bleachings are due to excitons originate in different 

valence bands. For bulk CdS, there are three excitons, A, B, and C, from 3 different valence 

bands. For the quantum dots, we can not make a definite correspondence of these bleaching 

peaks with the A, B, and C bulk exciton transitions. As described in the previous chapter, the 

valence bands are strongly mixed by the confining potential. This can be seen in the 

experimental results, Fig. 6-12. In this figure, the spectral energies of the bleaching is plotted 

with respect to the quantum dot size. There are two observable bleaching peaks in the 23 A 
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sample, but there are three 

observable bleaching peaks in 

the 27 A and 36 A samples . 

Therefore one of the peaks in 

23 A may actually consist of 

two unresolved peaks. This 

can be seen in Fig. 6-8. In 

(c), the bleaching peak at the 

pump is about twice as large 

Fig. 6-12. The spectral energies for the bleaching peaks for as the other bleaching peak. 
three different samples. 23 A sample only shows 2 peaks, and 
27 A and 36 A samples show 3 bleaching peaks. However the bleaching peaks 

in (a) and (b) show otherwise. Therefore the larger bleaching peak in (c) probably consists of 

two almost degenerate states. These experimental results clearly show strong mixing of the 

valence bands in smaller quantum dots. 

From a study of a 3-level system, one intrinsic fact has been understood. It may be 

intrinsic that the biexciton transition observation is difficult. The fact is that a strong pump beam 

not only bleaches the exciton states, but it also can populate the biexciton states. The transition 

from the exciton to the biexciton is only slightly detuned with respect to the strong pump, 

therefore it is possible to populate the biexciton states. This will block the transition which we 

expect to see by the probe. If the detuning is bigger, the effect will be smaller. Th.is may have 

been one of the reasons we can see the biexciton transition only in a smaller CdS quantum dots. 

Because of this fact, it is possible to generate the biexciton easily even with the strong beam is 

on resonance with exciton. 
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6-5 Conclusion. 

Modification of pump and probe spectroscopy by the use of an additional laser beam, the 

saturator, can reveal details of quantum dot energy levels in a system with large inhomogeneous 

broadening. With this spectroscopy, we can clearly observe the transition to the ground state 

biexciton from the ground state exciton. This confirms that the biexciton binding energy is 

positive. The enhancement of the biexciton binding energy has been observed in smaller quantum 

dots. 

Additional bleaching peaks can be resolved in the spectra obtained with the saturator in 

pump and probe spectroscopy. Those transitions are due to excitons related to the different 

valence bands. Since the valence bands are mixed strongly by the confinement potential, we can 

not label the states as A, B, and C excitons as in bulk CdS. The strong valence band mixing in 

the quantum dot system has been indicated in the smallest quantum dot samples with 23 A radii 

with respect to other quantum dot samples of 27 A and 36 A radii. 

The effect of saturator has been investigated in a 4-level system. 
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Chapter 7 

CdSe Quantum Dots and Summary 

CdSe is another II-VI type binary compound semiconductor. Compared to CdS, CdSe 

has a lower band gap energy and larger spin-orbit splitting. Also the CdSe exciton has a larger 

Bohr radius than CdS, therefore quantum confinement can be more easily accomplished. The 

optical nonlinearities in CdSe quantum dots are very similar to CdS quantum dots. However due 

to large spin-orbit splitting and an appreciable energy difference between heavy hole and light 

hole bands, transitions from different valence band3 can be more easily observed in CdSe 

quantum dots. 

In this chapter, I am going to describe the optical properties of CdSe quantum dots. 

7.1 About CdSe Quantum Dots 

Bulk CdSe is a direct band gap semiconductor with band gap energy of 1.829 eV at 80 

K. The six-fold degenerate valence bands are split by spin-orbit interaction and the crystal field. 

The crystal field splitting gives rise to heavy hole and light hole bands which are two-fold 

Kramer(spin) degenerate. The spin-orbit splitting energy is 0.416 eV, and the crystal field 

splitting energy is 0.039 eV. The binding energy for the A exciton is 15 meV, and for the B 

exciton it is 16 meV. The Bohr radius of the A-exciton is about 56 A. 

CdSe quantum dots used were prepared by Liu and Risbud. Sample preparation is very 

similar to that of CdS quantum dots described in chapter 1, therefore a description of the sample 

preparation is omitted here. A detailed account of sample preparation has been published by Liu 

and Risbud[Liu and Risbud (1990)]. The samples used in the experiments have been annealed 



at 760 °C for 2min and 680 "C for 6Ohr. 

Experimental details about pump and 

probe spectroscopy are not going to be 

described here, since they have already been 

described in detail in chapter 4. Therefore I 

am only going to describe experimental 

results and supply discussion here. 

The linear absorption and differential 

absorption spectra, taken at 10 K are shown 

in Fig. 7-1 and Fig. 7-2. Fig. 7-1 is the data 

taken from the 76OC/2min sample, and Fig. 

7-2 is the data taken from the 68OC/60hr 

sample. The curves associated with the 

arrows pointing left are the linear absorption 

spectra, and the curves associated with the 

arrows pointing right are the differential 
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Fig. 7-1. Linear absorption spectra (arrows 
pointing left) and differential absorption spectra 
(arrows pointing right) of the 76OC/2min sample 
taken at 10 K. The pumping intensities for 
differential absorption spectra are 0.008, 0.016, 
0.032, and 0.064 MW/cm2

• The pump 
wavelengths are (a) 527 run and (b) 547 DDl. 

absorption. Comparing Fig. 7-1(a) and (b), there is a slight difference in the spectral resonance 

energies. This is due to slightly different size quantum dots at different position in the sample. 

The differential absorption spectra of Fig. 7-1(a) are obtained by pumping at 527 DDl slightly 

above the lowest resonance spectral energy as shown in the linear absorption spectrum, and those 

in Fig. 7-1(b) are obtained by pumping at 659 run which slightly below the resonance spectral 

energy. Different curves are the results of different pumping intensities. Fig. 7-2(a) is obtained 

by pumping at 659 run with various pumping intensities. Fig. 7-2(b) is the differential absorption 



spectrum with a much wider spectral region 

covered compared to the spectra shown in 
2 

(b). Higher spectral energy side is obtained 

by pumping at 619 run, and lower spectral 

energy side is obtained by pumping at 622 
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run. The slight difference in the pumping .....l goo 630 670 710 ~ 

spectral energies is due to realignment of the 

setup during the experiment. 

From the linear absorption spectra of 

the 76OC/2min sample, we can see a 

resonance around 535 run. However the 

68OC/60hr sample does not show any clear 

resonance features. These trends have been 

observed before in different sizes of CdS 

quantum dots. Following the trends in the 

linear absorption spectra of CdS quantum dots 

shown in chapter 3, the linear absorption 
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Fig. 7-2. Linear absorption spectra (arrows 
pointing left) and differential absorption spectra 
(arrows pointing right) of 68OC/60hr sample 
taken at 10 K. Pump wavelength for (a) is 659 
run, and pump intensities are 0.008, 0.016, 
0.032, 0.064 MW/cm2• Figure (b) shows two 
bleaching peaks separated by a large energy. 
The wavelength of pump is 620 DID. 

spectrum of the 68OC/60hr CdSe sample is very similar to 700c116hr CdS quantum dot sample 

except for an overall shift in spectral energies. A noticeable feature at 550 run is the transition 

to the conduction band from the spin-orbit split valence band. This indicates that the 68OC/60hr 

CdSe sample only weakly confines the carriers. 

The differential absorption spectra of the 76OC/2min sample, shown in Fig. 7-1, are very 

similar to small CdS quantum dots. There are bleachings at the resonance, and induced 
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absorption above. One exception is that there are bleachings associated with at least two 

transitions in CdSe quantum dots compared to a single bleaching in CdS quantum dots. The 

bleachings are due to two transitions from the highest energy states of two different valence bands 

to the lowest energy state of the conduction band. The valence bands are called the heavy and 

light hole bands. The separation of energy between heavy and light hole band in CdS is small 

compared to the experimentally observed width of the bleaching, therefore we cannot resolve the 

two transitions in the differential absorption spectra. For CdSe, the energy separation between 

the heavy and light hole bands is large enough compared to the width of bleaching that we can 

resolve the transitions in Fig. 7-1. 

We can also see stronger bleaching at the pump spectral energy. This is what we expect 

in a multi-level system. For simplicity, let's consider the 3-level system shown in Fig. 7-3:ie. 

two lower states with one excited state. If the electron is excited to the upper state as shown in 

(a), the transition will be bleached since there is no available electron at the lower energy state. 

A transition from another lower state to the excited state will also be blocked since the electron 

(a) (b) 

• 

-0-

• 

already occupies the common 

excited state. The Pauli 

Fig. 7-3. (a) Blocking of 
transitions due to the Pauli 
exclusion principle with 
electron (filled circle) and 
hole (unfilled circle) 
occupying different states. 
(b) Stimulated emission is 
possible from the excited 
state to the unoccupied lower 
state. There is no stimulated 
emission to the occupied 
lower state. 
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exclusion principle forbids more than two electrons occupying the same state. With this 

argument, we can understand having two bleaching peaks in the differential absorption spectra. 

With this argument alone, the different amounts of bleaching can not be explained. If the 

oscillator strength is the same for both transitions, we would expect that the magnitude of 

bleaching should not depend on the pump spectral energy. The reason for the different amounts 

of bleaching, with different pumping frequencies, is due to stimulated emission. There is a 

stimulated emission from the excited state to the unoccupied lower energy state, but there is no 

stimulated emission to the occupied lower energy state. This stimulated emission will contribute 

to the transmitted light which causes different behavior for the two bleaching peaks in the 

differential absorption spectra. 

In Fig. 7-2(a), we can see phase space filling. With higher pumping energies, the 

bleaching peak shifts to shorter wavelengths. This is due to the occupation of electrons in the 

lower states in the conduction band, and the occupation of holes in the higher states in the valence 

bands. With higher pumping energy, a larger carrier density can be created. The photo

generated carriers fill up the states at the bottom of the conduction band and at the top of the 

valence bands. The amount of filling in its appropriate bands depends on the number of photo

generated carriers. 

In Fig. 7-2(b), there are two bleachings far separated from each other. The spectra were 

obtained by using very similar pumping spectral energies. The bleaching in the lower energy side 

is due to the phase space filling of conduction band and the heavy and light hole valence bands. 

We can not resolve the transitions from heavy and light hole valence bands. The higher energy 

side bleaching is due to the filling of spin-orbit split valence band. The common excited 

electronic state in the conduction band is occupied, therefore the transition from the C valence 
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band is blocked. In Fig. 7-2(b), the pump spectral energy is at 619 run, below the spectral 

energy of the bleaching from C valence band. However the same bleaching at the higher energy 

side has been observed if the pump is tuned to 539 run inside the band. 

7.2 Summary 

Using the effective mass approximation, a simple theoretical model of non-interacting 

electron-hole pairs can be constructed. With the consideration of Coulomb interaction between 

electron and hole, the problem becomes complicated. The solution can be obtained from a 

variational approximation scheme, or from numerical matrix diagonalization. For better 

understanding of quantum dots, the simple effective mass approximation is modified using the 

Luttinger Hamiltonian constructed from k· p perturbation theory. 

The discrete nature of quantum dot energy states is observed in the linear absorption 

spectra. With smaller size quantum dots, the resonances shift to the shorter wavelengths. This 

is due to carrier confinement. In addition to the linear absorption spectra, photo-luminescence 

spectra also have been obtained. In the photo-luminescence spectra, one or two luminescence 

peaks in the transparent region of the samples were observed. The luminescence peaks are not 

due to direct carrier recombination. An excitonic radiative recombination can be observed near 

the onset of absorption. There is a strong tendency for donor-acceptor pair recombination, 

however this explanation is not consistent. With very low photo-luminescence yield, I conclude 

that nonradiative decay process is the dominant decay mechanism. From the relationship of 

photo-luminescence yield and photo-luminescence lifetime, I conclude that carriers are much more 

effectively captured by the trap states from excited states at lower temperatures. 

Nonlinear optical properties of CdS quantum dots have been investigated using pump and 
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probe spectroscopy. In larger sized quantum dots, phase space filling dominates the optical 

nonlinearities. For smaller quantum dots, phase space filling and biexciton transitions are 

responsible for the optical nonlinearities. The expected transition to the biexciton ground state 

from the exciton state has been observed only in two samples. The difficulty in observation of 

the biexciton transition is due to large broadening associated with exciton state. 

Also the photo-darkening effect associated with high intensity laser beam exposure has 

been investigated. 

From the different selection rules for one- and two-photon absorption, different resonance 

energies are expected in quantum dots for these processes. The experimental observation of one

and two-photon absorption spectra contradict the theoretical model based on the simple effective 

mass approximation. It can be explained by the Luttinger Hamiltonian which considers the 

mixing of the valence bands. 

The presence of narrow spectral hole burning in some quantum dots shows that such 

sample exhibit very narrow homogenous broadening. Despite the narrow homogeneous 

broadening, some of the expected features are missing in the experimental spectra as a result of 

the large inhomogeneous contribution. The problem of large inhomogeneous broadening can be 

overcome by using three beam spectroscopy. With this new technique, we can observe the 

biexciton ground state transition and can resolve other bleaching transitions from different valence 

bands. Also from this technique, we obtained biexciton binding energy. 

From nonlinear optical spectra of edSe quantum dots, bleachings due to transitions from 

the three different valence bands have been observed. 
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APPENDIX A 

Spherically Symmetric Potential 

The motion of a particle in a central force field is one of the important physical problems 

in physics. Important examples are the hydrogen atom in atomic physics, the exciton in solid 

state physics, and the shell model in nuclear physics. Also a simple harmonic motion in three 

dimension is another example. 

Central force fields can be produced by the following potentials: Coulomb field by the 

charged particle, finite or infinite boundary potential, and simple harmonic force field. These 

potentials are different from each other due to the different radial dependence of the problems. 

Therefore different behavior of the particle in these potentials is expected. However there are 

common physical properties based on the central force field which arise from a spherically 

symmetric type of potential. 

In this appendix, the motion of a particle in central force fields produced by the three 

different types of potential, V(r), will be presented. Those potentials are 

and 

1 
V(r) II -, 

r 

1 
0 if r<Do 

V(r)· Vo if r~Do ' 

(A-I) 

(A-2) 

(A-3) 

where r is the distance from the fixed point and ao is the position at the boundary. The first case 

is the particle in a Coulomb potential, and the second case is a simple harmonic motion in three 
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dimension. The third case describes a particle in a sphere with the finite or infinite boundary 

potential. 

A particle in those potentials can be described by the following Schrooinger equatio'n: 

{ -;;:,. v: + V(r) } 'I'(r.e •• ) • E 'I'(r.e •• ) (A-4) 

Exploiting the spherical symmetry of the problem, we can write the Laplacian operator 

in the spherical polar coordinate system: 

"',. 1 [sino~(r2~) + .2..(sinO.2..) + _1 L] (A-5) r2sinO Or ar ae ae sinO c3c1>2 

With the substitution of Laplacian operator and multiplication of 2mo1f12 to the 

Schrooinger equation, we obtain 

{ 1 [sin6~(r2~) + .2..(sinO.2..) + _1 L] r2sinO Or Or ae ae sinO c3c1>2 
+ 2mo (E - V(r»} 'I' (r,6,4» ,. 0 • 

1\2 

(A-6) 

The solution of this Schrooinger equation can be obtained by the method of separation 

of variables. The wavefunction can be separated into 

'I'(r,O,4» = R(r) 9(6) ~(4)) • (A-7) 

where R(r) is the radial component, and 9(0) and cfl(<I») are the angular components. Each of the 

functions, R(r), 9(8), and '1(<1»), are independent. With the substitution of the wavefunction into 

the eq. (A-6), three independent equations can be obtained. They are 

[!, + ,.,] ~(.) • 0. (A-8) 
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--sme- - -- +1(1+1} ace} = 0, [ 
1 a ( . a) m

2 1 
sin e as ae sin2e 

(A-9) 

and 

[
1 a(2a) 1(1+1} 2m 1 -- r - - -- + -(E-V(r}) R(r} = 0 , 
r2 ar ar r2 1\2 

(A-tO) 

where 1 and m are constants. 

The equations describing angular components, (A-8) and (A-9), do not depend on the 

specific central potential, therefore the angular components are the same for the spherically 

symmetric type of potentials. The solutions for these equations are 

~(4)) = e("') , (A-H) 

and 

ace} = p,"'(cose} , (A-12) 

where P,"'(cos 8) is the associated Legendre function. 

Both angular components, 9(8) and 41(</»), combine to become spherical harmonics, 

Y,"'(8,</»), 

(A-13) 

and the spherical harmonics satisfy the following orthogonality condition 

2 •• 

f f y~l·(e,~)l'i;(e,~) sine de d~ :a 6'1~6.,,,, (A-14) 

.-0&-0 

The condition of constants, 1 and m, integers with I m I ~ 1 with 1=0, 1, 2, .... This was 



obtained from the properties of associated 

Legendre function. These numbers are 

called quantum numbers and contain very 

important physical information. Quantum 

number 1 specifies the angular momentum 

of the particle in a central force field, and 

quantum number m specifies the 

projection of the angular momentum onto 

z axis. The angular momentum of the 

particle is usually described by 

spectroscopic notation, s, p, d, f, g ... 

which corresponds to 1=0, 1, 2, 3, 4 .. ·. 

The angular components of the 

Schrooinger equation in polar plot 

diagram is shown above. The absolute 

magnitude of the spherical harmonics, 
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m=O 
1=0 0 

m=O 
m=I 8 1-1 CX) 

m=O 

m=2 m=I 
1=2 ex) ~ 

m=O 

m=2 m=I 
m=3 

1=3 c::x:::> ~ ~ 

Fig. A-t. Angular components of Schrooinger 
equation, the spherical harmonics, are shown on the 
polar plot diagram. Quantum numbers 1 and m 
describes the spherical harmonics. 

Y,"'(8,<p) Y,""(8,<p) , is plotted in this graph. The vertical direction in the graph is the z-axis. 

For the radial components of the Schrooinger equation, we have to solve the problem for 

each specific potential V(r). Depending on the value of E and potential V(r), the particle can be 

bound or free. In this appendix, I only consider the bound states of the particle. 

(i) Coulomb Potential 

For the Coulomb potential, V(r) = -if/f. the radial component of the bound states, E < 0, 
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can be transformed to the associated Laguerre equation. Therefore we can describe the radial 

solution with the associated Laguerre polynomials 

(A-IS) 

The radial solution of the bound state of particle with E < 0 becomes 

R( ) - -p(}. 'L21+1 ( ) r -t P 11-'-1 P , (A-l 6) 

with the following abbreviations: 

(A-I7) 

and 

(A-IS) 

The condition on the subscript, n-/-l, in the associated Laguerre polynomials is that it 

should have an integer value: 0, 1, 2, 3, 4, 5 .... Because the associated polynomial with non-

integer subscript will diverge and this is unacceptable for our physical problem. 

From the condition for the integer values of n-/-l, we can obtain the eigen-energies 

(A-19) 

with the values of n= 1, 2, 3, .... With the fixed quantum number n, only / ~ n is allowed to 

satisfy the condition for the positive integer values of n-/-l. 

(ii) Simple Harmonic Motion in Three dimensions 
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Simple harmonic motion in three dimensions can be described by the potential, V(r) = 

thmfJApr. Similar to the Coulomb potential case, we can describe the radial solution in terms of 

the associated Laguerre polynomials. However the motion of a particle in a harmonic force field 

is always bounded, and the energy is always positive. For the Coulomb potential, the bound state 

energies were negative. Unbound states in the Coulomb potential are possible if E> O. 

The radial solution is 

(A-20) 

where 

E 1 n=---, 
n(a) 2 

(A-21) 

and 

(A-22) 

Similar to the Coulomb case, the subscript (n-/-l)/2 must be integral which requires n-/-l 

to be even number. Therefore the following condition must hold: For odd number n, / should be 

even with 0 s / s (n-l). For even number n, / should be odd with 1 s / s (n-l). 

Using this condition, it is possible to derive the eigen-energies, 

(A-23) 

with n = 1, 2, 3, .... 

(iii) Particle in a sphere 

Since there are different values of potential inside and outside the sphere, we have to 
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describe the solution differently for the inside and outside. 

For r < a where V(r) =0, we can describe the general radial solution in terms of 

spherical Bessel functions and spherical Neumann functions. However the condition of finite 

probability amplitude at the origin can be satisfied only with the spherical Bessel functions. 

Therefore, the radial solution is 

(A-24) 

with the spherical Bessel function, H.r), and the normalization constant A. The spherical Bessel 

function 

j~) = 2'xi (-I),(s+1)1 • 
.ro() sl(23+2l+1)1 

(A-25) 

Outside the sphere with the finite values of Vo, we have the solution for the bound states, 

E < Vo, in terms of the modified spherical Bessel functions, 

(d)' -~ kf..x) = (-I>'x' - ~. 
xlix x 

(A-26) 

and the radial solution becomes 

(A-27) 

with the normalization constant B. 

The eigen-energy of the SchrOdinger equation can be obtained by satisfying the boundary 

conditions: (l)continuity of the first derivative of wavefunction across the boundary 
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(A-2S) 

and (2) continuity of the wavefunction across the boundary 

(A-29) 

For the eigen-energy, EIIl, we have introduced Quantum number n, in addition to the 

Quantum number 1 to label the roots of the Bessel function. The values of n are 1, 2, 3, .... The 

eigen-energy can be obtained numerically or graphically from the following equation. 

(A-30) 

For the case of an infinite boundary potential, Vo = 00, the wavefunction for r > a 

vanishes. Therefore the eigen-energies can be obtained from the roots of following relationship: 

(A-31) 

The roots of the spherical Bessel function are not available analytically except for 1=0. 

For 1=0, the eigen-energies are 

(A-32) 

For I;tO, we have to solve the roots numerically or graphically. 

With the solution of the radial and angular components of the SchriXtinger equation, we 
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can obtain the normalized wavefunction. 

For the Coulomb potential case, the normalized wave function is 

1D (0 "') [( 2 (11-1-1)1 l}1fl -ar(l ~ U+l • 
T IIlII r".., = 110

0
3211(11+1)1 t (a.r, L".I_l(a.r) Y, (0,4», (A-33) 

where ex is defined in equation (A-I7) , and Do is the Bohr radius. The Bohr radius is 

(A-34) 

The normalized wavefunction of the three dimensional harmonic oscillator is 

.~,.2/2 A/fl+1J4 I L'+1/2 (A:h V.(O "') t .., r (,,-I-lVl..,r,.I1 ,.., , (A-35) 

with the beta which is defined in equation (A-22). 

Finally the normalized wavefunction of the particle in a sphere with the infinite boundary 

potential is 

(A-36) 

Here 00 is the radius of the sphere, not the Bohr radius. For a finite boundary potential, the 

normalization constant must be obtained numerically. 

Integrating over the angular variables of the normalized wavefunction, we can obtain the 

radial probability density 



178 

'If ,.(r,6,4» 'If~(rt6,4» 2 
p(r)dr = r dr • 

Y~(6,4» Y~(6t4» 
(A-37) 

The radial probability density is the probability of finding a particle between r and r + dr. 

The quantum number n is called the principal quantum number. For the Coulomb 

potential and the harmonic potential, the eigen-energies only depend on the principal quantum 

number n. However the particle in a sphere has eigen-energies which depend on the principle 

quantum number n as well as the angular quantum number I. Generally in a central potential the 

eigen-energies depend on the quantum number n and quantum number 1 with the degeneracies of 

quantum number m. Because of the accidental degeneracies in the Coulomb potential and the 

harmonic motion in three dimension, this is called accidental degeneracies. 
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APPENDIX B 

Interaction of Ught and Matter 

The propagation of the electro-magnetic field through media can be described by 

Maxwell's equations. As the electro-magnetic field propagates through the medium, it may be 

attenuated. The strength of attenuation can be described by the absorption coefficient as in Beer's 

law. The absorption coefficient is directly related to the electric susceptibility of the medium. 

However Maxwell's equation do not determine the susceptibility - the strength of material 

response to the light field. Classically, the electric susceptibility can be understood from a simple 

harmonic oscillator model. For an accurate description of the electric susceptibility, a quantum 

mechanical calculation is necessary. Within the quantum mechanical treatment, the electric 

susceptibility can be determined from time dependent perturbation theory. 

(i) Absorption coemcient 

We can describe the propagation of an electro-magnetic wave in a medium as 

J!!(,.-II..,,-W,) 
E -EeI"\ t: 

(B-1) 

where n is the index of refraction, and k is the extinction coefficient. Because of the extinction 

coefficient, the electromagnetic field is attenuate as it propagates. The relationship between the 

intensity of light and the electromagnetic field amplitude is 

(B-2) 

From this, the absorption coefficient, a, described in the Beer's law, I(z)=10 exp(-az), 

can be obtained. The relationship between a and the extinction coefficient is 



2(a)k 
" =-c 

180 

(B-3) 

Since the electric susceptibility is related to the index of refraction and the extinction 

coefficient through the relationship 

(8-4) 

where X is the electric susceptibility. Therefore a can also be described in terms of electric 

susceptibility. In terms of electric susceptibility, the absorption coefficient, a, is 

(a) X" 
" =--

1IC 
(B-5) 

Using the well known Kramers-Kronig relationship between real and imaginary components of 

the electric susceptibility, we can derive the relationship between absorption coefficient, a, and 

index of refraction, n. The relationship between absorption coefficient and index of refraction 

is 

(B-6) 

where h is the Planck's constant, and P denotes the Cauchy's principal value. In principle we 

can calculate the index of refraction if we know the absorption coefficient from 0 to infinity. In 

practice the absorption coefficient of a sufficiently wide spectral region is used to obtain the index 

of refraction. 

Instead of deriving the electric-susceptibility from the usual simple harmonic oscillator 

model, I am going to describe the electric susceptibility using the quantum mechanical treatment. 

The interaction between the electro-magnetic field and the matter will be described in the so 
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called semi-classical approximation. The medium is described quantum mechanically, however 

the electro-magnetic field is described classically. The complete treatment of the interaction of 

light and matter should treat both field and medium quantum mechanically. However the semi-

classical approximation will provide sufficient information except a few notable problems such 

as spontaneous emission. 

(ii) Quantum Mechanical Treatment 

Without any external perturbation, the Hamiltonian of a single electronic system can be 

described by 

p2 
Ho • - + VCr) 

2m 

where p is the momentum operator and VCr) is the potential. 

(8-7) 

The above Hamiltonian will be modified if there is an electromagnetic field. The 

modified Hamiltonian is 

H • _1_ (p + !lA(r ,1»)2 + VCr) 
2m c 

(8-8) 

where A(r,t) is the electro-magnetic vector potential. In the coulomb gauge, the relationship 

between the vector potential, A(r,t), and perturbing electric field, E(r,t), is 

E(r,t) = ! A(r,t) (8-9) 

Therefore the vector potential can be taken as 

(8-10) 

and the perturbed Hamiltonian can be expanded and separated into two terms, 
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H = Ho+Hbft (8-11) 

where the first tenn is exactly same as the (Eq. B-2) and the other tenn describes the interaction 

between electro-magnetic field and matter. The interaction energy tenn, HIN, is 

H = lq'h A(r ,t)'v+-q-A 2(r,t) 
brt me 2mc 

(8-12) 

The solution of the above equation can be obtained from time dependent perturbation 

theory. 

For the first order calculation, we can ignore the.tt2 tenn. Because the contribution of the 

quadratic component of the vector potential to the solution is smaller than the linear component. 

In the first order, the transition probability per unit time induced by the electromagnetic field is 

(8-13) 

where u(r) is the wavefunction of the unperturbed system. If the spatial variation of the 

electromagnetic field is small over the wavefunction of the electron, we can simplify the equation 

by expanding the exponent as 

(8-14) 

and neglect every term except the first. This is called dipole approximation. The integral in 

(B. 13) simplifies to 

(8-15) 

which can be transfonned to 
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J u(r) vu(r) d3r = -~ <a> J u(r)ru(r) d 3r (8-16) 

and this is called the dipole transition matrix element. Since the polarization of the medium 

depends on the dipole term, we can obtain the electric-susceptibility of the medium using the 

constitutive relationship between the electro-magnetic field and the polarization, for example, 

P(r.J) = X(<a» E(r.J) (8-17) 

If the dipole matrix element above is 0, we call the transition forbidden. If the dipole 

matrix element is non-zero, we say the transition is allowed. However the transition is not 

completely forbidden even the dipole matrix element is zero. The neglected terms of Eq. (B. 14) 

describe multipole interactions, and the matrix elements of these terms may not be zero. Also 

we have only considered first order perturbation theory, and higher order terms may contribute 

to the transition probability. In addition we have neglected quadratic term of the vector potential 

A(r,t). Beyond the first order calculation, all these complications described above have to 

considered. 

The linear optical properties of the medium come from mainly the dipole matrix element 

described above. The nonlinear optical properties of the medium are governed by the higher 

order perturbation terms. These nonlinear terms become important if the intensity of electro

magnetic field is sufficiently high such as in a laser beam. Examples of nonlinear interactions 

between light and matter are multi-harmonic generation, multi-photon absorption, light scattering, 

and etc. 
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