
Ultrafast Photocarrier Relaxation Mechanisms in
Sputter-Deposited CdTe Quantum Dot Thin Films

Item Type text; Electronic Dissertation

Authors Juncker, Christophe Rene Henri

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 20:05:10

Link to Item http://hdl.handle.net/10150/193596

http://hdl.handle.net/10150/193596


 

 
 

ULTRAFAST PHOTOCARRIER RELAXATION MECHANISMS IN SPUTTER-
DEPOSITED CDTE QUANTUM DOT THIN FILMS 

 
 

by 
 

Christophe Rene Henri Juncker 
 
 
 

_____________________ 
      

 
 

A Dissertation Submitted to the Faculty of the 
 

DEPARTMENT OF MATERIALS SCIENCE AND ENGINEERING 
 

In Partial Fulfillment of the Requirements 

For the Degree of 

 
DOCTOR OF PHILOSOPHY 

 
 

In the Graduate College 
 

THE UNIVERSITY OF ARIZONA 
 
 
 
 
 
 
 
 

2007 



 

2
 

 
THE UNIVERSITY OF ARIZONA 

GRADUATE COLLEGE 
 
As members of the Dissertation Committee, we certify that we have read the dissertation  
prepared by Christophe Rene Henri Juncker  
entitled Ultrafast Photocarrier Relaxation Mechanisms in Sputter-Deposited CdTe 
Quantum Dot Thin Films 
and recommend that it be accepted as fulfilling the dissertation requirement for the 
Degree of Doctor of Philosophy 
 
 

_______________________________________________________________________ Date: 09/10/07 
Joseph H. Simmons    
 
_______________________________________________________________________ Date: 09/10/07 
Barrett G. Potter    
    
_______________________________________________________________________ Date: 09/10/07 
Pierre Lucas    
 
_______________________________________________________________________ Date: 09/10/07 
Nasser Peyghambarian    
    
_______________________________________________________________________ Date: 09/10/07 
Neal Armstrong    
    
 
Final approval and acceptance of this dissertation is contingent upon the candidate’s 
submission of the final copies of the dissertation to the Graduate College.   
 
I hereby certify that I have read this dissertation prepared under my direction and 
recommend that it be accepted as fulfilling the dissertation requirement. 
 
 
________________________________________________ Date: 09/10/07 
Dissertation Director:  Joseph Simmons    



 

3
 

 

 

STATEMENT BY AUTHOR 

 

This dissertation has been submitted in partial fulfillment of requirements for an 
advanced degree at the University of Arizona and is deposited in the University Library 
to be made available to borrowers under rules of the Library. 
 
Brief quotations from this dissertation are allowable without special permission, provided 
that accurate acknowledgment of source is made.  Requests for permission for extended 
quotation from or reproduction of this manuscript in whole or in part may be granted by 
the head of the major department or the Dean of the Graduate College when in his or her 
judgment the proposed use of the material is in the interests of scholarship.  In all other 
instances, however, permission must be obtained from the author. 
 

 

 

                         SIGNED: Christophe Rene Henri Juncker 

 



 

4
 

ACKNOWLEDGEMENTS 

 

 

I would like to thank my advisor, Dr Simmons, for his guidance during my time 

in graduate school. I had the opportunity to learn from many members of the faculty of 

the Department of Materials Science and Engineering at the University of Arizona. They 

include Dr Pierre Lucas, Dr B.G. Potter, Dr Pierre Deymier and Dr Srini Raghavan. 

Finally, I could not have completed this work without the support of Denisse, my parents, 

Jacqueline and Michel, and my sister, Laurence. 

 



 

5
 

TABLE OF CONTENTS 

LIST OF FIGURES................................................................ 8 

LIST OF TABLES................................................................ 10 

ABSTRACT......................................................................... 11 

CHAPTER 1 MOTIVATION................................................. 12 

    1.1 Overview................................................................................12 

    1.2. Applications for quantum dots...............................................13 

    1.3 Statement of the problem.......................................................14 

CHAPTER 2 BACKGROUND ............................................. 16 

    2.1 Structure and properties of bulk Cadmium Telluride ..............16 

        2.1.1 Crystal structure of Cadmium Telluride ..........................................................16 

        2.1.2. Electronic band structure ................................................................................ 18 

    2.2 Effects of confinement on the band structure .........................24 



 

6
 

TABLE OF CONTENTS - Continued 

    2.3 Excitonic effects in the strong confinement regime ................29 

    2.4 Role of traps and surface states.............................................32 

    2.5 Phonon effects.......................................................................34 

    2.6 Auger effects..........................................................................35 

CHAPTER 3 EXPERIMENTAL TECHNIQUES .................. 38 

    3.1 Sample fabrication .................................................................38 

    3.2 Sample characterization ........................................................40 

        3.2.1 Transmission spectroscopy ............................................................... 40 

        3.2.2 Photoluminescence measurements................................................... 43 

    3.3 Ultrafast measurements.........................................................45 

        3.3.1 Laser system description ................................................................... 45 

        3.3.2 Pump-probe apparatus description.................................................... 52 

        3.3.3 Experimental procedure..................................................................... 55 

CHAPTER 4 RESULTS AND DISCUSSION ...................... 58 



 

7
 

TABLE OF CONTENTS - Continued 

    4.1 Transmission spectroscopy....................................................58 

        4.1.1 Calculation of the absorption coefficient of the film............................ 58 

        4.1.2 Absorption spectrum analysis............................................................ 63 

    4.2 Photoluminescence................................................................68 

    4.3 Ultrafast measurements.........................................................72 

        4.3.1 Three-level model.............................................................................. 72 

        4.3.2 Considerations about Auger effects................................................... 75 

CHAPTER 5 CONCLUSION............................................... 82 

REFERENCES.................................................................... 87 



 

8
 

LIST OF FIGURES 

 

Figure 1: Dependence of the density of states on the dimensionality of semiconductors.13 

Figure 2: a) Zincblende crystal structure, b) Bravais lattice of the zincblende structure . 17 

Figure 3: Phonon dispersion curve for CdTe.................................................................... 17 

Figure 4: Energy dispersion curves for (a) typical bulk direct-gap semiconductor, (b) 

exciton in bulk crystal. .............................................................................................. 22 

Figure 5: Band structure of bulk Cadmium Telluride....................................................... 23 

Figure 6: Bandstructure of CdTe quantum dots calculated in the 8 parabolic band model

................................................................................................................................... 28 

Figure 7: Size dependence of the exciton sublevels ......................................................... 32 

Figure 8: Auger autoionization mechanism...................................................................... 37 

Figure 9: Interference on a thin film deposited on a subtrate ........................................... 41 

Figure 10: Laser system.................................................................................................... 45 

Figure 12: Normalized transmittance of the four samples about the visible. ................... 60 

Figure 13: Normalized transmittance of the four samples in the near infrared. ............... 60 

Figure 14: Examples of fitting x and d to the data (a) in the NIR, low absorption region 

and, (b) in the visible region, using second derivatives............................................ 61 

Figure 15: Calculated absorption coefficients of the four films around the visible region.

................................................................................................................................... 62 



 

9
 

LIST OF FIGURES - Continued 

Figure 16: Calculated absorption coefficient derivatives of the four films around the 

visible region............................................................................................................. 62 

Figure 17: Energy levels. .................................................................................................. 66 

Figure 18: First derivative and absorption coefficient curve fittings for each sample ..... 67 

Figure 19: Normalized photoluminescence spectra.......................................................... 68 

Figure 20: Compared absorption coefficient spectra, contributions of the first transition to 

the absorption coefficient, and photoluminescence spectra...................................... 71 

Figure 21: (a) energy diagram for the three-level model; (b) decay scheme for quantized 

Auger relaxation........................................................................................................ 77 

Figure 22: Differential transmission results and curve fits as a function of delay. .......... 79 

Figure 23: Dot radius dependence of x compared to normalized 1/a and 1/a3. ................ 80 

Figure 24: Initial population of 1-pair states, 2-pair states, …, 8-pair states as a function 

of the average number of e-h pairs per quantum dot.. .............................................. 81 

 



 

10
 

LIST OF TABLES 

 

Table 1: Heat treatment of the various samples................................................................ 39 

Table 2: Optical properties of the CdTe samples.............................................................. 71 

Table 3: Fittig parameters for the three-level model. ....................................................... 80 

 

 

 

 



 

11
 

ABSTRACT 

  

Photocarrier relaxation mechanisms in CdTe quantum dots in the strong 

confinement regime were investigated using femtosecond pump-probe measurements. 

The quantum dots were formed in films deposited on silica substrates using a sequential 

RF magnetron sputtering process with heat treatment to grow crystallites of various sizes. 

Size selection was achieved by tuning the laser to various wavelengths across the first 

excitation transition. The recombination mechanism showed a biexponential decay, 

which was fitted to a three-level model. It was shown that recombination occurs 

increasingly through the intermediate energy level as the size of the dots decreases. The 

nature of the intermediate level and the role of Auger recombination is discussed. 
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CHAPTER 1 

MOTIVATION 

1.1 Overview 

 Probably the most important reason for the popularity of nanotechnology is the 

range of new properties seen in materials when their dimensions are much smaller than 

the bulk. Indeed, nanomaterials are defined by convention as materials on the length scale 

of 1 to 100 nm.[1] This definition means that such nanomaterials covers a range between 

single atoms or molecules and bulk materials, that is, clusters of a finite number of atoms. 

Moreover, their properties often strongly depend on size, allowing scientists and 

engineers to carefully tailor them to their needs. Popular fabrication methods include 

phase separation techniques in glass, wet chemical synthesis, or deposition techniques 

such as sputtering, molecular beam epitaxy, chemical vapor deposition, or pulsed laser 

deposition. Investigation of nanostructures is made possible by powerful microscopic 

techniques with resolutions of a few Angstroms such as scanning tunneling microscopy, 

transmission electron microscopy, atomic force microscopy, aND near-field scanning 

optical microscopy. 

 Loss of dimensionality in semiconductors, that is, increasing the number of 

directions in which the carriers are confined, has a strong impact on the band structure in 

particular. While in the non-confined directions, the carriers behave as free particles and 

have quasi-continuous energy bands, in each direction of confinement, they behave as 
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“particles-in-a-box”, and their energy bands in these directions become discrete. The 

smaller the particle, the larger the energy separating the confined levels. This explains the 

difference illustrated in figure 1 in the density of states between bulk, quantum wells, 

quantum wires and quantum dots. Confinement in all three directions for a single 

quantum dot results in discrete absorption levels centered on size-dependent energies. 

Moreover, the confinement increases nonlinearities in quantum dots.[2] 

 

Figure 1: Dependence of the density of states on the dimensionality of semiconductors. After [3] 
 

1.2. Applications for quantum dots 

 The tunability of the bandgap of quantum dots finds applications in various fields. 

First, their high photoluminescence quantum yield and low photobleaching make them 

ideal candidates for fluorescent biomarkers over organic compounds,[4] and much 

research has been invested in developing adequate surface ligands. Second, the 
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conversion efficiency of silicon solar cells is limited in part by its bandgap. Photons with 

energy smaller than the bandgap cannot be absorbed. Therefore, a large part of the 

spectrum, that is, in the near infrared to mid infrared, does not contribute to electricity 

generation. Simply increasing the bandgap does not necessarily increase conversion 

efficiency. Rather, a distribution of energy gaps can maximize conversion efficiencies. 

Multijunctions have been created, but their cost is high. Quantum dots, with their tunable 

bandgaps, offer an interesting alternative.[3] 

 Quantum dot lasers have also been demonstrated in epitaxial III-V materials.[5] 

Experimental observation of gain in smaller, chemically synthetized II-VI quantum dots 

[6] and in QD in glass matrix [7] show that II-VI QD lasers are feasible. Lasing is 

attributed to the splitting of the lowest electron-hole pair state into an absorbing and 

emitting state.[6] A competing model attributes lasing to the transition between 2 

electron-hole pair states and 1 electron-hole pair states.[8] Such QD lasers, if 

successively tuned to wavelengths about 1.3 and 1.5 µm, could find applications in the 

telecommunication industry.[9] CdTe quantum dots could also find applications in 

ultrafast optical switching[10, 11] due to their sub-picosecond response time and high 

nonlinearities.[12, 13]  

 

1.3 Statement of the problem 

The characterization of carrier dynamics in quantum dots is important to 

understand their structures and optical properties. For example, understanding carrier 
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dynamics is a first step towards building a gain medium for a laser. Three main 

approaches exist for the fabrication of quantum dot nanocomposites : wet, or colloidal 

chemistry, semiconductor-doped glass, (SDG)  and sputter deposition. The wet chemistry 

approach seems in many ways the best approach, since it offers great control over the size 

dispersion of the dots and over their surface. However, this approach seems impractical 

for solid-state devices. The SDG approach tends to create deep traps due to impurities, 

and size dispersion is important due to thermal annealing. Sputter deposition has the same 

issues concerning size dispersions as the glass approach. The technique also offers little 

control over the surface, but has the inherent advantage of being solid state. Furthermore, 

since this technique consists in depositing thin films, it offers the possibility for the 

creation of waveguides. Therefore, we propose to study the carrier dynamics of sputter-

deposited CdTe quantum dots as a function of their size. 
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CHAPTER 2 

BACKGROUND 

2.1 Structure and properties of bulk Cadmium Telluride 

2.1.1 Crystal structure of Cadmium Telluride 

 Reference [14] lists valuable structural data and properties of semiconductors. 

Cadmium Telluride is a II-VI semiconductor. Bonds between Cd and Te atoms are 

mostly covalent with about 4 percent ionicity. Hybridization of the 5s2 orbital of Cd and 

5s2p4 of Te forms 4 equivalent sp3 orbitals for both Cd and Te. Thus, the CdTe has the 

zincblende crystal structure at room temperature and under atmospheric pressure.[14] 

One species occupies a face-centered cubic configuration, while the other one occupies 

half of the tetrahedral sites, forming itself a face centered cubic lattice. The resulting 

configuration, shown in figure 2 along with the corresponding Bravais lattice, is therefore 

similar to silicon’s diamond structure. The lattice constant at 300 K has been reported 

around 6.482 Ǻ [15] to 6.486 Ǻ [16]. It should be noted that its phase changes to the 

rock-salt structure when the pressure reaches 3.9GPa.[17] Finally, the resulting lattice 

vibration dispersion, or phonon dispersion curve, as measured using neutron inelastic 

scattering, is shown [16] on figure 3. The top two bands are the optical phonon bands. 

Their dispersion curve intersects the photon dispersion, therefore coupling can occur. The 

lower two bands are the acoustic phonon bands. 
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Figure 2: a) Zincblende crystal structure, b) Bravais lattice of the zincblende structure (after [14]).   

 

Figure 3: Phonon dispersion curve for CdTe (after [16]) 
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2.1.2. Electronic band structure 

2.1.2.1 Theory  

The following paragraph summarizes the more detailed study of band structure 

found in [18], [19] and [20].  

In bulk semiconductors, electrons normally located on the outer shell of the 

individual atoms, i.e. weakly attracted to the nucleus become delocalized and behave as 

free particles submitted to a periodic potential. Therefore, the eigenfunctions ψλ(r ) of the 

electron of mass m0 in the periodic potential W(r ) satisfies Schrodinger’s equation: 

)()()(
2

2

0

2

rErrW
m λλλ ψψ =








+∇− h

      (2.1)  

where m0 is the electron mass, ħ is the reduced Planck constant, and Eλ are the energy 

eigenvalues of the Hamiltonian. 

Bloch showed that the eigenfunctions ψλ(r ) can be written as the product of a 

plane-wave envelope exp(ik.r )/V1/2 and a lattice periodic function uλ(r ) called the Bloch 

function. It is obvious from equation (2.1) that knowledge of the potential W(r ) is 

necessary for the calculation of the band structure. However, the problem remains 

complex. It can be simplified by assuming that the potential is strong enough that the 

electron is considered localized around an atom, and the overlap between wavefunctions 

of electrons of different lattices is small. This is called the tight binding  model. The 

overall potential W(r ) seen by the electron can be written as the sum of the atomic 

potentials W0(r -rl) of all the atoms l, where rl is the distance between the two atoms. 
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The wavefunctions ψλ(r ) are written as a linear combination of atomic orbitals (LCAO) 

or wavefunctions φλ(r ) which satisfy the simpler, single-atom Schrodinger’s equations: 

)()()(
2 0

2

0

2

lll

h
rrErrrrW

m
−=−








−+∇− λλλ ϕϕ     (2.2) 

Solving these equations and taking into account only direct and nearest-neighbor 

contributions results in quasi-continuous cosine-shape energy bands Eλ(k), whose 

curvature depends on the atomic functions. Obviously, details of the band structure can 

only be calculated if the atomic potential W0 is known. In semiconductors, the highest 

filled band is called the valence band, while the lowest empty band is the conduction 

band. They are separated by a small energy gap Eg, of the order of a photon energy.  

If the electron were treated as a free particle, i.e. if the potential were null, its 

energy would be ħ2k2  / 2m0. Therefore, around the extrema, the parabolic 

approximation can be made for either the electron or hole: 

λ
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where meff,λ is the effective mass for the λth band and is defined as: 
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Equation (2.4) shows that the effective mass increases as the radius of curvature of the 

band increases. 

 An energy dispersion curve typical of direct gap semiconductors such as CdTe is 

shown on figure 4a.[21] The bands are parabolic near the center in first approximation. 
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The Bloch functions corresponding to conduction states have spherical symmetry (they 

are s-like) near the center of the Brillouin zone. The valence band states are a linear 

combination of p-like states. The topmost valence band is divided into a heavy- (larger 

band curvature) and light-hole bands. The lower valence band arises from spin-orbit 

splitting of the holes, caused by the high magnetic field seen by valence electrons due to 

their relativistic velocities and their proximity to the nucleus. The linear absorption 

coefficient is proportional to the product of the density of states and the transition matrix 

element, governed by so-called selection rules. The material therefore should be 

transparent to photons with energies smaller than the bandgap. 

While this last statement is generally accepted, transmission measurements at low 

temperature show features just below the bandgap. This is because up to this point, 

Coulomb interactions between the electron and hole have been neglected. However, they 

can bind together and form an exciton.[22] Excitons are hydrogen atom-like particles 

with a hole and an electron orbiting around their center of mass. If their Bohr diameter is 

smaller or of the order of a unit cell, they are called Frenkel excitons. In CdTe, the 

excitons Bohr diameter is larger than the unit cell, and therefore they are called Wannier 

excitons. Applying the Schrodinger equation to the electron and hole pair with the 

Coulomb potential –e2/|r e-rh|, changing the variables of the problem to the center of mass 

of position R and total mass M, and the relative coordinate of position r  and reduced 

mass mr, and recognizing that R and r  are independent variables, allows one to separate 

the problem into two distinct equations. First, the center of mass behaves like a free 

particle with wave vector K c, and its energy is  
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M

K
E c

R 2

22
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Second, the relative motion of the electron and hole is described by the Wannier 

equation: 
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The solution is similar to the hydrogen atom, and the exciton energy Ex is the sum of the 

bandgap energy, the center of mass energy and the relative motion energy, that is: 
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       (2.7)  

where n is an integer strictly positive, and EB is called the binding energy or the exciton 

Rydberg energy, and can be written in terms of the exciton Bohr radius aB: 
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The dispersion diagram (figure 4b) of the exciton and equation (2.7) show that 

photon absorption is possible below the bandgap for energies as low as EG-EB. Exciton 

energy levels are parabolic bands whose energies at the center are equal to the Rydberg 

series. Finally, energies higher than the bandgap correspond to ionization energies, the 

electron and hole are unbound and the exciton ceases to exist. 
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Figure 4: Energy dispersion curves for (a) typical bulk direct-gap semiconductor, [21] (b) exciton in 
bulk crystal. 

 

2.2.1.2 Band structure of Cadmium Telluride 

The electronic band structure of bulk CdTe was calculated by Chelikowski and Cohen 

[23] using a nonlocal pseudopotential method. A tight-binding model gave similar 

results.[24] The resulting band diagram is shown on figure 5 and the Bravais lattice for 

zincblende semiconductors is depicted figure 1b. CdTe is a direct bandgap 

semiconductor. Chelikowski and Cohen calculated its bandgap to be 1.59 eV. 

Magnetoabsorption experiments conducted at 1.64 K gave a bandgap value of 1.6063 eV 

[25], and reflectivity measurements gave values of 1.55 eV at 90 K and 1.50 eV at 293 K 

[26]. Spin-orbit coupling causes splitting of the topmost valence band into two bands 
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separated by 0.89 eV at the center of the Brillouin zone. The electron effective mass in 

the conduction band is 0.096 m0 in the [110] direction [27], 0.094 m0 in the [100] 

direction[28], and 0.095 m0 in the [111] direction. The light-hole effective masses are 

0.12 m0, 0.13 m0 and 0.12 m0 and the heavy hole effective masses are 0.81 m0, 0.72 m0 

and 0.84 m0 in the respective directions. It is also worth noting the flatness of the two 

topmost valence bands and the lowest conduction band at the L point. This indicates that 

electron and holes have relatively low velocities and large effective masses at this point. 

Finally, the exciton binding energy is 10.23 meV and its Bohr diameter is 15 nm [29]. 

 

 

Figure 5: Band structure of bulk Cadmium Telluride [14, 23] 
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2.2 Effects of confinement on the band structure 

 As seen in paragraph I.1, loss of dimensionality in semiconductors causes 

important changes in the density of states distribution and in the bandstructure. Efros [30, 

31] gave the theoretical framework for the study of the role of confinement of the 

electrons and holes for the absorption in spherical quantum dots. He identified three 

regimes: weak confinement in large clusters, intermediate confinement, and finally strong 

confinement in small quantum dots. The transition from weak to strong confinement as 

the quantum dot size is reduced was observed experimentally with absorption 

spectroscopy.[32, 33] 

Quantum dots are considered to be large when their radius a is much larger than 

the exciton Bohr radius. This is the weak confinement regime. In this case, the binding 

energy of the exciton (equation 2.8) is much larger than the quantization energy of the 

electrons and holes (of the order of ħ
2
π

2/(2me,haB
2)). The predominant phenomenon is the 

confinement of the center of mass motion of the exciton. The center of mass motion is 

therefore treated as a particle in a box problem with infinitely high potential barriers, in 

three dimensions and in the spherical symmetry. The exciton energy is: 

2

2
,

2

2Ma
EEE ln

Bgx

ρh
−−=        (2.10)  

where ρn,l is the nth root of the lth order spherical Bessel function. The strongest transition 

is reached for ρ0,0= π. 
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 The intermediate confinement regime is reached when ah<a<ae. The spectrum in 

this case is governed by the motion of the hole about the center of the quantum dot, and 

submitted to the average potential of the much faster electron. 

 The work done for this dissertation is situated in the strong confinement regime, 

where a<<aB. In a classical interpretation of this case, it can be argued that there is simply 

not enough room for an exciton to exist in the quantum dot. The electron and holes are 

confined similarly to the particle in a box problem in spherical symmetry, and their 

energies are: 

2
,

2
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2
,
, 2 am

E
he

lnhe
ln

ρh
=         (2.11) 

where ρn,l is the nth root of the lth order spherical Bessel function. n is a strictly positive 

integer, and l is a positive integer. Solving the Schrodinger equation for the wavefunction 

shows a third quantum number m. The values for l are denoted with the letters s, p, d,… 

so that the energy states can be written 1s, 1p etc. Because the electron and hole 

quantized energies vary as 1/a2 and the Coulomb interaction energy varies as 1/a, the 

Coulomb interaction can be neglected for small quantum dots, justifying the previous 

interpretation that the exciton essentially does not exist in strongly confined QDs. The 

validity of this approximation will be discussed in the next section. In this approximation, 

selection rules only allow interband transitions with ∆l=0. The lines energies Eabs are 

therefore: 
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 This model is known as the parabolic approximation, because the carriers in this 

model are not subjected to any potential other than the confinement potential, which 

would result in the bulk in parabolic bands. To fully describe the bandstructure in CdTe 

quantum dots though, one needs to account for the real structure of the bulk, that is, the 

non-parabolicity of the bands, the complicated bandstructure of the holes (light and heavy 

holes, split-off band) and mixing between the valence and conduction states induced by 

confinement. These concerns were addressed in the effective-mass approximation (EMA) 

which is discussed below. An alternate method [34, 35] was developed within the tight 

binding model, in part to address the limitation of the infinite confinement potential, but 

did not prove to be as popular as the EMA approach. 

A four band model (accounting for spin degeneracy) of the valence band with 

distinct heavy-hole and light-hole bands, but neglecting the spin-orbit split-off band by 

setting the split-off energy either to zero or to infinity, was first studied by Xia [36] using 

the envelope function approximation with the Baldereschi and Lipari [37, 38] 

Hamiltonian. Koch [39] found that band mixing was occurring between the light-hole and 

heavy-hole states, meaning that these states are not eigenstates in the quantum dot. 

Calculations show that strong variations occur in the bandstructure as the band coupling 

varies from one valence band to two bands to the limit of an infinitely heavy-hole band. 

A third important result is that previously forbidden selection rules become allowed. This 

model also agrees with the experimental observation that, contrary to the 1-parabolic 

band model, AlGaAs QD heterostructures have optically isotropic properties.[40] In the 
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simpler approximation of degenerate heavy- and light-hole bands, ellipticity of the 

quantum dots induces splitting of the bands.[41] 

Ekimov [42] first included finite split-off energy (the so-called 6-band model) in 

the band calculation of QDs in the intermediate confinement regime, and Richard and 

Lefebvre [43, 44] studied its role in strongly confined QDs. The mixed lh-hh states are 

now replaced by mixed lh-hh-SO states. This mixing occurs even with large split-off 

energies, such as in CdTe. The higher energy valence states are similar to the states 

obtained from the previous model. However, higher-order states strongly depart from 

earlier model in that their confinement energies are not directly proportional to 1/a2 

anymore. Photoluminescence excitation (PLE) and persistent spectral hole burning 

(PSHB) data came also in support of this model,[45] especially at higher energies, where 

the 6-band model departs most from the 4-band model. PSHB compares the absorption 

spectrum of the sample before and after excitation of the lowest transition in the sample 

with a strong laser pulse. Peaks at higher energies are interpreted as energy levels. PLE 

consists in measuring the intensity of the photoluminescence emitted at fixed wavelength 

as a function of the lower excitation wavelength.[46] This technique provides somewhat 

higher resolution in samples with broad size distributions because it has better size 

selection as the excitation wavelength decreases. In addition, it was found by others[47] 

that asphericity of the QD causes an increase in the split-off energy. 

Finally, Efros and Rosen [48] showed that the valence bands also couple with the 

conduction bands even in the case of wider gap semiconductor such as CdS (whose 

bandgap is 60% larger than CdTe). Therefore, the 8-band model best describes its 
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bandstructure. They decided to denote the electron and hole states nQj, where n is the 

ordinal number with a given symmetry, Q is the lowest value of L, the envelope angular 

momentum, in the wavefunctions and is denoted S, P, D…, and j is the total angular 

momentum. Selection rules state that Q must be conserved in hole to electron transitions. 

The calculated bandstructure of CdTe according to this model is shown on figure 6. The 

first three electron levels are in the following order: 1S(e), 1P1/2(e), and 1P3/2(e). The 1P 

states are almost degenerate. The order of the hole level varies with their size, but at 20 Å 

it is the following: 1S3/2(h), 1P3/2(h), 2S3/2(h), 1P1/2(h), 2P3/2(h), 1S1/2(h) etc… 

State notation conventions do vary in the literature as a function of the model and 

the authors; this dissertation will use the above convention. 

 

Figure 6: Bandstructure of CdTe quantum dots calculated in the 8 parabolic band model[48] 
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2.3 Excitonic effects in the strong confinement regime 

 The effective mass approximation predicts well absorption spectra of quantum 

dots. However, the observation of red-shifted photoluminescence with respect to the band 

edge absorption is subject to controversy.[49] Some explain it by the presence of 

excitons, while others see the effect of surface states. Excitonic effects will be explored in 

this paragraph, while surface effects will be discussed in the following section. 

It was stated earlier that because the confinement energy varies as 1/a2 and the 

Coulomb interaction varies as 1/a, the Coulomb interaction could be neglected in the 

strong confinement regime and the electron and hole could be treated as uncoupled.[30] 

However, Brus showed [50] that the Coulomb interaction does shift the absorption lines 

to the red by approximately 1.8 e2/(εa), where ε is the permittivity of the material. More 

importantly, surface polarization effects created by an incident electric field decrease the 

symmetry of the model introduced by Efros, and as a result, the Coulomb interaction in 

QDs is different than in bulk semiconductors.  

Applying a numerical matrix diagonalization scheme to the degenerate valence 

band effective mass approximation, Hu [51] showed that, in addition to these small 

energy shifts, the Coulomb interaction modifies the selection rules. He argued that, in the 

sense that Coulomb interactions affect electron-hole pairs, the term exciton can be used 

“loosely”[51] for one-pair states, and biexciton for two-pair states in the strong 

confinement regime. But it is important to understand that, besides Coulomb-induced 

shifts and different selection rules, there are no additional excitonic peaks in the 

absorption spectrum of strongly confined QDs as could be observed in weakly confined 
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QDs or in the bulk. Calculations of the radial distribution functions of the electron and 

hole clearly show that the Coulomb interaction pushes the hole to the center, and the 

electron to the side. It is this asymmetry that creates a change in selection rules. On the 

other hand, the strictly positive biexciton binding energy increases with the confinement, 

proving that Coulomb effects do matter in the strong confinement regime. The biexciton 

binding energy δE2 is defined as: 

δE2 = 2 E1 – E2        (2.13) 

where E1 and E2 are the exciton and biexciton ground state energy. Without taking the 

interaction into account, the binding energy vanishes with confinement. This issue had 

been previously explored by Efros[52] and Takagahara[53]. 

These two modifications brought by Coulomb interaction imply nonlinear effects 

for the quantum dots. The best proof for the role of biexcitons [54-57] resides in the 

induced absorption of the high energy side of the lowest transition in differential 

transmission spectrum (DTS) experiments previously observed by Peyghambarian.[58, 

59] DTS compares the transmission of a white, ultrafast probe pulse before and after a 

stronger, monochromatic ultrafast pump pulse. The coupling between non-degenerate 

heavy- and light-hole bands (in the 4-band model) induces significantly different radial 

distribution functions for the holes[39], and causes the ground-state exciton energy to 

decrease.[60] Coupling, as confinement, also increases the binding energy of the 

biexciton. The biexciton binding energy in CdSxSe1-x was measured by DTS [61] and fit 

to Hu’s model, and both contributions from Coulomb interaction and light- and heavy-

hole band couplings were observed in two-photon absorption experiments in CdS.[62]  
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The fine structure of the band-edge exciton in CdSe and CdTe quantum dots, 

defined as the first electron-hole pair, was also investigated.[49, 63] In the effective mass 

approximation, it is eightfold degenerate. This degeneracy is lifted by three phenomena. 

First, perturbation theory shows that an elliptical shape of the quantum dot splits the 

exciton state in two fourfold degenerate states.[41] The separation increases with 

confinement, and depends on the ratio of the hole effective masses. The average energy 

of the exciton does not shift though. Second, in the particular case of CdSe, the wurzite 

crystal structure causes splitting of the exciton as well.[64] Third, because confinement 

increases the overlap between electron and hole wavefunctions, it tends to increase as 

well their exchange interaction.[65] This interaction creates splitting of the exciton as 

well.[66, 67] When considered together, these three effects result in the eightfold 

degeneracy being split between five states.[49] Those states are denoted FU,L, where F is 

the projection of the total angular momentum, and U and L denote upper and lower. The 

states are ±2, ±1U,L, and 0U,L. Because photons cannot have a momentum of ±2, these 

states are optically passive. Calculations of the optical excitation or recombination 

probabilities reveal that in CdTe the upper 0 and ±1 states are optically active, the lower 

0 state is optically passive, and the lower ±1 states are passive in spherical dots and active 

in elliptical dots. The size dependence of the energy levels of the eight states is shown on 

figure 7. It is worth noting that, in CdTe spherical crystals, the exciton state is split 

between only a higher energy, threefold degenerate, optically active state and a lower 

energy, fivefold degenerate optically passive state. The optically active states are deemed 

“bright excitons” while the optically passive states are deemed “dark excitons”. 
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Experimental evidence of the bright excitons was found in photoluminescence excitation 

(PLE) and fluorescence line narrowing (FLN) measurements.[63] These techniques help 

reduce broadening due to sample inhomogeneities. Photoluminescence experiments, once 

corrected for a shift due to crystal size distribution,[49] reveal coupling between the LO-

phonon and the dark ±2 excitons. The long decay of the dark exciton was observed under 

magnetic field.[66] 

 

 

Figure 7: Size dependence of the exciton sublevels [49] 
 

2.4 Role of traps and surface states 

 It is well known that in bulk semiconductor crystals, impurities and defects, even 

at low concentration, can dramatically alter the properties of the crystal by introducing 

donor or acceptor states in the bandgap. Indeed, the broad luminescence peak at long 

wavelengths often observed in QD-doped glass is attributed to deep trap levels.[68] It has 

been shown [69] that bulk wurtzite CdSe surfaces have surface valence bands created by 

lone Se pairs just below the top of the valence band. Moreover, surface Cd atoms also 

create states, but further in the conduction band. Bawendi [70] argued that these hole 
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surface states mix with the lowest hole confined state as confinement occurs. The hole 

would be localized on the surface. In fact, he argued [46]  that the observed 100 ns 

photoluminescence emission decay of chemically prepared [71] CdSe quantum dots was 

too long compared to the estimated ns decay of a purely radiative recombination of a 1se-

1sh transition. He attributed instead PL emission to the localization of carriers on surface 

states. This hypothesis had been evoked earlier.[72, 73] The mixed surface-confinement 

hole states create a broad, deep-trap band, explaining the observation of a second, 

broader, longer wavelength peak in photoluminescence experiments.  

However, Bawendi later dismissed this surface model. First, he tested it with 

transient differential absorption (TDA) experiments [74] on high quality colloidal CdSe 

samples. It was found that the strength of the narrow bleach peak and the long radiative 

lifetime of the photoluminescence peak are in contradiction in the surface state model. 

However, if the fine structure of the exciton level is taken into account, it can be argued 

that the slow decay time is explained simply by inefficient coupling of the ±2 dark 

excitons and phonons. Second, in a different set of experiments, he compared the 

luminescence of high quality samples that had received various surface treatments.[75] 

The independence of the data on the surface treatment and the good fit with the fine 

structure of the exciton led the authors to dismiss the surface model. 

More recent data tends to suggest that, even though intrinsic surface states do not 

play a role as stated above, induced surface traps do. The spectral dependence of PL 

decay times in CdSe QDs as well as low PL intensities indicate the dominant role of 

surface traps.[76] The surface was also found to play a role on the quantum efficiency of 
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the room temperature PL emission of CdTe QDs.[77] Indeed, fast grown colloidal CdTe 

with excess surface Te have lower PL quantum yield than quantum dots created in 

dynamic equilibrium.[78] Traps can also be formed in semiconductor-doped glasses if the 

stoichiometry between Cd and Te is not respected.[79] Evidence of excess Te can be 

found in the transmission spectrum, while excess Cd is seen in the PL spectrum. Kang 

[80] noted the importance of the surrounding medium for a quantum dot since glass 

modifiers in the matrix provide defect sites. Klimov  was able to separate the contribution 

from holes and electrons to the decay rate in glass-doped [81] and colloidal [82, 83] CdSe 

QDs and suggested that holes relax through intrinsic trap sites while electron relaxation is 

driven by surface defects, though not by crystal size.  Finally, recent up-conversion, or 

anti-Stokes, photoluminescence of CdTe quantum dots was attributed to surface states 

[84-86], and more generally localized trap states,[87] but the eventual role of the fine 

structure of the exciton was not discussed.  

 

2.5 Phonon effects 

 The role of phonons in the continuous-wave (cw) and ultrafast optical properties 

of quantum dots has been investigated. Electron-phonon effects in bulk semiconductors 

are well known,[88, 89] and in II-VI semiconductors in particular, intraband carrier 

cooling is accomplished mostly through electron – longitudinal optical (LO) phonon 

longitudinal interaction, via Froehlich coupling.[90, 91] This relaxation mechanism is 

made possible because of the quasicontinuous nature of the electron and hole dispersion 



 

35
 

curve and because the LO phonon curve is relatively flat. In quantum dots, the bands are 

discrete, and their energy separation increases with confinement. Therefore, multiple 

phonons would be required for energy relaxation, slowing down the process 

considerably. This should create a “phonon bottleneck”.[92, 93] However, many studies 

report no slowdown consistent with this bottleneck for electron relaxation,[82] though it 

has been observed for holes in CdSe.[94] The following paragraph will address this 

discrepancy. 

   

2.6 Auger effects 

The energy released by the relaxation of an electron to a lower available state in 

an atom, or electron-hole pair recombination in a quantum dot, can result in the emission 

of a photon or a phonon, or into the autoionization of the atom or QD, as shown on figure 

8. This latter mechanism is called Auger process.[95] Autoionization of the quantum dot 

results in the ejection of an electron or hole into a trap state on the surface of the quantum 

dot [96] or in the glass matrix. The carrier can also be promoted to one of the higher 

confined levels with the emission of a phonon or absorption of a phonon to satisfy energy 

conservation.[97] The Auger process is responsible for the slow decay [98] in the cw PL 

intensity of QD-doped glasses: two-photon excitation of the QD [99] leads to its 

ionization through Auger recombination of one electron-hole pair. The ionized QD 

cannot luminesce because the extra electron or hole absorbs the energy released by 

subsequent electron-hole recombinations. Luminescence can only occur after thermal 
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diffusion of the ejected carrier back to the QD.[95] The initial two-photon absorption of 

this process makes it intensity dependent. 

The Auger process considerably speeds up the relaxation of the non ejected 

carriers in QDs and has been found to break the aforementioned phonon bottleneck,[81, 

100] resulting in actual recombination rates on the order of picoseconds. Numerical 

evaluation [101] and experimental measurements [99] of the Auger recombination rate in 

CdS QDs show that it rapidly increases when the crystal radius decreases, and varies as 

1/aν, with ν varying from 3,[97] to 5 to 7.[95, 101] This is due to different reasons. First, 

Auger transitions are governed by electron-electron Coulomb interactions, therefore, they 

should be more important as confinement increases. Second, momentum conservation 

rules in the bulk are replaced by laxer angular momentum conservation rules at the QD 

boundaries. Finally, the surface to volume ratio is important because the carrier has 

maximum kinetic energy on the surface, making it more likely to be ejected. 

If the quantum dot samples are treated like bulk samples, i.e. if a large number of 

electron-hole pairs are considered, the Auger decay rate is a cubic process since it 

involves three particles, and it can simply be written as –CN2.[102] This model gives 

satisfactory fits to photoluminescence measurements,[103] pump-probe 

measurements,[104] and more sensitive transient degenerate four-wave mixing and 

nonlinear absorption experiments.[105] Even if  quantum dots with no more than four 

electron-hole pairs are considered,[97] and the rates of decay from 2-pair states, 3-pair 

states, and 4 pair states are carefully separated, the cubic dependence is confirmed. 



 

37
 

 

Figure 8: Auger autoionization mechanism: the energy released by the recombination of the first 
electron-hole pair is used to eject the electron in a contiuum of states on the surface or in the 
surrounding glass matrix 
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CHAPTER 3 

EXPERIMENTAL TECHNIQUES 

 

3.1 Sample fabrication 

 Films were deposited by a previous student [106, 107] and heat treatment was 

performed for this study. The following paragraph will provide an overview of the 

fabrication process. More details can be found in [106]. 

 The samples consisted of CdTe crystallites dispersed in a glass thin film on a 

glass substrate. Silica slides were used as the substrate. The film was deposited using a 

dual-source R-F magnetron sputtering technique, which worked as follows. The 

deposition chamber is pumped by a turbomolecular pump to a 10-6 Torr vacuum. Two 

substrates are alternatively exposed to two targets. The relative exposure time, or duty 

cycle, will eventually determine the final film composition, and the two compositions 

will be complementary. Each substrate is placed on an anode, and is facing a target, 

which is placed on a cathode. The chamber is filled with Argon gas at a pressure of 3 

mTorr, with a flow of 20 sccm. A voltage is applied between anode and cathode. Because 

both substrate and target are insulating, the voltage cannot be DC, but is rather at 13.57 

MHz, in the radio frequency part of the electromagnetic spectrum. The voltage creates a 

self-sustaining plasma at the cathode in the following manner: secondary electrons are 

ejected from the cathode, collide with and ionize argon atoms, which in turn bombard the 
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cathode and create secondary electrons. Bombardment of the cathode by argon ions is 

responsible for the sputtering process, i.e. ejection of atoms from the target towards the 

substrate. The plasma, and thus the deposition rate, is controlled using two main 

variables: voltage and argon pressure. A high voltage means high electron kinetic energy 

resulting in a higher number of collisions per electron. Gas pressure must be high enough 

so that the electron mean free path is kept small and the number of collisions is 

maximized. However, if the gas pressure is too high, the energy of the bombarding ions 

will decrease, and, separately, the number of impurities will increase. But the gas 

pressure may be kept low if the electron trajectory can be maximized and confined. This 

is accomplished with a magnetic field in the cathode area. 

 The targets used were 99.999% CdTe and Pyrex 7740. The voltage was adjusted 

for the deposition rate to be 1 Ǻ/s. The duty cycle was adjusted for a 5% volume CdTe 

composition. 88 cycles were used, and the final film thickness was approximately 2.2 

µm. Rapid thermal annealing (RTA) was performed in the chamber using a halogen lamp 

for 30 s at 515 C. Finally, the samples were heat treated in a tube furnace at 600C and 

650C for up to 18 hours. 

 Heat treatment 

Sample 1 RTA 

Sample 2 RTA + 2 hours at 600 C 

Sample 3 RTA+ 14 hours at 600 C 

Sample 4 RTA + 18 hours at 650 C 

Table 1: Heat treatment of the various samples. 
 



 

40
 

3.2 Sample characterization 

3.2.1 Transmission spectroscopy 

3.2.1.1 Instrumentation 

 The transmission spectrum of the samples was recorded using a double-beam 

Perkin-Elmer Lambda 950 spectrometer from the ultraviolet to near-infrared region. The 

region of interest actually lies in the red. The UV end was chosen so results could be 

easily compared to previously published data on blue shift due to confinement at the L-

point [108], and the spectrum was measured in the NIR because the low absorption in this 

region simplifies the task of fitting interference fringes. The reference sample was a bare 

substrate, identical to the one on top of which the films were deposited. The absorption 

coefficient was calculated using the model described in the following paragraph. 

 

3.2.1.2 Multiple beam interference model 

The multiple beam interference from a parallel film known as Fabry-Perot 

oscillations is well known and its solution in terms of the Airy function is derived in 

textbooks such as [109]. However, the geometry of the problem is generally a thin film 

with air on both sides. This symmetry is lost if the thin film is deposited on a thick 

substrate such as shown on figure 9. An expression for the transmittance of the entire 

assembly is derived in the following paragraph. 
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Figure 9: Interference on a thin film deposited on a subtrate 
 

The beam propagates in the film at an angle θ with the normal. The phase change 

δ undergone by the electric field after each roundtrip in the film is: 

δ = 2π / λ0 2 n d cos θ        (3.1) 

In addition, the field is attenuated according to Beer’s law after each roundtrip by a factor 

of e-αdcosθ. The transmitted field Etf just after the film can be calculated by the geometric 

sum as: 
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In the case of normal incidence (θ=0), polarization does not matter, and the transmission 

and reflection coefficients can be taken as the parallel coefficients. Furthermore, 

absorption in the film can be accounted for by using the complex index of refraction for 
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the film: n* = n + iκ, where κ = α λ0 / (4π). The phase of the transmission coefficients can 

be discarded since equation (3.2) will be multiplied by its complex conjugate. The 

coefficients are as follows:  
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If no film is on the substrate, the transmission coefficient at the first air/substrate 

interface is: 
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Multiplying equation (3.2) by its complex conjugate, recognizing that cosδ=1-2sin2δ, and 

dividing by equation (3.7) squared, we obtain an expression similar to the Airy function: 
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Where T is the total transmittance of the film and the substrate, TS is the transmittance of 

the substrate alone, and T0 and F are given by: 
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In a final important remark, it can be shown that, if n = nS (1+x) where x <<1, and in the 

absence of absorption, the normal transmittance can be written as: 
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In other words, if the substrate’s index is known but the parameter x and the film 

thickness are unknown, the fringe amplitude is proportional to x, and the fringe spatial 

frequency is proportional to (1+x)d, if the dispersion of the film follows the dispersion of 

the substrate. 

 A solution for GeO2-SiO2 films deposited on a SiO2 substrate is given in reference 

[110] that takes into account the index dispersion of the substrate and the film. In the 

presence of index dispersion, the fringe spacing varies and the resulting absorption curve 

becomes difficult to analyze without a good guess of the index of dispersion of the film. 

If the substrate is silica glass, its index dispersion is known. [111]  

 

3.2.2 Photoluminescence measurements 

 Photoluminescence measurements were performed at room temperature using an 

argon ion operating at 514 and 488 nm laser and a Raman spectrometer. The light source 

was a Spectra-Physics 2020 laser. It is a multi-line continuous-wave argon ion laser 

operating at a maximum power of 1W. This laser was chosen because of its relatively 

high photon energy. The gain medium is low-pressure Argon gas tubes.[112] A plasma is 

created by collision of the argon atoms with electrons generated by a heated cathode. A 

magnetic field is needed to keep the electrons within the plasma tube. The high 

temperature of the plasma requires important water cooling. Electron collisions excite the 

atoms to the actual Ar+ ground state. Further collisions pump the ions to excited states. 

The ion and the excited state form the ground and the highest level of a four-level laser. 

Various levels between the two are available, resulting in a variety of lasing wavelengths 
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between 400 nm and 600 nm. The cavity is a stable 2-mirror cavity, to which a prism was 

added for single-wavelength operation. The laser was used at 514 nm and 488 nm. 

 The spectrometer was a Jobin-Yvon Horiba LabRam HR coupled to an Olympus 

IX microscope. The laser beam is first filtered for plasma lines by a dielectric filter. A 

computer-controlled neutral density filter wheel lets the user adjust the beam intensity. 

The beam is then reflected off a holographic notch filter centered on the laser wavelength 

and adjusted at the optimum angle towards the microscope. The microscope objective is 

used to focus the excitation laser line and for collection of the scattered and luminesced 

light. A CCD camera was used for sample and beam alignment. That light follows the 

same path as the laser beam toward the notch filter where it is transmitted, and where the 

Rayleigh line is filtered by reflection. The actual spectrometer is a Czerny-Turner 

monochromator. The incident light was focused on the computer-controlled entrance slit. 

A first cylindrical mirror collimated the scattered light toward a grating. The dispersed 

spectrum was then imaged by a second cylindrical mirror onto a thermo-electrically 

cooled CCD. 

 Laser alignment was checked daily. A sample of silicon wafer was placed under 

the microscope. A red diode located below the CCD turned on, and the grating was 

rotated to the diode wavelength, so it could be imaged on the monitor. Two external 

routing mirrors were adjusted so the laser would focus on the same spot as the diode, and 

so that the defocused beam’s airy pattern was uniform in intensity.  Spectrometer 

calibration was performed daily using the grating’s zeroth order and a well known line 

(here, the silicon line at 520 cm-1).  
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3.3 Ultrafast measurements 

3.3.1 Laser system description 

A schematic of the laser system is provided in figure 1. It had three main stages. 

First, 80-fs long ultrafast pulses but low in energy (10 nJ pulse energy) were generated 

using a Ti:sapphire oscillator. The pulses then had to be amplified in a second stage in 

order to seed an optical parametric amplifier needed to generate the tunable pulses.  

 

Figure 10: Laser system 

3.3.1.a. Ultrafast pulse generation 

The laser used to pump the oscillator was a Spectra-Physics Millenia Vs.[113] It 

is a solid-state continuous-wave laser emitting at a wavelength of 532 nm and at a 

specified power of 5 W. The gain medium is a neodymium-doped yttrium vanadate 

crystal (Nd:YVO4). The active medium is the Nd3+ ions, and it is used in a four-level 

Millenia Vs 
Solid-state, 
frequency-doubled laser 
532 nm 
CW, 5 W 

Tsunami 
Ti:Sapphire oscillator 
800 nm 
Mode-locked, 82 MHz, 80 fs, 10 nJ 

Two fiber-coupled 
laser diode bars, 
CW, 20W each 

Spitfire 
Regenerative amplifier 
800 nm 
Pulsed, 1kHz, 100 fs or 2 ps, 1 mJ 

TOPAS 
Optical parametric amplifier 
Widely tunable, 533 nm – 13 um  
Pulsed, 1kHz, 100 fs or 2 ps, 5-200 uJ 

Evolution 
Nd:YLF,  
frequency doubled laser 
527 nm 
Q-switched, 1kHz, ns, 10 mJ 



 

46
 

transition scheme. This medium is itself optically pumped using two 20 W diode bars 

lasing at a wavelength in the neighborhood of 810 nm, matching one of the absorption 

bands of the Nd3+ ions. The advantage of laser diode pumping over the older flash lamp 

technique resides in better pumping efficiency due to better spectral overlap, resulting in 

much lower heat generation, as well as longer lifetime of diodes over flash lamps. The 

laser diodes are coupled to a fiber optic bundle for delivery of the laser beams to the 

vanadate crystal, where they are focused so as to match the Millennia’s mode for efficient 

pumping. The vanadate crystal’s laser transition occurs from the 4F3/2 to the 4I1/2 

transition, resulting in a photon emission at 1064 nm. [add band diagram ? Weber p8] 

Green light is obtained by frequency-doubling of the 1064 nm photons. An intracavity 

temperature-tuned lithium triborate crystal is used for that purpose. Chaotic noise 

problems usually associated with that technique are addressed in part by increasing the 

cavity’s length, resulting in a much higher number of axial modes, thus averaging out the 

noise in individual modes. Finally, the green light is coupled out using a dichroic mirror. 

The actual ultrafast pulses were generated using a Spectra-Physics Tsunami laser. 

It is a mode-locked, Ti:Sapphire laser operating at a wavelength of 800 nm, a repetition 

rate of 82 MHz and a typical pulse energy of about 10 nJ. The gain medium of the laser is 

a Ti3+-doped sapphire (aluminum oxide) crystal, and the active medium is the titanium 

ions. It is the medium of choice for ultrafast applications because it has broadband, 

homogeneously broadened gain.[112] This need is dictated by Heisenberg’s uncertainty 

principle, or it can be understood by a simple Fourier transform between time and 

frequency spaces. Sapphire is also known for its very good mechanical (high hardness 
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and rigidity) and thermal (high thermal conductivity) properties. The ground state 2T2 as 

well as the first excited state 2E of the T3+ ions consists of a series of overlapping 

vibrational levels, effectively consisting of homogeneously broadened bands. Absorption 

of the 532 nm pump photons occurs between the lowest of the 2T2 states and some higher 

2E states. These states then rapidly relax to the lowest states within this band. Photon 

emission occurs during the decay from this state to a variety of the ground states, which 

finally relax to the lowest ground state. Therefore, the crystal behaves like a 4-level 

system with a broad gain curve. Wide gain is necessary for obtaining ultrashort pulses.  

The cavity was designed so as to allow a high number of harmonics to travel in 

phase so that they can overlap and form ultrashort pulses. The first step is to obtain a 

maximum of longitudinal modes. This is possible by maximizing the cavity length, 

which, under usual constraints of space in a laboratory environment, resulted in a cavity 

folded in Z. The reason behind this requirement is that the longer cavity (i.e. a high 

number of longitudinal modes), the lower the repetition rate of the laser, resulting in 

higher energy per pulse.  

A second important component of the cavity is a group velocity dispersion (GVD) 

compensation mechanism. Because 100 fs pulses are up to 15 nm wide in wavelength, 

dispersion of optical cavity elements causes bluer harmonics to see longer optical paths 

than redder harmonics, effectively stretching the pulse at each pass. This is called group 

velocity dispersion. Hence a device is required to compensate for this path difference. 

Spectra-Physics uses a set of four silica prisms arranged as shown on figure xxx. Prisms 

have the advantage of being very efficient dispersive optical components contrary to 
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gratings. Because the index for the red harmonics is lower than that for the blue 

harmonics, they undergo less deviation when they travel through the first prism. The 

second prism sets the harmonics parallel to each other again but separated in space, while 

the last prism pair is arranged symmetrically to the first one, and recombines the 

harmonics in space. However, the blue harmonics have traveled a shorter optical 

distance, allowing them to catch up with the red ones. Translating the middle prisms in 

and out of the beam lets the user tune the amount of GVD compensation to obtain the 

shortest pulse, while a slit located in the middle of the two lets the user select which 

harmonics to use, therefore tune the pulse central wavelength. 

The third crucial cavity element is an active mode-locking device in order to keep 

the harmonics in phase. This is achieved with an acousto-optic modulator (AOM), 

consisting of a quartz crystal attached to a piezoelectric transducer. The transducer can be 

used to create a standing acoustic wave across the crystal, creating a phase grating. Since 

the grating diffracts some of the beam power, it creates sufficient loss to prevent any 

lasing in the cavity. Hence the AOM can be seen as a controllable optical switch. Lasing 

is possible only when the AOM is off. The switch is not used to build up gain in the 

cavity, but rather to force all the harmonics to be in phase. The AOM turns on and off at 

the cavity’s natural repetition rate, and only opens to let the pulse travel back and forth 

within the cavity. To ensure proper mode locking, the AOM’s frequency is driven by a 

photodiode inside the cavity. This technique is called regenerative mode locking. 

The output of the Ti:Sapphire oscillator was reflected off a beamsplitter to seed a 

regenerative amplifier. The transmitted portion of the beam was fed into a spectrum 
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analyzer. This ensured that the pulses had sufficient bandwidth and - most important - 

that there was no continuous-wave (CW) breakthrough. Such breakthroughs may damage 

the amplifier and are very hard if impossible to detect using autocorrelation techniques. 

 

 

3.3.1.2. Pulse amplification 

The laser used to pump the regenerative amplifier is a Spectra-Physics Evolution 

X. It is a solid-state, Q-switched laser operating at a wavelength of 527 nm, a repetition 

rate of 1 kHz, and an average power of up to 10 W. Pulse duration is on the order of the 

nanosecond. The gain medium is a neodymium-doped yttrium lithium fluoride crystal 

(Nd:LiYF4 or, more commonly, Nd:YLF), and the active gain medium is the Nd3+  ions. 

Just like in YVO4 crystals, the lasing transition is between the 4F3/2 and 4I1/2 levels, but 

they are 1054 nm apart here. Again, the gain medium is pumped by laser diodes. 

However, they are placed in the cavity, on the sides of the rod. The laser light is 

frequency doubled by an intracavity lithium triborate crystal, which, when used with a 

dichroic filter transmitting the green, acts as an output coupler. Pulses are generated with 

the help of an AOM acting as a Q-switch. First, the AOM is turned on, creating high 

losses in the cavity. The laser diodes are kept on as well, progressively pumping the laser 

rod, and building up gain. Because the upper energy state has a relatively long lifetime 

(470 us), energy can be stored on that level. When the AOM is turned off, the gain far 

outweighs the losses in the cavity, generating a giant pulse. 



 

50
 

The regenerative amplifier is a Spectra-Physics Spitfire. It outputs 100 fs long 

pulses at a wavelength of 800 nm, with a maximum energy of 1 mJ at a repetition rate up 

to 1 kHz. It is seeded by the Tsunami and pumped by the Evolution. The main issue with 

regenerative amplifiers is that the amplified pulse peak power is so high that it self-

focuses in the Ti:Sapphire rod resulting in damage if the amplifier was directly seeded by 

the oscillator. The solution, called chirped pulse amplification, consists first in stretching 

the pulse’s duration before amplification of its spectral components, and then in 

compressing the amplified pulse to its original duration. The seed enters the stretcher 

after going through a Faraday isolator. The main component of the stretcher is a grating 

which is passed four times by the beam. The grating is set up so that after the four passes, 

the bluer harmonics have traveled a longer path than the redder harmonics, and all the 

harmonics are recombined in space.  

The stretched beam is then seeded into the amplifier. [add final length of the 

beam]  The amplifier is a stable laser cavity whose gain medium is a Ti:sapphire rod 

pumped by the Evolution laser. Gain saturation is obtained when the pulsed passed the 

laser rod about twenty times. This is achieved using polarization optics controlled by 

timing electronics. The seed enters the cavity in the s polarization reflecting off the laser 

rod at Brewster’s angle. An input Pockels cell located between the rod and the first cavity 

mirror is turned on as soon as the pulse passed it for the first time. From this point, it 

behaves as a quarter-wave plate. When coupled to the action of an intracavity quarter-

wave plate, this rotates the pulse polarization to the p orientation, trapping the pulse in 

the cavity. Pulse buildup is monitored by a fast photodiode located after one of the 
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mirrors. After about 20 passes, an exit Pockels cell located close to the other cavity 

mirror is turned on, rotating the polarization back to the s state, triggering ejection of the 

pulse by an intracavity polarizing beamsplitter. The amplified pulse is then directed to a 

compressor, similar in principle to the stretcher, but set up with inverse GVD. The final 

pulse duration is 100 fs, as measured by a single-shot autocorrelator. 

 

3.3.1.3. Tunability 

Tunability was obtained with a Quantronix TOPAS. It is an optical parametric 

amplifier (OPA) capable of generating pulses from 1.1 µm to 2.6 µm, which can be 

frequency-doubled down to 550 nm. Pulse energies vary from a few to 100 µJ depending 

on the wavelength. Optical parametric generation is a second order nonlinear optical 

phenomenon where two photons, signal and idler, are generated from one pump photon. 

Conservation of energy states that the sum of the frequencies of the signal and idler is 

equal to the frequency of the pump. Momentum conservation (or phase-matching 

condition) states that the vector sum of the signal and idler momenta is equal to the 

pump’s momentum. Since the nonlinear crystal is typically birefringent, it needs to be 

tuned by rotating it to achieve phase matching. In optical parametric amplification, the 

crystal is seeded by the signal in presence of the pump, and these result in the generation 

of the idler and in amplification of the signal.  Devices taking advantage of this 

phenomenon are OPAs and optical parametric oscillators (OPOs). In OPOs, the nonlinear 

crystal is located in a resonant cavity, so that parametric generation can be obtained from 
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rather weak pumps. On the other hand, OPAs do not have a cavity, though they require 

strong pump peak powers, and are therefore easier to align.  

The TOPAS is an OPA built around a beta-barium borate (BBO) crystal, which is 

passed 5 times. The BBO crystal is located on a rotation stage. The first pass is used for 

superfluorescence generation, which is preamplified in the absence of the pump in the 

two subsequent passes. The signal frequency is selected with a grating after the third 

pass, and the last two passes are used for parametric amplification of the signal with the 

pump. A quartz compensation plate fixed to the same rotation stage as the BBO is used to 

make up for the displacement of the beam due to BBO rotation. The output of the 

TOPAS is the sum of a vertically polarized signal pulse with a wavelength from 1.14 µm 

to 1.6 µm and an horizontally polarized idler pulse with a wavelength between 1.6 µm 

and 2.6 µm. A second BBO crystal may be used at the TOPAS exit for frequency 

doubling of the idler or the signal. The pulses are separated using filters. 

 

3.3.2 Pump-probe apparatus description 

 The pump-probe apparatus is shown on figure 11. After the pulse intensity is 

attenuated by a neutral density filter, the pump and probe pulses are separated by a plate 

beamsplitter. The pump beam is reflected towards a fixed delay line while the probe 

beam was transmitted toward a computer-controlled, motorized, variable delay line. The 

translation stage was a Micro-Controle MM2000. It has 10 cm travel with a resolution of 

5 µm. In this configuration, this translates in a total delay of 666 ps with a resolution of 

33 fs. Care was taken during the alignment that the beam was in the delay line’s 
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translational axis. The reflective element was chosen to be a set of two orthogonal 

mirrors instead of a 90 degree prism for two reasons. First, dispersive elements add 

unnecessary GVD and therefore create pulse broadening. Second, the separation needed 

between the incident and backreflected beams was too large for cost-effective prisms. 

Care was taken as well to set the mirrors in an orthogonal fashion. Proper alignment of 

the delay line was verified when no deviation in the backreflected beam was observed in 

the far-field as the stage was moved. A neutral density filter was added after the variable 

delay line to adjust the pump-to-probe intensity ratio. Both pump and probe pulses were 

recombined on the second beamsplitter with a separation distance of 4 mm. This was 

necessary to ensure that the beams were separated on the signal detector. One half of the 

energy was directed at a detector that served as reference, while another half was directed 

at a 5 cm focal length lens. The lens focused both pulses on the sample, located near to 

the focal point. Pump and probe overlap was observed on the screen located at 16 cm of 

an extra microscope objective focused on the sample’s front end. The microscope 

objective was removed after the initial alignment and a detector was placed in the path of 

the transmitted probe while the pump beam was blocked with a black surface. 

 The detectors were chosen to be Newport 818-SL. They are large-area silicon 

photodiodes. Each was connected to a transimpedance amplifier. This circuit allowed the 

detectors to be used in the photovoltaic mode, that is, with no bias. This ensures that dark 

current is virtually eliminated, thus keeping shot noise to a minimum. The second 

function of transimpedance amplifiers is current-to-voltage converters. A capacitor is 

needed for circuit stability. In order to suppress noise due to undersampling, a first-order 
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active low-pass filter had to be added after the amplifier to keep the signal’s bandwidth 

below half the acquisition card’s sampling rate. The circuits were made with off-the-shelf 

components available from mainstream electronics stores, and printed on a circuit board. 

The acquisition card was a National Instrument DAQ.  

The software was written in LabView. Its function was to adjust and record 

experimental parameters, operate the motorized stage, read the acquisition card, perform 

some digital signal processing (DSP) and statistical analysis at each step, and save the 

results to a file. The acquisition time was typically 400 to 800 ms, compared to the laser 

repetition rate of 500 Hz. Therefore, each acquired waveform contained several hundred 

pulses. The DSP feature had two noise rejection filters, one for high-frequency, and 

another one for low-frequency noise. The low-frequency rejection filter was used because 

of lights in the lab that could not be shut off, such as front panel diodes and computer and 

oscilloscope monitors. The traditional approach that consists in applying a high-pass filter 

in the frequency domain could not be used here because the pulse-to-pulse variation of 

the laser is contained in these low frequencies. Instead, advantage was taken from the fact 

that the pulses actually had a low duty cycle. The software detected pulses, and used the 

dead time between pulses to calculate a baseline signal, which was then subtracted from 

the waveform. The second DSP module was a matched filter. Its purpose was to clean the 

waveforms of electronic noise in the circuit and cables. The pulse shape was recorded 

prior to the experiment, and the waveform was cross-correlated with this ideal pulse 

shape. The obtained waveform had a different shape, but that was not a problem since the 

technique is linear. Peak intensities were then measured for both the signal and reference. 
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Pulses whose intensities varied by more than a predefined percentage of the median value 

were discarded. Remaining signal and reference pulses were carefully matched, and the 

signal-to-reference ratio was calculated for each pulse. Finally, the average value and the 

standard deviation of the signal, reference and ratio were calculated and written to file. 

The software also allowed live monitoring of the ratio average, signal average and 

reference average plotted as a function of the time delay, as well as the signal and 

reference waveforms. 

 

 

 

3.3.3 Experimental procedure 

 The Millenia was turned on first and left to warm up for at least 15 minutes as its 

shutter was closed. The shutter was then opened so the Spitfire could warm up. After 5 
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Figure 11: Optical layout of the pump-probe apparatus 
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minutes, the Spitfire’s AOM was turned on to mode-lock the laser. The Evolution was 

then turned on. After an additional 15 minutes, the Tsunami’s central wavelength and 

bandwidth were checked on the oscilloscope and the Spitfire’s input shutters were 

opened. Both Pockels cells were turned on, and the whole system was left to warm up for 

another 30 minutes. If the power was sufficient, the TOPAS shutters were opened, and its 

output energy was checked at 1500 nm. The TOPAS was then tuned to the desired 

wavelength, and delay stages inside the OPA were adjusted for optimal power if 

necessary. The OPA’s output was blocked and it was left to warm up some more. 

Meanwhile, the sample was placed on a translation stage whose axis was parallel to the 

lens optical axis. A collimated white light source was set up to illuminate the sample 

through the lens. A 40X long working distance microscope objective was set up on the 

translation stage behind the sample. A screen was placed about 16 cm behind the 

objective. It was focused on the sample front end by observing a dot written with a thin 

marker. When this was accomplished, the routing mirrors were adjusted so the beam 

went through the irises’ centers. The pump and probe beams were observed on the screen, 

and the beamsplitter was adjusted so the pump was aligned on the probe. A proper neutral 

density filter was then placed in the path of the probe. The microscope objective was 

removed, and the signal detector was carefully aligned in the probe beam path. An 

adequate filter was placed in front of both detectors so their peak voltages would be in the 

same range between 100 mV and 5 V. This was necessary because the acquisition card’s 

gain is the same for both channels. The software was started. Proper gain was chosen, the 

laser repetition rate, the electronic pulse duty cycle, the acquisition time, the translation 
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stage speed, step, direction and maximum travel were entered. The pulse shape was 

recorded and stored for the matched filter. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 Transmission spectroscopy 

4.1.1 Calculation of the absorption coefficient of the film  

The transmission spectra in the UV to NIR regions of the four samples were 

normalized with regard to the substrate. The resulting spectra are shown on figures 12 

and 13. To distinguish between Fabry-Perot oscillations due to the thickness of the film 

and actual absorption features from the film, the spectra were fitted in Mathematica to the 

simple Airy-like model discussed in III.2.1.b. The index of the glass substrate was 

assumed to follow the dispersion formula for fused silica [114-116] given in the 

following Sellmeier equation: 
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where λ is in microns. The film index was written as: 

 n = nS ( 1 + x + y2 / λ2 )       (4.2) 

where x is unitless and y has the unit of the wavelength. This expression has the 

advantage of limiting the number of fitting parameters to only two constants, and its form 

recognizes that the dispersion curve shapes are more likely to depart close to the 

bandgap, that is, at shorter wavelength. It turned out that in the analysis, y could be kept 

null. Therefore, only two parameters remained: x and the film thickness d. 
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 The strategy for fitting had three steps. In the first step, the fringes in the low 

absorption NIR region were used to find rough values for d and x. As shown by equation 

(2.11), the fringe amplitude is proportional to x while the fringe frequency is proportional 

to (1+x)d. Equation (2.8) with no absorption was simply fitted to the measured data. In 

the second step, the fringe periodicity in the visible region was used to find a better value 

for (1+x)d. The measured transmittance data was smoothed by a moving average 

algorithm covering five points. Then the second derivative with regards to the 

wavenumber was calculated. This operation filtered out many of the spectral features 

while keeping the fringes. The second derivative of equation (2.8) was calculated with an 

arbitrary absorption coefficient and an arbitrary x, and the fringes were matched by 

adjusting (1+x)d. An example for the first two steps is shown on figure 14. In the last 

step, equation (2.8) was solved numerically for α for each data point. Each set of data 

only took 2-3 seconds on a laptop. The derivative να ~/ dd  was plotted, and x and (1+x)d 

were successively adjusted to reduce the amplitude of the remaining fringes until they 

were reduced to a minimum. Differentiating the absorption coefficient with respect to the 

wavenumber is convenient because the wavenumber is directly proportional to the photon 

energy and the result is unitless. Again, the derivative brings out the unwanted 

interference fringes, making them more detectable. The absorption spectra are shown in 

figure 15, and the derivatives are shown on figure 16. 



 

60
 

 

0

0.4

0.8

1.2

1.6

300 400 500 600 700 800 900

Wavelength (nm)

Tr
an

sm
itta

nc
e

Sample 1
Sample 2
Sample 3
Sample 4

 

Figure 12: Normalized transmittance of the four samples about the visible. For clarity, the spectra 
are separated by a constant of 0.2 
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Figure 13: Normalized transmittance of the four samples in the near infrared. For clarity, the spectra 
are separated by a constant of 0.05 
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Figure 14: Examples of fitting x and d to the data (a) in the NIR, low absorption region (x=2.5%, 
d(1.x)=2.34 µm, and, (b) in the visible region, using second derivatives ( d(1+x)=2.352 µm ) 
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Figure 15: Calculated absorption coefficients of the four films around the visible region. For clarity, 
the spectra are separated by a constant of 1500 cm-1 
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Figure 16: Calculated absorption coefficient derivatives  of the four films around the visible region. 
For clarity, the spectra are separated by a constant of 0.5 
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4.1.2 Absorption spectrum analysis 

 Three features clearly appear on the derivative of the absorption coefficient on 

figure 16. Potter [117] attributed the lowest energy transition to the lowest transition at 

the Γ-point. It is clear from the graph that, as confinement increases (sample 4 to 1), the 

transition is shifted to higher energies as expected. Potter defined the transition energy as 

the maximum of the first derivative of the absorption spectrum. He measured it for a 

variety of samples of varying average radii. He showed that the transition energy varies 

as 1/a2 for medium-sized QD samples with radii ranging from 2.2 nm to 12 nm. The 

dependence seems to reach an asymptotic curve for smaller dots. This is due to the non-

parabolicity of the bands and to the fact that the QD well has finite barriers. The 

transition energies measured here however fall in the range of the parabolic 

approximation. Therefore, one can simply calculate the average dot radius from his best 

fit linear curve, provided that the same definition of the transition energy is used, that is, 

the position of the lowest energy extremum in the derivative of the transmission 

spectrum. The transition energy is related to the average size by the formula: 

 
2

8.143
5342.1

a
Etransition +=        (4.3) 

where E is in eV and a in Å. 

 Schmitt-Rink [2] showed that the imaginary part of the electric permittivity of a 

single quantum dot in the strong confinement regime is inversely proportional to its 

volume and to the square of the photon energy. The absorption coefficient, on the other 

hand, is proportional to the product of the photon energy by the imaginary part of the 
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permittivity.[118] If the homogeneous broadening of the transitions is neglected, the 

absorption coefficient of a distribution of QDs is therefore: 

 ))((
)(

1
)(

31 EaN
EEa

AE =α        (4.4) 

where A is a constant, N(a) is the size distribution, and a(E) is the radius whose 

confinement energy matches the photon energy, i.e., E is of the form E=EG+γ/a2. This 

shows that absorption grows stronger with confinement. 

 To validate the absorption data, the calculated absorption coefficient spectra of 

samples 1, 2 and 3 were fit to equation 4.4. However, because of the broad size 

distribution and the overlap of the higher excited states above the bandgap, the absorption 

coefficient itself carries little information. Fitting its first derivative to the first derivative 

of equation 4.4 is much more sensitive because it shows sharper features. The size 

distribution was assumed Gaussian with standard deviation σa. Potter’s value was used 

for the bandgap of the bulk, and the average radius was calculated as described in the 

above paragraph. For each sample, the fitting parameters were A, σa and the confinement 

parameter γ. The energy of the first confined level of the mean radius QD E0 for each 

sample was calculated from these parameters. The parameters are listed in table 2 along 

with the transition energies and calculated average radii. The parameter γ shows little 

change, indicating that a small correction to the bandgap must be made. The radii 

standard deviations are growing with heat treatment as expected, and vary from 15% to 

40%. Potter measured standard deviations of 20% in TEM of extraction replica.[107] The 

curve fitting for sample 4 is subject to large errors for several reasons. First, its transition 
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energy is close to the noisier part of the spectrum where the change of detector occurs in 

the spectrometer, and the first derivative is even noisier. Second, the size distribution for 

this sample would be rather large, causing important inhomogeneous broadening. Third, 

the average dot is large, which means that the higher excited states are close to the first 

one, and it becomes hard to resolve the first state. However, the spectrum does not 

contradict the trend seen on figure 17; a point was on the graph, but its margin of error 

was very large. The results of the curve fitting are shown on figure 18. 

The energy of the first level of the mean dot is plotted on figure 17 versus 1/a2, 

along Potter’s transition energies and the theoretical prediction by Efros and Rosen [48] 

based on the 8-parabolic band model. It was fitted to the following equation: 

21

25.183
5404.1

a
E +=         (4.5) 

where E is in eV and a in Å. The energy of the mean dot is systematically larger than 

Potter’s transition energy because the latter energy is defined as the maximum of the first 

derivative of the function N(a(E))/a3, whereas the former is the maximum of N(a(E)); E0 

cannot be read directly from the absorption spectrum nor its derivative. The deviation 

between the measured energy and predictions such as Efros’s were attributed by Potter to 

Coulomb interactions.[106] 
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Figure 17: Energy levels. Red: Efros model. Blue: Fitted mean radius energy. Green: Potter's 
transition energy 
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Figure 18: First derivative (left) and absorption coefficient (right) curve fittings. From top to bottom: 
sample 1 to 4.  
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4.2 Photoluminescence 
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Figure 19: Normalized photoluminescence spectra 
 

The photoluminescence spectra of the four CdTe QD samples are shown on figure 

19. Their intensities were adjusted for the peaks to be equal. The excitation source was 

the 514.5 nm line of an argon ion laser. Peak intensities were showing a slow time decay, 

with a time constant in the order of tens of seconds. Using the 488 nm line gave similar 

PL spectra, with a shift of less than 2 nm to the blue for samples 1, 3 and 4. The PL peak 

of sample 2 was shifted 3 nm to the red. Considering the much larger FWHM of the 

peaks, the time decay of the intensity, and the fact that each spectrum necessitated several 

acquisitions to cover the entire spectral range, those shifts are subject to instrumental 

error. The peak positions show the usual blue shift from sample 4 to 1 due to 
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confinement. The peaks were recorded until 950 nm, close to the band edge of the 

instrument’s CCD. No long wavelength peak was observed in that range. This indicates a 

lack of deep traps in the nanoclusters.  

Besides a shoulder on the blue side of the peak for sample 3, the peaks appear to 

be symmetrical, and their shape is a mix between a Lorentzian and a Gaussian curve, 

suggesting that neither homogeneous nor inhomogeneous broadening is dominant. The 

symmetry of the peaks shows that not all QDs in each sample participate to the PL 

process. This is due to the fact that if the size distribution is Gaussian, and therefore 

symmetrical with respect to the radius, it is not symmetrical with respect to energy, since 

the energy increases with the inverse square of the radius. The excitation source is 

spectrally narrow, causing size selection of the quantum dots for the photoluminescence. 

That is, only the QD whose sizes verify, in first approximation, Eexcitation = EG + γi / a
2, for 

each transition, are excited, and therefore can relax to the lowest state and radiatively 

decay from there. This can’t explain however why, in particular, sample 4, which 

contains the largest mean dot and the largest standard deviation of dots, does not have 

either multiple peaks at higher energies, or a broader overall peak, due to the wide dot 

size distribution. Absorption in the film would certainly play a role attenuating those 

higher energy peaks, but the film is thin, and the absorbance is still low, even just above 

the first transition, thus this cannot explain alone the symmetry of the peak. 

 The PL peaks are plotted on figure 20 with the calculated absorption coefficients 

and their contribution to the first transition. The peak is systematically shifted to the red 

with regards to the band edge absorption and the energy of the mean dot. Ochoa [119] 
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reported similar red shifts and FWHM for similar CdTe QDs. The Stokes shift is 

attributable to three different phenomena, none of which however can explain the peak 

shape. First, Efros [49] pointed out that the excitation probability is proportional to the 

product of the absorption coefficient and the volume, for excitations far above the band 

edge. This causes the larger, red-shifted dots to play a more important role in the PL 

spectrum than in the absorption spectrum. Wider size distributions cause a larger shift. 

The proposed mechanism in this case being excitation to a high energy level matching the 

excitation phonon energy, relaxation to the lowest level, and radiative recombination of 

the electron-hole pair. The second proposed mechanism takes into account the fine 

structure of the first energy level. The higher sublevels, called bright exciton states, 

possess most of the oscillator strength, and are responsible for the absorption spectrum, 

while electron-hole pair recombination occurs through the lower sublevel, dubbed dark 

exciton. However, the calculated separation between dark and bright exciton levels is 20 

meV at most in 2 nm radius CdTe QDs, depending on the shape.[49] Finally, though the 

role of intrinsic surface states was dismissed by Bawendi, Ochoa [120] observed the 

presence of tellurium precipitates on the surface of CdTe QDs that were submitted to 

long heat treatments. These trap states though are expected to quench the 

photoluminescence though, and the observed PL peak is actually stronger in samples with 

smaller QDs. 

 The symmetry of the peak can be attributed to three phenomena. First, as noted 

above, the dependence on the volume of the PL favors larger dots over smaller ones, 

diminishing the relative importance of the dots in the tail of the 1/a2 distribution. Second, 
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the Auger effect also quenches PL in smaller dots, as it is proportional to values between 

1/a3 to 1/a7. Finally, phonon broadening must be taken into account at room temperature. 
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Figure 20: Compared absorption coefficient spectra (orange), contributions of the first transition to 
the absorption coefficient, and photoluminescence spectra. 
 
Sample Absorption 

coefficient 
first 
derivative 
peak 
position 
(eV) 

Mean 
radius (A) 

Normalized 
standard 
deviation (%) 

Fitted 
mean QD 
energy 
(eV) 

PL peak 
position 
(eV) 

PL 
FWHM 
(eV) 

1 1.855 21.17 15 1.943 1.894 0.144 
2 1.743 26.24 23 1.816 1.759 0.144 
3 1.637 37.40 29 1.674 1.665 0.124 
4 1.573 60.88 40 1.584 1.589 0.105 
Table 2: Optical properties of the CdTe samples 
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4.3 Ultrafast measurements 

 Pump-probe experiments were first conducted on sample 2 at wavelengths from 

670 nm to 740 nm in increments of 10 nm. This allowed the probing of the first excited 

electron-hole pair of narrow distributions of quantum dots with radii ranging from 24.3 Å 

to 36.8 Å. The pulse length of about 100 fs translates into an estimated pulse bandwidth 

of about 10 meV depending on spectral shape, which in turn corresponds to variations in 

size between 1.6% and 3.5% in the probed QD population. The differential transmission 

was recorded as a function of the delay. It is written ∆T/T0 = ( T(t)-T0 ) / T0, where T(t) is 

the transmission of the sample when the probe is incident on the sample with delay t after 

the pump, and T0 is the transmission when no pump is applied. For small transmission 

changes, the differential transmission can be related to the absorption coefficient as 

follows: 

 l))((
)(

0
0

αα −−=∆
t

T

tT
       (4.6) 

where l is the sample thickness. 

4.3.1 Three-level model  

Because the data clearly shows biexponential decay, a simple, three-level model 

as shown on figure 21 was first used to interpret this data. In this model, the pump 

initially excites the QDs from the ground state G with population NG(t) to the excited 

state B. The carriers may either directly decay from B to G with the recombination rate 

RB→G, or to the lower state A with recombination rate RB→A. QDs in the state A then 
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decay to the ground state with the recombination rate RA→G. The absorption coefficient 

for the probe is then proportional, in first approximation, to the population difference 

between the ground state and state B. The rate equations for the different energy levels 

are: 
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       (4.7) 

where τB is the overall decay constant from level B, defined as 1/τB = RB→A + RB→G , τA 

is the decay time from level A and is defined as 1/τA = RA→G, and x is the ratio between 

the two recombination rates from level B defined as x = RB→A / RB→G. A large x ratio 

means that recombination mostly occurs through the intermediate state A, while a small 

ratio means that electron-hole recombination is mostly a direct process. For simplicity, 

Auger effects are not taken into account in this model. They will be address in a 

subsequent paragraph. The absorption coefficient for the EB-EG transition is proportional 

to the population difference between the two levels: 

)()()( tNtNt BG −∝α         (4.8) 

The measured differential transmission curves and their fits are shown on figure 

22. The results at 740 nm are not shown because no change in transmission was detected. 

This is attributed to the low concentration of dots absorbing at that wavelength, the 

differential transmission signal being lost in the noise.  The important noise present in the 

data is due mainly to poor pulse-to-pulse pointing stability of the optical parametric 
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amplifier, as qualitatively observed with a CCD camera. The low thickness of the film 

(about 2 µm) means that relatively few QDs were probed, further diminishing the signal-

to-noise ratio. 

The fitting parameters τA, τB, and x are shown in table 3. The fast decay rate τA is 

the initial slope of the differential transmission curve in logarithmic scale, the slower 

decay rate τB is the subsequent slope, and the parameter x weighs the importance of both 

contributions: a high x means that the slow contribution accounts for a large part of the 

amplitude of the decay while a small x means that the fast component amounts for most 

of the decay. 

Deep traps seem not to play a role, since no long decay time on the order of 

hundreds of picoseconds is detected. This correlates with the fact that no broad, long 

wavelength peak was observed in the photoluminescence spectra. State B, by design of 

the experiment, corresponds to the 1S3/2(h)-1S(e) electron-hole pair. State A may be 

attributed either to surface states or to a lower sublevel of the fine structure of the first 

electron-hole pair such as the dark exciton. It is generally attributed to the surface.[121-

124] 

The initial decay rate τB is about 200 fs. Similar subpicosecond decay rates have 

been observed by others in semiconductor QDs.[121-124] Measurements of the longer 

decay rate seem to be prone to error due to noise present in the system. It is of the order 

of several picoseconds. Similar experiments report slower decay rates of the order of tens 

of picoseconds.[121-124]  



 

75
 

The parameter x shows a strong size dependence, and it indicates that electron-

hole recombination through the state A is more important for smaller dots than for larger 

dots. Because smaller dots have a larger surface-to-volume ratio, we attribute A to 

surface states. However, the dependence of x on the radius is stronger than this ratio 

(itself proportional to 1/a), as shown on figure 23. Figure 23 also suggests that the 

dependence is stronger than 1/a3. Again, the controversy about the nature of state A 

should be outlined. Photoluminescence measurements[63] and studies of gain[6] have 

been assigning it to the so-called dark exciton. 

4.3.2 Considerations about Auger effects 

As stated earlier, Klimov [97] did the most careful study of the Auger effect in 

semiconductor QDs. Since the Auger effect is a nonlinear effect, summation over all QDs 

in a sample must be done carefully. In first approximation, the first electron-hole pair 

state is eightfold degenerate,[49] that is, it cannot be populated by more than eight pairs. 

The decay time τA,N when the state is populated by N pairs is proportional 1/N2. 

Therefore, there are up to eight distinct, or “quantized” Auger decay rates for QDs of a 

given size, depending on the population of the first excited state, with the fastest decay 

for the most populated QDs, and the slowest decay τA1 on the order of hundreds of 

picoseconds. Relaxation is shown on figure 21: if, for example, the dot is populated with 

4 pairs, the first pair recombines with the time constant τA4, then the second pair 

recombines with the time constant τA3 etc. Figure 24 shows the initial population of dots 

right after pumping depending on the average number of pairs per dot, assuming a 

Poisson distribution.[97] It demonstrates that the dot initial population is fairly evenly 
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distributed. The observed decay is the sum of the decays of dots with 1 electron-hole pair, 

2 electron-hole pairs, etc. Therefore, it is multiexponential by nature. Because of this 

cascade decay scheme and the initial dot population, it appears that Auger recombination 

cannot alone explain the biexponential recombination process that we observe, hence the 

necessity of using the three-level model.  

However, because of the high pump intensities used in our measurements, it 

seems reasonable to assume that Auger effects do take place. Because the Auger constant 

varies as a3, as explained in the background chapter, or even more strongly, the size 

dependence observed in the three level model can be explained in part by Auger 

recombination. Unfortunately, the low sensitivity of our experimental apparatus due to 

relatively high noise cannot resolve multiexponential decays. The experiments were 

conducted at constant pump intensity though, and  population of QDs by multiple pair is 

likely. 
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Figure 21: (a) energy diagram for the three-level model; (b) decay scheme for quantized Auger 
relaxation. Level B can hold as many as eight electrons. 
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Figure 22: Differential transmission results (red) and curve fits (blue) as a function of delay. 
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Wavelength 
(nm) 

Energy (eV) QD radius 
(Å) 

τB  
(ps) 

τA  
(ps) 

x 

670 1.851 24.3 0.2 6.0 1.03 
680 1.824 25.4 0.2 4.0 0.67 
690 1.797 26.7 0.2 4.0 0.86 
700 1.771 28.2 0.2 6.0 0.73 
710 1.746 29.8 0.2 3.5 0.30 
720 1.772 31.7 0.2 6.0 0.10 
730 1.699 34.0 0.2 6.0 0.10 
740 1.676 36.8 ---------- ------------ --------- 
Table 3: Fittig parameters for the three-level model. 
 

 

22.5 25 27.5 30 32.5 35 37.5 40

0.2

0.4

0.6

0.8

1

1.2

1.4

 

 

Figure 23: Dot radius dependence of x compared to normalized 1/a and 1/a3. The error on x is on the 
order of 10%. 
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Figure 24: Initial population of 1-pair states, 2-pair states, …, 8-pair states (from left to right) as a 
function of the average number of e-h pairs per quantum dot. After [97]. 
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CHAPTER 5 

CONCLUSION 

 

 This dissertation focused on quantum dots of CdTe made by a sputter-

deposition method. The CdTe was fabricated in alternate layers separated by Pyrex glass. 

The multi-layer films were heat-treated to form quantum dots of various sizes with mean 

radii of 21 Å, 26 Å, 37 Å and 61 Å, and distribution widths of 15-20%. These sizes are 

smaller than the exciton Bohr radius (75 Å) for CdTe, placing these quantum dots in the 

strong confinement regime.  

The blue shift of the 1S(e)-1S3/2(h) transition due to the confinement of the 

carriers was observed using transmission spectroscopy. The shift in absorption edge as 

defined by the maximum in a gaussian peak fitted to the absorbance spectrum follows the 

1/a2 behavior which has been predicted for both weak and strong confinement regimes. 

The slope of the 1/a2 dependence sits between 1/M and 1/µ (where M is the mass of the 

center of motion of the exciton and µ is the reduced mass) which are predicted for weak 

and strong confinement respectively. Potter et al. have attributed this behavior to a 

combination of finite confinement barrier height, size distribution of the quantum dots 

and mixing of the transition states. 

Photoluminescence measurements were conducted on the same set of samples and 

show bright emission. Quantum efficiency was not measured and remains a good future 

project. The photoluminescence peak was single but did not have gaussian shape. No red 
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photoluminescence associated with shallow defects was observed. For each sample, the 

PL peak was red-shifted from the fitted first absorption peak. The shift decreased with 

increasing size. It was as high as 49 meV for the sample with the smallest dots, and was 

undetectable for the sample with the largest dots. In each sample, the photoluminescence 

peak is assumed to correspond to the 1S(e)-1S3/2(h) transition.  

The red shift of the photoluminescence peak from the absorption peak may result 

from a number of causes:  

(1) The PL peak may be much broader than the absorption peak and self 

absorption may reduce the intensity of the emission at shorter wavelengths. However the 

measured PL peak is well defined and does not exhibit a long tail toward higher energy as 

expected for this process. 

(2) The PL emission may be dominated by the larger quantum dots in the 

distribution. This process is counter-intuitive since one expects that the larger QD will 

dominate in the absorption process instead. A calculation of the expected luminescence 

region based on the assumption of a 20% size distribution width shows that the observed 

luminescence is red-shifted by an additional 70 meV. It is also expected that the emission 

cross-section or PL oscillator strength will vary as the product of the volume and the 

absorption cross-section. 

(3) This leaves the postulation of an intermediate, non-absorbing state below the 

1S(e)-1S3/2(h) transition. This state has been attributed to either intrinsic surface states or 

a splitting of the 1S(e)-1S3/2(h) state into a higher energy absorbing state and a lower 

energy non-absorbing state. The current measurements could not distinguish between the 
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two proposed mechanisms. Surface states are important in the solid-state composites and 

Potter has suggested the formation of a Te-O layer at the QD-glass interface. 

Pump-probe measurements were conducted on the sample with the mean dot 

radius of 26 Å to examine the effect of QD size on carrier recombinations. The pump and 

probe frequencies were the same. The pump frequency was varied in wavelength to span 

across both the photoluminescence and the first absorption transition. In all 

measurements, the decay of transient absorption had two components: a subpicosecond 

decay followed by a decay of the order of several picoseconds. The very fast transient 

absorption decay indicates the presence of fast recombination processes in these 

materials. While sub-picosecond recombination times have been observed in other 

quantum dots, this is the first observation in thin films CdTe quantum dots. 

Unfortunately, these measurements do not exclude the presence of long-lived deep traps 

as the long time tail of the transient absorption decay curve was not studied and is left for 

future studies. 

Again, several potential mechanisms may participate in the observation of two 

decay times for the transient absorption. These include Auger recombination and a 3-

level process in which an intermediate state participates in the photo-excited carrier 

recombination. The effect of the Auger process was discussed in the paper. The 

conclusions are that Auger processes must always play a role in carrier recombination. 

However, since the excited state in CdTe is eight-fold degenerate, the sum of all possible 

Auger processes results in a broad non-exponential decay curve which is not observed 

here in the two distinct decay processes. So the Auger process is either a small 
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component of the recombination process or it occurs outside our time window at longer 

times. 

The biexponential decay behavior can be explained through a 3-state model. The 

pump excites quantum dots with lowest transition energy matching the pump photon 

energy, and the probe measures the decay of this transition in those selected quantum 

dots. The biexponential decay function then indicates that two processes compete in the 

decay mechanism, one directly to the ground state and one to an intermediate state which 

is followed to a decay to the ground state. Please note that an intermediate state transition 

was also required to fit the photoluminescence data. 

As mentioned above, the pump frequency for the sample of interest was varied 

over a range corresponding to the quantum dot size distribution. Thus for each test, a 

narrow selection of the size distribution was photo-excited. Consequently, comparing the 

results from these tests allows a study of the effect of quantum dot size on the 

recombination process. In the analysis of the data we found that fitting the decay curves 

yields little variation as a variation of QD size for, on one hand the overall decay rate 

from the excited state, and on the other hand, the decay rate from the intermediate state. 

 However the curves differed by the decay rate from the excited to the 

intermediate and ground state. A parameter x was defined as the decay rate from ground 

to intermediate states divided by the decay rate for the direct recombination from excited 

to ground states. The data showed that x increases with a decrease in the size of the 

quantum dots sampled by the pump frequency. This means that transitions to the 

intermediate state increase in probability in the smaller quantum dots of a size 
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distribution. Thus the intermediate state plays a stronger role in the recombination 

process of smaller quantum dots. 

An intermediate state between the ground state and first excited state plays a 

major role in both the PL emission and the photocarrier recombination processes. This is 

the first paper to our knowledge that analyzes the role of this state in PL and carrier 

recombination and the first to show that the intermediate state plays a stronger role in 

smaller quantum dots. Many authors have speculated that surface structure influences the 

behavior of quantum dots. Surface effects could be responsible for this intermediate state. 

Clearly the physical nature of this state is important to understanding the dynamics of 

carriers in strongly confined QDs. This is a critical question for applications of these 

composite materials in which carrier dynamics play a role, such as in photovoltaics and 

fluorescence markers. 

. 
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