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Optical Nonlinearity and Photoluminescence of  

PVA-capped CdSe Nanoparticles 

Student : Che-Yu Shen                  Advisors : Prof. Hyeyoung Ahn 

 

Department of Photonics and Institute of Electro-Optical Engineering 

 

Abstract 

In this thesis, we report the photoluminescence and optical nonlinearity of 

water-soluble PVA-capped CdSe nanoparticles with high quantum yield (around 

68%). Luminescence properties of water-soluble CdSe nanoparticles were 

studied using time-integrated and time-resolved photoluminescence (TRPL) 

measurements at room temperature. We observed the photoactivation of CdSe 

nanoparticles induced by ultrafast laser pulses. By using the Z-scan 

measurement technique, we measured two photon absorption coefficient β of 

water-soluble CdSe nanoparticles.  
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Chapter1         Introduction 
 

1.1    Nanoparticles 

In recent years, nanotechnology becomes more and more important in 

many aspects of science. With the quick improvement of the colloidal science 

and nanoparticle inspection technology, nanoparticles, whether in basic 

scientific researches or advanced technology applications are subject to 

considerable attention and their applications have made great progress. 

 

 

 

 

 

 

Fig. 1-1  The scale of things 

[http://cohesion.rice.edu/centersandinst/cnst/nano.cfm] 
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In nanotechnology, a nanoparticle is defined as a small object that sizes 

between 1 and 100 nanometers (nm=10-9 m)[1]. In general, the nanoparticles 

consist of about ten to one million atoms. As the size become small, the fraction 

of atoms on surface becomes large. (see Fig.1-2) These nanoparticles bridge the 

gap between small molecules and large crystals, as well as enable the 

exploitation of the useful properties of materials. 

 

 

 

 

 

 

 

Recent study on nanoparticles found that material properties of substances 

in such a small scale appear different from those of the bulk, thus allowing the 

material to have many new applications. When the size is confined in this small 

range, three different effects have been found to occur, (1) surface effect [1] (2) 

quantum confinement effect [1] , and (3) size quantization effect [2] . 

 

Fig. 1-2  Fractions of atoms on the nanocrystal surface are plotted against the 

total number of atoms [1]. 



3 

 

1.1.1  Surface Effect[1] 

The surface effect means that as the crystal becomes smaller, the number of 

atoms on the surface increases, which can also impact the optical properties. 

Compare to bulk, the ratio of surface area and volume of nanoparticles is large, 

which allows a high surface energy. Because of the increase in the number of 

surface atoms, incomplete bonds within the crystal lattice and dangling bonds 

increase so that the surface atoms become unstable, highly reactive, and easily 

react with other atoms. The impact of the surface effect includes the nature of 

adsorption, catalytic and chemical properties, melting point and sintering 

temperature and changes in the mechanical properties of materials. For these 

reasons, the surface defects of nanoparticles with high surface-to-volume ratio 

strongly affect the optical properties of nanoparticles, such as the carrier 

relaxation and recombination sites. It will directly affect the luminescence 

properties of nanoparticles, and cause nonlinear optical effects. Therefore, if the 

surface quality of nanoparticles is improved, the quantum efficiency would be 

effectively improved. 

 

1.1.2  Quantum Confinement Effect[1] 

In the macro view of the semiconductor materials, the space of exciton 

movement is not confined, so that the electron-hole pair separation is easy, and 

nonradiative relaxation would occur in the lattice defect. If the particle size is 

less than the Bohr radius (aB), the exciton movement is limited in the small 

range and their average free path becomes short. In this case, the electron-hole 

pairs generate recombination emission easily and nanoparticles show some 



4 

 

special properties, of which their optical and electronic properties are dependent 

on the nanoparticle size.  

E
n h

8m a
 Eq. 1-1 

∆E  
1
a

 a diameter Eq. 1-2[3] 

According to Eq. 1-2, as the particle size decreases, the quantum 

confinement effect increases and the energy gap moves to a higher energy, 

resulting the blue shift. On the bulk materials, since the number of atoms is large, 

the energy level spacing is very small and density of states is large. Therefore, it 

can be considered as a continuous energy band. However, for materials with the 

particle size in the nanometer scale, due to the reduction of the number of atoms, 

density of states is reduced and energy level spacing increases, and then it is no 

longer a continuous band, but non-continuous energy levels. Fig. 1-3 shows the 

molecular orbital energy level corresponding to different size of particles. This is 

called quantum confinement effect. 

 
Fig. 1-3  Molecular orbital model for different particle size.[3,4] 
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1.1.3  Size Quantization Effect[2] 

By controlling the shape, size, and structure of nanostructures, one can 

easily control the band gap, exciton binding energy, and so on. With the decrease 

of size of nanostructures, the UV-Visible absorption spectrum peak moves to the 

short wave length, and this blue shift corresponds to the size quantization effect. 

For example, the energy gap of cadmium selenide (CdSe) semiconductor bulk 

material is about 1.74 eV, while that of CdSe semiconductor quantum dots with 

the average diameter of 4.4 nm is 2.40 eV.[5] 

 

 

 

 

 

 

 

(C) 

(A) (B) 

Fig. 1-4  Characteristics of different colors of CdSe quantum dots  

(A) normalized absorbance spectra; (B) normalized PL spectra  

(λex=420nm) ; (C) images under UV irradiation and on visible light.[2] 
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1.2    CdSe 

The traditional semiconductor device manufacturing way is top-down 

process by using etching techniques for miniaturization of material. With the 

improvement of technology, component size is possible to reach sub-micron, but 

if it is decreased further to the nanometer range, manufacturing process will face 

very harsh conditions and cannot be achieved easily by the present technology. 

And recently, bottom-up process based on atoms or molecules have been 

gradually raised. 

In recent years, semiconductor nanomaterials researches are already mature 

in basic principles, preparation or applications and in particular CdSe 

semiconductor nanoparticles are well exploited [6,7,8] .  

According to the section described above, nanoparticles have a high surface 

area/volume ratio so that surface defect strongly influences the optical properties 

of nanoparticles. By using a larger gap of the organic ligand coating on the 

surface of the nanoparticles[8,9,10], or inorganic material attached [11,12,13], we can 

form a core-shell structure. It can be used to enhance stability against chemical 

degradation, and thus reduce the electron hole pair non-radiative recombination 

with the surface defects as well as reduce the nanoparticles aggregation. Most 

importantly, it can increase the quantum yield. In the following, we will 

introduce the evolution of CdSe nanoparticles and the core-shell structure 

synthesis technology.  
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1.2.1  Chemical Colloidal Method 

In 1993, from the Massachusetts Institute of Technology Murray's team 

first use of “Chemical Colloidal Method” in the organic phase synthesis of 

II-VI semiconductor quantum dots.[6] The dimethylcadmiun (CdMe2) as 

cadmium precursor, produces a single size distribution and high crystallinity of 

CdSe quantum dots. Compared to earlier “Lithography and Etching 

Processes”[18], Murray proposed a method which has a good reproducibility, and 

the ability to prepare quantum dots out of uniform size distribution. Since the 

particle size can be regulated by the reaction time in this method, spectra show a 

narrow absorption peak as well as band-edge emission peak. Following this 

success, most of synthesis of nanoparticles is practiced by using chemical 

colloidal method. However, CdMe2 is toxic and explosive. Despite the use of a 

strong coordination ability of TOP (trioctylphosphine), TOPO (trioctylphosphine 

Murray 
find 
chemical  
colloidal  

Mews 
Propose 
core/shell 
structure 

Hines 
Propose 
CdSe/ZnS 
structure 

Warren 
find  
hydrophilic 
ligand 

Fig. 1-5  Important discoveries over the years.[6,14,15,16,17] 

Peng 
improve 
chemical  
colloidal  
method 
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oxide), protection agents and solvent also have the cost and toxic problems. In 

addition, the reaction temperature up to 250 ~ 300 degrees also limits the further 

application. 

In 2001, an improved method was proposed by Peng et al. [17] of which a 

relatively low toxicity and stable CdO, Cd(AcO)2 and CdCO3 successfully used 

to synthesize CdSe, CdS, CdTe quantum dots with high crystalline quality 

quantum dots and low cost.  

 

1.2.2  Core/Shell Structure 

In 1994, Mews et al. proposed a method to produce "core-shell structure" 

of the quantum dots by chemical colloidal method, in which a layer of organic 

(or inorganic) compounds (such as zinc sulphide, zinc selenide, etc.) is added to 

the surface of quantum dots. This method limits the energy of excitation and 

then reduces non-radiative energy loss and increase photochemical stability. On 

the other hand, this method can reduce the lattice mismatch, and increase the 

efficiency of quantum dot emission. 

In 1996, Hines used CdSe quantum dots as the core with the outer nuclear 

layer of ZnS to form a core/shell structure of the quantum dots. Compared to 

original CdSe quantum dots, the quantum efficiency of CdSe/ZnS quantum dots 

was increased by 6 times. The red-shift of photoluminescence spectroscopy peak 

of CdSe/ZnS quantum dots confirms the formation of core-shell structure. 

Core-shell structure can be divided into Type-I[15,19,20] and Type-II[21] quantum 

dots according to the energy levels. (see Fig. 1-6) CdSe/CdS, CdSe/ZnS, 

CdSe/ZnSe, CdS/ZnS, ZnSe/ZnS belong to Type I. For Type I quantum dots, the 

shell energy gap is larger than the core energy gap. The shell conduction band is 
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higher than that of the core, but the shell valence band is lower than that of 

nuclear. On the other hand, for type-II including CdTe/CdSe, CdTe/CdSe, 

CdSe/ZnTe, ZnTe/CdSe, the conduction band and valence band of the shell is 

higher or lower than those of core. 

Therefore, for Type-I quantum dots, the electron and hole are confined to 

the core and they have higher probability of recombination and reduced 

fluorescence lifetime, and consequently higher luminous efficiency; but the 

Type-Ⅱ quantum dots have the completely opposite characteristics. 

 
 

 

 

(A) 

(B) 

Fig. 1-6  (A) Type-I core/shell structure (B) Type-II core/shell structure  



10 

 

1.2.3  Hydrophilic Ligand 

Even though the synthesis method of quantum dots in organic solvents has 

been developed quite completely, the reaction in toxic solvents and risk of 

pollution remain the most serious problems. So far, we have described that 

nanoparticlecs or core/shell structure by the traditional method are not soluble in 

water, indicating hydrophobic. Therefore, they are incompatible with the 

organism and their applications are quite limited. The search for the method to 

synthesize low toxicity, safe and water-soluble CdSe nanoparticle were 

gradually merged to change the quantum dot surface for hydrophilic 

modification or replacement. Goal is to synthesize low toxicity, safe and 

water-soluble CdSe nanoparticles. 

    In 1998, Nie and Chan proposed a method to modify CdSe / ZnS quantum 

dot surface by using mercaptoacetic acid and solved the problem of the water 

solubility and protein binding.[16] Zinc atoms of CdSe / ZnS outer layer bonding 

with the mercapto group let a polar-COOH coat the most outer layer and make 

CdSe / ZnS quantum dots soluble in water.  

While the above method can convert quantum dots from organic phase to 

the aqueous phase, the process of replacement of functional groups will produce 

a lot of defect to cause fluorescence quench and cause nanoparticles to fuse 

together, which makes the quantum dot fluorescence decay extremely fast and 

initiates precipitate formation and lowering of the quantum yield. 

Therefore, it is crucial to directly synthesize high-quantum-yield 

water-soluble quantum dots in biomedical or optoelectronic applications. 
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1.2.4  Applications of CdSe nanoparticle 

Compared to the general common fluorescent dyes, quantum dots have 

strong light stability and different particle size QD can emit different 

wavelengths of light with narrow spectral width and high output power. These 

unique optical properties cause a lot of attention in the quantum dots solar 

cells[22,23,24], quantum dots light emitting diodes[25,26], quantum dots biomedical 

sensors[27,28] , etc. 

1.3    Motivation 

Today, most of the high-quality CdSe nanoparticles were prepared by the 

pyrolysis of unsafe organometallic reagents in high-temperature organic solvents 

such as tri-n-octylphosphine/tri-n-octylphosphine oxide (TOP / TOPO). But this 

approach is neither suitable for large-scale synthesis nor environment-friendly. 

On the other hand, these nanoparticles are not water- soluble so that cannot be 

directly used in many applications. Recently, transfering nanoparticles from an 

organic solution into an aqueous solution by ligand exchange is a common 

method. However, this process has the defect problem as mentioned earlier. 

Therefore, a good preparation of QD nanocrystals (NCs) must have the 

following key: 

1. the direct synthesis of high-quality QDs in water solution without any harsh 

solvent exchange. 

2. the development of methods for the assembly of individual nanodots into 

functional nano-architectures that are constructed from photo-stable 

nano-clusters. 

3. the preparation of highly emissive gel or monoliths to meet specific color 

needs. 
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Recently, Prof. Kuan-Jiuh Lin and Dr. Fu from National Chung Hsing 

University found a less expensive, simpler and less toxic method to synthesize 

CdSe nanoparticles. They have developed a methodology for the directed 

self-assembly of anisotropic thiol-capped CdSe NCs from aqueous solutions into 

3D solid-state architectures that reveal unique optical properties. Water-soluble 

CdSe NCs have been successfully synthesized via a green synthetic route using 

3-mercaptoproponic acid (MPA) as the capping agent. Furthermore, the 

assembly of thiol-capped CdSe NCs from a solution into functional solid-state 

architectures was achieved using water-soluble PVA matrix as the stabilizer; this 

stabilizer can enhance the PL intensity and control the growth and morphology 

of the CdSe NCs during the photoactivation of CdSe QDs. 

Same as the common CdSe nanopaticles, this sample has strong light 

stability, size-dependent emission peak, narrow bandwidth of emission peak, etc. 

Its various applications have been mentioned in the above section, in which 

light-emitting diodes and solar cells applications and it is necessary to fully 

understand the linear and nonlinear optical effect of material itself. We used the 

photoluminescence (PL) measurement system to measure the  linear optical 

effect and the Z-scan system to measure its nonlinear optical effect.  
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Chapter2         Principles 
 

2.1    Photoluminescence System 

2.1.1  Photoluminescence System 

    Photoluminescence measurement is an indirect optical method to figure out 

the band structure and the carrier transportation behaviors in a material. The 

doping types, bandgap energy, composition of bulk material and the path of 

carrier transportation, lifetime of the nano-material can be identified in the 

photoluminescence spectrum. Therefore, the PL spectra of materials can be 

served to investigate the material quality and be a key technology of the 

development of nano-technology.[29] 

    Luminescence is a phenomenon that physical system resulting 

electromagnetic radiation due to excessive radiation or intense heat. Typical 

light-emitting process for the light-emitting devices includes three steps: (1) 

Excitation, (2) Thermal equilibrium, (3) Recombination. 

(1) Excitation：When the light incident, if the photon energy of incident light is 

equal to or exceed the energy gap, it will stimulate the valence band 

electrons across the gap to the conduction band, and generate electron-hole 

pairs. 

(2) Thermal equilibrium：The electron in higher energy state of conduction band 

will come to the lowest energy state of conduction band by nonradiative 

relaxation.  

(3) Recombination：Finally, the electron in the conduction band will return to the 
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valence band by radiative relaxation and recombination with the hole. 

 

 

 

 

In the bulk of a crystalline material, translational symmetry leads to the 

formation of electronic energy bands. Defects or impurities break the periodicity 

of the lattice and make a sub-band structure locally. The perturbation usually can 

be characterized by a discrete energy level that lies between the conduction and 

valence band. Depending on the defect or impurity, the state acts as a donor or 

acceptor of excess electrons in the crystal. Electrons or holes are attracted to the 

excess or deficiency of local charge due to the impurity nucleus or defect, and 

Coulomb binding occurs.[30] 

    If the temperature is relatively low, carriers will be trapped at these states. 

When these carriers recombine radiatively, the energy of the emitted light can be 

analyzed to determine the energy of the defect or impurity level. (see Fig. 2-2) 

Fig. 2-1  (1) Excitation.  (2) Thermal equilibrium.  (3) Recombination. 
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The sub-levels, which lie near the conduction or valence band edge, are more 

likely to participate in radiative recombination. 

 

 

 

 

 

 

 

Fig. 2-2  Radiative recombination paths: (a) band-toband; (b) donor to valence

band; (c) conduction band to acceptor.[30] 

Fig. 2-3  A typical photoluminescence spectrum. 
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    In a typical photoluminescence spectrum shown in Fig 2-3, there are two 

peaks, one for the main emission peak of the sample and the other one caused by 

the defect. Therefore, by analyzing the photoluminescence spectrum, the 

bandgap energy, impurity activation energy, and the contribution of defects can 

be identified. Furthermore, we can also get the information of the material 

structure, composition and quality which are difficult to get by general physical 

or electrical measurement method.  

 

2.1.2  Time-resolved Photoluminescence System 

The information of carrier dynamics, such as carrier recombination process 

and the fluorescence lifetime, can be obtained by measuring the time-resolved 

photoluminescence.[29]  

By using time-resolved photoluminescence system, we can also identify the 

different physical mechanism of fluorescence, especially for understanding the 

excitation and decay process of light-emitting material or component after the 

optical excitation. In addition, PL spectra from the different fluorescence decay 

process can be used to resolve the quantum structure of defects and quantum 

efficiency. 

We used the ultrashort laser pulses to excite sample and the fluorescence 

photons were measured by the single-photon detector at a specific wavelength. 

After several counts in detector, the fluorescence photon probability distribution 

appears and this distribution curve corresponds to the excitation fluorescence 

intensity decay curve I(t). (see Fig.2-4)  

Due to the response time of the single-photon detectors, our temporal 

measurement accuracy is limited to be ~20 ps. Due to the high sensitivity of 
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single-photon detector, we could compare the efficiency and lifetime of different 

samples accurately. Since the intensity of pump pulses is very low, the nonlinear 

optical effect which often causes serious artifact in pump-probe measurement 

system, can be avoided for the time-resolved photoluminescence measurement 

system. 

 

 

 

 

 

 

 

 

Fig. 2-4  The basic principle of time-resolved photoluminescence. 
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2.2    Zscan System[32,33,34] 

2.2.1  Basic Principle of Z-scan  

The nonlinear optical properties of semiconducting materials are being 

widely studied as potential components of various optical devices. There are 

many materials being observed large nonlinearities and used in demonstrating 

all-optical switching at incident photon energies nearly resonant with the energy 

gap of the material, such as InSb[35], GaAs[36], and HgCdTe[37]. Large carrier 

nonlinearities are also observed in the transparency region where the carrier 

excitation mechanism is two-photon absorption.  

    Nonlinear interferometry, degenerate four-wave mixing, nearly degenerate 

three-wave mixing, ellipse rotation, and beam-distortion measurements are the 

typical techniques to measure nonlinear-optical properties of materials. But they 

need a complex experimental apparatus or precise beam scans followed by 

detailed wave-propagation analysis. Z-scan is a single-beam technique for 

measuring the sign and magnitude of nonlinearities that offers simplicity as well 

as high sensitivity. The demonstrated sensitivity to nonlinearly induced phase 

changes is better than λ/100. 

 
 

     

Fig. 2-5  Basic experimental setup of Z-scan. 
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The basic experimental setup of Z-scan is shown in Fig.2-5. Using a 

Gaussian laser beam in a tight focus-limiting geometry, the transmittance of a 

nonlinear medium through a finite aperture placed in the far field is measured as 

a function of the sample position (z) which os measured with respect to the focal 

plane. For this measurement, a thin material with a thickness much less than the 

beam depth of focus is placed normal to the incident beam on top of a 

translation stage and the changes in transmittance is measured as the sample is 

moved from –Z to +Z with a fine resolution. 

    Z-scan technique is to use single beam to measure the nonlinear refractive 

index and nonlinear absorption. When its intensity is strong enough, the incident 

beam through an optical medium induces a self-focusing or self-defocusing 

effects due to the optical kerr effect. Under the intense photoexcitation, the 

dielectric constant ε changes with the electric field square imposed on the media. 

If we indicate it in term of the refractive index, the relation becomes 

n n
n
2

|E| n γI  Eq. 2-1 

where n0 is linear refractive index, 

E is Electric field strength, 

I is power of laser beam with sample, 

γ is nonlinear refractive index, and the nonlinear refractive index term is 

n   

 

From Eq. 2-1, one can learn that if n2 is positive, then the center of the 

sample has a higher refractive index and outer side has a smaller refractive index. 

Therefore, when the beam transmits through the sample, the sample behaves like 

a convex lens and then the beam will be focused. (see Fig. 2-6) On the other 
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hand, if n2 is negative, the sample works as a concave lens, and the beam will be 

diverged. (see Fig. 2-7) 

 

 

 

 

Therefore, when the laser beam hits the sample, and we move the sample 

from + Z to -Z, then we will be able to get the data of transmittance change with 

the position Z, due to the self-focusing or self-defocusing effects. 

Fig. 2-6  If n2 is positive, when we move the sample, will get different power of

laser beam. 

Fig. 2-7  If n2 is negative, the laser beam diveges. 
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The solid line in Fig. 2-8 is the case of the positive nonlinear refractive 

index (self-focusing material). At the –Z position, self-focusing causes the 

focusing of the laser beam before the typical focusing position (Z=0), and then 

the light is more divergent than the original at the detector and the signal can be 

lower than that at Z=0. At +Z position, the power of laser beam is stronger than 

the power at Z=0. Meanwhile, the dashed line represents the phenomena of the 

material with negative nonlinear refractive index (self-defocusing material). The 

result is exactly opposite to the self-focusing material.  

    Suppose the laser beam is a TEM00 Gaussian beam and the propagation 

direction is + Z, then the electric field can be expressed as follows 

E z, r, t E t
w

w z
exp

r
w z

kr
2R z

,   Eq. 2-2 

Fig. 2-8  The Z-scan data of transmittance change with Z/Z0.
[33] 
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where ω0 is the beam waist of TEM00 Gaussian beam, 

w z w 1  is the beam radius, 

R z z 1
Z

Z
  is the radius of curvature of the wavefront at z, 

z  is the diffraction length(Rayleigh length) of the beam, 

 is the wave vector, 

λ is is the laser wavelength, and 

E t  denotes the radiation electric field at the focus and contains the temporal 

envelope of the laser pulse. Here, 

,  term contains all the radially uniform phase variations. 

 

If the thickness of the sample is thin enough( L<<Z0 ),then the changes in 

the beam diameter within the sample due to either diffraction or nonlinear 

refraction can be neglected. Such an assumption simplifies the problem 

considerably, and the amplitude √I and phase  of the electric field as a 

function of z’ are now governed a pair of simple equations: 

dΔ
dz

Δn I  Eq. 2-3 

dI
dz

α I I Eq. 2-4 

here z’ is the propagation depth in the sample.( not be confused with the sample 

position z) and 

α I  includes linear and nonlinear absorption terms. 

 

Typically, when the nonlinear absorption is small enough, nonlinear terms 

can be ignored. Eq. 2-3 and Eq. 2-4 are solved to give the phase shift ∆  at the 
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exit surface of the sample which simply follows the radial variation of the 

incident irradiance at a given position of the sample z.  

∆ z , r , t Δ z , t exp
2r

w z
 Eq. 2-5 

with 

Δ z , t
∆ t

1 z
z

 Eq. 2-6 

∆ t ∆n t L  is the on-axis phase shift at the focus. Eq. 2-7 

L
L

 and 

L is the sample length.  

α is the linear absorption coefficient and 

∆n γI t  with I t  being the on-axis irradiance at focus(i.e., z = 0). 

     

So, the complex electric field exiting the sample Ee now contains the 

nonlinear phase distortion. 

E z , r , t E z , r , t e L⁄ e ∆ , ,  Eq. 2-8 

We can decompose the complex electric field at the exit plane of the sample 

into a summation of Gaussian beams through a Taylor series expansion of the 

nonlinear phase term e ∆  ,  ,  in Eq. 2-8.  

e ∆  , , ∆ z , t
m!

e ⁄  Eq. 2-9 

Now, we can derive the resultant electric field E  pattern at the aperture as  
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E r , t  E z , r 0 , t e L⁄ ∆ z , t
m!

w

w

exp
r

w
r

2R
θ  

Eq. 2-10 

here d is defined as the propagation distance in free space from the sample to the 

aperture plane. Assume g 1 d R z⁄ , then 

w   

d   

w w g   

R d 1
⁄

  

θ tan
⁄

  

In Z-scan mathematical calculations, this method is quite useful, because in 

Eq. 2-10, we only need a sum of several term to get the electric field E . And 

this method is also easily extended to higher order nonlinearities. 

    Then the transmitted power through the aperture can be got by integrating 

Ea ( r , t ) with the aperture radius ra,  

PT cε n π |E | rdr Eq. 2-11 

n  is linear refractive index and 

ε  is the permittivity of vacuum.  

     

Including the pulse temporal variation, the normalized Z-scan transmittance 

T ( z ) can be calculated as 
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T z
PTdt

S P t dt
 Eq. 2-12 

P t
I

 is the instantaneous input power (within the sample). 

S 1 exp  is the aperture linear transmittance. 

w  denoting the beam radius at the aperture in the linear regime. 

 

Next, we define an parameter ∆T T T  as the difference between the 

normalized peak and valley transmittance.(see Fig. 2-8) According to the 

Sheik-Bahae’s paper ,  

∆T 0.406 1 s . |∆ | for |∆ | . Eq. 2-13 

Then we can get ∆n and n2 from Eq. 2-13 & Eq. 2-7. 

 

2.2.2  Effects of Nonlinear Absorpton 

    In a large refractive nonlinearities material, commonly we can find single 

or two-photon absorption. The nonlinear absorption in such materials arising 

from either direct multiphoton absorption, saturation of the single photon 

absorption, or dynamic free-carrier absorption have strong effects on the 

measurements of nonlinear refraction using the Z-scan technique. With S=1, the 

nonlinear refraction is insensitive to Z-scan, so the coefficients of nonlinear 

absorption can be easily calculated from such transmittance curves. 

The third-order nonlinear susceptibility is now considered to be a complex 

quantity 

χ χR χI  Eq. 2-14 
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χI β the imaginary part is related to the 2PA coefficient β. 

χR 2n ε cγ the real part is related to γ. 

 

In Eq. 2-3,2-4 & Eq. 2-5, we ignore the nonlinear absorption, because it is 

small enough. Now we begin to consider it.  

α I α βI Eq. 2-15 

After a similar calculation, we can get the transmitted power through the 

aperture  

P z , t P t e L ln 1 q z , t
q z , t

 Eq. 2-16 

q z , t βI t L 1 z z⁄⁄   

P t  was defined in Eq. 2-12. 

 

For a temporally Gaussian pulse, Eq. 2-16 can be time integrated to give 

the normalized energy transmittance 

T z , S 1
1

√πq z , 0
 Eq. 2-17 

For |q | 1, this transmittance can be expressed in terms of the peak 

irradiance in a summation form more suitable for numerical evaluation 

T z , S 1
q

m 1 ⁄  Eq. 2-18 

Therefore, by Eq. 2-18, when we get the open aperture (s=1) Z-scan data, 

we can get the two photon absorption coefficient β from Eq. 2-18 with the open 

aperture (S=1) Z-scan data. 
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Chapter3         Sample Preparation 
 

All CdSe samples were prepared by Dr. Fu in Prof. Kuan-Jiuh Lin’ lab in 

National Chung Hsing University. The sample preparation processes in this 

Chapter are from Dr. Fu’s recent publication. [38,39] 

3.1    Preparation of the CdSe Nanoparticle 

3.1.1  Materials： 

 

poly(viny alcohol),MW=89000~98000  

( PVA, 99 % hydrolyzed) 
Aldrich 

Cadmiumchlorid-monohydrate reins (CdCl2·H2O) Aldrich 

Selenium powder (99.5%) Aldrich 

Sodium borohydride powder (NaBH4, 99%) Acros 

3-mercaptopropionic acid (MPA, 99+%) Aldrich 

Coumarin-1 (99%) Acros 

Tris(hydroxymethyl)aminomethane (TRIS) AMRESCO® 

1,2-ethylene diphosphonic acid(EDPA) Alfa Aesar 
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3.1.2  Procedure 

1. Se precursor：Preparation of sodium hydrogen selenide. 

Added 13.2 mg (0.2 mmol) of sodium borohydride (NaBH4) and 10.4 mg 

(0.13 mmol) of selenium powder were to a 10-mL of two-necked flask. And 

then, cooled with ice bath; air in the system was then pumped-out and 

replaced with nitrogen gas.  

Next, 1 mL of ultrapure water was added through a syringe. After 3 hours at 4 

oC, the black selenium powder disappeared, and a clear NaHSe solution was 

obtained. The typical concentration of NaHSe was 0.1 mM. 

2.Cd precursor： 

A mixture of CdCl2•H2O (46.5 mg , 0.2 mmol) , MPA (17 μl, 0.2 mmol), and 

EDPA (4.75 mg, 0.025 mmol) was dissolved in 20 mL of N2-saturated 

ultrapure water. The solution was adjusted to pH 12 with 1M NaOH, and then 

was de-aerated with N2 for 30 min. 

3. Synthesis of CdSe nanoparticles：  

CdSe nanoparticles were prepared by refluxing CdCl2•H2O and NaHSe 

precursor in the presence of a mixed ligand system (MPA and EDPA). The 

molar ratio of Cd:MPA:EDPA:NaHSe was fixed at 8:8:1:1. An oxygen-free 

NaHSe solution (0.25 mL, 0.13 mM) prepared by step 1 was quickly injected 

into the mixture prepared by step 2 accompanied by vigorous stirring. And 

then, refluxed the mixture at 90 oC for 240 min. 

4. Purification： 

The as-synthesized CdSe nanoparticles were isolated by adding an 

ethanol/acetone (2:1 v/v) co-solvent. After CdSe nanoparticles precipitating, 
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centrifugated the solution at 4000 r/min for 10 min. Then repeated the above 

steps three times , the last time replaced by acetone to facilitate drying. 

Finally, added the purified CdSe nanoparticles into 0.25 M pH = 8.8 Tris-HCl 

buffer. 

5. Formation of CdSe@PVA gels. 

For gelation, a mixture of CdSe in 0.25 M of TRIS-HCl buffer (0.2 mL) and 

0.6 mL of 5% (w/v) PVA in H2O was stirred at room temperature under 

ambient fluorescent lighting for 43 h.  

6. Preparation of CdSE@PVA. 

(1) CdSe 1.0 ml + PVA 3 ml, stirred for 1 hr 

(2) in over vacuum  at 60 oC for 4 hrs. 

(3) Then wait for 1 day 

(4) Hydrothermal  at 60 oC for 6 hrs, wait 2 days in air. 

(5) Then immersed in water for 52 hrs 

(6) in over vacuum  at 60 oC for 4 hrs. 

(7) The final production 

 
 
Fig. 3-1  (a) Se precursor (b) Se precursor. 
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3.2      List of Samples 

Sample Type CdSe PVA Buffer 

A CdSe with buffer   tris-HCl 

B CdSe with buffer   PBS 

C Pure CdSe    

D Pure CdSe    

E CdSe@PVA gel 1 ml 0.5 ml tris-HCl 

F CdSe@PVA gel 1 ml 3 ml tris-HCl 

G CdSe@PVA gel 0.2 ml 2 ml tris-HCl 

H CdSe@PVA gel 0.2 ml 6 ml tris-HCl 

I CdSe@PVA gel 1 ml 3 ml PBS 

J CdSe@PVA film 1 ml 3 ml  
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Chapter4       Experiment & Result 

4.1    Photoluminescence and Timeresolved 

Photoluminescence System 

4.1.1  Experiment Setup 

 

 

 

 

 

1. Excitation Laser : Ti:Sapphire Laser from Coherent (Chameleon), center 

wavelength: 700~890nm, max power: 2 W pulse width: 120fs, repetition 

rate: 82MHz. For above bandgap energy excitation, 350~445 nm laser 

pulses were obtained by using the second harmonic generation technique. 

2. M : dichroic mirror. 

3. L : focusing lens. 

Fig. 4-1  Photoluminescence and time-resolved photoluminescence system 

 setup. 
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4. BS : beam-splitter. 

5. Detector1 : USB2000 Miniature Fiber Optic Spectrometer. Use to measure 

the PL spectrum. 

6. Detector2 : measure the TR-PL data. 

7. Monochromtor : MS257 from Newport. It is a completely automated, 

efficient 1/4 m instrument, with enough versatility to satisfy most 

spectroscopy applications.  

8. APD : single-photon detector from MPD 

 

The setup of the photoluminescence and time-resolved photoluminescence 

system is shown in Fig. 4-1. A Ti:Sapphire laser or an amplified Ti:Sapphire 

laser is used to drive this system. The laser pulses with the center wavelength at 

800 nm are frequency-doubled by using a nonlinear crystal BBO to photoexcited 

the samples above the bandgap energy. Emitted light from the sample is divided 

into twopaths, one to photoluminescence system and the other one to 

time-resolved photoluminescence system. Time-resolved PL is measured by 

using single-photon counting method, while time-integrated PL is measured by a 

spectrometer with photodiode array.   
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4.1.2  Result 

 
 

  

Fig. 4-2 shows the normalized PL intensity of three different samples. The 

sample C and D are pure CdSe nanoparticles with water, respectively and 

prepared with different reaction time in synthesis. The peak position of sample C 

locates at a longer wavelength that that of sample D. Since the reaction time of 

sample C is longer than that of sample D, the particle size of sample C is 

supposed to be larger than that of sample D and the shifted PL peak position of 

sample C and D may be due to the different particle sizes. Because of Size 

Quantization Effect, the peak position of sample D is red-shifted. Sample J has 

the same composition with sample C, but adding PVA and in the form of film so 

that there is no water in this PVA film. Besides the main peak, samples C and D 

Fig. 4-2  Normalized PL intensity of sample C , D , J. 
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have another weak and broad peak at the longer wavelength sides. This broad 

peaks may be due to the defects existing on the surface of CdSe 

nanoparticles .[40] Sample J does not have apparent defect-related PL peak. 

Next, we expose the sample C and J to UV light source, and compare the PL 

spectrums at different excitation times. 

 

 Fig. 4-3  PL spectrum of sample C with different excitation times.  
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In Fig. 4-3, we can find that the defect-related PL peak of sample C 

becomes smaller with the increase excitation time, while the main PL peak 

intensity first decreases and then increases as the exposure time increases. For 

sample J, however, the main peak intensity continuously decreases with the 

increase of exposure time and there was no significant defect-related peak. We 

refer this phenomena to “Photoactivation theory” [40,41] . 

 

 

 

 

 

Fig. 4-4  PL spectrum of sample J with different excitation times. 
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The Photoactivation of water-soluble nanoparticles can be broadly divided 

into three steps. 

1. By photo-oxidation, the surface thiol groups produce disulfide molecules, 

which are water-soluble and readily removed from the nanoparticles surface 

and dissolved into the aqueous solution. And then nanoparticles will stick 

together to form aggregates of nanoparticles. In this process, H2O or 

surfactant molecules have probability to be absorbed to the nanoparticles 

surface and passivate surface defects. As a result, PL intensity gradually 

increases. 

Fig. 4-5  Schematic picture of the mechanism of the photoactivation reaction

occurring on water-solube CdSe nanoparticles and changes on PL intensity

observed during this pathway. 
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2. Photo-oxidation of the nanoparticles surface to form a SeO2 layer as a result 

of the transfer of absorbed energy to the surface of nanoparticles and 

following oxidation of surface Se. 

CdSe + O2          Cd2+ + SeO2 Eq. 4-1 

This oxide layer passivates the surface defects and leads to a large increase 

in photoluminescence. 

 

3. When the excitation times become very long, oxidative dissolution of the 

nanoparticles occurs and SeO3
2- and Cd2+ ion are desorbed from the QD 

surface. 

CdSe + H2O + O2      Cd2+ + SeO3
2- + 2H+ Eq. 4-2 

The SeO2 layer gradually disintegrates, and exposes to new surface defects. 

As the nanoparticle surface is destroyed gradually, the PL intensity also 

decrease gradually. 

 

While the similar process is observed for sample C in Fig. 4-2, in the case 

of sample J, the photoactivation process was not obviously observed in sample J 

in the form of film without water molecules.  

Next, in order to understand the relation between photoactivation and 

CdSe/PVA ratio, we compare the PL spectrums of four samples with different 

CdSe/PVA ratios. 

hν 
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Fig. 4-6  Total PL intensity change with excitation time of sample E. 

Fig. 4-7  Total PL intensity change with excitation time of sample F. 
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Fig. 4-8  Total PL intensity change with excitation time of sample G. 

Fig. 4-9  Total PL intensity change with excitation time of sample H. 
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    Fig. 4-6~4-9 show the total PL intensity versus excitation time of samples 

E, F, G. and H. The samples E, F, G, and H have different CdSe/PVA ratio, 2/1, 

1/3, 1/10, 1/30, respectively. The PL intensities of samples F, G, and H increase 

by photoactivation, while that of sample E monotonically decreases as the 

excitation time increases. The enhancement of PL intensity in sample F, G, and 

H are ×1.8, ×8.96, ×4.79 after light exposure of 45 min, 38 min, 5 min, 

respectively and the highest enhancement was observed for sample G (CdSe: 

PVA = 1:10). (see in Fig. 4-7)  

Meanwhile, the high CdSe ratio (sample E, and F) will lead to the 

quenching effect and reduce the PL intensity. In the case of low concentration of 

CdSe, although the quenching effect is not obvious, the particles are too far 

away from each other so that the enhancement is still difficulty.[42] Our results 

show that the sample G has the best ratio of CdSe/PVA to balance these 

problems and enhance the PL intensity. For sample G, the concentration of PVA 

is large enough and after photoactivation PVA can protect CdSe nanoparticles 

effectively and prevent disintegration of SeO2 layer. Therefore, the oxidative 

dissolution is less obvious and the PL intensity decays slowly. So, we propose a 

modified process for our case (see Fig. 4-10). 
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1. The CdSe nanoparticles are capped by PVA. By photo-oxidation, the surface 

thiol groups produce disulfide molecules, which are water-soluble and 

readily removed from the nanoparticles surface and dissolved into the 

aqueous solution. And then nanoparticles will stick together to form 

aggregates of nanoparticles. In this process, H2O, PVA or surfactant 

molecules have probability to be absorbed to the nanoparticles surface and 

passivate surface defects. As a result, PL intensity gradually increases. 

 

2. Photo-oxidation of the nanoparticles surface to form an SeO2 layer as a result 

of the transfer of absorbed energy to the surface of nanoparticles and 

following oxidation of surface Se. 

Fig. 4-10  Modified photoactivation reaction. 
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CdSe + O2          Cd2+ + SeO2 Eq. 4-3 

This oxide layer passivates the surface defects and leads to a large increase 

in photoluminescence. 

 

3. When the excitation times become very long, oxidative dissolution of the 

nanoparticles occurs and SeO3
2- and Cd2+ ion are desorbed from the QD 

surface. 

CdSe + H2O + O2      Cd2+ + SeO3
2- + 2H+ Eq. 4-4 

The SeO2 layer gradually disintegrate, and exposes to new surface defects. 

As the nanoparticles surface is destroyed gradually, the PL intensity also 

decrease gradually. 

 

4. If we expose the CdSe nanoparticles to UV light source in a very long time. 

The “wall” form of PVA between CdSe nanoparticles will be broken by the 

laser pulses. And then nanoparticles will stick together to form aggregates of 

nanoparticles. 

 

 

 

 

 

 

 

 

 

hν 



43 

 

 

 

 

 

Fig. 4-11  PL spectrum in different excitation times of sample E. 

Fig. 4-12  PL spectrum in different excitation times of sample F. 
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Fig. 4-13  PL spectrum in different excitation times of sample G. 
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Fig. 4-14  PL spectrum in different excitation times of sample H. 
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    In order to confirm that photoactivation effect can indeed reduce the 

surface defect, we compared the PL spectrum at different excitation times of 

each samples. In Fig. 4-12, 4-13, and 4-14, the defect-induced PL peak has 

decreased with the increase of excitation time.  

Furthermore, we also used time-resolved PL (TR-PL) of sample G and H to 

measure the time constant and understand the recombination process of carriers 

and plotted in Fig. 4-15. The decay time constants of TR-PL signals are obtained 

from the fitting to the experimental data with the double exponential functions. 
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 Fig. 4-15  Time-resolved photoluminescence curve of sample G,H. 
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    In Table. 4-1, we show the time constant of sample G and H obtained at 

two different excitation times corresponding to the time at the highest PL peak. 

Sample G and H have one thing in common, which is when the PL peak is the 

highest, PL signal has only one time constant. This may be due to that after the 

completion of the photoactivation, the surface defects of CdSe nanoparticles 

have been replaced by SeO2 layer and the carriers have only one recombination 

channel. This can confirm that the photoactivation actually can reduce the 

surface defect and enhance the PL intensity.  

     

Moreover, Ref. 40 showed that mention the wavelength of laser and photon 

energy plays an important role in photoactivation. So we change the wavelength 

of laser from 365 nm to 400 nm, and repeated the same experiment to 

investigate the relation of wavelength and photoactivation. 

 

 

 

 

 Excitation time   

Sample G 
0 min 5.38591 0.68674 

38 min 4.81212 

Sample H 
0 min 3.74298 0.54484 

5 min 3.53771 

Table. 4-1    Time constant of sample G,H 
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Fig. 4-16  Total PL intensity change with excitation time of sample G at 400

nm. 

Fig. 4-17  Total PL intensity change with excitation time of sample H at 400

nm. 
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Fig. 4-18  Time-resolved photoluminescence curve of sample G,H. 
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Figure 4-16 and 4-17 show that when the wavelength of laser is changed 

from 365 nm to 400 nm, the photoactivation still exists and it reduces the 

surface defect. Compared to the results measured with 365 nm excitation laser 

pulses, the enhancement of PL intensity of the sample G and H is smaller and it 

takes longer time to reach the highest PL peak. It may be due to that the photon 

energy of 400 nm is smaller so that the absorbed energy transferred to the 

surface of nanoparticles becomes smaller. Then the production of SeO2 layer 

becomes more difficult and results in the reduction of PL intensity enhancement 

and longer excitation time to the highest PL peak.  

 Excitation time   

Sample G 
0 min 5.43195 0.80586 

60 min 4.77284 

Sample H 
0 min 8.57092 0.97587 

8 min 5.8104 

Table. 4-2    Time constant of sample G,H 
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4.3    Zscan System 

4.3.1  Experiment Setup 

 

 

 

1. Laser : i. Ti:sapphire laser, wavelength: 800nm, max power:  

400 mW, pulse width: 120 fs, repetition rate: 82 MHz. 

ii. amplified, Ti:sapphire laser, wavelength: 800 nm,  

max power: 1.5 W, pulse width: 160 fs, repetition rate: 1 kHz. 

2. M : silver mirror. 

3. ND : ND Filter, ND1 is used to adjust the incident laser power, ND2 is used 

to prevent the saturation of detector. 

4. C : chopper. 

5. L : focusing lens. 

6. P : pinhole. 

7. F : edgepass filter, only let 800nm laser pass, block off the 520nm light 

emitted by CdSe. 

Fig. 4-19  Z-scan system setup 
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    The setup of the Z-scan system is shown in Fig. 4-19. A Ti:sapphire laser or 

an amplified Ti:sapphire laser is used to drive this system. A motorized 

translation stage is used to move sample from +Z to –Z with the spatial 

resolution of 10 μm. In order to increase the signal to noise ratio, an optical 

chopper and lock-in amplifier are used. In order to keep the thickness proper to 

measure Z-scan, a glass cell with the gap of 1 mm was prepared to hold the 

liquid state of CdSe samples. (see Fig. 4-20) We chose the glass cell which is  

amorphous to prevent the occurrence of optical nonlinear effects by the focused 

intense laser pulses.  

 

1 

 

 

 

 

 

 

 

Fig. 4-20  Glass cell. 
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Prior to measure the CdSe sample, we measured the nonlinearity of ZnTe 

which has a large nonlinear coefficient and its value is already well known. 

Figure 4-21 shows the typical Z-scan trace of ZnTe and the nonlinear 

coefficients measured by our system. In our case, the two-photon absorption 

coefficient β we measured is 24.7 cm/GW, which is consistent with that of 16 

cm/GW in the literature.[43]
 

 
 

 

 

Fig. 4-21  Normalized transmittance with S=1 of ZnTe. 
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4.3.2  Result 

 

 

 

Fig. 4-22  Normalized transmittance with S=1 of sample A. 

Fig. 4-23  Normalized transmittance with S=1 of sample B. 
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Fig. 4-24  Normalized transmittance with S=1 of sample F. 

Fig. 4-25  Normalized transmittance with S=1 of sample I. 
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Figures 4-22 and 4-23 show the normalized transmittance signals from 

sample A and B, Cdse nanoparticles with tris-HCl and PBS as buffer, 

respectively, measured with the open aperture (S=1). Figure 4-24 and 4-25 are 

the Z-scan traces of sample F and I , CdSe nanoparticles with PVA with tris-HCl 

and PBS as buffer, respectively. Unamplified laser (Tsunami) was used as the 

light source for the measurement of sample A and B. Meanwhile the 

measurement of sample F and I was done with the amplified laser system 

(Spitfire) in order to get the measurable signal-to-noise ratio.  

In these experiments, we estimated their two-photon absorption coeffcient 

β by Eq. 2-18.  

T z , S 1
q

m 1 ⁄  

q z , t βI t L 1 z z⁄⁄  

L
1 e L

α
 

First, we measure the absorption of sample A and B by UV/Vis absorption 

spectrometer. In the Fig. 4-26, the absorption of samples with Tris or PBS as 

buffer at 800 nm is 0. So, the Leff is equal to the thickness of cell 0.1 cm.  
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Tsunami Spitfire amplifier 

Power of 

Laser 
Sample A Sample B

Power of 

Laser 
Sample F Sample I

50 mW 15.9302 12.116 400 μW 0.049 0.0328 

40 mW 16.0967 12.7239 300 μW 0.047 0.0334 

30 mW 16.1667 12.7293 200 μW 0.0469 0.0315 

20 mW 15.8594 12.3866 100 μW 0.0488 0.0357 

10 mW 16.5155 12.4694 10 μW 0.0464 0.0293 

Average 16.1137 12.485  0.04762 0.03254 

Table. 4-3  β (cm/GW) of each samples. 

Fig. 4-26  Absorption of each samples. 
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In Table. 4-3, we list β of each sample. Sample A and sample B are pure 

CdSe nanoparticles in different buffers without PVA. On the other hand, 

samples F and I are CdSe nanoparticles in different buffers with PVA. The CdSe 

nanoparticles are capped by PVA and form a PVA cluster. (see Fig. 4-28, 4-29 & 

4-30) 

In the first part, The table shows that β reduce dramatically with the 

different buffers respectively and it may be due to the ions of Tris and PBS have 

different electric charge. The ions of Tris are NH3
+ and they have positive charge. 

Relatively, the ions of PBS are PO4
- and they have negative charge. However, 

the CdSe nanoparticles with ligand COO- have negative charge, so they will 

more close in the Tris than in PBS. (see Fig. 4-27) 

 

 

 

So in the unit area, the number of CdSe nanoparticles in sample B is less 

than that of CdSe nanoparticles in sample A. When the laser is focused on 

sample, fewer CdSe nanoparticles in sample B are hit by the laser pulses than in 

Fig. 4-27  Different electric charges in Tris and PBS. 
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sample A. Therefore, the probability of two photon absorption becomes smaller 

in sample B and results in the smaller two photon absorption coefficient β. In 

the second part, the two photon absorption coefficients β of sample F and 

sample I are close. Because when we add PVA, the CdSe nanoparticles are 

capped by PVA to form a PVA cluster. They have similar structure, so the two 

photon absorption coefficients β are close. 

 

 

 Fig. 4-29  FESEM imaging of sample F 

Fig. 4-28  The CdSe nanoparticles/PVA cluster. 
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Fig. 4-30  FESEM imaging of sample I 
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Chapter5         Conclusion 
 

In this thesis, we have investigated the photoluminescence and optical 

nonlinearity of water-soluble PVA-capped CdSe nanoparticles. The experiment 

could be summarized to two parts: 1. photoactivation 2. two photon absorption 

coefficient β. 

 

(1)  Photoactivation 

We found the photoactivation occurs during the exposure by ultrafast laser. 

Upon irradiation, the PL intensity linearly increases with the increase of the 

excitation time and the surface defect can be reduced. The reaction involving the 

PL activation is dependent on the wavelength of the irradiated light. Larger 

photon energy excitation induces a relatively good photoactivation effect. In 

addition, the CdSe/PVA ratio also can influence the photoactivation. Sample G 

with the CdSe/PVA ratio of 1/10 shows the highest PL intensity enhancement 

and photoactivation effect. 

(2)  Two photon absorption coefficient  

    We measured the two photon absorption coefficient β  of CdSe 

nanoparticle with different buffers. We found that number of CdSe nanoparticles 

in a unit area influence β. When the number of nanoparticles in a unit area 

becomes small, accordingly the probability of light absorption is reduced and 

reduces the β. 
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