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Preface

Photonics can be defined as the science and technology of light and
other forms of radiant energy. It mainly deals with the generation, ma-
nipulation, transport, detection and the applications in a variety of fields
including communication, sensing, display, imaging, medical, defence
and industrial. Due to the structural and optical properties, nanomate-
rials are the most suitable one for the detailed study in the field of pho-
tonics. Since materials are directly related to the photonic technology,
some specific features will not be sufficient for its effective use. Rather,
a complete characterization of materials is necessary for a comparative
study of different materials to identify the most appropriate one. Even
though optical techniques like simple absorption studies and lumines-
cence studies are the most suitable method for their detailed optical
characterization, they have some kind of limitations in many situations.
Thermo-optic methods which is essentially an optical method, can be
employed for any sample since at least a part of the excitation energy
will be liberated through nonradiative channels. Moreover, nonlinear-
optical characterization methods give information about the different
nonlinear parameters and properties of the sample.

The tunability of optical properties of quantum dots, by controlling their
physical dimension in nanometer length scale, allows the fabrication of
display devices, cascade lasers and light sources of different colors from
materials possessing same chemical composition. Recent studies have
shown that quantum dot based hybrid systems are useful in the de-
sign of photovoltaic devices and random lasers. Even though CdSe QDs
based photonic materials have been much studied, a detailed analysis of
this material using thermo-optic and nonlinear-optical methods has not
been carried out. In our thesis, we have included the study of optical
and thermo-optic properties of CdSe QDs in the context of applications
such as solar cells, random lasers and optical limiters.

Main objectives of the present investigation are (i) to synthesis water
soluble CdSe quantum dots for the photonic applications, (ii) to study
the thermal and nonlinear properties of CdSe quantum dots based ma-
terials and (iii) to develop CdSe quantum dots based solar cells and
random lasers. The thesis is divided into seven chapters:
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Chapter1: Introduction to studies on CdSe quantumdots based
photonic materials using thermo-optic and nonlinear-optical
methods

The first part of the present chapter gives a general introduction to the
subject matter contained in the thesis. It includes a short description of
the importance of photonics, photonic materials and it’s applications in
this new era. Nanophotonics and nanomaterials are specially discussed
in this section. Importance of quantum confinement effect in the proper-
ties of quantum dots is also presented. In the second part of this chapter
demonstrates characteristics and applications of CdSe quantum dots in
the field of photonics and the role of thermo-optic and nonlinear-optical
methods in the investigations of photonic materials. Finally,the overall
aim and organization of the thesis is addressed.

Chapter2: Material preparation and characterization techniques

This chapter is devided into three parts. The first section describes
the experimental techniques used for the synthesis and characterization
of the photonic material in the present work. Specifications and ex-
perimental methods used for analysis of the samples are discussed along
with the basic theory. Preparation methods, structural and optical char-
acterization methods are briefly included. Second part of the chapter
mainly discuss about the main charecterization methods included in our
study. Thermal lens and photo acoustic methods are the two thermo-
optic methods, where Z-scan technique is the better nonlinear optical
method which are specially described. Finally, applications of the pho-
tonic materials in devices such as solar cell and random laser are ex-
plained along with the experimental section.

Chapter3: Linear optical studies on CdSe based quantum dots.

In this chapter, the method of preparation and the linear optical studies
of the CdSe quantum dot based photonic materials and its dependence
on various parameters like preparation methods, particle size, bandgap,
solution pH etc. are included. Influence of metal nanoparticles on the
optical properties of CdSe quantum dots are also studied. Photo induced
studies on the samples are discussed in the final section.
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Chapter 4: Thermo-optic studies in CdSe based quantum dots

This chapter demonstrates the thermo optic studies on CdSe based nano-
materials. First part of the chapter includes thermal lens study on the
samples where the second part is mainly focussed on the photo acous-
tic charecterization on CdSe quantum dots based materials. Thermal
lens study give information about thermal diffusivity of the material
while photo acoustics characterization method shows the photo acoustic
signal variation of the sample at different input conditions. Both, con-
tinuous and pulsed lasers are used for the photo acoustic study. Both
of the thermo-optic studies give details about the nonradiative emission
property of the samples.

Chapter5: Nonlinear-optical studies on CdSe quantum dots
based photonic materials

In the present chapter, we focus on the evaluation of nonlinear optical
changes of CdSe based nanocolloids employing the technique of single
beam z-scan, at a wavelength of 532 nm. Open-aperture curve exhibits
reverse saturable absorption property and it varies at different condi-
tions. Nonlinear absorption coefficient and third order susceptibility are
calculated. The Enhanced absorption property can be attributed to free
carrier absorption following two photon absorption. Influence of the par-
ticle size, presence of metal nanoparticles and the solution pH of CdSe
quantum dots on the nonlinear properties are presented. These studies
show that colloidal CdSe quantum dots based photonic materials can be
used as a potential nonlinear optical material.

Chapter6: Applications of CdSe quantum dots based photonic
materials in the fabrication of solar cells and random lasers.

This chapter includes the study of the applications of CdSe quantum
dots as the promising photonic material. It is devided in to two parts :
Quantum dot sensitized solar cells prepared with CdSe quantum dots are
discussed in the first section where these material acts as the sensitizeres.
Thermal characterizations and the metal incorporated studies of the
solar cells exhibit variations on efficiency at different conditions. Finally,
CdSe quantum dots based random lasers are discussed with varying
particle size of the material.
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Chapter7: General Conclusion and Future Work

Significant conclusions of the present work and the few observations
regarding future prospects are discussed in this final section.

xi



List of Publications

A. Journal Publications:

• Anju K. Augustine, S.Mathew, P. Radhakrishnan, V. P. N. Nampoori,
and M. Kailasnath,“Size Dependent Optical Nonlinearity and Optical
Limiting Properties of Water Soluble CdSe Quantum Dots”, Journal of
Nanoscience,Volume 2014, 623742(7 pages), 2014.

• Anju. K.Augustine, S. Mathew, C. P. Girijavallabhan, P. Radhakrish-
nan,V. P. N Nampoori & M. Kailasnath,“Size dependent variation of
thermal diffusivity of CdSe nanoparticles based nanofluid using laser in-
duced mode-matched thermal lens technique”,J Opt. vol.44, 85-91, 2015.

• Anju K Augustine, P Radhakrishnan, V P N Nampoori and M Kailas-
nath,“Enhanced random lasing from a colloidal CdSe quantum dot-Rh6G
system”, Laser Phys. Lett., vol.12, 025006 (4pp), 2015.

• Anju K Augustine, C P Girijavallabhan, V P N Nampoori and M Kailas-
nath,“Influence of pH on the thermo-optic properties of CdSe QDs pre-
pared by a microwave irradiation method”,Laser Phys. Lett., vol.11,
115901 (6pp), 2014.

• Anju K. Augustine, V.P.N. Nampoori, M. Kailasnath,“Rapid synthesize
of gold nanoparticles by microwave irradiationmethod and its application
as an optical limiting material”, Optik, vol.125, pp.6696-6699, 2014.

• Anju K Augustine, V P N Nampoori and M Kailasnath,“Tuning of parti-
cle size and bandgap of CdSe nanoparticles prepared by reflux method”,
Asian Journal of physics, vol.23, pp.683-686, 2014.

• Anju. K. Augustine, C. P. Girijavallabhan, V. P. N Nampoori & M.
Kailasnath,“Charge and Heat Transfer Mechanism in Directly Coupled
CdSe-Metal Nano hybrids”, (Published online) Journal of electronic ma-
terials, DOI: 10.1007/s11664-015-3766-9, 2015

• Aparna Thankappan, S. Divya, Augustine K Anju, C. P. Girijavallaban,
P. Radhakrishnan, Thomas Sheenu and V. P. N. Nampoori, “ Highly
efficient betanin dye based ZnO and ZnO/Au Schottky barrier solar
cell”,Thin Solid Films, vol.583, 102-107, 2015.

• Anju.K.Augustine, K. P. Sandhya, V.P.N Nampoori and M. Kailasnath,
“Thermo- optic studies on Quantum Dot Sensitized Solar cell (commu-
nicated)

• Anju.K.Augustine, V.P.N Nampoori and M. Kailasnath,“Enhanced con-
version efficiency of metal doped - CdSe QuantumDot sensitized solar
cells”(communicated)

xii



B. Conference Publications:

• Anju.K.Augustine, Alina C. Kuriakose VPN Nampoori and M Kailas-
nath,“Optical nonlinear studies of gold nanoparticles synthesized by mi-
crowave irradiation method”, ICAPM, M.G University Kottayam, Ker-
ala, October,2013.

• Anju.K.Augustine, VPN Nampoori and M Kailasnath,“Influence of PH
on thermo -optic properties of CdSe QDs prepared by microwave irradi-
ation method”,ICAMA, Alphonsa college PALA, March, 2014.

• Anju K. Augustine, Higgins W., Mayank S., K. P. Sandhya,P. Radhakr-
ishnan,V. P. N. Nampoori and M. Kailasnath,“Annealing Effect on CdSe
Based Quantum Dot Sensitized Solar Cells”, PSWS-2015, St.Thereas col-
lege EKM, March, 2015.

• Anju.K.Augustine,Anand V.R, C.P. Girijavallabhan, P. Radhakrishnan,
V.P.N Nampoori and M. Kailasnath,“Photoaccoustic Investigations on
CdSe based nano fluids”, PSWS-2015, St.Thereas college EKM, March,
2015.

• Anju.K.Augustine, VPN Nampoori and M Kailasnath,“Tuning of parti-
cle size and band gap of CdSe nanoparticles prepared by reflux method”,
Swadeshi science congress, M.G university Kottayam, Kerala, November,
2013.

• Anju.K.Augustine, VPN Nampoori and M Kailasnath ,“Synthesis and
characterization of Gold nanoparticles by rapid microwave irradiation
method, NLS-22, Manipal, India, January, 2014.

• Anju.K.Augustine, VPN Nampoori and M Kailasnath,“Strong fluores-
cence emission from CdSe nanoparticles prepared by aqueous route”,
National seminar on Recent trends in experimental physics, Devamatha
college, Kuravilangadu, Kottayam, March, 2013.

• Anju.K.Augustine, VPN Nampoori and M Kailasnath,“Strong fluores-
cence emission from CdSe nanoparticles prepared by microwave assisted
reduction method”, National seminar on recent trends in conducting
polymers and polymer nano structures, Aquinas college Edacochin, Au-
gust, 2013.

• Anju.KAugustine,Arun S., Basil A.M, Nikhil P, VPN Nampoori and M
Kailasnath“Charecterization of Photoaccoustic cell”, Annual photonics
work shop, ISP, CUSAT, Cochin, February, 2013.

• Alina C. Kuriakose , Anju K. Augustine, V.P.N. Nampoori, M. Kailas-
nath, “Energy transfer from CdS nanoparticles to sodium fluorescein
dye”,NLS-22, Manipal, India, January, 2014.

xiii



List of Figures

1.1 Quantum confinement is responsible for the colors of CdSe

nanofluids. . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.2 Band gap variation of the II-VI semiconductors with respect

to their size variation. . . . . . . . . . . . . . . . . . . . . . 8
1.3 Illustration of the energy levels associated with an excited elec-

tron in a QD. . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.4 Schematics of the process of multiple exciton generation in QDs. 11
1.5 Main channels of photo induced changes that occur in a sample. 13
1.6 Brief account of the different PT methods discussed in this thesis. 15
1.7 Energy level diagram showing (a) Excited State absorption and

(b) two Photon Absorption. . . . . . . . . . . . . . . . . . . 19
1.8 Important steps for the fabrication of QDSSCs. . . . . . . . . 23
1.9 Multiple light scattering with gain. . . . . . . . . . . . . . . . 24
1.10 Different classes of random laser emission. . . . . . . . . . . . 24
1.11 The general organization of the thesis and the connections be-

tween individual chapters. . . . . . . . . . . . . . . . . . . . 25

2.1 Laboratory reflux apparatus. . . . . . . . . . . . . . . . . . . 37
2.2 TL experimental setup using pump-probe method. . . . . . . . 51
2.3 (a) Schematic representation and (b) Photograph of the PA

cell used in the experiment. . . . . . . . . . . . . . . . . . . 58
2.4 Experimental set up for PA study using Xe- lamp. . . . . . . . 59
2.5 Experimental setup for PA signal generation by pulsed Laser. . 60
2.6 Open aperture z-scan curves for (a) Reverse saturable Absorp-

tion (b) Saturable absorption . . . . . . . . . . . . . . . . . . 64
2.7 Typical closed aperture z-scan curves of samples having (a)

Negative nonlinearity and (b) Positive nonlinearity. . . . . . . 66
2.8 Experimental set-up of open/closed aperture Z- scan method. . 69

xiv



2.9 Schematic representation of transmission through an ideal op-

tical limiter. . . . . . . . . . . . . . . . . . . . . . . . . . . 70
2.10 Principle of operation of the QDSSCs. . . . . . . . . . . . . . 73
2.11 I-V curve of a typical solar cell. . . . . . . . . . . . . . . . . 77
2.12 The experimental setup is shown with Nd-YAG Laser, L- cylin-

drical lens, F - filter, S- sample in cuvette, CCD spectrometer. 80

3.1 (a) Molecular structure of MSA, (b) Typical representation of

the MSA capped CdSe QDs and (c) Photographs of the CdSe

QDs synthesized by microwave irradiation method. . . . . . . 97
3.2 (a) Absorption spectra and (b) Emission spectra of the CdSe

QDs with different reflux time. . . . . . . . . . . . . . . . . . 99
3.3 Optical energy band gap variation of the samples C1, C2, C3,&C4. 99
3.4 (a) TEM (b) SEM and (c) Photograph of the CdSe QDs (C3) . 100
3.5 (a) True colour under visible light and (b) UV irradiated flo-

rescent images of C1, C2, andC4 samples of CdSe QDs with

different microwave irradiation time 10seconds, 15 seconds, 20

seconds and 30 seconds respectively. . . . . . . . . . . . . . . 101
3.6 (a) Absorption and (b) fluorescence spectrum of C1, C2, C3,&C4

corresponding to different microwave irradiation time . . . . . 102
3.7 (a) Absorption spectra of the prepared CdSe nanofluids with

pH (b) Red shift in wavelength of CdSe nanofluids with pH . . 102
3.8 (a) Fluorescence spectra of the as prepared CdSe Quantum dots

with different pH,(b) Change in the intensity of fluorescence

peak CdSe QDs with pH value. . . . . . . . . . . . . . . . . . 103
3.9 (a) Excitation and emission spectra of CdSe QDs, (b) Absorp-

tion spectra of AgNPs and (c) Absorption spectra of AuNPs. . 105
3.10 TEM images of mono dispersed (a) CdSe QDs, (b) Ag NPs and

(c) Au NPs. . . . . . . . . . . . . . . . . . . . . . . . . . . 105
3.11 Absorption spectra of (a) CdSe-Ag NPs and (b) CdSe-Au NPs. 106
3.12 Florescence spectra of (a) CdSe-Ag NPs and (b) CdSe-Au NPs. 106
3.13 Experimental set up for the photo induced studies of CdSe

nano fluid (sample-S1) at different input excitations . . . . . 108
3.14 (a) Absorption, (b) Transmission and (c) Emission spectra of

the CdSe nano fluid (S1) irradiated with 403 nm wavelength

for different time intervals. . . . . . . . . . . . . . . . . . . 108

xv



3.15 (a) Absorption, (b) Transmission and (c) Emission spectra of

the CdSe nanofluid (S1) irradiated with 532 nm wavelength for

different time intervals. . . . . . . . . . . . . . . . . . . . . 109
3.16 (a) Absorption, (b) Transmission and (c) Emission spectra of

the CdSe nanofluid (S1) irradiated with 632.8 nm wavelength

for different time intervals. . . . . . . . . . . . . . . . . . . . 109

4.1 Photograph showing probe beam cross -section (a) without

pump beam and (b) with pump beam. . . . . . . . . . . . . . 120
4.2 (a) Time dependent TL signal of CdSe sample (C2) and (b)

One of the peaks for visual clarification. . . . . . . . . . . . . 121
4.3 Fitting of the data with probe beam intensity as a function of

time with fit parameters I0 = 0.094, & θ = 2.88 and tc =0.05 s. 121
4.4 Plot of thermal diffusivity versus particle size. . . . . . . . . . 122
4.5 Absorption spectra of the prepared CdSe QDs with different

pH. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
4.6 Fluorescence spectra of the prepared CdSe Quantum dots with

different pH. . . . . . . . . . . . . . . . . . . . . . . . . . . 124
4.7 (a) Particle size distribution and (b) Auto correlation function

g2(T) vs. delay time by DLS method. . . . . . . . . . . . . . 124
4.8 Fitting of the data of sample (PH- 9.6) with probe beam inten-

sity as a function of time with fit parameters I0 = 0.252, θ =

36.22 and tc=1.94 s. . . . . . . . . . . . . . . . . . . . . . . 125
4.9 TL fitting of data of CdSe QDs with different pH values. . . . 126
4.10 (a) Observed tc of CdSe QDs plotted against pH and (b) Ther-

mal diffusivity of CdSe QDs plotted against pH. . . . . . . . . 126
4.11 Variation of ζ -potential with pH. . . . . . . . . . . . . . . . 128
4.12 (a) Excitation and emission spectra of CdSe QDs , (b) Ab-

sorption spectra of Ag NPs and (c) Absorption spectra of Au

NPs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129
4.13 (a) Florescence spectra of CdSe-Ag NPs and (b) CdSe-Au NPs. 129
4.14 TEM images of (a) mono dispersed CdSe QDs, (b) Ag NPs

and(c) Au NPs. . . . . . . . . . . . . . . . . . . . . . . . . . 131
4.15 Fitting of the data with probe beam intensity as a function of

time for (a) CdSe-Ag and (b) CdSe-Au. . . . . . . . . . . . . 132
4.16 Thermal diffusivity of CdSe with different volume fraction of

metal NPs. . . . . . . . . . . . . . . . . . . . . . . . . . . 133

xvi



4.17 Experimental set up for the calibration of PA cell by finding

velocity of sound in aluminum sheet. . . . . . . . . . . . . . . 135
4.18 Typical photographs of output PA signal for the calibration of

PA cell. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136
4.19 Variation of PA signal amplitude at different input power for

S1, S2 and S3 samples . . . . . . . . . . . . . . . . . . . . . 137
4.20 Typical images of the PA signal of samples(S1, S2 and S3) . . 138
4.21 (a) Absorption spectra,(b) PA spectra and (c) Emission spectra

of the CdSe based samples,S1, S2 and S3 . . . . . . . . . . . . 140
4.22 Log frequency versus log amplitude of S1 and S2 andS3 samples.141

5.1 (a),(b) and(c) shows the variation in absorption peak, and

the corresponding optical energy band gap (inset) of samples

C1,C2&C3. . . . . . . . . . . . . . . . . . . . . . . . . . . . 153
5.2 The emission spectra of C1, C2&C3 sample under the excitation

wavelength of 390nm. . . . . . . . . . . . . . . . . . . . . . 154
5.3 The open aperture Z- scan plot for different particle sizes of

CdSe QDs (C1, C2, and C3). . . . . . . . . . . . . . . . . . . 155
5.4 Optical limiting response of the samples (C1, C2, andC3). . . . 157
5.5 Closed-aperture z-scan trace of the CdSe QDs (C3) for input

fluence of 436 MW/cm2. . . . . . . . . . . . . . . . . . . . . 158
5.6 (a) Absorption and (b) Fluorescence spectra of the CdSe QDs

for different pH. . . . . . . . . . . . . . . . . . . . . . . . . 159
5.7 (a) TEM image and (b) SAED of CdSe sample. . . . . . . . . 160
5.8 Open aperture z-scan trace of CdSe QDs having different pH

at a typical fluence of (a) 199 MW/cm2 and (b) 436 MW/cm2. 161
5.9 Open aperture z-scan curves of the CdSe QDs with pH 4.7 at

different input fluences. . . . . . . . . . . . . . . . . . . . . . 163
5.10 Closed-aperture z-scan trace of the CdSe QDs for input fluence

of 436 MW/cm2 . . . . . . . . . . . . . . . . . . . . . . . . 165
5.11 Optical limiting response of the samples with I0 = 199 MW/cm2

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165
5.12 (a) UV-Vis absorption spectra and (b) Emission spectra of gold

NPs (C1,C2,C3,C4). . . . . . . . . . . . . . . . . . . . . . . 167
5.13 Change in colour of Au NPs with decrease in concentration. . . 168
5.14 (a) TEM image (b) Histogram & (c) FTIR spectra of of C1

sample with particle size 7.7 nm. . . . . . . . . . . . . . . . . 169

xvii



5.15 The open aperture Z- scan plot for different concentration of

Au NPs with theoretical fit. . . . . . . . . . . . . . . . . . . 169
5.16 The open aperture Z- scan plot for C1 concentrations of Au

NPs with different input energies. . . . . . . . . . . . . . . . 170
5.17 Optical limiting response of the C1 sample. . . . . . . . . . . 170
5.18 Closed-aperture Z-scan trace of the Au NPs for input fluence

of 436 MW/cm2. . . . . . . . . . . . . . . . . . . . . . . . . 171
5.19 UV-Vis absorption spectra of samples of Ag NPs prepared by

microwave irradiation method. . . . . . . . . . . . . . . . . . 172
5.20 (a) TEM image & (b) FTIR spectra of Ag NPs prepared by

microwave irradiation method with average size 28nm. . . . . . 173
5.21 Open aperture z-scan trace of the Ag NPs for different input

fluence. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173
5.22 Closed-aperture Z-scan trace of the Ag NPs for input fluence

of 399 MW/cm2. . . . . . . . . . . . . . . . . . . . . . . . . 174
5.23 Absorption spectra of CdSe, Au and CdSe-Au NPs . . . . . . 176
5.24 Open aperture Z-scan trace of the CdSe QDs and CdSe-Au

nanofluid for input fluence of 0.43 GW/cm2. . . . . . . . . . . 176
5.25 Optical limiting property of the samples S1and S2. . . . . . . 177
5.26 Closed-aperture Z-scan trace of the CdSe - Au nanofluid for

input fluence of 436 MWcm2. . . . . . . . . . . . . . . . . . 177
5.27 UV-Visible absorption spectra of prepared nanofluids . . . . . 178
5.28 Open aperture Z-scan trace of the CdSe QDs and CdSe-Ag

nanofluid for input fluence of 0.43 GW/cm2. . . . . . . . . . . 178
5.29 Optical limiting property of the samples S1and S2 . . . . . . . 179
5.30 Closed-aperture Z-scan trace of the CdSe - Ag nanofluid for

input fluence of 436 MW/cm2 . . . . . . . . . . . . . . . . . 179

6.1 UV-vis absorption spectra of CdS and CdSe QDs. . . . . . . . 192
6.2 (a) TEM image ofTiO2 NPs, (b) SEM of CdS NPs and (c)

TEM image of CdSe QDs. . . . . . . . . . . . . . . . . . . . 193
6.3 UV-vis absorption spectra of the electrodes(S1, S2, S3andS4) . 193
6.4 J-V characteristics of the QDSSCs (TiO2/CdS /CdSe) at var-

ious annealing temperatures. . . . . . . . . . . . . . . . . . . 194
6.5 IPCE characteristics of the sample S4 which shows maximum

efficiency. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 195
6.6 UV-vis absorption spectra of CdSe QDs, Ag NPs and Au NPs. 198

xviii



6.7 TEM image of (a) TiO2,(b) CdSe QDs,(c) Gold and (d) Silver

NPs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 199
6.8 UV-vis absorption spectra of the electrodes T,TCS,TCS-G,TCS-

S . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 200
6.9 Graphic presentation for the working principle of anode with

ITO as the substrate. . . . . . . . . . . . . . . . . . . . . . . 201
6.10 J-V characteristics of the quantum dot sensitized solar cells

with anodes T, TCS, TCS-G,TCS-S. . . . . . . . . . . . . . . 201
6.11 IPCE characteristics of the TiO2/CdSe/Silver (TCS-S) elec-

trodes which shows maximum efficiency . . . . . . . . . . . . 202
6.12 A schematic representation of the random lasing action in CdSe

QDs-Rh 6G system . . . . . . . . . . . . . . . . . . . . . . . 204
6.13 U-V visible absorption spectra of Q1-RS1 and Q2-RS2. . . . . 204
6.14 Typical emission spectrum of R and R-S2 collected from a sin-

gle excitation spot for varying excitation intensities. . . . . . . 205
6.15 Typical emission spectrum of R-S2 ∼ 3 nm size with variation

of power. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 206
6.16 Typical emission spectrum of R-S2 ∼ 2.5 nm size with variation

of power. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 207
6.17 Input power vs. intensity of R-S2 sample with threshold power

240 mW. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 207

xix



List of Tables

1.1 Band gap energy at room temperature and exciton binding

energy of II-VI compounds . . . . . . . . . . . . . . . . . . . 5

3.1 Particle size and band gap of CdSe QDs (C1, C2, C3,&C4). . . . 100
3.2 Data showing particle size and absorption edge of CdSe QDs

irradiated by microwaves for different durations. . . . . . . . . 101

4.1 Particle size, time constant and diffusivity of CdSe QDs pre-

pared by reflux method . . . . . . . . . . . . . . . . . . . . . 122
4.2 Observations of thermal diffusivity changes of CdSe QDs pre-

pared at different pH . . . . . . . . . . . . . . . . . . . . . 125
4.3 Variation of PA signal amplitude with different power in CdSe

QDs based samples . . . . . . . . . . . . . . . . . . . . . . . 138

5.1 Data showing particle size, energy band gap, nonlinear absorp-

tion coefficient(β),optical limiting threshold(OLT) and imagi-

nary part of susceptibility(Im χ(3)) of the samples C1, C2, andC3.156
5.2 The measured values of nonlinear absorption coefficient at a

wavelength of 532 nm for different laser intensity and the cor-

responding value of χ(3) and figure of merit (F). . . . . . . . . 164
5.3 Nonlinear absorption coefficient of Ag NPs at different

power densities. . . . . . . . . . . . . . . . . . . . . . . . . 174

6.1 The performance of the QDSSCs at different annealing tem-

peratures . . . . . . . . . . . . . . . . . . . . . . . . . . . . 195
6.2 The performance of the QDSSCs for different electrodes. . . . 199

xx



List of Abbreviations

AO Accousto optic
BG Band Gap
CW Continuous Wave
CB Conduction Band
CQDs Colloidal Quantum Dots
DSSCS Dye-ensitized solar cells
DFWM Degenerate Four Wave Mixing
DSO Digital Storage Oscilloscope
DLS Dynamic Light Scattering
DPSS Diode pumped solid state
ESA Exited state absorption
FCA Free carrier absorption
FTIR Fourier Transform Infrared spectroscopy
FWHM Fullwidth half maximum
FF Fill factor
IPCE Internal photoconversion efficiency
LSPR Localized surface Plasmon resonance
LEDs Light emitting diodes
MEG Multiple exciton generation
MSA Mercapto succinic acid
MPA Mercapto propanoic acid
NLO Nonlinear optics
NPs Nanoparticles
NCs Nanocrystals
NH Nanohybrids
OLT Optical limiting threshold
PA Photo acoustic
PAS Photo acoustic spectroscopy
PTD photothermal deflection
PT photothermal
PZT Piezoelectric transducer/Lead Zirconate-Titanate
QDs Quantum dots
QLEDs QDs based light emitting diodes
QDSSCs QD sensitized solar cells
QYs Quantum yields
RSA Reverse Saturable Absorption
RL Random Laser
RG Rosencwaig and Gersho
SEM Scanning Electron Microscopy
SA Saturable Absorption
SP Surface plasmons
SPR Surface Plasmon resonance
SAED Selected area electron diffraction
TL Thermal lens
TLS Thermal lens spectroscopy
THG Third Harmonic Generation
TPA Two photon absorption
TEM Transmission electron microscop
UV Ultraviolet
VB Valence band
XRD X-ray Diffraction

xxi



Chapter 1

Introduction to studies on
CdSe quantum dots based
photonic materials using
thermo-optic and
nonlinear-optical methods

The present chapter gives a general introduction to the subject mat-
ter contained in this thesis. It includes a short description of the im-
portance of photonics and photonic materials and the photo-induced
changes that occur during photon matter interaction, with special em-
phasis to the nonradiative processes taking place in condensed matter
and the associated detection schemes. Nanophotonics and nanomate-
rials are specially discussed in this chapter. The role of thermo-optic
and nonlinear-optical methods for the investigations on nanophotonic
materials is also addressed. The chapter concludes by pointing out the
significance of the material properties and the applications that are se-
lected for the present investigations.
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1. Introduction to studies on CdSe QDs based photonic materials....

1.1 Photonics and photonic materials

During the beginning of the 20th centuary, Albert Einstein and other
scientists showed that light consists of a different kind of tiny funda-
mental particles, called “ photon”. Presently the word “photonics” has
been coined to describe the science and technology which deals with
the generation, manipulation, transport, detection, and use of light and
other forms of radiant energy. All those materials which are directly
related to the photonic technology are generally termed as photonic ma-
terials, analogues to the electronic materials in electronics.They interact
strongly with light and it includes all light absorbing or emitting ma-
terials eg. semiconductors, organic materials such as dyes and liquid
crystals.

1.2 Motivation of the thesis

Applications of photonics are ubiquitous. But,for the effective use of
this modern technology in any of these potential applications, suitable
materials are necessary for the generation, manipulation, detection and
display of light. Since the advent of the laser in the1960s the study of
nonlinear optical properties of material has become readily accessible.
Some of the potential applications of nonlinear optics include quantum
computing, quantum imaging, optical switching, optical power limit-
ing, and nonlinear optical image processing[1-4]. Consequently, variety
of new photonic materials are suitable for different applications have
been developed. But, mere development of a new material with some
specific features will not be sufficient for its effective use in any of the
applications. Rather, a complete characterization of materials is neces-
sary for a comparative study of different materials to identify the most
appropriate one. Materials with the required properties of large op-
tical non-linearity combined with high optical transparency and high
resistance to laser damage are necessary for nonlinear-optical applica-
tions. Thermo-optic/photo-thermal methods can be employed for any
sample since at least a part of the excitation energy will be liberated
through nonradiative channels. Moreover, among the different photo
thermal configurations, appropriate method can be chosen depending
on the specifications and properties of the sample[5,6].
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1. Introduction to studies on CdSe QDs based photonic materials....

1.3 Nanophotonics

Nanomaterials are especially well suited for photonics applications be-
cause they can be constructed in such a manner as to produce enhanced
linear, nonlinear and thermo-optic response. Areas of research in pho-
tonic applications with nanomaterials are referred as nanophotonics. In
the last decade, significant breakthroughs have been witnessed in the
area of nanophotonic materials and devices [7-10]. Nanophotonic ma-
terials have become increasingly popular in a variety of tasks, includ-
ing biosensing, imaging, optoelectronics and photovoltaics. The main
interest in such nanoscale systems is due to their novel optical prop-
erties. Confining one or more dimensions to the nanometer scale, the
photonic interactions of such materials exhibit dramatic changes. This
quantum confinement of electrical carriers within nanoparticles and ef-
ficient energy and charge transfer over nanoscale distances are the key
contributory factors for their novel optical properties. Nanostructured
photonic materials, including plasmonic and optical materials have pro-
vided access to optical functionalities that are not easily attainable using
conventional materials [5, 9]. In particular, semiconductor quantum dots
(QDs) can provide efficient band-tunable luminescence in the visible -
infrared range, suggesting their use as light emitters and contrast agents
in bioimaging. Noble metal nanostructures are capable of supporting
free electron oscillations (surface plasmons), yielding to a series of ef-
fects, including resonant absorption/scattering in visible-infrared range,
drastic electric field enhancement for surface enhanced Raman scatter-
ing or improved photovoltaic response, imaging beyond the diffraction
limit and ultra-sensitive response in biosensing etc.

1.3.1 Quantum dots

Materials with size reduced to the nanoscale dimension show different
properties compared to that of the bulk. As the size of the system de-
creases the ‘quantum size effect’ becomes prominent where the electronic
properties of solids are changed. In a semiconductor crystallite material
for which diameter is smaller than the size of it’s exciton Bohr radius, the
excitons are squeezed, leading to quantum confinement. In this state of
confinement, the energy levels can then be modeled using the particle in
a box model with discrete energy levels, in which the energy of different
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1. Introduction to studies on CdSe QDs based photonic materials....

states are dependent on the length of the box [11-13]. QDs are said to
be in the ‘weak confinement regime’ if their radii are of the order of the
exciton Bohr radius; and in the‘strong confinement regime’ if their radii
are smaller than the exciton Bohr radius. If the size of the quantum dot
is small enough that, the quantum confinement effects dominate (typi-
cally less than 10 nm), the electronic and optical properties are highly
tunable [8, 14, 15]. An important effect of such confinement is the in-
crease of surface area to volume ratio. It causes to change the optical,
mechanical, thermal and catalytic properties of materials significantly.
All these distinct properties enable unique applications of nanomaterials.

QDs are sometimes referred to as artificial atoms because of their dis-
crete energy levels similar to atoms. The engineering of band gap of QDs
with size to tune the desired optical properties make research on semi-
conductor QDs attractive in the field of nanotechnology. Semiconductor
QDs are usually composed of atoms from groups II-VI, III-V, or IV-
VI of the periodic table. The basic experimental relationship between
size and optical spectra was first established and confirmed for ZnS and
CdS colloidal semiconductor nanocrystals (NCs) [5]. Numerous research
have been carried out since then to synthesize colloidal semiconductor
and study their optical properties [16-18]. Wide band gap materials are
suitable for high power, high temperature electronic devices and short
wavelength optoelectronics because of their inherent properties such as
larger band gap, higher electron mobility and higher breakdown field
strength.Wide band gap II-VI compounds are characterized by the di-
rect band gap with either zinc blend or wurtzite structures or large
exciton binding energy. Band gap energy and exciton binding energy of
typical II-VI compounds are shown in Table 1.1 [5, 19, 20].

1.3.2 Important features of quantum dots

(a) Quantum confinement effects

Quantum confinement describes the confinement of the exciton within
the physical boundaries of the semiconductor. This arises as soon as the
dimension of a nanocrystal (R) becomes comparable to the Bohr radius
(aB) of the exciton wave function, leading to significant changes in the
electronic and optical properties. Confinement of energy is an important
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1. Introduction to studies on CdSe QDs based photonic materials....

effect of this. The exciton entity can be modeled using the particle in
the box. The electron and the hole can be seen as hydrogen in the Bohr
model with the hydrogen nucleus replaced by the hole of positive charge
and negative electron mass. Then the energy levels of the exciton can be
represented as the solution to the particle in a box at the ground level (n
= 1) with the mass replaced by the reduced mass. Thus by varying the
size of the quantum dot, the confinement energy of the exciton can be
controlled. There is Coulomb attraction between the negatively charged
electron and the positively charged hole. The negative energy involved
in the attraction is proportional to Rydberg’s energy and is inversely
proportional to square of the size-dependent dielectric constant of the
semiconductor. When the size of the semiconductor crystal is smaller
than the exciton Bohr radius, the Coulomb interaction must be mod-
ified to fit the situation. Therefore, the sum of these energies can be
represented as [8, 21, 22]

Econfinement =
h2π2

8π2a2
(

1

me
+

1

mh
) =

h2π2

8π2µa2
(1.1)

Eexciton =
1

ε2r

µ

me
Re = −R∗y (1.2)

E = Ebandgap + Econfinement + Eexciton (1.3)

Ebandgap +
h2π2

8π2µa2
+−R∗y (1.4)

where R∗y is the Rydberg’s energy, µ is the reduced mass, a is the radius,
me is the free electron mass, mh is the hole mass and εr is the dielectric

Material BG energy (eV) Exciton binding energy (meV)

CdSe 1.74 16

CdS 2.42 29

CdTe 1.49 11

ZnS 3.60 39

ZnSe 2.70 20

ZnTe 2.50 13

Table 1.1: Band gap energy at room temperature and exciton binding energy
of II-VI compounds
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1. Introduction to studies on CdSe QDs based photonic materials....

constant of the material. Although the above equations were derived us-
ing simplifying assumptions, the implications are clear; the energy of the
QDs are dependent on their size due to the quantum confinement effects,
which dominate below the critical size leading to changes in the optical
properties. This effect of quantum confinement on the QDs have been
experimentally verified and is a key feature of many emerging electronic
structures. Besides confinement in all three dimensions (i.e.quantum
dot), other quantum confined semiconductors include:

* Quantum wires, which confine electrons or holes in two spatial
dimensions and allow free propagation in the third.

* Quantum wells, which confine electrons or holes in one dimension
and allow free propagation in two dimensions [19, 23, 24].

From figure 1.1 it is observed that, quantum confinement is responsible
for the colors of cadmium selenide (CdSe) nanofluids [19, 25]. Electrons

Figure 1.1: Quantum confinement is responsible for the colors of CdSe nanoflu-
ids.

within the tiny specks of semiconductor scatter photons for which en-
ergy is less than a minimum determined by the size of the crystallite
and absorb those photons for which energy is higher. The largest parti-
cles can absorb lower- energy photons and appears as red, whereas the
smallest absorb only higher- energy quanta and appear as yellow.
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(b) Exciton and exciton oscillator strength

We define exciton as a bound state of an electron in a conduction band
and a hole in a valence band which can play central roles in optical re-
sponses of semiconductors or insulators. The relation between number of
excitons and the optical responses is a long standing problem in exciton
physics. In low-dimensional structures, the Coulomb correlative effects
or the excitonic effects become more prominent than in bulk structures,
leading to peculiar optical characteristics combined with the geometrical
confinement effects. Under a weak excitation condition, only an electron
and a hole are created, which form a bound state due to the Coulomb
attraction and can be solved by a two-body problem, with the use of
effective mass approximation. But, the inter-particle Coulomb interac-
tion plays an essential role in the case of stronger excitation where many
electrons and holes are excited in semiconductors. The dimensionality
of exciton systems depends on the ratio of the particle size R to the
exciton effective Bohr radius, aB.Th e oscillator strength is one of the
main excitonic characteristics, providing unique information about the
geometry of the exciton wave function in a structure. This enhanced
coupling strength is due to the quantum confinement and the piezo-
electricity in QDs. Nonlinear optical effects are enhanced, especially in
nanomaterials when the associated optical transition has a large optical
oscillator strength. The oscillator strength is increased due to an in-
crease in density of states at around the band gap energy. This would
contribute to realization of low threshold nonlinear optical devices at
room temperature or even at higher temperatures [5,26].

(c) Size dependence and band gap engineering

Semiconductor nanoparticles (NPs) exhibit a change in their electronic
properties relative to that of the bulk material; as the size of the solid
becomes smaller, the band gap becomes larger. This size-dependence of
the optical properties leading to band gap engineering of QDs has been
one of the core subjects of research work during the last decade. There
are three types of nanometer-size semiconductors having zero, one and
two dimensional structures with respect to the confinement of electrons,
holes and/or excitons. This results in size quantization of their momenta
and energies. In a weak confinement regime, a translational motion of
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an exciton is size quantized and in a strong confinement regime, motions
of electrons and holes are individually quantized. Example of weak con-
finement regime is CuCl dot where the nano crystal size is larger than
the exciton Bohr radius [21] and strong confinement regime are seen in
CdSe dots and GaAs wells, where the spatial size is smaller than the ex-
citon Bohr radius. Figure 1.2 shows the band gap variation of the II-VI
semiconductors with respect to their size variation. From equation(1.4)

Figure 1.2: Band gap variation of the II-VI semiconductors with respect to
their size variation.

it is clear that, the quantum confinement terms follow a−2 and shift E to
higher energy as the radius decreases. In this equation, the correlation
between electron and hole positions induced by the Coulomb interaction
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is not strong, and the major effect is the electron and hole confinement
energy. Therefore, the QD energy band gap increases as the particle size
is reduced.

(d) Optical properties

NPs are a bridge between bulk materials and atomic or molecular struc-
tures. The properties of materials change as their size approaches the
nanoscale and the percentage of atoms at the surface of a material be-
comes significant. The size of the NPs is finite, so the continuous energy
band of the bulk crystal transforms into a series of discrete states. The
NPs frequently display photoluminescence and sometimes display electro
luminescence. It is well known that quantum confinement effect modifies
the electronic structure of nanocrystals when their diameter is compara-
ble to or smaller than the diameter of the bulk exciton [27]. The optical
properties of a semiconductor have their genesis in both intrinsic and
extrinsic effects. Intrinsic optical transitions take place between the elec-
trons in the conduction band and holes in the valence band, including
excitonic effects due to the Coulomb interaction. Extrinsic properties
are related to dopants/impurities or point defects and complexes, which
usually create electronic states in the band gap, and therefore influence
both optical absorption and emission processes.

1.Absorption

To investigate the optical properties of QDs, the first approach is the un-
derstanding of the behavior of their particular absorption spectra. The
spectrum is characterized by the sharp band-edge and close to that, by
the series of exciton states. The spectral positions of the absorption
peaks shift to higher energies and the lines become broader with de-
creasing sizes of the NPs. This size-dependent effect can be attributed
to the three-dimensional quantum confinement effect of the semicon-
ductor materials. As a result of the quantum confinement effect, the
absorption coefficient of QD is strongly dependent on the radius of the
QD. The widespread QD systems based on II-VI materials show absorp-
tion structures in the visible and near ultra violet part of the spectrum
and therefore compatible with a large number of laser sources used in
experiments [5].
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2.Fluorescence

The fluorescence of the QDs are generated when valence electron after
excitation with a certain energy returns to the ground state to combine
with the hole and release the energy in the form of photons. The en-
ergy of the emitted photon is determined by the size of the quantum
dot due to quantum confinement effects [28]. The energy of the emit-
ted photon is the sum of the band gap energy between occupied level
and unoccupied energy level, the confinement energies of the hole and
that of the excited electron, and the bound energy of the exciton as
shown in figure 1.3. The QDs of the same material, but with different

Figure 1.3: Illustration of the energy levels associated with an excited electron
in a QD.

sizes, can emit light of different colors. The physical reason is the quan-
tum confinement effect. The larger dot gives low energy fluorescence
spectrum. Conversely, smaller dots emit bluer light. The coloration is
directly related to the energy levels of the QD. The band gap energy
that determines the energy of the fluorescent light is inversely propor-
tional to the size of the QD. Larger QDs have more energy levels which
are also more closely spaced. This allows the QD to absorb photons
containing less energy, i.e, those closer to the red end of the spectrum.
The lifetime of fluorescence is determined by the size of the QD. Larger
dots have more closely spaced energy levels in which the electron-hole
pair can be trapped. Therefore, electron-hole pairs in larger dots live
longer, causing larger dots to show a longer life time [29].

10



1. Introduction to studies on CdSe QDs based photonic materials....

3.Multiple exciton generation

Another unique and valuable property of QDs is the multiple exciton
generation (MEG). Upon exciting with a photon, an electron from the
valence band (VB) jumps to a high level in the conduction band (CB)
and generates one exciton (electron-hole pair). If the energy of the
photon is at least twice as large as the band gap of the given QD,
the exciton will have a very high kinetic energy, which can be released
to excite another electron jumping from the VB to the CB by impact
ionization[30]. As a result, one photon now generates two excitons as
the process shown in figure 1.4, allowing enhanced internal quantum
efficiency. This property of QDs is helpful to increase the efficiency of
QD based photovoltaic devices and light emitting devices.

Figure 1.4: Schematics of the process of multiple exciton generation in QDs.

1.3.3 Applications of Quantum Dots

QDs are of great interest for their applications in solar cells, nanolasers,
sensors and light emitting diodes (LEDs) due to size dependent absorp-
tion and emission properties, narrow size distribution and high lumines-
cent efficiency. The ability to tune band gap in accordance with the size
of QDs makes them very desirable in solar cell applications. QD can be
used in solar cell in different configurations such as QD sensitized solar
cells (QDSSCs) and solar cells with a QD multilayer. Various advantages
over dyes such as of photo stability, high molar extinction coefficients,
size dependent optical properties and low costs makes QDs to replace the

11



1. Introduction to studies on CdSe QDs based photonic materials....

dyes in the solar cell applications.Due to the narrow bandgap emission
and thermal stability of QDs, QDs based light emitting diodes (QLEDs)
have attracted demanding research and commercialization as compared
to organic LEDs. QDs are also being used in fluorescence tagging to re-
place molecular dyes for bioimaging, diagnostics, drug delivery and ther-
apeutic applications due to their superior properties over conventional
dyes such as higher extinction coefficients, higher quantum yields(QYs),
less photo bleaching, tunable absorbance and emissions with size, broad
excitation and narrow emission spectrum. Another feature of QDs is
that, the broad absorption spectra of the QDs allow single wavelength
excitation of emission from different-sized QDs. Different sizes of QDs
can also be used for multicolor optical coding for biological analysis.
Doped QDs are being considered as the new group of materials with
better luminescence to be used as bio-probes [19].

1.4 CdSe QDs as the selected photonic material

Classification of CdSe belongs to a II-VI semiconductor of the n-type
material. The structure of CdSe can be either hexagonal-wurtzite or
cubic-zinc blende type. The cubic CdSe structure is unstable and may
converts to the wurtzite form upon moderate heating. Bare CdSe QDs
possess surface defects due to the unsaturated Cd2+ and Se− sites,
which act as traps for excitons, enhancing phonon assisted recombi-
nation thereby lowering luminescence quantum yield. CdSe QDs find a
wide range of applications in optoelectronic devices, photo catalysis, so-
lar energy conversion and biological imaging and labeling. Human tissue
is permeable to far infra-red light. By injecting appropriately prepared
CdSe QDs into injured tissue, it may be possible to image the tissue
in those injured areas. Various methods are developed to prepare CdSe
QDs including organic synthetic methods and methods using aqueous
media. Compared with the organic phase routes, the synthesis methods
using aqueous media are simple, green and highly reproducible, and the
products exhibit good water solubility and stability. The main property
of CdSe QDs is it’s optical property [31-34].
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1.5 Photon-material interactions and character-
izations

Absorption of photons by atoms or molecules will result in a series of
processes or effects in a material [3, 35, 36]. The relaxation of energy of
the excited level may be of radiative processes, such as spontaneous or
stimulated emission, or by nonradiative processes which mainly results
in heat generation. If the absorbed energy of the photon is high, direct
photochemical changes such as photo decomposition, photo-ionization
etc.of the excited molecule may take place. Vaporization of the material
and plasma generation are the destructive changes which may occurs as
a result of photon-matter interaction at very high power densities of the
incident light. If the changes are chemical, it may be either reversible
or irreversible. Figure 1.5 shows the main channels of photo induced
changes that occur in a sample.

Figure 1.5: Main channels of photo induced changes that occur in a sample.

hν = E2 − E1 (1.5)

Where hν is the energy of the absorbed photon and E1, E2 represents
the energies of the lower and upper levels respectively. The absorbed en-
ergy will be liberated through radiative, nonradiative or photo chemical
processes and each of these processes has specific quantum yield [37-39].
The total quantum yield of all the channels of de-excitation is given by

nr + nnr + npc = 1 (1.6)
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here nr , nnr and npc are the quantum yields of radiative, nonradiative
and photochemical processes respectively. Accordingly, the intensity Iabs
of the laser radiation absorbed will be distributed over all these channels,

Iabs = Ir + Inr + Ipc (1.7)

where Ir, Inr and Ipc are the amount of energy liberated through the
radiative, nonradiative and photochemical processes respectively.

1.5.1 Photothermal methods an overview

Measurement of the energy absorbed or that released through any of
these relaxation channels assists the study of various properties and pa-
rameters of the sample. Samples which absorb energy and liberate at
least a part of the excitation energy through nonradiative relaxation, not
only carries the information regarding the absorbed energy but also the
details regarding thermal properties of the sample. Such spectroscopic
methods based on the measurement of photo-induced changes in the
thermal state of a sample are called the photothermal (PT) methods.
Along with the change in temperature of the sample,this nonradiative
relaxation brings about changes in many other parameters such as den-
sity, pressure, refractive index etc.

Depending on the mode of detection there exist a number of PT tech-
niques. It is to be noted that PT spectroscopy measures optical ab-
sorption more accurately in highly scattering solutions, in solids and at
interfaces because the scattered or reflected light will not contribute to
PT signals. The detected PT signal depends on the optical absorption
coefficient at the incident wavelength as well as on how heat diffuses
through the sample. Dependence of PT signal on how heat diffuses
through the specimen allows the investigation of transport and struc-
tural properties such as thermal diffusivity, thermal effusivity, thermal
conductivity, voids, etc. A brief account of the different PT methods and
the techniques which are applied in our samples are depicted in figure
1.6. Even though all these techniques are based on the same principle,
the detecting parameter changes from one technique to other [40-44].

Photothermal calorimetry deals with the temperature change occur-
ring in the sample due to nonradiative de-excitation and it can be di-
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Figure 1.6: Brief account of the different PT methods discussed in this thesis.

rectly measured using thermocouples, thermistors or pyroelectric de-
vices. Photo pyroelectric technique,used to study the information about
the structural, thermal and optical properties of the sample while PT
radiometry measures the temperature change indirectly by monitoring
the infrared emission. Two PT techniques namely, PT interferometry
and PT surface deflection method are employed for the evaluation of
material parameters. PT interferometric technique can be effectively
applied for samples having homogenous deformation occurring due to
temperature changes. The optical path length change that occurs due
to photothermally induced refractive index variation can be effectively
measured using this technique. PT surface deflection spectroscopy can
be used to study the change in surface angle due to spatially heteroge-
neous expansion or contraction.

In thermal lens(TL) spectroscopy the spatially varying refractive in-
dex profile arising due to PT effect as a result of irradiation with pump
beam is studied. Focusing or de-focusing of the probe beam causes the
refractive index profile to be curved and can act either as a converging or
diverging lens depending on the sign of dn

dt . Light transmitted through
an aperture placed beyond the PT lens will vary with the strength of the
lens formed. A detailed overview of this technique is given in the second
chapter. This technique allows the determination of thermal diffusivity,
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thermal conductivity, temperature coefficient of the optical path length,
optical absorption coefficient and fluorescence quantum efficiency. In
the case of opaque solid samples, refractive index gradient due to tem-
perature dependent index of refraction is studied making use of bending
of materials which is commonly called PT deflection spectroscopy. In
PT refraction spectroscopy, the detected signal is due to the combined
effects of both deflection and lensing. PT diffraction technique is based
on the probe-beam diffraction due to a periodic index of refraction (grat-
ing) generated when two pump-beams cross each other, inside or at the
surface of a sample [3].

Pressure change associated with the transient temperature change in
the specimen is detected using pressure transducers such as microphones
or piezoelectric crystals in opto acoustic or photo acoustic (PA) tech-
nique. It is different from that of the acousto-optic (AO) effect. The two
types of pumping mechanism commonly employed in PT experiments are
pulsed optical excitation or modulated continuous wave optical radia-
tion. Excitation through intensity modulated optical radiation results
in periodic thermal waves and the amplitude and phase of the gener-
ated PT signal is a function of the frequency of modulation of incident
radiation. These thermal waves carry information about the thermal,
transport and optical properties of the specimen under investigation.

The present thesis deals with the use of two thermo-optic methods,
namely, mode matched thermal lens technique to investigate the ther-
mal and transport properties of CdSe QDs based photonic materials and
photo acoustic technique to measure the acoustic signals generated due
to the pressure variations generated in these samples [44-46].

1.6 Nonlinear optics

Field induced modifications in the optical properties of materials is stud-
ied in nonlinear optics (NLO). Measurements using conventional light
sources give a polarization P which is linearly dependent on electric field
strength E

P = εχE (1.8)
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where χ is the susceptibility of vacuum.The interaction of electric field
with matter obeying this relation comes under linear optics. With high
power lasers, which has high degree of spectral purity, coherence, in-
tensity and directionality, it became possible to irradiate atoms and
molecules with radiation of intensity comparable to the inter atomic
field. Thus induced polarization becomes a function of higher powers
of electric field showing nonlinear (NL) dependence on electric field. In
such cases, polarization is expressed as

P = ε(χ(1)E1 + χ(2)E2 + χ(3)E3 + · · ·) (1.9)

Here χ(2) and χ(3) are called second order and third order susceptibilities
respectively. Many of these effects appeared in the NL optical regime,
like second harmonic generation, third harmonic generation, optical lim-
iting etc. are absent in linear regime. The magnitude and response of
third order nonlinear susceptibility is one of the important parameters of
NLO materials and several techniques exist for measuring these parame-
ters. Z-scan, Degenerate Four Wave Mixing (DFWM), Third Harmonic
Generation (THG), Time resolved optical Kerr effect, three wave mix-
ing, ellipse rotation, beam distortion measurements etc. are different
techniques used for this purpose. Using z-scan, the sign and magnitude
of the third order susceptibility tensor can be calculated. DFWM can
give both the magnitude and response of the third order nonlinearity.
Similarly, THG is another technique used for the measurement of the
magnitude of the third order susceptibility tensor. Electro absorption
is used for the dispersion studies of third order nonlinearity and the
time resolved optical Kerr effect is used for the photo physical processes
determining the nonlinearity [5, 47].

1.6.1 Nonlinear absorption

The amount of light absorbed in most of the absorbing, materials in-
creases linearly with input irradiance, giving rise to a constant trans-
mittance. This is referred to as linear absorption and is independent of
intensity of light. In such cases, absorption in the sample can be fully
explained by Beer-Lambert law. If α is the linear absorption coefficient,
transmitted intensity It is related to input intensity I0 by

It = I0e
−αl (1.10)
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where l is the sample length. Any deviation from the behaviour in the
above equation is called nonlinear absorption. Here α can increase or
decrease with respect to incident intensity so that α becomes a function
of wavelength as well as the irradiance (I). The intensity dependent
absorption arises due to third order optical nonlinearity in which the
complete refractive index can be written as

nI = n0 + n2I (1.11)

Both n0 and n2 are complex quantities where n0 is the linear index of
refraction, n2 the intensity dependent refractive index and I denotes the
irradiance of the laser beam within the sample. For a given wavelength,
if α increases with intensity, the effect is called Reverse saturable absorp-
tion (RSA). On the other hand, if there is a decreases of α with intensity,
the process is called saturable absorption(SA). In RSA, sample becomes
more and more opaque as intensity is increased due to enhanced ab-
sorption at higher intensities. This phenomenon is exploited in passive
optical power limiting to protect optical sensors, including human eye,
from intense laser pulses. Optical limiting is achieved primarily by ma-
terials, which absorb strongly at high intensities i.e. RSA. A number of
compounds have been found to possess such a property [48-51].

1.6.2 Excited state absorption and two photon absorption

At sufficiently high intensities, enhanced absorption of radiation in the
transparent region of the spectrum is observed due to multi photon ab-
sorption process. When ground state absorption is bleached at high
optical intensities, absorption of photo carriers in the excited state to
higher state occurs which is called as the exited state absorption( ESA).
In the process of two photon absorption (TPA), an atom makes a tran-
sition from its ground state to the excited state by the simultaneous
absorption of 2 photons of identical or different frequences. One of the
reason for reverse saturable absorption to occur is the absorption cross
section σ12 being greater than σ01 where σ12 is the absorption cross sec-
tion from the first excited molecular state to the higher state and σ01 is
the absorption cross section from ground state to first excited state. As
the optical excitation intensity increases, more molecules are promoted
to the excited state, thus giving rise to higher absorption. General classi-
fication of TPA process is the resonant TPA and the non resonant TPA.
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In resonant TPA which is also called as sequential TPA, a transition
happens through two separate one photon transitions. In non resonant
TPA, there need not be an Intermediate state for the atom before reach-
ing at the final excited state. The nonlinear absorption in this case is
proportional to the square of the instantaneous intensity as follows

∂I

∂z
= −αI + βI2 (1.12)

where α is the linear absorption coefficient and β is the TPA coefficient.
Energy level diagram showing ESA and TPA are shown in figure 1.7.
The nonlinear dependence on intensity implies that such a process can

Figure 1.7: Energy level diagram showing (a) Excited State absorption and
(b) two Photon Absorption.

be localized to a chosen region of the absorbing material by focusing the
radiation. This has served as the basis of a host of new technologies like
2 and 3 photon microscopy, fluorescence correlation spectroscopy in live
cells, optical data storage, lithography, optical limiting etc.

1.6.3 Free carrier absorption

In addition to TPA, large refractive nonlinearities can occur due to free
carriers generated in the material. In semiconductors, the absorption of
a photon with energy greater than the band gap will promote an electron
to the conduction band, where it is a free carrier and can contribute
current flow when a field is applied. These free carrier will relax to the
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lower conduction band where it will recombine with an excited hole in
the valence band after a characteristic recombination time and at high
intensities they are again excited to the higher conduction band levels.
This process is called free carrier absorption (FCA) [52-55].

1.6.4 Nonlinear optical properties of quantum dots

Due to quantum confinement effects and interfacial effects nanome-
ter sized semiconductor materials exhibit large third order NLO effect.
Quantum confined stark effect and large relatively fast NLO response in
colour glass filters containing CdS:Se nanoparticles by Jain and Lind are
the two important discoveries in the early eighties. Another important
factor determining the NLO effects of quantum dots is the large number
of atomic vacancies or defects on its surfaces that can become trapped
states for electric charge. These trapped states would cause nonradia-
tive transfer for photo excited carriers and can contribute to NLO effects
when excited by external radiation. Optical nonlinearities in the trans-
parent spectral region of semiconductors can be classified into two main
categories, viz; (1) third order nonlinearity arising from bound-electronic
effects and TPA and (2) FCA due to the photo excitation of free carriers.

1.7 Selected applications on CdSe QDs

In the recent decades, QDs also referred to as semiconductor nanocrys-
tals, have come at the research focus in many areas of technical ap-
plications, like biomarkers, light-emitting diodes, photovoltaic devices,
random lasers etc. due to their unique electronic and optical properties.
The two important applications which we have studied on CdSe QDs
are discussed below.

1.7.1 Quantum dots-sensitized solar cells

In particular, quantum dots-sensitized solar cells (QDSSCs) are of great
interest because of their excellent performance of low-cost, photo stabil-
ity, high molar extinction coefficients and size-dependent optical prop-
erties. Inspite of the progress in research and development of QDSSCs,
their efficiency level is still lower than that of the dye-sensitized solar
cells (DSSCs). This is mainly due to the high electron loss between
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electrolyte and electrodes (photo electrode and counter electrode) and
the relatively narrow absorption spectra of most of the efficient QDs.
Thus, to increase the conversion efficiency, much effort has been con-
centrated to develop properties of QDs referring to electron transport
rate, light harvesting ability, the catalytic ability of counter electrode
and decrease of charge recombination. At present the performance of
various nanosized materials like CdS, CdSe, CdTe, PbS, PbSe has been
studied by various groups for photo catalyst and solar cell applications.
QDSSCs have also shown potential in further improving the performance
of the most efficient multi junction solar cell devices due to the flexibility
in band gap tuning. Inorganic semiconductors have several advantages
over conventional dyes. (i) The band gap of semiconductor QDs can
be tuned by size to match the solar spectrum. (ii) Their large intrinsic
dipole moments can lead to rapid charge separation and a large extinc-
tion coefficient, which is known to reduce the dark current and increase
the overall efficiency. (iii) In addition, semiconductor QD sensitizers
provide new chances to utilize hot electrons or generate multiple charge
carriers with a single photon[56-59]. Hence, nanosized narrow band gap
semiconductors are ideal candidates for the optimization of a solar cell
for improved performance.

Recently, various nanosized semiconductors have been studied for photo
catalyst and solar cell applications. Among these sensitizers, CdSe has
shown much promise as an impressive sensitizer due to its reasonable
band gap of about 1.70eV, which has a strong absorption of the solar
spectrum. The use of CdSe quantum dots, which may produce more
than one electron-hole pair per single absorbed photon (also known as
multiple exciton generation (MEG)), is a promising solution to enhance
power conversion efficiency. Furthermore, the creation of a type-II het-
erojunction by growing CdSe QDs on the TiO2 surface greatly enhances
charge separation. All these effects are known to increase the exciton
concentration, quantum yield, and lifetime of hot electrons and there-
fore, the performance of QDSSCs. This enables better current-matching
and hence the improved output current of the entire device, leading to
higher efficiencies [60-63]. Novel works have been done in the area of
plasmonic solarcell devices which showed an enhancement in the photo
current. This could be achieved by using silver nanoparticles on the
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surface of the material device.

A new type of nanostructure that combines the strong resonant light-
harvesting properties of plasmonic NPs with the exclusive absorption
capabilities of QDs have been developed. Such structures are the basis
for a new class of intermediate band solar cells that may attain high
efficiency. The interaction between excitons and plasmons, in hybrid
structures of semiconductor and metal NPs, has attracted major at-
tention in the last years due to the interesting effects that have been
observed such as energy transfer, enhanced luminescence etc.[64-69]. In
particular, several works showed enhanced photoluminescence, due to
plasmon-enhanced absorption at or above the QDs ground-state, when
the exciting light matches the plasmonic resonance of appropriately de-
signed metal NPs, located in a near-field vicinity of the dots. As reported
earlier, it is possible to enhance the long wavelength photon absorption
of the QDSSCs by employing light trapping. This can be achieved by de-
positing metal nanoparticles on the solar cell surface. The light incident
on the nanoparticles is scattered strongly due to excitation of localized
surface plasmons(SP)[70]. A fraction of scattered light is coupled into
the solar cell. The nanoparticles scatter light at random angles and the
light coupled into the cell at angles greater than the critical angle for
total internal reflection at the cell/air interface is trapped inside the cell,
and results in enhanced absorption in the cell. Plasmonic light trapping
can be incorporated into the solar cells after the general device fabrica-
tion sequence. Important steps for the fabrication of QDSSCs are shown
in figure 1.8 (adapted from refrence 63).

Efficiency of QDSSCs depends on:

• Photo induced charge transfer processes- charge injection from an
excited QD into wide band gap material like TiO2

• Transport of electrons to the collecting electrode surface

• Hole transfer to the redox couple

• Regeneration of the redox couple

• Recombination of electrons from the QD and the oxidized form of
the redox couple
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Figure 1.8: Important steps for the fabrication of QDSSCs.

• Interfacial recombination of electrons from TiO2 and the oxidized
form of the redox couple [71-74].

1.7.2 Random Lasers

Random laser(RL) differs from conventional laser in that its cavity is
formed not by mirrors but by multiple scattering in a disordered gain
medium as shown in figure 1.9, in which a random collection of QDs
containing laser dye is excited (for example, by an external light source)
to obtain population inversion. The QDs then scatter light and am-
plify it in the process. The propagation of the light waves becomes that
of an amplified random walk. Random lasers have been demonstrated
in a variety of materials, including liquid dyes, polymers, semiconduc-
tors and dielectric crystals, and their potential applications range from
medicine to laser fusion. The two major elements of conventional lasers
are the gain medium, which provides light amplification, and the optical
resonator (cavity), which provides feedback and, in its simplest form,
can consist of just two parallel mirrors. In contrast, random lasers do
not require any cavity or optics besides possibly the optics used in the
pumping channel. This makes them inexpensive, simple and robust in
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Figure 1.9: Multiple light scattering with gain.

operation[75-78]. Random lasers have been classified as incoherent feed-
back RL and coherent feedback RL as shown in figure 1.10.

Figure 1.10: Different classes of random laser emission.

In the first random laser proposed by Letokhov in 1967, the incoherent
feedback was governed by photon diffusion in an ensemble of scatter-
ers. The wavelength of the random laser emission is determined by the
maximum of the gain spectrum rather than the feedback. In random
lasers with coherent feedback, the mode density is much lower, and the
emission peaks corresponding to different lasing modes are well resolved.
However, these spectral lines are randomly positioned, and statistically
the spectrum of stimulated emission is again determined by the gain
band [79-80].
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1.8 Overall aim and organization of the thesis

The overall aim of the study was to optimize and characterize pho-
tonic material for photonic device applications using thermo optic and
nonlinear- optical methods. Within this broad theme, the research had
a number of specific objectives:

• To select a potential photonic material for the study

• Characterize the material by thermo-optic and nonlinear optical
methods.

• To explore the ideas for the development of photonic device appli-
cations.

The relationship between the chapters and the general organization of
the thesis are presented in figure 1.11. In this thesis, investigations

Figure 1.11: The general organization of the thesis and the connections be-
tween individual chapters.

on CdSe QD based materials which have tunable optical properties is
synthesized and characterized for photonic applications.The preparation
of Quantum dot sensitized solar cells using prepared CdSe QDs is one of
the important applications we studied. Performance of Random lasers
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using these material as scatters is also observed. Calculations on thermal
diffusivity, optical limiting and nonlinear susceptibility of the samples
are also valuable parameters for various applications in photonics.
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Chapter 2

Material preparation and
characterization techniques

This chapter gives an overview on the synthesis of the photonic ma-
terials and their characterization techniques used in the present work.
Reflux and microwave irradiation methods are used for the synthesis of
CdSe QDs. Structural and linear optical characterization methods used
for the study are explained. Thermal lens and photo acoustic methods
are the selected thermo-optic techniques applied on the material while
Z-scan method is used for the nonlinear-optical characterization. Exper-
imental methods along with the theory of these techniques are discussed.
Basic ideas of solar cell and random lasers are given as the applications
of CdSe QDs.
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2. Material preparation and characterization techniques

2.1 Introduction

Nanotechnology represents the design, production and application of
materials at atomic, molecular and macromolecular scales, in order to
produce new nanosized materials. Advances in nanophotonics devices
have proceeded rapidly for the last 10 years. It causes an enormous
increase in number and diversity of photonic applications which have
resulted from significant advances in the computational design tools
and their accessibility, the emergence of new nanofabrication technique
and realization of new optical and structural characterization methods.
The selection of appropriate method for the preparation of nanoparti-
cles (NPs) depends on the physical, chemical character of the material
to be loaded. Synthesis of NPs using microwave heating has been on
the increase in recent years. Fabrication of high quality NPs can be
achieved by simple operations compared with the more conventional NP
synthesis methods. Applications of NPs in various fields require an inex-
pensive and simple process of synthesizing high quality shaped NPs. In
this regard, recent years have witnessed significant research being done
in the use of microwave radiation in NP synthesis. Although various
techniques have been applied for the synthesis of NPs, there are some
features to consider that are common to all the methods. That is, the
synthesis of NPs requires the use of a device or process [1, 2] that fulfills
the following conditions:

• Control of particle size, shape, size distribution, crystal structure
and composition distribution .

• Improvement of the purity of NPs.

• Control of aggregation.

• Stabilization of physical properties, structures and reactants.

• Higher reproducibility .

• Higher mass production, scale-up and lower costs.
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2.2 Preparation methods of nanoparticles

Methods of preparation of NPs can be divided into physical and chem-
ical methods based on whether or not there exist resonant chemical
reactions. On the other hand, these methods can be classified in to solid
phase synthesis, liquid phase synthesis, gas phase synthesis and vapour
phase synthesis. Solid phase method includes thermal decomposition,
solid state reaction, spark discharge and stripping and milling methods.
Liquid phase method for synthesizing NPs includes mainly precipitation,
hydrolysis, spray, solvent thermal, solvent evaporation pyrolysis, oxida-
tion reduction, emulsion, radiation, chemical synthesis and sol-gel pro-
cessing. The gas phase method includes gas-phase evaporation method,
chemical vapor reaction, chemical vapor condensation and sputtering
method. In our work we emphasize synthesis of NPs in the liquid phase.
A brief description of the other methods like gas phase synthesis and
vapour phase synthesis [3] are also given.

2.2.1 Liquid phase synthesis

• Co-precipitate method: It is a method of carrying down of sub-
stances by a precipitate, normally soluble under the conditions em-
ployed. It involves simultaneous occurrence of nucleation, growth,
coarsening or agglomeration process.

• Sol-gel processing: In materials science, the sol-gel process is a
method for producing solid materials from small molecules. The
method is used for the fabrication of metal oxides.

• Microemulsion: Microemulsion method is one of the recent and
ideal techniques for the preparation of inorganic NPs. Oil and wa-
ter are immersible and they separate into two phases when mixed,
each saturated with traces of the other component. An attempt to
combine the two phases requires energy that would establish water-
oil association replacing the water-water/oil-oil contacts[4,5].

• Sonochemical synthesis: Sonochemistry is the application of ultra-
sound to chemical reactions and processes. The mechanism caus-
ing sonochemical effects in liquids is the phenomenon of acoustic
cavitation.
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• Template synthesis: Template-assisted electrodeposition is an im-
portant technique for synthesizing metallic nanomaterials with
controlled shape and size. Arrays of nanostructured materials with
specific arrangements can be prepared by this method, employing
either an active or restrictive template as a cathode in an electro-
chemical cell.

• Biomimetic synthesis: Biomimetic synthesis is a branch of nat-
ural product synthesis that aims to synthesize a target molecule
through a series of reactions, and passing through intermediate
structures, that are closely related to those that occur during
biosynthesis in its natural source.

• Hydrothermal/Solvothermal: Solvothermal synthesis is a method
for preparing a variety of materials such as metals, semiconductors,
ceramics, and polymers. The process involves the use of a solvent
under moderate to high pressure and temperature that facilitates
the interaction of precursors during synthesis. If water is used as
the solvent, the method is called hydrothermal synthesis.

Reflux method for the synthesis of nanophotonic materials

Reflux method is one of the hydrothermal methods which is used to
apply thermal energy to a chemical reaction. In this method, a liquid
reaction mixture is placed in a vessel open only at the top and is con-
nected to a condenser such that any vapours given off are cooled back
to liquid, and fall back into the reaction vessel. To thermally accelerate
the reaction, it is carried out at an elevated temperature. The main
advantage of this technique is that it can be left for a long period of
time without the need to add more solvent or fear of the reaction vessel
boiling dry as any vapour is immediately condensed in the condenser.
In order to boil the given solution at a certain temperature, one can be
sure that the reaction will proceed at a constant temperature always.
The choice of solvent is an important factor through which, one can
control the temperature within a very narrow range. This technique is
also useful for performing chemical reactions under controlled conditions
that require substantial time for completion [6, 7]. Figure 2.1 shows a
typical reflux apparatus for supplying thermal energy for the chemical
reactions. It includes an optional beaker of water between the reactants
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Figure 2.1: Laboratory reflux apparatus.

and the heat. In our experiments we used a two necked flask with one
neck to keep the thermometer inside and the condenser is fit in the other
neck. Inlet and outlet for water are included. Furthermore, a high boil-
ing, thermally stable silicone oil is an option to immerse the reaction
vessel, rather than water which evaporates too readily to be useful for
lengthy reactions. Using an oil bath, temperatures of up to several hun-
dred degrees can easily be achieved, which is higher than the boiling
point of most commonly used solvents. If even higher temperatures are
required, the oil bath can be replaced with a sand bath.

Microwave synthesis

In recent times, a microwave-assisted method has been widely applied
in chemical reactions and synthesis of nanomaterials. It is an attractive
method to promote reactions by effective heating compared to conven-
tional heat conduction methods due to the direct heating of the reac-
tion mixture. In conventional heating methods, the vessel is heated
and subsequently transfers the heat by convection. In other words mi-
crowave heating is more efficient in terms of the energy used, produces
higher temperature homogeneity, and is considerably more rapid than
conventional heat sources. Microwave heating is a transfer of electro-
magnetic energy to thermal energy, and is an energy conversion phe-
nomenon rather than the heat transfer. The electric component of an
electromagnetic field causes heating by two main mechanisms, dipole
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interaction mechanism and ionic conduction mechanism. Main features
of these interactions between materials and microwaves are based on:-

• Both require effective coupling between target material and rapidly
oscillating electromagnetic field of microwaves.

• Dipole interaction occurs with polar molecules.

• Polar end of the molecules reorient themselves and oscillates in
steps with the oscillating electric field of microwaves.

• Heat is generated by molecular collision and friction.

• Generally, more polar the molecule the more effectively it will cou-
ple with microwave field.

• Nanostructures with smaller size distribution and higher degree
of crystallization are obtained under microwave heating than in
conventional heating.

In dipole interaction mechanism, for a substance to generate heat when
irradiated with microwaves it must possess a dipole moment, as in wa-
ter molecule which possess a very high dipole moment. The greater the
polarity of a molecule, the more pronounced the microwave effect with
regard to the rise in temperature [8, 9]. A dipole is sensitive to external
electric fields and will attempt to align itself with the field by rotation.
The applied field offers the energy for the molecules to collide with one
another and heats the sample. High and low frequency radiation does
not give rise to effective heating because in the first case, the field oscil-
lates so well that there is no random motion generated and in the second
case, the molecules follow the field so closely that there is no random
motion generated [10, 11]. Second mechanism is the conduction pro-
cess which is a much stronger interaction than the dipolar mechanism
with regard to the heat-generating capacity. In this case mobile charge
carriers like electrons, ions, etc. move relatively easily through the ma-
terial under the influence of the microwave electric field. These induced
currents will cause heating in the sample due to electrical resistance.
In the same way as visible light, infrared irradiation, and UV irradia-
tion, microwave energy is also delivered directly to the material through
molecular interaction with the electromagnetic field. Since microwaves
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can penetrate the material and supply energy, heat can be generated
throughout the volume of the material resulting in volumetric heating
[12]. Additionally, the method shows acceleration in reaction rate, yield
improvement, short reaction time, small particle size, narrow particle
size distribution, high purity materials, and enhanced physical-chemical
properties [13-15].

2.2.2 Gas phase synthesis

This process involves super saturation achieved by vaporizing material
into background gas and then cooling the gas. The gas phase method in-
cludes gas-phase evaporation method, chemical vapour reaction method,
chemical vapor condensation and sputtering method. It can also be clas-
sified with the precursors used as:

• Methods using solid precursors

1. Inert gas condensation

2. Pulsed laser ablation

3. Spark discharge generation

4. Ion sputtering

• Methods using liquid or vapour precursors

1. Chemical vapour synthesis

2. Spray pyrolysis

3. Laser pyrolysis/photo chemical synthesis

4. Thermal plasma synthesis

5. Flame synthesis

6. Low temperature reactive synthesis
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2.2.3 Vapour phase synthesis

This involves same mechanism as liquid phase reaction. Here, elevated
temperature with vacuum is used for the reaction process. Vapour phase
mixture rendered thermodynamically is unstable relative to formation
of desired solid material.

Characterization techniques

Characterization techniques of materials are important to researchers as
they are the basic tools in identifying the structure and thereby prop-
erties of materials synthesized, which help in determining whether the
designed materials are suitable for particular applications. We present
the experimental techniques to find out the structural, thermal, linear
and nonlinear optical properties of samples and its applications as pho-
tonic materials.

2.3 Structural characterization techniques

X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR),
Dynamic light scattering (DLS) method for particle size analysis, Trans-
mission electron microscopy (TEM) and Scanning electron microscopy
(SEM) are the main techniques used for the structural characterization
of our samples in this thesis.

2.3.1 X-ray diffraction spectroscopy (XRD)

X-ray diffraction, often abbreviated as XRD, is extensively used to char-
acterize the crystalline form of nanoparticles to estimate the crystalline
sizes and for the study of crystal structures and atomic spacing. Since
this method often utilizes X-ray diffraction from nanoparticles in pow-
der form, it is called powder diffraction. This rapid analytical technique
can provide information on unit cell dimensions and the crystalline na-
ture of the sample. Max von Laue, in 1912, discovered that crystalline
substances act as three-dimensional diffraction gratings for X-ray wave-
lengths similar to the spacing of planes in a crystal lattice. The basic
principle behind XRD is the constructive interference of monochromatic
X-rays from a crystalline sample. The interaction of the incident rays
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with the sample produces constructive interference and a diffracted ray
when conditions satisfy Bragg’s Law [16].

2dsin(θ) = nλ (2.1)

This law relates the wavelength of electromagnetic radiation to the
diffraction angle and the lattice spacing in a crystalline sample. These
diffracted X-rays are then detected, processed and counted. By scanning
the sample through a range of 2θ angles, all possible diffraction direc-
tions of the lattice could be attained due to the random orientation of
the powdered material. Conversion of the diffraction peaks to d-spacing
allows identification of the mineral because each mineral has a set of
unique d-spacing. If a material does not show this diffraction peaks it
confirms that the material is not a crystal and must be non-crystalline or
amorphous. We used a Bruker AXS D8 Advance X-ray diffractometer
with Ni-filtered Cu Kα (1.5406Å) source to investigate the structural
properties of the samples.

2.3.2 Fourier transform infrared spectroscopy (FTIR)

This non-destructive techniques provide extensive information about the
structure and vibrational properties along with the characterizing cova-
lent bonding information. FTIR is used to gather information about
the structure of a compound and as an analytical tool to assess the pu-
rity of a compound. In the experimental section of IR spectroscopy, an
organic molecule is exposed to infrared radiation and when the radiant
energy matches the energy of a specific molecular vibration, absorp-
tion occurs. The wavenumber, plotted on the X-axis, is proportional to
energy; therefore, the highest energy vibrations are on the left. The per-
cent transmittance (%T) is plotted on the Y-axis. Absorption of radiant
energy is therefore represented by a trough in the curve: zero transmit-
tance corresponds to 100% absorption of light at that wavelength [17].
IR source emits an IR beam which is split into two identical beams; one
goes through the sample and the other through a reference cell. IR spec-
troscopy is used to measure the amount of energy absorbed when the
frequency of the infrared light is varied. In our works the FTIR spec-
tra of the samples were recorded using Thermo NICOLET 380 FTIR
Spectrometer by means of KBr pellet procedure[18].

41



2. Material preparation and characterization techniques

2.3.3 Dynamic light scattering analysis (DLS)

DLS method is a well-established technique for measuring the size of
particles and macromolecules typically in the sub micron region down
to below 1 nanometer. It is sometimes referred to as Photon correlation
spectroscopy (PCS) or quasi-elastic light scattering (QELS) method and
is suitable to measure samples which consist of particles suspended in
a liquid or emulsions. The basic mechanism behind is that, particles
in suspension undergo Brownian motion caused by thermally induced
collisions between the suspended particles and solvent molecules. If the
particles are illuminated with a laser, the intensity of the scattered light
fluctuates over very short time scales at a rate that is dependent upon
the size of the particles; smaller particles are displaced further by the
solvent molecules and move more rapidly. Analysis of these intensity
fluctuations yields the velocity of the Brownian motion and hence the
particle size using the Stokes-Einstein relationship.

The term hydrodynamic diameter is used to indicate the diameter mea-
sured in DLS method which refers to the way a particle diffuses within
a fluid. This means that the particle size will be larger than measured
by electron microscopy, and it is important to note that DLS produces
an intensity weighted particle size distribution, which means that the
presence of over sized particles can dominate the particle size result.

A conventional DLS instrument consists of a laser light source, which
converges to a focus in the sample using a lens. Light is scattered by the
particles at all angles and a single detector, traditionally placed at 90◦

to the laser beam, collects the scattered light intensity. Laser diffraction
measures particle size distributions by measuring the angular variation
in intensity of light scattered as a laser beam passes through a dispersed
particulate sample. Large particles scatter light at small angles relative
to the laser beam and small particles scatter light at large angles. The
angular scattering intensity data is then analyzed to calculate the size
of the particles responsible for creating the scattering pattern, using the
Mie theory of light scattering. The particle size is reported as a volume
equivalent sphere diameter[19]. We have used nanoparticle analyzer SZ-
100 (Horiba)for the particle size measurement.
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• Measurement of Zeta potential

It is one of the fundamental parameters known to affect dispersion sta-
bility. It is a measure of the magnitude of the electrostatic or charge
repulsion or attraction between particles in a liquid suspension. It can
also be done with Dynamic light scattering instrument system described
above. Its measurement brings detailed insight into the causes of dis-
persion, aggregation or flocculation and can be applied to improve the
formulation of dispersions, emulsions and suspensions [19, 20].

2.3.4 Transmission electron microscopy (TEM)

TEM is a tool utilized to analyze the structures of very thin specimens
through which electrons as probes are transmitted. TEM image pro-
vides reliable information about the size and shapes of nanoparticles.
The principle of operation in this instrument is similar to an optical
microscope, where an electron beam, like light in a transmission micro-
scope, travels through the sample and is affected by the structures in
the specimen. Transmitted electron beam is projected onto a phosphor
screen for imaging. A TEM consists of the following components:

1. An electron gun that produces a stream of monochromatic elec-
trons

2. Electromagnetic condenser lenses that focus the electrons into a
small beam

3. A condenser aperture to restrict the beam by eliminating the high-
angle electrons

4. A sample stage on which the sample is placed

5. An objective lens to focus the transmitted beam

6. Optional objective and selected area metal apertures to enhance
the contrast by blocking out high-angle diffraction, as well as to
obtain electron diffraction

7. Subsequent intermediate and projector lenses to enlarge the image

8. Optical recording of the image carried by the transmitted electron
beams
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As the high energy electrons pass through the thin specimen, scatter-
ing occurs at the atoms because of Coulomb interactions. The degree
of scattering depends on the constituent atoms of the specimen.The in-
tensity distribution of the electrons reaching the fluorescent screen is
determined by the number of electrons transmitted. This results in a
relative darkness in the specimen image area, which is rich in heavy
atoms and thus, TEM image provides reliable information about the
size and shapes of nanoparticles. The electron micrograph images of
our samples in colloidal form were obtained using transmission electron
microscope of Philips Technai G2 at 120 kV [21].

2.3.5 Scanning electron microscopy (SEM)

SEM is a technique to obtain the image of a sample, by scanning of
an electron beam across the surface of specially prepared specimens. It
provides a greatly enlarged and highly resolved three-dimensional view
of the specimen’s exposed structure. An electron beam from an electron
gun is focused onto the specimen surface by condenser lenses and this
electron beam spot size determines the resolution of the image, which
is finally obtained by scanning. A set of scanning coils deflects the
electron beam which allows scanning of the surface in a grid fashion.
There are several types of signals which are produced when the focused
electron beam impinges on a specimen surface, to form an SEM image.
They include back-scattered electrons, secondary electrons, cathode lu-
minescence, and low-energy characteristic X rays generated by the im-
pinging electrons. The signals obtained from specific emission volumes
within the sample are used to measure composition, surface topography,
crystallography, magnetic or electric character, etc. The secondary and
back-scattered electrons are captured by a detector and are primarily
responsible for topographic images. Thus, in principle, every point spot
on a specimen is transposed to a corresponding point on the CRT and
the brightness of a spot in a SEM image is a measure of the intensity of
secondary electrons, which critically depends on the local surface topog-
raphy. The advantage of SEM over TEM is that, it provides tremendous
depth of focus [21]. Scanning electron microscopy (SEM) of our samples
are performed on JEOL Model JSM-6390LV.
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2.4 Linear Optical characterization

2.4.1 Absorption spectroscopy

JASCO V-570 UV/VIS/NIR Spectrophotometer was used for the ab-
sorption, transmission and reflectance measurements of the samples.
The spectrometer consists of an optical system with single monochro-
matic, UV/VIS region (1200 lines/mm plane grating) and NIR region(300
lines/nm plane grating) of Czenry-Turner mount double beam type. The
resolution is of 0.1 nm (UV/VIS region) and 0.5 nm (NIR region). Light
source used are 30 mW deuterium discharge tube in 190 nm to 350 nm
region and 20 W tungsten iodine lamp in 330 -2500 nm region. The total
wavelength range for the analysis is 190 nm - 2500 nm. The beam from
the light source is converged and enters in to the monochromator. It is
dispersed by the grating in the monochromator and the light passes out
through the exit slit. This light is split into two light paths by a sector
mirror, one incident on the sample to be measured and the other on the
reference sample such as solvent. The light that has passed through the
sample or reference sample is incident on the photomultiplier tube and
PbS photo conductive cell which act as the detectors.

In the reflectance measurement, the setup has to be changed. The
Model SLM-468 single reflection attachment is designed to measure the
relative reflectance of sample using the forward reflected light from the
aluminum-deposited plane mirror as reference. It permits the measure-
ment of the reflectance of metal deposited film, metal plating etc. The
wavelength range is 220 nm to 2200 nm with a beam port diameter
of 7 mm and angle of incidence approximately∼5◦[17]. For each wave-
length of light passing through the spectrometer, the intensity of the
light passing through the reference cell is measured as I0. The intensity
of the light I passing through the sample cell is also measured for that
wavelength. If I is less than Io, then obviously the sample has absorbed
some of the light. By Beer-Lambert Law [22],the relationship between
A (the absorbance) and the two intensities are given by A = log I0I and
the absorption coefficient, α = A/d, d= thickness of the sample where
α is given by the Taucs [23] relation to obtain the absorption edge as,

α(ω) = β
( h

2πω − Eopt)
n

h
2πω

(2.2)
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where, β is a constant and n is an index which takes values of 2 and 1/2
for direct and indirect transitions. Band gap of CdSe QDs are calculated
for direct transitions, using Tauc plot, with (αhν)2 along y-axis and Eopt
along x-axis.

2.4.2 Fluorescence spectroscopy

The fluorescence excitation and emission spectrum of the samples were
carried out using Cary eclipse fluorescence spectrophotometer of VAR-
IAN [17]. It has a single cell holder for liquid sample analysis and a solid
sample holder accessory to perform fluorescence measurements on solid
samples. The solid sample holder accessory provides both rotational and
translational adjustment of the sample. The angle of incidence of the
excitation may be varied from 20◦C − 35◦C. This is the angle between
the exciting light and a line perpendicular to the surface of the sample
mounting slide. The source of excitation is xenon lamp.

2.5 Photo-thermal characterization methods

Thermo-optic or photothermal (PT) spectroscopy belongs to a class of
highly sensitive techniques, which can be used to measure optical ab-
sorption and thermal characteristics of a sample based on the change
in thermal state of the sample resulting from the absorption of radi-
ation. The basic principle of PT spectroscopies is the detection of the
heat produced in the sample due to non-radiative de-excitation processes
resulting from the absorption of intensity-modulated light by the sam-
ple. PT signals will not be affected by scattered or reflected light unlike
conventional optical signal detection. Hence PT spectroscopy measures
optical absorption more precisely in scattering solutions, solids and at
interfaces. The large signal to noise ratio of thermo-optic techniques
makes it an effective tool to study the surface and absorption properties
of materials, particularly for solids. There are different PT mechanisms
that can be used for the physical and chemical analyses of materials, such
as photo acoustic spectroscopy, PT deflection, PT lens spectroscopy etc.
Measurements of the temperature, pressure, and/ or density changes
that occur due to optical absorption are ultimately the basis for these
PT spectroscopic measurements. Each of these has a name indicating
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the specific physical effect measured [24]. These are briefly described in
the following sections.

1. Photo acoustic spectroscopy (PAS) is an indirect method for mea-
suring optical absorption. Indirect methods do not measure light
transmission or emission but rather measure an effect of sample
absorption.

2. Photothermal lens spectroscopy (PTL)measures the thermal bloom-
ing that occurs when a beam of light heats a transparent sample. It
is typically applied for measuring minute quantities of substances
in homogeneous gas and liquid solutions.

3. Photothermal deflection (PTD) spectroscopy or the mirage effect
measures the bending of light due to optical absorption. This
technique is particularly useful for measuring surface absorption
and for profiling thermal properties of layered materials.

4. PT diffraction, a type of four wave mixing, monitors the effect of
transient diffraction gratings written into the sample with coherent
lasers. It is a form of real time holography.

5. PT emission measures an increase in sample IR radiance resulting
from absorption. Sample emission follows Stefan’s law of thermal
emission. These methods are used to measure the thermal prop-
erties of solids and layered materials.

2.5.1 Thermal lens effect

Thermal lens(TL) spectroscopy was the first PT spectroscopic method to
be applied for sensitive chemical analysis. The TL effect was discovered
by Gordon et al. in 1965. In this technique the sample is illuminated
using a Gaussian beam having intensity distribution across the beam as

Ir = I0e
−2r2

ω2 (2.3)

where ω is the beam radius. When energy from a laser beam passes
through a sample, a part of the incident radiation is absorbed by the
sample and subsequent nonradiative decay of excited state population
results in local heating of the medium along the beam path. Heating
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caused by absorption of a Gaussian beam has radial symmetry along the
laser path which creates a corresponding radial temperature gradient in
the sample and a blooming occurs, which is proportional to this tem-
perature changes. Modification in refractive index causes the medium
to mimic a lens, called thermal lens (TL). This lens causes beam diver-
gence or convergence with the change in refractive index and the signal
is detected as a time dependent decrease in power at the center of the
beam. The thermal lens generally has a negative focal length since most
materials expand upon heating and hence have negative temperature co-
efficient of refractive index which causes beam divergence and the signal
is detected as a time dependent decrease in power at the center of the
beam at far field using a probe beam.

Theory of thermal lens effect

Several experimental conditions have to be applied to derive TL the-
oretically [25-31]. Under pulsed and continuous wave(CW) excitation
conditions, different pump or probe beam geometries and different sam-
ple conditions are some of the models applied. The theoretical procedure
can be divided into three parts.
(1)The heat equation must be solved for the particular boundary con-
ditions of the system to generate a temperature distribution within the
sample.
(2)Temperature distribution must be converted into a refractive index
profile.
(3)Interaction of the beam with the refractive index profile is used to
predict a change in the beam intensity profile.

The different models differ primarily in the last step. A simple parax-
ial approximation theory is also usually used to predict changes in the
beam center intensity and in the beam spot size[32, 33]. This parax-
ial approximation is a closed- form solution of ray tracing through a
parabolic temperature rise near the beam axis. Following assumptions
are involved in the model of the thermal lens.

• Beam cross section should be Gaussian and the spot of the laser
beam remains constant over the length of the sample cell.

• The thermal conduction is the main mechanism of heat transfer
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while the sample is homogeneous and satisfies Beer’s law.

• Intensity profile of the laser beam detection is undertaken in the
far field from the sample

• The strength of the thermal lens is not sufficient to induce a change
in the beam profile within the sample where the refractive index
change of the sample with temperature is constant over the sample.

Consider a Gaussian beam passing through an element of an absorbing
sample in which the heat flow is radial and the beam is turned on during
the time interval 0 ≤ t ≤ to .
The heat generated per unit length [34]is given by

Q(r)dr =
2αE0

πω2
e(−2r2

ω2
) (2.4)

where α is the absorption coefficient of the medium. Eo is the total
energy in each laser pulse and ω is the beam radius at time t = 0. The
temperature rise of the laser-irradiated region [35, 36] is obtained as

T (r, t) =
2αE0

πρcp(ω2 + 8Dt)
e

[ −2r2

(ω2+8Dt)
]

(2.5)

Then thermal diffusivity D of the sample can be calculated from the
equation

tc =
ω2

4D
(2.6)

where ω is the beam radius at the sample position and tc, the time
response to attain the steady state focal length. The solution of equa-
tion(2.5) for CW excitation is given as [29, 30]

T (r, t) =
2αP (1 + cosωt)

πρcp(ω2 + 8Dt)
e

[ −2r2

(ω2+8Dt)
]

(2.7)

Due to non-uniform radial temperature distribution, time dependent
refractive index gradient formed inside the sample can be expressed as

n(r, t) = n0 + (
∂n

∂t
)T(r,t) (2.8)

where no is the refractive index at time t=0. Consequently, the irra-
diated sample acts like a lens, which affects the laser beam intensity
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profile by altering the radius. The relative change in the beam intensity
is proportional to the relative changes in power of the beam reaching
the detector and hence is a direct measure of the thermal lens strength.
The PT lens signal is obtained by monitoring the probe laser power that
passes through a pinhole placed far from the sample. The photo TL will
either focus or defocus the probe laser beam so that the power at the
center of the beam will either increase or decrease.

Measurement approach of TL technique

• Single beam thermal lens configuration

In single-beam TL spectrometer, the same laser is used to excite the
sample and to probe the thermal lens created. In single beam TL spec-
trometer, the laser beam is focused with a lens and modulated with a
chopper or a shutter. After passing through the sample, the beam center
intensity is usually measured in the far field with a photodiode .

• Dual beam thermal lens configuration

In this method the pump beam is used to generate the thermal lens in
the medium and another laser of low intensity is used to probe the lens
formed. Separate lenses are used to focus pump and prob beam on to
a dichroic mirror. There are two types of dual beam instrumentation:
Collinear and transverse configuration. In collinear configuration, good
spatial overlapping of both beams is necessary for optimal sensitivity. In
transverse thermal lens experiment, the excitation beam is focused on
to the sample perpendicular to the probe beam[37]. This alignment is
useful for samples, which are available in very low concentration and in
small volume and for chromatographic detection. Prism can be used to
ensure a good overlap and counter propagation between the pump and
probe beams. Dual beam technique is more advantageous since only a
single wavelength (probe) is always detected and no correction for the
spectral response of the optical elements and detector are required.

Experimental methods

Schematic experimental set up for thermal lens study is shown in figure
2.2. The excitation source used is a CW, 532 nm diode pumped solid
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Figure 2.2: TL experimental setup using pump-probe method.

state(DPSS) laser with a maximum power of 150 mW. The power at the
sample is suitably adjusted using attenuators so that the probe beam
spot is free from aberrations. A 2mW He-Ne laser emitting at 632.8nm
used as the probe and is arranged to be collinear with the pump using
a dichroic mirror. The two beams are focused into the sample cell such
that the beam area at the sample plane is the same for both pump and
probe resulting in a mode matched TL arrangement. Sample was taken
in a cuvette of 1 cm×1 cm path length for making the measurements.
A low frequency mechanical chopper with 3 Hz is used to modulate the
intensity of the pump, until the TL peak-to-peak signal is maximum.
This also enables one to determine the thermal recovery of the sample.
In the TL experiment the excitation laser must have Gaussian profile,
so that when sample absorbs the beam with Gaussian intensity profile,
the temperature distribution has a radial dependence. The temperature
gradient causes refractive index gradient which behaves like a converging
or diverging lens depending on whether rate of change of the refractive
index with respect to temperature is positive or negative [38, 39]. The
TL signal was collected using an optical fiber, which serves as the finite
aperture and the same is mounted on an xyz translator. It is positioned
at the center of the probe beam spot and connected to a photo detector-
Digital Storage Oscilloscope (DSO) system. A filter to cut off 532 nm
was used before the detector to remove the residual pump. The probe
beam from the He-Ne laser which passes collinearly with pump beam
experiences divergence and the beam shape expands in the presence of
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a diverging thermal lens. The change in intensity of the probe beam is
measured using a fast photodetector from which the relative intensity
and intial slope is measured. The data are analyzed using the procedure
described before[40]. Time dependent probe beam intensity follows the
expression [41, 42]

I(t) =
I0

1− θ(1 + tc
2t)
−1 + 1

2θ
2(1 + tc

2t)
−2

(2.9)

Here, the parameter θ is related to the thermal power radiated as heat
and can be obtained with

I =
I0 − I∞
I∞

(2.10)

and
θ = 1−

√
(1 + 2I) (2.11)

where I0 is the initial intensity and I is the intensity after the steady
state. A detailed curve fitting of this experimental data to equation
(2.9) gives the time constant tc of the thermal decay process. Finally the
thermal diffusivity D of the sample can be calculated from the equation

tc =
ω2

4D
(2.12)

where ω is the beam radius at the sample position and tc, the time
response to attain the steady state focal length.

Advantages of thermal lens spectrometry

1. Linear PT signals are relatively independent of excitation and
probe laser beam focus geometries.

2. Excitation energy or power dependent signals may be easily mea-
sured.

3. Yielding information regarding ground and excited state absorp-
tion cross sections and relaxation rate constants.

4. Data is complimentary to relaxation kinetic measurements but
yield more information.

5. Sensitivity allows the use of thin optical cells.
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2.5.2 Photo acoustic spectroscopy

Photo acoustic spectroscopy(PAS) is the oldest form of PT spectroscopy[43,
44]. To get a quantitative spectrum of a sample, the wavelength of ex-
citation is scanned and the corresponding magnitude of the acoustic
signal normalized by the excitation pulse energy is measured to provide
an excitation spectrum called a PA spectrum[45]. This technique, called
photo acoustic spectroscopy or PAS, is different from the conventional
techniques. Even though the incident energy is in the form of optical
photons, the interaction of these photons with the material under inves-
tigation is studied not through the subsequent detection and analysis of
some of the photons, but rather through a direct measure of the energy
absorbed by the material as a result of its interaction with the photon
beam. The PA spectrum complements the fluorescence excitation spec-
trum in that, it responds to that part of the absorbed energy which is
not radiated. The phase of the PA signal with respect to the phase of
the input modulation can give information both on the lifetime of the
excited state and on the heat energy transfer[46, 47].

Principle behind photo acoustic spectroscopy is that, when light of ap-
propriate energy falls on a sample, a part of the absorbed energy will
be degraded to random translational motion of the molecules which is
in the form of heat, thus leading to a temperature rise in the cell. The
absorbing sample warms and cools in a cycle if the incoming light is
modulated. If the cycle is so fast that the sample does not have time
to expand and contract in response to the modulated light, a change
in pressure develops through the ideal gas equation PV= nRT for n
moles of gas. This pressure wave can lead to the production of a sound
wave. These sound waves can be detected by a sensitive microphone,
piezoelectric devices, or optical methods. These techniques are more
properly called PA techniques.

The magnitude of the acoustic signal depends on such properties of
the sample as the absorption coefficient, the duration of the processes
of conversion of absorbed radiation to heat, the thermo-physical proper-
ties, and the geometry [48, 49]. The acoustic oscillations also acquire a
certain phase shift relative to the incident modulated radiation, mainly
because of a considerable time lag of heat transfer processes [49-51].
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Historical outlook

The PA effect in both non-gaseous and gaseous matter was first reported
by Alexander Graham Bell in 1880 [50, 52]. According to him the PA
effect in solids was dependent on the absorption of light and that the
strength of the acoustic signal was in turn dependent on the strength
of the absorption of incident light by the material in the cell. The
earlier works on PA were done by Tyndall [53], Rntgen [51], Rayleigh
[54] and Preece [55] et. al. The PA effect was completely undeveloped
for nearly 50 years, until the advent of the microphone. The Rosencwaig-
Gersho (RG) theory of the PA effect for a sample in PA cell provided a
comprehensive theoretical framework which led to the rapid development
and application of the effect. This led to the invention of numerous other
detection schemes and to the current wide spread interest in PT science
[56, 57].

General theory of the PA effect using CW excitation source in
condensed media

The main source of a photo acoustic signal from a condensed sample, as
measured by the gas-microphone method, arises from the periodic heat
flow from the sample to the surrounding gas with the consequent change
in the gas pressure within the cell. In the case of gas-microphone tech-
nique, it is often treated as an“ indirect” PA generation method due to
the measurements of the acoustic signals generated in the sample which
are not“directly” observed.

Rosencwaig and Gersho formulated a general theory for the PA effect in
condensed media [58, 59], now commonly referred to as the RG theory.
It shows that in the gas-microphone measurement of a PA signal, the
signal depends both on the generation of an acoustic pressure distur-
bance due to the periodic temperature of the sample-gas interface and
on the transport of this disturbance through the gas to the microphone.
The RG theory derives exact expressions for this temperature, while it
considers the transport of the disturbance in the gas in an approximate
experimental manner, which is, however, valid for most experimental
conditions. In the following section we outline a simplified version of
the salient features of the RG theory.
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Indirect PA generation

Indirect PA generation is very valuable when the optical absorption is
so strong that no light passes through the sample. It requires acoustic
detection in a coupling fluid in contact with the sample. The main
advantage of such experiment is that, spectra of totally opaque or highly
light scattering materials can be measured.

• Experimental verification of the RG theory

One of the most obvious and important predictions of the RG theory is
that the photo acoustic signal is linearly proportional to the power of the
incident photon beam, irrespective of the sample or cell geometry. So
it is possible to construct optical power meters based on the PA effect,
and several of these have been described by various authors [60-62]. The
variation of the PA signal amplitude as a function of sample thickness
and modulation frequency for thin polymer films has been found to obey
the RG theory except at very low modulation frequencies such as 10 Hz
[63]. Wetsel and McDonald [64] have shown that the chopping frequency
dependence of the PA signal is in agreement with the RG theory, and
the predicted PA saturation has been demonstrated in aqueous solutions
of the dye Methylene blue by HcClelland and Kniseley [65].

Direct PA generation by pulsed laser

Conventional PA spectroscopy utilizes a gas phase microphone which
is in thermal contact with the sample of condensed matter that senses
the heating and cooling of a gas layer. The acoustic signal generated in
the sample with irradiated chopped light plays only a minor role in this
case. Hence this technique has an inherently low sensitivity [66, 67] and
is often only useful for observing absorptions typically exceeding 1%.
The low coupling efficiency can be partially compensated for, however,
by the use of high efficiency gas-phase microphones. It is also possible
to improve the sensitivity by using piezoelectric transducers in contact
with solid samples or liquid samples.

Attempts to use a pulsed laser source instead of CW modulation method
seems to have been undertaken for the first time by Bonch-Bruevich et.
al. [68]. However, the potential of pulsed PA spectroscopy has been
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brought out and demonstrated by the pioneering work of Patel and Tam,
wherein they have shown that pulsed PA spectroscopy technique, involv-
ing the use of pulsed lasers, a piezoelectric transducer in direct contact
with the sample, and gated detection can have very high detection sen-
sitivities. This technique is truly PA in character, because the original
acoustic pulse generated in a condensed sample is directly detected by
a piezoelectric transducer, where good acoustic impedance matching is
also ensured.

Advantages of photo acoustics[48, 69]

• The main advantage of this methods is that, it can be performed
on all states of matter.

• Transmitted, reflected or elastically scattered light by the sample is
not detected rather a direct measure of the energy absorbed by the
material as a result of its interaction with the photon beam is mea-
sured [70, 71]. This is of crucial importance when one is working
with essentially transparent media, such as pollutant- containing
gases, that have few absorbing centers [56] of the order of parts
per trillion[48, 69].

• Optical absorption spectra of completely opaque materials can be
obtained as PAS, which does not depend on the detection of pho-
tons [56]. So it can be applied to samples which are difficult to
examine by conventional spectroscopic methods.

• PAS is a non-destructive method as the samples can be used as
it is and depth profiles of analytes can be performed in optically
transparent media.

• This non-destructive depth-profile analysis of absorption as a func-
tion of depth into a material is a unique advantage of the PAS.

• The PA effect resulting from nonradiative energy conversion pro-
cess is a simple and sensitive spectroscopic tool for studying the
phenomena of fluorescence and photo sensitivity in matter and is
therefore complimentary to radiative and photochemical processes.
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• Since the sample itself constitutes the electromagnetic radiation
detector, no photoelectric device is necessary and a wide range of
optical and electromagnetic wavelengths are possible for study.

• A direct measurement of non-radiative relaxation, lifetimes and
the ability to gather information from sub-surface layers is possible
in the method.

• One of the important advantages of this method is the scope for
obtain information on thermal parameters like thermal diffusivity,
thermal conductivity and thermal effusivity of the sample.

• An increase in S/N ratio with increase in input power is obtained
in this method [72].

Basic requirements and experimental methods

The basic requirements of the PA detection technique are the light
source, means of modulating light, appropriate photo acoustic cell, de-
tection schemes and processing electronics equipments like DSO or lock
in amplifier.

• The light source:
Two m ajor classes of light sources that have been used for PA
studies are the CW light sources and pulsed wave light sources.
These sources can be xenon arc lamps or lasers. CW sources should
possess broad wavelength output from UV to far IR and fast mod-
ulation capability while laser sources have high intensity, narrow
spectral line width and modulation capability[72].

• Modulation techniques:
Several methods have been employed to execute a temporal varia-
tion of the optical energy applied to a sample. The simplest form
of modulating the light is using a chopper in the path of the light
beam. It offers 100%modulation depths for frequencies from a few
Hz to 5-8 kHz. The electro-optic modulation involves the changing
of the plane of polarization of the incoming polarized laser beam
in a non-linear crystal with the application of electric field on it.
Acousto-optic (AO) modulation involves the spatial modulation of
the laser by acoustic diffraction of the light in a crystal.
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• Photo acoustic cell:
PA cell contains the samples, and a fabricated piezoelectric trans-
ducer chamber to detect the acoustic signals [73]. The cell is of
stainless steel body with an inner diameter of 2 cm and length
5 cm. Glass windows are fixed with flanges and O-rings to the
cell for the entry and exit of the laser beam. One side of the
cell has an opening in which the transducer chamber is fixed. A
Lead Zirconate-Titanate -PZT- disc of 4 mm thickness and 15 mm
diameter is the piezoelectric transducer that is contained in this
chamber. The PZT disc is spring-loaded against the thin front di-
aphragm, with a thin layer of silicon grease applied between them
to ensure good acoustic coupling. The PA signal is taken out
through the BNC connector. Due to its high sensitivity a few µV
of electrical signal could directly be obtained from the transducer
with absorbing sample in the cell [73].

Figure 2.3: (a) Schematic representation and (b) Photograph of the PA cell
used in the experiment.

• Detection schemes and processing electronic equipments:
PA signal detection techniques employ either a gas condenser mi-
crophone for the detection of the pressure variations in air or a
piezoelectric transducer for the detection of thermo-elastic waves
in solid or liquid media[72,74]. For periodic modulation, phase-
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sensitive detection (lock-in-amplifier) can be utilized to process the
detected signal. The technique is extremely efficient for extracting
very weak signals associated with noise. With pulsed laser sources,
digital storage oscilloscope is used to store the data signal.

Experimental methods

1.CW laser source for excitation

Experimental set up for PA measurements in continuous wave light
source as input is shown in figure 2.4. It consists of a light beam
from a standard solar irradiation of 1000W Xe lamp (Oriel 6269). A
water column kept after the Xenon lamp will effectively filter out the
infrared portion of the spectrum. Light coming out of the Xe lamp is
intensity modulated using a mechanical chopper(Ithaco HMS 230) and
is focused on the sample within the PA cell. The acoustic signals gen-
erated are detected by the PZT, and processed on a lock in amplifier
(Stanford Research Systems SR 510). The description of the PA cell
is same given above. PA cell contains the samples, and a fabricated
piezoelectric transducer chamber to detect the acoustic signals. In the

Figure 2.4: Experimental set up for PA study using Xe- lamp.

experimental section, the sample is taken in the PA cell which is firmly
held on a holder, and properly aligned with the laser beam axis. After
taking readings corresponding to one sample, it is pipetted out and the
next sample is filled, without moving the PA cell. The experiment is
repeated for sample at different wavelengths .
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2.Pulsed laser source for excitation

In pulsed PA signal generation, Nd-YAG laser operating at 532 nm,
at a pulse repeation frequency of 10Hz with 1 joule pulse energy is
used as the excitation source, where signal detection was done with a
digital storage oscilloscope (DSO-Tektronix; TDS 220,digital real time
oscilloscope). Same PA cell was used for both the continuous wave and
pulsed measurements. Here the synchronizing pulse from the laser is
given as the reference signal to the DSO. The experimental setup is
shown in figure 2.5.

Figure 2.5: Experimental setup for PA signal generation by pulsed Laser.

2.6 Nonlinear optical studies by Z- Scan tech-
nique

For many photonic and optoelectronic applications like optical limiting
and switching, the knowledge of the nonlinear optical properties of ma-
terials is necessary. There are a number of nano sized organic nonlinear
optical materials and semiconductor structures of low dimension which
have got new entry into the field of NL optics. There are many methods
to study the NL properties of materials. Z-Scan is a fairly accurate and
convenient method to study transparent samples.
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2.6.1 Z-Scan technique

The Z-scan technique is a simple and effective experimental method to
measure intensity dependent nonlinear optical susceptibilities of mate-
rials. Z-scan technique was originally introduced by Sheik Bahae et.al.
[75]. In this method, the sample is translated in the Z-direction along the
axis of a focused Gaussian beam, and the far field intensity is measured
as function of sample position. This technique helps us to measure the
sign and magnitude of both real and imaginary part of the third order
nonlinear susceptibility coefficient χ(3) of materials. When an incident
beam propagates inside a NL medium it induces a self-phase change
there by producing a wave front distortion of the beam. This can be
studied by Z-Scan technique. Thus a laser beam propagating through a
nonlinear medium will experience both amplitude and phase variations.
Measurement of the transmission intensity of the focused laser beam as
a function of distance from the sample, give information about nonlinear
refraction and nonlinear absorption by the medium.

This technique has several advantages, some of which are:

• No complicated alignment except for keeping the beam centered
on aperture.

• Simultaneous measurement of both sign and magnitude of non-
linearity.

• Data analysis is quick and simple except for some particular con-
ditions.

• Possible to isolate the refractive and absorptive parts of nonlinear-
ity unlike in DFWM.

Some of the disadvantage include:

• Requirement of high quality Gaussian beam for absolute measure-
ments

• For non-Gaussian beams the analysis is completely different.

• Relative measurements against a standard samples allows relax-
ation on requirements of beam shape.

• Beam walk-off due to sample imperfections, tilt or distortions.
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2.6.2 Theory of Z-scan technique

Two techniques employed in Z-Scan studies are:

1. Open aperture Z-Scan

2. Closed aperture Z-Scan.

In the open aperture Z- scan measurements nonlinear absorption of the
sample is evaluated. For example, if nonlinear absorption like two-
photon absorption (TPA) is present, it is manifested in the measure-
ments as a transmission minimum at the focal point [76,77]. On the
other hand, if the sample is a saturable absorber, transmission increases
with increase in incident intensity and results in a transmission max-
imum at the focal region. A straight-line Z-scan graph is obtained in
the case of samples with linear absorption. In closed aperture Z-scan
technique the transmitted light is measured through an aperture placed
in the far field with respect to focal region[75, 78]. In this case, the
transmitted light is sensitive to both nonlinear absorption and nonlin-
ear refraction. In a closed aperture z-scan experiment, phase distortion
suffered by the beam while propagating through the nonlinear medium is
converted into corresponding amplitude variations. If transmitted light
is measured without an aperture, the mode of measurement is referred
to as open aperture z-scan and with an aperture it is closed aperture
Z-scan [78]. Closed and open aperture Z-scan graphs are always nor-
malized to linear transmittance i.e.,transmittance at large values of |z|
and the real part and imaginary part of nonlinear susceptibility χ(3) are
obtained from the closed and open aperture z-scan methods respectively.
Usually closed aperture Z- scan data is divided by open aperture data
to cancel the effect of nonlinear absorption contained in the closed aper-
ture measurements [78]. In a Z-scan measurement, it is assumed that
the sample thickness is much less than Rayleighs range z0 (diffraction
length of the beam), defined as

z0 =
kω2

0

2
(2.13)

where k is the wave vector and ω0 is the beam waist radius given by

ω0 =
fλ

D
(2.14)
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where f is the focal length of the lens used, λ is the wavelength of the
source and D is the beam radius at the lens. Z-scan technique is highly
sensitive to the profile of the beam and also to the thickness of the sam-
ple. The sample thickness should always be kept less than the Rayleighs
range for ensuring that the beam profile does not vary appreciably in-
side the sample.The sensitivity of this z-scan method is used to monitor
nonlinear refraction at low irradiance levels, where a third order nonlin-
earity attributed to n2 caused by bound electrons can be observed. At
higher irradiance levels, the refraction caused by two photon absorption
induced free charge carriers becomes significant. Thus the electronic
Kerr effect will be dominant at low irradiance levels whereas TPA in-
duced free carrier absorption (FCA) will be dominant at high irradiance
levels. These are represented graphically in figure 2.6 where,nonlinear
absorption like two-photon absorption (TPA) is present. It is manifested
in the measurements as a transmission minimum at the focal point for
reverse saturable absorption(RSA). On the other hand, if the sample is
a saturable absorber,transmission increases with incident intensity and
results in a transmission maximum at the focal region and the process
is saturable absorption(SA). Both the curves are normalized to give a
transmittance of one in the linear region (i.e. regions of large |z|). Sam-
ple positions are presented in units of z/zo where zo is the diffraction
length.

Open aperture Z-scan technique

In the case of an open aperture z-scan, the transmitted light measured
by the detector is sensitive only to the intensity variation. Therefore
the phase variations of the beam can be neglected safely. The theory of
Z-scan experiment outlined below is same as that given by M Sheik Ba-
hae et.al.[75]. The intensity dependent nonlinear absorption coefficient
α(I) can be written in terms of linear absorption coefficient α and TPA
coefficient β as [75]

α(I) = α+ β(I) (2.15)

The irradiance distribution at the exit surface of the sample can be
written as

Ir(z, r, t) =
I(z, r, t)e−α0L

1 + q(z, r, t)
(2.16)
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Figure 2.6: Open aperture z-scan curves for (a) Reverse saturable Absorption
(b) Saturable absorption

q(z, r, t) = βI(z, r, t)Leff (2.17)

Leff =
1− e−αl

α
(2.18)

For a pulse of Gaussian temporal profile,equation (2.16) can be inte-
grated to give the transmission as

T (Z, S = 1) =
1√

πq0(z, 0)

∫ +∞

−∞
ln[1 + q0(z, 0)e−τ

2
]dτ (2.19)

Nonlinear absorption coefficient is obtained from fitting the experimental
results to the equation (2.19). If q0<1 equation can be simplified as

T (z, S = 1) =
∞∑
m=0

[−q0(z, 0)]m

(m+ 1)(3/2)
(2.20)

where m is an integer. The imaginary part of third order susceptibility
(Im χ3) determines the strength of the nonlinear absorption.

Im(χ(3)) =
n2

0c
2β

240π2ω
(esu) (2.21)
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where λ is the excitation wavelength, n0 is the linear refractive index,
ε0 is the permittivity of free space and c the velocity of light in vacuum.

Closed aperture z-scan technique

The basis of closed aperture z-scan is the self-refraction and self-phase
modulation effects. The technique relies on the transmittance measure-
ment of a nonlinear medium through a finite aperture in the far field
as a function of the sample position z with respect to the focal plane
using a single Gaussian beam in a tight focus geometry. Consider, for
instance, a material with a negative nonlinear refraction and thickness
smaller than the diffraction length

z0 =
πω2

0

λ
(2.22)

of the focused beam being positioned at various points along the z-axis
where

k =
2π

λ
(2.23)

is the wave vector. This assumption implies that the sample acts as a
thin lens of variable focal length due to the change in refractive index
at each position (n = n0 + n2I). Suppose that the sample is kept at
a distance far away from the focus (-z). The irradiance is low and and
there is negligible nonlinear refraction. Hence the transmittance charac-
teristics are linear. As the sample is moved close to the focus, the beam
irradiance increases, leading to self-lensing in the sample. A negative
self-lensing prior to focus will tend to collimate the beam, causing a
beam narrowing at the aperture which results in an increase in the mea-
sured transmittance. As the scan in z direction continues and passes
the focal plane, the sample which acts as a negative lens increases the
defocusing effect thus increasing the beam divergence, leading to beam
broadening at the aperture. Hence the transmittance decreases. Thus
there is a null as the sample crosses the focal plane (z0). The z-scan is
completed as the sample is moved away from focus (+z) such that the
transmittance become linear since the irradiance is again low. A prefo-
cal transmittance maxima (peak) followed by a post focal transmittance
minima (valley) is the z-scan signature of negative refraction nonlinear-
ity. The curves for closed z-scan in the case of positive nonlinearity
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Figure 2.7: Typical closed aperture z-scan curves of samples having (a) Neg-
ative nonlinearity and (b) Positive nonlinearity.

and negative nonlinearity shows opposite effects as depicted in figure
2.7. This is the case of purely refractive nonlinearity where nonlinear
absorption is absent. In the presence of multiphoton absorption, there
is a suppression of the peak and enhancement of the valley, whereas the
opposite effect occurs if there is a saturation of absorption [78]. In a
cubic nonlinear medium the index of refraction (n) is expressed in terms
of nonlinear index n2 through

n = n0 + n2I (2.24)

where n0 is the linear index of refraction,n2 the intensity dependent
refractive index and I denotes the irradiance of the laser beam within
the sample [78]. Assume a TEM00 beam of waist radius ω0 travelling in
the +z direction. E is the peak electric field and can be written as

E(r, z) = E0
ω0

ω(z)
e[− r2

ω2
+i kr

2

2R
]e−iψ(z) (2.25)
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= E(0, z)e
−i kr

2

2q

where ω2(z) = ω2
0(1 +

z2

z2
0

) (2.26)

is the beam radius and

R(z) = z(1 +
z2

z2
0

) (2.27)

is the radius of curvature of the wave front at z .

E0(t) denotes the radiation electric field at the focus and contains the
temporal envelope of the laser pulse. The term eiφ(z,t) contains all the
radially uniform phase variations. For calculating the radial phase varia-
tions ∆φ(r), the slowly varying envelope approximation (SVEA) is used
and all other phase changes that are uniform in r are ignored. In the
case of cubic nonlinearity and negligible nonlinear absorption, equation
(2.28) and equation (2.29) can be solved to get the phase shift ∆φ at
the exit of the sample and is given by

∆φ(z, r, t) = ∆φ(z, t)e
[ 2r2

ω2(z)
]

(2.28)

with

∆φ(z, t) =
∆φ0(t)

(1 + z2

z20
)

(2.29)

where ∆φ0(t) is the on axis phase shift at the focus which is defined as

∆φ(t) = k∆n0(t)Leff =
2π

λ
n2I0(t)Leff (2.30)

Where I0(t) is the on axis irradiance at focus (i.e. at z=0). The complex
electric field exiting the sample E now contains the nonlinear phase
distribution

E(z, r, t) = E(z, r, t)e
αl
2 ei∆[z,r,t] (2.31)

By virtue of Huygens principle and making use of Gaussian decomposi-
tion method one can show that

expi∆[z,r,t] =
∞∑
k=0

[i∆φ0(z, r, t)]m

m!
e

−2mr2

ω2z (2.32)
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Each Gaussian beam can be simply propagated to the aperture plane
and they will be resumed to reconstruct the beam. After including the
initial beam curvature for the focused beam, the resultant electric field
pattern at the aperture is

E(r, t) = E(z, r = 0)e
−αl
2

∞∑
k=0

[i∆φ0(z, r, t)]m

m!

ωm0

ωm
e

[−r
2

ω2m
− ikr2

2Rm
+iθm]

(2.33)
For a cubic nonlinearity, the peak and valley of the -scan transmittance
can be calculated by solving the equation

d

dz
T (z,∆φ0) = 0 (2.34)

Solution to this equation (2.34) yields the peak valley separation as

∆zp−v = 1.7z0 (2.35)

Then the peak valley transmittance change is

∆Tp−v = 0.406∆φ0 (2.36)

for ∆φ0 ≤ π.where S is the linear transmittance of the far field aperture.
From the closed aperture Z-scan fit, ∆φ0 can be obtained. Then the
nonlinear refractive index n2 can be determined using equation (2.30)
and is given by

n2(m2/w) =
λ

2πI0Leff
∆φ0 (2.37)

n2(e.s.u) =
cn0λ

40π2πI0Leff
∆φ0 (2.38)

The n2 is related to Re( χ(3)) by the relation

Reχ(3) =
n0n2

3π
(e.s.u) (2.39)

From the real and imaginary part of χ(3), the modulus of third order
nonlinear susceptibility can be found out as.

|χ(3)| =
√

[Re(χ(3))]2 + [Im(χ(3))]2 (2.40)

The magnitude of χ(3) is significantly affected by the molecular orienta-
tion and it determines the strength of nonlinearity of the material.
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Experimental methods

In the present investigation, we have employed the single-beam z-scan
technique with nanosecond laser pulses to measure the nonlinear optical
absorption properties of samples. A Q-switched Nd: YAG laser (Spectra
Physics LAB-1760, 532 nm, 7 ns, 10 Hz) is used as the light source. The
sample is moved in the direction of the light incidence near the focal spot
of the lens which have a focal length of 20 cm. The beam waist ω0 is
calculated to be 42.56µm. The Rayleigh length, z0=πω2

0 /λ, is estimated
to be 10.06 mm, much greater than the thickness of the sample, which is
an essential prerequisite for Z-scan experiments. The transmitted beam
energy, reference beam energy, and their ratio are measured simultane-
ously by an energy ratio meter (Rj7620, Laser Probe Corp.) having two
identical pyroelectric detector heads (Rjp735). The experimental set-up
is shown in figure 2.8.

Figure 2.8: Experimental set-up of open/closed aperture Z- scan method.

The sample was moved along the z-axis by a motorized translational
stage. The effect of fluctuations of laser power is eliminated by dividing
the transmitted power by the power obtained at the reference detec-
tor[77]. Z-scan technique is highly sensitive to the profile of the beam
and also to the thickness of the sample. Any deviation from Gaussian
profile of the beam and also from thin sample approximation will give
rise to erroneous results. For ensuring that the beam profile does not
vary appreciably inside the sample, the sample thickness should always
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be kept less than the Rayleighs range. The sensitivity of the Z-scan
method is used to monitor nonlinear refraction at low irradiance lev-
els, where a third order nonlinearity attributed to n2 caused by bound
electrons can be observed. At higher irradiance levels the refraction
caused by two photon absorption induced free charge carriers becomes
significant.

Optical limiting

To study the optical limiting property of the sample, the nonlinear trans-
mission of the sample is measured as a function of input fluence. Optical
power limiting is effected through the nonlinear optical processes of the
sample. A schematic representation of transmission through an ideal
optical limiter is shown in figure 2.9.

Figure 2.9: Schematic representation of transmission through an ideal optical
limiter.

An important term in the optical limiting study is the optical limiting
threshold. Optical limiters are essentially those systems which trans-
mit light at low input fluence or intensities, but become opaque at high
inputs. The optical limiting property is mainly found to be absorptive
nonlinearity, which corresponds to the imaginary part of third order sus-
ceptibility [79, 80]. From the values of fluence at focus, the fluence values
at other positions could be calculated using the standard equations for
Gaussian beam waist. Such plots give a better comparison of the non-
linear absorption or transmission in the sample and are generated from
z-scan trace. There are three basic requirements for a material to be
good optical limiter: (1) An excited state absorption cross-section that
exceeds the ground state absorption cross-section, (2)Fast response and
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(3) High damage threshold. This phenomenon is exploited in passive
optical power limiting to protect optical sensors, including human eye,
from intense laser pulses.

2.7 Solar cells as the photonic material applica-
tion of CdSe QDs

Traditional photovoltaic devices suffer from high costs of manufacturing
and installation. Low-cost and high-performance solar cells are the main
challenge to replace fossil for sustainable energy sources[81-83]. Semicon-
ductor QD-sensitized solar cells (QDSSCs) have attracted considerable
attention recently due to their cost-effective alternative to silicon-based
photovoltaics, and have shown promising developments for the next gen-
eration of solar cells[83-88]. QDSSCs can be regarded as a derivative of
dye-sensitized solar cells (DSSCs), which were first reported by O’Regan
and Grtzel in 1991 [89]. The sensitizer commonly used in dye sensitized
solar cells are organic dyes. To increase the efficiency, the light harvest-
ing property in the visible region has to be increased, and have been
made the focus on the development of high-performance sensitizers as
quantum dots [89-92]. Narrow-band-gap semiconductor QDs, such as
CdS [93, 94], CdSe[95, 96], PbS [97] and InAs [98] have been used as the
photo sensitizers instead of organic dyes due to their versatile optical
and electrical properties [99-101].

Background of three generations of solar cells

• Silicon solar cell

It is one of the most widely used solar cells which have efficiencies up to
24.4% reported for a commercial product[102]. But the main disadvan-
tage of such solar cells are their relatively high cost for production. Even
though amorphous silicon solar cell can be produced at lower tempera-
ture, this cell tends to degrade on longer duration of light exposure and
hence efficiency decreases. Silicon solar cell can absorb a certain amount
of energy greater than band gap and it can’t absorb entire solar spectra,
which is required to knock out an electron. Since silicon is a very shiny
material having very high reflectance an anti-reflective coating is needed
to reduce reflection losses.
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• Polymer solar cells

These are flexible photovoltaic devices which are made of electron- donor
and electron- acceptor materials. The main advantage of polymer solar
cells over silicon cell-based devices are that they are being light weight
[89,103], easily disposable and inexpensive. They acquire lower negative
environmental impact, but are relatively unstable towards photochemi-
cal degradation. The photo induced charge transfer at polymer fullerene
interfaces takes place within 15 fs [104]. The created charges have to be
transported selectively to the contacts.

• Dye sensitized solar cells

DSSC [89, 105], a third generation photovoltaic cell, represents one of
the most promising one that has been offered to challenge conventional
silicon cells [106] over the past decade. These offer the lowest cost input
and has an easy manufacturing process[107, 108]. The reported maxi-
mum overall power conversion efficiency is nearly 12.3%[109]. However,
the main disadvantage of such types of cells is that, it absorsb light only
in a particular region of solar spectrum.

• Quantum dot sensitized solar cell (QDSSC)

QDSSC is a third generation solar cell, with narrow band gap semi-
conductor quantum dots (QDs) as the sensitizer material used. The
size-tunable band gap property of the QDs particularly makes this as
attractive sensitizers. Several semiconductor QDs, such as PbS, CdS,
CdSe and CdTe have been successfully verified as visible light sensitiz-
ers for Titanium Dioxide (TiO2)-based working electrodes[95, 97, 110,
111]. In QDSCs the QDs generate excitons under illumination with sun-
light and the excited electrons then are injected from the CB of QDs
into the CB of TiO2. At the same time, the photogenerated holes are
donated to the electrolyte and thus the QDs are restored. The oxida-
tion species of the electrolyte diffuses to the counter electrode and is
reduced by the migrated electrons from the external circuit. The ad-
vantages of such types of solar cells are large QD extinction coefficients,
the multiple exciton generation phenomenon and short excitonic path
length which would lead to the enhancement of the conversion efficiency
in QDSSCs[112].
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2.7.1 Working principles of QDSSCs

The structure of a QDSSC consists of a wide-band-gap mesoporous oxide
film (a photo electrode, such as the commonly used TiO2 or ZnO), QDs
(the sensitizer), an electrolyte, and a counter-electrode. During opera-
tion, photons are captured by QDs, yielding electron-hole pairs that are
rapidly separated into electrons and holes at the interface between the
nanocrystalline oxide and QDs. The electrons jump into the oxide film,
and the holes are released by redox couples in the electrolyte for regen-
eration at the counter electrode.However, electron transport within the
mesoporous TiO2 film is slower than that of electron and hole transfers.
So the recombination losses become a major factor in limiting the over-
all efficiency[81, 113]. Principle of operation of the QDSSCs is shown in
figure 2.10.

Figure 2.10: Principle of operation of the QDSSCs.

Photo excitation of the sensitizer is followed by electron injection into
the conduction band of the wide-band-gap semiconductor. The sensi-
tizer is regenerated by the redox system, which itself is regenerated at
the counter electrode (cathode) by electrons passing through the load.
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Methods of preparation of QDSSC

The synthesis of QDs and their incorporation into the QDSSC photo
active electrode as sensitizers is carried out by several techniques:

• Chemical Bath deposition
This technology is based on the slow controlled precipitation of the
desired compound from its ions in a reaction bath solution [114].

• Successive ionic layer adsorption reaction (SILAR)
SILAR method is mainly focused on the adsorption and reaction of
the ions from the solutions and rinsing between every immersion
with deionized water to avoid homogeneous precipitation in the
solution[115].

• Deposition of Ex-Situ-Grown QDs
In this method, mono disperse QDs are synthesized using organic
capping ligands to control the shape and size of the QDs and are
separated from the excess organic ligands and dissolved in an or-
ganic solvent; they are then ready to be attached to the TiO2

electrodes with the help of a functional molecular linker [116, 117].

2.7.2 Factors influencing conversion efficiency of QDSSC

1. Sensitizer materials
It is very important to select the appropriate materials to be not
only cost-effective but also long lasting. The use of these quan-
tum dots, which may produce more than one electron-hole pair
per single absorbed photon (also known as multiple exciton gener-
ation (MEG)), is a promising solution to enhance power conversion
efficiency. Furthermore, the creation of a type-II heterojunction
greatly enhances charge separation, exciton concentration, quan-
tum yield, and lifetime of hot electrons and therefore, the perfor-
mance of QD-sensitized solar cells. [90, 118]

2. The inherent triple junction of TiO2/QDs/electrolyte
The mechanisms of charge-transfer processes occurring at the com-
plex interfaces formed among the nanostructured Ti O2, the sensi-
tizing QDs, energy-level alignment among the materials construct-
ing the triple junction and the aqueous electrolyte are the impor-
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tant factors determining the overall performance of QDSSCs[113,
119, 120].

3. Redox electrolyte
An efficient electrolyte solution, which is able to transfer electrons
rapidly to regenerate the oxidized QD sensitizers while having good
long-term stability under working conditions, constitutes one of
the major challenges in the field of QDSSCs. It is because the Voc
of a QDSSC is determined by the energy difference between the
TiO2 Fermi level and the electrolyte redox potential.

4. Counter electrode
Highly efficient counter electrode (CE), is able to catalyze the re-
generation of the oxidized charge carrier ions ,so as to maximize
the performance of QDSSCs[121, 122].

Other main features of QDSSCs

• Quantum confinement effect for QDSSCs
QDs are extremely small semiconductor nanocrystals with a size
comparable to the Bohr radius of an exciton [123]. For most semi-
conductors, the Bohr radius of an exciton is in the range of 1-10
nm. Due to the dimension effect, the behavior of electrons in
QDs differs from that in the corresponding bulk material, which
is called the quantum confinement effect. Because of the quantum
confinement effect, the band gap energy (Eg) of QD increases with
the decrease of particle size [124, 125]. So a range of optical ab-
sorption wavelengths of QD can be tuned by controlling the size
of QD. Such a feature of QDs with tunable Eg has led to their
application in LEDs for full-color displays [126], and in QD- sensi-
tized solar cells for the generation of optical absorption at desired
wavelengths [127, 128].

• The multiple electron generation effect for QDSSCs
The multiple electron generation (MEG) effect is that two or more
electron-hole pairs (excitons) are generated by one photon excita-
tion, in contrast to the conventional case where one photon excita-
tion can produce only a single exciton. In theory, the MEG effect
requires a photon with energy at least twice that of the band gap
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of the QDs.The possible reasons for the MEG effect, which can
be achieved easily in QDs, have been attributed to the following
[129]:
1) the electron- hole (e− − h+) pairs are correlated and thus exist
as excitons rather than free carriers.
2) The rate of hot electron and hole cooling can be slowed because
of the formation of discrete electronic states.
3)Momentum is not a good quantum number, and thus the need
to conserve crystal momentum is relaxed.
4) Auger processes are greatly enhanced because of the increased
e− − h+ Coulomb interaction.
So the production of multiple exciton pairs in QDs can be enhanced
in comparison with bulk semiconductors. So the utilization of
high-energy photons to generate multiple excitons or capture hot
electrons before their thermalization can boost the operational ef-
ficiency of QDSSC[130].

2.7.3 Experimental methods

Current-voltage (J-V) characteristics of the cells were examined using
a standard solar irradiation of 1000W Xe arc lamp (Oriel 6269) as the
light source. The J-V curves were measured with a digital multimeter.
Input intensity was measured using light meter (METRAVI 1332). In
all the cases, input intensity was in the range of 1-10 Klux [131, 132].
The performance of a QSSC is assessed by determining the parameters
such as the short-circuit current density (Jsc), the open-circuit voltage
(Voc), the fill factor (FF), and the overall power conversion efficiency (η).
I-V curve of a typical solar cell in figure 2.11 shows the current drawn
from a photovoltaic cell when illuminated.
The efficiency of a solar cell is defined as the ratio of maximum electrical
power extracted to the incident radiation power illuminating the solar
cell surface,

η =
Pmax
Pmin

=
JscVocFF

Pin
(2.41)

The IPCE parameter of a QSSC is defined as the ratio of the number
of electrons generated by light in the external circuit to the number of
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Figure 2.11: I-V curve of a typical solar cell.

incident photons, which can be expressed as

IPCE% =
1240Isc
Pinλ

(2.42)

where P(in) is the incident power and λ is the incident photon wave-
length.

2.8 Random Lasers

Random Lasers (RL) differ from other conventional types of laser in
that its cavity is formed not by mirrors but by multiple scattering in
a disordered gain medium. In other words, a random laser is a non-
conventional laser for which feedback mechanism is based on disorder-
induced light scattering. The laser is random in the sense that the feed-
back for the photons generated in the dye is provided by the random
multiple scattering of light from the particles. Fabry-Perot cavity is the
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most common laser cavity made of two mirrors with one partially trans-
mitting, and are placed on either side of the gain medium. Amplification
of light occurs when it is bounced back and forth between two mirrors
through the gain medium. Light that remains in the cavity interferes
constructively after traveling a round trip between the mirrors and re-
turning to its original position. When the population inversion occurs or
the optical amplification is large enough to compensate the loss caused
by mirror leakage and material absorption etc.,lasing oscillations occur
at cavity resonant frequencies. The laser light transmitted through the
partially reflecting mirror has well defined frequency, good directional-
ity and a high degree of coherence. However, in RL, inside the cavity
there are scatterers and the light can be scattered in other directions
as well[133-137]. This results in additional loss and increases the lasing
threshold. Therefore, in conventional laser cavities optical scattering is
considered detrimental and we have to minimize the amount of scatter-
ing. In random lasers a disordered medium that contains a number of
scattering centers scatter light many times before it escapes the gain
medium [138, 139]. Multiple scattering increases the dwell time of light,
enhancing light amplification. Light in the gain medium is trapped in
the absence of mirrors as the scattering can do the job on its own[139-
141]. Thus strong scattering in a disordered media can give rise to laser
operation and produces random laser. The word random has been used
to describe lasers that operate on the basis of these properties[142-145].

2.8.1 Classifications

The two classifications of random lasers :

1. Random laser with incoherent feedback
In this case the feedback is used simply to return part of energy
or photons to the gain medium, i.e. it is energy or intensity feed-
back. Thus, in a laser with incoherent feedback or non resonant
feedback the only resonant element is the amplification line of the
gain medium. The mean frequency of emission does not depend
on the dimensions of laser cavity but only on the center frequency
of the amplification line[141].

2. Random laser with coherent feedback
In the case of RL with coherent feedback, the light can return to
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its origin position in the disordered medium from which it was
scattered. The process of making closed loops by light is called
recurrent light scattering. When the amplification of light along
each of the loop exceeds the loss, lasing oscillation occurs and this
loops can serve as cavity analogous to ring cavity of conventional
laser. If scattering light forms several loops, disordered medium
lases at some determined frequencies and we receive some modes
of coherent random laser very similar to that of a conventional
laser. The major difference of coherent random laser from that
of the normal laser is that the output is multi directional and the
direction of each individual mode is different in coherent random
laser while directional output is obtained in conventional laser.

2.8.2 Some salient features of random laser are:

• The output of random laser modes are multi directional, which
means the modes have spatial distribution.

• When the pump intensity increases the output of modes and the
number of modes increases with spectral narrowing of the emission
lines.

• There is a mode competition between the random laser modes
that results in the photon hopping effect, i.e. the hop of photon
from one mode to the other modes and the field interaction effect
between side modes.

2.8.3 Experimental methods

A Q-switched Nd: YAG laser (Spectra Physics LAB-1760,532 nm, 7ns,10
Hz) emitting pulses of 7 ns duration at 532 nm and 355 nm, at a repeti-
tion rate of 10 Hz is used as the light source. A cylindrical lens is used
to focus the beam through the filter into the sample kept in a cuvette of
1 mm thickness. To collect the output a monochromatic-CCD system
(Spectra Pro) with a resolution of 0.03 nm is used. The experimental
setup for random laser study is shown in figure 2.12.
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Figure 2.12: The experimental setup is shown with Nd-YAG Laser, L- cylin-
drical lens, F - filter, S- sample in cuvette, CCD spectrometer.

2.8.4 Applications of random lasers

• Lasing in a wide spectral regime from ultra-short wave ( γ-ray,
X-ray) to optical and radio waves obtained with random lasers
and the construction of lasing is certainly cheaper and easier than
conventional laser.

• Moreover multidirectional output of a random laser can be used
in displays because a thin layer of random medium doped with
emitter can be used to coat an arbitrarily shaped display panel.

• In the medical area, the random laser has potential application in
photo dynamic therapy and tumor detection.

• The micro random laser may play the crucial role of an active
element or miniature light source in integrated photonic circuit.

• It is possible to monitor the flow of liquids by adding a small
number of nanoparticle clusters to the liquid and detecting their
random laser emission over a large flow distance.

• Fast switching on and off of random laser can be used to create
high speed display[142, 146].
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2.9 Conclusion

• Preparation methods of the samples are discussed briefly along
with the basic principle of microwave and reflux methods.

• Structural characterization methods including XRD,TEM,SEM,DLS
and FTIR techniques are discussed.

• Linear optical characterization methods like U-V visible absorption
and fluorescence methods have been discussed.

• Thermo-optic characterization methods - Thermal lens and Photo
acoustic methods have been explained along with the basic theory.

• Nonlinear-optical studies using Z-scan methods - open and closed
aperture are discussed along with the theory .

• Applications of the nanophotonic materials in the field of solar cell
and random laser are discussed.
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Chapter 3

Linear optical studies on
CdSe quantum dots based
materials

This chapter includes linear optical studies on the CdSe QDs and their
dependence on various parameters like presence of capping agent, prepa-
ration methods, particle size, band gap, pH etc. Linear optical studies
of CdSe-metal nanofluids has also been discussed in the present chapter.
Discussion on photo induced studies on the samples give information
about the photo darkening effect.

Results of this chapter are published in :

1. Anju K Augustine et.al.,Asian Journal of Physics,vol.23, pp.683-
686,2014.
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3.1 Introduction

During the last two decades, there has been an enormous interest in
nanomaterials due to their novel physical and chemical properties which
arise from quantum confinement of charge carriers[1, 2]. Luminescent
semiconductor QDs are a promising alternative to organic dyes for fluo-
rescence applications because of their stability against photo bleaching
narrow and size-tunable multicolour emission as well as the functional
advantages [3-5]. These materials hold potential applications in various
fields including uses in fluorescent labels for photonic devices, sensor ap-
plications, biomedical science, solar cells etc. [6-8]. Core-shell QDs have
been used as hetero nanocrystals, which allow optical amplification be-
cause of their stimulated emission of single-exciton states [9]. The most
notable properties of such materials are, their high stability during and
after growth[10], strong quantum confinement similar to atoms [11], dif-
ferent thermodynamically stable structures[12, 13] and a high surface to
volume ratio, which means that most of the atoms are located on the
surface.

For this reason, the passivating ligands contribute, a significant role
in the properties of the total number of the atoms, so that the dis-
persing medium can dramatically affect their properties [14]. Therefore,
the synthesis of stable nanoparticles via. colloidal aqueous solutions is
extremely important because it prevents changes in dispersion media,
thereby preserving the surface properties of the nanoparticles. Obtain-
ing characteristic properties like thermodynamic stability, homogeneous
dispersion, high radiative quantum efficiency, a very broad absorption
spectrum, low levels of nonspecific links to biological compounds and,
most importantly, stability in aqueous media simultaneously has been
extremely difficult. Therefore, the fabrication of ideal QDs directly in
an aqueous phase is of great interest because it would be highly repro-
ducible, inexpensive, minimally toxic and capable of forming products
that are easily dissolved in water.

Tuning of structural and optical properties of QDs, synthesized directly
in a colloidal aqueous solution is also possible because these proper-
ties are strongly affected by various parameters of the synthesis process,
such as the Cd/Se molar ratio[2], the cadmium precursor type [15], the
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precursor concentration [16], reflux time[17], the stabilizer type [18-20],
and the reaction medium [10, 21, 22]. Furthermore, inorganic QDs have
several advantages over organic dyes, such as high molar absorption, a
broad absorption spectrum, a narrow emission spectrum and high photo
stability [23]. Among the various kinds of semiconductor NPs, colloidal
CdSe is the most widely investigated one,because their emission can be
easily tuned to cover from red (centered at 650 nm) to blue (centered
at 450 nm) as the size of NPs decreases. CdSe having a band gap of
1.74 eV at 300K is a useful semiconductor material because of its strong
size-dependent optical properties [24]. CdSe QDs can be prepared in
either aqueous or organic solutions. It has thus been found that one of
the successful methods to synthesize CdSe QDs are based on the tri-
octyl phosphine/trioctyl phosphine oxide (TOP/TOPO) non aqueous
method. However, these CdSe QDs are only soluble in some nonpolar
organic solvent, which raises problems if they have to be used for biolog-
ical applications[25-27]. In this chapter we include linear optical studies
of the as prepared CdSe QDs based photonic materials and their depen-
dence on various parameters like capping agent, preparation methods,
particle size, band gap, pH etc. Linear optical studies of CdSe-metal
nanofluids has also been discussed in the present chapter. Discussion of
photo induced effects on the samples gives information about the photo
darkening effect. Samples for the investigations are prepared in aqueous
medium and this approach yields a physiologically compatible medium
that is useful in medical, biotechnological and photonic applications.

3.2 Synthesis of nanoparticles

3.2.1 Synthesis of CdSe QDs by reflux method

CdSe QDs are prepared by a modified aqueous method using reflux.
Along with the precursors CdCl2.H2OandNa2SeO3 , mercaptosuccinic
acid (MSA) is used as the capping agent in a molar ratio 4:1:12. The
buffer solution with pH∼ 7 is prepared with sodium borate and cit-
ric acid in water [28]. The precursors are added in to the buffer with
constant stirring. The pH of the corresponding colourless solution is
adjusted by adding 1M NaOH. It was placed in a three-necked flask fol-
lowed by reflux at 100◦C in open-air conditions. Reflux process gives
the required thermal energy to the reaction. The colour of the solution
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turned to bright yellow after a few minutes reflux. The temperature of
the reaction system was maintained at 100◦C.

During the reflux, the colour of solution gradually changed and NPs
started to form and aliquots were taken out of the flask at different times
for the optical measurements to monitor the growth of the nanoparticles.
The particles tend to form agglomerates due to the strong interaction
of the carboxylic groups [29] leading to a possible over estimation of the
mean size distribution. Also it is noted that the use of a suitable buffer
solution is very crucial for a successful synthesis of highly luminescent
CdSe QDs. During the formation of CdSe QDs , the following chemical
reactions takes place [30].

(SeO3)2− +BH4 → Se2− +B(OH)3 +H2O (3.1)

CdL+ Se2− → CdSe where L = MSA.

Even though the Se2− is very sensitive to oxygen, we did not preclude
the oxygen dissolved in water. Here we assumed that the initially formed
Se2− may be re-oxidized to higher valance of Selenium which can be in-
stantly reduced back to Se2− by an excess NaBH4 in water till the
oxygen near Se2− monomers were exhausted.

3.2.2 CdSe QDs by microwave irradiation method

In this method of synthesis, CdSe QDs are prepared by a rapid mi-
crowave irradiation. Along with the precursors CdCl2.H2OandNa2SeO3

, mercaptosuccinic acid (MSA) is used as the capping agent in a molar
ratio 4:1:12. The pH of the corresponding colourless solution is ad-
justed by adding 1M NaOH. It was placed in a conical flask followed
by microwave irradiation. This gives the required thermal energy to the
reaction. The colour of the solution turned to bright yellow after a few
minutes of microwave irradiation. The power of the reaction system was
maintained at 60W. During the reaction, the colour of solution gradually
changed and NPs started to form and aliquots were taken out of the flask
at different times for the optical measurements to monitor the growth
of the NPs. Because of the shorter preparation time and formation of
the good quality samples, we have selected this as the better synthesis
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method for further applications.

3.2.3 Metal NPs by microwave irradiation method

Synthesis of silver nanoparticles, starts with boiling of 1mM AgNO3

in aqueous solution followed by addition of 5 ml of 1% sodium citrate
solution and 0.2 g of NaBH4 during microwave irradiation. NaBH4 act
as the reducing agent while the sodium citrate takes the role of capping
agent. For Au NPs, 0.5mM of HAuCl4 in aqueous solution is allowed
to boil by microwave rapid heating is followed by addition of 3.8 mM
sodium citrate which takes the dual role of capping agent and reducing
agent.

3.2.4 Effect of capping agent in the formation of
CdSe QDs

The capping agent used in the formation of CdSe QDs in our experiment
is mercaptosuccinic acid (MSA). The molecular structure of the MSA, a
typical representation of MSA capped CdSe QDs and the photographs of
the CdSe QDs synthesized by microwave irradiation method are shown
in figure 3.1. The stability of the samples were studied by varying the pH

Figure 3.1: (a) Molecular structure of MSA, (b) Typical representation of the
MSA capped CdSe QDs and (c) Photographs of the CdSe QDs synthesized by
microwave irradiation method.

of the solution. Both the above mentioned methods of synthesis resulted
in QDs with better stability with MSA as capping agent. It is observed
that MSA - CdSe can be synthesized even in weak acidic solution, mostly
because of the special structure of MSA with two carbonyl groups. In
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our study, we obtained high-quality CdSe QDs in weak acid solution.
One of the possible reason is the reduction in the number of trap sites
on the CdSe surface after being covered with cadmiu-thiol complexes
and the unique structure of MSA plays an important role in reducing
the surface trap of CdSe QDs [31, 32]. The two carbonyl groups of MSA
can provide better stability than other thiol compounds (MPA, GSH,
etc.). Nevertheless, when the pH of the precursor solution was decreased
further, it led to weakening of the protection abilities of MSA due to the
protonation of MSA.

3.3 Linear optical studies of CdSe QDs

Linear optical studies mainly includes optical absorption and fluores-
cence studies of the samples. It reveals the absorption regions of the
particles formed and the corresponding excitation energy and band gap.
Particle size can also be calculated from the absorption spectra while
fluorescence spectroscopy shows the emission at a particular excitation
wavelength.

3.3.1 CdSe QDs with different particle size synthesized
by reflux method

CdSe QDs are prepared by reflux method. Figure 3.2 shows the ab-
sorption spectra of the prepared CdSe QDs at room temperature. It
can be clearly seen that the absorption and luminescence peaks of the
CdSe QDs are red-shifted with increasing time of reflux, which in turn,
decreases the energy gap of the resulting CdSe QDs . The absorption
spectra from figure 3.3:(a) clearly shows a tunable change in absorption
edge from 430nm-510nm. Sharp excitonic peaks in the spectra indi-
cate mono dispersion of the CdSe QDs. Emission spectra of the CdSe
QDs with different reflux time in figure 3.3:(b) shows that the spectra
is extremely broad and the peak at 560 nm gets shifted to longer wave-
lengths (630nm) as the reflux time increases. This red-shift in emission
peak arises due to the increase in size of the nanoparticles. These emis-
sions are basically from exitonic (1Se− 1Sh) transitions [29]. It is likely
that there are a large number of surface defects at the early stages of
NP nucleation, and the surface state density is high for small particles
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Figure 3.2: (a) Absorption spectra and (b) Emission spectra of the CdSe QDs
with different reflux time.

[34] resulting in a rapid shift to lower energy region of free exciton emis-
sion[35].

For detailed study, we used samples with reflux time 10min, 1hr, 2hr
and 3hr and are denoted as C1, C2, C3 and C4 respectively. During the
reflux time from 10min to 3 hr, optical band gap of the NPs change from
2.52 eV-2.35 eV due to the increase in the particle size and is shown in
figure 3.3. Particle size, shape and image of the as prepared CdSe QDs

Figure 3.3: Optical energy band gap variation of the samples C1, C2, C3,&C4.

are shown from figure 3.4 where the spherical shaped particles are ob-
served with average particle size ∼ 4-6nm.
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Figure 3.4: (a) TEM (b) SEM and (c) Photograph of the CdSe QDs (C3)

The particle size is calculated with effective mass approximation[13]. For
CdSe: Ebulk=1.74 eV, ε=10.6, me*=0.13, mh*=0.45

Enano = Ebulk +
h2

2m0d2
(

1

m∗e
+

1

m∗h
)− 36e2

4πεε0d
(3.2)

where d is the particle diameter. The calculated particle size by effective
mass approximation method of the samples are presented in Table 3.1.

Sample Particle size (nm) Bandgap (eV)

C1 4.62 2.516

C2 4.88 2.384

C3 4.96 2.348

C4 5.16 2.345

Table 3.1: Particle size and band gap of CdSe QDs (C1, C2, C3,&C4).

3.3.2 CdSe QDs with different particle size by microwave
irradiation method

For detailed study, we used samples prepared by different microwave
irradiation times 10 seconds, 15 seconds, 20 seconds and 30 seconds
which are denoted as C1, C2, C3, and C4 respectively. The images of as
prepared samples of CdSe quantum dots showing visible emission on ul-
traviolet light irradiation are shown in figure 3.5. The different colours
for the samples (C1, C2,&C4) from yellow to red shows the confinement
of the particle in the strong confinement regime. The absorption and
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Figure 3.5: (a) True colour under visible light and (b) UV irradiated flores-
cent images of C1, C2, andC4 samples of CdSe QDs with different microwave
irradiation time 10seconds, 15 seconds, 20 seconds and 30 seconds respectively.

fluorescent spectra of the CdSe QDs are given in figure 3.6:(a) & (b)
respectively. Optical absorption studies show a red shift of absorption
edge as the microwave irradiation time increases. Photoluminescence
spectra of the prepared samples show a strong emission around 560nm
wavelength in the case of CdSe QDs prepared by microwave irradiation
for 10seconds. As the irradiation time of microwave increases, this emis-
sion get reduced due to the decrease in oscillator strength as a result
of the aggregation of NPs. The particle size is calculated with effective
mass approximation [36] using equation (3.2) above. As the particle size
is increased, the absorption edge shifts to longer wavelength side and is
given in Table 3.2.

Sample Absorption edge(nm) Particle size (nm)

C1 529 2.29

C2 572 2.68

C3 635 3.64

C4 650 4.03

Table 3.2: Data showing particle size and absorption edge of CdSe QDs irra-
diated by microwaves for different durations.
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Figure 3.6: (a) Absorption and (b) fluorescence spectrum of C1, C2, C3,&C4

corresponding to different microwave irradiation time

3.3.3 Spectroscopic studies of CdSe nanofluids with dif-
ferent pH

CdSe QDs are prepared by a rapid microwave irradiation method. The
pH of the corresponding colorless solution is adjusted by adding 1M
NaOH. We have selected samples with different pH values. The samples
taken for optical characterization are named as pH 3.7, pH 4.7, pH 7.6,
and pH 8.9.

Figure 3.7: (a) Absorption spectra of the prepared CdSe nanofluids with pH
(b) Red shift in wavelength of CdSe nanofluids with pH
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Figure 3.7 and figure 3.8 shows the absorption and florescence spectra of
the prepared CdSe QDs with different pH at room temperature. It can
be clearly seen that the absorption and luminescence peaks of the CdSe
QDs are red-shifted with increasing pH. It is observed that for sample
with pH less than 4.7, a sign of agglomeration appears and with increas-
ing the pH of the solution, the emission intensity is reduced. Figure 3.8

Figure 3.8: (a) Fluorescence spectra of the as prepared CdSe Quantum dots
with different pH,(b) Change in the intensity of fluorescence peak CdSe QDs
with pH value.

shows the effects of the reaction solution pH on the fluorescence proper-
ties of CdSe QDs. It can be seen that the pH in our synthesis is much
lower than that with glutathione (GSH) (∼ 11 − 12) or MPA (≥ 8) as
thiol stabilizers used in common aqueous synthesis. For example, when
GSH was used as a stabilizer for CdSe QDs, the as-prepared colloid so-
lution formed some white precipitate when the pH of the Cd precursor
was reduced to acid or weakly basic, which restricted the preparation of
CdSe QDs in a relatively lower pH aqueous solution. However, MSA-
CdSe can be synthesized even in weak acidic solution, because of the
special structure of MSA with two carbonyl groups. In this study, we
also obtained high-quality CdSe QDs in weak acid solution and the pos-
sible reasons for which are as follows. First, previous studies indicated
that thiols had strong complexation to CdSe QDs rather than to free
cadmium ions. Under acidic conditions, this resulted in less trap sites
on the CdSe surface. Second, a thick layer of cadmium thiol complexes
under acidic conditions was also an important factor for determining
high-quality QDs, because more trap sites on the CdSe surface are re-
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moved after being covered with cadmium thiol complexes. Last, but
not the least, the unique structure of MSA plays an important role in
reducing the surface trap of CdSe QDs [17-19].

3.3.4 Linear optical studies of CdSe QDs based nanocom-
posites

Light- induced charge separation and energy transfer in nanostructures
are two important mechanisms in photovoltaic and photo catalytic appli-
cations. Metal-semiconductor hybrid nanosystems play a crucial role in
such applications owing to their complementary optical properties and
the novel applications based on the exciton-plasmon interaction [37-42].
NPs of gold and silver have dielectric-confined electromagnetic modes
which show tunable absorption and scattering properties controllable by
varying the surface plasmon resonance (SPR), whereas semiconductor
QDs like CdSe and CdTe possess optical and thermal properties through
the control of energy gaps [43]. These controls are realized by tuning the
sizes and shapes of these nanostructures. When a semiconductor QD is
conjugated with a metal NP to form nanohybrid (NH), modification of
optical and thermal properties of particular interest is obtained [44-46].

Light emissions of these NHs resemble the radiative behavior of or-
ganic molecules near metals [47-50], which can be effectively quenched.
The influence of plasmon-exciton coupling on these phenomena depends
on several parameters that play a decisive role in the quenching and
enhancement mechanisms[51, 52]. Several metal-semiconductor hybrid
nanoparticles(HNPs) consisting of various materials like Au-CdSe, Au-
InAs, Au-PbS, Au-Cu2O, Au-MnO, Ag-Fe3O4, Ag-Ag2S, and Co-TiO2

have been prepared by different methods[53]. Among these materials,
Au-CdSe and Ag-CdSe systems have attracted specific consideration due
to their ease of production, uniform morphology, effective charge sepa-
ration, and potential applications in solar cells.

Experimental methods

In our study, microwave rapid heating is used for the synthesis of CdSe
QDs and metal nanoparticles. For the preparation of hybrid CdSe-metal
NPs , colloidal Ag/Au NPs are mixed to the colloidal CdSe QDs in fixed
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volume ratio. Sharp excitonic peak in figure 3.9:(a) indicates mono dis-

Figure 3.9: (a) Excitation and emission spectra of CdSe QDs, (b) Absorption
spectra of AgNPs and (c) Absorption spectra of AuNPs.

persion of the CdSe QDs and these emissions are basically from exitonic
(1Se − 1Sh) transitions. SPR peaks around 415 nm from figure 3.9:(b)
confirms the presence of Ag. The absorption peak at 520 nm in figure
3.9:(c) confirms the presence of Au NPs. The shape and position of
surface plasmon absorption depend on particles size, shape and the di-
electric constant of the surrounding medium. The sharpness of the peaks
indicates that the particle sizes are fairly uniform and is confirmed from
TEM images shown in figure 3.10.

Figure 3.10: TEM images of mono dispersed (a) CdSe QDs, (b) Ag NPs and
(c) Au NPs.

Absorption spectra of CdSe-Ag NPs and CdSe-Au NPs is shown in fig-
ure 3.11. It is also observed from figure 3.12 that at a particular volume
fraction of metal NP (in both cases) a noticeable increase in the pho-
toluminescence (PL) emission is observed from CdSe QDs due to metal
induced surface plasmon.The emission relies on energy transfer from the
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Figure 3.11: Absorption spectra of (a) CdSe-Ag NPs and (b) CdSe-Au NPs.

Figure 3.12: Florescence spectra of (a) CdSe-Ag NPs and (b) CdSe-Au NPs.

quantum dots to metal NPs which could be de-excited through radiative
plasmon relaxation[54-56]. This exciton-plasmon interactions can give
rise to modified emission properties like enhancement and quenching as
seen from figure 3.12.

Generally, the interplay between metal NPs and QDs involves two ma-
jor phenomena: first one is an enhancement of the local excitation field,
and the second one is the modification of the radiative and nonradiative
decay rates of the QDs, inducing a change of fluorescence lifetime and
quantum yield. The competition between these processes results in two
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contradictory observations as reported in the literature: quenching of
luminescence or on the contrary it’s enhancement. Different parameters
play a determinant role in the quenching and enhancement mechanisms
but their influence is still debated. Particularly, the spectral position and
the influence of the localized surface plasmon resonance (LSPR) com-
pared to the absorption and emission maximum of luminescent species
is very decisive. Quenching of emission and shortening of exciton life-
time in the QD-NP superstructures can be explained using a typical
model based on the exciton-plasmon resonance taking place when emis-
sion peak of excitons in QDs and absorption peak of the plasmons in
NPs display a spectral overlap. In a QD-NP complex, oscillators cor-
responding to excitons in QDs and plasmons in metal NPs couple via
simple Coulomb forces. Since QD-NP complexes are in liquid, they are
randomly oriented with respect to the incident electric field which helps
the additional mechanisms of energy transfer/quenching [57-60].

3.4 Photo induced studies on CdSe QDs based
nanofluids

Photo induced phenomena has been characterized as photon mode, photo
thermal mode and heat mode. In photon mode photo electronic excita-
tion directly induces atomic structural changes and in PT mode photo
electronic excitation induces structural changes with thermal activation
while in heat mode, temperature rises by optical absorption is essen-
tial. Important photo induced processes are photo darkening, photo
bleaching, photo-plastic effect, photochemical reactions, photo expan-
sion, photo luminescence etc. Photo sensitivity of chalcogenide materi-
als like Se/Te results changes in optical constants, electronic band gap,
refractive index, optical absorption co-efficient and local atomic struc-
ture etc. These changes depend on the wavelength of the inducing light,
the duration of exposure and the intensity of the light [61-62].

Experimental studies

Microwave rapid heating is used for the synthesis of CdSe QDs. Particle
size of the CdSe sample (S1) for the experiment is calculated as ∼ 4 nm
using effective mass approximation method [36]. Experimental set up
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for the photo induced studies with exciting source of 403 nm blue laser
with input power 100 mW,532 nm diode pumped solid state (DPSS)
laser with input power100 mW and 632.8 nm He-Ne laser with input
power 10 mW are shown in figure 3.13 below. Optical absorption, trans-

Figure 3.13: Experimental set up for the photo induced studies of CdSe nano
fluid (sample-S1) at different input excitations

mission and fluorescence spectra of the samples irradiated with different
laser sources are studied and the corresponding changes at different time
intervals are shown below, where 0,1,2,3 and 4 represents 0 min, 15 min,
45min, 1 hour and 1 day irradiation time respectively. As depicted in

Figure 3.14: (a) Absorption, (b) Transmission and (c) Emission spectra of
the CdSe nano fluid (S1) irradiated with 403 nm wavelength for different time
intervals.

figures 3.14. 3.15 and 3.16, we have observed photo darkening effect
in our samples of CdSe at a time interval of one hour after irradiation;
which refers to a shift of optical absorption edge to lower energies upon
the application of light for which energy is near that of band gap energy.
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Figure 3.15: (a) Absorption, (b) Transmission and (c) Emission spectra of
the CdSe nanofluid (S1) irradiated with 532 nm wavelength for different time
intervals.

Figure 3.16: (a) Absorption, (b) Transmission and (c) Emission spectra of
the CdSe nanofluid (S1) irradiated with 632.8 nm wavelength for different time
intervals.

An increase in the band tail absorption at corresponding change in op-
tical transmission spectra can also be observed from the above figures.
Since the above effects are reversed when kept at normal conditions af-
ter irradiation, this effect can thus be called as reverse photo darkening
effect. Fluorescence spectra of the samples at different time intervals
are also affected by these changes in optical constants and can be at-
tributed to some photochemical changes occurring in the samples. The
presence of new singlet and triplet states also arises which causes extra
peak to be observed in the fluorescence spectrum. From these studies,
it is concluded that the properties of the CdSe QDs based nanofluid can
be controlled with light which makes them uniquely suitable for appli-
cations in optics and photonics [63].
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3.5 Conclusion

• A simple synthetic route described in the chapter permits the syn-
thesis of high-quality CdSe nanoparticles in aqueous solution.

• The as-synthesized MSA-capped CdSe QDs possess higher fluores-
cence, and better mono dispersity.

• The molecular structure of the capping agent - MSA, plays an
important role in the formation of the mono dispersed QDs and
the stability of the samples.

• These QDs show band gap tuning (2.52 eV-2.35 eV) and a strong
fluorescence ranging from 560nm to 630nm for the prepared sam-
ples.

• CdSe QDs with narrow PL emissions and narrow size distributions
have been synthesized in aqueous solution by microwave irradia-
tion in the presence of MSA as an effective capping agent.

• The microwave irradiation time, power and pH of the reacting
solution play important roles in controlling the optical properties
of the CdSe QDs obtained.

• Optical absorption studies show a red shift of absorption edge as
microwave irradiation time is increased and band gap can be tuned
from 4.3 eV - 2.2 eV for the as prepared samples.

• Photoluminescence spectra of the prepared samples show a strong
emission around 560nm wavelength and this emission gets de-
creased with irradiation time. This can be attributed to the de-
crease in oscillator strength due to the aggregation of QDs on
microwave irradiation.

• CdSe QDs show red shifts in the absorption and luminescence
peaks with increasing value of pH. Sample with pH less than 4.7
shows a sign of agglomeration and for higher pH, the intensity of
emission gets decreased.
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• To study the influence of plasmonic effect on CdSe nanofluids we
have synthesized metal NPs of Au and Ag by microwave irradia-
tion.

• With increasing volume of metal NPs, an enhancement in fluo-
rescence spectrum followed by quenching is observed. The emis-
sion relies on energy transfer from the QDs to metal nanoparticles
which could be de-excited through radiative plasmon relaxation.

• Photo induced studies of the samples show changes in absorption
and transmission spectra with laser irradiating time. Reversible
photo darkening effect is an interesting phenomenon observed from
the samples.

• Fluorescence spectra of the corresponding samples also give infor-
mation about the photochemical changes in the samples due to the
formation of more excited levels.
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Chapter 4

Thermo-optic studies on
CdSe quantum dots based
materials

Details of the thermo-optic studies of CdSe based nanomaterials are
described in this chapter. We have applied two thermo-optic methods
for the characterization of the samples in which thermal lens study give
information about thermal diffusivity property of the material. Charac-
terization of the samples has also been carried out using Photo acoustic
technique. Both of these studies give the details about the nonradiative
property of the samples.

Results of this chapter are published in :

1. Anju. K. Augustine et.al., J Opt. vol.44,pp.8591,2015.

2. Anju. K. Augustine et.al., Laser Phys. Lett. vol.11,115901,6pp,2014.

3. Anju. K. Augustine et.al., Journal of electronic materials,2015.
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4.1 Introduction

In recent years, thermo-optic method has emerged as an effective re-
search and analytical tool for the characterization of materials due to
its dependence on optical absorption coefficient. This study includes
group of techniques used to measure the optical absorption and thermal
properties of the samples. The basic idea behind these techniques is the
change in thermal state of the sample resulting from nonradiative relax-
ation following the absorption of a pulsed or chopped optical radiation
[1-9].

The detected PT signal depends on the optical absorption coefficient
at the incident wavelength as well as on how heat diffuses through the
sample [10-14]. Dependence of PT signal on how heat diffuses through
the specimen allows the investigation of transport and structural proper-
ties such as thermal diffusivity, thermal effusivity, thermal conductivity,
voids, etc. The unique feature of PT methods is that the detected PT
signal depends only on the absorbed light and it is independent of trans-
mitted or scattered light. Among the two relaxation processes for the de
excitation of the states, nonradiative relaxation occurs in thermo-optic
methods while radiative emission leads to the studies on conventional
spectroscopy. Nonradiative process leads to the heating of the sample
and the corresponding thermodynamic properties can be studied [13-15].
The merit of these methods also lies in the extremely sensitive detec-
tion technique used here in comparison with conventional transmission
methods.

PT methods based on the measurement of the strength of the lens formed
due to the refractive index changes are called thermal lens spectroscopy
(TLS). This technique has proven to be an appreciated method to study
the thermo-optical properties of transparent materials such as glasses,
liquid crystals and polymers. TLS method is useful for the determination
of thermal diffusivity, thermal conductivity, the temperature coefficient
of the refractive index leading to change in the optical path length, op-
tical absorption coefficient and fluorescence quantum efficiency. Since
this is an isolated sensing technique, measurement of samples in isolated
environment presents no extra difficulties.
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In PT methods another important parameter that can be exploited is
the pressure change associated with the transient temperature change
in the specimen. Pressure transducers such as microphones and piezo-
electric crystals are commonly used for the detection of pressure waves
associated with a rapid sample heating. The branch of PT method based
on the detection of these pressure waves is known as opto acoustic or
photo acoustic (PA) technique [16-19]. A detailed description of this
technique is given in the 2nd chapter.

Our interest is to study the thermo-optic changes which occurs in the
QDs since they are highly sensitive to the light- matter interactions. The
measurement of the heat transfer through diffusion in a liquid medium
containing CdSe QDs and its composites at different conditions is also
done.

4.2 Thermal lens study of CdSe QDs based sam-
ples

Thermal lens spectrometry (TLS) is one of the important PT techniques
which depends on temperature gradient generated by absorption of elec-
tromagnetic radiation and subsequent non-radiative relaxation of the
excited molecules. For thermal lens studies, the schematic experimental
set up and explanations are same as described in the 2nd chapter in fig-
ure 2.2. Sample was taken in a cuvette of 1 cm path length for making
the measurements. A low frequency mechanical chopper with 3 Hz is
used to modulate the intensity of the pump beam until the abbreviate
free TL peak-to-peak signal is maximum [20-21]. The probe beam from
the He-Ne laser which passes collinearly with pump beam(532nm) ex-
periences divergence due to thermally induced negative refractive index
gradient in the sample and the beam shape expands in the presence of
thermal lens. The change in intensity at the centre of the probe beam
spot in the far field is measured using a fast photo detector from which
the relative intensity and initial slope is measured. Photograph showing
the thermal blooming of the probe beam is given in figure 4.1. The
data are analyzed by using the procedure reported earlier [22]. Time
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Figure 4.1: Photograph showing probe beam cross -section (a) without pump
beam and (b) with pump beam.

dependent probe beam intensity follows the expression [23-24].

I(t) = I0[1− θ(1 +
tc
2t

)−1 +
θ2

2
(1 +

tc
2t

)−2]−1 (4.1)

Here, the parameter θ is related to the thermal power radiated as heat
and can be obtained with

I =
I0 − I∞
I∞

(4.2)

and
θ = 1−

√
(1 + 2I) (4.3)

where I0 is the initial intensity and I∞ is the intensity after the steady
state. A detailed curve fitting of this experimental data to equation
(4.1) gives the time constant tc of the thermal decay process. Finally the
thermal diffusivity D of the sample can be calculated from the equation

tc =
ω2

4D
(4.4)

where ω is the beam radius at the sample position and tc is the time
response to attain the steady state TL signal.

4.2.1 Size dependent variation of thermal diffusivity of
CdSe based QDs

CdSe QDs are prepared by a modified aqueous method using reflux.We
have selected four samples with different particle sizes for the study,
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namely C1=4.62nm, C2=4.88nm, C3 =4.96nm and C4=5.16nm. Figure
4.2 represents a typical TL pulse train measured at 3Hz and figure 4.3
represents the thermal decay of CdSe sample (C2) at an input power of
136 mW.

Figure 4.2: (a) Time dependent TL signal of CdSe sample (C2) and (b) One
of the peaks for visual clarification.

Figure 4.3: Fitting of the data with probe beam intensity as a function of
time with fit parameters I0 = 0.094, & θ = 2.88 and tc =0.05 s.

Similar TL signal evolution obtained for CdSe QDs of different sizes
(C1, C2, C3 and C4) and their corresponding tc θ, and D are tabulated
in Table 4.1. Thermal diffusivity plotted against the size of the CdSe
QDs is shown in figure 4.4. Thermal diffusivity is mainly controlled by
the size and shape of the NPs. Particle size is an important parameter
controlling thermal properties of nanofluids. There are reports based
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Figure 4.4: Plot of thermal diffusivity versus particle size.

on variation of thermal diffusivity with particle size[25-26]. The range
of particle size in our experiment lies between 4nm-6 nm. The general
trend in our experimental data is that the thermal diffusivity of CdSe
nanofluid decreases with increasing particle size in the fluid. This trend
is theoretically supported by Brownian motion of NPs and liquid layering
around these. The reduction of D in our experiment with increased
particle size is attributed to the convection velocity

V =

√
18kBT

πρd3
(4.5)

which drops drastically due to the cube dependence on particle size.
Where d=particle size, ρ=density of the medium, and KBT=thermal
energy. Therefore if the particle size is very small, Brownian motion
is strong and if the particles are large, Brownian motion is severely
arrested [22]. Thus the observed decrease in the thermal diffusivity with

sample Particle size(nm) θ tc ( s) D × 10−3(cm2/s)

C1 4.62 -2.07 0.05 0.63

C2 4.88 -2.89 0.05 0.61

C3 4.96 -12.65 0.08 0.41

C4 5.16 -5.70 0.13 0.24

Table 4.1: Particle size, time constant and diffusivity of CdSe QDs prepared
by reflux method
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increased particle size can be attributed due to the increase in Brownian
velocity. Also it can be concluded that CdSe with very small particle size,
transports heat rapidly through it and cause high thermal diffusivity.

4.2.2 Thermal lens studies of CdSe based nanofluids with
different pH.

In this experiment, CdSe nanofluids are prepared by rapid microwave
irradiation method 2nd chapter. The pH of the corresponding colourless
solution was adjusted by adding 1M NaOH. We have selected samples
with different pH values. The samples taken for optical characteriza-
tion were named as pH 3.7, pH 4.7, pH 7.6, and pH 8.9. Figures 4.5 &
4.6 show the absorption and florescence spectra of the prepared CdSe
samples with different pH at room temperature. It can be clearly seen
that the absorption and luminescence peaks of the CdSe QDs were red-
shifted with increasing value of pH. It is observed that sample with pH
less than 4.7, there is a sign of agglomeration and for higher pH sample
shows much less intensity with large FWHM.

Figure 4.5: Absorption spectra of the prepared CdSe QDs with different pH.

Figure 4.6 shows the pH effects of the reaction solution on the fluores-
cent properties of CdSe QDs. The unique structure of MSA plays an
important role in reducing the surface trap states of CdSe QDs and the
two carbonyl groups of MSA can provide better stability than other thiol
compounds [27-28].
Figure 4.7 represents the Particle size distribution and auto correlation
function g2(T) vs. delay time for the measurement of hydro dynamic
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Figure 4.6: Fluorescence spectra of the prepared CdSe Quantum dots with
different pH.

particle size (d) of CdSe sample by DLS method.

Figure 4.7: (a) Particle size distribution and (b) Auto correlation function
g2(T) vs. delay time by DLS method.

It shows that the average size of the nanoparticles formed are within 10
nm range. Figure 4.8 represents the thermal decay at an input power of
136mW. The experiment was repeated for CdSe nanofluids with various
pH values. Typical results are shown in figure 4.9. The beam spot size
at the sample position is 0.225mm. Finally,the thermal diffusivity D of
the sample was calculated from the equation(4.4). Similarly TL signal
evolution were obtained for CdSe QDs of different pH values and their
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Figure 4.8: Fitting of the data of sample (PH- 9.6) with probe beam intensity
as a function of time with fit parameters I0 = 0.252, θ = 36.22 and tc=1.94 s.

corresponding cluster size or hydro dynamic particle size (d),tc, θ, and
diffusivity(D) with an error ±0 .03 were obtained and are tabulated in
Table 4.2.

pH d (nm) θ tc (ms) D × 10−5cm2/s

3.7 8.4 467.97 12.907 0.24

4.7 10 0.98 0.01 4520

7.6 10.1 13.24 0.79 3.98

8.9 10.3 103.10 4.9 0.64

9.6 8.5 36.22 1.94 1.62

10 9.2 463.52 48.23 0.06

11 7.9 465.01 30.07 0.10

Table 4.2: Observations of thermal diffusivity changes of CdSe QDs prepared
at different pH

The observed (figure 4.10) reduction in tc at optimum pH can be the
effect of shortening of the mean free path of the phonons which is con-
firmed from Table 4.2. As the pH value is increased continuously, the
mean free path of the phonon in the solid increases the value of tc and
thermal diffusivity get reduced. From the figure it is observed that,
at an optimum pH, tc value is very small compared to that at other
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Figure 4.9: TL fitting of data of CdSe QDs with different pH values.

Figure 4.10: (a) Observed tc of CdSe QDs plotted against pH and (b) Thermal
diffusivity of CdSe QDs plotted against pH.

pH values. A large enhancement of thermal diffusivity is also observed
(from figure 4.10.(b)) with sample pH ∼ 4.7. When the QDs are dis-
persed into water, the overall behaviour of the particle-water interaction
depends on the properties of the particle surface. Experimental results
also indicate that the stabilities of these nanofluids are influenced by pH
values. Derjaguin theory [29-30] explains the aggregation of aqueous dis-
persions quantitatively and describes the force between charged surfaces
interacting through a liquid medium. It combines the effects of the van-
der Waals attraction and the electrostatic repulsion due to the so called
double layer of counter ions. According to this, when the pH is increased
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to the optimized value, (∼ 4.7) the surface charge increases because of
the more frequent attacking of the surface hydroxyl groups and phenyl
sulfonic group by potential-determining ions (H+, OH− and phenyl sul-
fonic group). This leads to an increase of the electrostatic repulsion
force between the particles, and the suspensions show significantly re-
duced agglomeration and enhanced mobility, ultimately improving the
heat transport [31-32]. When the pH is equal to the isoelectric point
(IEP), which is the optimized pH(∼ 4.7) in our case the QDs tend to be
unstable, form clusters, and precipitate, where IEP, is the pH at which
a particular molecule or surface carries no net charge. The repulsive
forces among metal oxides are zero and QDs coagulate together at this
pH value.The resulting big clusters formed at IEP will trap water and
the structures of trapped water are varied due to the strong atomic force
among QDs. Water is packed well inside and volume fraction of the QDs
will be larger.

In addition, shapes of clusters containing trapped water will not be
spherical but rather has irregular structure like chains. Such structure
favors thermal transport because they provide a long link [33]. There-
fore, the overall thermal conductivity and hence thermal diffusivity of
nanofluids are enhanced. When the pH is too large, the concentration
of the pH adjustment reagent (NaOH) in the system increases, which
causes the compression of the electrical double-layer. At pH≥ 10, surface
charge of QDs increases, which creates repulsive forces between QDs. As
a result of this effect, substantial clustering of QDs is prevented.

Zeta (ζ) potential studies based on different pH of
CdSe nanofluids

Zeta (ζ) potential is a measure of the magnitude of the electrostatic or
charge repulsion or attraction between particles in a liquid suspension.
We calculated the variation of ζ potential and cluster radius or hydro
dynamic particle size (d) of the QDs (table 4.2) as a function of pH by
using DLS measurement. The effect of charge on the clustering process
with varying pH has also been plotted in figure 4.11,which shows that
an almost neutral charge is obtained at optimum pH. Therefore, it looks
reasonable to infer that optimizing pH or high surface charge facilitates
heat transport through increased transport efficiency. We also attempt
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Figure 4.11: Variation of ζ -potential with pH.

to link the concept of this interesting phenomena of change in thermal
diffusivity with pH from the emission intensity in figure 4.6. We have
the total relaxation cross section σT= σR+σNR ,where σR is the radia-
tive relaxation and σNR is the nonradiative relaxation crosssection so
that σNR = σT - σR. From figure 4.6: (b) the observation of maximum
fluorescence intensity at optimum pH value indicating maximum fluo-
rescence quantum yield and minimum thermal energy generated in the
medium. Our calculation showed that maximum fluorescence quantum
yield is obtained at pH ∼4.7, where the probe beam (TL signal) intensity
is minimum. It is also observed from figure 4.6. This enhanced radia-
tive process will reduce the heat evolved through nonradiative process.
This may cause reduction of tc, which is the time taken to transport
heat, and hence enhancement of the magnitude of diffusion coefficient.
The major advantages of such materials is that they can be used both
as coolant and insulator by adjusting the corresponding pH values. At
low pH (∼4.7), it acts as a good coolant which can be used to diffuse
heat energy to the surroundings, and at high pH they can be efficient
materials to trap thermal energy and act as good insulators.

4.2.3 Thermal lens studies on CdSe-metal nanofluids

Microwave rapid heating is used for the synthesis of CdSe QDs and metal
NPs. For the preparation of hybrid CdSe-metal NPs, different volume
ratios of colloidal Ag/Au NPs are mixed with fixed volume of colloidal
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CdSe QDs. Sharp excitonic peak in figure 4.12:(a)indicates mono disper-

Figure 4.12: (a) Excitation and emission spectra of CdSe QDs , (b) Absorption
spectra of Ag NPs and (c) Absorption spectra of Au NPs.

sion of the CdSe QDs and these emissions are basically from excitonic
(1Se−1Sh) transitions. Surface plasmon resonance (SPR) peaks around
415 nm confirm the presence of Ag. The 520 nm peak in figure 4.12:
(c) confirms the presence of Au NPs. The shape and position of surface
plasmon (SP) absorption depend on particle size, shape and the dielec-
tric constant of the surrounding medium. The sharpness of the peaks
indicates that the particle size is fairly uniform.

Figure 4.13: (a) Florescence spectra of CdSe-Ag NPs and (b) CdSe-Au NPs.

From figure 4.13, it is clear that by adding a particular volume fraction
of metal NPs to the CdSe nanofluid, an increase in the PL emission is
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observed. This emission may relies on energy transfer from the QDs to
metal NPs which could be de-excited through radiative plasmon relax-
ation [34-36].From figure 4.13:(b) it is clear that, at low values of volume
ratio of Au NPs an additional strong band is observed in ∼ 700nm spec-
tral region and at higher ratio this is quenched and the emission peak
coincide with that of CdSe QDs. This exciton-plasmon interactions can
give rise to modified emission properties like enhancement and quench-
ing as seen in figure 4.13. Generally, the interplay between metal NPs
and QDs involves two major phenomena: the first one is an enhancement
of the local excitation field, and the second one is the modification of the
radiative and nonradiative decay rates of the QDs, inducing a change of
fluorescence lifetime and quantum yield. The competition between these
processes results in two contradictory observations as reported in the lit-
erature: quenching of luminescence or on the contrary it’s enhancement.
Different parameters play a determinant role in the quenching and en-
hancement mechanisms but their influence is still debated. Particularly,
the spectral position and the influence of the localized surface plasmon
resonance (LSPR) compared to the absorption and emission maximum
of luminescent species is very decisive.

Quenching of emission and shortening of exciton lifetime in the QD -
NP superstructures can be explained using a typical model based on the
exciton-plasmon resonance taking place when emission peak of excitons
in QDs and absorption peak of the plasmons in NPs display a spectral
overlap. In a QD- NP complex, oscillators corresponding to excitons in
QDs and plasmons in metal NPs couple via. simple Coulomb forces.
Since QD - NP complexes are in liquid, they are randomly oriented with
respect to the incident electric eld [37-38]. Figure 4.14 shows TEM im-
ages of monodispersed CdSe QDs, AgNPs and Au NPs. By using the
non-contact TL technique with optical interactions of material we are
able to extract the thermal properties of material mainly the thermal
diffusivity. The theoretical curves in figure 4.15 calculated using equa-
tion (4.1) agree very well with experimental data, which give the thermal
diffusivity value for the sample at an input power of 136 mW. Finally
the thermal diffusivity D of the sample can be calculated using the equa-
tion (4.2). Similarly TL signal evolution were obtained for CdSe-metal
nanofluid of different volume ratios and their corresponding diffusion
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Figure 4.14: TEM images of (a) mono dispersed CdSe QDs, (b) Ag NPs
and(c) Au NPs.

coefficients are obtained and plotted in figure 4.15. From figure 4.16, it
is clear that the heat diffusion constant has enhanced at an optimum
volume of metal NPs and it gets reduced with further addition of it.
NPs composed of various materials (such as Au, Ag, and semiconduc-
tors) can efficiently release heat under optical excitation.

The mechanism of heat release under laser excitation can be explained
as follows: the laser electric field strongly drives mobile carriers inside
the QDs, and the energy gained by carriers gets converted into heat.
Then the heat diffuses away from the QDs and leads to an elevated tem-
perature of the surrounding medium making the nanofluid an effective
coolant. Heat generation becomes especially strong in the case of metal
NPs in the regime of plasmon resonance where a collective motion of
a large number of electrons occur. In the case of semiconductor QDs,
the heat generation rate is much weaker since heat dissipation occurs
through an interband absorption process with the creation of mobile
electron and hole (exciton) pairs followed by possible radiative process
[39-40]. The heating effect can be strongly enhanced in the presence of
several NPs. Mechanisms of interaction between NPs that could enhance
the heating process are accumulative effect and Coulomb interaction.
The accumulative effect comes from the addition of heat fluxes generated
by single NPs [41-42]. Coulomb interaction effects leads to the partial
screening of electric fields inside the NP. The total heat dissipation can
increase or decrease, depending on the incident light polarization. If the
NPs are in solution and randomly oriented, the average heat generation
can be enhanced or reduced depending on the screening effect which
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Figure 4.15: Fitting of the data with probe beam intensity as a function of
time for (a) CdSe-Ag and (b) CdSe-Au.

become concentration dependent. It is also suggested that, clustering of
metal NPs can significantly affect the total heat generation and diffu-
sion. This effect may also cause the variation of thermal diffusivity of
CdSe-Au /CdSe-Ag complexes. Most of the studies based on the mea-
surement of thermal diffusivity of metal nanofluids using TLS [23-24,
43-44] reported the enhancement of thermal diffusivity with metal NP
in dye colloidal system. In our study we report, the heat and charge
transport mechanism of QD-metal nanohybrid (NH)which can be opti-
mized with properties of QDs and metal. The emission properties of the
QD-metal nanofluid can be tuned and can also be used as an effective
coolant under optimum conditions.

4.3 Photo acoustic measurements of CdSe QDs
based nanofluids

Over the years numerous techniques have been developed for the op-
tical investigation of highly scattering and opaque materials, the most
common of which are diffuse reflectance [45], attenuated total reflection,
internal reflection spectroscopy [46] and scattering [47]. But all these
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Figure 4.16: Thermal diffusivity of CdSe with different volume fraction of
metal NPs.

methods have their specific limitations. During the past few years, an-
other optical technique has been developed to investigate the optical
properties of those materials that are unsuitable with the conventional
transmission or reflection methodologies. This technique, called photo
acoustic spectroscopy (PAS), deals with the effect of generation of acous-
tic waves in the specimen after illumination with a chopped or pulsed
optical radiation.

PA effect was discovered by Graham Bell in 1880, when he noticed that
the incidence of modulated light on a diaphragm connected to a tube
produced sound [47-49]. Extensive study of photo acoustic effect in liq-
uids and gases showed that the intensity of acoustic signal depends on
the absorption of light by the material. Thereafter in the nineteenth cen-
tury, it was known that the heat of a gas in a closed chamber produces
pressure and volume change in this gas and during the next years many
theories were developed to explain the PA effect [50-53]. According to
Rayleigh this effect was due to the movement of the solid diaphragm, and
Bell believed that the incidence of light on a porous sample expanded
its particles, producing a cycle of air expulsion and re absorption in the
sample pores. These ideas were opposed by Preece by pointing that the
expansion/contraction of the gas layer inside the photo acoustic cell is
the cause of the phenomenon. Mercadier explained the effect correlated
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with the thermal diffusion mechanism in which the periodic heating of
the sample is transferred to the surrounding gas layer, generating pres-
sure fluctuations. At present, the invention of sensitive and compact
microphone made this area of study an interesting one. Ever since the
theory of PA effect in solids was developed by Rosencwaig and Gersho,
this technique has been effectively used in diverse areas of physics, chem-
istry and medicine [52-55].

Main difference of PA effect from other spectroscopic methods is that
this is an indirect method wherein the incident energy is in the form
of optical photons, which interacts with the material under investiga-
tion. The measurement is not through the subsequent detection and
analysis of some of the photons, but rather through a direct measure
of the energy absorbed by the material. Local warming of the sample
matrix arises due to the non-radiative relaxation processes such as col-
lisions with other molecules. Pressure fluctuations are then generated
by thermal expansion, which can be detected in the form of acoustic or
ultrasonic waves. In a typical experiment the sample is illuminated with
an intensity modulated monochromatic radiation. If any of the incident
photons are absorbed by the sample, internal energy levels within the
sample are excited. Upon subsequent de-excitation of these energy lev-
els, all or part of the absorbed photon energy is transformed into heat
energy through nonradiative de-excitation processes. In PAS, we mea-
sure the acoustic signal produced by the pressure variations due to this
internal heating of the sample. Hence PAS is clearly a form of optical
spectroscopy.

Usual temperature sensors such as thermistors and thermopiles have in-
herent disadvantages for being used in PAS in terms of sensitivity, detec-
tor rise time and the speed at which measurements can be made. A more
appropriate method is the measurement of heat production through vol-
ume and pressure changes produced in the sample or in an appropriate
transducing material in contact with the sample. In this aspect piezo-
electric transducers are employed in many cases for the detection of
ultrasonic pulses in liquid and solid samples. Quartz crystals, piezoelec-
tric ceramics such as lead zirconate titanate (PZT), lead metaniobate,
and lithium niobate as well as piezoelectric polymer films can be applied
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to the detection of laser- induced shock pulses.[49,56-58]

4.3.1 Calibration of PA cell

Experimental set up for the calibration of PA cell by finding velocity of
sound in aluminum sheet as shown below. A Q-switched Nd-YAG laser
with second harmonic frequency of 532 nm and output power of one
joule has been used as the laser source. PA signal amplitude at different
locations of the aluminium sheet is taken for the input pulse. Distance
vs. time delay of the samples are measured and the average velocity
of the PA signal was calculated. It is observed from the experiment
that velocity of sound in Aluminum sheet is ∼ 2600 m/s whereas it can
change from 2000m/s to 2600m/s theoretically. The experimetal set up
is shown in figure 4.17.

Figure 4.17: Experimental set up for the calibration of PA cell by finding
velocity of sound in aluminum sheet.

Typical photographs of the selected output signals are given in figure
4.18.
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Figure 4.18: Typical photographs of output PA signal for the calibration of
PA cell.

4.3.2 Measurement of Photo acoustic signal by pulsed
Nd: YAG laser

For the generation of efficient PA signals, laser pulse durations in the
range of tens to hundreds of nanoseconds are required. To obtain ade-
quate penetration depth, it is also desirable to use a wavelength suitable
to the samples. These requirements can be met, in part, by using the
second harmonic frequency from the Q-switched Nd: YAG laser operat-
ing at 532nm, at a pulse repetition frequency of 10 Hz, with one joule
pulse energy.

Measurements of PA signal amplitude with different input laser
intensity

We have observed PA signal variation at different input power levels for
samples using pulsed Nd-YAG laser with 532 nm wavelength. Exper-
imental set up for the study of variation of PA signal amplitude with
different input power for CdSe QDs based samples is described inthe 2nd

chapter(figure 2.5). The synthesis of the metal NPs and CdSe QDs for
the study were carried out by microwave rapid-heating method. Absorp-
tion spectra of the prepared CdSe QDs were recorded using UV-Visible
spectrophotometer. The samples are labelled as S1 ,S2 and S3 where
S1 is CdSe nanofluid incorporated with Rh-6G dye solution of 10−4 M
and S2 is a mixture of sample S1 with Au nanofluid in volume ratio
1:0.5 and S3 is sample S1 with Ag nanofluid mixture in volume ratio
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1:0.5. CdSe QDs based nanofluid with Rh-6G dye is taken as the ref-
erence sample (S1) and sample S2 shows maximum PA signal output
where Au NPs are incorporated to S1. It is observed from figure 4.19
that as power increases, amplitude of the PA signal also increases and
an abrupt change occurs at a threshold. It is also observed that the

Figure 4.19: Variation of PA signal amplitude at different input power for S1,
S2 and S3 samples

output of the PA signal varies differently for samples and it is higher
in the case of samples incorporated with Au metal NPs. Generation of
PA signal, on introducing metal NPs is a nonlinear function of pump
beam intensity as clearly seen in the figure 4.19. This enhancement can
be attributed to Brownian motion, nano convection, and heat diffusion
on addition of Au metal NPs to the fluid. The Variation of PA signal
amplitude of CdSe QDs based samples with different input energies are
tabulated in Table 4.3. The introduction of metal NPs in CdSe enhance
thermal diffusivity which reduce the depletion of pump in the coupling
medium thereby enhancing the PA signal amplitude with pump power.
It can be seen that in CdSe sample (S1) the PA signal propagation is
linear with pump power while it is nonlinear in samples with metal NPs
(S2andS3) added. The observation is also supported by the enhanced
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thermal diffusivity of metal incorporated CdSe samples. Typical images
of the PA signal output from DSO for different samples (S1, S2 and S3)
are shown in figure 4.20.

Figure 4.20: Typical images of the PA signal of samples(S1, S2 and S3)

4.3.3 Measurement of photo acoustic spectrum using con-
tinuous wave light source

PA signal generation has also been done with modulated chopped light
from the continuous wave using a Xenon lamp. The synthesis of the sam-
ples were carried out by microwave rapid-heating method. The prod-
ucts were collected for size characterizations after being cooled down to
room temperature. Absorption spectra of the prepared CdSe QDs were
recorded using UV-Visible Spectrophotometer. The samples are labeled
as S1,S2 and S3 where S1 is CdSe nanofluid incorporated with Rh-6G

Energy (m J)
PA signal voltage (mV)
S1 S2 S3

10.6 73.6 24.8 38.4

33.5 84.8 74 43.2

97.5 240 188 256

172 332 704 420

222 384 848 680

238 480 1120 740

Table 4.3: Variation of PA signal amplitude with different power in CdSe QDs
based samples
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dye solution of 10−4 M and S1 is mixture of sample S1 with Au nanofluid
in volume ratio 1:0.5 and S3 is a mixture of sample S1 with Ag nanofluid
in volume ratio 1:0.5.

In the experimental section, the sample is taken in the PA cell which
is firmly held on a holder, and properly aligned with the laser beam
axis. The modulated chopped light from the Xenon lamp is focused and
passed through the sample in the PA cell. The acoustic signals generated
are detected by the PZT, and recorded using a lock in amplifier. When
readings are taken for one sample, it is pipetted out and the next sam-
ple is filled, without moving the PA cell. The experiment is repeated for
different samples by varying wavelengths using filters. The experimental
arrangement of the PA study is shown in 2nd chapter(figure 2.4). It con-
sists of a light beam from a standard solar irradiation of 1000W Xe lamp
(Oriel 6269). A water column kept after the Xenon lamp will effectively
filter out the infrared portion of the spectrum. Light coming out of the
Xe lamp is intensity modulated using a mechanical chopper(Ithaco HMS
230) and is focused to the PA cell. The acoustic signal is processed using
a lock-in-amplifier (Stanford Research Systems SR 510).

PA cell contains the samples, and a fabricated piezoelectric transducer
chamber to detect the acoustic signals [58]. The cell is of stainless steel
body with an inner diameter of 2 cm and length 5 cm. Glass windows
are fixed with flanges and O-rings to the cell for the entry and exit of
the laser beam. One side of the cell has an opening in which the trans-
ducer chamber is fixed. A Lead Zirconate-Titanate (PZT) disc of 4 mm
thickness and 15 mm diameter is the piezoelectric transducer that is
contained in this chamber. The PZT disc is spring-loaded against the
thin front diaphragm as shown, with a thin layer of silicon grease applied
between them to ensure good acoustic coupling. The PA signal is taken
out through the BNC connector. Due to its high sensitivity a few µV
of electrical signal could directly be obtained from the transducer with
absorbing sample in the cell [55].

Absorption spectra and the corresponding PA spectra of the samplesS1,
S2 andS3 are shown below in figure 4.21.
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Figure 4.21: (a) Absorption spectra,(b) PA spectra and (c) Emission spectra
of the CdSe based samples,S1, S2 and S3 .

It is observed that the output PA spectrum is similar to the absorp-
tion spectrum and can be used to identify the absorbing energy levels
of the samples. We observed that the change from optics signal to PA
signal indicates the transformation of transverse wave to longitudinal
wave where direct measurement of absorbed energy is observed. We
also observed from the spectrum that there is a transfer of energy due
to the exciton-plasmon interactions especially in the case of CdSe QDs
based nanofluid incorporated with Ag NPs. This enhancement can be
attributed to Brownian motion, nano convection, and heat diffusion on
addition of Ag metal NPs to the fluid. Depending on the sample and the
pump flux at different wavelengths nonlinear and/or excited state ab-
sorption can occur in a typical nanofluid medium.Various non-radiative
relaxation channels are active in a highly excited large molecule, which
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will lead to the generation of photo acoustic signals. Analysis of these
PA signals can yield valuable information about the nature of absorp-
tion and the distribution of various energy levels of the molecule. Using
the same experimental setup in figure 2.4 a relation ship between the
amplitude and modulation frequency of samples S1, S2 andS3 are stud-
ied and the results are shown in figure 2.4. The linear nature for plot of

Figure 4.22: Log frequency versus log amplitude of S1 and S2 andS3 samples.

samples S1 and S2 and S3 indicates that, due to the relatively high ther-
mal diffusivity, the heat generated at the sample interface is transmitted
instantaneously to other side without leaving any temperature gradient
inside the sample. But for materials of very low thermal diffusivity,this
cannot be applied [59-62].

4.4 Conclusion

• CdSe QDs prepared by reflux method shows variation of energy
band gap of the NPs from 2.56 eV to 2.35 eV as the particle size
increased during the reflux period.
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• Studies on size dependent variation of thermal diffusivity of CdSe
QDs based nanofluid using laser induced mode matched thermal
lens technique shows a decrease in thermal diffusivity with particle
size. This trend is theoretically supported by Brownian motion of
NPs and liquid layering around NPs, where rapid heat transports
in smaller particles cause high thermal diffusivity.

• Influence of pH on thermo optic properties of MSA capped CdSe
QDs prepared by microwave irradiation method shows a significant
increase in thermal diffusivity with optimum pH.

• At this optimum value of pH, increase in surface charge of NPs in-
creases repulsive forces thus resulting in reduced agglomeration of
QDs which enhances mobility and heat transport. The major ad-
vantages of such material is that they can be used as both coolant
and insulator by adjusting the corresponding pH values.

• A study on charge and heat energy transfer dynamics of directly
coupled mixtures of CdSe QDs with metal NPs using TL and
photoluminescence techniques shows an effective increase of the
absorption cross section of the semiconductor nanostructure and
modified emission properties due to the exciton-plasmon interac-
tions.

• Quenching of emission and shortening of exciton lifetime in the
QD-NP superstructures can be explained using a typical model,
based on the exciton-plasmon resonance occurring due to the over-
lap of the emission peak of excitons in QDs and absorption peak
of the plasmons in NPs.

• In our study the heat and charge transport mechanism of QD with
metal NPs can be optimized with properties of QDs and metal.
The emission properties of the QD with metal nanofluid can be
tuned and it’s potential to be used as a coolant is also discussed.

• Calibration of PA cell by finding the velocity of sound in aluminium
sheet using pulsed Nd-YAG laser with 532 nm wavelength laser
source shows that velocity of sound in aluminum sheet is ∼2600
m/s in experiment whereas it can vary from 2000m/s to 2600m/s
theoretically.
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• Variation of PA signal amplitude with different input energies are
studied. Output of the PA signal varies differently for samples and
it is higher in the case of samples incorporated with metal NPs.

• Enhancement of PA signal with CdSe QDs based nanofluid sample
incorporated with Au NP can be attributed to Brownian motion,
nano convection, and heat diffusion on the addition of metal NPs
to the fluid.

• Measurement of Photo acoustic spectrum using chopped optical
radiation at different wavelength from a Xenon lamp gives in-
formation about the absorption regions of the CdSe QDs based
nanofluids.

• The linear nature of the log frquency vs. log amplitude curve indi-
cates that at relatively high thermal diffusivity value of the sample,
the heat generated at the sample interface is transmitted instan-
taneously to other side without leaving any temperature gradient
inside the sample.
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Chapter 5

Nonlinear-optical studies
on CdSe QDs based
photonic materials

In the present chapter, we focus on the evaluation of nonlinear opti-
cal characteristics of CdSe based nano colloids employing the technique
of single beam z-scan. The effect of various experimental parameters like
input laser fluence, pH, particle size and presence of NP on the reverse
saturable absorption property of the CdSe nano colloid have been stud-
ied. These studies show the application of colloidal CdSe QDs based
samples as a promising nonlinear optical material.

Results of this chapter are published in :

1. Anju. K. Augustine et.al.,Journal of Nanoscience,vol.2014,pp.7,2014.

2. Anju. K. Augustine et.al., Optik vol.125, pp.6696-6699,2014.
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5.1 Introduction

Before the advent of lasers, transparent optical materials were assumed
to be essentially passive unaffected by the light travelling through them.
The high powers of laser beams made it possible, to observe that the
effect of light on a medium can indeed change its properties such as
refractive index or absorption.These are optical non-linear phenomena.
When this happens, the light itself gets affected by this change in a
non-linear way; for example the non-linear response of the material can
convert the laser light into new colours, both harmonics of the optical
frequency and sum and difference frequencies. With the development
of optical communication networks; various nonlinear optical (NLO) de-
vices such as optical switches, optical limiters, optical detectors and
optical sensors have attracted considerable attention because of their
widespread usage for scientific and industrial purposes.

Among all the nonlinear optical properties, optical limiting is one of
the most promising practical applications, as it can protect the human
eye and photosensitive components from damage caused by intense op-
tical radiation[1, 2]. Optical limiting results from irradiance-dependent
NLO responses of materials in which the incoming intense light alters
the refractive and absorptive properties, resulting in a greatly reduced
transmitted intensity. It is important to select suitable materials as op-
tical limiting media by determining the magnitude of their nonlinearity.
Organic materials characterized by large NLO responses are of major
interest owing to their large NLO susceptibilities, fast response time,
architectural flexibility, low cost and ease of fabrication [3, 4].

In recent years, interest in the synthesis, characterization, and appli-
cation of colloidal QD semiconductor materials has grown markedly.
QDs of CdSe are by far the most studied system among all the semi-
conducting NCs. The bulk CdSe has a direct band gap of 1.74 eV at
300 K, and a typical Bohr exciton diameter of around 5.6 nm[5]; Conse-
quently, CdSe QDs show quantum confinement effects with remarkably
different optical properties. The size dependent, unusual optical and
electronic properties of these QDs have been studied in detail using a
wide variety of experimental and theoretical techniques. The linear opti-
cal properties of CdSe QDs depend strongly on particle size, for example,
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the blue shift of excitonic absorption and emission peaks with decreasing
particle size is a well- known observation. The unusual properties of the
QDs, in the quantum-confined regime, have led to numerous technolog-
ical applications.

In the past decade, there has been increasing interest in the luminescent
and nonlinear optical properties of these nanometer-sized QDs. Large
optical nonlinearities in CdSe QDs have been reported using different
techniques. These techniques include degenerate four wave mixing and
z-scan techniques with nanosecond and picosecond laser pulses. Z- scan,
especially, is an effective technique to investigate nonlinear absorption
and nonlinear refraction. An ideal optical limiter, by definition, is a de-
vice that exhibits a linear transmittance below a threshold and clamps
the output to a constant value above it, thus providing safety to sensors
and the eyes. A wide range of materials contributing to the optical lim-
iting and nonlinear absorption has been investigated. It is well known
that optical limiting devices rely on one or more of the nonlinear op-
tical mechanisms such as excited state absorption, free carrier absorp-
tion, two-photon absorption (TPA), photo-refraction, nonlinear refrac-
tion and induced scattering with enhancement in limiting performance
by coupling two or more of such mechanisms [6-8].

5.2 Z- scan method for nonlinear optical studies

The nonlinear optical characterization of the samples was carried out by
the Z-scan technique using 532 nm [9, 10]. The experimental set up is
described in chapter 2. The samples to be investigated were translated
through the focal point of a lens of focal length 20 cm.The beam waist
radius ω0 was estimated to be 35.4µm. The Rayleigh length

z0 =
kω2

0

2
(5.1)

was calculated to be 7.4 mm.The samples were taken in a 1mm thickness
cuvette which is much less than z0 which is an essential prerequisite for
Z-scan experiment. The normalized transmittance for TPA in the open
aperture condition is given by [11]

T (Z, S = 1) =
1√

πq0(z, 0)

∫ +∞

−∞
ln[1 + q0(z, 0)e−τ

2
]dτ (5.2)
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where

q0(z, 0) =
βI0Leff
1 + ( zz0 )2

(5.3)

The parameter q0 is the depth of the open aperture Z- scan curve ob-
tained from the theoretical fit and it is the measure of the intensity
dependent absorption. Here, I0 is the laser intensity in the focal plane,β
is the nonlinear optical absorption coefficient, Leff is the effective thick-
ness with linear absorption coefficient α. Leff is given by

Leff =
(1− e−αl)

α
(5.4)

The open-aperture curve exhibits a normalized transmittance valley at
the focal point, indicating the presence of reverse saturable absorption
(RSA) in the nano colloidal solutions. The open z-scan scheme was also
used to measure Imχ(3).The imaginary part of third order susceptibility,
Imχ(3) is related to β through the equation,

Imχ(3) =
n2

0c
2β

240π2ω
(5.5)

From the closed aperture z-scan scheme the nonlinear refractive index
n2 and the real part of the third order nonlinear susceptibility, Re(χ(3))
are given, respectively,by equations (5.6) and (5.7).

n2(e.s.u) =
cn0λ

40π2πI0(t)Leffe
∆Φ0 (5.6)

n2 is related to Re(χ(3)) by the relation

Reχ(3) =
n0n2(e.s.u)

3π2
(5.7)

From the real and imaginary part of χ(3) , the modulus of third order
nonlinear susceptibility can be found out.√

Re(χ(3))2 + Im(χ(3))2 (5.8)

To study the optical limiting property of the sample, the nonlinear trans-
mission of the sample is measured as a function of input fluence. Optical
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power limiting is effected through the nonlinear optical processes of the
sample. An important term in the optical limiting study is the optical
limiting threshold.Optical limiters are essentially those systems which
transmit light at low input fluence or intensities, but become opaque at
high inputs. The optical limiting property is mainly found to be absorp-
tive nonlinearity, which corresponds to the imaginary part of third order
susceptibility[12]. From the values of fluence at focus, the fluence values
at other positions could be calculated using the standard equations for
Gaussian beam waist.

5.3 Size dependent nonlinearity of CdSe QDs

For detailed study, we used samples taken after reflux times of 10min,
1hr and 3hr and are denoted as C1, C2&C3 respectively. The variation in
absorption peak, and the corresponding optical energy band gap (inset)
of samples (C1, C2&C3) are shown in figure 5.1:(a), (b) and (c).

Figure 5.1: (a),(b) and(c) shows the variation in absorption peak, and the
corresponding optical energy band gap (inset) of samples C1,C2&C3.

Energy band gap of the QDs shows a variation from 2.51eV-2.34eV as
the particle size increased during the reflux time from 10minute to 3
hour. It is observed that as particle size increases, absorption peak
shifts to higher wavelength side and the band gap is enhanced with
decrease in particle size. The emission spectra of the C1, C2, and C3

samples also shown in figure 5.2. The particle size is calculated with
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Figure 5.2: The emission spectra of C1, C2&C3 sample under the excitation
wavelength of 390nm.

effective mass approximation [13]. For CdSe:Egbulk=1.74 eV, ε=10.6,
m∗e=0.13,m∗h=0.45

Enano = Ebulk +
h2

2m0d2
(

1

m∗e
+

1

m∗h
)− 36e2

4πεε0d
(5.9)

where d is the particle diameter. The calculated particle size of these
QDs are presented in Table 5.1. The nonlinear optical characterization
of the samples was carried out using the Z-scan technique and the nor-
malized transmittance for two photon absorption (TPA) in the open
aperture condition is given by equation 5.2 above. The open-aperture
curve exhibits a normalized transmittance valley at the focal point, in-
dicating the presence of RSA in the nano colloidal solutions. The open
aperture Z- scan plot for samples having different particle size is depicted
in figure 5.6. The fits of equation (5.2) to experimental data are shown
as solid curves.The data can be fitted well by assuming TPA in the non-
linear optical absorption process. From this fit, we can confirm that the
basic mechanism involved in the nonlinear absorption of nano colloidal
solutions of CdSe QDs is TPA process because the photon energy of the
532 nm laser is within the range Eg≤ 2hν ≤ 2Eg, where hν =2.33 eV[11].

154



5.Nonlinear-optical studies on CdSe QDs based photonic materials

The nonlinear absorption coefficient (β) is calculated from the above
fits shows a dependence on the particle size of the QDs. The experi-
mental data show that β value increases with increasing particle size.
With a small decrease in the band gap a significant increase in the
nonlinear absorption is observed. In order to explain the optical nonlin-
earity, we mainly consider the band gap variation of CdSe QDs samples
(C1, C2, andC3).Sample C1andC2 have band gap very near to 2.4 (2.39
±.02) and 2.5 (2.52± 0.02) respectively which is more than one photon
energy corresponding to 532nm. The data fitting shows that the non-
linear optical absorption is through TPA process in these samples. Our
studies show that sample C3 has large optical nonlinearity (2.47×10−10

m/W) enhancement, compared to other samples as seen in figure 5.3.
Band gap corresponding to sample C3 is 2.33eV to 2.33 ± .02 eV which

Figure 5.3: The open aperture Z- scan plot for different particle sizes of CdSe
QDs (C1, C2, and C3).

is very near to the one photon energy corresponding to 532nm (2.33
eV).The fact that optical nonlinearity in this case is also due to the
two photon absorption reveals that, two photon excitation cross sec-
tion is enhanced due to resonant one photon absorption level. A small
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mismatch between band gap of sample C3 and the one photon energy
will be compensated by phonon assisted excitation. The enhancement
also arises due to increased optical nonlinear interaction between the
radiation and the particles.This can be explained by the fact that with
increase in particle size, there is an increase in the multiple scattering
from the QDs. This increase in multiple scattering leads to large effec-
tive interaction length which in turn results in an enhancement in NL
absorption [10].

The open z-scan scheme was also used to measure Imχ(3) from the equa-
tion(5) where n0 = 2.34 is the linear refractive index of CdSe, C is the
velocity of light in vacuum, ω is the angular frequency of the radiation
used. The measured values of optical band gap for different particle size
and nonlinear absorption coefficient at a wavelength of 532 nm for input
laser power density of 0.54 GW/cm2, are given in the Table 5.1.

S d(nm) B.G(eV) β(m/W) OLT(GW/cm2) Imχ(3)(e.s.u)

C1 4.17 2.52 0.27×10−10 0.57 0.16×10−11

C2 4.96 2.38 0.69×10−10 0.48 0.41×10−11

C3 5.25 2.34 2.47×10−10 0.35 1.45×10−11

Table 5.1: Data showing particle size, energy band gap, nonlinear absorption
coefficient(β),optical limiting threshold(OLT) and imaginary part of suscepti-
bility(Im χ(3)) of the samples C1, C2, andC3.

To study the optical limiting property of the sample, the nonlinear trans-
mission of the sample is measured as a function of input fluence. Such
plots give a better comparison of the nonlinear absorption or transmis-
sion in the sample and are generated from Z-scan trace[14, 15]. Fig-
ure 5.4 illustrates the optical limiting response of the samples (C1, C2,
andC3). The line in the figure indicates the approximate fluence at
which the normalized transmission begins to deviate from linearity. The
fluence value corresponding to the onset of optical limiting (optical lim-
iting threshold) is found to vary from 0.35 GW/cm2 to 0.572 GW/cm2

for the samples with input fluence 0.54 GW/cm2. Our works show that
the semiconductor nanomaterial which has got a one photon resonant
absorption can be employed for third order optical nonlinear material
in which two photon absorption will get enhanced by the one photon
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Figure 5.4: Optical limiting response of the samples (C1, C2, andC3).

resonance energy level (Table 5.1). Such materials are useful as optical
limiters with low threshold energy. Thus it is clear from figure 5.4 that
the CdSe QDs with large particle size can be used for optical power
limiting at high laser fluences. Thus, size of QDs has a significant effect
on limiting performance. Closed-aperture Z-scan trace of the CdSe QDs
for input fluence of 436 MW/cm2 is shown in figure 5.5. The solid line
shows the theoretical fit. The closed-aperture curve of CdSenano fluid
displayed a peak to valley shape, indicating a negative value of the non-
linear refractive index n2 and it is the self-defocusing nonlinearity. It is
observed that the peak-valley of the closed-aperture Z-scan satisfies the
condition

∆z = 1.7z0 (5.10)

thus confirming the presence of cubic nonlinearity. The value of ∆Tp−v
which is the difference between the peak and valley transmittance, could
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Figure 5.5: Closed-aperture z-scan trace of the CdSe QDs (C3) for input
fluence of 436 MW/cm2.

be obtained by the best theoretical fit from the results. The peak valley
transmittance change is

∆Tp−v = 0.406∆φ0 (5.11)

Numerical calculations show that this relation is accurate to 0.5%for
∆φ0 ≤ π =0.406. For large aperture, this equation is modified within a
±2% accuracy and is given by

∆Tp−v = 0.406(1− s).25∆φ0 (5.12)

for ∆φ0 ≤ π where S is the linear transmittance of the far field aperture.
From the closed aperture z-scan fit, ∆φ0 can be obtained and from this
the nonlinear refractive index n2 is calculated as 0.79×10−10 (e.s.u) with
the corresponding β value as 0.432 × 10−10 m/W.
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5.4 Nonlinear studies of CdSe nanofluids with
different pH.

The absorption and emission spectrum of the CdSe nanofluids with dif-
ferent pH is given in figure 5.6.

Figure 5.6: (a) Absorption and (b) Fluorescence spectra of the CdSe QDs for
different pH.

It is clear from the spectrum that the first exciton peak is sharp which
indicates a narrow size distribution. Due to the narrow size distribu-
tion, the differences in band gap energy of different sized particles will
be very small and hence most of the electrons will get excited over a
smaller range of wavelengths. As the pH increases absorption spectrum
shows a red shift in wavelength. This can be explained on the basis of
the dynamic growth process of the QDs with pH. It is clear from figure
5.6:(b) that, the fluorescence spectra of CdSe QDs having pH 4.7 shows
an intense emission around 560 nm which is attributed to the inter-band
transition. The full width half maximum (FWHM) around 150 nm for
this emission at pH 4.7 is primarily attributed to the optimum size distri-
bution of these nanofluids. In this case, there is a chance that radiative
relaxation effect may be more significant so that band to band transition
give significant width for the fluorescence emission process. At the same
time high fluorescence quenching is also observed when pH varied from
the optimum value. When the pH of the precursor solution is far away
from the optimum value, it led to weakening of the protection abilities
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of MSA due to the protonation and deprotonation of MSA[16].

Figure 5.7: (a) TEM image and (b) SAED of CdSe sample.

TEM image and selected area electron diffraction(SAED) image of CdSe
sample with pH 7.6 is shown in figure 5.7. For Z-scan studies we have
selected samples named pH 3.7, pH 4.7 and pH 9.7. The open-aperture
z-scan scheme was used to measure nonlinear absorption coefficient (β),
and the imaginary part of the third-order NLO susceptibility (Im χ(3)).
The data are analyzed by using the procedure described by Sheik-Bahae
et al. The NL absorption coefficient is obtained by fitting the experimen-
tal z-scan plot to equations (5.2).Figure 5.8:(a) gives the open aperture
z-scan trace of CdSe QDs having different pH at a typical fluence of
199 MW/cm2, carried out using the Z-scan technique at 532 nm. The
theory of the two photon absorption process that fitted well with the ex-
perimental curve infers that TPA is the basic mechanism involved in the
nonlinear absorption process, but the possibility of a higher order non-
linear process such as free carrier absorption that contributes to induced
absorption cannot be ruled out. We observed that at the off resonance
wavelength of 532nm, the CdSe nanofluid of pH4.7 showed a minimum
of RSA behavior compared to other pH values.

In order to investigate the influence of fluence in the nonlinear optical
response, similar Z-scan measurements were carried out for the CdSe
nanofluid at a different fluence (436 MW/cm2) with varying pHs and
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is shown in figure 5.8:(b). The measured values of nonlinear absorption

Figure 5.8: Open aperture z-scan trace of CdSe QDs having different pH at a
typical fluence of (a) 199 MW/cm2 and (b) 436 MW/cm2.

coefficient at a wavelength of 532 nm for different laser power densities
and the corresponding value of Imχ(3) are given in the Table 5.2. The
origin of the optical nonlinearity of the quantum dots, can be mainly
attributed to the enhanced exciton oscillator strength of the quantum
dots due to quantum confinement effect [17-19]. From figure 5.6 and
figure 5.8, it’s cleare that the linear and nonlinear absorption property
of the CdSe QDs are highly influenced by the pH of the medium. Max-
imum radiative transition and minimum nonlinearity at pH 4.7 can be
attributed to the ability of the protonation or deprotonation of the MSA
capped CdSe QDs. We also attempt to link the concept of surface charge
and phonon transport mechanism to this phenomena. As the pH value
diverges from the optimum value, the particles acquire larger charge
and the particle-particle repulsion increases, thus facilitating phonon
transport through increase of transport efficiency. Thus nonradiative
transitions enhanced at these pH values and the nonlinear scattering
due to thermally induced- phonon assisted- nonlinearity is an alterna-
tive process that can mimic nonlinear absorption. The photon energy
will be compensated by phonon assisted excitation in the case where pH
diverges from optimum value and lead to enhanced nonlinearity. This
is not in the case of CdSe QDs with optimum pH (4.7) where the assis-
tance of nonradiative-phonon transport is less.
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An interesting phenomena obtained in the open aperture Z-scan mea-
surement from the samples are the unusual ‘ hump′ flanking the valley
in figure 5.8:(a) with pH 4.7. We observed that they arise from the
trend of bleaching of the ground-state- atomic band prior to free-carrier
absorption as reported earlier[20]. In the case of sample solution with
pH 4.7, at the far field of the Gaussian beam, where |Z| ≥ Z0, the beam
fluence is too weak to elicit nonlinear RSA effects and at a higher flu-
ence purely RSA occurs as shown in figure 5.6:(b). From figure 5.9, it
is observed that nonlinear absorption of CdSe QDs with optimum pH
(4.7) is highly fluence-dependent and this optimized pH is also the ev-
idence of sensitivity of the optical interaction of the material to dipole
moment. Optical interactions are very much influenced by hydrogen ion
concentration as can be seen from the data in Table 5.1. This method
can also be applied to optimize the pH of the nanofluid. The decrease
in βand Imχ(3) at high input fluence shows the probability of bleaching
of free charge carriers and can be attributed to the decrease in ground
state free carrier density with increased input intensity. This happens
predominantly in CdSe QDs with optimum pH (4.7) which shows an
80% decrease in Imχ(3) ,while it is 50% in other cases. The open aper-
ture z-scan curves of the CdSe QDs with optimum pH (4.7) at different
input fluences are shown in figure 5.9.

Closed-aperture z-scan trace of the CdSe QDs for input fluence of 436
MW/cm2 is shown in figure 5.10. The solid line shows the theoretical fit.
The closed-aperture curve of nano fluid with pH 3.7 and 9.7 displayed
a peak to valley shape, indicating a negative value of the nonlinear re-
fractive index n2 and it is the self-defocusing nonlinearity. In the case
of CdSe QDs based nano fluid sample with pH 4.7, the molecular re-
orientated Kerr effect becomes the dominant mechanism for nonlinear
refraction, indicating a positive value of the nonlinear refractive index
n2 and it is the self-focusing nonlinearity. It is observed that the valley-
peak of the closed-aperture z-scan satisfied the condition ∆ z=1.7 z0,
thus confirming the presence of cubic nonlinearity. The value of ∆Tp−v
the difference between the peak and valley transmittance, could be ob-
tained by the best theoretical fit from the results. From the real and
imaginary part of χ(3) , the modulus of third order nonlinear susceptibil-
ity can be found out. The magnitude ofχ(3) is significantly affected by

162



5.Nonlinear-optical studies on CdSe QDs based photonic materials

Figure 5.9: Open aperture z-scan curves of the CdSe QDs with pH 4.7 at
different input fluences.

the molecular orientation and it determines the strength of nonlinearity
of the material. Its figure of merit

F =
χ(3)

α
(5.13)

is found to vary from 24.9 ×10−12 (esu. m) to 63.8 ×10−12( esu. m).The
calculated values are shown in Table 5-2.

To study the optical limiting property of the sample, the nonlinear trans-
mission of the sample is measured as a function of input fluence. Optical
power limiting is effected through the nonlinear optical processes of the
sample[21, 22]. From figure 5.11 the fluence value corresponding to the
onset of optical limiting is found to vary from 0.39 GW/cm2to 0.51
GW/cm2 for the samples having different pH with input fluence 0.199
GW/cm2. A careful comparison of figure 5.11 shows that the limiting
capability of the optimized CdSe sample with pH 4.7 shows good op-
tical nonlinear behavior which is somewhat better than that of other
samples by virtue of their early onset of limiting and larger reduction in
transmittance. The onset of limiting occurs around an input uence of
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Figure 5.10: Closed-aperture z-scan trace of the CdSe QDs for input fluence
of 436 MW/cm2

Figure 5.11: Optical limiting response of the samples with I0 = 199 MW/cm2

0.39 GW/cm2 in this case and this value compares favorably with that
observed in earlier reports.

5.5 Nonlinear studies on metal - semiconductor
nanoparticles

Metal NPs, specially gold(Au) and silver(Ag) NPs have received much
attention as potentially useful materials, showing novel electronic, op-
tical, magnetic and thermal properties derived from the quantum-sized
effect.Optical and electronic properties of metal NPs were shown to af-
fect by both the size and the shape.
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During the last decade, a wide variety of methods were used for the
preparation of such NPs. Recently, the thermal factor has also been
proven to affect the size of NPs during the synthesis[23-28]. Controlling
the particle growth rate is possible through knowledge of the tempera-
ture history of reaction. In the past, the hot-plate heating method was
widely applied to synthesize gold NPs in aqueous solution [29]. Since
1986, the microwave synthesis, which is quite fast, simple and very en-
ergy efficient, has been developed for a lot of applications in chemistry
[30,31,32]. It is well known that the interaction of dielectric materi-
als, liquids or solids, with microwave leads to what is generally known
as dielectric heating. Many experiments with microwave heating reveal
results different from those obtained from conventional heating.Thus,
many developments are bound to occur and enhance the advantage asso-
ciated with microwave heating. To our knowledge, the heating is created
by the interaction of the dipole moment of molecules with high-frequency
electromagnetic radiation. Water has a very high dipole moment, which
makes it one of the best solvents for microwave heating. In addition,
the precise temperature controlling program is a built-in function of a
commercial microwave instrument, therefore, microwave heating seems
to be a convenient approach to study the thermal effect on the size or
the shape of NPs [33,34].

Nonlinear optics is one of the mature research fields relevant to funda-
mentals and applications of light matter interaction. Several nonlinear
optical processes such as second harmonic generation (SHG),two-photon
resonances, four-wave mixing etc., have played critical role in realizing
various optical devices. Plasmonic metals such as gold and silver exhibit
inherent non-linear optical behaviour. The NLO property of plasmonic
nanostructures can be varied, modulated and eventually controlled by
optimizing geometric features such as size, shape and arrangement of
the nanostructures. One such plasmonic geometry that has captured
the attention in recent times is the plasmonic NPs. Optical power lim-
iting is effected through the nonlinear optical processes of the sample.
Optical limiters are eventually those systems which transmit light at low
input fluence or intensities, but become opaque at high inputs.
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5.5.1 Synthesis and Z-scan studies on Au NPs.

In this study, microwave rapid heating is used for the synthesis of gold
NPs. For detailed linear optical study we have selected four samples
with decreasing concentration as (C1,C2,C3,C4), where C1-0.5mM ;C2-
0.15mM; C3-0.05mM ;C4-0.005mM. Linear and nonlinear optical char-
acteristics of the samples were discussed and optical limiting threshold
of the sample C1 was calculated using open aperture Z-scan technique
using a Nd-YAG laser (532 nm, 7 ns, 10Hz). Nonlinearity varies with
concentration of gold NPs within the range of our investigations which
in turn may depend on the particle size. The nonlinear absorption and
the RSA behavior in metal NPs were usually believed to be due to free
carrier absorption or excited state absorption[35-38].

• Results and discussion

Figure 5.12 shows the UV-Vis absorption spectra and emission spectra of
gold NPs (C1,C2,C3,C4) prepared by microwave irradiation method us-
ing citric acid as the reducing agent. Surface plasmon resonance (SPR)

Figure 5.12: (a) UV-Vis absorption spectra and (b) Emission spectra of gold
NPs (C1,C2,C3,C4).

peaks around 520 nm from Figure 5.12:(a)confirm the presence of gold
NPs. The shape and position of SP absorption depends on particle size,
particle shape and the dielectric constant of the surrounding medium.
Sharp peak indicates that the particle sizes are uniform. The SPR plays
a major role in the determination of optical absorption spectra of metal
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NPs, which slightly shifts to longer wavelength with decrease in concen-
tration of Au NPs. From SPR peak it is also clear that as the concen-
tration decreases, there decrease in absorbance. From figure 5.12:(b) it
is observed that highest value of concentration lies in the region of con-
centration dependent florescent quenching which is due to nonradiative
relaxation through collisional process between the molecules. This phe-
nomenon of concentration dependent florescent quenching takes place
due to small mean free path. At very low concentration ,such a colli-
sional nonradiative relaxation process will not takes place due to larger
mean free path. As the concentration increases, fluorescence emission
intensity will get enhanced till the optimum concentration is reached.
Figure 5.13 shows, change in colour of Au NPs with decrease in con-
centration ie.the wine red color of Au NPs changes to purple and the
absorbance decreased with a red shift in the SPR band. The observed
spectral and colour changes were attributed to the aggregation of Au
NPs.

Figure 5.13: Change in colour of Au NPs with decrease in concentration.

Figure 5.14:(a)&(b) gives the TEM image and histogram of C1 sample
with particle size 7.7 nm. It shows that the particles formed are mono
dispersed and spherical in shape. The FTIR spectra shown in figure
5.14:(c) suggests the formation of coordination bond between carboxy-
late group and gold. The main peaks at 1603 cm−1 and 1406 cm−1are
due to the symmetric stretching of -COO−, the antisymmetric stretch-
ing of -COO− of citrate ligand in Au NPs spectra, respectively. The
band at 3439 cm−1 is due to stretching vibration of -OH. The stability
of capped Au NPs is confirmed from the symmetric and antisymmetric
stretching of-COO− of citrate ligand in FTIR spectra. The nonlinear
optical characterization of the sample was carried out using the Z-scan
technique at 532 nm [11, 39].The samples were taken in 1mm thickness
cuvette which is much lesser than z0; therefore, the essential prerequi-
site for Z-scan experiment is satisfied. The open aperture Z-scan plot for
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Figure 5.14: (a) TEM image (b) Histogram & (c) FTIR spectra of of C1

sample with particle size 7.7 nm.

samples of different concentrations (C1 and C2) of Au NPs with same
input energy is depicted in figure 5.15. The fits of equation (5.2)to ex-
perimental data are shown as solid curves.

Figure 5.15: The open aperture Z- scan plot for different concentration of Au
NPs with theoretical fit.

The nonlinear absorption and the RSA behavior in metal NPs were
usually believed to be due to free carrier absorption or excited state ab-
sorption. The data fitting shows that the nonlinear optical absorption
is through two-photon absorption process in the samples. It is also ob-
served from figure 5.15 that, sample C1 has large optical nonlinearity
enhancement, compared to C2. An enhancement in optical nonlinear-
ity with increased input energy has been observed for sample C1 and

169



5.Nonlinear-optical studies on CdSe QDs based photonic materials

is given in figure 5.16. I0 values for the C1 sample corresponding to

Figure 5.16: The open aperture Z- scan plot for C1 concentrations of Au NPs
with different input energies.

input energies of 125 µJ,45 µJ and 25 µJ are 453.81 MW/cm2,163.39
MW/cm2 and 90.78 MW/cm2 respectively. Figure 5.17 illustrates the
optical limiting response of the C1 sample with input power density 0.453
GW/cm2 [9, 21]. The line in the figure indicates the approximate fluence

Figure 5.17: Optical limiting response of the C1 sample.

at which the normalized transmission begins to deviate from linearity.
The fluence value corresponding to the onset of optical limiting (optical
limiting threshold) is found to be 0.243GW/cm2 for the C1 sample with
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input fluence 453.81 MW/cm2. Thus it is clear from figure 5.17 that
the Au NPs can be used as good optical power limiters at high laser flu-
ences. Closed-aperture Z-scan trace of the Au NPs for input fluence of
436 MW/cm2 is shown in figure 5.18. From the closed aperture Z-scan

Figure 5.18: Closed-aperture Z-scan trace of the Au NPs for input fluence of
436 MW/cm2.

fit, ∆φ0 can be obtained as 1.74. The nonlinear absorption coefficient
β =2.04×10−10 m/W and nonlinear refractive index n2 as 1.90×10−10

(e.s.u) is obtained for C1 sample .

5.6 Synthesis and Z-Scan studies on Ag NPs.

Noble metal NPs have attracted a lot of interest for applications in opti-
cal devices due to their enhanced third order nonlinear optical response
near the surface plasmon resonance (SPR)[40, 41]. The third order op-
tical nonlinear response of gold and silver NPs dispersed in the liquid
host of toluene demonstrates a low threshold for optical nonlinearity and
large two-photon absorption cross sections for monolayer protected gold
clusters are also observed [42, 43].Silver NPs are of particular interest
because they are known to have optical absorption transitions with high
oscillator strengths due to the lesser s-d hybridization pronounced than
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for gold clusters of the same size [43-45].Thus,higher nonlinear absorp-
tion coefficients are expected for Ag.

• Results and discussions

UV-Vis absorption spectra of Ag NPs prepared by microwave irradia-
tion method is shown in figure 5.19.

Figure 5.19: UV-Vis absorption spectra of samples of Ag NPs prepared by
microwave irradiation method.

The stable position of absorbance peak indicates that new particles do
not aggregate. One can understand that since the silver colloidal parti-
cles possess a negative charge due to the adsorbed citrate ions, a repul-
sive force works along particles and prevents aggregation[46-48]. UV-Vis
absorption results confirmed the formation of silver NPs as seen, from
the SPR peaks around 420 nm. TEM images of the sample in figure
5.20:(a) shows that the particles formed are around 28nm. As in well-
known that small size of nanoparticles means they exhibit enhanced or
different properties when compared with the bulk material. The FTIR
spectra of of Ag NPs in figure 5.20:(b) suggests the formation of coor-
dination bond between carboxylate group and silver. The main peaks
at 1595 cm−1 and 1393 cm−1 are due to the symmetric stretching of
-COO−, the antisymmetric stretching of -COO− of citrate ligand in Ag
NPs spectra, respectively. A band at 3330 cm−1 is observed due to
stretching vibration of -OH. The stability of capped Ag NPs is con-
firmed from the symmetric and antisymmetric stretching of -COO− of
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Figure 5.20: (a) TEM image & (b) FTIR spectra of Ag NPs prepared by
microwave irradiation method with average size 28nm.

citrate legend in FTIR spectra. The nonlinear optical characterization
of the samples was carried out using the Z-scan technique at 532 nm [11,
39].The parameter q0 is the depth of the open aperture Z-scan curve ob-
tained from the theoretical fit and it is a the measure of the intensity
dependent absorption. Here, I0 is the laser intensity in the focal plane,
β is the NL optical absorption coefficient, Leff is the effective thickness
with linear absorption coefficient α. The open aperture Z- scan plot for
Ag NP samples at different power density is depicted in figure 5.21. By

Figure 5.21: Open aperture z-scan trace of the Ag NPs for different input
fluence.
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fitting of equation(5.2), experimental data are shown as solid curves and
the NLO absorption coefficient are tabulated in Table 5.3. The effective
TPA cross section of Ag NPs are quenched at higher input power densi-
ties which can be attributed to bleaching of the ground state at higher
input intensities. Closed aperture Z-scan trace of the Ag NPs for input

Power (Gw/cm2) q β × 10−12 (m/W )

0.145 1.72 11.88

0.36 1.58 4.36

0.39 0.84 2.12

Table 5.3: Nonlinear absorption coefficient of Ag NPs at different power
densities.

fluence of 399 MW/cm2 is shown in figure 5.22. It is observed that the
peak- valley of the closed-aperture Z-scan confirms the presence of cubic
nonlinearity with ∆φ0 obtained as 1.37. The NL absorption coefficient
β =1.10 ×10−10 m/W and nonlinear refractive index n2 as 1.50×10−10

(e.s.u) is obtained for the sample.

Figure 5.22: Closed-aperture Z-scan trace of the Ag NPs for input fluence of
399 MW/cm2.
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5.7 Z-scan studies on metal-semiconductor nano
fluid

The complementary optical properties of metal and semiconductor NPs
make them attractive components for many applications that require
controlled flow of electromagnetic energy on nanometer regime. Interac-
tions between quantum confined electronic states in semiconductor nano
structures and dielectric confined electromagnetic modes in the metal are
the main effects obtained when such exciton-plasmon interactions oc-
curs. This can be attributed to increase in optical nonlinearities,control
of nanoscale energy-transfer process etc. This phenomenan also ampli-
fies optical nonlinearities and leads to an enhanced optical Stark effect
ie,a change of energy levels in the presence of an optical light field which
can induce a spin splitting of electrons that then allows spin manipu-
lation in the CdSe component of the hybrid nanostructures[49]. Hence
these metal-semiconductor NPs are attractive for quantum information
applications that require spin manipulation as one of the key processes.

5.7.1 Open and closed aperture Z-scan study on Au-CdSe
nanofluids

Microwave rapid heating is used for the synthesis of metal NPs and CdSe
QDs described earlier. After being cooled down to room temperature,
products were collected for size characterizations. All the above sam-
ples remained transparent without precipitation for three to ten months.
For the preparation of hybrid CdSe-metal nanofluids, colloidal Au NPs
mixed to the colloidal CdSe QDs in the volume ratio 1:1. Samples
named as S1 and S2 where S1 is the bare CdSe nanofluid and S2 is
the Au NPs induced CdSe nanofluid respectively. Absorption spectra
of the prepared NPs is recorded in figure 5.23. The nonlinear optical
properties of CdSe QDs and CdSe-Au nanocomposites are investigated
using Z-scan technique at 532 nm employing Nd-YAG laser pulses with
input fluence of 0.435 GW/cm2 and is shown in figure 5.24. The effec-
tive two-photon absorption cross section of CdSe-Au nanostructures is
enhanced and can be attributed to charge transfer between CdSe and
Au NPs. We observed that the optical nonlinear absorption coefficient
(β) varies from 0.432 × 10−10 m/W to 2.53 × 10−10 m/W and the
nonlinear refractive index n2 varies from 0.795×10−10(e.s.u) to 0.832
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Figure 5.23: Absorption spectra of CdSe, Au and CdSe-Au NPs

×10−10(e.s.u). Also,Optical limiting properties of the samples are im-

Figure 5.24: Open aperture Z-scan trace of the CdSe QDs and CdSe-Au
nanofluid for input fluence of 0.43 GW/cm2.

proved from 0.35 GW/cm2 to 0.17 GW/cm2 by inducing metal NPs as
shown in figure 5.25. Closed-aperture Z-scan trace of the CdSe - Au
nanofluid for input fluence of 436MW/cm2 is shown in figure 5.26. Fig-
ure shows that the peak-valley of the closed-aperture Z-scan satisfied
the condition ∆z=1.7 z0, thus confirming the presence of cubic nonlin-
earity. The value of ∆Tp−v i.e., the difference between the peak and
valley transmittance, could be obtained by the best theoretical fit from
the results and ∆φ0can be obtained as 0.76.
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Figure 5.25: Optical limiting property of the samples S1and S2.

Figure 5.26: Closed-aperture Z-scan trace of the CdSe - Au nanofluid for input
fluence of 436 MWcm2.

5.7.2 Open and closed aperture Z-scan studies on Ag-
CdSe nanofluids

Microwave rapid heating is used for the synthesis of metal NPs and CdSe
QDs as described earlier. Absorption spectra of the prepared NPs and
that of colloidal CdSe-Ag NPs in the volume ratio 1:1 is recorded. UV-
Visible absorption spectra of prepared nanofluids of CdSe and CdSe-Ag
are shown below in figure 5.27. The absorption peak of the samples
confirms the formation of the particles. We observed a charge transfer
from CdSe QDs to Ag nanofluids from this absorption spectra and we
expected this system consisting of mono dispersed NPs to enhance the
local field. It has been shown that nanofluids consisting of mono dis-

177



5.Nonlinear-optical studies on CdSe QDs based photonic materials

Figure 5.27: UV-Visible absorption spectra of prepared nanofluids .

persed metal NPs have a sharp SPR peak around 410 nm [50] created in
part by the strong and coherent local field around the nanostructures.
Hence, it is expected that mono dispersed NPs will boost the NLO re-
sponse of the metal NPs [51]. The nonlinear optical properties of CdSe
QDs and Ag-CdSe nanocomposites are investigated using Z-scan tech-
nique at 532 nm employing Nd-YAG laser pulses with input fluence of
0.435 GW/cm2 as shown in figure 5.28. The higher NLO response ob-

Figure 5.28: Open aperture Z-scan trace of the CdSe QDs and CdSe-Ag
nanofluid for input fluence of 0.43 GW/cm2.

served from the metal induced nanofluids is explained in terms of an
electric field enhancement near the SPR.The effective two-photon ab-
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sorption cross section of CdSe-Ag nanostructures is enhanced and can
be attributed to charge transfer between CdSe and Ag NPs. We observed
that the optical nonlinear absorption coefficient (β) varies from 0.432 ×
10−10 m/W to 2.53 × 10−10 m/W and the optical limiting property of
the samples(figure 5.29) are also improved with this nanofluid from 0.42
GW/cm2 to 0.30 GW/cm2.Closed-aperture Z-scan trace of the CdSe-
Ag nanofluid for input fluence of 436 MW/cm2 is shown in figure 5.30.

Figure 5.29: Optical limiting property of the samples S1and S2

Figure 5.30: Closed-aperture Z-scan trace of the CdSe - Ag nanofluid for input
fluence of 436 MW/cm2
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From the closed aperture Z-scan fit, ∆φ0can be obtained as 2.049 and it
is observed that the peak- valley of the closed-aperture z-scan confirms
the presence of cubic nonlinearity and the nonlinear refractive index
n2 varies from 0.795×10−10(e.s.u) to 2.24×10−10 (e.s.u)as the sample
changes from S1 to S2.

5.8 Conclusion

• Third-order optical nonlinear absorption in CdSe QDs synthesized
by microwave rapid heating with particle sizes in the range 4.16-
5.25 nm has been evaluated by the Z-scan technique.

• At an excitation irradiance of 0.54 GW/cm2, CdSe QDs exhibit
reverse saturation indicating a clear nonlinear behavior and this
nonlinearity increases with particle size in CdSe QDs within the
range of our investigations.

• The nonlinear absorption in the nano colloidal solution can be
attributed to the phenomenon of two photon absorption. The
measured β values were found to enhance with decrease in optical
energy gap.

• Our works show that the semiconductor nanomaterial which has
got a one photon resonant absorption can be employed as a third
order optical nonlinear material in which two photon absorption
will get enhanced by the one photon resonance energy level.

• The optical limiting threshold of the QDs varies from 0.35 GW/cm2

to 0.57 GW/cm2 which makes CdSe QDs a promising candidate for
reverse-saturable absorption based devices at high laser intensities
such as optical limiters.

• Third order optical nonlinear absorption in CdSe QDs capped with
mercaptosuccinic acid with variable pH has been evaluated by the
Z- scan method

• Results exhibits an optimal pH value with lowest nonlinearity and
the highest fluorescence emission for CdSe nanofluids.
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• Observation of change in negative to a positive value of the non-
linear refractive index n2 indicates the molecular representational
Kerr effect which becomes the dominant mechanism for nonlinear
refraction in optimized sample .

• The optical limiting threshold of the samples shows the possibil-
ity of tuning of nonlinear behavior by changing the pH value of
medium.

• The closed-aperture curve of CdSe nano fluid displayed a peak to
valley shape, indicating a negative value of the nonlinear refractive
index n2 and it is the self-defocusing nonlinearity

• RSA at longitudinal SPR in gold (Au) and silver(Ag) NPs have
been observed using Z-scan and transient absorption techniques
with 532nm laser pulses.

• The nonlinear absorption and the RSA behavior in metal NPs were
usually believed to be due to free carrier absorption or excited state
absorption.

• Our observations show that metal induced CdSe nanofluids exhibit
enhanced nonlinearity and optical limiting properties which can be
attributed to the charge transfer mechanism from colloidal CdSe
QDs to metal NP and the enhancement of the electromagnetic field
in the presence of semiconductor QDs.

• Closed-aperture z-scan trace of the CdSe metal nanofluid for in-
put fluence of 0.436 GW/cm2 is fitted with the theoretical Z-scan
curve and it follows that the peak to valley shape, indicating a
negative value of the nonlinear refractive index n2 and confirming
the presence of cubic nonlinearity.
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Chapter 6

Applications of CdSe
quantum dots based
photonic materials in the
fabrication of solar cells
and Random lasers.

This chapter includes the applications of CdSe quantum dots as the
potential photonic material in the fabrication of solar cells and random
lasers.The effects of annealing and incorporation of metal nanoparticles
on the efficiency of CdSe QDs based solar cells have been studied.

Results of this chapter are published in :

1. Anju. K. Augustine et.al.,Laser Phys. Lett.,vol.12, 025006,(4pp),2015.
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6.1 Introduction

The size-dependent optical and electrical properties of semiconductor
quantum dots have been widely studied in recent years [1]. Colloidal
QDs are of much interest in the field of photonics as they are inexpen-
sive, easy to synthesize, manipulate and incorporate into device struc-
tures etc. In addition to the scientific interests, tunable emission and
band gap properties of CdSe QDs open a variety of potential applications
in the field of photonics [2-4]. These materials can be useful in photonic
devices such as emitters for color displays, light emitting diodes, optical
fiber amplifiers, low threshold lasers, photovoltaic (PV) devices, optical
sensors and probes, high speed signal processing filters, random lasers
etc. This is also an interesting material in the field of bio medical imag-
ing. All these applications prefer photoluminescence emission peaks that
are narrow and bright [5-8]. In this chapter we have studied two main
interesting applications of CdSe based systems viz. QDSSCs and ran-
dom lasers using the properties of CdSe QDs based materials.

Energy crisis is one of the important issues in this new era, which leads
to the utilization of abundant solar energy employing several technolo-
gies. New types of energy storage materials with the desired electrical
and optical properties are the greatest challenge in the PV field. Nowa-
days different PV systems are available. However the efficiency and the
costs are the two main factors which prevent these systems being avail-
able to the public. Presently solar panels are used in combining with a
storage unit to provide effective energy storage for the “offline” use but
the expense of the combined system is too high. Now researchers are
developing methods to overcome these drawbacks and capable of simul-
taneous photo energy generation and storage; by which both cost and
size can be reduced.

Silicon Solar cell is a semiconducting device that converts light to elec-
tricity. It belongs to first generation PV cells which account for ∼ 80%-
90 % of solar cell market [9, 10]. These solar cells are leading in market
due to their high efficiency and stability, but their manufacturing cost
is very high. Silicon solar cell is basically a p-n junction diode; sun light
generates an electron-hole pairs on both sides of the junction. The gen-
erated holes and electrons diffuse to the junction and are swept away by
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the electric field, thus producing an electric current through the device.
Second generation cells, also called thin-film solar cells, are significantly
cheaper to produce than first generation cells but have lower efficiencies.
The great advantage of second generation thin-film solar cells, along with
low cost is their flexibility. Third generation solar cells are the cutting
edge of solar technology. New third generation PV systems including
dye-sensitized solar cell (DSSCs), organic solar cells and multifunction
solar cells are introduced as the advanced PV devices in this era[11-14].
Among the different types of third generation solar cells, DSSCs can
reach light-to-electric conversion efficiencies of up to 11% but this type
of cells are still not feasible for practical applications. This necessitates
to select appropriate materials which are not only cost-effective but also
quite lasting for practical purposes.

Another application in this photonic era is random lasers which have re-
ceived great attention due to their low cost and easy fabrication without
the need for extra cavities. There are many challenges to obtain ran-
dom lasing as high optical gain and strong scattering have to be achieved
simultaneously. In random lasers light generation and subsequent stim-
ulated emission take place within a multiple-scattering medium with
optical gain. In this system of random lasers, QDs can act as coherent
light sources for amplified laser emission above a particular light thresh-
old. For the amplification of the emitted light we do not use any of the
conventional optical resonators employed in a laser system[15-19]. In
this era, random laser phenomena have been studied in many systems
including organic and inorganic QDs, such as rhodamine 640 with TiO2

particles [20], ZnO powder in Polystyrine and PMMA film etc. [21-23].
Due to its direct band gap,good absorption abilities and excellent photo
sensitivity, CdSe QD is recognized as a promising material in this field .

6.2 Solar cell studies on CdSe QD based mate-
rials

Important advantages of inorganic semiconductors over conventional
dyes are connected with their optical and electrical properties. The
band gap of semiconductor QDs can be tuned by size to match the so-
lar spectrum. Their large intrinsic dipole moments can lead to rapid
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charge separation and a large extinction coefficient, which is known to
reduce the dark current and increase the overall efficiency. In addition,
semiconductor QD sensitizers provide new chances to utilize hot elec-
trons or generate multiple charge carriers with a single photon. Hence,
the nano sized, tuned band gap semiconductor materials have proved
to be the ideal sensitizers for high PV performance. Some of the mate-
rials exhibiting these properties are CdS, CdSe, CdTe, PbS, PbSe and
they have been studied by various groups for photo catalyst and solar
cell applications [14, 24, 25]. CdS and CdSe have shown much promise
and impressive qualities among these sensitizers due to their appropriate
band gap of about 2.7eV and 1.70 eV respectively, which show strong
absorption of the solar spectrum. The use of these QDs, which may
produce more than one electron-hole pair per single absorbed photon
(also known as multiple exciton generation (MEG)), is a promising so-
lution to enhance power conversion efficiency. Furthermore, the creation
of anode by growing CdS/CdSe QDs on TiO2 surface greatly enhances
charge separation properties too. To date, CdSe-TiO2 - or CdS/CdSe-
TiO2 nanostructured solar cells have been reported by several groups
[26, 27]. In this section we have discussed the study on enhancing solar
cell efficiency by applying different methods.

6.2.1 Thermo-optic studies on CdSe based QDSSc

Charge transport rate in the sensitizer and at the TiO2/sensitizer in-
terface has an important role in the performance in energy conversion
of a semiconductor-sensitized photo electrode. Any structural defect in
the sensitizer layer, as well as mismatch between structures of TiO2 and
sensitizer, can trigger barriers to the charge transport. A well-known
method to perform structural reorganization in bulk materials is the
heat annealing and is able to eliminate structural defects present in an
as prepared material. Appropriate heat annealing was also shown to
be effective in enhancing the performance of thin film solar cells. In
this study a heat treatment method is used to differentiate the efficien-
cies of QDSSCs. The composite form of the CdS /CdSe semiconductor
sensitizers assembled on mesoporous TiO2 films for extending the light
harvest region. Furthermore, heat annealing was utilized to eliminate
structural defects present in an as-prepared material and to enhance
the performance of semiconductor-sensitized TiO2 photoelectrodes for
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photovoltaic performance.This strategy was shown to be effective not
only for CdS and CdSe-sensitized electrodes, but also for CdS/CdSe
co-sensitized electrode. [28, 29]

Experimental methods

In this work, TiO2 /CdS/CdSe films are prepared as the anode and
Platinum was used as the counter electrode for solar cell fabrication.
Both anode and cathode are coated on the conductive side of an ITO
glass (Aldrich, 812 /sq). Pure TiO2 of∼ 18nm size with anatase phase
was prepared by surfactant (P123) assisted hydrothermal technique using
weak acidic medium followed by calcination at 500◦C. CdS nanoparti-
cle of ∼28 nm has been prepared by using cadmium acetate (CdAc2)
and thiourea with triethanolamine as the capping agent. CdSe QDs
with particle size ∼10nm are prepared by aqueous microwave irradiation
method. Platinum in ethanol was used as the counter electrode prepared
from H2PtCl6.6H2O and I2 solution acts as the electrolyte. TiO2 pow-
der mixed with ethanol and Mercapto propanoic acid (MPA) is coated
on the conductive side of ITO by drop casting method. Above this ,a
layer of CdS/CdSe nanoparticle is coated where MPA acts as the linking
molecule between semiconductor chalcogenide nanoparticles(CdS/CdSe)
and TiO2. The annealing temperature is controlled and the anode is pre-
pared at different temperatures. In all the cases TiO2 paste is annealed
at 150◦C and CdS QDs at 25◦C, while the CdSe QDs are coated on the
latter with 50◦C, 65◦C, 75◦C and 100◦C and named as S1, S2, S3 and
S4 respectively. A colour change from (yellow-orange red-brown) has
been obtained with increasing temperature. The ITO coated counter
electrode(platinum) was placed on the top so that the conductive side
of the counter electrode faced the QDS adsorbed TiO2 film. Electrolyte
placed at the edges was drawn into the space between the electrodes
by capillary action. Binder clips were used to hold the electrodes to-
gether. UV-visible absorption measurements were carried out using a
Jasco spectrophotometer. Current-voltage (J-V) characteristics of the
cells were examined where a standard solar irradiation of 1000W Xe
arc lamp (Oriel 6269) is used as the light source. Incident monochro-
matic photo-to-current conversion efficiency (IPCE) measurements were
carried out using small band-pass filters to create monochromatic light.
Input intensity was measured using light meter (METRAVI 1332). In
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all the cases, input intensity was in the range of 1-10 k lux [23, 30].

Results and discussions

UV-vis absorption spectra of CdS and CdSe QDs are shown in figure
6.1.

Figure 6.1: UV-vis absorption spectra of CdS and CdSe QDs.

The ability to harvest a portion of the visible region of the suns spectrum
and their good charge separation properties for better QDSSC conver-
sion efficiencies make CdS and CdSe QDs to be chosen as the sensitizer
materials in this study. In this double layered QDSSC the layer order
TiO2/ CdS/ CdSe is arranged such that the electrons will be injected
to theTiO2 by the appropriate band edge alignments, while only a part
of the electrons were transferred to the TiO2 when the layer order was
opposite[31]. Also the bi-functional molecular linker MPA enables the
mesoporous TiO2 layer to adhere with the QDs. Images of the NPs
in figure 6.2 shows the shape of the particles and information about
the high interior crystal quality of the NPs which is conducive to re-
duce the recombination of the excited electron-hole pairs and increase
the photocurrent of the solar cells. UV-vis absorption spectra of the
TiO2/CdS /CdSe electrodes by heat annealing at various temperatures
is shown in figure 6.3. Thermal annealing triggers a slight redshift of
the absorption spectrum and this effect is more significant at a higher
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Figure 6.2: (a) TEM image ofTiO2 NPs, (b) SEM of CdS NPs and (c) TEM
image of CdSe QDs.

Figure 6.3: UV-vis absorption spectra of the electrodes(S1, S2, S3andS4)

annealing temperature. From the figure 6.3, it is clear that a higher ther-
mal annealing temperature triggers larger particle sizes of CdS /CdSe
nanocomposites, and therefore results in a smaller band gap. The ob-
tained colour changes (yellow-orange red) with increase in annealing can
be due to partial decomposition and phase transformation of nanocom-
posites at higher treatment temperatures. The possible decomposition
of CdS/CdSe may lead to the formation of a vacancy, which can also
contribute to the smaller band gap at high annealing temperature. The
performance of a QDSSC is assessed by determining the parameters such
as the short-circuit current density (Jsc), the open-circuit voltage (Voc),
the fill factor (FF), and the overall power conversion efficiency (η). The
efficiency of a solar cell is defined as the ratio of maximum electrical
power extracted to, the incident radiation power illuminating the solar
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cell surface.

η =
Pmax
Pmin

=
JscVocFF

Pin
(6.1)

The internal photo conversion efficiency(IPCE) parameter of a QDSSC
is defined as the ratio of the number of electrons generated by light in
the external circuit to, the number of incident photons, which can be
expressed as

IPCE% =
1240Isc
Pinλ

(6.2)

where Pin is the incident power and λ is the incident wavelength. J-V

Figure 6.4: J-V characteristics of the QDSSCs (TiO2/CdS /CdSe) at various
annealing temperatures.

characteristics of the QDSSCs (TiO2/CdS /CdSe-anode) at various an-
nealing temperatures is shown in figure 6.4. An open - circuit voltage
(Voc) of 0.042 and a short circuit current 0.04 and an overall efficiency
of 0.069 % is observed for the S1 sample. As the annealing tempera-
ture is increased the V(oc) is improved to 0.06V and the short circuit
current density increased to 0.08 mA/cm2. An overall efficiency of 2.1%
was observed for S4, indicating an increase of efficiency by elevating the
temperature of the electrode. The performance of the QDSSCs at dif-
ferent annealing temperatures is shown in Table 6.1.
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The IPCE characteristics of the sample S4 which shows maximum photo
conversion efficiency ∼ 54% is shown in figure 6.5.

Figure 6.5: IPCE characteristics of the sample S4 which shows maximum
efficiency.

We can assume that, this enhanced power conversion efficiency is due to
these CdS/CdSe QDs, which may produce more than one electron-hole
pair per single absorbed photon. This significant improvement of the PV
performance obtained for QDSSC based on annealed TiO2/ CdS /CdSe
nanostructure can be ascribed to the following reasons. The absorption
spectra in figure 6.3 which confirms that as the annealing temperature
is increased the absorption cross section gets increased and the current
-voltage performance shows improvement. This is due to the changes
happening in the crystal structure of NP due to the annealing process
which helps to improve the better photo conversion efficiency as shown

Sample Jsc (mA/cm2) Voc (V) FF η%

S1 0.04 0.042 0.34 0.069

S2 0.08 0.06 0.36 0.2

S3 0.10 0.168 0.29 0.6

S4 0.21 0.256 0.32 2.1

Table 6.1: The performance of the QDSSCs at different annealing tempera-
tures
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in the sample S4.

The annealing treatment will decrease the internal defects, which can re-
duce the recombination of photo excited carriers and thereby result in a
higher power conversion efficiency. Another benefit of annealing at high
temperature is a good contact between the sensitizer QDs and theTiO2

nano rod [30]. The two-step annealing process, which is more effective
to decrease the counter-diffusion effect in the PV performance is done
here. The improved performance is attributed to the high crystalliza-
tion state of the semiconductor sensitizers as well as a better connection
at the sensitizer/sensitizer interface. Such a superior interface between
TiO2 and QDs can inhibit the interfacial recombination of the injected
electrons from TiO2 to the electrolyte, which is also responsible for its
higher efficiency [28].

6.2.2 Enhanced conversion efficiency of metal NP doped-
CdSe QDSSCs.

In particular, QDSSCs are of great interest because of their excellent
performance, low-cost, photo stability, high molar extinction coefficients
and size-dependent optical properties. Inspite of the progress in research
and development of QDSSCs, their efficiency level is still lower than that
of the dye-sensitized solar cells (DSSCs). This is mainly a result of the
high electron loss between electrolyte and electrodes (photo electrode
and counter electrode) and the relatively narrow absorption spectra of
most of the efficient QDs. Thus, to increase the conversion efficiency,
much effort has been concentrated to develop properties of QDs referring
to electron transport rate, light harvesting ability, the catalytic ability of
counter electrode and decrease of charge recombination. QDSSCs have
also shown potential in further improving the performance of the most
efficient multi-junction solar cell devices due to the flexibility in band
gap tuning. This enables better current-matching and hence the im-
proved output current of the entire device, leading to higher efficiencies
[30, 32-36].

One of the other aspect for improving efficiency of such solar cells are to
incorporate with metal NPs. In recent decades there has been a great
deal of work related to such particles with reference to their funda-
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mental properties and applications of plasmonic resonances, especially
in integrated optics and biosensing. Novel works have been done in
the area of plasmonic solar cell devices where an enhancement in the
photocurrent could be achieved using silver NPs on the surface of the
material device[37-40]. In particular, works related to plasmonic solar
cells showed enhanced photoluminescence, due to plasmon-enhanced ab-
sorption of the QDs. It is also possible to enhance the long wavelength
photon absorption of the QDSSCs by employing light trapping phenom-
ena [41]. This plasmonic light can be achieved by depositing metal NPs
on the solar cell surface[23, 42-44]. In this part of the thesis we study
the enhanced performance of CdSe QD based solar cells, modified with
metal NPs.

Experimental methods

In this work TiO2 /CdSe/metal films are prepared as the anode and
platinum was used as the counter electrode for solar cell fabrication.
Both anode and cathode are coated on the conductive side of an ITO
glass (Aldrich, 8-12Ω/sq). Pure TiO2 of ∼ 18nm size with anatase phase
was prepared by surfactant (P123) assisted hydrothermal technique using
weak acidic medium followed by calcination at 500◦C. As described in
the 2nd chapter, CdSe QDs with particle size ∼10nm are prepared by an
microwave irradiation method. Au NPs with size∼10nm and silver NPs
with size∼ 28 nm, prepared by microwave irradiation method are used as
the metal NPs. Platinum in ethanol was used as the counter electrode
prepared from H2PtCl6.6H2O and I2 solution acts as the electrolyte.
TiO2 powder, mixing with ethanol and MPA is coated on the conduc-
tive side of ITO by drop casting method. Above this, a layer of CdSe
QDs followed by metal NPs are coated. MPA acts as the linking molecule
between semiconductor chalcogenide materials(CdSe QDs) and TiO2

paste. Prepared electrodes are named as T( TiO2), TCS(TiO2-CdSe),
TCS-G(TiO2/CdSe/Gold), TCS-S(TiO2/CdSe/Silver) respectively. The
ITO coated counter electrode (platinum) was placed on the top, so that
the conductive side of the counter electrode faced the QDS adsorbed
TiO2 film. Electrolyte placed at the edges was drawn into the space
between the electrodes by capillary action. UV-visible absorption mea-
surements and J-V characteristics of the cells were examined. The J-
V curves were measured and photon-to-current conversion efficiency or

197



6. Applications of CdSe quantum dots based photonic materials......

IPCE measurements were carried out by allowing monochromatic ra-
diation to fall on the cell provided by small band pass filters. Input
intensity was measured using light meter (METRAVI 1332) and is in
the range of 1-10 K lux in all the cases[23].

Results and discussions

UV-vis absorption spectra of CdSe QDs,Ag NPs and Au NPs are shown
in figure 6.6. The ability to harvest a portion of the visible region of the
suns spectrum and their good charge separation properties for better
QDSSC conversion efficiencies make CdSe QDs-Metal NPs to be chosen
as the sensitizer materials in this study. The bi-functional molecular
linker-MPA enables to the mesoporous TiO2 layer to adhere with the
QDs.TiO2 was chosen as the spacer layer material because of its higher
refractive index, necessary for tuning the particle plasmon resonance
closer to the band edge of QDs, without increasing the NP size.

Figure 6.6: UV-vis absorption spectra of CdSe QDs, Ag NPs and Au NPs.

TEM image of (a)TiO2,(b)CdSe QDs,(c)Gold and (d)Silver NPs is shown
in figure 6.7. UV-vis absorption spectra of the electrodes T, TCS, TCS-
G,TCS-S in figure 6.8 shows the increase in the absorption cross section
of anodes, by incorporating metal NPs. Graphic presentation for the
working principle of the anode with ITO as the substrate is shown in
figure 6.9. When light hits the metal nanoparticles at their surface plas-
mon resonance, the light is scattered in many different directions. This
allows light to travel along the active layer of the solar cell and bounce
between the substrate and the nanoparticles enabling the solar cell to
absorb more light. The performance of a QSSC is assessed by equa-
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Figure 6.7: TEM image of (a) TiO2,(b) CdSe QDs,(c) Gold and (d) Silver
NPs.

tions (6.1) & (6.2) described above. J-V characteristics of the quantum
dot sensitized solar cells based on various electrodes of T, TCS, TCS-
G,TCS-S are shown in figure 6.10. It is observed that the short circuit
current and an overall efficiency of QDSS cell have improved with metal
NPs. As seen from the Table 6.2, there has been better characteristics
properties obtained for solar cell embedded with Ag NPs. This signif-

Sample Jsc (mA/cm2) Voc(V) FF η%

TCS 0.312 0.23 0.34 1.94

TCS-G 0.58 0.22 0.29 2.99

TCS-S 0.65 0.29 0.26 3.93

Table 6.2: The performance of the QDSSCs for different electrodes.

icant improvement of the PV performance obtained for QDSSC, based
on the IPCE characteristics of the anode with TiO2/CdSe/Silver (TCS-
S) which shows maximum photo conversion efficiency ∼ 63% obtained
for wavelength ∼ 525 nm as shown in figure 6.11. We can assume that,
this enhanced power conversion efficiency is due to Ag doped CdSe QDs,
which may produce MEG. The importance of QDSSC having plasmonic
NPs such as gold and silver mixed in QDSSC solar cell technology in-
clude scattering and absorption of light due to the deposition of metal
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Figure 6.8: UV-vis absorption spectra of the electrodes T,TCS,TCS-G,TCS-S

nanoparticles as shown in figure 6.9. It can be done by trapping light
inside the solar cell so that the absorbance can be increased. The main
reason involved is that,the plasmonic NPs which have very high electro-
magnetic field around will increase absorption of photons and thereby
give some more enhancement in photo current. The scattering of elec-
trons from noble metal NPs excited at their localized surface plasmon
resonance (LSPR) is used for this purpose. When photons of high energy
hit the surface of a solar cell, the energy they carry is absorbed by the
atoms of a metal NP at a desired frequency which may be tuned with the
particle size of the QDs and the surface enhanced plasmon resonance.
It also depends on the near-field concentration of light and the absorp-
tion cross section of the nanoparticle used. For particles with diameters
well below the wavelength of light, a point dipole model describes the
absorption and scattering of light well [42, 45, 46].
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Figure 6.9: Graphic presentation for the working principle of anode with ITO
as the substrate.

Figure 6.10: J-V characteristics of the quantum dot sensitized solar cells with
anodes T, TCS, TCS-G,TCS-S.

In our works it is shown from figure 6.11 that the photo current and the
conversion efficiency can be improved by using metal NPs. QDSSC with
silver NP shows much higher efficiency (3.9 %) than with gold (2.9%)
NPs, indicates that the main origin of the improved Jsc in our system
results from an enhanced absorption of active layer through strongly
enhanced local electromagnetic field in the vicinity of Ag nanoparticles,
leading to an increase in excition generation. The enhanced IPCE char-
acteristics of theTiO2/CdSe/Silver(TCS-S) electrode which shows max-
imum efficiency and photocurrent can be attributed to the increased
excition generation leading to higher incident photon to current conver-
sion efficiency as shown in figure 6.11. An enhancement over the entire
excitation spectral range longer than 400 nm, which is related to the
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Figure 6.11: IPCE characteristics of the TiO2/CdSe/Silver (TCS-S) elec-
trodes which shows maximum efficiency

SPR band of Ag NPs, was observed for the cell with Ag NPs. These
results indicate that LSPR might induce more photo generated charge
carriers by stronger absorption of an active layer, resulting from the
stronger enhancement in electromagnetic field near the metal surface
[47, 48].

6.3 Random lasing from colloidal CdSe quan-
tum dots - Rh6G system.

The unique properties of random lasers provide applications in areas
such as new generation display devices, sensors, optical coding of ob-
jects, random number generators and medical diagnostics etc. Many
systems including organic and inorganic QDs have applications in this
area[20, 49]. This optical size dependent emission properties offer great
potential for fabricating new types of laser devices using these materials.
As random laser action relies on the combined effects of multiple scatter-
ing and optical amplification, colloidal quantum dots (CQDs) especially
CdSe CQDs provide an attractive material system for such applications.
In this work, we report random laser action in CQDs with rhodamine-6G
(Rh-6G) where CdSe QD is used as the optical gain medium as well as
strong scattering centers. In this section we report random laser action
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in a system where optical amplification is provided by CQDs of CdSe.
Such lasing opens the door to practical applications of QD random laser.
Feedback for the photons generated by Rh-6G is provided by the random
multiple scattering by CdSe QDs.

Experimental method

Colloidal solutions of CdSe QDs were prepared by microwave irradiation
method described in the 2nd chapter. About 50% of a dye solution of
Rh-6G(10−4M) is added to it and allowed to mix. Sample is taken
in a one mm thickness cuvette for the experiment. For the random
laser experiments, the CQDs sample was photo-pumped by a frequency-
doubled Q-switched Nd:YAG laser system emitting 7-ns pump pulses at
an excitation wavelength of 532 nm. A cylindrical lens was aligned to
shape the pump beam as a stripe and it was parallel to the colloidal CdSe
QD sample (inside the cuvett of 1mm thickness) and the pump fluence
could be adjusted through a neutral density filter. Emission from the
sample could be collected and recorded with an optical fiber connected
to a multi - channel grating-CCD spectrometer. The spectrometer had
the detection channel with a spectral resolution of 0.03 nm. The laser
is random in the sense that the feedback for the photons generated in
the dye is provided by the random multiple scattering of light from the
particles. The experimental setup is shown in chapter 2 (figure 2.13).
A schematic representation of the random lasing action in CdSe QDs-
Rh 6G system is shown in figure 6.12. Multiple light scattering with
gain is observed here. A random collection of CdSe QDs containing Rh
6G dye is excited (for example, by an external light source) to obtain
population inversion. The QDs then scatter light and amplify it in
the process. The propagation of the light waves becomes that of an
amplified random walk. Specifically, for the detailed studies we have
used Rh-6G dye (10−4 M) and sample S1 andS2. R-S1 and R-S2 refers
Rh-6G mixed with CdSe QDs of size ∼3 nm and ∼2.5 nm respectively
while R refers bare Rh-6G. For the lasing action studies, a comparative
data of the typical emission spectrum of R and R-S2 collected from a
single excitation spot for varying excitation intensities is provided.
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Figure 6.12: A schematic representation of the random lasing action in CdSe
QDs-Rh 6G system

Results and Discussions

U-V visible absorption spectra of CdSe colloidal QDs used for samples
R-S1 and R-S2 are denoted as Q1-RS1and Q2-RS2 with sizes 3nm and
2.5 nm respectively are shown in figure 6.13. Figure 6.14 shows typical

Figure 6.13: U-V visible absorption spectra of Q1-RS1 and Q2-RS2.

emission spectrum of R and R-S2 collected from a single excitation spot
for varying excitation intensities. As seen, the intensity of the emission
get highly enhanced by the addition of CQDs to the Rh 6-G dye solution.
Varying the input power also increases the emission intensity and it is
depicted in figure 6.15. Figure 6.15 and figure 6.16 shows a typical
emission spectrum of R-S1 and R-S2 respectively collected from a single
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Figure 6.14: Typical emission spectrum of R and R-S2 collected from a single
excitation spot for varying excitation intensities.

excitation spot for varying excitation intensities. From figures 6.14 ,6.15
and 6.16, we observe that at relatively low excitation intensities, the
spectrum exhibits a broad spontaneous emission( ∼3 nm). By increasing
the pumping intensities narrow discrete spikes with a line width of∼ 0.03
nm appear. More and more intense spikes turn up at higher excitation
intensity. Once the pump intensity exceeds a certain threshold, a much
narrower emission peak begins. We observe a 0.3 nm of FWHM at this
narrower emission which is shown in figure 6.16. The abrupt increase
of the integrated intensity indicates the achievement of random lasing
with a threshold of 240 mW. In order to explain the random lasing
action from such a material we could classify them into two categories
viz. incoherent random lasing and coherent random lasing, based on the
feedback mechanism. In the case of incoherent random lasing, there is
only intensity or energy feedback and the spectral shape is attributed
to a narrowing peak at the gain maximum with a line width of several
nanometers while the feedback for coherent random lasing is provided
by field or amplitude mechanism, where closed optical loops would be
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Figure 6.15: Typical emission spectrum of R-S2 ∼ 3 nm size with variation
of power.

formed by the interference of multiple scattering and this acts as ring
cavities. Discrete super-narrow peaks or spikes with a line width of
usually less than 1 nm will appear in coherent random lasing [50-53].
Based on this, we can attribute the lasing action from our system of
colloidal CdSe QDs with Rh-6G to be coherent random lasing. Due
to different losses of these random ring cavities, the threshold for the
laser action in individual cavities are different. Under higher pumping
intensities, more ring cavities can meet the threshold requirements, and
thus more spikes are developed, which agrees with our results. The
feedback for lasing in this system is expected to be due to scattering
from CdSe QDs. Many of the clusters with sizes of tens of nanometers
are formed during the mixing of CQDs with the dye. These clusters
act as scattering centers for the emitted photo luminescent light to form
optically closed loops, and is the main factor in the lasing action of such
a random medium[54-56]. Here, colloidal CdSe QDs serve as both gain
medium and scattering centers. It is possible to find the path length in
terms of the excitation wavelength

(∆λ) =
λ2

2nL
(6.3)
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Figure 6.16: Typical emission spectrum of R-S2 ∼ 2.5 nm size with variation
of power.

Figure 6.17: Input power vs. intensity of R-S2 sample with threshold power
240 mW.

where n is the refractive index and L is the cavity length and∆λ is
the small change in wavelength obtained. We find the cavity length as
0.5mm while the cavity length of the cuvette used for our sample is 1 mm
thickness. Here, we assume, multiple random resonances being excited
by the non-Lorentzian line shape of emission peak [57] and not from the
resonating cavity formed by the cuvette. The plot of the peak emission
intensity versus the pump intensity shown in inset of figure 6.17 exhibits
a soft threshold curve at 240 mW,which is due to a significant amount
of spontaneous emission coupled into the laser mode. The FWHM of
the emission peak drops from ∼ 3 nm below threshold to 0.3 nm above
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240mW indicating laser action.

6.4 Conclusion

• In this chapter we have studied applications of CdSe QDs based
nanofluids as quantum dot sensitized solar cells and random lasers.

• The obtained colour changes( yellow-orange red )with increase in
annealing temperature is due to the formation of larger particles
sizes of CdS /CdSe and, therefore, resulting in a smaller band gap.

• The absorption cross section of the solar irradiation increases with
the annealing temperature and the current -voltage performance
improves.

• The enhanced photo conversion efficiency of ∼ 54% of the S4 sam-
ple reveals that CdS/CdSe QDs produce more than one electron-
hole pair per single absorbed photon (also known as multiple ex-
citon generation).

• Surface plasmon enhanced TiO2 CdSe quantum dot solar cells are
fabricated by incorporating Ag, Au metal nanoparticles and the
performance are studied.

• Light trapping by metallic nano structures offers the potential to
realize better performance in CdSe QDs based solar cells.

• It is observed that conversion efficiency of the solar cells has been
increased by the deposition of Au and Ag NPs and it is better
with Ag (3.93%). This enhanced efficiency can be attributed to
the improved photocurrent due to enhanced forward scattering
from the plasmonic nanostructures.

• Random laser action is observed in a CdSe-Rh 6G based colloidal
QD system.

• The laser is random in the sense that the feedback for the photons
generated in the Rh- 6G dye is provided by the random multiple
scattering of light from the CdSe QDs.
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• Single-shot spectra were recorded to study the process of the laser
emission from this system and the results show enhanced laser
emission from the CdSe CQDs compared to that from the bare
dye.

• Observations could open the door for unconventional lasers to be
used in a wider range of commercial applications such as docu-
ment security, remote sensing, ultra-fast displays and diagnostic
imaging.

• Single-shot spectra were recorded to study the process of the laser
emission from this system and the results show enhanced emission
of laser occurred from the CdSe colloidal QDs compared to that
from bare dye.

• The FWHM of the emission peak drops from ∼3 nm below thresh-
old to 0.3 nm above threshold indicating laser action.

• Observations could open the door for unconventional lasers to be
used in a wider range of commercial applications such as docu-
ment security, remote sensing, ultra-fast displays and diagnostic
imaging.
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Chapter 7

General Conclusions and
Future Work

This chapter deals with the significant conclusions of the present work
and the few observations regarding future prospects.
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In general, linear- optic, thermo- optic and nonlinear- optical studies
on CdSe QDs based nanofluids and their special applications in solar
cells and random lasers have been studied in this thesis. Photo acous-
tic and thermal lens studies are the two characterization methods used
for thermo- optic studies whereas Z- scan method is used for nonlinear-
optical charecterization. In all these cases we have selected CdSe QDs
based nanofluid as potential photonic material and studied the effect of
metal NPs on its properties.

Linear optical studies on these materials have been done using vari-
ous characterization methods and photo induced studies is one of them.
Thermal lens studies on these materials give information about heat
transport properties of these materials and their suitability for applica-
tions such as coolant and insulators. Photo acoustic studies shows the
effect of light on the absorption energy levels of the materials. We have
also observed that these materials can be used as optical limiters in the
field of nonlinear optics. Special applications of these materials have
been studied in the field of solar cell such as QDSSCs, where CdSe QDs
act as the sensitizing materials for light harvesting. Random lasers have
many applications in the field of laser technology, in which CdSe QDs
act as scattering media for the gain.

• In the first chapter we have included the literature review on thermo-
optic and nonlinear-optical methods as the characterization meth-
ods for our study. The importance of QDs as photonic materials
and the specialty of CdSe QDs is also discussed. Thermal lens,
Photoaccoustics and Z- scan methods are described with experimen-
tal setup and theoretical background in the second chapter. Syn-
thesis and analysis methods on CdSe QDs and metal NPs are also
included in this section. Methods for the synthesis of high-quality,
monodispersed, MSA capped CdSe nanoparticles in aqueous solu-
tion, and formation of the plasmonic NPs like Ag and Au are dis-
cussed. Particle size calculation methods, basics on zeta potential
studies and other structural and optical characterization methods
are also described.
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• Liner optical studies on CdSe QDs based nanofluids reveal proper-
ties of band gap tuning and varying fluorescence at different con-
ditions. Presence of MSA can act as an effective capping agent
in the formation of monodispersed CdSe QDs with tunable particle
size and has an important role in its optical properties. Linear
optical output of the samples are also influenced by the reaction
time, input irradiation power, pH of the solution medium and the
effect of the presence of metal NPs etc. Energy transfer from the
quantum dots to metal NPs have been observed with our samples
along with the enhancement and quenching. Photo induced studies
on the samples show changes in absorption and transmission spec-
tra for different time intervals of laser irradiating time. Reversible
photo darkening effect is another phenomena observed in this re-
gard. Laser induced photo luminescence spectra of the correspond-
ing samples give information about the photochemical changes in
the samples due to the formation of highly exited levels.

• Size dependent variation of thermal diffusivity is observed from
CdSe QDs based nanofluid. Influence of pH on thermo-optic prop-
erties of these MSA capped CdSe QD’s show a significant increases
in thermal diffusivity for an optimum pH. Major advantages of
such materials are that they can be used as both coolant and in-
sulator by adjusting the corresponding pH values and particle size.
An effective increase of the absorption cross section of the semicon-
ductor nanostructure and modified emission properties due to the
exciton-plasmon interactions also causes variation in the thermal
diffusivity properties. Studies of variation of photoacoustic sig-
nal amplitude with different input power show that samples which
are incorporated with metal NPs exhibit better characteristics. PA
spectrum of CdSe QDs based nanofluids using Xenon lamp is also
studied.

• The nonlinear optical characterization by Z-scan technique shows
a third-order optical nonlinear absorption in CdSe QDs which in-
creases with particle size and can be attributed to the phenomenon
of two photon absorption. The optical limiting threshold of the QDs
also varies with particle size which makes CdSe QDs a promising
candidate for RSA based devices at high laser intensities such as
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optical limiters. Third order optical nonlinear absorption in CdSe
QDs with variable pH has also been evaluated and the results ex-
hibit an optimal pH value with lowest nonlinearity. A change in
negative to a positive value of the nonlinear refractive index n2 in-
dicating the molecular representational Kerr effect is observed with
the optimized sample which becomes the dominant mechanism for
nonlinear refraction. RSA is observed in Au,Ag NPs which is due
to free carrier absorption or excited state absorption. Our obser-
vations show that metal induced nanofluids exhibit enhanced non-
linearity and optical limiting properties which can be attributed to
the charge transfer mechanism from colloidal CdSe QDs to metal
nanoparticle and the enhancement of the electromagnetic field in
the presence of semiconductor QDs.

• Special applications of CdSe QDs based nanofluids as quantum dot
sensitized Solar cells include studies on the performance of the
CdS/CdSe QDSSCs based on different annealing temperature per-
formance of the photo anode. Annealing temperature increases the
absorption cross section of the solar irradiation and the current-
voltage performance. Surface plasmon enhanced TiO2/ CdSe QD
solar cells are fabricated by incorporating Ag, Au metal NPs and it
offers the potential to realize better performance from quantum dot
based solar cells. Conversion efficiency of the solar cells has been
increased by the deposition of Au and Ag NPs and it is better with
Ag NPs (3.93%) and is attributed to the improved photocurrent
due to enhanced forward scattering from the plasmon nanostruc-
tures. Random laser action is observed in a CdSe- Rh 6G, system
which is provided by the random multiple scattering of light from
the CdSe QDs. Enhanced laser emission occurred from the CdSe
QDs comparable to that of bare dye and this could open the door for
unconventional lasers to be used in a wider range of commercial
applications such as document security, remote sensing, ultra-fast
displays and diagnostic imaging.
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In short,the versatility and utility of linear-optic,thermo-optic and
nonlinear-optical techniques for the measurement of characteristic prop-
erties of the CdSe QDs based photonic materials have been experimen-
tally demonstrated and applied to QDSSCs and random lasers. There
are different areas where further investigations can be carried out in the
field.

# Studies on further enhancement of solar cell efficiency can be con-
ducted with different electrolytes, different cathodes and varying
input conditions.

# Photo acoustic and solar cell study can be investigated with vary-
ing size of the CdSe samples.

# Electro-optic and dielectric properties of the samples have not been
studied which is useful in the area of solar cell studies.

# Studies based on random lasers with different dyes can be per-
formed. It may open us new areas of research based on CdSe
QDs.

# All the above mentioned investigations can be carried out in sam-
ples prepared in the form of thin film.
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