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SUMMARY

With the increase in demand for nanoscale devices and rapid development of
semiconductor devices, nanostructures such as nanowires (NWs) and quantum dots
(QDs) can be used in future applications. These may include a wide range of
optoelectronic applications such as photo-detectors, sensors, lasers, transistors and optical
switches, etc. Recent research in the field of semiconductor nanowires has revealed lot of
interesting  properties such as polarization anisotropy, and size-dependent
photoluminescence, among others. Optimization of these properties to improve the
efficiency of these devices is necessary. Cadmium sulphide (CdS) is a II-1V direct band
gap semiconductor which is well suited for many optoelectronic devices such as solar
cells, optical switches, photodetectors and polarizers. In this thesis, CdS nanowires were
grown and their properties were characterized for its possible use in optoelectronic
applications. Another interesting nanostructure is Cadmium selenide/Zinc sulphide
(CdSe/znS) core shell quantum dots (QDs) which can be used for detection purposes due
to its unique surface chemistry, broadly tunable excitation and emission properties. In this
thesis, we have optimized these properties of nanowires for its possible use in
optoelectronic applications. Also, emission properties QDs were used to detect the
nanocavities on copper surfaces.

Template having periodic arrays of nanoporous structure to grow nanowires of
high aspect ratio was fabricated. One such template having nanoporous structure is
anodic aluminum oxide (AAO) template is suitable for growing nanowires by
electrochemical deposition since this nanoporous structure is uniform and has vertically

directed grown nanopores. Cadmium sulphide (CdS) was selected because it’s a direct
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SUMMARY (continued)

band gap semiconductor and is suitable for optoelectronic applications. CdS nanowires
were grown using DC electrodeposition method and vapor liquid solid growth for their
comparison. Two substrates were used to grow CdS nanowires via DC electrodeposition.
One of the substrate was Indium Tin Oxide (ITO) coated glass substrate and growth of
nanoporous template was performed at Nanoengineering Laboratory at UIC. On the other
hand, the other substrate used was 500 pum 99.9 % pure Al sheet and the anodization was
performed at Brown University. Both optical and characterization results were compared
to get the best optimization results for its use in optoelectronic devices.

Photoluminescence (PL) and Raman spectral studies were performed to
investigate the electronic properties and vibrational properties. Furthermore, intensity
dependent PL measurements were performed to study the defects before and after
annealing. Electron phonon coupling strength was studied and computed with respect to
the laser polarization. Polarization studies were performed to study the polarization
anisotropy of these CdS nanowires for its potential use as polarizers.
The potential applications of CdSe/ZnS quantum dots were explored and a novel strategy
to detect nanocavities was discussed in the thesis. It is desirable to detect voids of
nanoscale dimensions on copper surfaces; indeed such a capability may be of use in
detecting voids in copper interconnects and contacts for system reliability. The recent use
of quantum-dots (QDs) for sensing applications due to surface chemistry of luminescent
quantum dots has encouraged the development of multiple probes for sensing or detecting
a wide range of analytes. These QDs have band gap energies that vary as a function of

size and have highly tunable excitation frequencies and unique surface chemistry causing
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SUMMARY (continued)
dangling bonds, or adsorbates at the surface. The binding of QDs due to the dangling
bonds created by the negatively charged functionalized groups of QDs with the anodic
like nanopores structures of copper surface aids in finding the location of the nanopore on

the copper surface.
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Chapter 1 Introduction

1.1 Introduction

With the advent and rapid development of nanotechnology, semiconductor
nanowires (NWs), nanostructures such as nanowires (NWs) and quantum dots (QDs) can
be used in future applications. Semiconductor nanoscale structures have generated a great
deal of interest owing to their strong confining potentials for electrons and holes and the
associated quantum effects [1-3]. Semiconductor nanowire devices are being used as
photo-detectors [4, 5], sensors [6], lasers [7, 8], transistors [9, 10], optical switches [11],
etc. Recent research in the field of semiconductor nanowires have revealed lot of
interesting properties such as polarization sensitivity, [12-14] size-dependent
photoluminescence [15], quantum dots in nanowires for light emitting diodes (LEDs) [16,
17], etc. These interesting properties of semiconductor nanowire devices are of great
interest and are being employed in both scientific and industrial applications.
As some of these nanowire devices are required to grow freestanding nanowire arrays for
which a template having periodic arrays of nanoporous structure needs to be fabricated.
One such template having nanoporous structure is anodic aluminum oxide (AAO)
template. This template is ideal for growing nanowires by electrochemical deposition
since this nanoporous structure is uniform and has vertically directed grown nanopores.
Changing the experimental parameters of anodization can easily vary the diameters of
these nanopores. The AAO template consists of a nanoporous structure that can be grown
and has the following attractive attributes:
M Flexibility to vary the size and composition,

(i) Flexibility of substrate materials, and



(ili))  Compatible with various fabrication processes.

Porous alumina templates have the potential to grow vertically directed uniform
arrays of nanowires or nanotubes of high aspect ratio. The templates are durable and can
withstand high temperatures (up to 800 or 1000 ° C) and changing the experimental
conditions can be controlled by the diameter of the pores [18-22].

Other advantages of using a nanoporous insulating alumina matrix template are as
follows:
(1) Uniform regular distribution of nanopores of the order of a few nanometers,
(it) Nanopores which allow vertically directed nanowire growth with high aspect
ratio,
(iii) Diameter of cells and pores controlled by changing electrolyte composition and
electrochemical processing parameters,
(iv) High reproducibility of the film structure, and
(v) Annealing can be easily performed without losing the structure of the template as
it can withstand high temperatures of about 800 or 1000 ° C.

One of the most important 11-1VV semiconductor compounds, cadmium sulphide
(CdS) was selected because it is widely studied and used in optical devices due to its
direct band gap and excellent semiconducting properties. Cadmium sulphide nanowires
provide a great number of advantages such as high aspect ratio, large surface to volume
ratio leading to the formation of strong excitons with large binding energy and excellent
light emission and absorption property for optoelectronic applications. Although, there
are number of ways to grow CdS nanowires such as chemical vapor deposition (CVD),

vapor liquid solid (VLS), metal-organic chemical vapor deposition (MOCVD),



electrodeposition fabrication processes [23, 24], but the two easy and economical ways of
growing CdS nanowires are VLS and electrochemical fabrication process. Confinement
of energy levels of CdS nanowires grown through these templates have a unique
advantage of increased band gap energy due to quantum confinement [25].

The large difference in the dielectric constant of the surrounding media of the
nanowires and the free standing nanowires leads to polarization anisotropy. This
polarization anisotropy is employed here to demonstrate the possibility of polarization
sensitive nanoscale photo detectors that can be useful in optical switches, polarizers, and
high resolution detectors [26]. Therefore, investigating the optical, vibrational and
electronic properties of the fabricated nanowire array is very important for its use in
optoelectronic devices leading to the optimization of these nanowire devices. In this
work, the templates were deposited; the pores were formed to grow CdS nanowires via
DC electrodeposition and VLS growth. The optical and electronic properties of the grown
CdS nanowires were investigated and studied for its use in optoelectronic applications
such as solar cells, optical switches, polarizers and other optoelectronic applications.
Optical characterization of the grown CdS nanowires was performed using Raman and
photoluminescence (PL).

Also, with the discovery of conductive organic polymer, remarkable progress has
been made in the field of optoelectronic applications such as solar cells, lasers and light
emitting diodes etc [27]. These conductive polymers are preferred for optoelectronic
applications because of their lower cost and they are easy to synthesize [28] using
solution based processing steps. Recently, large area polymer solar cells are being

researched for cost-effective solutions [29]. These conductive polymers are also widely



being used for applications such as disposable sensors [30], microfluidics circuits [31]
and lab-on-a-chip systems [32]. CdS/P3HT polymer heterojunction was optically and
electrically characterized for its potential use in photovoltaic cells.

Also, other nanostructures such as quantum dots (QDs) and its use in many
applications were investigated. QDs are semiconductor nanocrystals, which possess
unique quantum mechanical properties. The charge carriers in nanocrystalline QDs are
confined in all three spatial dimensions. As a result, the optical and electronic properties
are dramatically different than bulk material. QDs have optical properties that can be
employed for the development of novel sensors. The surface chemistry of luminescent
quantum dots has encouraged the development of multiple probes based on it’s binding to
molecules such as peptides, nucleic acids or small-molecule ligands. QDs also bind to the
surfaces of some metals, which can be useful in detecting the surface properties of
metals. We have employed this property of Cadmium Selenide/Zinc Sulphide
(CdSe/znS) QDs binding to the copper surface to detect the nanopores on the surface if

present.

1.2 Background on CdS nanostructure

One of the prototypical II-IV semiconductor compounds, CdS was selected
because of its possible use in optical devices due to its direct band gap in the visible
spectral range and the excellent semiconducting properties. It is well studied that for
hybrid solar cells, CdS would be compatible with conducting polymers such as P3HT

[33].



1.2.1 Band structure of CdS material

The electronic band structure plays a vital role in choosing semiconductor devices
for electronic applications. Electronic band structure is explained in Figure 1 where the
energy of electron E is plotted as a function of its wave-vector k. The wave-vector can
take any value but is always restricted to the first Brillouin zone. The gap between
maxima of the valence band (VB) and minima of the conduction band (CB) is referred to
as the band gap of the material. A semiconductor that has both extrema of the VB and the
CB at the same value of wave-vector k is a direct band gap semiconductor. A direct band
gap semiconductor has higher quantum efficiency than that of an indirect band gap
semiconductor and has higher absorption coefficient whereas in indirect band gap
semiconductors, the extrema of conduction and valence band does not occur at the same
wave-vector. They have a smaller absorption coefficient and are rarely used for
optoelectronic devices. Based on the energy and momentum conservation required in the
electron-photon interaction, in a direct band gap semiconductor due to the vertical
alignment conduction and valence band, photon absorption is achieved if an empty state
in the conduction band is available equals to the energy and momentum of electron in the
valence band and the photon. Therefore, the electron easily makes a vertical transition on

the E-k diagram as shown in Figure 1(a).

In an indirect band gap semiconductor, the minimum of the conduction band and the
maximum of the valence band are not at the same wave-vector k as shown in Figure 1(b).
Therefore, conservation of both energy and momentum during a photon absorption
process is achieved if a phonon is absorbed or emitted as illustrated in Figure 1(b) and

(c). The probability of having an optical transition is lower in an indirect semiconductor



since it involves a phonon in addition to the electron and photon, than a simple electron-
photon interaction in a direct band gap semiconductor. As a result, probability of

absorption or the absorption coefficient is much higher in a direct band gap material.

CdS is a semiconductor belonging to II-VI group and has either hexagonal or cubic
crystal structure. The CdS nanowires samples investigated and studied in this thesis have
hexagonal wurtzite structure. A unit cell lattice of the hexagonal wurtzite CdS is shown
in Figure 2.

Hexagonal CdS has a direct band gap with the lowest band gap located at the
center (I" point) of Brillouin zone [34]. The highest valence band I'1s is split into three
different band I'g, I'7, and I'7 due to the crystal field and spin-orbit coupling in hexagonal
CdS as shown in Figure 3 [35].

The direct band gap of CdS is 2.42 eV at room temperature. CdS has higher absorption

coefficient since it has direct band gap and is widely used for optoelectronic applications.

1.2.2 Important parameters of CdS

CdS has high dielectric constants (~10) and small effective masses (~1/10 of
effective mass of electron), the exciton binding energy E is 27 meV, and also exciton
Bohr radius is 23 A. Dielectric constant at low frequencies along z (o)) and
perpendicular to z (g, ) of hexagonal CdS are 9.25 and 8.7, respectively. This dielectric
constant difference with that of its surrounding and the anisotropy inherent in the material
causes a change in polarization sensitivity and electron-phonon interaction along the z
and perpendicular to z axes in the bulk material. In the nanowires this behavior may be

different. Some other parameters of hexagonal CdS are listed in Table



Table I: Important parameters of CdS.

Parameter Value
Band gap (eV) 242
Dielectric constant at low frequency along z (goy)) 9.25

Dielectric constant at low frequency perpendicularto z (g5,) 8.7
Dielectric constant at high frequency along z (£ 5.5

Dielectric constant at low frequency perpendicular to z (€,,;) 5.53

Lattice constant along z (a)) 4.14
Lattice constant perpendiculartoz (a, ) 6.7
Thermal conductivity (W/cm.K) 0.2
Bulk modulus (GPa) 61.5

1.3 Background on CdSe/ZnS Quantum Dots

CdSe/ZnS Quantum dots (QDs) are core shell semiconducting nanocrystals with
ZnS as the shell to the core of CdSe. Their properties are unique and intermediate
between those of individual molecules and those of bulk, crystalline semiconductors.
They have modular properties because these properties can be modulated with respect to
their size and shape. This allows a wide range of highly tunable emission and excitation
wavelengths of these QDs. These core shell semiconducting nanocrystals consist
of semiconductor core material and shell of a semiconductor. The core and the shell are
typically of type 11-VI, IV-VI, and I11-V semiconductors. Usually, quantum dots without

the shell have low fluorescence quantum yield due to surface related trap states. On the



other hand, core shell QDs have higher quantum yield as the shell passivates the surface
trap states present [36]. The other advantages of having the shell with core quantum dot is
that it provides protection from environmental changes, degradation, increased longevity
[37]. The emission wavelength can be further tuned to a wider range of wavelengths than
with individual semiconductor by controlling the size, shape, and composition of the core
and shell. The core shell semiconducting nanocrystals or QDs can be of the following
types:

Q) Type |

(i) Reverse Type |

(i)  Typell

(iv)  Doped Core Shell Semiconductor Nanocrystals

Type |

In Type | the band gap of the core is smaller than the shell band gap. This can be
seen in Figure 4, CdSe having a band gap of 1.74 eV, which is higher than, ZnS band gap
of 3.54 eV due to which both the valence and conduction band of the core are within the
band gap of the shell semiconducting material. Other examples of Type | QDs are
CdSe/CdS, and InAs/CdSe.
Reverse Type |

In reverse type I, the core has larger band gap than the shell. As shown in Figure 4
(b) the conduction and valence band edge of the shell are within the core band gap and by
changing the core and shell thickness varies the emission wavelength. Some examples of

this type are CdS/HgS, CdS/CdSe, and ZnSe/CdSe [36].



Type Il

In type I, the band edges of the shell are both either higher or lower than the
conduction and valence bands of the core as shown in Figure 4 (c). Some examples of
this type are ZnTe/CdSe, CdTe/CdSe, and CdS/ZnSe.

Doped Core Shell Semiconductor Nanocrystals

The optical properties of semiconductor nanocrystals are strongly influenced by
doping levels of a semiconductor [38]. Sometimes, doping the shell of CdSe/ZnS with
manganese changes the magnetic properties of the QDs and introduces another option of
tuning the nanostructure for many applications such as imaging and memory devices
[39].

These core shell QDs fluoresce and imaging these QDs is easy under fluorescence
microscope and therefore this property of QDs is employed in many applications for
detecting, labeling biological cells and also other optical applications. This property of
these QDs has been used in this thesis for detecting nanopores on copper surface. Also, in

this thesis, QDs have been used for detecting heavy metal ions in fluids.

1.4 Organization of Chapters

Chapter 2 discusses the growth of nanowires by both the mechanisms i.e. DC
electrodeposition in anodized alumina templates and vapor liquid solid (VLS) growth. It
also highlights the bottlenecks during growth of the CdS nanowires. The material and
composition of the grown nanowires were investigated using Energy Dispersive
Spectroscopy (EDS). For the growth of the nanowires, some of the anodized nanoporous
templates were grown in aluminum sheet at Brown University and some of the anodized

templates were grown on ITO coated glass substrate at UIC Nanoengineering Laboratory.
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Growth of nanowires using DC electrodeposition is discussed. Comparison of VLS
grown and electrodeposited growth is also discussed in this chapter. Chapter 3 focuses on
the experimental results of Photoluminescence (PL) studies of these grown nanowires
before and after annealing investigating more its structural properties. The depletion layer
width of the CdS nanowire was calculated and the depletion layer width calculation
results were in accordance with the PL. Also, the polarization anisotropy of these
nanowires was investigated using polarization filter and PL results in different
configurations have also been discussed. In Chapter 4, Raman of the CdS nanowires
before and after annealing is discussed. Also, Raman in different orientations was
performed to investigate the wurtzite crystal properties of CdS nanowires. Also, electron-
phonon coupling constant was calculated to study its variation with the orientation angle.
Chapter 5 discusses the electrical characterization and 1-V characteristics of the grown
CdS nanowires together with conductive polymer P3HT. Furthermore, PL measurements
were performed on these CdS/P3HT heterojunctions for its optical characterization study.
In Chapter 6, a novel strategy of using CdSe/ZnS QDs for the detection of nanopores on
copper surface has been discussed. Chapter 7 gives the conclusion of this study and

future work.
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Figure 1: E-k plot illustrating a) direct band gap semiconductor undergoing photon
absorption b) Indirect band gap semiconductor undergoing photon absorption c) Indirect
band gap semiconductor undergoing photon absorption assisted with phonon emission
[40].

Figure 2: Wurtzite unit cell lattice of CdS crystal [41].
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Chapter 2 Growth of CdS Nanowires

In this chapter, introduction to the fabrication of nanowires is discussed in Section
2.1. The growth of nanoporous templates to grow nanowires is given in Section 2.2. The
Section 2.2.1 discusses the growth of the nanoporous templates on ITO coated glass
substrate performed at UIC. The Section 2.2.2 gives the experimental details of the
growth of nanoporous templates in 500 pm thick aluminum sheet performed at Brown
University by us. The Section 2.2.3 discusses about the results of the growth of the
templates. The Section 2.3.1 discusses the self-assembly and growth of CdS nanowires in
both of these templates i.e. on ITO coated glass substrate and in an anodized aluminum
sheet of higher thickness of 500 um. The results discussed are about the characterization

of these grown nanowires in both the templates.

2.1 Introduction to the Fabrication of Nanowires

CdS nanowires can be grown using other processes such as chemical vapor
deposition, metal-organic chemical vapor deposition (MOCVD), physical vapor
deposition, sol-gel synthesis, solvothermal synthesis, electrodeposition and vapor- liquid
solid growth. The two most economical, efficient and easy techniques of fabricating CdS
nanowires are electrodeposition and VLS growth.

Growth of nanowires of semiconductor materials of II-1V group such as CdS has
been demonstrated using a vapor—liquid-solid (VLS) technique [42]. In Section 2.4,
experimental details and results are discussed for the growth of CdS nanowires using
vapor-liquid solid growth on ITO coated glass substrate. The topographical features of

these CdS nanowires were also studied using field emission scanning electron
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microscopy. Also, these grown CdS nanowires were characterized by Energy Dispersive

Spectroscopy (EDS) to investigate its composition.

2.2 Growth of nanoporous templates

2.2.1 Experimental details of growth of anodized alumina template on ITO coated

glass substrate [43]

Commercially available 1TO-coated 17x1” glass substrate (Imm thick) were
ultrasonicated for 1 hour in acetone and isopropanol to clean the substrate to remove the
organic residues, followed by the deionized water rinse and air gun blow dry. A thin layer
of aluminum of 200 nm thickness was deposited at a rate of 0.1 nm/s using e-beam
evaporation. Prior to the deposition of aluminum, an interlayer of titanium of 5 nm
thickness was deposited between the Al and ITO. This was to prevent the poor
connectivity and delamination of aluminum during anodization from the ITO-coated
glass [44, 45]. The interlayer of Ti layer was deposited using e-beam evaporation without
any vacuum break between Ti and Al layer [46]. The template was anodized at a potential
of 40 V and current of 0.2 A to develop the nanopores in a weak acid of 0.3 M oxalic
acid. The anodized template was heated in a mixture of phosphoric acid (5 wt. %) and
chromic acid (10 wt. %) at 60 °C to remove the aluminum oxide layer and excess of
aluminum. Since the pores formed after the first anodization step were poor and non
uniform, the anodized template was again anodized at the same conditions of first
anodization at a potential of 40V and 0.2 A in 0.3 M oxalic acid at 2-8 °C. The nanopores
produced were of 10-60 nm in diameter. The diameters of the pores was controlled by
varying the anodization parameters such as temperature and also with the pH of the acid

used according to the protocol given in Ref. [47].
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After the two-step anodization, very uniform pores of 10-60 nm developed but it
also grew with a barrier layer of oxide at the interface of the Al and Al,Os. This
aluminum oxide barrier layer and non-uniformity in barrier layer thickness causes some
problems in the growth and quality of the nanowires electrodeposited in the pores
resulting in much lower filling of nanowires in these pores. The barrier layer can be
removed by immersing the substrate in 5% by weight phosphoric acid (HsPO,) for 3-4
minutes. The barrier layer formed at the bottom of the template can be removed by either
by 5 % by wt. phosphoric acid or dry etch with chlorine based gases [46-48], but as
shown in the referenced work, the barrier layer can be removed with the phosphoric acid

etch without damaging the template.

2.2.2 Experimental details of growth of nanoporous templates in aluminum sheet

CdS nanowires were grown in anodized aluminum sheet metal of thickness of 500
pm. The anodized template was prepared using the protocol given in Ref [47]. The
aluminum (Al) metal sheet (99.9 % purity) of 2” x 0.5” x 0.020” dimensions was
cleaned by ultrasonication in acetone for 1 h followed by ultrasonication in methanol for
1 hour. These Al metal sheets were then electropolished in perchloric acid and ethanol
solution having volume ratio of 1: 5 at 0 °C for 15 minutes. Then these templates were
anodized at a potential of 40 V for a minimum of 16 hours and the temperature was
maintained at 10 °C throughout the process. After the first anodization step, the oxide
layer was removed by immersing the sample in a solution of 1.8 % wt. chromic acid and
6 % wt. phosphoric acid at 60 °C for 4-5 hours. The second anodization was performed

with the same conditions as that of the first anodization step but the time of the
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anodization this time was only 20 minutes. Chemical Reactions at anode, cathode and in
the electrolyte solution are as follows:

* At anode:

2Al + 3H,0 > AlL,O; + 6H" + 6e

* At cathode:

6H" + 66" > 3 H,

» Dissolution of alumina:

Al,Oz + 6H* > 2AI*" + 3 H,0.

The barrier layer was removed by dipping the anodized template in 0.5 M
phosphoric acid for 75 minutes at room temperature. The steps for anodization are shown
in Figure 5. The growth of nanoporous templates on anodized alumina template involved
the step of electropolishing the aluminum at a very low temperature of 0 °C in perchloric
acid and ethanol solution 1: 5 vol. ratio which resulted in better nanoporous structure and
did not involve the step of annealing the template to improve crystallinity.

2.3.2 Results and Discussion

The aluminum sheet metal templates after the two-step anodization were
examined under JEOL Scanning electron microscope. The SEM images of the anodized
templates after the removal of barrier layer are shown in Figure 6. The barrier layer was

not seen in any of the templates in the following SEM micrographs.
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The thin film of aluminum of 200 nm was susceptibility to crack after anodization and
therefore annealing was done for one hour at 200 °C to improve the crystallinity of these
templates. On the other hand, the nanoporous template in aluminum sheet of 500 pm was

more stable since electropolishing was performed before anodization.

2.3. Growth of Nanowires by DC electrodeposition

AC electrodeposition in an AAO template is the best process to fabricate
vertically aligned CdS nanowires [47-50]. However, in this work CdS nanowires were
deposited via DC electrodeposition. DC electrodeposition of CdS nanowires is normally
not preferred over AC electrodeposition commonly for samples with very narrow pore
diameters [47]. However, in our work using a simple DC electrodeposition process into
the narrow pores of 10-60 nm diameters grew CdS nanowires. It has been reported in [47]
that DC electrodeposition was not an easy process for growing nanowires in narrow
pores, but we were able to achieve the growth of CdS nanowires and decent quality

wires.

2.3.1 Experimental details for the growth of nanowires

The experimental conditions for growth of nanowires was same for both type
templates grown at UIC and Brown except for the deposition time changing with respect
to the thickness of template. The electrolyte for CdS electrodeposition was a solution of
dimethyl sulfoxide (DMSQO) comprising of 0.055 M CdCl, and 0.19 M elemental sulfur
[51, 52]. The temperature of the electrolyte was 120-150 °C during the electrodeposition
growth and current density of 15 mA/cm? was applied for 7-10 s for the templates on ITO

coated glass and for 1 hour for aluminum sheet. After the electrodeposition, the sample
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was rinsed in hot DMSO followed by acetone and cleaned in deionized water. The AAO
template was dissolved in 1 M NaOH solution at room temperature for 8 minutes to
liberate the CdS nanowires. These nanowires were annealed at 500 °C for 1 hour for
improving the crystallinity of these nanowires. The flowchart for the growth of CdS

nanowires is shown in Figure 7.

2.3.2 Results and Discussion for the growth of nanowires

Self-assembling and growing CdS nanowires in an AAO template is not easy due
to the presence of a barrier layer of aluminum oxide, which is difficult to etch out
completely, thus causing non-uniformities in the growth of nanowires. The template
should be free of cracks and defects [53, 54]. The electrodeposition of CdS nanowires
involves the following three steps.

1) Elemental sulfur dissociates into S ions in the solution.

2) CdCl,also dissociates into Cd* ions.

3) The present S* ions react with Cd®* ions to form CdS crystallites in the nanopores
of the template, thus forming the nanowires [55]. These crystallites nucleate on
the walls of pores initially forming nanotubes and gradually these nanotubes get

filled up with CdS crystallites forming nanowires [56].

The surface morphology of these CdS nanowires grown in the AAO template on
ITO coated glass substrate were investigated using the JEOL 7500 Field Emission
Scanning Electron microscope (FESEM) after the dissolution of the AAO template in 1
M NaOH solution for 5-8 minutes. The top view and side view SEM micrograph is

shown in Figure 8 (a) and (b) which confirms the growth of nanowires of average
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diameter approximately 30-60 nm. Also, for comparison the CdS nanowires grown in the
aluminum sheet templates are shown in Figure 9 (a) and (b).

Energy Dispersive X-ray Spectroscopy EDS studies were performed on these
electrodeposited CdS nanowires and results are shown in Figures 10 and 11.
Peaks of Cd and S in Figure 10 confirm the growth of CdS nanowires. Also, there were
peaks of indium (In), oxygen (O) and silicon (Si) due to the ITO coated glass substrate.
aluminum (Al) was also detected because there were some traces of aluminum left after
the dissolution of alumina template in NaOH solution. Furthermore, to study the
elemental composition of CdS nanowires grown in anodized alumina template of
thickness 500 um, EDS was performed. The results of the EDS are shown in Figure 11,
which confirms the presence of CdS nanowires. There were other peaks of Al, O, and Si
due to the presence of aluminum oxide template and Si can be present due to some dust

particles.

2.4 Growth of CdS nanowires using VVapor liquid Solid (VLS) Growth

Vapor liquid solid growth is a popular bottom up approach method technique to
grow semiconductor nanowires of group 111-V (InP, GaAs, and GaN), 1I-VI (ZnSe, CdS,
and ZnO), IV (Si, Ge) since its flexible and a controlled growth of nanowires is possible.
This VLS growth method was developed in 1960s by Wagner and Ellis for the growth of
silicon whiskers [57]. A schematic showing VLS growth has been shown in Figure 12. In
case of VLS growth, a metal particle of small size on substrate is heated to form a
liquid/solid interface, thus forming a local liquid phase epitaxial system. So far gold has
been mostly used as catalyst metal particle for the growth of nanowires even though a

number of other metals can be employed [58]. The VLS nanowire growth is a process
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which initiates with the dissolution of gaseous reactants resulting in nano-sized liquid
droplets of the catalyst metal followed by nucleation and growth of single-crystalline
wires or rods. The size of the alloy droplet determines the diameter of the nanowires,

which is dependent on the size of the starting metal seed.

2.4.1 Experimental Details for VLS growth of CdS nanowires

For VLS growth of the nanowires, the ITO coated glass substrates were cleaned
by soap water. These cleaned substrates were then ultrasonicated in acetone for 30
minutes followed by another 30 minutes ultrasonication in isopropanol and dried in
nitrogen. Gold of 5 nm thickness was sputtered on these cleaned ITO glass substrate to
catalyze the growth of nanowires. The CdS nanowires were synthesized in a quartz tube
furnace with dual zone furnace heating instrument. For VLS growth of CdS nanowires,
CdS powder (~0.8 g, 99.999% pure, purchased from Sigma Aldrich) was placed in one
heating zone and the ITO glass substrate with the sputtered gold nanoclusters in the
second heating zone. 5% Hydrogen with 95 % Argon was used as the transport gas with a
flow rate of 100 sccm. The source and sample were heated to 900 and 580 °C,
respectively for 1 hour. Field emission scanning electron microscopy imaging was
performed using JEOL 7500 FESEM to study the morphology and ascertain the growth
of nanowires. Raman scattering and photoluminescence spectral studies were employed
to investigate the longitudinal optical phonon modes and the electronic states of the CdS

nanowires.
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2.4.2 Results and Discussion of VLS growth of nanowires

CdS nanowires were grown by VLS technique. The ITO coated glass substrates
were cleaned and sputtered with 5nm of thickness of gold, which served as a catalyst for
the growth of nanowire. CdS nanowires were grown in dual zone tube furnace having CdS
powder (~1g, 99.9% Sigma Aldrich) as source in one zone at 900 °C and the ITO coated
glass with gold nanoclusters in the second zone at 580 °C for one hour and transport gas
was 5% Hydrogen with 95% Argon. The SEM images of these CdS nanowires by VLS
growth are shown in Figure 13.

To know the elemental composition of these samples Energy Dispersive X-ray
Spectroscopy (EDS) were performed.The EDS result for the VLS grown nanowires are
shown in Figure 14. Figure 14 shows that the Cd, S are present in the sample confirming
the growth of CdS nanowires. In and O are due to the ITO coating on the glass. Si is
probably present because of the glass substrate or due to dust particles. Furthermore,
studies like Photoluminescence and Raman spectral studies were performed to probe the
electronic, optical and vibrational properties of these nanowires which are discussed in

detail in Chapter 3 and Chapter 4.

> - >

First step Removal of Second step Barrier layer and
anodisation oxide laver anodisation Al etching

Figure 5: Steps involved in the anodization of aluminum.
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Figure 6: SEM micrographs of the anodized alumina templates after the removal of
barrier layer grown at (a) & (b) Brown university in 500 pum aluminum sheet, (c) & (d)
UIC in 200-250 nm aluminum deposited on ITO coated glass substrate.
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Figure 7: Flowchart for the fabrication of CdS nanowires (a) 200 nm of aluminum layer
(yellow) deposited on ITO coated glass substrate (b) After anodization of Al layer
leading to formation of nanopores of 10 -60 nm. (c) CdS nanowire array after the DC
electrodeposition growth.
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Figure 8: (a) top view (b) side view SEM micrograph of CdS nanowires of 30- 60 nm in
diameter after annealing [43].

Figure 9: (a) top view (b) side view SEM micrograph of CdS nanowires grown in
anodized aluminum oxide sheet.
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Figure 10: EDS of the CdS nanowires grown on ITO coated glass substrate by
electrodeposition.
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Figure 11: EDS Spectra of CdS nanowires grown in anodized alumina metal sheet of 500
pm.
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Figure 12: VLS growth mechanism.
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Figure 13: SEM images after the VLS growth of CdS nanowires.
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Figure 14: EDS result for VLS grown CdS nanowires.




Chapter 3 Photoluminescence characterization of CdS nanowires

The photoluminescence (PL) is a powerful tool to investigate the electronic
structure of the material. In this chapter, the characterization of these grown nanowires is
explained in this chapter. Introduction to the PL process and PL/Raman set up is
discussed in Section 3.1 and 3.2, respectively. The PL characterization of these nanowires
has been explained in Section 3.3.1. Also, the intensity based PL measurements were
performed to further investigate the underlying recombination processes in these PL
experiments and the defect states present before and after annealing. Section 3.3.2
discusses the analysis and theoretical calculation of the nanowire diameter and depletion
width. The PL characterization of the VLS grown CdS nanowires are discussed in
Section 3.4. PL based polarization measurements were performed to study the
polarization anisotropy of the vertically directed grown nanowires via DC
electrodeposition in Section 3.5. Polarization based studies were performed on these

grown nanowires for its use in polarization sensitive nanoscale devices.

3.1 Introduction

Optical spectroscopy is very useful for material characterization and to investigate
the electronic structure of the material. This is a very important technique to study the
properties of a semiconductor. In optical spectroscopy, photons having energies greater
than the band gap of the semiconductor are used to excite electrons to the conduction
band, leaving holes in the valence band. There are many methods of optical

characterization of materials and one such method of characterization is PL, which is
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widely used in research to probe the electronic structure and properties of the desired
material.

PL is a powerful method to study the electronic properties and dynamic processes
of variety of materials and is a contactless method. As explained in Figure 15 in PL, the
incident photon energy has to be larger than the band gap of the semiconductor so that the
electrons can be activated from the valence band to the conduction band. Then, the
electrons will scatter to the ground state in the conduction band non-radiatively. When
these electrons recombine with the holes in the valence band, they will emit lights.

An electron and a hole can either recombine non-radiatively or radiatively by emitting
phonons or photons respectively. Therefore, photoluminescence spectroscopy can be
used for semiconductor band gap determination, impurity levels, defect detection, and

phonon-carrier interactions estimation.

3.2 The PL/Raman experimental set up

The spectrometer used for the PL and Raman measurements is the Acton
SpectroPro-2500i 0.500-meter focal length, which has three grating imaging
monochromator (manufactured by Princeton Instruments). The three gratings available
for use in PL/Raman system are as follows:

(a) 1200 grooves/mm,
(b) 2400 grooves/mm, and
(c) 3600 grooves/mm.

The three gratings are on a rotating turret where any one of the three gratings

present in the system can be used. The spectrum is obtained with the help of liquid

nitrogen cooled charge coupled detector (CCD). The working temperature for the CCD is
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-120 °C (manufactured by Roper Industries, Inc.). The laser used was a continuous wave
He-Cd laser purchased from KIMMON Koha Co., Ltd., which provides two output

wavelengths: 325 nm and 441.6 nm.

3.3 Photoluminescence of CdS nanowires grown using electrodeposition

3.3.1 PL of CdS nanowires grown on ITO coated glass substrate

The CdS nanowires were self-assembled in AAO template on an ITO coated glass
substrate using DC electrodeposition. The photoluminescence (PL) spectrum of the
grown CdS nanowires was investigated using a He—-Cd laser of wavelength 441 nm for
excitation at room temperature. The PL spectrum for the as grown CdS nanowires is
shown in Fig. 16 (a). An emission peak at 506 nm was observed and is due to attributes
of the CdS nanowires and the emission was somewhat weak. However, the emission
became broader and peak moved to 514 nm closer to the bulk value of 2.42 eV after
annealing in nitrogen gas for 1 hour at 500 °C, as shown in Figure 16 (b). The intensity of
the emission (the area under the PL peak) increased by a factor of 4.36 after annealing.
The narrow peak observed at higher energy of 506 nm, before the annealing is due to the
confinement in the few narrow wires of better quality. Somehow, after annealing, the
total intensity of the PL peak increased but the line width is broader and encompasses
both narrow and wider wires which were likely not luminescent earlier due to defects
which were annealed out. Thus, after annealing the peak moved to a higher wavelength
where the PL is centered at the value for wider wires. It is also possible that some of the
increased signal can be from partially from the bulk region where there are no wires, but
mainly the luminescence must still be from nanowires since the feature is broad and the

SEM pictures show distinct nanowires.
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The same behavior of emission peak shifting to higher wavelength, after annealing the
sample at 500 °C for 1 hour in nitrogen has also been observed in [55]. This change in
luminescence emission indicates that the array has a distribution of different diameters of
nanowire. There is a possibility that there are more nanowires of wider diameters
becoming involved in the emission process after annealing. Also, by looking at the SEM
image in Figures 8 (a) and 8 (b), it was observed that the nanowires grown were not all of
the same diameter, some were narrow and wide having a range of diameter of 20-60 nm.

Also, the photoluminescence experiments with respect to laser power were performed for
the investigation of underlying recombination methods. PL was performed before and
after annealing with different neutral density filters (purchased from Thorlabs Inc.) to
evaluate the crystal quality. It has been reported in [59] that the luminescence intensity |
of PL emission lines is proportional to P*, where P is the power of the exciting laser
radiation with k having value of 1 = k < 2 is for band to band transition and k <1 is for
transitions due to defects and acceptors/donors. The PL spectral intensity for various
transmission laser power densities before and after annealing has been shown in Figures
17(a) and 17 (b) and the plot for the PL intensity with respect to various transmission
laser power density percentages is in Figure 18. The plot of PL intensity area under the
curve with respect to different excitation power is a near linear plot with a positive slope,
which improves in linearity on annealing thus showing that the recombination was
mainly band-to-band. From the plots, one can see that there were some defect states prior

to annealing but after the annealing the linearity with intensity improved.
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3.3.2 Theoretical calculation of the nanowire diameter and depletion region width

Considering the CdS nanowire to be a cylindrical quantum well of radius R,
which is the radius of the nanowire, the Hamiltonian operator for free electrons [60] in

the cylindrical well will be given by the equation

h2p?
2m

A=-—

+ V(r) (3.2)
where V(r) is the potential and is given by the following equation

V(r)=0forr<Rand oo forr>R (3.2)
where R is the radius of the CdS nanowire.

The Schrodinger equation in polar coordinates which defines the corresponding energy

eigenvalues of the states occupied by free electrons is given by

(V2 +p*)Y(r,0) = 0 (3.3)

where p? = 2 with boundary condition (R, 6) = 0 at the walls of the cylindrical

hZ

well.

The resulting radial solution [60] for Schrodinger equation (3.3) is given by

__d?R(r) , dR(T) n (P%*r?-m>R(r)

dr? rdr r2

0 (3.4)

The resulting radial solution can be considered as a Bessel’s differential equation of
variable z = p r and has cylindrical Bessel solution Jy, (pr). Since boundary condition
P(R,0) = 0 results in having Jn, (p r) = 0.

The solutions are cylindrical Bessel function Jqn, which is the zero of the nth Bessel
function where n is number of radial nodes. The state of lowest energy has zero angular

momentum (I =0).
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Therefore the zeros are the eigenstates of the energy with eigen energy values given by
2:2 2:2
_ h Jl,n h Jl,n

Ocis *n?2 *D?2 Obuk
2m, R 2m R

(3.5)

The lowest confined energy level of nanowires corresponds to the zero of Bessel function
Joy at 2.4. After solving for Egcas =2.45 + 0.005 eV (Peak at 506 nm) and Egpuik =
2.401 eV me= 0.2 m, and mp = 0.7m, as reported in [61] we get R or reore = 5.23 + 0.25
nm and with E = 2.412 + 0.005 eV (peak at 514 nm after annealing) we get R or reore=
15.38+ 3.61 nm.

However, the average diameter measured before and after annealing from the SEM
micrographs in Figures 6 (a) and (b) were 55 nm. The diameters measured from the SEM
images of Figures 6 (a) and (b), however were greater than the calculated diameters of the
nanowires due to the presence of the surface induced depletion region.

Surface-state charges in a nanowires leads to a depleted region on the outer shell of CdS
nanowires. The depleted region and conductive inner core of the CdS nanowire are
shown in the cross section schematic of the nanowire in Figure 19 (a) and the resulting
band diagram is shown in Figure 19 (b). The depletion of semiconducting NW can be
treated analytically with Poisson’s equation in cylindrical coordinates explained in [62]
as given in the equation (3.6).

8¢ | 8¢ | qNg _
S5r2 t Sr ey 0 (3.6)
The general solution of the Poisson equation (3.6) in cylindrical coordinates is given by

the following equation (3.7)

p(r) = ZaNd 2 o CyIn(r) +C, (3.7)

4egg
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where ¢ is the potential measured with respect to the conduction band energy, r is the
distance measured in radial direction, q is the electronic charge, N, is the ionized dopant
density, ¢ is the dielectric constant of the CdS nanowires which is 5.6, &, is the
permittivity of free space, Cyand C, are arbitrary constants.

The constants C; and C, may be found by applying the boundary conditions

8p(Tcore)
or

= 0and @(1eore ) = 0 (3.8)
where 1, 1S the radius of the CdS nanowire inner core and w is the depletion depth, as
illustrated in Figure. 19.

Substituting these boundary conditions stated in equation (3.8) in equation (3.7) that the

electric field and potential is both equal to zero at the depletion region edge will yield

N
¢, = 28_‘9‘(1) (rcore)2 (3.9)
N
And C, = Ze_ei (rcore)z[l -2 ln(rcore)] . (3.10)

Substituting the constants C; and C; in equation (3.9) and (3.10) yields equation (3.11)
which defines the potential [63] as a function of radius,

00 = 2L (rr)? [1n () = 5 +1] (311)

Tcore 27¢o

As seen in Figure 19 (b) the potential at r = Ryt IS Vg, The potential drop Vg is the
difference between the neutral level ¢q at the surface and the Fermi level (Ef) inside the
bulk which is 40 mV as stated in [64]. Solving for Rt by substituting the value of
dielectric constant is 8.7 and Ng = 2x10%" cm™ [64] we get Rio as 20.44 nm and we
know reore 1S 5.23 nm which is calculated above in Section 3.3.2 after solving equation

(3.5). The depletion region width w due to surface states can be calculated as
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Also, as seen in Figs. 6 (a) and 6 (b), the radii of the nanowire were 20-30 nm, which is in

accordance with the calculated total radius Ryt

34 PL characterization of the VLS grown CdS nanowires on ITO coated glass

CdS nanowires were also grown using VLS technique with sputtered Au
nanoclusters as catalyst. For VLS growth of nanowires, the ITO coated glass substrate
were cleaned by soapy water and then ultrasonicating them in acetone for 30 min
followed by another 30 min ultrasonication in isopropanol and dried in nitrogen. Gold of
5 nm thickness was sputtered on these cleaned ITO glass substrate to catalyze the growth
of nanowires. The CdS nanowires were synthesized in a quartz tube furnace with dual
zone furnace heating instrument. CdS powder (~ 0.8 g, 99.999% pure, purchased from
Sigma Aldrich) was placed in one heating zone and the ITO glass substrate with the
sputtered gold nanoclusters in the second heating zone. 5% hydrogen was used as the
transport gas with a flow rate of 100 sccm. The source and sample were heated to 900
and 580 °C, respectively for 1 hour.

The photoluminescence characteristics of the grown CdS nanowires were
investigated using a He—Cd laser of wavelength 325 nm and Acton 2500 spectrometer for
excitation at room temperature. The PL for the VLS grown nanowires is shown in Figure
20. The PL emission peak for VLS grown nanowires was observed at 510 nm (2.43 eV)

as shown in Figure 20, which is close to the band gap of CdS (2.42 eV).
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3.5 Polarization studies of CdS nanowires

3.5.1 Introduction

Some nanowire devices use free-standing nanowires and these free-standing
nanowires have several attractive properties, including a large variation in the dielectric
constant of the surrounding media and a cylindrical, strongly confining potential for both
electrons and holes which leads to polarization anisotropy. This property of polarization
anisotropy is employed here to demonstrate a possibility of creating polarization sensitive
nanoscale photo detectors that can be useful in optical switches, polarizers, and high
resolution detectors [26]. InP nanowires are mostly being used as polarizers due to its
high dielectric constant of 12.4. Also, CdS has a high dielectric constant of 8.7-9.25,
which can also be used as a polarizer. Polarizing properties of CdS nanowires were
investigated and studied.

The polarization anisotropy in PL measurements between the free standing
nanowires and its surrounding environment may be modeled by treating the nanowire as
an infinitely long dielectric cylinder in a vacuum, since the wavelength of the exciting
light is much greater than the wire diameter. When the incident field is polarized parallel
to the cylinder, the electric field inside the cylinder is not reduced. But, when polarized

perpendicular to the cylinder, the electric field amplitude is attenuated [26, 65] according

t0 (3.13)
2
E; = -E (3.13)

where E; is the electric field inside the cylinder, E. the excitation field, and = is the
dielectric constant of the cylinder and &, is the dielectric constant of the surrounding. For

e > g, the probability of optical transitions in a nanowire varies with light polarization,
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resulting in greater values for light with polarization parallel to the nanowire axis
whereas the incident light creates an electric field of high frequency in the nanowire in
the direction of polarization parallel to the nanowire axis. These polarizations have a
strong dependence on the absorption coefficient k on the light polarization for a system of
parallel wires.

Due to the dielectric constant difference between the nanowires and it’s surrounding, it
demonstrates polarization anisotropy in photoluminescence (PL) measurements. The PL
spectra can be recorded from a number of individual wires as a function of excitation or

emission polarization [66]. The polarization ratio is given by equation (3.15):

p = = b (3.15)

TN
where the intensities parallel (I;) and perpendicular (I,) to the wire can be measured
with PL measurements at different angles of orientation. The anisotropy in the
photoluminescence when a nanowire array is excited with a beam polarized parallel and
perpendicular to its long axis has been explained theoretically by Ruda and Shik [65].
They considered an array of dipoles randomly oriented in a dielectric cylinder and
computed the Poynting vector outside the cylinder resulting from the incoherent dipole
emission. Ruda and Shik [65] found that under this assumption the anisotropy contrast of

the emission is given by

L _ (8+80)2+2802
IJ_ - 6802

(3.16)
The mixing of valence bands due to quantum confinement causes polarization anisotropy
in quantum wires. This quantum mechanical effect results in smaller polarization ratios (p

< 0.60), which are reported in [67-69]. The large polarization response is because of the

large dielectric contrast mainly between the nanowire and its air or vacuum surroundings.
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To summarize, the nanowire is modeled as an infinite dielectric cylinder in a vacuum
with the light polarizations causing the electric fields. Electric field intensities calculated
using Maxwell’s equations implies that the field is strongly attenuated inside the
nanowire for the perpendicular polarization, E, whereas the field inside the nanowire is

unaffected for the parallel polarization, E|,.

3.5.2 Experimental Set up

To study the polarization anisotropy, PL studies were performed with the
continuous wave He-Cd laser of wavelength 441 nm laser for parallel and perpendicular
polarization with two orientations of the sample having light propagating parallel to the
nanowire axis in one orientation as shown in Figure 21 and light propagating
perpendicular to the nanowire axis in other orientation as shown in Figure 22. The PL
was recorded at room temperature using He-Cd laser of wavelength 441 nm and Acton
2500i spectrometer. The polarization filter used was LPVISE100 purchased from Thor
labs Inc.

PL intensity was recorded for parallel and perpendicular polarization with two
orientations of the sample having light propagating parallel to the nanowire axis in one

orientation and light propagating perpendicular to the nanowire axis in other orientation.

3.5.3 Polarization experiment results

CdS nanowires were grown in anodized aluminum sheet metal of thickness of 500
pm. The nanopores in the Al metal sheet were prepared using two-step anodization
process as explained in Section 2.3.1. PL intensities were recorded for parallel and

perpendicular polarization with two orientations of the sample as shown in Figures 21
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and 22. The PL with and without the polarization filter for parallel and perpendicular
polarization is shown in Figure 23. Therefore, the measured polarization ratio p given by
equation (3.15) by taking the intensity values from Figure 23 is 0.80.

The calculated PL ratio using equation (3.16) is 0.78 by taking dielectric constant of CdS
as 8.7 [70]. The measured PL ratio, which is 0.80 - 0.85 is in agreement with our
calculated PL ratio 0.78.

These CdS nanowires array which was grown in AAO template for its use in
polarizing devices and photodetectors. Nanowire photodetectors can be used as optical
switches using its polarization anisotropy properties. The polarization properties of the
CdS nanowires were investigated for its use in polarization sensitive optoelectronic
devices. Polarization-sensitive measurements reveal a striking anisotropy in the PL
intensity recorded parallel and perpendicular to the long axis of a nanowire. The
measured PL ratio p is around 0.80-0.85 that shows very good polarization anisotropy for

CdS nanowires.
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Figure 16: PL spectra of (a) as grown and (b) annealed CdS nanowires with peak at 506

nm (2.44 eV) and 514 nm (2.41 eV), respectively.
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Figure 17: (a) PL spectra of CdS nanowires with different laser excitation power using
neutral density filters before annealing (b) PL intensity area variation vs. different laser
excitation power using neutral density filters before annealing.
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Figure 18: (a) PL spectra of CdS nanowires with different laser excitation power using
neutral density filters after annealing (b) PL intensity area variation vs. different laser
excitation power using neutral density filters after annealing.
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Figure 19: (a) Cross section of nanowire (b) band diagram of CdS nanowire with
depletion region of width w due to surface states.
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Figure 20: PL spectra of VLS grown nanowires on ITO coated glass substrate at room
temperature.
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Chapter 4 Raman spectral studies of CdS nanowires

Raman spectroscopy was performed to probe the vibrational and phononic
structure of the grown CdS nanowires. In this chapter, Raman spectral results of
electrodeposited grown nanowires on ITO coated glass and alumina template are
discussed in Section 4.2 and 4.3 respectively. Raman spectroscopy results were explained
for the VLS grown nanowires in Section 4.4 and the two different growth mechanisms
for VLS grown and electrodeposited growth was compared. Depending upon the quality
of nanowires, generally the second and third harmonics of longitudinal optical phonon
modes are not observed. The electrodeposited and VLS grown nanowires were of better
quality and the 2 LO and 3 LO peaks were visible in the Raman spectrum and these
experimental details are all explained in Section 4.5. Optical properties such as phonon
modes of CdS nanowires are strongly affected by crystallinity, size confinement, strain,
and exciton longitudinal optical (LO) phonon interaction. It’s important to investigate the
polarization anisotropy and the changes incurred in all the phonon modes due to strain,
LO phonon interaction and optical phonon frequencies of crystal structure. These CdS
nanowires belong to the hexagonal wurtzite structured of the space group Cev* [70, 71]. If
N is the number of atoms in a unit cell then for wurtzite structure, N is 4 and the total
modes which can be observed will be 3N, i.e. 12: one longitudinal acoustic (LA) mode,
two transverse acoustic (TA) mode, three LO and six transverse optical (TO) modes. But
for this space group of Cev*, the Raman active modes are 1A; + 1E; + 2E, (E," and E,Y),
while 2B, modes are silent [70]. Because of the noncentrosymmetric wurtzite structure,
both A1 and E1 modes split into longitudinal optical (LO) and transverse optical (TO)

components. The Raman characteristics of these CdS nanowires are discussed for

45
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different polarization and orientations in Section 4.5. The electron phonon coupling

constant was computed for the CdS nanowires and discussed in Section 4.6.

4.1 Introduction to Raman spectroscopy

Raman spectroscopy was named after Sir C. V. Raman in 1928, who discovered
the phenomenon of Raman scattering effectby means of sunlight. It s
a spectroscopic technique, which can be used to investigate vibrational, rotational, and
other frequency modes of a material [72, 73]. The Raman effect occurs when the incident
laser radiation interacts with the bonds of the molecule vibrationsand its
polarizable electron density. The laser light interacts with molecular vibrations of the
lattice resulting in creation or annihilation of phonons, causing the energy of the laser
photons to decrease or increase. The shift or change in the energy gives information
about the vibrational modes of the material. This spectroscopy is a very useful technique,
which is used to probe the structure of the material and its vibrational properties and
study its phonon frequency modes. In a Raman scattering experiment, light of a known
wavelength and polarization is scattered from the sample. Raman scattered light gets
shifted with respect to the excitation frequency, due to the molecular vibrations in the
sample. Therefore, the "Raman shift" is caused due to the intrinsic properties of the
sample like vibration and frequency modes of the crystal.

In spontaneous Raman scattering, which is a form of inelastic light scattering,
a photon of a specific wavelength excites the molecule in either the ground state or an
excited state as shown in Figure 24. This excitation results in the emission or scattering of
a photon inelastically. The resulting inelastically scattered photon, which is emitted, can

be either of higher or lower energy than the incoming photon energy of frequency vo. The
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inelastic scattering in which the energy is higher is referred to as Anti-Stokes scattering
having frequency of vo+ vm where v, is the frequency with which the molecules are
vibrating. On the other hand, the inelastic scattering in which the energy is lower having
frequency of vo- vy IS referred to as Stokes scattering. Therefore, when phonons are
emitted, it is called Stokes scattering; when phonons are absorbed, it is called Anti-Stokes
scattering as shown in Figure 24.

The rotational and vibrational energy states of the molecule change after the
interaction of the incoming photon with the molecule, causing a shift in the emitted
photon's frequency away from the excitation wavelength of laser in Raman scattering.
This Raman shift is measured in wave number, which is the inverse of wavelength. The
relationship between the wavelength and the shift in wave number 4w in the Raman

spectrum is given by the following formula:

1

1
Aw = /1_1 )lf (41)

where Aw is the Raman shift usually expressed in wave number cm™, J;is the initial
excitation wavelength, and A is the final Raman spectrum wavelength.

In Raman scattering experiment, a sample is illuminated with a laser beam of known
wavelength. The incident laser is scattered from the sample. Elastic scattered radiation at
the wavelength is called elastic Rayleigh scattering (in which, the scattered light has the
same frequency v, as that of the incident light photon). Either a notch filter or a band pass
filter filters out Rayleigh scattering and the detector collects rest of the light for analysis.
Spontaneous Raman scattering is very weak as compared to the elastic Rayleigh scattered
laser light due to which it is difficult to separate the weak inelastically Raman scattered

light from the strong Rayleigh scattered laser light. Also, since the scattered light
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frequency is very close to the frequency of the incident light, therefore the bandwidth of
the laser source should be very narrow and one has to use notch or edge filters to filter

out the laser light from the scattered signal.

4.2 Raman spectral studies of CdS nanowires grown using electrodeposition on

ITO coated glass substrate

The Raman spectrum was recorded using Ar* ion laser of 514 nm wavelength of
the electrodeposited grown CdS nanowires on ITO coated glass substrate using Renishaw
Ramascope 2000 Raman instrument. The Raman characteristics of these nanowires
before and after annealing are in Figure 25. Raman peaks were observed at 302 cm™, 603
cm™ and 906 cm™ corresponding to the longitudinal optical phonon (LO) modes 1 LO, 2
LO and 3 LO, respectively, analogous to the peaks of pure CdS crystalline structure [23,
74]. The 1 LO, 2 LO and 3 LO peaks for bulk CdS are usually at 300 cm™, 600 cm™ and
900 cm™ as reported in [23].

Strong 1 LO, 2 LO and 3 LO peaks were observed within 35 meV making it
slightly similar to the electronics and phononic structure of the CdS material. The second
and third harmonics of LO order modes are not observed usually in bulk material.
However, the optical properties of nanostructures are highly affected by crystallinity of
the structure, confinement, strain, and also the exciton longitudinal optical (LO) phonon
interaction [49, 75, 76]. There are no quantum confinement effects in the LO phonon
energies of CdS NWs with diameters greater than 50 nm. The phonon energies of CdS
nanowires are mostly affected by lattice strain [77, 78]. Surface tension during the growth
of CdS NWs causes lattice strain which results in a significant increase of the LO phonon

energy.
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4.3 Raman scattering in CdS nanowires grown using electrodeposition in

anodized aluminum sheet

In this section, the Raman scattering in CdS nanowires grown via DC
electrodeposition in anodized alumina sheet is explained. The Raman characteristics of
these CdS nanowires are shown in Figure 26.

Strong peaks of 1 LO, 2 LO and 3 LO frequencies for CdS nanowires grown in
anodized alumina sheet were observed at 305, 606, 909 cm™. However, the 1 LO, 2 LO
and 3 LO peaks for bulk CdS are usually at 300 cm™, 600 cm™ and 900 cm™ as reported
in [23]. It has been reported that the 1 LO phonon energy of CdS NWs was shifted
upward by 5 cm™' compared to that of bulk CdS, suggesting that the lattice compressive
strain of the c axis is induced during the NW growth in the anodized alumina matrix [77,
78]. Also, as seen in Figure 10, the diameters of the CdS NWSs were about 20-25 nm
where quantum confinement can be observed. Also, strain can be induced during the
growth of CdS nanowires which influences the phonon energies of CdS nanowires [79].
However, the energy separation was 34 meV between the peaks of the 1 LO and 2 LO
peak, which is in good agreement to the electronics and phononic structure of CdS but
there is a slight shift in the phonon modes as compared to the bulk material. The phonon
energies of the CdS NWs have been shifted a little from the bulk values due to the lattice
compressive strain, electron phonon coupling interaction effects in the grown CdS

nanowires.
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4.4 Raman scattering in CdS nanowires grown via VLS growth and its

comparison with electrodeposited growth of CdS nanowires

To study the vibrational and crystalline properties of the VLS grown CdS
nanowires were performed. The Raman characteristics of these nanowires for VLS grown
nanowires is shown in Figure 27. Raman peaks were observed at 302 cm™, 603 cm™ and
906 cm™ corresponding to the longitudinal optical phonon (LO) modes 1 LO, 2 LO and 3
LO, respectively, analogous to the peaks of pure CdS crystalline structure.

As compared to the electrodeposited growth of CdS nanowires on ITO coated glass
substrate, VLS grown CdS nanowires were of better quality since the Raman response for
VLS grown was superior as seen in Figure 28. The electrodeposited nanowires on ITO
coated glass substrates were not as good because of the incomplete removal of barrier
layer of the AAO template growth which reduces the filling of nanopores in the AAO
template and also some traces of aluminum template were present even after the removal

of AAO template in NaOH solution.

4.5 Raman characteristics of CdS nanowire array grown in anodized alumina

sheet in different orientations and polarizations

To study the polarization and anisotropy present in the CdS nanowires, Raman
characteristics were recorded for two orientations of the sample with light propagating
parallel (||) to the nanowire axis in one orientation as shown in Figure 21 and light
propagating perpendicular () to the nanowire axis in other orientation as shown in
Figure 22. Raman intensities were recorded for both parallel Z(XX)Z and perpendicular
polarization Z(XY)Z of the laser. All the notations described in the thesis are of the type"

Z(XY)Z, where the directions inside the parentheses signify the polarizations of the
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incident and scattered beams, respectively. The directions preceding and following
outside the parentheses indicate the respective directions of the incident beam and
scattered beams [80].

The reported phonon frequencies observed for CdS wurtzite crystal in [80] are
given in Table Il. Figure 29 shows the Raman spectra of CdS nanowires using the
polarization filter when light is propagating along the length of the wire along Z. Peaks in
intensity were observed at Al (TO) at 235 cm™ for parallel polarization and at E2 at 258
cm™ for perpendicular polarization along with 1 LO, 2 LO at 309 and 607 cm™
respectively. These peaks are in accordance with the CdS values of transverse and
longitudinal mode peaks [70]. Also, Raman spectral studies were performed with the
polarization filter when light was propagating perpendicular to the length of the wire. The
peaks were found at peak at E1 (transverse) at 247 cm™ for parallel polarization of
incident light as shown Figure 30 (a) and at quasi Al (transverse) at 240 cm™ for
perpendicular polarization as shown in Figure 30 (b) along with 1 LO, 2 LO at 310 and
604 cm™ respectively. The observed peaks were slightly different for CdS NWs than the
reported frequencies of CdS bulk crystals given in Table 1. The 1 LO phonon energy has
been observed more for CdS NWs as compared to CdS bulk. The same behavior with the
increase in 1 LO phonon energy was also reported in Refs. [77, 78]. Also, good
crystallinity enhances multiphonon responses due to well-defined phonons in the
material. The optical properties of CdS nanowires are also influenced greatly by exciton
longitudinal optical (LO) phonon interaction. The exciton optical phonon interaction for

these nanowires is also studied in details and is explained in the following section 4.6.
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Table I1: Optical phonon modes of wurtzite CdS crystal. All the modes are expressed in
-1
cm™.

Optical mode CdsS

E, 43

E. 256

A 234

Quasi- Az (transverse) 240
Quasi- E; (transverse) 239
E; (transverse) 243

A (longitudinal) 305
Quasi- A; (longitudinal) 306
Quasi- E; (longitudinal) 306
E, (longitudinal) 307

4.6 Exciton longitudinal optical (LO) phonon interaction in CdS nanowires

In this section, we explore the electron phonon interaction in the CdS wurtzite
nanowire. As seen in the previous discussion, the phonon energies of the grown CdS
nanowires are quite dependent on the strain, lattice contraction and also the electron-
phonon interactions. The electron phonon interactions of the grown CdS nanowires were
studied. Since the grown CdS nanowires belong to wurtzite crystals, which have a
different unit-cell structure and lower symmetry as compared to zinc-blende crystals,
phonon dynamics and carrier-phonon interactions in this material system are quite
different.

The lattice vibrations can be described in terms of orientation with respect to the ¢
axis, the phonon wave vector g, the electric field E, and the polarization P due to the
optical anisotropy and lower symmetry of uniaxial crystals [71]. The lattice vibrations are
divided into two groups of phonons: ordinary phonons for which E and P are both

perpendicular to g and the ¢ axis and extraordinary phonons for which the frequency of
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the phonon is dependent upon the angle between the phonon wave vector and the ¢ axis
given by 6.

Loudon in Ref [71] has explained the macroscopic equations of uniaxial crystals by
describing the dielectric constant with the direction parallel to the ¢ axis, as g, and
another dielectric constant associated with the direction perpendicular to the c axis, as ¢,
and the phonon frequencies of the extraordinary phonons satisfy the following relation
[81] given by

£,5in’0 + g cos?0 =0 (4.2)

The direction-dependent dielectric functions are given by the following equations (4.3)

and (4.4)
_ 00 w? _wiL
g, (w)=¢, o (4.3)
0?2 —02
_ liL
e (w) = &" 5 (4.4)

Therefore, the static direction-dependent dielectric functions after substituting w = 0 in
(4.3) and (4.4) gives the following equations

2
W],

SJ_(O) - Sloow_i (45)
g(0) = €||°°wizL (4.6)

Il
For wurtzite-based crystals such as GaN, ZnO, CdS, and CdSe materials, the equations
according to Loudon’s model for longitudinal and transverse modes satisfy the following
equations (4.7) and (4.8) respectively:

wiLsinze + (*)|2|L cos?0 = oofo (4.7
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wicos®0 + wf; sin*6 = wig (4.8)
Two of the optical modes Al and E1 modes at split into LO and TO components for
wurtzite crystals. These phonons exhibit mixed polarization for an arbitrary 6. For 6 =0,
in pure A1 (LO) mode, two positive ions of the unit cell of wurtzite structure are
displaced along the c axis, and the two negative ions are displaced along the c axis in the
opposite direction. Therefore, a polarization P directed along the ¢ axis is caused in Al
(LO) mode. However, for pure E1 (TO) mode, two positive ions are displaced
perpendicular to the ¢ axis, and the two negative ions are displaced in the opposite
direction, perpendicular to the c axis. Therefore, the E1 (TO) mode causes a polarization
P in the direction perpendicular to ¢ axis. For 6 = 0, both E1 and A1 modes are infrared
active and have Frohlich interactions. The modes are A1 (TO) and the E1 (LO) modes for
0° and 90°, respectively. The optical modes are mixed and do not have purely LO or TO
character for values of 6 between 0° and 90° and these associated Frohlich interactions
for different modes causes strong carrier-polar-optical-phonon interactions.

An electrical field is produced by a long wavelength LO phonon in a polar semiconductor
which is given by E(r) [82].

E(r) = —4nFY, P a,e"" + a,Te 7] (4.9)

where q is the phonon vector, a;and a,* are the phonon annihilation and creation

operators, respectively, P the polarization vector, and Frohlich constant F is given by [82]

F — hQ)LO (i _ l)]l/z (m:-l-mh )] 1/4 ] (410)

8wV \ €0 =0 2h3wL0
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The larger size of an exciton makes the phonon highly polarizable, so the LO phonons
couple strongly to the excitons. The exciton—LO phonon coupling Hamiltonian H is given
by the following equation [83]

H=%,—ep(q@exp(iq.r)(aq + aZ,) (4.11)
where ¢(q) is the Fourier transform of ¢(r) , ajand a, * are the phonon annihilation
and creation operators, respectively.

Therefore, the normalized Hamiltonian function is given as follows [81]:

1
2
Ame?hV 1 1 , .
H= 3 —exp(iqg.1) (aq + a_q)
I [eL (0)sin?0 + g (w)cos?8)] q

2 (w3 -w?)(wi-w? )
_ 2 2me?h L ( [ ) . » elqr(aq + a*_q)
q

Vo [(si— eP)wi (wf-w?)Zsin? (9)+(sﬁ— sﬁ)wll(wi—wz)zcosz (9)]

(4.12)

After solving the equation (4.12) the electron phonon coupling constant for the

grown CdS nanowires were calculated using MATLAB and the MATLAB program is

given in Appendix A. The electron-phonon coupling constant with respect to various

angles 8 was computed using equation (4.12) in MATLAB, which is shown in Figure 31.

All the values for phonon frequencies were taken from Table Il. The crystal volume was
calculated by taking the lattice constant from Table I.

It was observed experimentally that the magnitude of Huang Rhys factor, which

signifies the electron phonon coupling strength, decreases with the increasing angles of

laser polarization. The Huang Rhys factor is the ratio of 2 LO peak with respect to 1 LO

peak and is computed from the experimental data of Raman spectrum shown in Figure
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34. The electron phonon coupling strength S is estimated by measuring the Raman
intensity of the 2 LO phonon with respect to that of the LO phonon [83] where S is the
Huang Rhys factor.

According to Franck Condon approximation, the ratio of the second-order and the
first-order Raman scattering cross sections approximately equates to where S is the
displacement of the harmonic oscillator in the exited state, which can be used to express
the coupling strength of the electron to the LO phonon in polar semiconductor materials.
The calculation of Huang Rhys factor for the experimental data shown in Figure 34 is
given in Table IlI.

Table I111: Huang Rhys factor values computed from experimental data given in Figure
34.

Angle 8 in degrees Huang Rhys parameter, S

0 11
30 0.88
60 0.78
90 0.67

It has been seen that in the MATLAB calculation results in Figure 32 of electron
phonon coupling constant that the decreases with the increasing angle 6 which denotes
the angle between the long axis of nanowire (z axis) and the laser polarization.
Experimentally, it was observed as seen in Figure 33 that the Raman response was the
best for O degree lower angles than the higher angles. It’s observed that the Raman
intensity is dependent on the angle of laser polarization, the orientation of the nanowires

and also the electron phonon interaction in the nanowires.
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Figure 24: Types of Raman scattering.
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Figure 25: Raman peaks observed at 302, 603, 906 cm™ corresponding to 1 LO, 2 LO
and 3 LO respectively of CdS nanowires grown in AAO templates fabricated on ITO
coated glass substrate.
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Figure 26: Raman peaks observed at 305, 606, 909 cm™ corresponding to 1 LO, 2 LO
and 3 LO of CdS nanowires respectively grown in anodized alumina sheet.
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Figure 27: Raman spectra of VLS grown CdS nanowires with peaks at 302 cm™, 603 cm”
L and 906 cm™ corresponding to the longitudinal optical phonon (LO) modes 1 LO, 2 LO
and 3 LO, respectively.
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Figure 28: Comparison of Raman spectra of VLS grown and electrodeposited growth of

CdS nanowires.
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Figure 29: Raman using the polarization filter with peak at Al (TO) at 235 cm™ for
parallel polarization in (a) and at E2 at 258 cm™ for perpendicular polarization in (b)
along with 1 LO, 2 LO at 309 and 607 cm™ respectively when light is propagating along
the length of the wire along Z.
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Figure 30: Raman using the polarization filter with peak at E1 (transverse) at 247 cm™

for parallel polarization in (a) and at quasi A1 (transverse) at 240 cm™ for perpendicular
polarization in (b) along with 1 LO, 2 LO at 309 and 607 cm™ respectively when light is
propagating along Z but perpendicular to the length of the wire.
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Figure 31: Plot of electron phonon coupling constant for CdS nanowires for different
laser polarization angles @ against wavenumber. Highlighted regions (a) and (b) are
zoomed out in Figures 32 and 33 respectively as shown below.
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Figure 33: Zoomed version of highlighted region (b) of Figure 31 shows the magnitudes
of electron coupling constant decreasing with increasing angle 6.
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Chapter 5 Investigation of CdS/P3HT Heterojunction

In this chapter, the heterojunction formed between conductive polymer poly (3-
hexylthiophene-2, 5-diyl) (P3HT) and CdS nanowires array is investigated for its
potential use in photovoltaic applications. Conductive polymer P3HT polymer chemical
structure and its electrical transport properties such as mobility for polymer inter-chain
and intra-chain conduction is discussed in Section 5.1. The Section 5.2 gives the
experimental details about the formation of heterojunction between the CdS nanowire
and P3HT. Optical and current voltage characteristics of CdS/P3HT heterojunction are

explained in the Section 5.3.

51 Introduction

Polymers consist of chains that have repeating units of carbon, hydrogen and
other atoms. These repeating units are called as monomers. Typically, these polymers are
insulators but in some polymers are conductive due to the charge carrier transport in
conjugated polymers. The charge carrier transport is mainly possible due to the presence
of @ bonds. The p orbitals of carbon atoms in two neighboring repeating units in a
conjugated polymer may overlap each other resulting in the formation of two split energy
levels as m bonding orbital and a n_ anti-bonding orbital. In a complete chain of polymer
these energy levels produce m energy band, which is called the highest occupied
molecular orbital (HOMO) and 7 energy band is formed which is called as the lowest
unoccupied molecular orbital (LUMO) in an energy band diagram of polymer. HOMO
and LUMO orbitals are considered similar to the valence and conduction bands of

inorganic semiconductors, respectively [84, 85]. In an intra-chain conduction, the charge
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carriers move in the same polymer chain via @ bonds. High charge carrier mobility is
usually observed in the case of intra-chain conduction when the chain stays as a straight
nanowire for high conduction and favorable results for some electronic applications. On
other hand, in an inter-chain conduction, the carriers are moving between different
chains, and the mobility highly reduces and is very less as compared to the mobility of the
intra-chain case [86]. The obtained mobility values tend to be lower in inter-chain
conduction than the potential intra-chain mobility if the dominant conduction mechanism
in bulk and disordered polymers is inter-chain hopping. Therefore, the conductive
polymer takes the shape of nanowires when its spin coated in an array of standing CdS
nanowires. CdS nanowires grown on ITO coated glass substrate is used to form a hybrid
junction with the conductive polymer poly (3-hexylthiophene-2, 5-diyl) (P3HT).

In these experiments, regioregular poly (3-hexylthiophene-2, 5-diyl) (P3HT): chloroform
solution was used as the semiconductor between the n-type CdS nanowire array grown on
ITO coated glass substrate. The monomer unit of P3HT is shown in Figure 35.

These CdS NW/P3HT hybrid junctions were characterized optically and electrically to

investigate the electronic transport properties for optoelectronic applications.

5.2 Experimental Details

Firstly, the polymer P3HT was dissolved in the chloroform solution with a w/v
ratio of 10 mg/ml. The solution was heated to 100 °C to dissolve the polymer completely
and then the solution was drop cast on the grown CdS nanowire sample on ITO coated
glass substrate to form the hybrid structure. These samples were optically characterized

by performing photoluminescence experiments. Also, the top contact (Ag) was formed
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using silver paint to study the current voltage properties of ITO/CdS/P3HT/Ag

heterojunction.

53 Photoluminescence and Current VVoltage Characterization of CdS/P3HT

Optical characterization was performed on CdS/P3HT samples to investigate the
effects of charge transport on the photoluminescence properties of the polymers. PL
studies were performed on these samples to study charge transport in these
heterojunctions and also the properties of electronic states. The HOMO and LUMO
levels for P3HT are at -5.0 eV and -3.0 eV as seen in Figure 36. Also, the E.and E, bands
of CdS are also shown in Figure 36. The conduction band minimum and the valence band
maximum values for CdS are: E; -4.3 eV and E, -6.6 eV [87]. Therefore, after band
alignment of the Fermi level of CdS and P3HT gives the following band diagram with
AE¢ =E umopart — Eccas = - 0.8 eV and AE, = Eromopsit — Evscas = -1.3 eV where AE,
and AE, are the discontinuities in the conduction and valence band edges. Energy band
for the CdS/P3HT heterojunction is given in Figure 37.

PL was performed only on the P3HT dissolved in chloroform solution alone to
find the peak intensity of the conductive polymer P3HT. Figure 38 (a) shows the PL
spectra of the P3HT solution on an ITO coated glass substrate.

The peak for P3HT was observed at 650 nm (1.9 eV) around its band gap of 1.9 eV. The
PL peaks for the CdS/P3HT sample was observed for the both CdS at 510 nm and P3HT
peak was observed at 650 nm with a lower intensity due to the charge transport between
CdS and P3HT heterojunction. Figure 38 (b) shows the PL peaks for both CdS NWs
along with the P3HT peak. The peak for CdS and P3HT was observed at 510 nm and

650 nm respectively.
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The top contact was the silver (Ag) formed using silver paint to study the current voltage
properties of ITO/CdS/P3HT/Ag heterojunction. However, the top contact Ag and back
contact ITO are at - 4.7 eV and - 4.8 eV respectively which is not shown in the band
diagram in Figure 37.

Current voltage (1-V) characteristics were measured on the CdS/P3HT sample using
HP4156B semiconductor parameter analyzer and a probe station at room temperature.
The 1-V measurement for ITO/CdS NWs/P3HT/Ag is shown in Figure 39 (a) and the
schematic for the circuits is shown in Figure 39 (b).

Charge transport in conductive polymers propagates through the extended m-bonded
system through the transfer of either electrons or holes, but there can be a reduction in
mobility of charge carriers due to localization of charge carriers at the semiconductor-
polymer contact arising from structural defect related traps, variations in interchain
distances in the coated P3HT polymer and scattering sites. But the sharp PL peak at 650
nm near its band gap denotes the structure of P3HT layer was of good quality.

The 1-V characteristics of the n-CdS: P3HT junction are those of a Schottky rectifying
barrier as mostly conductive polymers can exist in either metallic or semiconductor-like
state, therefore rectifying junctions are formed when a junction is formed between the
polymer and a metal or polymer and semiconductor [88]. In forward bias, the current
increases exponentially at potential of 1 V. In applied reverse bias, very little current of
around -0.1 mA was observed as seen in zoomed Figure 40 (b).

For Schottky barrier like n-CdS/P3HT, the current density J with respect to applied bias
V, is given by (5.1) equation

J = Joed armkt (5.1)
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where Jo, is the saturation current, n is the quality factor, q is the electronic charge, k is
the Boltzmann constant, and T is the absolute temperature. The barrier height ¢, can be
derived from the equation J, by using the Richardson equation [88]:

Jo = R" exp (% (5.2)
where R* = R (m*/mg,), m* = 0.21m, for n-CdS using Table | values and Richardson
constant R = 120 A cm® K? is the Richardson constant for free electrons [88].

By analyzing, the experimental 1-V curve we get saturation current Js equal to 3.45 = 10°
7 Alem? and diode quality factor n was found to be 1.8, and a barrier height ¢, of 0.95
V. The barrier height and the quality factor of the n-CdS: P3HT junction were calculated
theoretically and fitted with the experimental I-V curve of CdS/P3HT in MATLAB as
shown in Figure 40 (a). Its seen that there is a deviation in the experimental curve than
the simulated curve which can be because of the reduction of mobility due to interchain

conduction and some defects present in the heterojunction.
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Figure 38: (a) PL spectrum of P3HT solution with peak at 650 nm (b) PL spectra of
CdS/P3HT heterojunction with CdS peak at 510 nm and P3HT peak at 650 nm.
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Figure 39: (a) I-V curve of CdS/P3HT. (b) Schematic of CdS/P3HT measurement circuit.
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Chapter 6 Uses of CdSe/ZnS Quantum Dots

In this chapter, a novel method to detect voids on the copper surface is discussed.
This method of detection can be useful in detecting voids in copper interconnects and
contacts for system reliability. Quantum dots (QD) properties were employed to detect
the nanocavities on the copper surface since it’s easy to detect the presence of a QD with
its emission and excitation properties at a particular wavelength. The nanopores of copper
undergo crevice corrosion and behave like an anode, which binds with a negatively
charged carboxyl functionalized QDs and repels the positively charged amine QDs.
Section 6.1 gives the introduction to the detection method. Section 6.2 discusses the
experimental details of binding QDs to the copper surface. Positively charged amine
functionalized CdSe/ZnS QDs and negatively charged carboxyl functionalized QDs were
used for binding to determine the cathodic or anodic nature of the copper nanopores
undergoing crevice corrosion. Section 6.3 discusses the results after the drop cast and
washing of amine and carboxyl QDs on copper surfaces. Section 6.4 discusses the partial

masking of copper surfaces and its results.

6.1 Introduction

Semiconducting quantum dots (QDs) have generated lot of interest due to their
properties in the field of research [90, 91]. The electronic structure in quantum dots is
dependent on quantum confinement effects in all three spatial dimensions. As a result, the
optical properties are quite different than the bulk material. In addition, quantum dots are
of technological interest as the active material in optoelectronic devices such as light

emitting diodes (LED), photo detectors, transistors, solar cells, and diode lasers [92, 93].

73



74

They have higher absorption coefficients compared to the bulk material [94]. They have
electronic characteristics, which are closely related and tunable by their size and shape.

It is desirable to detect voids of nanoscale dimensions on copper surfaces; indeed such a
capability may be of use in detecting voids in copper interconnects and contacts for
system reliability [95]. QD properties were employed to detect the nanocavities on a
copper surface since it’s easy to detect the presence of a QD with its emission and
excitation properties at a particular wavelength. These QDs have band gap energies that
depend on size and have highly tunable excitation frequencies and unique surface
chemistry creating dangling bonds, or adsorbents at the surface [96]. The binding of QDs
due to the dangling bonds created by the negatively charged functionalized groups of
QDs with the anodic like nanopores structures of copper surface aids in finding the
location of the nanopore on the copper surface.

The copper nanopores behave like surfaces exhibiting crevice corrosion where
metal behaves like an anode undergoing reaction with cathode like species such as here
the negatively charged carboxyl functionalized group of the QD [97]. These bound QDs
were easy to examine with fluorescence microscope under 655 nm filter around its
characteristic wavelength of 650 nm that will detect in the fluorescence of bound QDs on

the copper nanopores.

6.2 Experimental details

Firstly, copper surface purchased from Sigma Aldrich of 0.5 mm thickness was
anodized to produce nanopores to test if the QDs bind to the holes on the copper. The
copper surface was anodized in 3.5 M NaOH solution to produce nanopores in the copper

surface at 10 °C with anode as copper of size 1 cm by 1 cm and cathode as platinum
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electrode by applying a voltage of 40 V for 5 mins, 10 mins, 15 mins and 20 mins [98].
A barrier layer of oxide is usually formed after the anodization of copper, which should
be removed before binding the QDs to the nanopores. After the anodization of the copper,
CdSe/zZnS core shell QDs 650 NC (purchased from eBioscience Inc.) were drop cast on
to the copper surface and left for overnight for drying. Positively charged amine and
negatively charged carboxyl CdSe/ZnS QDs were used to determine the anodic or
cathodic nature of copper nanopores. These anodized copper surfaces with QDs were
studied under fluorescence microscope to determine if the QDs were binding to the
nanopores on the copper surface. Following this, these copper surfaces with QDs were
washed with deionized (DI) water four times and examined after each wash under
fluorescence microscope to determine if the QDs actually bind to the nanopores on the
copper surface. After each wash, the QDs were observed under the fluorescence
microscope proving that these QDs bind to the nanopores on the copper surface. The
barrier layer formed after the anodization of copper was removed by immersing the
sample in 0.1 M sulfuric acid for 1 hour at room temperature. However, after the removal
of the barrier layer these QDs were drop cast and examined under fluorescence
microscope to check if the QDs bind to the nanopores on the copper surface. These QDs
can be only removed from the copper surface only if we heat the surface at 100 °C for 30

minutes. The results are discussed in the next section.

6.3 Results and Discussion

6.3.1 Carboxyl functionalized QODs on copper surface

The copper surfaces were anodized in 3.5 M NaOH solution at 40 V for 5, 10, 15

and 20 minutes and were examined under JEOL 6320 Field Emission Scanning Electron
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microscope (FESEM) after the removal of barrier layer. The SEM micrographs are
shown in the Figure 41.

The CdSe/ZnS 650 NC quantum dots were drop cast on the copper surface and
were looked under fluorescence microscope to see if these QDs bind to the nanopores of
copper surface after washing it 4 times in DI water to determine the binding of the
nanopores of the QDs. The images of the copper surface with the drop cast QDs before
the wash are shown in Figure 42.

Since the left and right images above are correlated by one to one basis,
nanopores location can be correlated to the QDs location in its right image and it can be
said that the QDs bind to the nanopores of the copper surface. The sample with QDs was
washed with DI water and was examined under fluorescence microscope and images are
shown in Figure 43.

Looking from the images above, we can say that the QDs bind to the nanopores of
the copper surface. The AFM images of the copper surface are shown in Figure 44 to see
the binding of the QDs to the surface.

These anodized copper surfaces were heated to 100 °C for 30 minutes and these
surfaces were allowed to cool down. The surfaces were then wiped off with a Kimwipe.
The bound QDs were removed from the copper surface and were found on the Kimwipe
when examined under fluorescence microscope. The copper surface and the Kimwipe
were both examined under fluorescence microscope. The QDs were seen only on the
Kimwipe and not on the copper surface showing that the QDs were removed from the

copper surface. The images of the Kimwipe with QDs are shown in Figure 45.
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The images of the copper surface after heating it to 100°C for 30 minutes and then
wiping it off with Kimwipe are shown in Figure 46. There were no QDs seen on the
copper surface, which confirms the removal of the QDs from the copper surface after

heating.

6.3.2 Amine ODs on copper nanocavities

To further investigate the nature of binding of these negatively charged carboxyl
functionalized CdSe/ZnS QDs with the nanopores of copper surface, positively charged
amine functionalized CdSe/ZnS QDs 650 NC were purchased from Life Technologies
Inc., and similarly the amino functionalized CdS/ZnS 650 QDs were dropcast on the
anodized copper surfaces to determine the binding nature of copper nanopores. The
copper nanopores may be understood in a manner analogous to surfaces exhibiting
crevice corrosion where metal behaves like an anode undergoing reaction with cathode
like species such as here the negatively charged carboxyl functionalized group of the QD
[97]. Therefore, these positively charged amino functionalized QDs were not seen on the
anodized copper surface under fluorescence microscope after washing this surface as
shown in Figure 47 which confirms that the nanoporous copper surface behaves like an
anode and does not bind with positively charged amine groups of the QD.

Figure 47 (c) and (d) shows the negatively charged carboxyl functionalized QDs binding
to the copper nanopores for comparison proving that the copper nanopores binds to
negatively charged functionalized QDs and not the positively charged functionalized

QDs.
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6.4 Partial anodization of copper surface with a mask

The copper was anodized in NaOH solution only in half of the region by masking
half of the copper surface with an insulation tape and scotch tape to grow nanopores only
in half of the region of the copper surface. These negatively charged carboxyl group QDs
were seen to bind only in anodized region of the copper surface confirming that only the
nanoporous surface of copper behaves like an anode and binds with the negatively
charged carboxyl groups of QDs. The copper surface was masked for half of the region of
the sample and then anodized to form nanopores only in half of the region as shown in
Figure 48.

The sample was anodized for different times to grow different sizes of nanopores
to determine if binding of QDs to nanopores is a function of size of pores. The SEM
images for four different anodization times of 5, 10, 15 and 20 minutes were shown in
Figure 41 and these samples were called as sample A, B, C and D with respect to
increasing time of anodization.

The negatively charged carboxyl functionalized CdSe/ZnS 650 NC were drop cast
all over the partially anodized sample and rinsed with DI water four times. After rinsing
with DI water the four samples were examined under fluorescence microscope and the
images are all shown in Figures 49, 50, 51 and 52.

In all the samples the QDs were observed only on the nanoporous side under red
fluorescence with using 655 nm filter to observe the fluorescence of the carboxylic group.
It was observed that negatively charged carboxyl functionalized QDs bound to the

nanopores since the QDs on the non-porous side were washed away by DI water rinse.
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This is a novel strategy of detecting nanocavities on metallic surfaces like copper by
using QDs since QDs are of the size of only 5-10 nm which can have chances in binding
with the voids of the metallic surfaces if present. This method of the detecting

nanocavities on metallic surfaces can be employed in many industrial applications.

SEI 100KV X35000 100nm WD 9.0mm S S| 35KV X40000 100nm WD 9.0mm

-

SEI 40KV X30,000 100nm WD 80mm

Figure 41: (a) 5 minute anodization, sample A (b) 10 minute anodization, sample B (c)
15 minute anodization, sample C (d) 20 minute anodization time, sample D.



Figure 42: (Clockwise from left): (a) White light image of 2 mm drop of 650 NC QDs
under 4X Magnification. (b) Red fluorescence image of the same area under 4X
magnification with 655 nm filter. (c) 50 X magnification of the same area in red
fluorescence using 655 nm filter. (d) 50 X magnification of the same area in white light.
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(a) (b)

Figure 43: 50 X magnification image after the fourth wash with DI water (a) under white
light (b) red fluorescence under 655 nm filter.

Figure 44: AFM micrograph of the copper surface with the QDs on it.



(@) (b)

Figure 45: 4X magnification image of the Kimwipe (a) under white light (b) red
fluorescence with 655 nm filter.

(@) (b)

Figure 46: 50 X magnification image after heating the copper surface (a) under white
light (b) red fluorescence under 655 nm filter.
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Figure 47: a) White light image of anodized copper surface with drop cast amine
functionalized CdSe/ZnS QDs after washing four times. b) Red fluorescence image of the
same area under 50X magnification with 655 nm filter. Positively charged amino QDs
were not seen under fluorescence microscope, therefore these QDs did not bind to the
anodic like nanopores of copper surface (c) 50 X magnification image of carboxyl
functionalized binding after the fourth wash with DI water under white light (d) red
fluorescence under 655 nm filter.
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Figure 48: (a) SEM image showing both the regions where the right side region of the
sample which was anodized and left hand side region of the sample was masked with
scotch tape and was not anodized. (b) Higher magnification of unanodized left side
region image where we could see only the copper surface without pores since it was not
anodized. (c) SEM image showing the right region of anodized area of copper.
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Figure 49: Left hand side region of sample was anodized for 5 minutes and right hand
side region of the sample was masked with scotch tape resulting in 20 nm pores as seen
in sample A. Quantum dots were observed only in nanoporous side

Figure 50: Left hand side region of the sample was anodized for 10 minutes and right
hand side region of the sample was masked with scotch tape resulting in 40 nm pores as
seen in sample B. Quantum dots were observed only in nanoporous side.



Figure 51: Left hand side is anodized for 15 minutes and right hand side of the sample
was masked with scotch tape resulting in 100 nm pores as seen in sample C. Quantum
dots were observed only in nanoporous side.

Figure 52: Left hand side region of the sample was anodized for 20 minutes and right
hand side region of the sample was masked with scotch tape resulting in 400 nm pores as
seen in sample D. Quantum dots were observed only in nanoporous side.



Chapter 7 Conclusion and Future Work
7.1 Conclusion

This thesis can be summarized into three main parts. The first part focuses on the
growth of CdS nanowires in nanoporous templates. The surface morphologies of these
CdS nanowires were studied and characterization was performed using
photoluminescence and Raman spectroscopy including the calculation of surface
depletion region width of the grown nanowires. Polarization anisotropy properties were
investigated for its possible use in nanoscale based polarization sensitive devices. Also,
the electron phonon interaction in these CdS nanowires was studied with respect to
polarization. The second part involves the study of the heterojunction of CdS nanowires
and conductive polymer, Poly (3-hexylthiophene-2, 5-diyl) (P3HT). These
heterojunctions were optically and electrically characterized for its use in photovoltaic
cells. The third part emphasized on the novel detection of nanopores on copper surfaces
using optical properties of functionalized CdSe/ZnS QDs, such as fluorescence and its
unique surface chemistry.

There are some serious bottlenecks or fabrication issues in growing nanowires in
nanoporous AAO thin template of 200 nm because of its susceptibility to crack and poor
connectivity to the substrate and these bottlenecks or fabrication issues have been
discussed in detail in Chapter 2. It’s a highly advantageous procedure to grow nanowires
in AAO template because of its ability to withstand high temperature, high
reproducibility and easy to fabricate large arrays of nanowires of high aspect ratios. We
have employed a simple DC electrodeposition procedure to self-assemble CdS nanowires

in a thin AAO template and briefly describing the fabrication issues at each fabrication
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step. Firstly, the AAO templates were grown here at UIC by us in 200 nm deposited
aluminum on ITO coated glass substrate. Secondly, the AAO templates were also grown
in 500 pum Al sheet at Brown University by us with an appended step of electropolishing
which resulted in better template growth with a stable structure and had less susceptibility
to crack. Also, high quality CdS nanowires of thin diameter of about 40 -50 nm were
grown successfully by DC electrodeposition in both the templates grown at UIC and
Brown University. Furthermore, VLS technique growth was used to fabricate CdS
nanowires since the nanowires were hard to grow sometimes because of the incomplete
removal of barrier layer. Raman spectral and PL studies were performed on these
nanowires to study the electronic structures of the nanowires, which were consistent with
the previously published CdS nanowires peak values demonstrating good quality of CdS
nanowires. These CdS nanowire arrays were used to form heterojunctions with
conductive polymer P3HT for its possible use in solar cells. These ITO/CdS
NWSs/P3HT/Ag heterojuctions were optically and electrically characterized.

The PL measurements on these grown CdS nanowires were discussed in Chapter
3. The PL peaks were observed near to the band gap 510 nm of CdS nanowires.
Furthermore, to analyze the underlying recombination processes in PL, intensity
dependent PL measurements were performed with different intensity filters before and
after annealing to investigate the defect states if present in the grown CdS nanowires. It
was observed that the linearity improved after annealing showing that the underlying
recombination were mostly band to band showing that the crystallinity improved after
annealing. The surface depletion region in CdS nanowires were theoretically analyzed

and computed. The diameter of the cylindrical nanowires was computed using
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Schrodinger equation in cylindrical coordinates, which was in accordance with the actual
diameter of the CdS nanowires.

The polarization anisotropy of these nanowires was also studied. A polarization
ratio of 0.85 shows good polarization anisotropy in these nanowires. Only a polarization
ratio of 0.67 has been observed till now with CdS nanowires [87].

Chapter 4 discusses about the Raman spectroscopy studies of CdS nanowires
grown on ITO coated glass substrate in an anodized alumina template and in an anodized
alumina sheet. The Raman spectroscopy studies were performed on VLS grown CdS
nanowires for comparison with the DC electrodeposited growth. Strong 1 LO, 2 LO and 3
LO peaks were observed for these grown CdS nanowires 302 cm™, 603 cm™ and 906 cm’
! corresponding to the longitudinal optical phonon (LO) modes 1 LO, 2 LO and 3 LO,
respectively, analogous to the peaks of pure CdS crystalline structure. Electron phonon
coupling constants were computed theoretically to study the electron phonon interaction
in these CdS nanowires. The optical properties of CdS nanowires are strongly influenced
by strain, crystallinity, size confinement, and electron phonon phonon interaction. This
influence was seen in these grown CdS nanowires and we observed a slight shift in the
LO phonon frequencies of CdS nanowires from its bulk values. Also, all the phonon
modes corresponding to wurtzite crystal were observed for CdS nanowires to study the
polarization effect for Raman spectral studies.

Also, these CdS nanowires can be used for photovoltaic applications by
fabricating a polymer based CdS heterojunction, which is discussed in detail Chapter 5.
Optical and electrical characterizations for CdS NWs/P3HT polymers were performed for

its use in photovoltaic applications and study its electronic transport properties. These I-V
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characteristics of CdS/P3HT were theoretically simulated in MATLAB to compute the
characteristics in Chapter 5.

Quantum dots were used to detect nanocavities on copper surface. The CdSe/ZnS
650 NC quantum dots bound to the copper surface since the QDs remained on to the
copper surfaces even after washing these surfaces four times with DI water. Also, these
QDs can be removed from the copper surface by heating the surface for 30 minutes to
100 °C and then wiping it off after when it’s cooled down. It was observed negatively
charged functionalized carboxyl QDs were binding to the nanopores of copper surfaces
but positively charged amino QDs were not binding to copper nanopores. Therefore, it
was inferred that the copper nanopores undergo crevice corrosion and behave more like
an anode. The detection of nanocavities on copper surfaces by using the binding

properties of QDs will be useful in many industrial applications.

7.2 Future work

Also, other metallic or direct band gap semiconductors can be self-assembled in
anodized alumina templates for its use in optoelectronic applications. The only drawback
with the anodized alumina template is the incomplete removal of the barrier layer of
oxide which prevents the growth of nanowires. But, these templates have been widely
used to grow nanowires since it’s easy to grow with an added advantage of flexibility to
change the size of nanopores and it’s highly reproducible. Other best feature of these
anodized templates is that it can withstand high temperatures of 1000 °C. Hence, these
templates can be used to grow long nanowires using VLS mechanism too. Not only this,
these nanoporous templates can also be used to grow nanowires for its use in other

applications such as energy harvesting devices and energy storage devices. Other
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methods of nanoporous template growth can also be implemented such as using
nanoimprint lithography/dip pen lithography/block copolymer lithography to fabricate the
nanowires of less than 30 nm in diameter. However, it’s possible to grow nanowires of
less than 30 nm in AAO templates but it requires very low temperature of the order of -5
to -20 °C. Therefore, fabrication of solar cells using the anodized alumina template
growth and these above mentioned ways of lithography for the growth of the template
could be a possible future work.

The optimization of the properties of these CdS NWs/P3HT heterojunctions for
its possible use in solar cells is still underway. The performance characterization of these
CdS NWs/P3HT as solar cells with or without light is still under investigation. Also,
more of conductive polymers with CdS nanowires can be investigated other than P3HT
for its use in solar cells. The theoretical model for the I-V characteristics of CdS
NWSs/P3HT needs to be analyzed further for its comparison with experimental curve.
Also, other factors such as mobililty reduction due to interchain conduction, molecular
dynamics, scattering centers and interfacial defects needs to be studied and optimized

further.
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APPENDIX A

Program to calculate the electron phonon coupling constant in MATLAB.
clc;

close all;

clear all;

w= linspace(1,1000)

colorstring = 'kbgry";

degl=0

deg2=30*pi/180;

deg3=60*pi/180;

deg4=90*pi/180;

deg5=120*pi/180;

w_parl = 247;

W_perp = 235;

E1=(3.2*59536*((W_parl*2)-
(w.*w)).~2*sin(degl)*sin(degl))+((3.92*5.4569e+004)*((w_perp"2)-
(w.*w)).~2*cos(degl)*cos(degl));

Q1=E1.70.5;

P1=((4*3.14*exp(2)*1.0546 * 107-27)"0.5).*Q1 /(1.6*10"-4)
plot(w,P1,'Color',colorstring(1))

hold on
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APPENDIX A (continued)
E2=(3.2*59536*((w_parl"2)-
(w.*w)).~2*sin(deg2)*sin(deg2))+((3.92*5.4569e+004)*((w_perp"2)-
(w.*w)).~2*cos(deg2)*cos(deg?));
Q2=E2.70.5;
P2=((4*3.14*exp(2)*1.0546 * 107-27)"0.5).*Q2 /(1.6*10"-4)
plot(w,P2,'Color',colorstring(2))
hold on
E3=(3.2*59536*((w_parl*2)-
(w.*w)).~2*sin(deg3)*sin(deg3))+((3.92*5.4569e+004)*((w_perp"2)-
(w.*w)).~2*cos(deg3)*cos(degl));
Q3=E3.%0.5;
P3=((4*3.14*exp(2)*1.0546 * 107-27)"0.5).*Q3 /(1.6*10"-4)
plot(w,P3,'Color',colorstring(3))
hold on
E4=(3.2*59536*((W_parl"2)-
(w.*w)).~2*sin(deg4)*sin(deg4))+((3.92*5.4569e+004)*((w_perp"2)-
(w.*w)).~2*cos(deg4)*cos(deg4));
Q4=E4.70.5;
P4=((4*3.14*exp(2)*1.0546 * 107-27)"0.5).*Q4 /(1.6*107-4)
plot(w,P4,'Color',colorstring(4))

hold on
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APPENDIX A (continued)
xlabel("Waveumber (1/cm)")
ylabel('Electron Phonon coupling’)

legend('0 deg','30 deg','60 deg',"90 deg");
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APPENDIX B

MATLAB PROGRAM TO COMPUTE I-V CURVE OF CdS/P3HT heterojunction.
clc;

close all;

k=8.617e-5;

colorstring = 'gr’;

g=1.6e-19;

T=300;

A=0.21*120*10"-4;

phi=0.95;

n=1.8;

Js= q*A*T"2*exp(q*phi/k*T)

VA=linspace(-5,5);

Ar =0.25;

I=Js*Ar*(exp(VA/(n*k*T))-1)

close

plot(VA,Il,'Color',colorstring(1));grid;

hold on;

grid on;
plot([-2,-1.5,-1,-0.5,0,0.5,1,1.5,2],[-0.099999¢-3,-0.099997e-3,-0.099996¢-3,-0.075228e-
3,0,0.064388e-3,1.902¢-3,5.135e-3,20.61e-3],'Color’, colorstring(2));
ymin=-1e-3; ymax=21e-3;

axis([-2,2,ymin,ymax]);
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APPENDIX B (continued)
xlabel("VA(volts)'); ylabel('l(amps)");

legend('Simulated curve','Experimental curve’);
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