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Abstract

I-111-V12 semiconductors are being widely investigated due to their various possible
applications in photovoltaics, LEDs, bio-imaging etc. These ternary semiconductors
exhibit unique optical and photo physical properties depending on their composition, size
and their large non-stoichiometric structural tolerance. However, mostly studied ternary
quantum dots are based on In, Ga, Se, Te and Cd, confronts major issues in practical
applications because of their toxic composition or use of rare earth elements. In recent
development, these rare or toxic elements are being substituted with a non-toxic and
earth profuse elements as iron, aluminum etc. to overcome the above mentioned
problem. Here we have studied synthesis, structural and optical characterizations of
ternary semiconductor QDs which contain earth abundant and nontoxic compositions.
Alloying iron into CuAIS2 quantum dots reveals a shift in band gap of the material from
UV to near IR region. It was observed that a wide band gap II-VI semiconductor shell
coating over the alloyed core CuAlxFe1-xS2 enhanced the photoluminescence which range
from 580nm-1050nm with the change in ratio of iron and aluminum. PL decay for alloyed
samples revealed a defect mediated long lifetime similar as expected for this class of
material. The observed PLQY is more than 3% in some cases. A large stoke shift is
observed throughout all the compositions of CuAlxFeixS2/ZnS. Due to its nontoxic
compositions and emission in NIR region, the studied material could be a potential

candidate for bio-imaging and bio-detection.
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Introduction
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Introduction

The development of high efficiency and low cost photovoltaics is driven by the continuous
demand of energy'. There are global need for environment-friendly, cheap, clean and
renewable energy sources as alternatives for traditional energy sources?®. The main
problem with fossil fuels is that they are non-renewable and are in a limited amount. There
is high use of fossil fuels in recent decades which cause serious damage to the
environment. Therefore, obtainable resources are urgently needed. In this regard, solar
energy is a more feasible and effective option. To use the solar energy, we need to design
materials with suitable properties and performance’*. One of the major concerns has
been sustainability and compositions of these materials*°'4. Earth abundant and benign
composition of material with large scale up synthetic approach is our ultimate goal for this

purpose.

Nanoparticle semiconductor materials have very interesting properties which are
significantly different from their bulk materials?. In the regard of structure and size,
nanoparticles act as a bridge between bulk and atoms, however, their properties are
distinct from either?. The reduction in size leads to quantum confinement?. This effect
causes change in the opto-electronic and photo-physical properties of the material

depending on its size?.

1.1 Quantum Dots

Quantum dots (QDs), also known as artificial atoms are semiconductor nanocrystals in
which electrons are specially confined in all three directions within a potential barrier. This
confinement occurs when size of a particle become less than its Bohr’'s diameter. This
quantum confinement effect can be realized by a particle in a box example. These
semiconductor quantum dots exhibit discrete energy levels that can be controlled. The
energy band gap (Eg) of QDs can be tuned with size because of the quantum confinement
phenomenon. A smaller size quantum dot has stronger confinement effect making its

energy gap broader. Similarly, larger size quantum dots show narrow band gap.
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Unlike many organic dyes, quantum dots have a continuous and broad absorption spectra
with a narrower and more symmetric emission spectra. Therefore, quantum dots are more
sensitive in detection than for organic dyes. Figure 1 exemplify size dependent
Photoluminescence spectrum of core shell CdSe QDs. As shown in the figure 1,

luminescence is sifted towards lower energy as size of the quantum dots are increased.

Core
Size

uv
Excitation

PL:

Normalized PL

| | | !
475 500 525 550 575

Wavelength (nm)

Figure 1) Tunable photoluminescence of CdSe/ZnS Qds™.

1.2 Core/Shell structure based quantum dots

Generally, organic surfactants are used to envelop the quantum dots. The dangling bond
of the organic surfactant creates surface traps leading non-radiative recombination for
excitons and hence a significant reduction in photoluminescence quantum yield (PLQY).
To overcome this, a useful strategy could be encapsulation of core quantum dots with

inorganic material. These types of quantum dots are known as core shell quantum dots
(CSQDs).
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There are different types of CSQDs exist depending upon their valance band and
conduction band position such as type 1, inverse type1, type 2 and inverse type 2. In type
1, core material has a lower band gap than shell material. Figure 2 provides a schematic
representation of different type of CSQDs. Depending on the requirement, absorbance of
the CSQDs can be tuned by changing size of the core or the shell or both. It is also
observed that the shell growth increases overall photo stability of quantum dots in some

cases.

Core material
Egcl

Shell Material

Type 1 Inverse Type 2 Inverse
Type 1 Type 2

Figure 2) Different types of core/shell structure based QDs.

Mainly core/shell are composed of type II-VI, I-llI-VI2 and lll-V semiconductor materials.
For example CdS/ZnS, CuGaS2/ZnS, CdSe/CdS, CulnS2/CdS etc. There are many
literatures available which provide an insight of various applications of CSQDs, such as
in photovoltaics, bio imaging and LEDs30-34,
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1.3 I-lI-VI2 ternary quantum dots

I-11I-VI2 QDs denote specific elemental compositions belonging to group-I such as copper
(Cu), gold (Au), silver (Ag); Il (any trivalent cation as indium (In), Gallium (Ga), Aluminium
(Al) and VI consists sulphur (S), tellurium (Te), selenium (Se). This class of materials
show wide tunability of optical band gaps starting from the ultraviolet to near infrared
regions of the electromagnetic spectrum, depending on their elementary composition and
crystal structure. This class of QDs offers a potentially less toxic alternative for replacing

traditional toxic metal based materials.

Since past decades, there have been many reports on I-IlI-VI2 QDs. They are gaining
huge attention because of their applications in photovoltaics'®, LEDs?® and bio
imaging'%1317_ Most studied ternary materials are indium (In) based such as CulnS:2 and

CulnGaSe: as thin film photovoltaics'0:2534,

1.4 Motivation

Widely studied materials of |-1lI-VI2 QDs are mainly composed of Indium, Selenium,
Gallium and Tellurium which are rare and very expensive'#18. This seriously limits their
practical applications. In this regards, ternary QDs which are based on light metals such
as iron (Fe) and aluminum (Al) are potential candidates because of not only their
environment friendly composition but also their earth abundance. CuFeS:2 is the only
known non-toxic material composed of earth abundant elements with a narrow band gap
(around 0.5 eV), which shows photoluminescence in IR8'%. Another ternary class of
material, CuAIS2 is a wide band gap material with a bulk band gap of 3.45 eV shows a
wide range of application such as in optical transparency®? and photo catalysis?'2%
depending on their core shell type structure. Therefore, in this thesis, | have tried to
explore core shell structure based I-Ill-VI2 quantum dots which contain nontoxic and
earth abundant elements. Further, | have examined their optical and photo-physical

properties.

In chapter 1, | have explored Fe and Al based alloy semiconductor material which could

be a potential candidate in bio imaging. To obtain tunable light emission from UV to IR, |

15



have alloyed Fe into CuAlS2 and have coated the core material with zinc sulfide to

improve PL quantum yield.

In chapter 2, | have prepared CuAlS2/GazSs through colloidal route and studied its
structural and optical properties. In a few previous studies, Ga2Ss has been used as a
shell materials. It forms amorphous shell which improve overall stability of core material

and suppress the surface defect.
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Chapter-2

Synthesis and Characterization of Core Shell
structure based CuAlxFe1-xS2 alloyed Quantum
Dots
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2.1 Introduction

I-IlI-VI2 QDs are gaining huge attention as a replacement of traditional toxic element
based quantum dots”-'5. This class of materials shows a wide range of tunability in optical
band gaps'?. Ternary QDs like CuFeS2 and CuAlS:2 are potential candidate because of
their environment friendly composition. CuFeS2 (bulk band gap around 0.5 eV) and
CuAlIS2 (bulk band gap of 3.45 eV) are reported recently and both materials reveal unique
and interesting properties. In recent studies, it was found that depending on their size and

shell type, both ternary materials show their potential in various applications.

In this report, we have described the synthesis of CuAlxFe1xS2 and CuAlxFe1xS2/ZnS. To
obtain tunable light emission from UV to IR, we have alloyed Fe into CuAlS2 and have
coated the core material with zinc sulfide to improve PL quantum yield as core material
doesn’t show any significant luminescence. Here we present a better understanding
about structural and optical properties of ternary alloyed CuAlxFe1-xS2 CSQDs which can

be useful in different applications in future.

2.2 Experimental Section

2.2.1 Materials

Copper chloride (CuCl, 98%), Iron (lll) acetylacetonate {Fe(acac)s, 99%}, Aluminum
acetylacetonate {Al(acac)s, 99%}, elemental Sulphur (S), Zinc acetate {Zn(CH3COO),
99%]}, 1-Octadecene (ODE, technical grade 90%), Oleic acid (OA, 90%), Oleylamine
(technical grade, 70%), Dodecanethiol (DDT, 98%) were bought from Sigma-Aldrich. All
the chemicals were used as they are received.

2.2.2 Synthesis

The synthesis of the alloyed QDs was carried out using slenkline setup. It consisted three

steps.
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In first step, anion precursor (Sulphur in Oleylamine 0.1M) and Zinc oleate (0.1M) was
prepared. In a 30mL three-necked flask, elemental Sulphur (3.2 mg, 0.1mM), 2 mL
Oleylamine and 2 mL of 1-octadecene was taken. This reaction mixture was heated at
160 °C under argon for 20 minutes. In another 50 mL flask, 548.78 mg of zinc acetate in
oleic acid (15 mL) and Octadecene (10 mL) was added, and kept at 250 °C for 20 minutes

under inert atmosphere for the preparation of zinc oleate (0.1 M).

In second Step we prepared ternary alloyed QDs with different ration of Aluminum and
Iron. For a typical synthesis of CuAlosFeo.s5S2, Iron acetylacetonate (35.5 mg, 0.1 mM),
copper chloride (9.9 mg, 0.1 mM) and aluminum acetylacetonate (32.4mg, 0.1mM) were
added to a 50 mL three necked flask containing 2 mL ODE as solvent and 2 mL oleic acid
as ligand. The mixture was kept at 100 °C for 30 min to remove water under vacuum.
Further, the metal precursors were heated under argon atmosphere at 180 °C for 20 min
to dissolve the metal precursors. First, it formed a deep red color solution and after some
time the iron starts dissolving and the color changes from red to brown color solution.
Addition of 2 ml DDT at 180 °C turned reaction mixture color from brown to light yellow,
initiating nucleation which is followed by growth. We observed that there is color change

from light yellow to deep red which is associated with the growth of the core material.

In the third step, shell coating was done. At deep red color, reaction temperature was
increased to 220°C. Simultaneously, 2ml of as prepared zinc oleate and 1 ml of S in OLM
was added dropwise (duration 20 min). The solution was annealed for 10 mins then

quenched in water bath.

The prepared QDs were cleaned several times with excess of methanol and ethanol to
remove excess ligand and unreacted precursors. Further cleaned QDs were centrifuged
at 1000 RPM to remove large particles. These cleaned QDs were uniformly dissolved in

tetrachloroethylene (spectroscopic grade) for spectroscopic measurements.
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2.3 Instrumental characterization
2.3.1 UV-Vis Absorption

The fundamental principles of UV-Vis spectroscopy for optical characterization of
prepared QDs and instrumental set up has been described here. The UV-Visible
spectroscopy is the most useful technique to find out the properties of QD like band gap,
size distribution precisely. The optical absorption measurement of prepared samples has
been performed in the spectral range of 190 to 2500 nm. Electromagnetic radiation
generated from the source enters to the monochromatic and then beam splits into two
equal halves, one half passes through the reference and other half through the sample.
The beam intensity passes through the references taken as 100% transmission or 0%
absorption. The detector is synchronized with both the beams and it displays the ratio
between the two beam intensities. The detector scans the incident photon energy across
the desired range of the UV-Visible spectrum. QDs absorb the wave length of the light
corresponding to its band gap. There are two absorption spectrometers are used to
characterize the samples in this thesis, Ocean Optics and Perkin EImer's Lambda 35 UV-

Visible spectrometer.

2.3.2 Photoluminescence Study

Edinburg Instruments FLS920 Series Fluorescence Spectrometer with a 450W
continuous Xe arc lamp as an excitation source was used for steady state

photoluminescence (PL) measurements.

2.3.3 X- Ray Diffraction:

X- ray diffraction (XRD) provides important information about the structure, lattice
parameter, composition and phase of a crystal system. The theory behind XRD is

explained by Bragg’s equation,
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2d sin ©® = na

Where :

d = Inter-planner distance

© = Angle of diffraction

n = Order of diffraction

2 = Wavelength of incident X-ray

If x-ray diffraction satisfies the above condition then it leads to a constructive interference.

The XRD pattern is recorded after scanning a range of 20 angles.

Cleaned quantum dots were dissolved in hexane (spectroscopic grade) and drop casted
on a glass substrate. It formed a homogenous film. Further, the film was washed with

methanol and acetone two times. A 0.154 nm Cu Ka x-ray source was used to collect

the data.

2.3.4 Transmission Electron Microscopy and Scanning Transmission

Electron Microscopy

Transmission electron microscopy (TEM) is a technique in which electron beams are
transmitted through a very thin specimen. The interaction of the electrons with sample
form an image which is magnified on imaging device and detected by a sensor. If these
images are operated at the limit of resolution of the used instrument then it is known as a
high resolution TEM (HRTEM).

The scanning transmission electron microscope (STEM) works similar as TEM but a very

small beam of electrons is used to create an image.

Cleaned sample was dissolved in toluene and drop casted on cooper TEM grids. HR-
TEM images were obtained on a JEOL JEM-2100 transmission electron microscope (200
kV). An aberration corrected 250 kV TITAN TEM microscope was used for obtaining
STEM.
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2.3.5 Energy dispersive X-ray Analysis

Energy dispersive X-ray analysis (EDXA) is used for analysis of the elements or chemical
composition of a specimen. In this technique, X-ray is used as source of excitation. Each
element has a unique atomic structure which gives a unique set of peaks on its

electromagnetic emission spectrum.

An aberration corrected 250 kV TITAN TEM microscope was used for obtaining STEM-
EDX elemental mapping.

2.3.6 Quantum Yield and life time measurements:

A spectral coated integrating sphere on an Edinburgh Instruments, FLS 920
spectrofluorimeter was used to measure the absolute quantum yield in the VIS/NIR
region. Beforehand, the sphere was calibrated with a standard UV/VIS/NIR light source
to correct for any reflectivity artifacts. Samples were cleaned of all excess ligands and
dissolved into an infrared compatible solvent (tetrachloro ethylene, TCE). An UV/VIS/IR
transparent quartz cuvette containing TCE was introduced into the integrating sphere to
determine lamp intensity and scattering characteristics of the sphere at excitation and
emission wavelengths. An identical volume of the sample in TCE was subsequently put
into the same cuvette and introduced into the sphere. The light absorbed and emitted is
measured directly and the quantum yield is estimated as the light emitted to light
absorbed. Time resolved PL data were collected in the self-same instrument. The sample

emission was recorded using a laser diode excitation in right angle geometry.
2.3.7 X-ray photoelectron spectroscopy

X-ray Photoelectron spectroscopy (XPS) is a technique for surface characterization. A
high energy x-ray source is used to excite electrons in specific bound state. Depending
upon the transition energy, a specific binding energy can be calculated that can uniquely

identify the element.

Substrates were cleaned with 1-propanol and acetone at 50 °C thoroughly five times to

avoid any metal ion contamination. Then purified QDs were drop casted on to the
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substrate. XPS spectra were measured by Kratos Axis Ultra Photo Electron Spectroscopy

system with effective beam area of 20 micron.

2.3.8 Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-
AES)

This technique is widely used in delectation of chemical composition of a sample. It is an
emission spectroscopic technique in which a high temperature argon plasma is used to
pump electrons from the ground state to excited states. In process of returning back, they
emits electromagnetic radiations at very specific wavelength. A calibration plot is used to

determine unknown elemental concentrations.

ARCOS simultaneous ICP spectrometer, SPECTRO Analytical Instruments GmbH,
Germany is used for the ICP- AES analysis of the alloyed quantum dots. All samples were

prepared around 10 part per billion (PPB) of 10.

2.4 Results and Discussion

2.4.1 Structural characterization

Figure 3 exemplify the XRD pattern of CuAlxFe1xS2 QDs along with the standard pattern
of CuAlS2 and CuFeS:2. The intermediate peak positions of x-ray diffraction confirms that
the core material is an alloy as per Vegard’s law. XRD peaks are broadened due to the
nano-scale size. It is observed that inter-planer distances are 0.33 and 0.19 which is

corresponding to the (112) and (204) planes of a chalcopyrite crystal structure.

The core shell alloyed QDs show similar pattern as shell material ZnS (zinc blend
structure). The absence of any secondary phases indicate the high structural purity of the
QDs. Two zinc-blend unit cells which are stacked and compressed long the ¢ axis form a
chalcopyrite unit cell. In ternary system, two cations are in alternating positions along the
c-axis replacing the cations of the corresponding IlI-V compound.
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Figure 3a X-ray pattern of CuAlo.4Feo.6S2 QDs (black) and CuAlo.4Feo0.6S2/ZnS QDs (red),
standard pattern of CuAlS2 (Blue), standard pattern of CuFeS:2 (green) and standard
pattern of ZnS zinc blend structure (pink). Unit cell of I-IlI-VI2 chalcopyrite crystal

structure (3b) and a schematic of its energy band diagram (3c).

Figure 4a and 4b show transmission electron micrographs (TEM) of alloyed quantum dots
which suggest that the QDs are nearly monodisperse. High resolution TEM (HRTEM)
shown in figure 4c and 4d. HRTEM exemplify a high quality single crystalline QDs. Figure
4e suggest that the average size of alloyed QDs is 5.5 £ 1.23 for all different compositions

of iron and aluminum.
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Figure 4) TEM images (a, b), HRTEM images (c, d) and Histogram of the particle size
distribution (e) of CuAlo.sFeo0.4S2/ZnS QDs.

2.4.2 Compositional analysis

EDAX spectroscopy data of alloyed core quantum dots as well as coated with zinc sulfide
one are shown in figure 5a and 5b respectively. STEM elemental mapping shown in figure
5c, reveals a homogenous distribution of Cu, Al, Fe and S in alloyed quantum dots.
Composition was confirmed from ICP. A slight deviation was observed in composition in

QDs that actual composition.
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Figure 5 EDAX spectrum of alloyed CuAlo.4Feo0.6S2 QDs (a), CuAlo.4Feo0.6S2/ZnS QDs (b)
and STEM Elemental mapping of CuAlo.4Feo0.6S2 QDs.

2.4.3 Optical Properties

The core material samples with different compositions of Al and Fe were prepared by
similar procedure as described above. By changing the composition of aluminum and
iron, it is possible to prepare CuAlxFe1xS2 quantum dots that show absorption edges
spanning from 3.5eV (bulk band gap of CuAlS2) to 0.5 eV (bulk band gap of CuFeS2).
The direct band gap was calculated using tauc plot. Figure 6a shows the absorbance
spectra of CuAlxFe1-xS2 quantum dots. It was observed that with the increase in amount
of Fe, band gap of alloyed quantum dots shifted towards lower energy. The band gap of
alloyed QDs is decreased because of the lowering of the conduction band minimum
composed of hybrid orbitals of iron, aluminum and sulfur''33. During the change in
composition the size of the quantum dots is kept constant. We have also observed size-
dependent tunability in absorbance at particular chemical composition with Fe/ (Fe+Al)

ratio 0.35 (Figure 6b) of alloyed QDs which confirms size confinement effect.
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Figure 6a) absorbance spectrum of CuAlxFe1xS2 where 1-x is changes as 0 (blue),
0.1(green), 0.3(orange), 0.5(red), 0.6(pink) and 1 (black). 6b) Absorbance spectrum of
CuAlxFe1xS2 with growth time at particular composition of Fe/ (Fe+Al) ratio 0.35.

Surface coating of a core semiconductor with larger energy band gap semiconductor is a
well-known technique to remove surface defects. In previous studies, it is seen that
elimination of the recombination sites on particle surface enhance the photoluminescence
drastically. It was observed that as-prepared CuAlxFe1xS2 alloyed quantum dots do not
show any significant photoluminescence, however shell coating of ZnS lead to
measureable emission ranging visible to near infrared. Higher composition of Fe (>60%)
in alloy dis-stabilizes the quantum dots while surface coating, and starts leaching iron out
if the reaction mixture annealed for a long time. It is observed and also reported in recent
studies that CuAliFeoS2/ZnS doesn’t show any luminescence due to electron transfer
from core to zinc sulfide shell leading a non-radiative recombination. The incorporation of

iron lowers the valance band of core and prevent the non-radiative recombination.
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Figure: 7a Absorbance spectrum of CuAlxFe1xS2/ZnS with different composition of iron

and aluminum. Fe/(Al+Fe)= 0.2 (blue), 0.35 (green), 0.5(red), 0.6( purple) and

Photoluminescence spectrum of core shell QDs respectively (figure 7b).

Figure 8a and 8b exemplifies the absorption and emission spectra of CuAlxFe1xS2/ZnS
QDs respectively. The materials is emissive over the 554-1058 nm (2.23-1.17 eV)
window, with highest QYs of 3% at 600 nm emission. The Luminescence of this material
in this near-IR region suggest possible application in bio-imaging.

Like other I-11l-VI2 core/shells such as CulnS2/ZnS, the CuAlxFe1-xS2/ZnS QDs also exhibit
strong stokes shift relative to the band edge. In the case of CulnS2 QDs, this stokes shift
has been attributed to the occurrence of sub-gap states associated with copper. We find
that the behavior of CuAlxFe1xS2/ZnS QDs is rather similar to that of CulnS2. The
emission kinetics of these materials exhibit a rather unusual band gap dependence?.
Figure 8b shows the emission decay profile of a typical sample of CuAlxFe1-xS2/ZnS QDs.
The observed emission is broad with linewidth (200 nm, 6.2 eV) and the decay profile is
homogenous and bi-exponential. Figure 8b shows the emission decay at various

composition of iron and aluminium.
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Figure: 8a Example of tauc plot which is used in calculation of direct band gap of
CuAlxFe1-xS2 QDs and CuAlxFe1xS2/ZnS QDs. Figure 8b shows decay profile of
CuAlxFe1xS2/ZnS QDs, Blue (554nm emission), green (603 nm emission), red

(760nm emission)

These data reflect the homogeneity of the decay kinetics of this material. As the more
amount of iron is incorporated, we observe that the emission lifetimes become longer
suggesting involvement of defect states.

In the previous studies, a defect related emission mechanism has often been invoked for
the emission behaviour of I-lll-VI2 systems*®. This has been used to explain their
unusually long emission lifetimes, and has been independently verified by measurements.
The emissive properties of CuAlxFe1xS2/ZnS QDs are thus broadly similar to other I-llI-
VI2 materials; the starting QDs show weak or negligible QYs, while the presence of even
a thin ZnS shell causes an increase in PL emission QYs. The increase in sample lifetime
could possibly arise from two different sources. The increase in wavelength of emission
leads to a decrease in the available photonic density of states, partially accounting for the
lengthened lifetimes. A second potential source is the involvement of a valence band
defect in the CuAlxFe1xS2/ZnS.
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2.5 Conclusion

In conclusion, | have successfully synthesized the alloyed CuFexAl1xS2/ZnS core shell
structure based quantum dots. The tetragonal chalcopyrite alloy structure was confirmed
by XRD and TEM analysis. STEM elemental mapping reveals a homogenous distribution
of elements. It was found that the band gap can be tune from visible to infrared making
different composition and size. As prepared core material doesn’t show any
luminescence, however, zinc sulfide surface coating enhance the PL quantum yield which
is tunable from Visible to near-IR. The maximum observed quantum yield is 3%.
Incorporation of more iron leads towards longer life time suggesting the involvement of
defect states. The composition of quantum dots are earth abundant and nontoxic

elements making it suitable for various applications such as bio-imaging and bio-detector.
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Chapter- 3

Synthesis and Characterization of CuAlS./Ga.S3

Quantum Dots
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3.1 Introduction

Cadmium based quantum dots have been widely investigated due to their narrow band-
edge emission®2428_Although CdS, CdSe and other Cd alloyed II-VI semiconductor QDs
have been centre of industrial research, high toxicity of cadmium is a major concern with
its applications®2. The replacement for the cadmium based QDs with nontoxic material
which have comparable properties such as stability, small size distribution high
photoluminescence quantum yield (PLQY), small linewidth emission is main focus of
recent researchs’-532, In this regard, I-11l-VI2 ternary semiconductors reveals a potential
replacement for cadmium#’. However, the broad PL spectra has been as a major

problem’. The possible reasons for this broadness in Pl spectrum is defects?*.

This chapter describes synthesis of CuAIS2 QDs and CuAlS2/Gaz2Ss core/shell structures.
The narrow band edge emission was achieved by coating amorphous gallium sulphide
shell. While CuAlS2 is an attractive member of the [-lll-Vl2 family due to the earth
abundance and benign nature of its constituent elements, its chemical and structural
instability make its synthesis extremely difficult322°. Although bulk CuAlS2 is a wide gap
semiconductor®?, it forms type-Il heterojunctions??® with Ga2S3 where the electron resides
largely in the latter semiconductor. This type-Il character essentially permits the tuning of
the band gap of CuAlS2/ GazSs.

3.2 Experimental Section

3.2.1 Materials

Copper chloride (CuCl, 98%), Gallium acetylacetonate {Gaz(acac)s, 99%}, Aluminum
acetylacetonate {Al(acac)s, 99%]}, Thiourea , 1-Octadecene (ODE, technical grade 90%),
Oleic acid (OA, 90%), Oleylamine (technical grade, 70%), Dodecanethiol (DDT, 98%)
were purchased from Sigma-Aldrich. All the chemicals were used without any purification.
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3.2.2 Synthesis

The synthesis was carried out in two steps. In first step, CuAlS2was prepared and in the
second step, shell coating with gallium sulfide was done. All samples were prepared using

slenkline technique.

In a 50 mL three necked flask, copper chloride (9.9 mg, 0.1 mM) and aluminum
acetylacetonate (32.4mg, 0.1mM) were added along with 2 mL ODE as solvent and 2 mL
oleic acid as ligand. The reaction mixture was heated to 100 °C under vacuum for 30 min
to remove water. Further, the metal precursors were heated under argon atmosphere at
160°C for 20 min to dissolve the metal precursors. At this temperature solution turned
colorless. Addition of 2 ml DDT at 180°C turned reaction mixture color to light yellow,
initiating nucleation which is followed by growth. We observed that there is color change

from light yellow to orange which is associated with the growth of the core material.

At deep orange color, reaction mixture was cooled down to room temperature and then

shell coating was done.

The prepared QDs were cleaned by similar procedure as previous mentioned in previous

chapter.
3.3 Instrumental characterization

For XRD measurement, cleaned quantum dots were dissolved in hexane (spectroscopic
grade) and drop casted on a glass substrate. It formed a homogenous film. Further, the
film was washed with methanol and acetone two times. A 0.154 nm Cu Ka X-ray source

was used to collect the data.

For TEM analysis, cleaned sample was dissolved in toluene and drop casted on cooper
TEM grids. HR-TEM images were obtained on a JEOL JEM-2100 transmission electron
microscope (200 kV). A 250 kV TITAN TEM microscope was used for obtaining STEM.

For Pl measurement, Edinburgh Instruments, FLS 920 spectrofluorimeter was used to

measure emission UV-Vis region.
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3.4 Result and Discussion

3.4.1 Structural Characterization

XRD pattern of prepared CuAlS2 QDs (red thick) and gallium sulfide coated (thin red)
along with standard patterns of CuAlS2 (blue) and GazSs (black) is shown in figure 9. As
prepared CuAlS2 QDs suggest a chalcopyrite structure, peaks corresponding to (112),

(220) and (312) planes.
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Figure 9) X-ray diffraction of CuAISz (red thick), CuAlS2/Ga2Ss (red thin), standard pattern
of CuAlS2 (blue) and GazSs (black).

However, after shell coating, the observed crystal structure is wurtzite. Wurtzite is a
hexagonal crystal system. Further, an elongated hexagonal structure is confirms from
TEM analysis. The XRD analysis reveals absence of any secondary copper

chalcogenides.
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Figure 10a and 10b show HRTEM images of CuAlS2/ZnS QDs. The average size of
CSQD CuAlS2/GazSsis varied 19 £ 1.6 nm. Inter-planer distance calculated from HRTEM
image confirms the presence of two different crystal structures in the same QD. The (002)
plane of Ga2Ss has an interplanar distance similar to the interplanar distance of (112)
planes of CuAlS2(0.32 nm). The growth of Ga2S3 on core material CuAlSz2 can thus occur
by continuity of (002) and (112) planes at the semiconductor interface. This is also shown
in the FFT image (figure 9c) that reveals a well-defined alignment of planes of Ga2S3 and

CuAlS2 in the crystal.

Figure 10: High resolution TEM images (a, b), TEM images, Fast furious transformation
(d) and EDAX spectrum of CuAIS2/GazSs.

3.4.2 Optical Characterization

As prepared CuAlS2 doesn’t show any significant PL possibly due to surface traps sates.

However coating with II-VI shell Gaz2Ss (bulk band gap 2.8 nm) enhanced the PL. It is
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reported that gallium sulfide forms an amorphous shell which improve the stability of the
QDs?3. Figure 11a exemplified the absorbance spectra of CuAlS2/Ga2S3 which range from
300 to 380nm over the course of 60 min of heat treatment. Figure 11b shows the PL
spectrum of CuAlS2/GazSs spanning 360 — 390 nm. Unlikely other ternary CSQDs
CuAlS2/GazSs reveals a narrow FWHM of 66 nm.
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Figure11: Absorbance spectrum (left) and photoluminescence spectrum (right) of CuAIS2/
GazSs.
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3.5 Conclusion

In conclusion, we have successfully synthesized gallium sulfide coated CuAlS2 quantum
dots. The XRD data reveals that the core material has a chalcopyrite structure. As
prepared core material do not show any significant photoluminescence. However, coating
with Gaz2Ss gives rise to emission from 360nm to 390nm with the change in shell
thickness. More experimental investigation is needed to completely understand the

structural and optical properties of the above material.
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