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Abstract

While conventional quantum dots like CdS and ZnSe exhibit remarkable optical
properties, their limitations in charge transport and size homogeneity pose challenges
in device applications. Two-dimensional (2D) organic-inorganic hybrid derivatives offer
a promising solution by enabling charge mobility in two dimensions while maintaining
bandgap tunability and uniformity in size. Thus, the objective of this work is to
synthesize one such 2D derivative of a IIB-VIA semiconductor — Cd2Sz(hexylamine)
and investigate the temperature-dependence of luminescent properties. However,
structural and optical characterization following syntheses revealed that a 2D hybrid
compound CdClz2(hexylamine)z2 forms along with CdS nanoparticles. Further, optical
studies indicate the formation of excitons in the system originating from the CdS
nanocrystals. The variation in luminescent behaviour of these excitons is investigated

at different temperatures below 300K.
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Introduction Chapter 1

The phenomenon of semiconductor luminescence has fascinated physicists, chemists
and engineers alike for the past few decades, owing to the versatility in its range of
applications from Light Emitting Diodes (LEDs) and photocatalysts to quantum
computing with excitonic Bose-Einstein condensates.'® Especially since the first
works of quantum dots in the 1980s, research on reduced dimensional
semiconductors has increased exponentially, and the recent Nobel Prize in Chemistry
serves as an evidence to this fact.® Reducing the dimensionality of semiconductors
through dielectric and/or quantum confinement paves the way for precisely tuning the

optical, electronic and magnetic properties of the material.

The role of organic molecules and ions in dimensionality reduction is significant in
systems like ligand-capped nanocrystals, inorganic-organic perovskites, hybrid
transition-metal chalcogenides etc.® Through subtle variations in composition, this
class of materials offers an exciting playground to incorporate and modulate properties
like bandgap tunability, chirality and moisture stability.'® Further, the freedom of choice
in incorporation of the organic component offers a rich platform to design materials
with novel properties such as second- order optical nonlinearity, ferroelectricity, and
chiral-induced spin selectivity (CISS Effect) to name a few.''='3 When one talks about
quantum confined luminescent semiconductors, a great deal of attention has been
given to investigating the excellent optical properties of quantum dots, especially 11-VI
compositions such as CdS, CdTe, ZnSe etc. Although this class of quantum dots
exhibit outstanding bandgap tunability and color purity, these do not possess
electroluminescence and charge transport properties due to the dielectric confinement
in all directions as a result of using organic capping ligands. Charge transport and
mobility become a source of concern while designing optoelectronic devices.
Moreover, achieving homogeneity in size has always been a challenge in the synthesis
of nanoparticles. Two-dimensional (2D) materials appear to strike an interesting
balance by allowing movement of charges in two directions, while retaining the
tunability of properties that comes with the quantum confinement effect. Further, these
systems have uniformly-sized nanocomponents arranged in a periodic lattice, which

solves the problem of heterogeneity in size.
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Chapter 1

While organic-inorganic two-dimensional materials like 2D hybrid halide perovskites
have been in the spotlight for quite a while now, 2D derivatives of IIB-VIA
semiconductors have not been as extensively studied. Jing Li et al. first reported this
type of materials by incorporating neutral organic amines into the typical inorganic
network structure, known as inorganic-organic hybrid transition metal chalcogenides.’
One can imagine the structure of this class of compounds as a slice of an inorganic
semiconducting layer sandwiched between organic spacers, giving rise to a quantum

well structure (Figure 1.1).

Organic
Inorganic
well

barrier

(OWﬂ'I‘OWOH)E[V

Figure 1.1. A schematic showing dielectric confinement in two dimensional organic-inorganic materials.
The crystal of structure of Cd2Sz(ba) is shown for representative purposes, originally published by
Wooseok Ki and Jing Li, J. Am. Chem. Soc. 2008, 130, 26, 8114-811.

Later, it was demonstrated that it was possible to further tune the dimensionality of this
hybrid transition-metal chalcogenides from one-dimensional chains to three
dimensional networks through facile solution-processable methods (Figure 1.2).15-18
Owing to the presence of emissive mid-gap states in these systems, direct white-light
emission has been observed in room temperature in ternary compositions such as

Zn1.7Cdo.3S2(octylamine), with about 25% fluorescence quantum yield.'%-20
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Chapter 1
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Figure 1.2. A schematic showing correlation between dimensionality change and bandgap of material,
published by Xiaoying Huang and Jing Li, J. Am. Chem. Soc. 2007, 129, 3157-3162.

Studies also show facile doping of Te?, Mn?* and Zn?* ions as well as mixed
chalcogenide compositions to tune and enhance emissive properties in these
materials.?"22 More recently, the role of organic amine spacer on dimensional tuning,
thermal stability, thermal conductivity and enhancing luminescence intensity have
been explored.?3?* Thus, these hybrid 1I-VI semiconductors have high potential for
applications in efficient optoelectronic devices. However, the effect of temperature on
the luminescence properties is yet to be investigated in this class of compounds. So,
the objective of this work is to study the temperature dependent behavior of excitons

in this material.
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Synthesis Chapter 1

1.2.1 Chemicals

Cadmium(ll) Chloride (TCIl Chemicals, >98.0% purity), Sulfur (Sigma Aldrich, flakes,
299.99% trace metals basis), Hexylamine (TCl Chemicals, >99.0% purity). All

chemicals were used without further purification.

1.2.2 Methodology

The protocol for the synthesis of Cd2S2(hexylamine) was modified based on the
method developed by Jing Li et al.’* The solid reactants Sulfur (0.5 mmol, 16 mg) and
Cadmium Chloride (1 mmol, 91.7 mg) were dissolved in 3ml of hexylamine (acting as
solvent as well as reagent) in a round-bottom flask while purging with N2. The
precursors dissolve completely on heating at 120°C. The temperature was maintained
for about 30 minutes and the setup was left to cool naturally in a sand bath. A yellow
colored precipitate is observed as the reaction mixture cools below 90°C. The solid
precipitate was washed with absolute ethanol three times followed by washing with
acetone. The collected precipitate was dried by applying vacuum for 2 hours and was

stored in an Eppendorf in a desiccator.

Add 1 mmol CdCL, Heat to 120°C to
while stirring dissolve precursors

0.5mmol Sulfur dissolved
in 3ml of hexylamine

Leave solution undisturbed
to precipitate

Figure 1.3. Schematic showing synthesis procedure of hybrid transition-metal chalcogenide.

Instrumentation

1.3.1 Powder X-Ray Diffraction

Powder X-ray diffraction (PXRD) patterns were recorded using a Bruker D8 Advance
X-ray diffractometer in Bragg-Brentano geometry equipped with Cu Ka (1.54 A)
radiation. Samples were finely ground using mortar and pestle and were mounted on

a glass slide for the measurements.
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Chapter 1

PXRD is a technique routinely used for the structural identification crystalline solids. It
works on the principle that a distinct diffraction pattern is obtained when the
wavelength of radiation is comparable to that of the atom spacings in a crystalline
material. A beam of X-ray will only be diffracted when it impinges upon a set of planes

in a crystal that satisfies the conditions defined by the Bragg equation:
niA = Zdhkl .sin@

where n is an integer which represents the order of the diffracted beam, 1 is the
wavelength of radiation, d;,; is the distance of interplanar spacing, and 6 is the Bragg
angle. The angle formed between the diffracted and incident beam is 26. While the
Bragg equation does not give any information regarding the intensities of the diffracted
beams, it clearly indicates that a plane of atoms will only diffract the radiation only

when the incidence angle is sin™! (n1/2dp).

1.3.2 Field Emission Scanning Electron Microscope
The FEI Nova NanoSEM 450 instrument was used for imaging, operating at 15kV.

Field Emission Scanning Electron Microscope (FESEM) is widely used to visualize
surface morphology, shape and structure of samples with sizes smaller than the
resolving limit of an optical microscope. It uses a beam of electrons produced by a
field emission source to image substances typically with a spatial resolution of upto
1.5 nanometres. A primary narrow beam of electrons, which is focussed and deflected
by electronic lenses bombards the sample and the angle and velocity of the secondary

electrons emitted corresponds to the surface topography of the sample.

1.3.3 Energy Dispersive X-Ray Spectroscopy

The Energy Dispersive X-Ray Spectroscopy (EDS) elemental analysis and elemental
mapping measurements were done in Bruker XFlash 6130 instrument, operating at
123eV for Mn Ka. The principle of functioning of EDS is that a beam of high energy
electromagnetic radiation (X-ray) is focused on the sample which ejects the core
electrons of the elements present. The electrons in higher energy levels fill in the holes
created and further releases energy as it relaxes, which has a direct correlation to the

element’s atomic number in accordance to Moseley’s law.
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Chapter 1

1.3.4 High-Resolution Transmission Electron Microscopy

High - Resolution Transmission Electron Microscopy (HRTEM) enables direct
visualization of individual atoms and crystal lattice arrangements by allowing for
resolution upto 0.5nm. The position of lattice fringes seen in the HRTEM image is
directly correlated with atomic planes in the lattice. The lattice fringes arise from

interference of two or more diffracted beams from a crystalline material.

1.3.5 Diffuse Reflectance Spectroscopy

Diffuse Reflectance Spectra (DRS) of microcrystalline powder were collected in the
region 200nm-800nm using a Shimadzu UV-3600 plus UV-VIS-NIR
spectrophotometer. The reflectance spectra were converted to absorbance by using

Kubelka-Munk transformation given by the equation:

(1-R)?

F(R) =a/s = R

where R is the reflectance, a is the absorbance and s is the scattering co-efficient.

1.3.6 Steady-state Photoluminescence

The steady-state photoluminescence (PL) spectra were recorded using Edinburg
Instruments’ FLS 980 spectrometer. A spectrometer typically measures the intensity of
emitted light as a function of wavelength by using a diffraction grating which disperses

the light spreading different wavelengths toward different angles.

Photoluminescence involves absorption of electromagnetic radiation by a substance
leading to excitation of electrons to higher energy states and concomitant relaxation
to the ground state accompanied by the emission of photon. A PL analysis is often
used a probe to establish connections between electronic structure and linear optical

properties of a material.
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Chapter 1

1.3.7 Time-Correlated Single Photon Counting (TCSPC)

The photoluminescence decay was measured using Edinburgh Instruments’ FLS-980
spectrofluorometer, with a pulsed picosecond diode laser of 405 nm as excitation
source. TCSPC measures the time between an excitation pulse and a single emitted
photon to quantify the photoluminescence lifetimes. The arrival times of photons are
collected over a range and sorted chronologically to show the statistical intensity at
any specific time. The Instrument Response Function (IRF) reflects the detection limit
as it represents the shortest decay lifetime that can be resolved. Hence, the influence
of IRF on the decay function must be accounted while measuring very short PL decay

lifetimes.

16 |Page



2.1. Structural Characterization Chapter 2

A complete understanding of the crystal structure of a material is required to predict
as well as correlate their optical and electronic properties. Establishing these structure-
property relationships are key to design and synthesis of novel materials with desired
properties. In this project, our objective was to synthesize a hybrid transition metal
chalcogenide Cd2S2(hexylamine). This class of materials tend to form single crystals
of sizes that are too small to be analysed using a Single Crystal X-Ray Diffractometer,

PXRD becomes an important tool to characterize and derive the crystal structure.

I 1 Synthesized compound
'y | Wa—_ .y

o,

cdcl,

Normalized diffraction intensity

10 20 30 40 50
20

Figure 2.1. Comparison of PXRD pattern of product(s) with precursors

The PXRD of the synthesized compound is compared with the precursors to ensure
progress of the reaction and to detect the unreacted crystalline precursors if present.
The diffraction pattern (Figure 2.1) of the powdered sample shows characteristic
periodicity in the first few peaks at lower angles. This suggests that the crystal has a
tendency to orient itself along one of the planes predominantly, which usually occurs
with crystals with layered morphology. The first peak is observed at 26 = 4.59°,
indicating an interplanar separation (d-spacing) of 19.2 A and a d-spacing of 9.71 A
and 6.51 A is calculated for the second and third peak respectively. These values
correspond to about half and one-third of the first peak indicating these are parallel
planes possibly with contribution from the inorganic sheets. In case of organic-
inorganic hybrid structures, the diffraction peaks with high intensities have major
contribution from inorganic elements with a relatively high structure factor compared

to elements like carbon, nitrogen and hydrogen.
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Chapter 2

Figure 2.2. FESEM images showing layered morphology of crystals

To determine the macroscopic morphology of the crystals and to detect the
composition of elements in the sample, FESEM imaging was done (Figure 2.2). It was
observed that the crystals had a layered morphology, with sheets appearing to be
stacked on top of one another, which explains the strong orientation effect seen in the
PXRD pattern.

However, The EDS analysis revealed that the element Sulfur was present in negligible
quantity and the ratio of Cd:Cl is found to be 1:2. Following this observation that the
layered material does not have sulfur in the structure, synthesis of crystals was done
using the same protocol, but in the absence of the sulfur precursor. We hypothesized
a new type of cadmium chloride hybrid structure had been synthesized. We confirmed
that this was indeed the case and this crystalline compound was found to be
CdClI2(NCesH15)2 using SCXRD (Figure 2.3), which is an organic-inorganic hybrid halide
compound. The high intensity diffraction peaks observed in lower angles which we
were earlier expecting to be from Cd2S2(NCeH1s) are seen to originate from
CdCI2(NCsH1s)2 and it confirms that the layered hybrid Cadmium Sulfide (hexylamine)

compound has not been synthesized.

Element Atomic % Atomic ratio Formula
(approximated)
cd 7.94 1 1
cl 14.9 1.9 2
S 0.29 0.03 ~0

Table 2.1. Elemental Analysis showing measured atomic percentage and formula deduced.
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Figure 2.3. Structure of CdClz(ha)2 at 100K and comparison with simulated PXRD pattern.

From the previous studies, it is evident that the major product formed was CdClz(ha)2

(Figure 2.3). However, the optical absorption and photoluminescence properties of this

compound - CdCI2(NCesH15)2 was very different from the optical properties in the

presence of elemental sulfur in the reaction mixture (Figure 2.4a). Further analysis of

PXRD and DRS shows that there might possibly be CdS nanoparticles formed in a

small amount along with the major product in the presence of sulfur in the reaction

mixture. This inference is derived based on the drastic change in the bandgap of the

compound and is supported by the presence of broad peaks in PXRD matching with

CdS diffraction pattern reference (Figure 2.4b).

50

In presence of Sulfur b
——cdal, 2|l ®)

= v
o —— CdCly(ha) g
E= +
v} c
g £
=] -]

L 2 In presence of:sulfur
5 £
= £
[ -
2 | 3
[ N
o =
=] L]
= £
2

H cds

J
200 360 460 560 600 1I0 2IIJ 4IU
A(nm) 20

Figure 2.4. a) Difference in absorbance in presence and absence of sulfur and b) PXRD indicating

presence of CdS nanoparticles.
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Chapter 2

The optical bandgap of the bulk CdS is about 2.4 eV. The bandgap of the material
synthesized in presence of sulfur shows a bandgap of 2.64 €V, indicating discretization
of energy levels and increase in bandgap owing to quantum confinement effect. So,
one would expect the size of the particles in the quantum confinement regime

comparable to the 2.8 nm Bohr excitonic radius of Cadmium sulfide.

Figure 2.5. HRTEM analysis of CdS nanoparticles.

To confirm the presence of CdS nanoparticles, HRTEM imaging was done and
particles of average size ~ 3 nm were observed (Figure 2.5). Moreover, we see lattice
fringes of d-spacing 2.05 + 0.12 A, and the diffraction peak corresponding to this plane
(220) appears at ~ 43.03° in the PXRD pattern. This serves as further proof for the
formation of CdS nanoparticles.

In conclusion, structural studies suggest that a mixture of products (i)CdS
nanoparticles and (ii) Cadmium Chloride (hexylamine) layered hybrid compound are
formed in synthesis. We proceed to study the optical properties to possibly gain
insights to characterize the material.
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2.2.0ptical Characterization Chapter 2

The optical absorption and emission properties of a semiconductor are a result of
electron-photon interactions. The interactions are described by scattering theory
through absorption and emission of a quanta of light (i.e., photon). While both
intraband and interband processes are usually possible in semiconductors, the
interband scattering involving valence band and conduction band has more

significance in terms of device applications.?

—— Absorbance == Absorbance
1.0 <
a) b) s PL. Emiission

a/s
Normalized intensity

Aoy =375 nm

T T T L] L] L] L] T L]
200 300 400 500 600 300 400 500 600 700 800
A(nm) A(nm)

Figure 2.6. a) Absorption spectra showing optical bandgap of 2.64 eV b) Photoluminescence spectra

on excitation with 375 nm laser.

The absorbance (Figure 2.6a) shows a sharp rise at 469 nm indicating an optical
bandgap of 2.64 eV, which suggests the presence of quantum confinement effect
considering the bandgap of bulk CdS (2.4 eV). Further increase in absorption intensity
at energies above bandgap signifies the presence of a continuum of energy states in

the conduction band, characteristic of a semiconducting material.

The photoluminescence spectrum (Figure 2.6b) shows two peaks, a broad peak
centred at 600 nm and another relatively narrow peak at 474 nm. The higher energy
peak corresponds to the band-edge emission and the broader lower energy peak
possibly originates from a lattice defect state in the mid-gap range. Considering the
low Stokes shift from excitonic absorption, the narrow FWHM of 0.22eV, and the
average luminescence lifetime of 3 nanoseconds (Figure 2.7a), it appears logical to
conclude that the origin of this higher energy emission is the presence of excitons.
This gives us a preliminary idea about the about the structure of our synthesized
sample. For the discretization of energy states and exciton formation, it is necessary
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Chapter 2

that the size of the semiconductor is comparable or less than the Bohr excitonic radius.
But in case of hybrid semiconductors, this is achieved through use of organic spacers
with very low dielectric constant acting as potential barriers, in sharp contrast to the
semiconducting layer which acts as a potential well owing to high dielectric constant.
This dielectric mismatch results in the phenomenon of dielectric confinement and gives

rise to exciton formation.26
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Figure 2.7. a) Photoluminescence decay of 474 nm peak shown along with Instrument Response

Function (IRF) b) Photoluminescence decay of 600 nm peak shown along with IRF (Aex= 375 nm laser)

The average lifetime of the higher energy peak at 474 nm is calculated from
triexponential decay fit to be about 3 nanoseconds, which agrees with typical values
reported in literature for excitonic emission in semiconductors. The lower energy
emission has a much higher average lifetime of 1.5 microseconds (Figure 2.7b). In
addition, The maxima of the broad peak and the FWHM of 0.53eV indicates that it is
possibly a deep trap state with energy difference of 0.58 eV from the band-edge

energy.

Temperature dependent photoluminescence measurements were done to further
investigate the origin of the two emission peaks and to possibly reveal structural
changes like crystal phase transitions if present. It is observed that (Figure 2.8) with
decrease in temperature from room temperature to 7K, the integrated
photoluminescence intensity increases systematically. The overall increase is almost
close to an order of magnitude, and it is attributed to reduced exciton-phonon coupling

in cryogenic-temperatures resulting in decrease of non-radiative decay channels.
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Figure 2.8. Photoluminescence spectra measured at different temperatures between 300K to 7K

It is not surprising that the overall luminescence intensity of a crystalline material

increases at lower temperatures. However, it is of interest to resolve the contributions

of the two emission peaks in the temperature range.
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Figure 2.9. a) Plot showing systematic increase in integrated photoluminescence intensity with

decrease in temperature b) Contributions of the excitonic and trap state emission to in overall integrated

intensity.
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Chapter 2

Figure 2.9a shows the trend in change of total integrated luminescence intensity with
temperature. Further, it is evident on deconvolution of the two peaks that the trap state
emission is the major contributor in overall emission profile (Figure 2.9b), especially at
lower temperatures. The lifetime of PL decay of this broad peak (Amax = 600 nm) is
observed to increase progressively 300K to cryo-temperatures (Figure 2.10). This
could again be attributed to the suppression of non-radiative channels of decay, more
of which are activated with increasing temperature. Especially in case of hybrid
semiconductors comprising of organic spacers in their crystal structure, the effect of
lattice vibrations and the resulting exciton-phonon coupling on luminescence intensity

and lifetimes is significant.
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Figure 2.10. Increase in photoluminescence decay lifetimes at lower temperatures due to reduced
number of non-radiative channels.

Although the contribution of the higher energy excitonic emission is lesser, it is
essential to take a closer look at the change in contribution with temperature (2.11a)
doing which might potentially reveal information about the nature of the trap as well

as the excitonic state.
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Chapter 2

Moreover, investigating the change in FWHM of the excitonic emission might also
provide information on the extent of spectral broadening due to thermally activated
exciton-phonon interactions in such semiconductors. The trend in temperature-
dependence of FWHM of the excitonic emission is not a monotonous function of
temperature, rather it shows an anomalous behavior (Figure 2.11b), inverting at about

180K.
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Figure 2.11. a) Plot showing logarithmic increase in excitonic intensity with reducing temperature b)

Temperature dependence of FWHM of excitonic emission.

If it was solely the temperature-dependent exciton—acoustic-phonon and exciton—
optical-phonon interactions influencing the FWHM of the excitonic peak, one would
expect an increase in the exciton linewidth in accordance to the equation?’ relating the

broadening parameter (y) with temperature:

=T+ [AT + |A]/(e" = 1)

But we observe an initial increasing behavior which flips at 180K to progressively
decrease till room temperature. At the same point, we also observe a change of slope
in the plot log (I) vs. T, where [ is the excitonic emission intensity. So, it appears that

there are more complex processes occurring in this temperature range.
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Chapter 2

Further, the energy shift with temperature also appears to flip behavior in the same
temperature range. An overall blue shift in excitonic emission is observed due to
bandgap increase as explained by Varshni in 1967 (Figure 2.12a).28 But a deviation
seems to exist at temperatures around 180K. Similarly, the decrease in energy of STE
emission maxima abruptly inverts the behavior precisely at that range to show

increase energy of emission maxima (Figure 2.12b) thereafter.
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Figure 2.12. a) Blue shift in excitonic emission maxima with lowering temperature showing deviation

around 180K. b) Energy shift of STE emission maxima inverting behavior at 180K
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Figure 2.13. a) Decrease in excitonic emission intensity relative to broad emission band from 7K to

155K. b) Relative intensity of excitonic emission increasing with respect to broad emission band from

180K to room temperature.
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Chapter 2

To decipher why the specific trends are observed in energy of emission maxima,
excitonic FWHM, emission intensity etc. and find the mechanism behind this behavior,
we specifically study the trends in relative intensities of the two emission bands. The
influence of overall intensity increase can be nullified by normalizing the spectra at the

emission maxima of one of the peaks as shown (Figure 2.13a, 2.13b).

Energy
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Figure 2.14. Schematic showing exciton trapping and de-trapping mechanism indicating difference in

energy barrier between the two processes

On doing so, we observe a systematic decrease in excitonic emission with increasing
temperature initially which possibly represents the exciton trapping process being
favoured as a result of thermally-induced lattice vibrations.?® On further increase in
thermal energy beyond 180K, the exciton de-trapping process appears to be favoured
once the system is provided with energy to cross the higher energy barrier involved in
the de-trapping process.®® Figure 2.14 shows the trapping-detrapping process and

indicates the different energy barriers between the two processes.
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Summary and Outlook Chapter 3

The objective of this work was to synthesize the 2D hybrid semiconductor —
Cd2S2(hexylamine) and investigate the temperature-dependence of luminescent
properties. However, through structural and optical studies, we found that a mixture of
two compounds were formed i) a new type of cadmium halide based hybrid compound
and ii) CdS nanocrystals, which is the origin of the photoluminescence properties. We
further observed exciton-trapping and de-trapping processes in the CdS
nanoparticles. We conclude that the compound Cd2S2(hexylamine) was not
synthesized, and further novel strategies might be employed to synthesize cadmium
chalcogenide based hybrid class of materials. However, one can try exploring the
variation in properties with change in halide composition in this new type of transition-

metal hybrid halide material synthesized.
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