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Chapter 1 

 

Introduction 

 The work presented in the thesis focused on zero-dimensional II-VI 

semiconductor-based luminescent materials, including zinc-based un-doped and 

transition metals doped/co-doped luminescent nanoparticles. The chapter mainly gives 

a brief introduction to the nanomaterials and classifications based on the confinement 

of the system. Also, it introduces 0-D II-VI semiconductor quantum dots, specifically 

zinc selenide quantum dots (ZnSe QDs) and their properties, as well as focused on 

important applications of these materials in various sensing areas purposes, like 

hazardous toxic heavy metals, explosive compounds and temperature sensors. 

1.1 Nanomaterials 

Physics and chemistry have experienced significant development in the nanometer size 

range, leading to a new interdisciplinary field of nanoscience in the last decade. The 

attention in nanoscale materials increases because many physical phenomena occur at 

a length scale between 1 and 100 nm in both organic and inorganic materials. 

Nanoparticles are microscopic particles having a dimension below 100 nm at least in 

one direction. A drastic change in the various properties of materials is observed as 

nanoscale size is achieved and a significantly high number of loosely bonded atoms 

present at the material surface. Numerous size-dependent properties are detected in 

nano regime such as super paramagnetism in magnetic substances, quantum 

confinement in semiconductor particles and surface plasmon resonance in some metal 

particles [1]. 

 Typically, nanoparticles have possessed excellent and unpredictable optical 

properties due to the applicability of quantum effects which arises because of 
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sufficiently small confinement of their electrons. When one or more than one dimension 

of a material is reduced to the nanoscale, its physicochemical properties are remarkably 

changed from the bulk counterpart. With the size reduction, novel optical, magnetic, 

chemical, mechanical and electrical properties can be introduced. Then, the resulting 

size-reduced systems are called low-dimensional systems. In the low-dimensional 

structures, the confinement of particles, i.e., electrons or holes, leads to the 

manifestation of size effects and dramatic changes in the properties or behaviour of the 

materials, which generally comes into the quantum-size effects [2]. Nanostructures play 

the role of bridge between the molecules and bulk materials. Nanostructures can lead 

to new technologies and devices by suitable control of the properties and responses. 

1.2 Classification of low-dimensional materials 

There are numerous approaches for the classification of nanomaterials. The 

nanomaterials and structures are generally categorized based on the reduced dimension 

or order of confinement of particles in the system, which refers to the degrees of 

freedom for the momentum of particles [3]. Therefore, considering the dimensionality 

of the system, the following classification is achieved as represented in Figure 1.1 and 

discussed below, which shows different low dimensional systems with a density of 

states versus energy plots. 

1.2.1 Three-dimensional (3D) structure:  

In 3-D materials, no quantization of the particle motion occurs, i.e., 0-D confinement 

of particles and the particles are free to move in all three directions. Examples of such 

materials are bulk structures, dispersion of nanoparticles, etc. 

1.2.2 Two-dimensional (2D) structure:  

In 2-D nanomaterials, the quantization of the motion of the particles occurs only in one  
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direction, i.e., 1-D confinement of particles, while the particles can freely move in the 

other two directions. Example- thin films, quantum wells and superlattices. 

1.2.3 One-dimensional (1D) structure:  

In 1-D structures, the quantization occurs in two directions, i.e., 2-D confinement of 

particles, leading to free movement along only one direction; for example- quantum 

wire, nanowire, nanorods and nanotube. Nanowires electrically conduct extremely long 

wires in nano dimensions with improved transport properties because of the quantum 

effects. The conduction charge carriers (electrons) are confined in the transverse 

direction, which results in quantizing energy into discrete energy levels. 

1.2.4 Zero-dimensional (0D) structure:  

In 0-D nanomaterials, the quantization occurs in all three spatial directions, i.e., and the 

particles are restricted in all three directions or 3-D confinement of particles. For 

example- quantum dots, which are also called artificial atoms. 

 

Figure 1.1. The classification of nanomaterials and corresponding density of state N(E) 

versus energy (E) plots for 0-D to 3-D materials. 
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1.3. Effects controlling the properties at the nanoscale  

1.3.1 Quantum confinement effects 

Quantum confinement or size effects arise with the decreasing particles size. The 

increase in the energy gap between the highest occupied molecular orbital (HOMO) 

and the lowest unoccupied molecular orbital (LUMO) is observed for nanomaterials as 

particle size decreases, leading to their implications in photo-physics and electronic 

structures. The loosely bound electronic excitation (electron-hole pair) through 

Columbic interactions are present in the semiconductor quantum dots, known as Mott-

Wannier exciton [4]. These bound states have energy usually lower than the bandgap 

energy and dimension much larger than the lattice constant. As the size of quantum dots 

approaches the exciton Bohr diameter, the change in the optical properties of the 

material activates with the effects of quantum confinement. The exciton Bohr radius 

(rb) is given by equation as follow [5]: 

𝑟𝑏 =  
ℏ2ℇ

𝑒2
[

1

𝑚𝑒
+  

1

𝑚ℎ
] 

where ℇ is the dielectric constant, ℏ represents the reduced Plank constant, e denotes 

the electronic charge,  𝑚𝑒 and 𝑚ℎ are the electron and hole effective mass, respectively. 

When the diameter of semiconductor quantum dots reduces up to the dimension of 

excitonic Bohr radius, the moment of electrons and holes is confined. The generated 

excitons must be confined into such a small dimension. Thus, additional energy is 

required to confine these localized excitons, which raises its excitonic transition energy. 

1.3.2 High surface to volume ratio of quantum dots 

In nanomaterials, a large number of atoms are presented on the surface compared to the 

bulk materials. The high surface-to-volume ratio of semiconductor quantum dots has 

significant effects on their optical and structural properties. Surface atoms mildly 

influence the optical absorption while the emission efficiency and time evolution are 
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strongly too affected. These surface atoms result in the form of the presence of surface 

states between the bandgap, which arises from unsaturated binds, surface non-

stoichiometry, etc. The generated surface traps or states induce the nonradiative 

recombination of charge carriers (electrons and holes), resulting in reduced emission 

efficiency. Sometimes, these surface states can also have aided the radiative transitions. 

1.4. Unique materials properties at the nanoscale 

Low dimensional nanomaterials have structural features between bulk materials and 

individual atoms, as shown in Figure 1.1. The properties of nanomaterials are 

significantly different from those of bulk materials. This is mainly due to the nanometer 

size of the materials; 

 a large fraction of surface atoms 

 spatial confinement 

 high surface energy 

 reduced imperfections 

Nanomaterials have a large surface area to volume ratio due to their small dimension, 

making a large number of surface or interfacial atoms resulting in more surface-

dependent material properties. For example, nanoparticles and nanowires-based 

chemical sensors show enhanced selectivity and sensitivity; nanoparticles can be used 

as active catalysts, etc. [6,7].  The charge carrier density and energy band structure can 

be modified quite differently in the nanomaterials from their bulk counterparts and 

change the optical properties and electronics. For example, light-emitting diodes 

(LEDs) and lasers fabricated using quantum wires and quantum dots are promising in 

the future optoelectronics such as high-density information storage is a fast developing 

area using quantum dot devices. In determining the properties of the nanomaterials, 

reduced imperfections play an important role by altering several factors. Nanomaterials 
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and nanostructures favour the “self-purification” process, due to which the intrinsic 

material defects and impurities move with thermal annealing near to the surface. This 

improved material perfection and affects many properties of nanomaterials. For 

example, carbon nanotubes are well known for their superior mechanical properties. 

The chemical stability may enhance the mechanical properties of certain nanomaterials, 

etc. At present, nanomaterials are well known to have countless novel and improved 

properties compared to bulk materials [8-16]. 

1.5. Method of Preparation 

The preparation of discrete nanoparticles can be done through the “bottom-up approach 

and top-down approach”. Control of size and shape of particles and their re-productivity 

is a prime factor in the method for the synthesis of phase materials. In addition, 

chemical control of the phase and the chemical cleanliness of the interfaces must be 

controlled. 

1.5.1 Top-down approach  

This method involves starting with a bulk solid and obtaining a nanostructure by 

structural composition. In this, nano-objects are constructed from larger entities without 

atomic-level control. The main problem with the top-down approach is the imperfection 

of surface structure. This method involves physical reactions for the synthesis of 

nanomaterials. The top-down approach involves the: 

 High energy milling. 

 Sputtering 

 Chemical mechanical milling 

 Electro-explosion 

 Vapour phase condensation 

 Laser ablation 
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1.5.2 Bottom-up approach 

The bottom-up technique should be able to make a lot of small structures 

simultaneously and should be cheaper than that of the top-down technique, but it may 

be challenging to design bigger and more complicated structures. This technique plays 

an important role in the fabrication of nanoparticles and nanomaterials. The material is 

built up from the bottom, atom by atom, molecule by molecule. This involves 

irreversible chemical reactions. In the chemical method, there is difficulty controlling 

the growth of particles and then stripping the newly formed particles from 

agglomeration. 

1.6. Advantages and disadvantages of direct aqueous synthesis over 

organometallic approach: 

There are numerous facile and novel synthesis techniques to prepare the high-quality 

ZnSe and doped ZnSe QDs. The growth mechanism of Cu:ZnSe nanocrystals in organic 

solution through organometallic approach as reported by Pradhan et al. [17] have 

developed. The successful synthesis of doped ZnSe nanocrystals is based on the 

adsorption of dopant impurity on the ZnSe core at the nucleation stage. After the 

successful incorporation of dopant into the host, the growth of ZnSe at the growth stage 

was carried out. Thus, the direct aqueous route provides better control over the reaction 

at each step in this direction. 

 Here, we discuss some general advantages of the direct aqueous route synthesis 

with the organometallic synthesis approach of quantum dots. The comparison with the 

organometallic approach will be based on the literature review and their published 

properties. Among the various advantages of the aqueous synthesis, firstly should 

mention its high reproducibility and simplicity. Thus, colloids of quantum dots without 

the hot-injection technique and the use of toxic TOPO-TOP mixture with a small 
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particle size distribution can be developed [18-21]. As a result, the effective large-scale 

production of thiol-capped quantum dots was achieved through aqueous synthesis. 

However, the scaling up of the organometallic synthesis is difficult due to the use of 

extremely dangerous reactants and their poor reproducibility [22,23]. Thiol-capped 

quantum dots prepared by the aqueous synthesis can be precipitated, dried and kept in 

the powder state under normal laboratory conditions for as long as few years without 

losing their solubility and stability in an aqueous medium. As a compression based on 

the luminescence efficiencies and photo-stabilities that have potential importance for 

large applications of highly luminescent quantum dots, both synthesis routes gave 

similar results. Thus, the aqueous synthesis is a more favourable and adaptable 

technique for the synthesis of quantum dots.  However, the organometallically prepared 

quantum dots possess a high degree of crystallinity over the aqueous route synthesized 

quantum dots because high annealing temperatures (200-360 °C) are used in the 

organometallic approach during the synthesis. Also, in the organometallic synthesis by 

the hot-injection method, an effective difference in nucleation and growth stages is 

attained, which permits achieving the narrower size distributions compared to aqueous 

synthesis. When the water-soluble quantum dots are desired, e.g., for fluorescent-based 

sensing and bio-mapping applications, surface charge and other surface properties play 

an important role. The choice of stabilizing mercapto compound with appropriate free 

functional groups allows the control of such properties. MPA-capped direct aqueous 

route synthesized water-soluble ZnSe quantum dots having stable photoluminescence 

with a quantum yield up to 35% reported in the present study. 

1.7. Literature review 

1.7.1 Fundamentals of semiconductor quantum dots 

Quantum dots have physical dimensions in between the bulk crystalline solids and the 
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atomic/molecular unit. Over the past decades, semiconductor quantum dots have gained 

the extreme interest of researchers due to their unique properties and promising 

applications. Quantum dots as a function of physical dimension exhibit significant 

variations in electrical, optical and physical properties.  

Table 1.1 A comparison of the advantages and disadvantages of quantum dots and 

organic dyes. 

 

Parameter Quantum dots Organic dye References 

Absorption 

spectra 

A wide range of 

absorption enables free 

selection of excitation 

wavelength 

Discrete bands with 

FWHM lies between 35 

nm to 100 nm 

[24, 25] 

Fluorescence 

spectra 

Narrow FWHM (30 – 90 

nm) with symmetric 

Gaussian profile 

Asymmetric profile 

generally towards 

higher wavelength side 

[24, 25] 

Stokes shift Short, typically ˂ 60 nm High, usually ˂ 60 nm 

to ˃ 150 nm 

[26] 

Fluorescence 

quantum yield 

10–80% for visible, 20–

70% for NIR 

50–100% for visible, 5–

25% for NIR 

[26, 27] 

Fluorescence 

lifetime 

multi-exponential decay 

with an order of 10-100 ns 

Mono-exponential 

decay with 1–10 ns 

[25, 28] 

Size 1–60 nm (hydrodynamic 

diameter) 

~ 0.5 nm [29] 

Photochemical 

stability 

High (for all optical 

range). Can reveal photo-

brightening 

good for many optical 

range applications, 

problematic for high 

radiation flux 

applications and NIR 

wavelengths  

[24-25] 

Thermal stability High and can be improved 

using different ligands 

Dependent on dye 

class, critical for NIR 

wavelength dye 

[29] 

Toxicity Slight toxic but can be 

prevented using shell 

formation 

From very low to high, 

dependent on dye 

[30] 

Solubility and 

dispersibility 

Control through surface 

chemistry (capping agents 

or ligands) 

Control via substation 

pattern 

[31] 

Reproducibility 

(optical chemical 

properties) 

Low, limited by surface 

chemistry and complex 

structure, few commercial 

systems available 

Good, with defined 

molecular shape and 

structure, many 

commercial sources are 

available 

[29] 
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The fundamental properties are manipulated or changed in an enormous range by size 

and single chemical composition in the material. Some basic properties or parameters 

of few Ⅱ-Ⅵ semiconductor quantum dots are summarized in Table 1.1. These size-

dependent properties are mainly depending upon two major effects. First, the density 

of electronic energy levels in semiconductors is known as quantum size or confinement 

effects. Second, the number of atoms present on the surface verse the atoms present 

interior of particles is relatively large friction in semiconductors nanomaterials. These 

two effects also play an essential role in the luminescent properties of semiconductor 

quantum dots. 

1.7.2 ZnSe quantum dots (ZnSe QDs) 

Among the several quantum dots, ZnSe is the current trend of safe handling 

nanotechnology and is to be recognized as an environmentally friendly material. It is a 

wide bandgap II-VI semiconductor with an energy gap at room temperature of 2.67 eV. 

The bulk ZnSe has an exciton binding energy of 18 meV with the Bohr exciton radius 

of 4.5 nm. In comparison with silicon carbide and gallium nitride, ZnSe is considered 

the leading candidate for the fabrication of laser diodes (LDs) and blue light-emitting 

diodes (LEDs) in the nano regime. ZnSe QDs can be prepared of different shapes and 

sizes through a variety of synthesis techniques [32-35]. 

1.7.3 Structure of Zinc selenide 

The formation of different crystal structures of the ZnSe mainly depends on the growth 

conditions of the quantum dots, such as the molar ratios of the precursors, growth 

temperature, pH, reaction time and the concentration of precursors. Depending on the 

growth conditions, the synthesized quantum dots have a cubic zinc blende and wurtzite 

(hexagonal) structure. In the low-temperature conditions, the formation of the cubic 

zinc blende structure of ZnSe has high possibilities as the formation of the hexagonal 
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structure requires the high energy of formation. Also, reaction time plays an important 

role in slight changes in the crystal structure. 

 

Figure 1.2. Cubic zinc blende and wurtzite (hexagonal) structure of ZnSe QDs. 

1.7.4 Doped ZnSe quantum dots (QDs) 

A new class of material is achieved by doping a quantum dots with transition metal ion, 

which is known as dilute magnetic semiconductors (DMSs). These doped 

semiconductor QDs can be utilized in broad diversity areas of different applications 

like potential luminescent materials (LEDs), spintronic and biomedical. For the 

successful incorporation of dopant ions into the host, there is a need for a simple and 

controllable synthesis technique. The main challenge in successful doping into the QDs 

is the “self-purification” nature of these materials in the nano regime, i.e., the host tends 

to expel out the dopant ions onto the surface because of the high surface energies. The 

transition metal ion-doped QDs are categorized by the exchange interaction involving 

the interactions between sp-d orbitals of host and dopant. The interaction of the d-

orbital of the transition metal with the sp orbitals of the host is exhibited in terms of 

various fascinating physical phenomena. The Zeeman splitting of the electronic levels 

occurs due to doping, which results in enhancement and modification in the optical 

properties of the host. Further, doping helps against photo-oxidation during persistent 

illumination. The absorbed photons energy is transferred to the dopant impurities 
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through the localized excitation and controlling the unwanted surface reactions. The 

manganese (Mn2+) doping in II-VI semiconductors shows fascinating optical and 

magnetic properties. First of all, in 1994, Bhargava et al. [36] have reported Mn2+ doped 

ZnS nanocrystals with a significant improvement in luminescence. Besides the 

enhanced photoluminescence intensity, the photoluminescence lifetime decreases 

dramatically from the ns to ms period [37]. This work has gained huge attention in 

doping numerous transition metal ions (Mn2+, Cu2+, Co2+and Ni2+) into various 

semiconductors hosts such as ZnS, ZnSe, CdS, CdSe, etc. [38] 

Copper (Cu2+) is another exciting and ideal transition metal ion being studied 

extensively.  Cu2+ can act as a luminescence center and also enhance the magnetic 

saturation in the host lattice. Another significant behaviour of the Cu2+ ions, their 

emission wavelength changes with the variation of particle size. While the emission 

colour of Mn2+ dopant remains unchanged with the Mn2+ concentration changes and/or 

decreased particle size. The emission of Mn2+ dopant is generated through the localized 

wave function of the dopant cations and surrounding anions, which have no dependence 

on the particle size. But for the Cu2+ ions related emission, the recombination occurs 

between the delocalized charge carriers. 

1.8. Applications 

1.8.1 Quantum dot light-emitting diodes (QLEDs): 

QLEDs are preferable to standard LEDs or OLEDs. Semiconductor QDs acquires 

unique optical properties. The tunability of semiconductor QDs allows them to emit 

nearly throughout the visible spectrum, while a conventional LED lacks this ability. 

QLEDs are an energy-efficient, reliable, tunable colour spectrum for lighting and 

display utilizations that reduce manufacturing costs [39]. 
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QLEDs can provide a low-warmth, entire-spectrum source of light. At the identical 

colour point, it will provide 30 to 40% luminance efficiency over OLEDs, more than 

twice as compared with ordinary LEDs. With the capability to print vast-area on ultra-

thin flexible substrates, QLEDs will reduce manufacturing costs. QLEDs will provide 

ultrathin, flexible and transparent form factors, which permit designers to develop new 

devices which are not possible through conventional LEDs. QDs are also deliberate for 

usage as white light-emitting diodes in liquid crystal display (LCD) televisions [40,41]. 

1.8.2 Quantum dot solar cell: 

A quantum dot solar cell is similar to the conventional solar cell, but they use QDs 

instead of traditional materials as the absorbing photovoltaic material. The tunable 

bandgap property of QDs allows them to emit a broad range of energy levels by 

changing the QDs size, while in bulk materials, the bandgap is fixed according to 

preferred materials. This property makes QDs interesting for developing multi-junction 

solar cells, where different materials are used to boost efficiency by gathering multiple 

sites of the solar spectrum. The tunable bandgap of QDs allows the development of 

advanced solar cells. These QD cells would be capable of utilizing much higher of the 

sun’s spectrum. QDs have been found to transmit up to 3 electrons per incident photon 

of sunlight compared to conventional photovoltaic cells. Theoretically, ZnSe QDs 

could raise solar power efficiency from 15-28% to as high as 64% [42]. 

1.8.3 Organic Dyes: 

One of the most interesting advances in biotechnology is developing inorganic QDs 

with different chemical and optical properties but complex surface chemistry- as in vivo 

and in vitro fluorochrome (fluorophore). In medical diagnostics, QDs synthesized from 

II/VI & III/V semiconductors are the most repeatedly used nanocrystal labels. The QD's 

optical properties are restrained by the particle size, constituent material and surface 
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chemistry. QDs have been used for imaging and detection in various areas of the life 

sciences, grazing from in situ hybridization to in vivo imaging, microarray technology 

to fluorescence [43,44].  

If the structure-property link is well-known for the given class of dyes, then 

only the optical properties of organic dyes can be fine-tuned by a detailed design 

approach [45,46]. In corresponding to organic dyes, QDs have the engaging property 

of absorption that gently rises toward lower wavelengths and a narrow emission band 

of mostly equal shape. The emission and absorption are tunable by particle size. The 

width of the emission peak is primarily driven by QD size allocation. The wide 

absorption grants a free selection of the wavelength for excitation and thus genuine 

separation of emission and excitation. QDs have relatively long lifetimes (usually five 

to hundreds of nanoseconds), allowing truthful material discrimination of the signal 

from scattered excitation light by time-gated evaluation, improving the sensitivity 

[47,48].  

Given excellent optical properties of QDs such as long-term photostability, size-

tunable emission and absorption, numerous colors with a single excitation source, 

excessively wide and intense absorption permissive unique adaptability in excitation, 

in this thesis, ZnSe and metal-doped ZnSe QDs of <5 nm were developed using an 

aqueous route synthesis. The prepared QDs were investigated using various tools and 

techniques. Photoexcitation dynamics of the QDs were explored in the microsecond to 

femtosecond time scale and at cryogenic temperature. Furthermore, the obtained well-

defined QDs were used to monitor different metal ions and explosives in aqueous 

environments [49,50]. 
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Chapter 2 

 

Experimental and characterization techniques 

After the successful synthesis of materials, an intensive and appropriate 

characterization of materials is necessary. Characterization of synthesized material 

provides a superior understanding as well as gives ideas on its potential applications. 

The characterization techniques give an observable and measurable insight of materials 

with a high atomic-level resolution of accuracy and sensitivity. To determine 

nanoparticle-specific properties, we apply different characterization and analytical 

methods depending on the physical or chemical quantity to be determined. Today, high-

precision nanoscale measurement and testing technologies are available in laboratories 

to characterize and analyze nanomaterials. Scanning electron microscopy, scanning 

tunneling microscopy, X-ray spectroscopy, Mass spectrometry, Optical methods, 

Fourier transform infrared spectroscopy, x-ray diffraction and many more. 

In this present work, we have analysed the pure and transition metals doped/co-doped 

zinc selenide quantum dots synthesized by direct aqueous route using different 

characterization techniques namely scanning electron microscopy(SEM), X-ray 

diffractometer(XRD), Fourier transform Infrared spectroscopy (FTIR), high-resolution 

transmission electron microscopy (HRTEM) and their optical performance were 

recorded by tools like UV/Vis/NIR absorption spectroscopy, photoluminescence 

spectroscopy, time-correlated single-photon counting system (TCSPC) and transient 

absorption spectroscopy, which are discussed as follows. 

2.1 X-ray diffraction 

X-ray diffraction (XRD) for powder is a fundamental and well-recognized 

characterization technique adopted for the phase determination of crystalline materials 
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and also gives information about the lattice parameters or unit cell dimensions. The 

investigated material should be homogenized, properly dried and finely grounded. 

The fundamental principle of X-ray diffraction  

In 1912, a discovery made by Max von Laue for crystalline materials stated that the 

spacing of planes in a crystal lattice acts as 3-D diffraction gratings for X-ray 

wavelengths. Nowadays, X-ray diffraction is one of the primary and powerful 

techniques for determining the crystal structures and atomic spacing in nanomaterials. 

The working principle of XRD is based on the constructive interference of 

monochromatic X-rays and crystalline materials. X-rays are generated when a highly 

accelerated electron beam hits a metal cathode ray tube which is further filtered to 

generate monochromatic radiation. Additionally, the monochromatic radiation is 

collimated to concentrate and focus it towards the analysed material. The constructive 

interference (and a diffracted ray) is generated by the interaction between the incident 

rays and the sample in such a way that Bragg's law conditions (nλ=2d sin θ) are 

satisfied [1,2].  

 

Figure 2.1: Schematic representation of Braggs law of x-ray diffraction. 

This law gives the relation between the wavelength of the electromagnetic radiation and 

the diffraction angle in a crystal. All the possible diffraction directions of the lattice due 
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to the random orientation of the powdered material should be attained by scanning the 

sample over a wide range of 2θ angles. Each material has a set of unique d-spacing. 

Thus, determining the d-spacing using diffraction peaks and comparing d-spacing with 

standard reference patterns permits the identification of the materials. The angle 

between the incident and diffracted rays is the key component of all diffraction. 

Instrumentation of powder XRD: 

X-ray diffractometer consists of three main elements, i.e., X-ray tube, X-ray detector 

and a sample holder. X-rays are generated by heating a filament at increased 

temperature, producing electrons in the cathode ray tube. Afterward, electrons are 

accelerated towards the target by applying a voltage bombarded onto the target. The 

characteristic X-ray spectra are obtained when the accelerating electrons with 

sufficiently large energy remove the target material’s inner shell electrons. Several 

bands are produced in the obtained spectra, of which the most common bands are 

Kα and Kβ. The Kα band further consists of two sub-bands, i.e., the Kα1 and Kα2 bands. 

The intensity of the Kα1 is twice of Kα2 and has a slightly shorter wavelength. To 

produce monochromatic X-rays, the filtering of spectra by foils or crystal 

monochromators is needed for the diffraction method. A weighted average of Kα1 and 

Kα2 is used as these two are significantly close in wavelength. The most commonly used 

target for single-crystal diffraction is copper having CuKα radiation with a wavelength 

of 1.5418 Å. These collimated X-rays are focused on the sample. Once the X-rays 

interact with the sample, the reflected X-rays intensity is recorded using a rotating 

detector. When the X-rays incident on the sample fulfils the Braggs condition a 

constructive interference follows, which results in intense peaks. Produced X-ray 

signals are recorded on a detector that converts the signal into counts rate, then 

transferred to the computer monitor, an output device. 
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The X-ray diffractometer is designed in a way that it easily collects the diffracted X-

rays with the detector fitted on one of its arms, while the sample rotates in the path of 

the collimated X-ray beam and the rotation between detector and X-ray beam is always at 

an angle of 2θ. The angel and rotation of the sample are preserved using a Goniometer. 

For typical powder samples, the data is recorded at an angle of 2θ ranges from 10° to 

80°, which should be preset before every X-ray scan. 

 

Figure 2.2. Powder X-ray diffractometer, Bruker, D8 Advance. 

Applications of X-ray diffraction 

The main function of XRD is the characterization of crystalline materials (e.g., 

inorganic compounds, minerals) and identifying unknown materials. Identifying 

unknown materials has significant importance to studies in material science, 

engineering, biology, environmental science and geology. 

Additional important applications include: 

 characterization of crystalline nanoparticles 
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 perform Rietveld refinement to determine crystal structures 

 measurement of sample purity 

 determination of unit cell dimensions 

 quantitative analysis- determine modal amounts of minerals 

 calculated lattice mismatch, stress and strain 

 measuring super lattices in multi-layered epitaxial structures. 

2.3. Fourier Transform Infrared Spectroscopy 

In Fourier Transform Infrared Spectroscopy (FTIR), the infrared radiations are passed 

through the sample, a part of which is absorbed by the sample, and the remaining is 

transmitted through it. As a result, molecular absorption and transmission spectrum are 

obtained, which represents the molecular fingerprints of the sample. Different 

molecules give a unique infrared spectrum like a unique fingerprint scan. Thus, infrared 

spectroscopy is an essential tool for numerous types of analysis. 

• It can be used to determine the sample’s quality or its consistency. 

• Using it, one can identify or characterize the unknown materials. 

• Number of components in a mixture can also be determined using it 

To overcome the restrictions encountered with dispersive instruments, FTIR 

spectrometry was developed. The main difficulty was the slow scanning rate. An 

advanced method was needed for fast and simultaneously scanning all the infrared 

frequencies, rather than individually. This problem was solved by employing an 

interferometer, a simple optical device [3]. The interferometer generates a unique 

encoded signal containing all ranges of the infrared frequencies. These signals can be 

recorded in the order of one second. Thus, they give a shortened scan time per sample, 

decreasing it from several minutes to a few seconds. A beam-splitter is employed in the 

interferometers to divide the incoming infrared beam into two optical beams. These two 
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beams travel towards their respective mirrors and reflect off. Then they recombined 

after coming back at the beam-splitter. There is a path difference between these two 

beams resulting from one fixed path beam and the other with a constantly changing 

path due to the movement of its mirror (typically a few millimeters). 

Thus, the output signal of the interferometer shows a resultant “interfering” beam. The 

resulting signal is an interferogram that provides information on every unique property 

of the infrared frequency as a function of the changing mirror position. So, one can say 

that the recoded interferogram has all frequencies being measured simultaneously. But 

the specialist needs a frequency spectrum to identify, i.e., the plot of intensity vs. 

individual frequency. The recorded interferogram can’t be interpreted directly, 

individual frequencies are required to be decoded for the same. The decoding of the 

interferogram can be accomplished by using the Fourier transformation, i.e., a well-

known mathematical technique. This can be done using a computer system that gives 

the desired spectral information for analysis in output. 

 

Figure 2.3.  FTIR Spectrometer NICOLET–380. 

Advantages of FTIR 

Advantages of FT-IR over the dispersive technique, 

• Has high scan speed, which is also known as Felgett advantage. 
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• Has high sensitivity, which is referred to as the Jacquinot advantage. 

• Internally calibrated through a HeNe laser as an internal wavelength calibration 

standard. 

• Having mechanical simplicity with very little possibility of mechanical breakdown. 

2.4. Field emission scanning electron microscopy 

A scanning electron microscope (SEM) consists of a focused electron beam of high 

energy, which generates a range of signals at the solid specimen. After the interaction 

of the electron beam with the sample, a signal is produced which reveals various 

information about the material sample, including crystalline structure, chemical 

composition, external morphology and orientation of materials building up the sample. 

The data or information are recorded by scanning a small sample area, and 2D images 

are acquired, which shows the spatial variations in the above-listed properties. The 

typical selected area for conventional SEM imaging ranges approximately 1 cm to 5 

microns in width with a spatial resolution of 50 to 100 nm. The magnification offered 

in the range from about 20X to 30,000X.  

 

Figure 2.4. Scanning Electron Microscope, Model: Zeiss, Gemini SEM 500. 
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In SEM analysis, various singles are produced from the sample after the interaction 

with an electron beam. In general, the most commonly used detection mode in SEM is 

secondary generated electrons detection. The generation of secondary electrons varies 

with the angle of the beam at which it interacts with the surface of the specimen. A 

special detector is used to collect the secondary electrons after the scanning of the 

sample. Then an image is created by the recorded data, which displays the topography 

of the surface [4].    

Principle of scanning electron microscopy  

In SEM, a high energetic accelerated electron with a significant amount of kinetic 

energy interacts with a solid sample. The incident electrons are deaccelerated by their 

interaction with the sample releasing energy in the form of various signals. These 

signals comprise of diffracted backscattered electrons, photons (characteristic X-rays 

used for elemental analysis and continuum X-rays), secondary electrons (they are 

responsible for producing SEM images), backscattered electrons (BSE), visible light 

(cathode luminescence) and heat. Secondary and backscattered electrons are used for 

sample imaging; secondary electrons are given the topography and morphology of 

samples. The backscattered electrons are suitable in multiphase samples for showing 

contrasts in composition. 

Applications of SEM 

 SEM is widely adopted to acquire high-resolution images of samples and also give 

the confirmation of spatial variations in chemical compositions:  

 Determination of phases based on the mean atomic number using backscattering 

electrons (BSE). 

 Acquiring elemental composition or chemical analyses using EDS. 



29 
 

 Elemental compositional mapping is also done based on differences in trace 

element "activators". 

 SEMs equipped with BSE detectors can be employed for many materials to 

study micro-fabric and crystallographic orientation. 

 Precise and very small feature measurements, i.e., the particle size up to 50 nm, 

can also be acquired through the SEM. 

2.5 High-Resolution Transmission Electron Microscopy 

HRTEM-High Resolution Transmission Electron Microscopy is a powerful device used 

to imaging nanoparticles on the atomic scale to study their morphologic, size, structure, 

and compositional properties. Simultaneously, it can also provide information in real 

and reciprocal spaces in imaging and diffraction patterns, respectively. In the HRTEM 

technique, a high-energy electron beam (~1 MeV) supplied by a thermionic or a field-

emission gun is accelerated towards the specimen using a positive electrical potential. 

These electrons are then focused using electromagnet condenser lenses into a focused 

monochromatic beam. The beam passed through the specimen, with several interactions 

occur. The transmitted electrons are then focused using an additional electromagnetic 

lens termed the “objective lens,” then collected by a detector to form a magnified 

sample image and give the morphology. The resolution of TEM images depends upon 

the value of the spherical aberration coefficient of the objective lens and the wavelength 

of electrons used. The transmitted beam of electrons undergoes a line of multiple 

“intermediate lenses,” which enlarges the image, depending upon the set magnification. 

After that, the transmitted beam hitting the phosphor screen and light is engendered, 

attached to sensors such as a charge-coupled device (CCD) camera for users to see the 

image. The denser or thicker region is obtained as darker areas of the sample because 



30 
 

only fewer electrons were transmitted. The less-dense or thinner areas give a lighter 

image because more electrons were transmitted from these parts. 

HRTEM has been successfully and extensively adopted for analyzing lattice 

imperfections and crystal structures on an atomic level. It is widely used for material 

characterization and different studies as surface structures, precipitates grain 

boundaries, dislocations, stacking faults and point defects. It is also moderately suitable 

to study various information in reciprocal space, i.e., the information about the material 

phases using the diffraction of electrons from the specimen [5]. For this work, we used 

the TALOS, Thermo scientific instruments, HRTEM at an accelerating voltage of 

200kV. 

 

Figure 2.5. HR-TEM Thermo Scientific, Talos. 
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2.6. UV/Vis/NIR Absorption Spectrophotometer 

Absorption spectroscopy is a fundamental technique used to study optical properties of 

semiconductors nanocrystals or QDs, thin-film and insulators in bulk. Insulating and 

semiconducting materials possess an optical bandgap, so absorption takes place when 

the incident photon has sufficient energy to excite electrons from the valance band to 

the conduction band. Absorption spectra reveal the transition energy associated with its 

different excitonic levels. To study electronic structure and transitions from valance to 

conduction band, ultraviolet to near-infrared radiation is preferred, and absorbed 

intensity as a function of wavelength is recorded and obtained as spectra between in 

absorbance (A) versus wavelength [6].  

  
 

Figure 2.6. UV/Vis/NIR spectrometer, Model: Perkin Elmer LAMBDA-750. 

 

In the present investigation, Perkin Elmer, UV/Vis/NIR Lambda-750 

spectrometer equipped with deuterium and tungsten lamps is used, and the real captured 

image is illustrating in Figure 2.6. This spectrophotometer consists of a double beam 

system and monochromator with 190 nm to 3200 nm wavelength range with an 

accuracy of ± 1.5 nm.  With the help of diffraction grating, a single beam of radiation 

is divided into its different components. A monochromator is used to separate each 
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wavelength and after that, through half mirror devices, the monochromatic beam is split 

into two equal intensity beams. From these two beams, one beam is used as a reference 

to eliminate the unwanted signals. The absorbance (A) can be calculated as per the 

following equation: 

𝐴 = −log (
𝐼

𝐼0
)                                          (2.1) 

where I0 is the initial radiation intensity and I is the absorbed intensity. The absorption 

of radiation by the sample should be followed by the Beer-Lambert Law, 

𝐴 =  −𝜀𝑐𝑙                                          (2.2) 

where ε represents the molar absorption coefficient, c denotes the solution 

concentration, and l is the absorption path length. This law is also useful for finding the 

unrecognized concentration of the samples. 

2.7. Photoluminescence spectroscopy 

Photoluminescence spectroscopy is a powerful and non-destructive optical 

characterization technique that probes the electronic structure with discrete energy 

levels of materials. The photoluminescence spectrum can provide additional 

information about the samples like quantum yield, mono-dispersibility, quenching 

phenomena, etc. Photoluminescence is a process in which the incident photons, i.e., 

electromagnetic radiation, are absorbed by the material and this absorbed energy is re-

emits the photons. The photo-excitation phenomena occur, which states that when the 

material is excited with energy greater than its threshold value (with photons), the 

electrons in the valence band are excited towards the higher energy levels. After a short 

period, these excited electrons return and relax to the ground state with radiative or non-

radiative relaxation processes of photons.  

If the relaxation process is radiative or occurs with the emission of a photon, then the 

process is known as photoluminescence. The photoluminescence spectra offer the 
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identification of transition energies, impurity levels, defects and disorders in the 

samples, which can be very useful to determine the electronic energy states [7,8]. In 

the process of measuring the photoluminescence spectra, first of all, to identify the 

excitation wavelength for the material and fixed it for collecting the emission intensity 

as a function of wavelength. Whereas in the case of measurement of photoluminescence 

excitation spectra, the emission wavelength is kept fixed, and the intensity of 

photoluminescence is recorded as a function of wavelength. The band in the excitation 

spectrum has only appeared for the excitation line corresponding to the fixed emission. 

 

Figure 2.7. Schematic representation of Horiba Scientific Fluorolog-3 

spectrofluorometer. 

In the present study, photoluminescence studies were performed using Horiba 

Scientific Fluorolog-3 spectrofluorometer, equipped with Hamamatsu R928P 

photomultiplier tube (PMT) detector and double-grating at excitation as well as at 

emission monochromators (1200 grooves/mm) as represented by the schematic 

diagram (Figure 2.7). Most of the measurements were carried out at room temperature 

with an excitation source of 450 Watt continuous wavelength Xenon (Xe) lamp for UV 
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to the near-IR excitation wavelength. Figure 2.8 illustrates the real image of the 

instrument used for the photoluminescence studies. 

 We also adopted the photoluminescence instrument to measure 

photoluminescence decay of Mn@ZnSe QDs in some of our work using Xenon pulsed 

lamps as the excitation source. The obtained decay curves were fitted using the bi-

exponential function as given by the Equation, 

𝑓(𝑡) = 𝛼1 exp (−
𝑡

𝜏1
) + 𝛼2 exp (−

𝑡

𝜏2
),               (2.3) 

Where τ1 and τ2 are the lifetime components and 1 and 2 are corresponding 

amplitudes [55], also, the average lifetime was calculated by employing the equation:  

< 𝜏 > =
𝛼1𝜏1

2  +𝛼2𝜏2
2

𝛼1𝜏1+ 𝛼2𝜏2
 ,                                                                                               (2.4) 

 

Figure 2.8. Photoluminescence spectrofluorometer set up. 

2.8. Time-correlated single-photon counting system 

Time-correlated spectroscopy for photon counting is a powerful and vital 

characterization technique for recording the fluorescence lifetime. It uses an excitation 

pulse to count the time-correlated photons and a time to amplitude converter (TAC). A 

short flash laser pulse is used for the time-dependent intensity profile recording [9]. The 

time-correlated single-photon counting system working involves the total time taken 
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between an excitation pulse emitted by a pulsed laser source and the generated (re-

emitted radiation) fluorescent photon recorded at a photomultiplier tube (PMT). The 

time correlation between the excitation and emission events is achieved by using a time-

to-amplitude convertor. The instrument response function (IRF) or an intensity-time 

profile of the laser pulse were recorded for the correction factor employing Stokes or 

Rayleigh Raman scattering by using a LUDOX solution at an appropriate wavelength 

[10].  

 

Figure 2.9. Time-correlated single photon counting system, DeltaFlex-01-DD. 

All the fluorescence lifetime measurements were performed using Horiba Jobin Yvon, 

DeltaFlex-01-DD, time-correlated single-photon counting system equipped with Delta 

diode laser (in this work, we used 450 nm wavelength source) as pulse source and 

PPD.850 as a detector. The recorded data was analysed or fitted through the least square 

fitting method provided in the software installed with the time-correlated single-photon 

counting system by Horiba. The real image of the setup used for lifetime measurements 

is shown in Figure 2.9. 

2.9. Transient absorption spectroscopy 

The ultrafast transient absorption spectroscopy opened a new area of research to 

investigate the photophysical and photochemical reactions in real-time with the 
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femtosecond. The ultrafast transient absorption spectroscopy can measure the kinetics 

of atoms, molecules that have short-lived and non-phosphorescent populations within 

the triplet state decay path. The ultrafast transient absorption spectroscopy was carried 

out for all the transient absorption data acquisition through the pump probe method. A 

pump pulse of 30 fs with maxima at 360 nm was taken to excite the QDs. The sample 

holder is a 300 μm cell, which was positioned between incident laser pulses. The spectra 

obtained was corrected for the group delay dispersion of the supercontinuum by the 

method described below: 

 

Figure 2.10. Ray diagram of transient absorption working. 

The regenerative amplifier system (Spitfire, Spectra-Physics, USA) 

intensifies the output of a Ti:sapphire oscillator (800 nm, 80 MHz, 80 fs, 

Tsunami, Spectra-Physics, Santa Clara, CA, USA). The femtosecond gauss 

pump pulse of 200 nJ, 30 fs centered at 360 nm was used to excite the samples. 

The probe pulse was light of supercontinuum generated in H2O cell by focused 

800 nm femtosecond pulses. Transient absorbance change ∆A (t, λ) was 

measured over a wide wavelength range from 380–800 nm. During the pump-

probe technique, the time window of the “coherence spike” was observed and 

neglected for the overlap. The pump beam frequency was reduced to half (500 
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Hz) using a chopper to obtain the difference spectra (DA) signal and the sample 

was then pumped at a fluency of ~20 µJ/cm2. A visible light probe was used to 

experiment, while a highly stable output pump beam from TOPAS having a 

wavelength of 450 nm was used to excite the sample. In the present experiment, 

a time delay up to 2000 ps was conducted. The ray diagram of the working of 

transient absorption spectroscopy is represented in Figure 2.10. Surface Xplorer 

V4.0 and Origin 9.1 software are used to simulate the recorded experimental data. 
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Chapter 3 

 

Synthesis of Mn2+-doped ZnSe quantum dots for lead ions sensing in 

drinking water 

3.1. Introduction 

II-VI semiconductor quantum dots (QDs)/nanoparticles (NPs) have been considered as 

vibrant materials by the scientific community due to their excellent size-specific optical 

properties and biocompatibility [1-3]. QDs have unique features that include high 

quantum confinement, large active surfaces, high resistance to photo-bleaching, size-

dependent tunable strong absorption and emission with broad photoexcitation and 

narrow band. These unique features expand the application of QDs as an active 

component for many devices like blue light-emitting lasers, photodetectors, light-

emitting diodes (LEDs), photo-catalysis, sensitive luminescence-based probes for 

various biological purposes and in sensing of many health-hazardous heavy metal ions 

[4-15]. In the present era, heavy metal contamination in water and the quality of 

drinking water is the primary concern due to their high toxicity and hazardous effects 

on human health and other living organisms [16-19]. Notably, lead is well known for 

its highly toxic nature and its environmental impact, which causes a severe impact on 

human health. This hazardous element comes up from many industrial or natural 

sources, i.e., lead has been distributed by various textile and batteries production 

industrial waste and some natural processes such as volcanic activity. Even at low 

concentrations, lead damages to the aquatic environment and microorganisms. Besides, 

 

*Content of this chapter have been published in Materials Research Bulletin 134 

(2021) 111121. 
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lead-poisoning results in neurotoxic damages, mainly in children from its non-

degradable nature. Thus, drinking water polluted with lead leads to several severe 

disorders in addition to neurological damage. Consequently, developing a sensitive, 

water-soluble, fast, cheap and reliable metal sensor for detecting lead in drinking water 

has a great significance. Many researchers have reported metal ion sensors using CdSe 

and CdS quantum dots [20-24], but due to their high toxicity, cadmium placed the CdX 

(X= Se, Te, S) QDs in an unfavorable position for the sensing and especially the 

biological applications. Cadmium could be leaked from CdX nanoparticles and may 

become a severe issue for biological systems and cause many environmental problems 

[25-27]. Thus, presently the priority is to search the non-cadmium alternatives, 

biocompatible, non-toxic QDs, which can be used for sensing. Therefore, ZnSe is one 

of the leading semiconductor QDs and gained great attraction because of its non-toxic 

nature for many applications such as photodetectors, sensors, color displays and 

biological applications [28-30]. 

For several decades, zinc chalcogenide-based II-VI semiconductors with 

paramagnetic impurities have been studied and are well-known as “diluted magnetic 

semiconductors” materials, possessing great applications for spintronic devices [31]. 

The most remarkable categories of diluted magnetic semiconductors are Mn2+ ions 

dopants, which produced visible (orange) emission due to the recombination in Mn2+ 

dopant ion center. In 1994 Bhargava et al. [32] reported that it was promising to attain 

efficient emission from Mn@ZnSe QDs synthesized by colloidal approaches. Mn2+-

doped ZnS QDs have been broadly explored in different fields [33-34]. The direct 

aqueous medium synthesis of water-dispersible, highly emissive Mn2+-doped 

ZnSe/ZnS core-shell nanocrystals with MPA as capping ligand was reported firstly by 

Fang et al. [35]. In some cases, the metal ions could cooperate with colloidal QDs via 
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coordinate bonds, e.g., metal sulfide (MS) bond, which results in strong quenching of 

emission intensity due to aggregation or electron transfer from colloidal QDs. On the 

other hand, some quenching processes are stimulated or initiated via a collisional 

process. The detection of such fluctuation and quenching in the signals by numerous 

operative methods leads us to detect heavy metal ions. Further, the fluorescent sensors 

should have good biocompatibility, low toxicity, significant quantum yield, and 

photostability for sensing and imaging applications. Thus, the Mn@ZnSe QDs may be 

considered novel fluorescent probes due to their high PL intensity and non-toxic nature 

compared to CdX based nanoparticles/QDs [36]. 

Herein, cadmium-free quantum dots were prepared by aqueous synthesis 

method and capped or protected by the thiol functional group, which are accessible as 

the best substitute compared to dyes and organic fluorophores. Mn2+-doped ZnSe QDs 

were directly synthesized in the aqueous medium with MPA capping [37]. The 

synthesized Mn@ZnSe QDs act as a sensing probe for heavy metal ions detection and 

show promising selectivity and high sensitivity towards Pb2+ ions in ultrapure, tap water 

and Yamuna river water. To test the selective and interference response of Mn@ZnSe 

QDs, the PL was measured in the presence of eleven different metal ions. We have 

reported Mn@ZnSe QDs as an active lead (Pb2+) sensor in ultrapure DI water and 

drinking water. 

3.2. Experimental  

3.2.1. Materials and methods 

All chemicals are of the AR spectroscopic mark and used without further purification. 

Sodium borohydride (95%) and manganese (Ⅱ) chloride (99%) from CDH, and 

selenium powder (99.5%) from Sigma-Aldrich. Zinc acetate dihydrate (98%) and 3-

mercaptopropionic acid (MPA, 99%) were procured from Acros Organics and ethanol 
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from Alfa Aesar. The metal ions used in the sensing experiment are lead (II) perchlorate 

trihydrate, cadmium (II) chloride hydrate, cobalt (II) perchlorate hexahydrate, 

aluminium (III) perchlorate nonahydrate, zinc (II) perchlorate hexahydrate, calcium 

(II) perchloride tetrahydrate, magnesium (II) perchloride hexahydrate, nickel (II) 

perchlorate hexahydrate, barium (II) perchlorate anhydrous, iron (II) perchlorate 

hydrate and iron (III) perchlorate hydrate were purchased from Sigma Aldrich having 

purity (99.8%). The ultrapure water was used in the synthesis process, having a 

resistivity 18.2 MΩ cm. 

3.2.2. Synthesis method for water-dispersible Mn@ZnSe QDs 

Water-dispersible and highly stable Mn@ZnSe QDs were prepared via a direct aqueous 

medium route by using mercaptopropionic acid (MPA) as a stabilizing ligand and 

adopted nucleation doping strategy. To synthesize Mn2+-doped ZnSe QDs, a nucleation 

doping strategy with appropriate modifications was used. The synthesis process was 

performed in an inert environment under the continuous flow of N2 gas through the 

reaction vessels and maintained the pH of the solution to be 10.3. The freshly prepared 

stock solution of NaHSe at room temperature by the reaction of selenium powder (Se) 

and sodium borohydride (NaBH4) in distilled water was added to the three-neck flask 

(250 mL) that already containing zinc acetate (Zn2+) precursor at 80℃ and 

simultaneously added 0.1 mM solution of manganese chloride (Mn2+). After a few 

minutes, 1 mL MPA was added as a capping agent to the solution and then kept the 

Mn@ZnSe QDs at the same temperature for 2030 min. Further, decrease the 

temperature and keep the solution at 70 ℃ for a reflux time of 90 min. for the growth 

of QDs. After that, switch off the heating and the solution was cool down freely under 

constant stirring at room temperature. MPA complex and other impurities from 

quantum dots were purified and separated via repetitive centrifuge with excess absolute 
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ethanol and distilled water to eliminate unreacted precursors. Finally, the QDs were 

then exposed with the UV for the photoactivation process of about 90120 min. 

3.3. Characterization techniques 

The UVvis spectroscopic studies were performed with Perkin-Elmer, Lambda-750 

dual-beam UV/VIS spectrometer, Steady-state photoluminescence (PL) and time-

resolved photoluminescence (TRPL) measurements were carried out with Fluorolog-3 

spectrofluorometer, Horiba Jobin Yvon, equipped with photomultiplier tube (PMT) and 

450 W xenon and flash lamps.  A quartz cuvette was used as the sample container with 

an optical path of 10 mm. X-ray diffraction (XRD) pattern was obtained with Ultima 

IV, Rigaku operated at an acceleration voltage of 40 kV and using Cu (Kα) radiation. 

High-resolution transmission electron microscopy (HRTEM) images were captured by 

TALOS (Thermo scientific instruments) operated at an accelerating voltage of 200 kV. 

For the photoactivation process, samples were exposed to a Cole-Parmer UV lamp with 

a wavelength of 254 nm of 8 W and an irradiation dose of 1.2 Mw/cm2 for 90-120 min. 

3.4. Results and discussion 

3.4.1. X-ray diffractometry  

Fig. 3.1 illustrates the XRD pattern of Mn@ZnSe QDs taken by depositing the sample 

on a glass cover slide using a drop-cast technique. ZnSe has two types of crystal 

structures, one is hexagonal and the other is the cubic zinc blende. In low-temperature 

aqueous synthesis, the often obtained structure is a cubic zinc blende. The characteristic 

diffraction peaks corresponding to the diffraction planes (111), (220) and (311) of ZnSe 

crystal are observed at 2 angles 27.2, 45.3 and 53.6°, respectively which are matched 

with cubic zinc blende structure (JCPDS card: 80-0021). The result indicates the 

incorporation of the Mn2+ dopant does not affect the structure of the crystal lattice. The 

broad diffraction peaks indicate the nano-crystalline nature of the synthesized QDs. 
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Figure 3.1. XRD pattern of Mn@ZnSe QDs having the cubic zinc blende crystal 

structure. 

 The average crystallite size (D) of synthesized Mn@ZnSe QDs was estimated 

by using Scherrer’s equation D =  
 kλ

β cos
 is 3.8 nm. Here, k denotes the shape factor 

having a value of 0.89, λ denotes the X-ray wavelength corresponding to Cu Kα 

radiation, β denotes the full-width at half maximum (FWHM) of observed peak and  

represents the diffraction Braggs angle. 

3.4.2. Transmission electron microscopy (TEM)  

Fig. 3.2 illustrates the TEM (Fig. 3.2a) and HR-TEM (Fig. 3.2b) images of Mn2+-doped 

ZnSe QDs. TEM images show that the particles are of spherical morphology with a 

small aggregation of particles, and the average particle size is 34 nm approximately. 

The HR-TEM image shows the lattice fringes of ZnSe crystal having the D-spacing of 

0.13 nm, which are matched to (102) plane of ZnSe in the cubic phase. The energy-

dispersive X-ray spectrum (EDX) confirms nucleation doping of Mn2+ ions as no Mn2+ 

related peaks are observed due to the deep implementation of Mn2+ ions in the ZnSe 

host, as shown in Fig. 3.2(e) and 3.2(f). The significant quantity of Zn and Se without 
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the other foreign elements confirms the purity and successful synthesis of the sample. 

The FFT (Fast Fourier Transform) image of the sample shown in Fig. 3.2d confirms the 

crystallinity of the as-prepared Mn2+-doped ZnSe QDs. The TEM image and EDX of 

Mn@ZnSe QDs are also recorded in the presence of lead ions to understand the effect 

of these ions on the synthesized Mn@ZnSe QDs, as shown in Fig. 3.2c and 3.2(f), 

respectively. With the addition of Pb2+ ions, the TEM image shows the aggregation of 

the particles and the formation of some reduced size (PbSe) particles under the same 

imaging conditions. This can be visualized with the occurrence of Pb and Mn ion peaks 

in the EDX as PbSe particle formation with the displacement of some Mn ions. 

 

Figure 3.2. TEM (a) and HR-TEM (b) images of Mn@ZnSe QDs. TEM image of 

Mn@ZnSe QDs in the presence of [Pb2+] ions (c) and FFT image (d). EDX spectra of 

bare Mn@ZnSe QDs (e) and with the addition of [Pb2+] ions (f). 

3.4.3. UVVis absorption spectrum 

The absorption and PL excitation spectra of Mn@ZnSe QDs in water are shown in Fig. 

3.3. The confinement band was appeared at around 320 nm, which was related to the 

band edge transition from the valence band to the conduction band. The high energy 

band at 320 nm is due to the highly confined QDs of 23 nm sizes. The excitation 
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spectrum shows a broad band with a maximum of around 350 nm. Thus, we can estimate 

the possible band gap for Mn@ZnSe QDs in water from absorbance and PL excitation 

lies in between the range 3.093.87 eV that signifies the quantum confinement of 

particles and reveals the reduction of particle size under identical experimental 

conditions. Compared with the bulk ZnSe (bandgap ~ 2.7 eV) [38], the fascinated 

bandgap of Mn@ZnSe QDs is quite large. 

 

Figure 3.3. The PL spectra (Ex = 370 nm) of Mn2+-doped and (Ex = 340 nm) un-doped 

ZnSe QDs along with the PL-excitation and absorption spectrum in water. 

3.4.4. Photoluminescence spectral analysis 

To achieve highly emissive colloidal nanoparticles in the direct aqueous medium, 

Mn@ZnSe QDs were prepared using the general “nucleation doping” strategy and 

without preferring the toxic organo-phosphines [39]. The PL spectra (λex = 370 nm) of 

Mn@ZnSe QDs along with the un-doped ZnSe QDs are shown in Fig. 3.3. The undoped 

ZnSe QDs illustrate a small PL band at 380 nm and a broad peak at 435 nm related to 

water Raman and trap-states emission, respectively. The primary cause of these trap 

states in the aqueous ZnSe QDs are the point defects such as Frenkel (interstitial) defects 
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and the Schottky (vacancies) defects [40]. In the zinc blende structured ZnSe QDs, 

vacancy defects were dominant over the interstitials faults. Therefore, the broad PL 

peak possibly appears due to the recombination of electrons with Se vacancies (i.e., 

holes), which are generated because of the lower Se/Zn ratio in the synthesis. Thus, the 

reason for relatively broad emission (FWHM = 105 nm) was the availability of many 

possible recombination paths, each with slightly different emission energy from the 

many trap-states. The PL spectrum of Mn2+-doped ZnSe QDs shows a new band at 580 

nm having FWHM of 60 nm beside the water Raman and trap-states emissions. The 

Mn2+ ions dopant produced visible (orange) PL as shown in the CIE plot (see Fig. 3.4) 

due to the recombination in Mn2+ ions following energy transfer in the ZnSe lattice, 

which has been attributed to the 4T1 → 6A1 transition [41-44]
 
as illustrated in Fig. 3.5.  

 

Figure 3.4. CIE 1931 plot corresponding to the PL spectra of Mn@ZnSe QDs. 

 According to Fang et al. [35], dopant emission is only observed when the dopant 

ions were incorporated into the lattice instead of attached to the outer surface. If the 

dopant is absorbed on the host's surface, the host emission decreased because the 

absorbed dopant ion acts as a surface trap that quenches the PL of the host [27]. The 
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occurrence of a new PL band and the enhancement of host ZnSe lattice emission shows 

the successful incorporation of Mn2+ in ZnSe lattice of Mn@ZnSe QDs. 

 

Figure 3.5. Schematic representation of various possible electronic transitions of 

Mn@ZnSe QDs, with ZnSe host and Mn2+ ion dopant energy levels. 

3.4.5. Quantum yield (QY) calculations of Mn@ZnSe QDs 

The quinine sulfate solution with a QY 54% was used to calibrate the spectrometer or 

considered a reference. First, the absorption spectra were recorded for both quinine 

sulphate solution and Mn@ZnSe quantum dots. The overlapping of both sample's 

absorption spectra gives a common point of absorbance where both the spectra crossed 

and noted that optical density (OD) at this point, which should not be higher than 0.1. 

In the next step, this crossed point wavelength (380 nm) was used as the excitation 

wavelength for both quinine sulfate and Mn@ZnSe samples. Then the PL spectra were 

recorded. The integral areas under the curves of both spectra were calculated and 

compared to obtain the QY of Mn@ZnSe quantum dots. The standard reference samples 

which have a known QY value is used for calculating the absolute values, according to 

the equation given below:  

QY𝑫 = QYr × (
𝐼𝐷

𝐼𝑟
) × (

𝐴𝑟

𝐴𝐷
) × (

 𝑛𝐷

𝑛𝑟
)

𝟐

                                                                                       (3.1) 
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QYr and QYD are the quantum yields of reference, i.e., quinine sulfate (0.54) and the 

Mn@ZnSe QDs, respectively. AD and Ar are the absorbances and ID and Ir are 

corresponding integrated areas under the emission spectrum of QDs and the reference, 

respectively. nr and nD are the refractive indexes of the solvents used for reference and 

QDs, i.e., sulfuric acid and distilled water, respectively. The calculated value of QY 

from the above equation comes out to be 17.3%. 

3.4.6. Effect of UV irradiation on Mn@ZnSe QDs 

The direct aqueous route has some drawbacks, such as the prepared QDs via aqueous 

route shows weak PL quantum yield and low stability. Because of the high surface area 

to volume ratio and high surface energy, the surface of QDs is very active; thus, in the 

presence of air, light and heat, there was a high aggregation possibility of the dots in 

water, which cause the reduced PL quantum yield. Numerous methods have been used 

to enhance the stability, biocompatibility and PL efficiency of the QDs. These methods 

include ultrasonic irradiation, doping transition metals, photoirradiation 

(photoactivation) and inorganic passivation [45-49]. The rise in PL quantum yield on 

exposure to UV radiation is generally called ‘‘photoactivation’’ and is also recognized 

as photo-brightening or photo-enhancement. Based on the previous reports [50], there 

are four major principal pathways for the photobrightening phenomenon, i.e., 

photoactivation due to heat-induction by light (photo-annealing), photoactivation due 

to adsorption of water molecules on the surface of QDs, photoactivation due to 

stabilization with surfactant molecules or surface-ligand passivation and 

photoactivation due to photo-oxidation. We used the photoactivation method for surface 

passivation of QDs and to enhance the PL properties. 

The low PL QY of QDs might be due to the occurrence of intrinsic imperfections 

and surface dangling bonds, the Zn2+ vacancies combined with these surface defects in 
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the zinc blende structure of ZnSe. To reduce the surface defects, the photoactivation 

method was performed with the irradiation of ultra-violet radiation on the freshly 

synthesized Mn@ZnSe QDs. According to the observations, the photoactivation 

method enhances the excitonic emission/PL by reducing the surface imperfections. To 

promote the reduction of sulphur ions from the thiol group (HS) of MPA capping 

agent, an ultra-violet (UV) lamp of 8W has been used for 90120 min. Under UV 

radiation, the dissociated sulphur ions (S) bind to the Zn2+ vacancies and reduces 

surface defects. And observed a reduction in the PL related to the surface-defect states 

and an increase in PL related to Mn2+ ions. According to Silva et al. (2016), extended 

exposure of samples under UV irradiation causes the weakening of the QDs and 

reducing the PL intensity due to the complete reduction of capping/stabilizing agent 

shell [51]. We noted that the colloidal QDs persisted stability in water up to 120 min of 

high-intensity UV light irradiation, as shown in Fig. 3.6.  

 

Figure 3.6. PL spectra of synthesized Mn@ZnSe QDs under UV irradiation (the effect 

of photoactivation) with time. 

 It was well accepted that the stability of QDs in an aqueous medium is lower 

than in the non-polar solvents. The reason for the lower photostability of QDs in 
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aqueous media is the involvement of O2 and H2O in the reaction mechanism of 

photodegradation or photocorrosion. It is also important to note that the photoactivation 

process, when carried out under high-intensity radiation (UV irradiation), leads to the 

photodecomposition or photochemical instability of the QDs. 

The stability of Mn@ZnSe QDs under the persistent exposure to UV light or the 

extension of the photoactivation effect was also studied, as shown in Fig. 3.7. For this 

study, the previously prepared, filtered and room temperature stored Mn@ZnSe QDs 

were used rather than the freshly prepared QDs. The result shows an increase in the 

intensity of Mn-related emission with exposure to UV radiation and reached at the 

saturation point, i.e., after that, there is no further increase in the PL intensity. 

 

Figure 3.7. Stability of Mn@ZnSe QDs with the persistent exposure to UV light and 

extension of photo-activation effect. 

3.5. Metal ion sensing 

3.5.1. Effect of Pb2+ ions on the absorption and PL of Mn@ZnSe QDs 

The experiments were performed with freshly prepared QDs before each experiment 

and diluted in 10 mL distilled (ultra-pure) water. The absorption and PL measurements 
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of QDs were carried out within 5 min after the mixing with metal ion solutions, as each 

measurement takes 12 min. Upon adding the metal ion [Pb2+], a substantial increase 

in the absorbance and decrease in the PL intensity of Mn@ZnSe QDs has been 

observed. The PL spectra of Mn@ZnSe QDs in the absence and presence of various 

concentrations of metal ions observed under excitation at 370 nm along with the change 

in absorption spectra are shown in Fig. 3.8(a,b).

 

Figure 3.8. The PL spectra of Mn@ZnSe QDs (ex = 370 nm) in ultrapure water with 

the addition of varying concentrations of [Pb2+] ions (a) and the corresponding Stern-

Volmer plot (inset of Fig. 3.8a). On the top of (a), the appeared image of the test strips 

coated with Mn@ZnSe QDs under a 365 nm UV lamp in the presence of different 

concentrations of Pb2+ ion. The absorption spectra of Mn@ZnSe QDs in water with the 

addition of different concentrations of [Pb2+] ions (b). 

 The apparent change in PL of the prepared Mn@ZnSe QDs solution was 

observed by adding lead ions (0100 µM). The PL intensity of synthesized Mn@ZnSe 

QDs was quenched gradually with the addition of Pb2+ ions. A strong quenching occurs 

without changing shape and the band position of PL, even remains unaltered at the 

concentration of 100 µM, indicating that there is no additional transition from the 

Mn@ZnSe QDs, which makes the system simple and applicable.  
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Figure 3.9. Schematic of the sensing mechanism for [Pb2+] ions in water using 

Mn@ZnSe QDs as a sensing probe. 

 The Pb2+ ions react and formed the isolated or aggregated PbSe particles by 

displacing the Zn2+ ions because low solubility products are always preferred in the 

solution [52-54] that quench the PL of QDs by assisting non-radiative annihilation of 

charge carries, as shown in Fig. 3.9. Meanwhile, the color of the solution changes from 

transparent to light yellowish due to the attachment of Pb2+ ions with MPA ligand and 

the formation of a PbSe low solubility product. 

 

Figure 3.10. PL spectra of Mn@ZnSe QDs in the presence of a fixed concentration (50 

µM) of various metal ions showing selective sensing for [Pb2+]. 
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To test the selective response of Mn@ZnSe QDs towards Pb2+ ions, which is 

important for practical applications, the PL spectra of QDs were recorded in the 

presence of 11 different metal ions, i.e., Pb2+, Cd2+, Fe2+, Fe3+, Co2+, Mg2+, Al3+, Ni2+, 

Zn2+, Cr2+ and Ca2+ (see Fig. 3.10). The PL intensity of Mn@ZnSe QDs in the presence 

of various metal ions is demonstrated by the bar diagram in Fig. 3.11(a). Thus, the 

MPA-capped Mn@ZnSe QDs did not show any significant response with other metal 

ions.  It is also essential to investigate the interference effect of different metal ions for 

Mn@ZnSe QDs to be useful as sensing probes for Pb2+ ions. Then the PL spectra of 

Mn@ZnSe QDs are recorded in the presence of Pb2+ ions along with other metal ions 

and the obtained results are shown by the bar diagram in Fig. 3.11(b). 

 

 

Figure 3.11. Bar diagram of PL intensity quenching of Mn@ZnSe QDs in the presence 

of various metal ions (a) and with a fixed concentration (100 µM) of [Pb2+] in the 

presence of different metal ions (b). 

The PL of QDs is entirely quenched by the addition of Pb2+ ions even in the 

presence of other foreign metal ions, which specifies that the presence of other metal 

ions in the probe solution does not affect the interaction between lead ions with the 

surface thiol ligands and shows the anti-interference effect.
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3.5.2. Effect of Pb2+ ions on the lifetime of Mn@ZnSe QDs 

Fig. 3.12 shows the PL decay profiles of Mn2+-doped ZnSe QDs in the absence and the 

presence of a different concentration (0100 µM) of Pb2+ ions dissolved in water. The 

excitation wavelength was 370 nm and decay was recorded up to 10 ms at monitoring 

the PL wavelength at 580 nm.  

 

Figure 3.12. Fitted PL decay profiles of Mn@ZnSe QDs in the presence of different 

concentrations of [Pb2+]. The excitation and PL wavelengths were 370 nm and 580 nm, 

respectively. 

 The obtained results could not have fitted with a single exponential and are fitted 

well with bi-exponential function by using the equation: 

𝑓(𝑡) = 𝛼1 exp (−
𝑡

𝜏1
) + 𝛼2 exp (−

𝑡

𝜏2
),                          (3.2) 

Where τ1 and τ2 are the lifetime components and 1 and 2 are corresponding 

amplitudes [55]. The obtained lifetime and corresponding amplitudes together with 

average lifetime <τ> of Mn@ZnSe QDs with an increasing concentration of [Pb2+] ions 

are listed in Table 3.1. The average lifetime was calculated by employing the equation:  
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< 𝜏 > =
𝛼1𝜏1

2  +𝛼2𝜏2
2

𝛼1𝜏1+ 𝛼2𝜏2
 ,                                                                                               (3.3) 

The average lifetime of Mn@ZnSe QDs increases at the initial concentration (015 

µM) of [Pb2+] ions. Whereas decreases after that from 0.678 to 0.492 ms for the Pb2+ 

ion concentrations of 30100 µM, as shown in the inset of Fig. 3.12. 

Table 3.1. The lifetimes and pre-exponential factors of Mn@ZnSe QDs with different 

concentrations of [Pb2+]. Excitation and PL wavelengths were 370 nm 580 nm, 

respectively. 

(Mn@ZnSe)/Pb2+ 

(µM) 

τ1 (ms) τ2 (ms) α1 α2 τav (ms) τmean (ms) 

0 0.195 

± 0.003  

0.687 

± 0.007 

0.51 0.49 0.574 0.441 

3 0.157 

± 0.003 

0.730 

± 0.007 

0.53 0.47 0.618 0.443 

15 0.176 

± 0.006 

0.803 

± 0.010 

0.53 0.47 0.678 0.489 

30 0.140 

± 0.004 

0.735 

± 0.010 

0.52 0.48 0.633 0.437 

50 0.129 

± 0.006 

0.670 

± 0.010 

0.56 0.44 0.563 0.399 

70 0.138 

± 0.007 

0.637 

± 0.020 

0.56 0.44 0.529 0.387 

100 0.156 

± 0.01 

0.629 

± 0.030 

0.62 0.38 0.492 0.392 

 

The bi-exponential lifetimes of Mn@ZnSe QDs are associated with the Mn transitions 

populated via the excitation energy transfer from ZnSe and its defect/trap states. To 
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explore the excitation dynamics of QDs, the ps-fs time resolution is required and will 

be investigated. 

3.5.3. Promising quenching mechanism 

The quenching of PL in the presence of a quencher is either by static or dynamic 

interaction [56]. By the addition of Pb2+ ions, the PL of Mn@ZnSe QDs is remarkably 

quenched. The observed PL quenching follows a linear Stern-Volmer (S-V) 

relationship according to the equation: 

𝐹0

𝐹
=  1 +  KD [𝐶] ,                                                                                   (3.4) 

Where 𝐹0 and 𝐹 are PL intensity of Mn@ZnSe QDs with and without the quenchers 

[Pb2+], KD is the S-V constant and C represents the molar concentration of [Pb2+]. The 

relationship between relative PL intensity (F0/F-1) of QDs and the concentrations of 

quencher [Pb2+] is illustrated in the inset of Fig. 3.8(a). From the linear S-V plot, the 

calculated KD value is 0.99  105 L mol1, and the limit of detection (LoD) is estimated 

using formula 3σ/K, comes out to be 29.8  106 mol L1 for [Pb2+]. Where K denotes 

the slope of the S-V plot and σ denotes the standard deviation. Furthermore, the 

quenching rate constant Kq, calculated by Eq. 5, was obtained to be 4.98  1010 L mol1 

s1. 

𝐾𝐷 =  𝐾𝑞 . 𝜏0                                                                                                   (3.5) 

where τ0 denotes the lifetime of Mn@ZnSe QDs in the absence of quencher. The 

maximum value of Kq for static collisional quenching is about 1-2  1010 L mol1 s1 

[57]. The calculated value of Kq is higher than the maximum value indicating that the 

quenching is caused by a dynamic or collision in the excited state rather than the static 

due to complex formation in the ground state [58]. To further understand the 

mechanism of PL quenching by [Pb2+] ions, the change in average lifetime provides us 
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with a clear thought. The corresponding fall in PL intensity and an average lifetime 

with increasing concentration of [Pb2+] ions demonstrate an essential characteristic of 

dynamic quenching. The decrease in a lifetime and the PL intensity arises due to 

dynamic quenching, which is an additional rate process that aids the depopulation of 

excited states without radiative emission. The possible reason of an initial increase in 

the average lifetime of QDs with Pb2+ concentration (015 µM) is the formation of 

PbSe centers that induced geometrical distortions and decrease the overall non-radiative 

decay rate, and with increasing higher concentrations, the collisional rate increases that 

depopulate the excited states and thus observed a decrease in the lifetime with the 

further increase of Pb2+ ions [59]. 

3.5.4. Real samples detection and idea for device fabrication 

The potential use of the Mn@ZnSe QDs for sensing Pb2+ ions in direct tap water and 

the Yamuna river water samples is further validated. The Yamuna river is the second 

largest affluent or tributary river of the holy Ganga river. Most of the rivers are not 

polluted near their origins in India. As the Yamuna river is getting polluted almost in 

Delhi by the pesticides, fertilizers, discharge of industrial effluents, and domestic 

sewage, that's why we used the Yamuna river water as a real sample analysis. For the 

experiment, 2 mL of Mn@ZnSe QDs was diluted to 10 mL by using the direct tap and 

Yamuna water and 3 mL of the diluted solution was used in a quartz cuvette (10 mm  

10 mm) for PL measurements.  

The PL quenching was studied in tap and Yamuna river water in the presence 

of an ionic mixture of ten metal ions, with each metal having a concentration of 100 

µM by dissolving all metals in tap water. Then added the concentration of Pb2+ metal 

ions according to the experimental procedure from 3.33 µM to 100 µM and recorded 
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the corresponding PL spectrum, as shown in Fig. 3.13(a,b), along with the 

corresponding SV plots (inset).  

 

Figure 3.13. The PL spectra of Mn@ZnSe QDs (ex = 370 nm) in tap water in the 

presence of varying concentrations of [Pb2+] ions (a). The corresponding Stern-Volmer 

plot (bottom inset) and photographic representation of Mn@ZnSe QDs with and 

without the Pb2+ ions (PL turn-off) under UV radiation (top inset) are shown in the inset 

of (a). The PL spectra of Mn@ZnSe QDs (ex = 370 nm) in Yamuna river water in the 

presence of varying concentrations of [Pb2+] ions and corresponding Stern-Volmer plot 

are shown in (b) and inset of (b), respectively. 

Table 3.2. Results of determination of Pb2+ ions in ultrapure water and real water 

samples.  

Sample LoD (μM) Linearity range R2 

Ultrapure water 29.8 0-100 M 0.99 

Tap water 28.8 40-110 M 0.95 

Yamuna river water 37.1 20-120 M 0.98 

 

The results of PL quenching as tabulated in Table 3.2 signify that the developed system 

was suitable for Pb2+ sensing in drinking water samples with high sensitivity. The 

photographic representation of Mn@ZnSe QDs sensor with and without the Pb2+ ions 

under the sunlight and UV radiation (= 365 nm) is shown in the inset of Fig. 3.11a. 
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Also, the effect of the presence of an excess amount of capping ligands MPA and TGA 

were recorded and presented in Fig. 3.14. The result shows a small increase in PL 

intensity with the initial volume of MPA and decreased with TGA. After that, for excess 

amounts, saturation was achieved. 

 

Figure 3.14. Stability of Mn@ZnSe QDs with the addition of an excess amount of 

MPA and TGA ligands. 

A schematic representation of the test strip (filter paper) fabricated Mn@ZnSe QDs 

sensing probe for Pb2+ ions, as illustrated in the top of Fig. 3.7a. The Whatman filter 

papers were used as a substrate/test trip or base for the Mn@ZnSe QDs because the 

paper consists of cellulose fiber, which provides a great supporting or binding substrate. 

A 10 mm  30 mm rectangular filter paper substrate was used after washing 23 times 

with ultrapure water and dipped in a concentrated 5 mL solution of Mn@ZnSe QDs for 

30 min. under the mild heating conditions of 60 ℃ temperature. The QDs are absorbed 

and binds to the filter paper substrate and show good PL efficiency when excited under 

the UV lamp having the radiation of wavelength 365 nm. The PL quenching was studied 

in the presence of a different concentration of Pb2+ metal ions added uniformly 

throughout the paper substrate by using a micropipette of range 1200 L. The digital 
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pictures taken at different increasing concentrations of Pb2+ metal ions show the 

quenching in PL of deposited Mn@ZnSe QDs. This demonstrates that the prepared 

Mn@ZnSe QDs system could be promising for sensing device fabrication. A 

comparison of different reported sensors for Pb2+ and other metal ions using different 

QDs probes are represented in the tabular form in Table 3.3. 

Table 3.3. Comparison of different reported sensors for Pb and other metal ions 

detection. 

QDs Capping agents Ions Method References 

Mn@ZnSe 3-Mercaptopropionic acid 

(MPA) 

Pb2+ Fluorescence and 

lifetime  

this work 

ZnSe L-glutathione Hg2+ Fluorescence 60 

ZnS:Mn/ZnS Iminodiacetic acid (IDA) Ag+ Fluorescence 61 

ZnS:Ce Unmodified Hg2+ Fluorescence 62 

CdTe Mercaptoacetic acid (MAA) Cu2+ Fluorescence 63 

CdTe Thioglycolic acid (TGA) Pb2+ Fluorescence 64 

CdSe/CdS Dithizone (Dz) Pb2+ Fluorescence 65 

 

3.6. Conclusions 

In conclusion, the non-toxic direct aqueous route synthesized MPA-capped Mn@ZnSe 

QDs having ⁓17.3% QY are demonstrated selective PL quenching in the presence of 

Pb2+ ions. The PL intensity was quenched up to 98% with the addition of 100 µM of 

Pb2+. The results indicated that the prepared QDs could sense Pb2+ ions in ultrapure 

water, real water samples (tap and Yamuna river water) and even in the presence of an 

ionic mixture without the interference of other metal ions. The detection limits 

calculated with the help of the linear S-V plot at room temperature for Pb2+ ions are 

29.8, 28.8 and 37.1 µM in ultrapure, tap water and the Yamuna river water, respectively. 

Steady-state and PL lifetime accomplished dynamic interaction between the quenchers 
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and QDs as the possible mechanism of PL quenching. The QY and CIE plot exhibit that 

the material is essential for the orange QLEDs. 
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Chapter 4 

 

ZnSe quantum dots as an optical sensor for recognition of explosive 

2,4,6-TNP traces 

4.1. Introduction 

Nitroaromatic compound, 2,4,6-trinitrophenol (2,4,6-TNP) or picric acid, is used 

worldwide in numerous industries to manufacture fireworks, military explosives, 

matches, pesticides, dyes and pigments [1–3]. 2,4,6-TNP has a higher explosive nature 

than the well-known 2,4,6-trinitrotoluene (2,4,6-TNT) because of its low safety 

coefficient and greater detonation velocity [4]. Also, picric acid has vast applications 

in forensic investigations and various industries like pharmaceutical, leather and dye 

due to high water solubility and its disposal. The explosive bomb blasts carried out by 

terrorist groups contain 2,4,6-TNP, leading to increased water and soil contamination. 

The nitroaromatic 2,4,6-TNP is also known for its haematotoxin and hepatotoxic 

effects, which lead to carcinogenesis and mutagenesis in the living cells [5]. Even a 

small intake of 2,4,6-TNP causes severe health damage to the nervous system, liver, 

kidneys, and eyes, leading to cancer in humans and wildlife animals [6,7]. Therefore, 

novel, reliable, rapid, efficient and economical analytical approaches are essential for 

on-site monitoring and detecting traces of nitroaromatic compounds, i.e., picric acid 

from the water medium. The different existing methods and techniques, such as mass 

spectroscopy, Raman spectroscopy, cyclic voltammetry, chromatographic technique, 

and gas chromatography for sensing explosives, are based on field sampling [8–10]. 

*Content of this chapter have been published in Spectrochimica Acta Part A: 

Molecular and Biomolecular Spectroscopy 260 (2021) 119937. 
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However, for practical uses, these techniques have many drawbacks such as 

sophisticated instrumentation, higher time consumption, multistep synthesis processes, 

poor selectivity and less sensitivity. Therefore, there is a need to develop a new 

technique for fast and reliable recognition. In this regard, the fluorescence (emission) 

technique is one of the most suitable because of its low cost, easy operation, high 

sensitivity and selectivity [11,12]. So, a fluorescent sensing material having rapidness 

and good sensitivity with high fluorescence is exceptionally desirable. The 

semiconductors quantum dots (QDs) with high quantum efficiency are essential in 

fabricating fluorescence sensors. The photoluminescence (PL) of the semiconductor 

QDs is tunable with the variation of size and the introduction of dopant ions. 

Most importantly, the nanoparticles/QDs allows the surface modification by 

various functional groups and recognize different receptors, allowing the detection 

selectivity to specific targets [13–18], including the other probes [19,20]. Therefore, the 

sensors centered on the QDs fluorescence have a notable benefit above the other old 

sensing schemes regarding detection selectivity and sensitivity. Although the 

fluorescent QDs applied sensors have been broadly studied, the non-toxic, direct 

aqueous synthesized high fluorescent semiconductor QDs with high sensitivity and 

selectivity to the specific analytes or targets have rarely been studied. It is well-known 

that ZnSe QDs are principally suitable for sensing applications because of their 

moderate bandgap (2.7 eV) and non-toxic nature. The fluorescent ZnSe QDs has 

emerged as a fascinating class of nanomaterial for superior photocatalysis like TiO2 

nanoparticle [20,21], drug delivery, biosensors, bioimaging, optoelectronics and 

chemo-sensors applications due to their ease of synthesis, desirable biocompatibility, 

large Stoke’s shift, high aqueous solubility, tunable photoluminescence and low 

toxicity. 3-mercaptopropionic acid (MPA) capped QDs has several advantages over the 
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other capping agents.  MPA provides a rich sulfur (S) source, excellent thermal stability 

and water solubility, which helps in increasing the PL quantum efficiency of the QDs.  

Herein, because of the above facts, the blue fluorescent ZnSe QDs were synthesized 

through a direct aqueous route at 70 ℃ and further applied to recognize 2,4,6-TNP in 

water through the sensitive and selective fluorescence turn-off method [22]. 

4.2. Experimental 

4.2.1. Materials and Methods 

All the precursors are of analytical grade and used without any purification. Zinc acetate 

dihydrate, 98% (Zn(CH3COO)2.H2O) and 3-mercaptopropionic acid (MPA), 99% 

(C3H6O2S,) were purchased from ACROS Organics. Selenium powder, 99.5% (Se) was 

purchased from Sigma Aldrich, Sodium borohydride, 95% (NaBH4) was purchased 

from Central Drug House. Sodium hydroxide, 85% (NaOH) was purchased from 

RANKEM. The nitroaromatic compounds, i.e., 2,4,6-trinitrophenol (2,4,6-TNP), 2,6-

dinitrotoluene (2,6-DNT), 1,2-dinitrobenzene (1,2-DNB), 2-nitrotoluene (2-NT), 4-

nitrotoluene (4-NT) were purchased from Sigma Aldrich and Acetonitrile (ACN) was 

purchased from SRL Chem. The ultra-pure DI water was used as a solvent in the 

synthesis and all the experiments. 

Caution: The explosive picric acid (2,4,6-TNP) should be handled and used cautiously 

and in small amounts. 

4.2.2. Synthesis of ZnSe QDs 

The stable and water-soluble blue fluorescent ZnSe QDs were synthesized using the 

previously reported direct aqueous route approach with minor modifications at 70 ℃ 

(below the water boiling point) with 3-mercaptopropionic acid (MPA) as a stabilizing 

and reducing agent [23]. In the typical procedure, a 250 mL three-neck round-bottomed 

vessel was loaded with 25 mL ultra-pure DI water with a pH value of 11.3, adjusted 
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using a 1M solution of NaOH and monitored with the help of a pH meter. Added an 

appropriate amount of zinc acetate and heated to 70 ℃ for 30 min. in the inert 

environment with the continuous flow of nitrogen gas. Separately, NaHSe stock 

solution was prepared in ultra-pure DI water by the reaction of sodium borohydride 

(NaBH4) and selenium powder (Se) at room temperature. Then, transferred this freshly 

prepared stock solution of NaHSe to the 250 mL vessel containing zinc precursor and 

simultaneously added 0.5 mL MPA solution. After 30 min., the color of the product 

changes from transparent to yellowish, then turn off heating and collect the prepared 

raw ZnSe QDs. The prepared solution was precipitated using ethanol and washed with 

water by using a centrifuge. The filtered and washed ZnSe QDs were dried under 

vacuum at 60 ℃ and stored for further use. 

4.2.3. Characterization tools 

High-resolution transmission electron microscopy (HR-TEM) images were acquired by 

the TALOS instrument at a working accelerating voltage of 200 kV. The absorption 

studies were carried out by using the Lambda-750 dual-beam UV/VIS/NIR 

spectrometer (Perkin-Elmer), photoluminescence (PL) investigations were performed 

on Horiba Jobin Yvon, Fluorolog-3 spectrofluorometer equipped with 450 W xenon 

lamp and a photomultiplier tube (PMT). The PL decays were studied via DeltaFlex-01-

DD, Horiba Jobin Yvon time-correlated single-photon counting system (TCSPC) 

equipped with PPD-850 detector and Delta diode (ex = 340 nm) were used for the 

excitation. 

4.3. Results and discussion  

The synthesis includes the direct aqueous route with less toxic materials and relatively 

lower temperatures at 70 ℃ below the boiling point of water. Before applying the 

freshly prepared ZnSe QDs as an analytic probe for picric acid, some essential 
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characterizations were performed to confirm the successful synthesis. The structural 

analysis was done with the help of XRD and TEM characterization. The XRD pattern 

and TEM/HR-TEM images of synthesized ZnSe QDs are represented in Fig. 4.1. 

 

Figure 4.1. XRD pattern (a) and TEM and HR-TEM images (b-e) of MPA-protected 

ZnSe QDs. 

Fig. 4.1a represented the XRD pattern of synthesized ZnSe QDs, in which the 

diffraction peaks are observed at diffraction angles 27.3, 45.6 and 54.1 

corresponding to the planes (111), (220) and (311), respectively. The strong diffraction 

peaks develop alone in the (111) crystal faces attribute to the zinc-blend structure of 

synthesized ZnSe QDs. Fig. 4.1b illustrates the highly dense formation of quantum dots, 

i.e., the large number of QDs are present in a small volume. Fig. 4.1c and d shows the 

uniform and spherical morphology with a 3 to 5 nm size range. Fig. 4.1e illustrates the 

formation of crystalline ZnSe QDs with the lattice d-spacing to be 0.2 nm. 

Next, the absorption and PL spectroscopic investigations were performed to 

understand the optical properties of synthesized QDs. Fig. 4.2 shows the absorption and 

PL spectrum along with the excitation spectrum of water-dispersed ZnSe QDs. The 

absorption spectrum offers an extended range of absorption from 300-450 nm. The 
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characteristic absorption band is observed at around 400 nm, corresponding to 

transitions from the deep valance to the conduction band.  

 

Figure 4.2. The absorption, PL and PL-excitation spectra of ZnSe QDs. The excitation 

wavelength was 350 nm and the emission wavelength for PL-excitation was 490 nm. 

The PL excitation maximum is detected at 350 nm and well-matched with the 

absorption spectrum. The PL spectrum exhibit maximum at around 490 nm (λex = 350 

nm) with full-width half maxima (FWHM) of 124 nm and assigned to the PL of the 

defect states. The broad FWHM indicates the presence of different possible transition 

paths due to a large number of surface defects. The PL spectra of ZnSe QDs were also 

recorded at different excitation wavelengths varying from 320 to 380 nm with a step 

size of 10 nm at room temperature, as illustrated in Fig. 4.3a. This indicates the 

excitation independent PL behavior of ZnSe QDs and further signifies the uniformity 

in size ZnSe QDs. The blue emission has been observed with a maximum peak at 490 

nm using an optimized excitation wavelength of 350 nm (see Fig. 4.3a inset) and 

represented with the help of CIE plot in Fig. 4.3b. 
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Figure 4.3. PL spectra of ZnSe QDs with different excitation wavelength (a) and 

intensity variation with excitations (inset). The CIE 1931 plot of synthesized ZnSe QDs 

with blue emission (b). 

Further, the quantum yield or efficiency (QY), which is a significant parameter 

of fluorescent materials, was calculated using absorption and PL data of ZnSe QDs and 

quinine sulphate as a standard sample. The computed value of QY is found to be 7.4 % 

by employing the Eq. (1) given below: 

QY𝑫 = QYr × (
𝐼𝐷

𝐼𝑟
) × (

𝐴𝑟

𝐴𝐷
) × (

 𝑛𝐷

𝑛𝑟
)

𝟐

                           (4.1) 

Where QYr and QYD are the quantum yields of reference, i.e., quinine sulfate (0.54) 

and the ZnSe QDs, respectively [24]. AD and Ar are the absorbance and ID and Ir are 

corresponding integrated areas under the PL spectrum of QDs and the reference, 

respectively. nr and nD are the refractive indexes of the solvents used for reference and 

QDs, i.e., sulfuric acid and distilled water, respectively. From the above-obtained 

results, it has been concluded that the blue light-emitting ZnSe QDs based sensing 

probe was successfully prepared and could be applied for sensing purposes. 

Fig. 4.4(a) represents the absorption spectra of prepared ZnSe QDs in water with 

the addition of different concentrations of 2,4,6-TNP. The optical density of QDs was 

increased in the presence of 2,4,6-TNP, and the increase of the absorbance is observed 
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in terms of sharpening of the 354 nm band. The careful study of the absorption spectrum 

is useful in distinguishing between static and dynamic quenching. As the collisional 

quenching only disturbs the excited states, therefore no modifications in the absorption 

are observed.  

 

Figure 4.4. Absorption spectra of ZnSe QDs with a varying concentration of 2,4,6-TNP 

(a) and bare 2,4,6-TNP (b). The inset of (b) shows the PL spectrum of 2,4,6-TNP in 

water. 

On the other hand, the ground-state complex formation will affect the 

absorption spectrum with a shift in the absorption band. But in our system, no such 

effects were observed with the addition of 2,4,6 TNP. Thus, we can say that neither 

static nor dynamic quenching mechanism was followed in this system.  Further, a study 

of the bare 2,4,6 TNP absorption spectrum suggests that the obtained increase in 

absorbance of ZnSe QDs with the addition of 2,4,6 TNP was due to the individual 

absorbance of 2,4,6 TNP molecules, as shown in Fig. 4.4b. The PL spectrum of bare 

2,4,6 TNP shows the band maximum at 475 nm, very close to the PL of ZnSe QDs (490 

nm), as represented in the inset of Fig. 4.4b. Further, the PL study was carried out in 

the presence of 2,4,6-TNP, which shows a strong PL quenching of ZnSe QDs with 

2,4,6-TNP.  
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Figure 4.5. Photoluminescence spectra of  ZnSe QDs (at ex= 350 nm) in DI water with 

increasing concentration of 2,4,6-TNP (a) and the corresponding S-V plot (b). 

Fig. 4.5(a) shows that the PL of ZnSe QDs at 490 nm gradually decreased in the 

presence of 2,4,6-TNP. With increasing concentration of 2,4,6-TNP, the PL intensity 

decreases monotonically, and the quenching process in the presence of 2,4,6-TNP is 

schematically represented in Fig. 4.6.  

 

Figure 4.6. Schematic representation of recognition of 2,4,6-TNP in water through 

ZnSe QDs under UV light via PL turn-off mechanism. 

A significant PL response of ZnSe QDs with 2,4,6-TNP was observed in the 

water, and the corresponding Stern-Volmer (S-V) plot of the changes of relative PL 

intensities of ZnSe QDs with increasing 2,4,6 TNP concentration, i.e., I0/I vs. 2,4,6 TNP 

concentration was plotted by following Eq. (2). 
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𝐼0

𝐼
=  1 +  K𝑆𝑉  [𝐶]                  (4.2) 

Where 𝐼0 and 𝐼 are PL intensities of bare ZnSe QDs and with the quencher [2,4,6-TNP] 

respectively, C represents the molar concentration of [2,4,6-TNP] and KSV is the 

quenching constant. The S-V plots exhibit a straight line over the concentration range 

2.0 M0.25 mM with R2 value of 0.98, as shown in Fig. 4.5b, which signifies that a 

single quenching mechanism is effective [25-27]. The value of the limit of detection 

(LoD) was calculated and came out to be 12.4  10-6 M for 2,4,6-TNP. To examine the 

selectivity of synthesized ZnSe QDs, a fluorescence study with the addition of different 

nitroaromatic compounds was performed. In the experiments, PL quenching titrations 

with various concentrations of 2,4,6-TNP in aqueous medium and other four 

nitroaromatic compounds, such as 2,6-DNT, 4-NT, 2-NT and 1,2-DNB, have been 

performed in the water + acetonitrile solution with a specific ratio, as these compounds 

are not completely soluble (or some are insoluble) in water. 

 

Figure 4.7. The bar graphs represent the percentage PL quenching of ZnSe QDs with 

a fixed concentration (0.40 mM) of 2,4,6-TNP, 2-NT, 4-NT, 2,6-DNT and 1,2-DNB (a) 

and in the presence of a fixed concentration of various nitroaromatic compounds along 

with 2,4,6-TNP, representing an anti-interference effect (b). 
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Fig. 4.7(a) illustrated the percentage quenching of PL with each nitroaromatic 

compound with the help of a bar graph. The significant and maximum quenching was 

observed with 2,4,6-TNP, i.e., 98%. For the reliability of the sensor, the interference 

effect was also carried out in the presence of various nitroaromatic compounds with 

2,4,6-TNP, as represented in Fig. 4.7b. The result indicates that other nitroaromatic 

compounds do not affect the sensor and show an anti-interference effect with other 

compounds. 

 

Figure 4.8. Fitted PL decay curves of ZnSe QDs in the water at varying concentrations 

of 2,4,6-TNP. The inset shows the variation in the average lifetime with the 

concentration of 2,4,6 TNP. The excitation and emission wavelengths were 340 and 

490 nm, respectively. 

The PL decay of pure ZnSe QDs and with the addition of 2,4,6 TNP was 

measured at a PL wavelength of 490 nm and using the excitation wavelength 340 nm 

for a deep understanding of the quenching mechanism, as shown in Fig. 4.8. The 

observed decay profiles could not well fit with a single and bi-exponential function 

[28,29] but are fitted well with tri-exponential functions as follows: 
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𝐼(𝑡) =  𝛼1 𝑒
 (−

𝑡

𝜏1
)

 +  𝛼2 𝑒
 (−

𝑡

𝜏2
)

 + 𝛼3 𝑒
 (−

𝑡

𝜏3
)
              (4.3) 

where 𝜏𝑖 represents the lifetime components and 𝛼𝑖 are the corresponding pre-

exponential factors. The lifetime components are 111.39, 6.99 and 0.59 ns in the 

absence of TNP (Table 4.1).  

The normalized amplitude of 0.56 ns lifetime is 82%, indicating the maximum 

contribution, whereas the longest lifetime component of 111.39 ns has the lowest 

contribution (4%). In the presence of TNP, the lifetime of all the components increases. 

The average PL lifetime (𝜏𝑎𝑣) calculated using the relation 𝜏𝑎𝑣 =
∑ 𝛼𝑖𝜏𝑖

2

∑(𝛼𝑖𝜏𝑖)
, show a notable 

change in the presence of 2,4,6-TNP and varies from 85.38 ns to 92.39 ns, as shown in 

Table 4.1 and represented in Fig. 4.8 (inset). No additional lifetime component was 

noticed after adding 2,4,6-TNP in the ZnSe QDs solution, suggesting no new 

fluorescent entity formation. The increase in the average lifetime may be due to the 

increase in overall radiative rates. 

Table 4.1. Fitted decay parameters and the average lifetime of ZnSe QDs with the 

addition of different concentrations of TNP. The excitation and emission wavelengths 

were 340 and 490 nm, respectively. 

TNP 

(Conc.) 

τ1  

(ns) 

τ2  

(ns) 

τ3  

(ns) 

α1 α2 α3 τav 

(ns) 

0.00 M 6.99±0.11 111.39±1.46 0.56±0.01 0.14 0.04 0.82 85.38 

0.15 mM 6.98±0.10 112.99±1.38 0.52±0.01 0.13 0.04 0.83 88.32 

0.30 mM 7.18±0.14 115.78±1.59 0.53±0.01 0.13 0.04 0.83 90.39 

0.60 mM 11.78±0.35 121.09±2.17 1.91±0.02 0.20 0.09 0.71 92.39 

 

To examine energy transfer phenomena, like fluorescence resonance energy 

transfer (FRET) and photoinduced electron transfer (PET) between the ZnSe QDs and 
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2,4,6 TNP, the PL spectrum of ZnSe QDs (donor) and the absorption spectrum of 2,4,6-

TNP (acceptor) were recorded. The result shows that the actual overlapping of the 

absorption spectrum of 2,4,6 TNP and PL spectrum of ZnSe QDs is not enough for non-

radiative energy transfer between the 2,4,6 TNP and ZnSe QDs, as shown in Fig. 4.9. 

Here, the absorption spectrum of the acceptor is observed at a lower wavelength region 

than the donor PL spectrum. Without any exception, the energy transfer takes from a 

donor absorbing at higher energies to acceptor absorbing at lower because a transfer in 

the reverse direction is forbidden for energetic reasons [30,31]. The study of absorption 

and PL of 2,4,6-TNP clears that the energy transfer from ZnSe QDs to 2,4,6-TNP and 

vice-versa is not feasible. 

 

Figure 4.9. The spectral overlapping between the absorption of 2,4,6-TNP (acceptor) 

and PL spectrum of ZnSe QDs (donor). 

The three most feasible and observed quenching mechanisms are photoinduced 

electron transfer (PET), fluorescence resonance energy transfer (FRET) and inner filter 

effect (IFE) [32-34]. The above findings suggested that FRET and PET are not 

accountable for the existing quenching. Further, the IFE quenching mechanism was 

tested for the proposed ZnSe QDs probe. The IFE is important in fluorescence 
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quenching, as it can affect the PL intensity during the experiment. The UV–vis 

absorption spectrum of 2,4,6 TNP, PL and PL-excitation spectra of ZnSe QDs were 

recorded and depicted in Fig. 4.10. There is a significant spectral overlapping between 

the absorption spectrum of 2,4,6 TNP and the excitation spectrum of ZnSe QDs. In 

other words, the excitation wavelength of ZnSe QDs was well-matched with the 

absorption band (excitation) of 2,4,6 TNP, which suggests that IFE is the major cause 

for PL quenching [35, 36]. One of the biggest causes of the IFE is the absorption of 

excitation and/or emission light by the quencher [37].  

 

Figure 4.10. Spectral overlapping of the absorption spectrum of 2,4,6 TNP with PL and 

PL-excitation spectra of ZnSe QDs. 

As the quencher concentration increases, the ability of the quencher to absorb 

the excitation/emission light will also increase, and thus, the quenching in PL intensity 

is observed. In the case of static quenching, lifetime should not change and in dynamic 

quenching, lifetime should decrease. The increase in the lifetime of individual 

components and the average lifetime of QDs with the addition of 2,4,6 TNP is primarily 

related to the decrease of non-radiative rates, which may be the absorption of 

excitation/emission light by 2,4,6 TNP. The variation in a PL lifetime of QDs with the 
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concentration of 2,4,6 TNP shows a linear behavior, as shown in the inset of Fig. 4.8. 

This suggests that the change in average lifetime is directly proportional to the 

concentration of 2,4,6 TNP in this system. The schematic representation of the inner 

filter effect as per the findings of absorption, PL and PL-excitation spectra of ZnSe QDs 

and 2,4,6 TNP is illustrated in Fig. 4.11. 

 

Figure 4.11. Schematic representation of inner filter effect in ZnSe QDs and 2,4,6 TNP 

system. 

For the analogue of real sample analysis, the river water was used as a solvent 

for 2,4,6-TNP. The PL responses of ZnSe QDs under various concentrations of 2,4,6-

TNP in river water were recorded according to the above pre-defined procedure. The 

observed results are shown in Fig. 4.12(a) and the corresponding S-V plot is given in 

4.12(b). The S-V plot shows linearity over a range of 2.0 M to 0.5 mM of 2,4,6-TNP 

with R2 value 0.97, and the calculated LoD comes out to be 18.9  10-6 M.  
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Figure 4.12. PL spectra (ex= 350 nm) of ZnSe QDs in the river water with increasing 

concentration of 2,4,6-TNP (a) and the corresponding S-V plot (b). 

The findings of PL quenching of ZnSe QDs by 2,4,6-TNP in DI water and river 

water are summarised in Table 4.2. The reason for the specific selectivity of ZnSe QDs 

towards the 2,4,6 TNP is the exactly matched excitation wavelength of ZnSe QDs with 

the absorption of 2,4,6 TNP. The other nitroaromatic compounds like 2-NT, 4-NT, 2,6-

DNT, 1,2-DNB do not show a similar effect.  

Table 4.2. Results of 2,4,6-TNP detection in DI water and real water samples through 

ZnSe QDs. 

Samples LoD (M) Linearity range Adj. R2 

DI water 12.4 10-6 0.0-0.25 mM 0.99 

River water 18.9  10-6 0.0-0.50 mM 0.97 

 

The stability under the variation of pH values was monitored via the change in PL 

intensity of ZnSe QDs. The ZnSe QDs shows good stability in the pH range of 8.0 to 

12.0, and a minor decrease in the PL intensity is noticed in the pH range of 4.0 to 7.0, 

as shown in Fig. 4.13.  
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Figure 4.13. Photoluminescence spectra of ZnSe QDs at different pH from 4.0 to 12.0. 

Form the obtained results, it has been proposed that the synthesized MPA-protected 

ZnSe QDs could be applied as a sensor for 2,4,6-TNP traces in water. The comparison 

of synthesized ZnSe QDs based probe with the other reported sensing probes for 2,4,6 

TNP (picric acid) sensing is tabulated in Table 4.3. 

Table 4.3. Comparison of ZnSe QDs probe with the reported probes for TNP sensing. 

Probe Ligands Synthesis 

Method 

Analytes LoD 

(M) 

Linearity 

range 

(M) 

Ref. 

ZnSe QDs Mercaptopropionic 

acid (MPA) 

Direct aqueous 

route 

TNP 12.4 0.0 250 [22] 

MoS2 QDs Diaminobutane 

(DAB) 

Hydrothermal TNP 5.0  [38] 

CdS QDs lysozyme Aqueous route TNP 0.1 0.515 [39] 

CdSe@SiO2 Amino group 

(-NH2) 

Hot injection TNP 0.05 0.1100 [40] 

N, B-CDs 

 

None Hydrothermal TNP/Hg 0.35 0.02–0.16 [41] 

N-GQDs Creatinine Carbonization TNP 1.24 2 - 200 [42] 
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4.4. Conclusions 

In summary, water-soluble ZnSe QDs having 7.4% of quantum efficiency were 

synthesized by the direct aqueous route. The synthesized ZnSe QDs show the 

fluorescence in the visible region (blue) has been utilized as a selective 2,4,6-TNP 

(picric acid) sensor among the various nitroaromatic compounds. The PL of fluorescent 

ZnSe QDs is selectively quenched with 2,4,6-TNP without showing any interference 

effects of other nitroaromatic compounds. The proposed probe shows a detection limit 

of 12.4 10-6 M and 18.9  10-6 M in DI water and river water, respectively. The 

emission intensity is quenched up to 98% with the addition of 2,4,6-TNP. The 

quenching mechanism has been discussed based on spectral and lifetimes 

measurements and indicates the feasibility of the inner filter effect with increasing 

concentration of 2,4,6-TNP as a possible PL quenching mechanism and precludes the 

FRET mechanism. The represented CIE plot suggests that the synthesized ZnSe QDs 

can also be used as an active material for blue QLED in various devices. 
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Chapter 5 

 

Dual analytes (Hg2+ and Pb2+) sensor in water using 3-

marcaptoproponic acid protected Mn2+ doped ZnSe quantum dots 

5.1. Introduction 

Heavy metals are highly hazardous to the ecological environment and human health. 

Mainly, mercury and lead ions are dangerous to the health of human beings because of 

their high mobility, toxicity and capability to add through the atmosphere, water and 

food chains in the ecological system [1–5]. Even the small quantity intake of these 

heavy metals can causes serious health risks to living organisms. Therefore, due to the 

high health concerns, many researchers are working in a direction to develop various 

techniques or probes for effectively and quantitatively rapid on-site recognition of lead 

and mercury ions in the environment and water resources.  Several probe materials are 

being developed for heavy metal ions detections under various conditions [6–10]. Still, 

developing rapid, facile and sensitive methods for efficiently recognizing such heavy 

metals in real samples remains challenging. 

The various reported methods such as voltammetry, X-ray analysis method, 

atomic absorption spectroscopy, mass spectroscopy and UV-visible absorption 

spectroscopy [11–15] are used to detect heavy metals and other hazardous compounds. 

However, the above-listed methods are not convenient because of the complicated 

pretreatment of samples and expensive equipment requirements. Fluorescent sensors 

have attracted huge popularity in the last few years because they provide high technical  

*Content of this chapter has been published in Chemical Physics Letters 787 (2022) 

139270. 
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simplicity, fast response time, high specificity and low detection limits. The working 

principle of fluorescent sensors deals with the emission of light when excited at lower 

wavelengths and the PL intensity (or PL lifetime) changes with the variation of 

concentration of the target analyte. Several compounds and materials, such as organic 

dyes [16], fluorescent aptamers [17], organic frameworks [18], porphyrins [19], metal- 

DNAzymes [20], or quantum dots [21] have been prepared for the recognition of toxic 

heavy metal. Hence, advanced analytical techniques for heavy metals recognition are 

highly preferred, such as fluorescent QDs based optical sensors with high quantum 

efficiency and sensitivity towards the analyte. In this regard, QDs have gained growing 

attention due to their unique properties and various benefits, such as facile synthesis 

route, low cost, high photo and chemical stability, low cytotoxicity, good 

biocompatibility, and superior quality luminescence properties with narrow-band 

emission and broad excitation spectrum. The excellent luminescence properties are 

essential in detecting various analytes via interaction with quantum dots and shows 

drastic fluctuation, such as fluorescence quenching. Over the past, researchers have 

studying numerous novel and effective fluorescent probes that can selectively respond 

to Hg2+ and Pb2+ ions [22-25]. However, there are various issues with the proposed QDs 

based fluorescent sensors, like the high intrinsic toxicity, use of hazardous ligands or 

solvents and high synthesis temperature range. 

Keeping in view, in this work, a facile and non-toxic direct aqueous synthesis 

strategy is developed for MPA-protected Mn2+-doped ZnSe QDs at a low temperature, 

i.e., 70 ℃. MPA was preferred because it has excellent thermal stability and can be 

used in transparent products with superior stabilizing properties. The successful Mn2+ 

doping gives a strong orange emission with relatively high quantum efficiency up to 

17.3 %. As-prepared Mn@ZnSe QDs have been applied to recognize dual analytes Hg2+ 
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and Pb2+ in water through the optical fluorescence turn-off method, i.e., optical sensor. 

The Mn@ZnSe QDs probe shows promising high sensitivity towards the analytes and 

could be distinguished through PL decays. The PL decays of synthesized QDs with 

Hg2+ and Pb2+ analytes show different behavior and lifetime values, i.e., the average 

lifetime monotonically decreases with increasing the amount (0 to 100 µM) of [Hg2+] 

ion. In contrast, a different trend was observed in the presence of Pb2+. Here, Mn@ZnSe 

QDs as active dual ions (Hg2+ and Pb2+) sensing probe has been reported in the water. 

The sensing mechanism is also investigated, and results indicate that the possible 

mechanism is a non-radiative dynamic collisional interaction quenching. 

5.2. Experimental section 

All precursors and ligands were of analytical reagent (AR) spectroscopic mark and 

procured from reputed suppliers i.e., Sigma-Aldrich, Acros Organics, Alfa Aesar and 

CDH. The heavy metals involved in the sensing investigation were mercury (II) 

chloride, iron (II) perchlorate hydrate, cadmium (II) chloride hydrate, magnesium (II) 

perchloride hexahydrate, zinc (II) perchlorate hexahydrate, aluminium (III) perchlorate 

nonahydrate, calcium (II) perchloride tetrahydrate, cobalt (II) perchlorate hexahydrate, 

nickel (II) perchlorate hexahydrate, barium (II) perchlorate anhydrous and iron (III) 

perchlorate hydrate having purity (99.8%) were purchased from Sigma-Aldrich. 

To synthesize the 3-mercaptopropionic acid (MPA, 99%) protected Mn2+-doped 

ZnSe QDs, a direct aqueous medium route at low temperature was adopted with 

appropriate variations. The synthesis process was performed under the N2 gas 

atmosphere and preserved the pH value 11.0 using NaOH solution. The NaHSe stock 

solution was prepared using sodium borohydride (NaBH4, 95%) and elementary 

selenium powder (Se, 99.5%) in DI water at room temperature. The stock solution 

should be prepared cautiously and used in small quantities as the reaction was highly 
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exothermic. The main reaction was performed in a 250 mL three-neck flask containing 

zinc acetate (Zn2+, 98%) precursor solution in DI water at 70 ℃ and 1 mL MPA as 

ligand. After a few minutes, the freshly prepared stock solution and simultaneously 0.2 

mM manganese chloride (MnCl2, 99%) as Mn2+ precursor was added to the main 

reaction slowly and in a controlled manner by using an injection. Further, lower down 

the temperature up to 60 ℃ and then kept the solution was kept for the growth of doped-

QDs for a time of 90 min. After that, the prepared QDs were separated and purified by 

repetitive centrifuge with excess DI water and ethanol 3-4 times at 6500 rpm for 10 

min. 

5.3. Characterization techniques 

Lambda-750 dual-beam UV-VIS spectrometer, Perkin-Elmer, was used to measure 

absorption spectra and study the change in absorbance with the interaction of analytes. 

The steady-state PL, PL efficiency and time-resolved photoluminescence (TRPL) 

spectra were acquired with Horiba Jobin Yvon, Fluorolog-3 spectrofluorometer 

mounted 450 W xenon, and flash lamps as excitation sources and a photomultiplier tube 

(PMT). High-resolution transmission electron microscopy (HR-TEM) imaging was 

carried out with TALOS, Thermo scientific instruments functioned at 200 kV 

accelerating voltage. 

5.6. Results and discussion 

The structural characterization of synthesized Mn@ZnSe QDs described using XRD 

and TEM images along with energy-dispersive X-ray spectrum (EDS) [26]. The XRD 

pattern shows the characteristic diffraction peaks at 2 angles 53.5°, 45.2 and 27.3 

corresponding to the diffraction planes (311), (220) and (111) respectively, which 

confirms the formation of cubic zinc blende structure. The TEM and HR-TEM images 
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illustrated the spherical morphology of Mn@ZnSe QDs with average particle size 3 to 

4 nm and showed minor aggregation of particles. 

 

Figure 5.1. The TEM images of Mn@ZnSe QDs without Hg2+ (a), with the addition of  

Hg2+ (b) and corresponding EDS spectrum with a fixed amount of Hg2+ ions. 

Herein, Fig. 5.1 represents the TEM images of synthesized Mn@ZnSe QDs 

without Hg2+ (a) and with the addition of Hg2+ ions (b) along with the corresponding 

EDS spectrum (c). Also, the images show the formation of a uniform and a large 

number of QDs in a small volume of sample (highly dense) with a particle size in the 

nano regime. The significant extent of Zn and Se peaks in EDS without any foreign 

elements peaks signifies the successful synthesis and purity of the Mn@ZnSe QDs. On 

comparing Fig. 5.1 (a) and (b), with the addition of Hg2+ ions in QDs, observed an 

increase in the contrast and aggregation of QDs in the same imaging conditions that 
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indicated the interaction of heavy metal (Hg2+) ions with the QDs. It may be ascribed 

to the strong interaction between Hg2+ and -SH of MPA, or the cation-exchange reaction 

between Zn among ZnSe QDs and Hg2+, which is further studied using other techniques 

or by testing different possible quenching mechanisms [27]. 

 

Figure 5.2. The absoption and excitation spectrum (em = 580 nm) of Mn@ZnSe QDs 

along with the PL spectrum (ex = 370 nm) (a). The absorption band edge at 329 nm 

obtained form the 2nd order derivative of absorbance (b). 

Fig. 5.2(a) shows the absorption, PL  and PL-excitation (em = 580 nm) spectra 

of Mn@ZnSe QDs in DI water. The absorption spectrum shows a confinement band at 

around 320 nm corresponding to the valence band to the conduction band transitions of 

electrons, i.e., band-edge excitation. The absorption band edge was obtained at 329 nm 

from 2nd order derivative of absorbance as shown in Fig. 5.2(b). The excitation 

spectrum shows a broad band with a peak maximum at 350 nm, which was well-

matched with the absorption spectrum. The PL spectrum (λex = 370 nm) shows a sharp 

and narrow-band at 580 nm corresponding to the 4T1 → 6A1 transition [28]. The PL 

quantum efficiency of photoactivated [29-30] Mn@ZnSe QDs calculated using the 

standard reference quinine sulfate [31] comes out to be 17.3%.  

 The effect/interaction of Hg2+ ions on Mn@ZnSe QDs in water was recorded 

with optical absorption and PL. Upon adding Hg2+ ions, the absorption intensity i.e., 
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optical density (OD) of synthesized QDs increases with the concentration of Hg2+, as 

shown in Fig. 5.3. A significant increase in OD of QDs was noticed without the 

appearance of any new band or shifting with an increasing concentration of [Hg2+], 

which signified that there was no formation of ground-state complex or any new 

entities.  

 

Figure 5.3. The absorption spectra of Mn@ZnSe QDs with varying concentration (0-

100 M) of Hg2+ ions. 

In PL spectra under the excitation wavelength 370 nm, a gradual quenching of PL 

intensity has been detected, as illustrated in Fig. 5.4 with the addition of Hg2+ ions (0-

100 M). The PL intensity quenching of Mn@ZnSe QDs with Hg2+ in water under 

visible and UV light is also represented photographically in Fig. 5.4 (inset). The PL 

spectra shows a strong quenching without altering or changing the shape and peak 

position, which indicates no additional transitions from QDs in the presence of Hg2+ 

ions and makes the probe reliable and feasible for sensing applications. 
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Figure 5.4. The PL spectra of Mn@ZnSe QDs in the presence of various concentration 

of Hg2+ ions. The linear S-V plot and photographic representations of quenching with 

Hg2+ under visible and UV light (inset).  

 

Figure 5.5. Bar diagram of PL intensity quenching of Mn@ZnSe QDs in the presence 

of various metal ions (a) and with a fixed concentration (100 µM) of [Hg2+] in the 

presence of different metal ions (b). 
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For practical applications as a sensor, the probe should show a selective or 

distinct response towards a specific target. To test such distinct responses towards Hg2+ 

and Pb2+ ions, the PL spectra of Mn@ZnSe QDs were noted with numerous heavy 

metals, i.e., Hg2+, Pb2+, Fe2+, Zn2+, Fe3+, Co2+, Cd2+, Mg2+, Cr2+, Ca2+, Ni2+ and Al3+ as 

illustrated in Fig. 5.5(a). The probe shows PL intensity quenching merely with Hg2+ 

and Pb2+ ions up to 98%, whereas the intensity was barely affected with other metal 

ions. For the sensor's reliability, the probe has been tested for Hg2+ and Pb2+ ions in the 

presence of other metals also, i.e., the interference effect. The effect on PL intensity in 

the presence of various metal ions along with Hg2+ is represented in Fig. 5.5(b). It is 

important to note that even in the presence of other metal ions, the PL of QDs strongly 

quenched by Hg2+. The PL quenching of synthesized QDs was also illustrated in Fig. 

5.6 with Hg2+ and Pb2+ in the presence of other metals and found that there was no 

interference-effect. 

 
Figure 5.6. PL spectra of Mn@ZnSe QDs with a fixed amount (50 M) of different 

heavy metal ions. 

  The lifetime measurements of Mn@ZnSe QDs in the water were performed 

with the addition of varying concentration (0-100 M) of Hg2+ and the decays are 
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shown in Fig. 5.7. The lifetimes were collected at 580 nm emission wavelength with 

370 nm excitation.  

 

Figure 5.7. The PL decay curves of Mn@ZnSe QDs in the presence of different 

concentration of Hg2+ ions. Emission and excitation wavelengths were 580 nm and 370 

nm, respectively. 

 The recorded decay curves were well-fitted with a bi-exponential function 

according to Eq. (5.1). 

𝑓(𝑡) = 𝛼1𝑒
(−

𝑡

𝜏1
)

+ 𝛼2𝑒
(−

𝑡

𝜏1
)
                 (5.1) 

Here, τ1 and τ2 represent the lifetime values. 1 and 2 are the corresponding amplitudes 

[32]. The lifetimes and corresponding amplitudes are summarized in Table 5.1. The 

average lifetime <τ> was estimated using Eq. (5.2), also given in Table 5.1. 

< 𝜏 > =
𝛼1𝜏1

2  +𝛼2𝜏2
2

𝛼1𝜏1+ 𝛼2𝜏2
 ,                                                                                   (5.2) 

The normalized amplitude of both the lifetimes, τ1 and τ2 has almost equal contribution 

of 51 and 49%, respectively. The average lifetime of synthesized Mn@ZnSe QDs 

shows a decrease with Hg2+ ions concentration and the value decreases from 0.574 ms 

to 0.403 ms. The PL quenching mechanism and details of the specific interaction of 
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Mn@ZnSe QDs with Pb2+ ions have been discussed in the previous report, exhibits the 

dynamic interaction between the Pb2+ ions and Mn@ZnSe QDs by assisting non-

radiative annihilation of charge carriers. The initial increase in the average lifetime of 

Mn@ZnSe QDs with Pb2+ concentration (0-15 µM) possibly due to the formation of 

PbSe centers which prompted the geometrical distortions. Thus, a decrease in the 

overall non-radiative decay rate was observed. With increasing higher concentration, 

the collisional rate increases that depopulate the excited states and thus observed a 

decrease in the lifetime with the further increase of Pb2+ [26].  

Table 5.1. The lifetime and corresponding pre-exponential coefficients of Mn@ZnSe 

QDs with varying concentration of [Hg2+]. The emission and excitation wavelengths 

were 580 nm and 370 nm, respectively.  

(Mn@ZnSe)/Hg2+  τ1 (ms) τ2 (ms) α1 α2 τav (ms) 

0 µM 0.195 

± 0.003 

0.687 

± 0.007 

0.51 0.49 0.574 

3 µM 0.179 

± 0.004 

0.660 

± 0.007 

0.51 0.49 0.554 

15 µM 0.163 

± 0.008 

0.615 

± 0.004 

0.54 0.46 0.507 

30 µM 0.132 

± 0.005 

0.567 

± 0.01 

0.52 0.48 0.479 

50 µM 0.111 

± 0.007 

0.495 

± 0.01 

0.51 0.49 0.422 

70 µM 0.102 

± 0.007 

0.483 

± 0.01 

0.53 0.47 0.409 

100 µM 0.089 

± 0.006 

0.478 

± 0.01 

0.56 0.44 0.403 
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 Here, the promising quenching mechanism of synthesized QDs with Hg2+ ions 

is based on the results of absorption, PL and PL lifetime. There was no significant 

change in the shape of the absorption spectrum in the presence of Hg2+ ions, indicating 

dynamic quenching as the prominent mechanism, as dynamic quenching does not affect 

the ground state absorption.  Mn@ZnSe QDs gives a remarkable PL quenching with 

the addition of Hg2+ ions and follows a linear Stern-Volmer (S-V) relation between the 

relative PL intensity and concentration of Hg2+ ions, as shown in Fig. 5.4 (inset) 

according to Eq. (5.3). 

𝐹0

𝐹
=  1 +  KSV [𝑄]                          (5.3) 

Here, F0 and F represent the initial PL intensity and PL intensity after a specific amount 

of Hg2+ quencher [Q] in Mn@ZnSe QDs and KSV stands for the S-V constant. The 

calculated KSV value for Hg2+ from the linear S-V plot is 1.02  105 L mol-1 and the 

value of the limit of detection (LoD) calculated with equation 3σ/K obtained to be 28.6 

 10-6 mol L-1. Here σ denotes the standard deviation and KSV represents the slope of 

the linear S-V plot. The dynamic quenching can also be explained by PL lifetime 

measurements because there is a comparable decrease in PL lifetime and intensity. The 

reduction in the average lifetime of Mn@ZnSe QDs was observed with the increase in 

the concentration of Hg2+. Using the lifetime, the rate constant (kq) of quenching is 

calculated with the equation 𝐾𝑆𝑉 =  𝑘𝑞𝜏0 and comes out to be 1.77  108 L mol-1 s-1. 

Where, 𝜏0 represents the lifetime of Mn@ZnSe QDs without Hg2+ ions. The reduction 

in the average lifetime and the PL intensity quenching with the addition of quencher 

also suggests that the possible quenching mechanism was a dynamic quenching, which 

provides an additional decay path for depopulation of excited states via a non-radiative 

route [33]. The obtained linear S-V plot is an adequate description in the case of a 

dynamic quenching mechanism, i.e., the collisional interaction [34-37].  
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Figure 5.8. Plots of average PL lifetime of Mn@ZnSe QDs with the addition of Pb2+ 

(a) and Hg2+ ions (b). 

Fig. 5.8 shows the behavior and change of the average lifetime of Mn@ZnSe 

QDs with the addition of Pb2+ Fig. 5.8(a) and Hg2+ Fig. 5.8(b) ions. The average lifetime 

behaves differently for Pb2+ and Hg2+ ions, which provides the key to distinguished the 

effects of both the quenchers. The stability of the probe was tested at different pH values 

varying from 4 to 12 using 0.1M HCl and NaOH solutions. As illustrated in Fig. 5.9, 

the PL spectra show good stability of the probe over a wide pH range.  

 

Figure 5.9. The effect of pH on PL intensity of Mn@ZnSe QDs. 

Finally, the Mn@ZnSe QDs sensing probe was tested for real sample analogue 

using river water as a solvent without any purification. The PL quenching was recorded 
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with the addition of pre-defined varying concentration from 0 to 100 µM of Hg2+ ions, 

as shown in Fig. 5.10 and the corresponding S-V plot (inset). The estimated value for 

LoD in river water comes out to be 23.4  10-6 mol L-1. The results suggest that the 

prepared Mn@ZnSe QDs probe sensor for sensing dual ions (Hg2+ and Pb2+) is highly 

adaptable and promisingly working in distilled water and real samples, i.e., river water. 

 

Figure 5.10. PL spectra of  Mn@ZnSe QDs in river water with the addition of various 

concentration of Hg2+ and the corresponding linear S-V plot (inset). 

For on-site applications, a filter paper-based sensor was developed by coating 

Mn@ZnSe QDs on the paper strips. The detailed procedure for the preparation of filter 

paper sensing strips and the colorimetric detection of Pb2+ ions was discussed in the 

previous report [26]. Herein, the prepared sensing strips have been successfully tested 

for sensing of Hg2+ via colorimetric and fluorometric detection methods. The quenching 

in the PL of the Mn@ZnSe QDs coated paper strip with the addition of increasing 

concentration of Hg2+ ions was recorded by placing the strip in a spectrofluorometer. 
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Figure 5.11. PL spectra of  Mn@ZnSe QDs coated paper strip with Hg2+ ions and the 

photographic representation of colorimetric sensor under visible and UV light (inset). 

Fig. 5.11 shows the change in the emission of the sensing strip with the addition 

of Hg2+ ions and the colorimetric detection with a camera under the visible light and 

UV lamp with a wavelength of 365 nm (inset). The increased intensity of 435 nm band 

can be explained with the help of PL spectrum of uncoated filter paper strips overlapped 

with Mn@ZnSe QDs coated filter paper strip, as shown in Fig. 5.12 

 

Figure 5.12. PL spectra of uncoated and Mn@ZnSe QDs coated filter paper strip. 
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5.7. Conclusions 

In conclusion, the MPA-protected Mn@ZnSe QDs were successfully synthesized at 

optimized conditions and ambient temperature using a direct aqueous route. As-

synthesized Mn@ZnSe QDs were employed as dual Pb2+ and Hg2+ sensors in the water. 

Mn@ZnSe QDs probe shows drastic PL quenching up to 98% with small 

concentrations of Pb2+ and Hg2+. PL quenching with both the metal ions can be 

distinguished from the PL lifetimes as both the metal ions interact differently with 

MPA-protected Mn@ZnSe QDs. The average lifetime decreases monotonically with 

the increasing amount of Hg2+ while increasing with Pb2+ ions. The average lifetime 

increases at initial concentrations and decreases subsequently [20]. The steady-state PL 

and PL decay analysis suggest that the feasible quenching mechanism is a non-radiative 

collisional/dynamic interaction of Hg2+ ions with the Mn@ZnSe QDs. 
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Chapter 6 

 

Investigation of un-doped and manganese ion-doped zinc selenide 

quantum dots at cryogenic temperature: Optical temperature sensor 

6.1. Introduction 

The fast increasing attention in the exploration of optical or photosensitive properties 

of low-dimensional structures, mainly zero-dimensional (0-D) systems, encouraging 

the improvement of upcoming generation solid-state devices in the areas of 

optoelectronics, photonics and microelectronics. More specifically, semiconductor 

quantum dots or 0-D materials are used in the development of various electronics 

technology. The luminescence and other physical properties of semiconductor QDs are 

highly dependent on altering the electron energy bands triggered by the size aspect [1-

4]. However, excitons mechanisms of optical excitation and quantum confinement have 

also greatly affected the photoluminescence (PL) efficiency of QDs. According to the 

literature survey, the temperature dependence of PL in semiconductor QDs can 

considerably differ in nature and shape while using different excitation systems [5,6]. 

The temperature-dependent PL spectra of QDs are primarily displayed in the decreasing 

functions (like intensity) with the rising temperature and the PL spectra observed with 

a sharp maximum or an increase in PL intensity at low temperatures. These results are 

well-defined characteristics of direct PL excitation of confined excitons [7-11]. 

Generally, various spectral parameters of QDs are determined by geometric and sized  

factors and the shape of the temperature-dependent PL spectrum is also significantly  

*Content of this chapter has been published in Materials Chemistry and Physics 276 

(2022) 125349. 
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changed. Thus, this gives information about confined excitons in QDs and can be 

analyzed by the temperature dependence of PL [12-13]. 

Compared with organic dyes/polymers, the fluorescence QDs based 

nanostructures including inorganic quantum dots (QDs), carbon dots (C-dots) and 

inorganic perovskite nanocrystals (NCs) have been utilized in many optoelectronic 

devices like photovoltaic devices, LEDs and displays because of their high quantum 

yield and stability [14-18]. Few of the classes of such inorganic QDs are the cadmium 

or lead-based cadmium selenide (CdSe), cadmium telluride (CdTe), lead selenide 

(PbSe), and mixed QDs, which can be developed using various organometallic and 

aqueous methods [19-21]. But due to their intrinsic toxicity, the practical practice of 

these QDs in various applications is hindered and unsafe. Therefore, there is a 

requirement to replace the cadmium or lead ions and develop less toxic nanomaterials 

for various applications. In this regard, zinc-based QDs gained remarkable attention as 

fluorescent QDs due to their excellent quantum efficiency, low intrinsic toxicity, and 

significant solubility in water. Therefore, zinc-based QDs are extensively used in 

numerous fields and applications. Among the numerous applications of QDs, optical 

temperature sensors for precise temperature measurement have a growing importance 

in physiological and biochemical processes [22-23]. Several promising approaches are 

being applied and studied for rapid temperature sensors, such as Raman spectroscopy, 

scanning probe microscopy and fluorescence-based techniques [24-25]. The 

fluorescence technique-based temperature sensors are fascinating due to their safety of 

remote handling, high spatial resolution and fast response [26-27]. The general working 

of these sensors is based on monitoring the change in lifetime or PL intensity triggered 

by temperature [28]. Moreover, the main drawbacks of early temperature sensors are 
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the high toxicity of the QDs, limited temperature response range and poor long-term 

stability [29-30]. 

In this report, the ZnSe and Mn@ZnSe QDs were prepared with a direct aqueous 

synthesis approach by taking the thiol ligand as a stabilizer. The prepared ZnSe and 

Mn@ZnSe QDs give strong emission of blue and orange colors, respectively. 

Compared with conventional semiconductor QDs, the synthesized ZnSe and 

Mn@ZnSe QDs may be favorable alternatives as temperature sensing probes because 

of their high stability and low intrinsic toxicity. The proposed temperature sensing 

probes also have minimized the above-listed drawbacks of early reported temperature 

sensors. Furthermore, the temperature-dependent steady-state PL and time-resolved PL 

studies show that the developed probes have excellent temperature-dependent PL 

properties with linearly temperature-dependent PL intensity. 

6.2. Experimental details 

6.2.1. Materials and Synthesis 

All the precursors and ligands are used of AR spectroscopic grade. Zinc acetate 

dihydrate (98%), selenium powder (99.5%), sodium borohydride (95%), 3-

mercaptopropionic acid (MPA, 99%), manganese (Ⅱ) chloride (99%) and ethanol were 

purchased from well-known and reputed distributors of chemicals like CDH, Sigma-

Aldrich, Alfa Aesar and Acros Organics. The ultrapure water was consumed in the 

synthesis as solvent (resistivity of 18.2 MΩ.cm). 

Highly stable and water-dispersible ZnSe and Mn@ZnSe QDs were prepared 

with a direct aqueous synthesis approach by taking MPA as a stabilizing ligand. For 

achieving successful Mn2+ doping in the ZnSe host, the nucleation doping strategy was 

adopted. First, the synthesis processes were carried out in an N2 gas (inert) atmosphere, 

and the pH of the reaction was preserved to be 10.3 using NaOH solution. Then, the 
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reaction of selenium powder (Se) and reducing agent sodium borohydride (NaBH4) in 

water at room temperature was carried out to obtain the freshly prepared stock solution 

of NaHSe. The obtained stock solution was moved to a 250 mL three-neck flask with 

the help of a syringe, which already has zinc acetate (Zn2+) at 70 ℃. In addition, for the 

synthesis of Mn@ZnSe QDs, 0.1 mM solution of manganese chloride (Mn2+) was 

prepared and added only 0.5 mL of Mn2+ in the reaction i.e. 3% molar concentration. 

After some time, 1 mL of MPA was added to the reaction mixture as a capping agent 

to control the size and shape of QDs. Lastly, the solution was kept at the same 

temperature for the growth of QDs. Then, the prepared QDs were separated and purified 

through the repetitive centrifuge to remove excess MPA ligand, unreacted precursors 

and other impurities. After that, the obtained purified solid was dried in the oven at 60 

℃ for 1 hour. 

6.2.2. Characterizations 

X-ray diffraction (XRD) measurements were recorded using the Ultima IV (Rigaku), 

Cu (Kα),  = 1.54 Å radiation and operating acceleration voltage was 40 kV. Field 

emission scanning electron microscopy (FESEM) and energy-dispersive X-ray 

spectroscopy (EDS) measurements were performed with Zeiss, Gemini SEM 500, and 

captured high-resolution images through secondary electron detection mode. High-

resolution transmission electron microscopy (HRTEM) by TALOS was used to capture 

the images, with the operating acceleration voltage of 200 kV. Perkin-Elmer, dual-beam 

UV/VIS/NIR spectrometer Lambda-750 was used for the UV/Vis spectroscopic 

studies. For the low-temperature measurements, Janis, VNF-100 cryostat was used with 

a temperature controller Cryo, Con 22C loaded with 50 Ω cartridge heater and silicon 

diode thermometers. Temperature-dependent photoluminescence (PL) and time-

resolved photoluminescence (TRPL) studies were performed with Horiba Jobin Yvon, 
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Flurolog-3 spectrofluorometer, equipped with 450 W xenon lamp and flash lamp, a 

photomultiplier tube (PMT) and cryostat attachments to vary the temperature. 

6.3. Results and discussion 

The XRD curves of synthesized un-doped and Mn2+-doped ZnSe nanoparticles are 

shown in Fig. 6.1. All the peaks are well matched and can be indexed to the standard 

data for the cubic zinc blende structure of ZnSe without observing the extra peaks of 

other phases or impurities. The three characteristic peaks are observed at Bragg’s angles 

(2) around 27.3, 45.6 and 54.1, corresponding to the (111), (220) and (311) planes, 

respectively. Trivial broadening of the peaks was also observed because of the small 

crystallite size of particles, i.e., from QDs.  

 

Figure 6.1. XRD patterns of synthesized ZnSe and Mn@ZnSe QDs at room 

temperature. 

The crystallite size is calculated and comes out to be 4-5 nm by following Scherrer’s 

equation (Eq. 6.1). 

𝐷 =  
0.93 𝜆

𝛽 𝑐𝑜𝑠 
                                                                                                                                            (6.1)       
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Where D denotes crystallite size, λ represents the used X-ray source wavelength, β is 

known as the full width at half maximum (FWHM) and  is called the Bragg’s angle. 

The XRD analysis reveals that with the Mn2+ ions doping, there is no change in the 

phase and crystallinity of ZnSe QDs and this signifies the deep nucleation doping of 

Mn2+ ions in the host. 

The general surface morphological and elemental composition studies of as-

prepared nanoparticles were performed using FESEM and EDS, as illustrated in Fig. 

6.2. The SEM images reveal the monodisperse spherical structures with clear particle 

formation.  

 

Figure 6.2. FE-SEM images of ZnSe and Mn@ZnSe QDs along with corresponding 

EDS spectra and elements composition. 
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The elemental composition of synthesized un-doped and Mn2+-doped ZnSe 

nanoparticles was recorded by EDS linked to SEM, and the results are presented in Fig. 

6.2 along with elements composition. The appearance of characteristic peaks of (Zn, 

Se, Mn) without any other foreign impurities in un-doped and Mn@ZnSe samples, 

conforming to the successful synthesis, purity and existence of appropriate doping in 

the doped samples.  

 

 

Figure 6.3. TEM images (a,b) and HRTEM images (c,d) of ZnSe and Mn@ZnSe QDs 

with corresponding size distribution histograms for ZnSe (e) and Mn@ZnSe QDs (f). 
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The extension of the morphological study was done by TEM imaging. The TEM 

images reveal more information about the size and morphology of synthesized ZnSe 

and Mn@ZnSe QDs, as illustrated in Fig. 6.3(a,b). The nanoparticles exhibited a nano-

sphere-like shape with a uniformly dispersed distribution. The high-resolution TEM 

(HRTEM) images are represented in Figure 6.3(c,d). HRTEM images show the crystal 

lattice fringes with interplanar spacing 0.18 nm for both doped and undoped ZnSe QDs, 

which indicates that the Mn2+ ions doping doesn’t affect the crystalline zinc blende 

structure of ZnSe. A slightly larger diameter was observed for Mn@ZnSe (3.7 nm) as 

compared to un-doped ZnSe QDs (3.2 nm), as shown with corresponding histograms 

of particle size distribution in Fig. 6.3(e,f).  

The optical absorption and PL spectra of synthesized QDs were measured. The 

absorption spectra show the absorption bands in the visible region (320-440 nm), as 

represented in Fig. 6.4. 

 

Figure 6.4. UV absorption and PL spectra of ZnSe (ex, 350 nm) and Mn@ZnSe QDs 

(ex, 370 nm) at room temperature. 

 The un-doped ZnSe QDs dispersed in DI water show band maximum at 360 nm, 

ascribed band to band transition of ZnSe. Mn@ZnSe QDs exhibit the absorption 
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maximum at 390 nm. If applied, the corresponding Taucs plots for direct transitions, 

are illustrated in Fig. 6.5. 

 

Figure 6.5. Tauc’s plots for ZnSe and Mn@ZnSe QDs. 

The optical bandgap (Eg) of prepared QDs has been roughly estimated from the 

Taucʹs Eq., 

𝛼ℎ𝜈 = 𝐴(ℎ𝜈 − 𝐸𝑔)
1

𝑛                    (6.2) 

Here, A is the band tailing parameter, ℎ𝜈 is the energy of a photon, α is the absorption 

coefficient and n denotes the transition mode power factor, which depends upon the 

type of electronic transition, i.e., the value of n = 2 for direct transitions. The Taucʹs 

plot was plotted between (𝛼ℎ𝜈)2 vs. ℎ𝜈 and the bandgap energy was calculated through 

extended the linear part of the curve. The estimated bandgaps are 3.04 and 3.20 eV for 

ZnSe and Mn@ZnSe QDs, respectively. However, the noted blue shift in the bandgap 

compared to the bulk ZnSe (2.73 eV) reflects the confinement effects in both un-doped 

and Mn2+-doped ZnSe QDs. The PL spectra were measured with 350 and 370 nm 

excitation wavelengths for ZnSe and Mn@ZnSe QDs, respectively. Keeping the 

excitation energy higher than the forbidden gap of ZnSe. The PL spectrum of ZnSe 
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shows an intense blue emission at 484 nm corresponding to the existence of an extended 

amount of the surface traps states. The defects in ZnSe QDs are mainly the vacancy 

defects generated due to the lower Zn/Se ratio in preparation [31]. While the PL 

spectrum of Mn@ZnSe QDs consists of the dual-band at 480 and 586 nm corresponding 

to the ZnSe host and intense orange emission due to Mn2+ d-level 4T1 to 6A1 transitions, 

respectively [32-33]. The slight ZnSe trap states emission detected in PL of Mn@ZnSe 

QDs may be ascribed to the high doping of Mn2+ ions and the energy transfer from host 

to dopant, which suppressed the PL of ZnSe in Mn@ZnSe QDs. The observed Stokes 

shift is about 94 nm, which is too large for direct excitonic recombination. The large 

Stokes shift also points out the presence of unconventional in-gap states, i.e., the traps 

or defect-related states. The quantum yields of synthesized ZnSe and Mn@ZnSe QDs 

were also calculated at room temperature by using Quinine sulfate as a reference and 

comes out to be 16 ± 2 and 37 ± 4%, respectively. 

 

Figure 6.6. The temperature-dependent photoluminescence spectra of ZnSe (a) and 

Mn@ZnSe QDs (b) in the 300 - 77 K range. The excitation wavelengths were 350 nm 

and 370 nm for ZnSe and Mn@ZnSe QDs, respectively. 

The temperature-dependent PL spectrum was analyzed to explore the non-radiative 

relaxation processes in the system. The immobilized solid powdered QDs were used in 
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a 1×10 mm dimensional quartz cuvette to record the temperature-dependent PL. To 

lower the temperature, liquid nitrogen-based cryostat was used in all the measurements. 

The cryostat temperature was accurately monitored between 300 to 77 K and achieved 

a strong fluorescence. Fig. 6.6(a,b) illustrates that the temperature-dependent PL 

spectra of ZnSe and Mn@ZnSe QDs with 350 and 370 nm excitations, which are 

strongly depend on the temperature. This indicates that the defect traps which are 

remarkably present on the surface of synthesized QDs becomes thermally activate and 

promotes the numerous relaxation paths with the rising temperature. With the 

increasing temperature, the radiative recombination of electrons with Se vacancies (i.e., 

holes) in ZnSe QDs, i.e., the surface trap PL at 480 nm, decreases due to the thermal 

instability of these surfaces defects. While, in Mn@ZnSe QDs, both the Mn2+ and ZnSe 

host-related PL at 584 and 480 nm, respectively, shows quenching with temperature. 

This indicates that the surface defect states are efficiently active even after the doping 

because of the deep implantation of Mn2+ ions in host ZnSe in nucleation doping 

strategy, i.e., nucleation doping doest affect the surface. “According to Fang et al., 

dopant emission is only observed when the dopant ions were incorporated into the 

lattice instead of being attached to the outer surface [34,35]. The occurrence of a new 

PL band and the enhancement of host ZnSe lattice emission shows the successful 

incorporation of Mn2+ in ZnSe lattice of Mn@ZnSe QDs.” Also, no blue or red shift 

was observed in PL with decreasing temperature, suggesting that no lattice contraction 

occurred at a lower temperature in ZnSe and Mn@ZnSe QDs [36]. 

 Change in PL intensity at peak maximum with varying temperature from 77 to 

275 K of ZnSe and Mn@ZnSe QDs was plotted as shown in Fig. 6.7(a,b). The plots 

show the linearly dependent behavior of PL intensity with the temperature over the 

wide range. 
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Figure 6.7. The photoluminescence intensity variation with temperature and Arrhenius 

plot of ZnSe (a,c) and Mn@ZnSe QDs (b,d). The inset of Fig. (b) shows PL intensity 

variation with temperature for the host-related band in Mn@ZnSe QDs. 

The inset of Fig. 6.7(b) shows the PL intensity variation with temperature for 

host-related band (at 480 nm) in Mn@ZnSe QDs, which may be further used in 

designing a ratio-metric sensor for better sensitivity and reliability. The linearity over 

the wide temperature range suggests that developed samples could be utilized as 

temperature sensing probes. 

In this direction, we further investigated our prepared samples to understand better 

temperatures effects and mechanism of decreasing PL intensity with increasing 

temperature. Fig. 6.7(c,d) shows the plots between 1/I and 1/T of ZnSe and Mn@Znse 

QDs, respectively, for the calculation of thermal activation energy (Ea), where red dots 
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represent the experimental data, and the solid line is the fitted curve using Arrhenius 

Eq. (3) [37-38]. 

I(T) =  𝐼0 ⌊1 + Aexp (−
Ea

kBT
)⌋

−1

                           (6.3) 

Here, I0 and I(T) denoted the maximum PL intensity at temperatures 0 and T (K), 

respectively. A represents the radiative lifetime-dependent constraint. KB is a well-

known Boltzmann constant. The calculated activation energy values for ZnSe and 

Mn@ZnSe QDs come out to be 42.2 meV and 66.4 meV, respectively. The obtained 

moderate activation energy for both samples are favorable for casting temperature 

sensor.  

 

Figure 6.8. The variation of FWHM with increasing temperature of ZnSe and 

Mn@ZnSe QDs. 

Furthermore, the slight change in the full-width half maxima (FWHM) and PL 

peak position of ZnSe and Mn@ZnSe QDs was observed with temperature, which 

shows that the FWHM is temperature independent for our ZnSe and Mn@ZnSe system, 

as shown in Fig. 6.8. The variation or broadening of FWHM of temperature-dependent 

PL can be explained by Eq. (4) [39]. 
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𝛽(𝑇) =  𝛽𝑖𝑛ℎ +  𝜎𝑇 +  𝛽𝐿𝑂 ⌊exp (
𝐸𝐿𝑂

𝐾𝐵𝑇
) − 1⌋

−1

                (6.4) 

Here, the first term 𝛽inh represents the inhomogeneous broadening which is a 

temperature-independent variable. 𝛽LO denoted the extend of exciton-longitudinal 

optical (LO) phonon coupling while the ELO represents the LO-phonon energy. σ 

signifies the electron-acoustic phonon coupling coefficient. According to Eq. (4), the 

negligible broadening or temperature-independent behavior of FHWM suggests that 

phonon coupling is weak, and the electron-electron scattering dominates in ZnSe and 

Mn@ZnSe QDs. 

 

Figure 6.9. The PL spectra of ZnSe QDs at 77 K (a) and 300 K (b) and PL of Mn@ZnSe 

QDs at 77 K (c) and 300 K (d) with different ex. 

Furthermore, the PL of the ZnSe QDs shifts towards the longer wavelength 

extending from 450 to 500 nm with an increasing excitation wavelength as of 330 to 
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400 nm at a low temperature of 77 K, shown in Fig. 6.9(a). However, with the rise of 

measuring temperature from 77 to 250 K, shifting in PL decreases, and at room 

temperature (300 K), no shifting was observed, as shown in Fig. 6.9(b).  

The excitation-dependent PL behavior mainly triggers functional groups (-SH, 

-OH) on the surface of QDs, which affects the trapping states and results in multiple 

emission centers [40]. These additional emitting states are highly dependent on 

temperature, as defined in Eq. 4. Therefore, shifting in PL is different at different 

temperatures. In Mn@ZnSe QDs, the ZnSe host-related peak shows a similar behavior 

as shown in Fig. 6.9(c,d), but no such shifting was observed in the Mn2+ dopant-related 

PL band. Because the Mn2+ transition is originated following energy transfer from ZnSe 

to Mn2+ ion centers and is an independent excitation phenomenon.  

 
Figure 6.10. The PL excitation spectra of ZnSe QDs (a) and Mn@ZnSe QDs (b) at 

different temperatures. 

The PLE spectra of ZnSe and Mn@ZnSe QDs at different temperatures are 

illustrated in Fig. 6.10. The PLE spectra of ZnSe and Mn@ZnSe QDs do not show any 

shifting with varying temperatures. Furthermore, the PLE spectra of ZnSe and 

Mn@ZnSe QDs show the shifting with the variation of PL wavelength (Fig. 6.11). The 

PLE spectra of Mn@ZnSe QDs obtained at  em= 470 and 590 nm were reproduced 

with (GA1, GA2) and (GB1, GB2) Gaussian bands. The PLE spectra of Mn@ZnSe QDs 
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show two excitation wavelengths at 350 and 370 nm related to the ZnSe host and Mn2+ 

dopant, respectively, as represented in Fig. 6.11(b). The PL wavelength-dependent PLE 

spectra also confirm multiple emission centers due to the surface functional or ligand 

groups. 

 

Figure 6.11. The PLE spectra of ZnSe QDs at different em (a) and PLE spectra of 

Mn@ZnSe QDs at em= 470 and 590 nm (b) corresponding to ZnSe host and Mn-dopant 

related bands, respectively, at a fixed temperature of 77 K. The PLE spectra at  em= 

470 and 590 nm were reproduced with GA1, GA2, GB1 and GB2 Gaussian bands. 

 The PL lifetime of ZnSe QDs was recorded at room temperature and PL and 

excitation wavelengths were 480 nm and 340 nm, respectively. The lifetime curve is 

represented in Figure 9(a). The average lifetime of ZnSe QDs comes out to be 87.45 

ns. While the temperature-dependent PL lifetime curves of Mn@ZnSe QDs were 

recorded in the temperature range from 300 to 77 K and are illustrated in Fig. 6.12. The 

acquired decay curves are well fitted with the bi-exponential decay function. The bi-

exponential function used in the simulation of the decay curve is given by the following 

equation [41-42]. 

𝑓(𝑡) = ∑ 𝐴𝑖𝑖 exp (−
𝑡

𝜏i
),                                                            (1) 
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where 𝐴i, 𝜏i are represent the pre-exponential factors and lifetime components, 

respectively. The average lifetime (𝜏𝑎𝑣) is calculated from the following equation 

[43,44], 

𝜏𝑎𝑣  = ∑
𝐴i𝜏i 

2

𝐴i𝜏i
𝑖  ,          (2) 

The extracted lifetimes and calculated average lifetimes are summarized in 

Table 6.1. The average lifetime becomes longer, increases from 0.455 to 0.637 ms, by 

lowering the temperature from 300 to 77 K.  

 

Figure 6.12. The fitted decay curves of ZnSe (a) at room temperature and Mn@ZnSe 

QDs (b) at different temperatures (300 to 77 K). 

In the bi-exponential fit, the longer lifetime component might be assigned to the 

deep trap states, which are lower in energy. While the short lifetime component may 

assign to the shallow traps, which lie above the deep traps, thus having higher energy. 

This can also be understood by concerning the thermal energy effect; with varying 

temperatures, the thermal population of energy states significantly varies from the 

normal population instantly after excitation because of the decreased thermal relaxation 

rates in QDs. In this manner, at lower temperatures, the states will experience a higher 

population and increase recombination rates, thus the lifetime [45]. Furthermore, the 

variation and increases in the lifetimes at a lower temperature are due to different 

emitting centers that exhibit excitation-dependent PL and PL-dependent PLE. 
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Table 6.1. The lifetimes and pre-exponential factors of Mn@ZnSe QDs at low 

temperatures. PL and excitation wavelengths were 580 nm and 370 nm, respectively. 

Temperature (K) τ1 (ms) τ2 (ms) α1 α2 τav (ms) 

300 0.093 

± 0.011 

0.455 

± 0.010 

0.33 0.67 0.455 

250 0.106 

± 0.013 

0.475 

± 0.013 

0.34 0.66 0.475 

200 0.138 

± 0.040 

0.504 

± 0.046 

0.39 0.61 0.504 

150 0.218 

± 0.019 

0.587 

± 0.045 

0.57 0.43 0.521 

100 0.114 

± 0.039 

0.510 

± 0.028 

0.27 0.73 0.550 

77 0.207 

± 0.036 

0.867 

± 0.218 

0.71 0.29 0.637 

 

For a better temperature sensor, a wide range of temperatures and high 

sensitivity are required. The synthesized samples show a wide range of temperatures 

(77 - 275 K). Further, the absolute sensitivity (S) and the relative sensitivity (SR) for 

temperature sensing are estimated using Eqs. 5 and 6. 

𝑆 =  
𝑑[𝐼(𝑇)/𝐼0]

𝑑𝑇
                   (6.5) 

𝑆𝑅 = 𝑆
𝐼0

𝐼(𝑇)
                   (6.6) 

The variation in S and SR for ZnSe and Mn@ZnSe QDs with increasing temperature in 

the range 77 to 250 K are shown in Fig. 6.13. Here, the sensitivity represents the 

percentage change in PL intensity with a unit change in temperature. The maximum 

value of sensitivity calculated comes out to be 0.58 % K1 at 225 K and 0.44 % K1 at 

250 K for ZnSe and Mn@ZnSe QDs, respectively. The relative sensitivity shows the 

maximum values 1.99 % K1 and 0.71 % K1 at 250 K for ZnSe and Mn@ZnSe QDs, 

respectively. Calculating relative sensitivity over absolute sensitivity is essential 
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because it reduces unwanted variations due to the excitation radiation and fluctuations 

in the measurement circumstances or environment.  

 

Figure 6.13. The absolute and relative sensitivity (percentage) as a function of 

temperature for ZnSe (a) and Mn@ZnSe (b) QDs. 

Table 6.2. Comparison of synthesized ZnSe and Mn@ZnSe QDs as a temperature 

sensor with other reported QDs. 

QDs Size (nm) em (nm) T range (K) S (% k-1) Reference 

ZnSe, Mn@ZnSe 3.2, 3.6 484, 586 77-275 0.58, 0.44 This work 

ZnS:Mn2+ 10 589 303-423 0.5 37 

(CdSe)ZnS 5-5.5 540-660 278-313 1.3 38 

CdSe 1.8 462, 565 82-280 0.69 39 

CDs 2.6 471 288-363 - 24 

CdTe 2.3 571, 652 80-360 0.70 40 

PbS/CdS/CdSe 5.4 670, 910 180-300 1.22 41 

 

The above results and findings suggest that the prepared ZnSe and Mn@ZnSe QDs are 

favorable for utilized as PL-intensity-based wide range (77 to 275 K) optical 

temperature sensors with good sensitivity as compared to other reported thermal 

sensors [46-48]. The comparison with other reported QDs is given in Table 6.2.  



136 
 
 

In terms of sensitivity, ZnSe QDs shows better results, but this can be overcome 

in Mn@ZnSe QDs by considering the ratio-metric sensing using relative PL intensity 

of both emission peaks. The schematic representation of testing the sensor and record 

the temperature sensing measurements is shown in Fig. 6.14. 

 

Figure 6.14. Schematic representation of testing and recording of the sensing 

measurements of the proposed optical temperature sensor. 

6.4. Conclusions 

We report a parallel low-temperature investigation of ZnSe and Mn@ZnSe QDs using 

temperature-dependent PL and PLE studies at different excitation and emission 

wavelengths. The PL intensity with increasing temperature shows linearity over 77 to 

275 K and is well fitted using the Arrhenius equation. The estimated activation energy 

values are 42.2 meV and 66.4 meV for ZnSe and Mn@ZnSe QDs, respectively. The 

activation energy in the 40-70 meV range provides better temperature effects and is 

suitable for casting as an optical temperature sensor. The proposed sensing probes offer 

good sensitivity over the full range of temperature. The maximum absolute sensitivity 

is 0.58 % K1 at 225 K and 0.44 % K1 at 250 K for ZnSe and Mn@ZnSe QDs, 

respectively. Furthermore, our findings and study offer beneficial understandings of the 

optical properties of ZnSe and Mn@ZnSe QDs, which may be promoting their future 

applications in optoelectronic devices. 
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Chapter 7 

 

Exciton Dynamics of Light-Emitting Metal Incorporated Zinc-

Selenide (ZnSe) Quantum Dots for Possible White QLEDs 

7.1. Introduction 

In the past few decades, generation of white light from low dimensional semiconductor 

nanomaterials or quantum dots (QDs) attracts researchers, especially in substituting the 

traditional light sources to achieve reduced energy loss and cost by lowering vitality 

costs and diminish overall utilization of lighting [1-5]. The old methods of generating 

the white light are based on solid-state white light emitters, which are neither designed 

by applying a coating or thin film on yellow phosphor or by making a combination of 

green and red phosphors based on the blue light-emitting diode. These configurations 

have drawbacks like self-absorption due to small bandgap, scattering at the phosphor 

layer’s boundaries or edges, and unwanted non-radiative energy transfer (ET) between 

the emitters. Thus, semiconductor quantum dots (QDs) have received significant 

consideration because of their unique size adjustable characteristics as a result of 

quantum confinement and several possible applications like in light-emitting diodes 

(LEDs), laser technology, biological science, sensors, solar cells, etc. [6-10]. As from 

the II-VI NPs, cadmium (Cd) based compounds such as CdS, CdSe, CdTe, or core/shell 

structures CdSe/ZnS are toxic and harmful to human health. Therefore, zinc (Zn) 

compounds like ZnSe, ZnTe and ZnS, etc., as an alternative to Cd compounds, have 

received tremendous attention in many applications. Zinc-selenide (ZnSe) is a light-

yellow solid intrinsic semiconductor, which emits light in the UV-Vis spectral region  

*Content of this chapter is communicated for publication.  
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with a direct wide-bandgap of about 2.70 eV [11-16] shows less toxicity, lower 

absorption coefficient, and higher luminescence efficiency. Due to these properties, 

ZnSe becomes a favorable alternative in particular for light-generating applications and 

biological purposes. 

The optical properties of ZnSe QDs could be modified by incorporating the 

metal ions impurities in the host. The photoluminescence (PL) spectra of ZnSe QDs 

lies between 390-440 nm. The emission peak of ZnSe could be adequately tuned 

typically through the addition of Cu2+ ions impurities. The doping of Cu2+ ions 

promoted by continuous reflux shows the red-shifted emission from 435 to 465 nm 

depending upon Cu ions and the traps states concentrations. On the other hand, Mn-

doped ZnSe shows dual-band PL [17-18]. A predominant orange-yellow emission 

existed near 580 nm in an Mn-doped ZnSe framework, which came out due to the 4T1–

6A1 transitions of the Mn impurities and produced by the energy transfer process from 

the lattice of the host particle [19-22]. Pure and metal ions incorporated QDs can be 

synthesized by adopting various synthesis methods such as organic high-temperature 

synthesis, chemical precipitation, hot injection, solid-state reaction and solvothermal 

techniques. Still, these methods involve high synthesis temperature (above 150°C) and 

highly toxic solvents or ligands such as TOPO, TBP, etc., phosphine-based compounds. 

Compared to these methods, the adopted aqueous route synthesis has several 

advantages: water-soluble products, lower synthesis temperature (below 100°C), high 

reproducibility, and low toxic chemicals [23]. The decoupling doping method with two 

distinct approaches, growth-doping and nucleation-doping, was used for co-doping of 

transition metals (Cu and Mn) into host ZnSe QDs. The nucleation doping strategy is 

the most successful doping approach for Mn dopant, while growth doping is favorable 

for Cu dopant in the host ZnSe QDs [24-33]. Therefore, to achieve successful co-doping 



145 
 
 

Mn and Cu ions are introduced at two different reaction times, such that the transition 

metals hold their distinctive emission properties. 

As an alternative component of white light generating phosphors, the QDs 

should have large stokes shift to reduce the re-absorption between the various QDs and 

minimize the light scattering effect. Many attractive alternatives are proposed in recent 

years having a single component white light-emitting fluorophore which consists of 

lanthanides (Ln) complex with green and blue-emitting organic ligands [34] and other 

similar systems having specific emission wavelength with 4f-4f transitions of trivalent 

Ln ions, e.g., Sm, Gd, Eu, Tb, Pr and Dy [35-37]. Inorganic luminescent materials were 

also reported as a good alternative with better thermal stability, such as QDs but 

developing white light-emitting, good quality and high quantum yield QDs via direct 

aqueous route challenging task. The main difficulty in obtained white emission was 

controlling the defect levels emission, but other techniques like high-temperature 

synthesis provide only limited control over the defects related emissions. Considering 

this difficulty, we studied the QDs emissions at different periods. The results show that 

the emission levels of different defect states may be controlled by varying the reaction 

time. Therefore, this route provides synthesis versatility and helps achieve the white 

light from a single component. 

Herein a facile and controlled aqueous route synthesis of less toxic, highly stable 

and luminescent ZnSe, Cu@ZnSe, Mn@ZnSe QDs together with the exciton dynamics 

using time-correlated single-photon counting system and femtosecond pump-probe 

techniques were presented. The co-doping of Cu and Mn transition metal ions in the 

host ZnSe generates the emission bands that remarkably correspond to the two primary 

colors, i.e., green and red, which mostly occupy the wide visible spectral range. The 

doping combination of Cu and Mn in the host ZnSe QDs produces the white light as 
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shown with the CIE color coordinates plot. Therefore, the synthesized Cu&Mn@ZnSe 

QDs will be used as a promising single component white light emitter material to 

produce white-QLEDs. 

7.2. Materials and Method 

7.2.1. Chemicals 

All chemicals used in this work were of scientific grade and were used without further 

purification. Zinc acetate dehydrate (Zn(CH3COO)2.H2O, 98%) and 3-

mercaptopropionic acid (MPA) (C3H6O2S, 99%) were purchased from ACROS 

Organics. Sodium borohydride (NaBH4, 95%) and manganese (II) chloride tetrahydrate 

(MnCl2.4H2O, 99%) were purchased from Central Drug House. Selenium powder (Se, 

99.5%) and copper (II) nitrate trihydrate (Cu(NO3)2.3H2O, 99.5%) were purchased 

from Sigma Aldrich, Potassium hydroxide (KOH, 85%) was purchased from 

RANKEM. HPLC grade ethanol (CH3CH2OH, 99.9%) and ultra-pure water were used 

as solvents. 

7.2.2. Synthesis of ZnSe QDs  

All reactions were operated in a three-neck flask. The left neck was associated with a 

temperature controller, i.e., a thermometer, the middle neck connected to nitrogen gas 

flow and the right neck attached to a syringe through which the solution was injected 

or ejected. ZnSe QDs synthesis was implemented in an aqueous medium at around 75 

°C. The precursor solution was prepared in three-neck flasks. A mixture of 0.083 g of 

Zn(CH3COO)2 and 1 ml of MPA (acts as a capping agent in the process) was mixed in 

20 ml of ultra-pure water, and the pH of the solution was maintained at about 10.3 by 

adding 2 mM KOH dropwise. This solution was stirred under a nitrogen atmosphere 

for about 15 minutes at around 75 °C. NaHSe as Se stock solution was prepared by 

mixing 0.052 g of selenium powder and 0.068 g of NaBH4 in 4 ml ultra-pure water. At 
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the time of mixing, the colour of the solution (Se and NaBH4) was black, but after 10-

15 min, it becomes transparent. Then, the mixture solution was transferred to a syringe. 

The arranged NaHSe solution was added dropwise into the Zn precursor solution at the 

prefixed temperature of 75 °C. After adding Se stock solution into Zn precursor, the 

color of the solution transforms from transparent to first light yellow and then pale 

yellow as time passes. A certain amount of solution was taken out from the solution 

mixture with the help of a syringe at 10 minute intervals (i.e., 10, 20 min, etc.). The 

synthesized ZnSe QDs were precipitated by adding ethanol to the mixture and then 

centrifuged for 10 minutes. After that, the precipitated QDs were collected and washed 

with ethanol. This process was repeated 2 to 3 times. After excluding ligands from ZnSe 

solution, the purified solution was dried in a hot air oven. Finally, the prepared powder 

was permitted to cool off slowly to room temperature and the synthesized ZnSe QDs 

were utilized precisely without further treatment.  

7.2.3. Synthesis of Cu-doped and Mn-doped ZnSe QDs 

Copper-doped and manganese-doped ZnSe QDs were synthesized in an aqueous 

medium at around 65 °C. The preparation method of Zn precursor and Se stock solution 

was the same as in the case of ZnSe QDs’ synthesis. After that, in case of Cu doping 

0.3 ml of Cu stock solution (prepared by dissolving 0.0071 g of Cu(NO3)2 in 5 ml ultra-

pure water) and in case of Mn doping, 0.6 ml of Mn stock solution (prepared by 

dissolving 0.0062 g of MnCl2 in 5 ml ultra-pure water) was added dropwise to the Zn 

precursor along with Se stock solution with a separate syringe at the prefixed 

temperature of 65 °C and the reaction was allowed to continue for 45 and 75 minutes 

to get the Cu doped and Mn-doped ZnSe respectively. While adding Cu solution to the 

reaction mixture (Se and Zn precursor), the colour of the solution transformed from 

light yellow to blackish yellow and finally to dark yellow. For Mn solution, the colour 
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of the solution transformed from light yellow to milky yellow and finally to yellow. A 

certain amount of solution was taken out from the solution mixture with the help of a 

syringe at 15-minute intervals (i.e., 15 min, 30 min. etc.). The synthesized Cu and Mn-

doped ZnSe QDs were precipitated by adding ethanol into the mixture and then 

centrifuged for 10 minutes. After that, the precipitated QDs were collected and washed 

with ethanol. This process was repeated 2 to 3 times. After excluding ligands from 

Cu@ZnSe and Mn@ZnSe solution, the purified solution was dried in a hot air oven. 

Finally, the prepared powder was permitted to cool off slowly to room temperature and 

the synthesized Cu@ZnSe and Mn@ZnSe QDs were utilized specifically without 

further treatment. 

7.2.4 Synthesis of Mn and Cu co-doped ZnSe QDs 

Manganese and copper co-doped ZnSe QDs were synthesized in an aqueous medium 

at around 65 °C. The Zn precursor and Se stock solution's preparation method was the 

same as ZnSe QDs synthesis. After that, 0.6 ml of Mn stock solution was added 

dropwise to the Zn precursor and Se stock solution with a separate syringe at the 

prefixed temperature of 65 °C and the reaction was allowed to continue for 35 minutes. 

After that, 0.8ml of Cu stock solution was also injected dropwise through a syringe into 

the reaction mixture. While adding a Cu solution to the reaction mixture (Mn@ZnSe), 

the colour of the solution transformed from milky yellow to dark yellow. A certain 

amount of solution was taken out from the solution mixture with the help of a syringe 

at 10-min intervals (i.e., 10 min, 20 min., 30 min., etc.). The reaction setup was kept in 

the same conditions for another 40 minutes to get the Mn and Cu co-doped ZnSe. The 

synthesized Mn and Cu co-doped ZnSe QDs were precipitated by adding ethanol into 

the mixture and then centrifuged for 10 minutes. After that, the precipitated QDs were 

collected and washed with ethanol. This process was repeated 2 to 3 times. After 
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excluding ligands from Cu&Mn@ZnSe solution, the purified solution was dried in a 

hot air oven. Finally, the prepared powder was permitted to cool off slowly to room 

temperature and the synthesized Cu&Mn@ZnSe QDs were explicitly utilized without 

further treatment. 

7.2.5. Spectroscopic Techniques 

The detail of the steady-state and time-resolved spectroscopic techniques are already 

discussed in previous chapters. A Delta diode of 375 nm was used to measure decay 

times in ns regions, which has a typical FWHM 200 ps and pulse repetition rate of about 

2 MHz as an excitation source. Similarly, the detail of XRD and TEM system are also 

discussed in previous chapters.  

The broadband femtosecond pump measured transient absorption (TA) 

spectra to probe technique. Details of the setup are presented elsewhere [8,38]. 

The pump pulse of 30 fs centered at 360 nm was used to excite the QDs. The 

diameter of the pump spot was 300 µm. The diameter of the probe pulse was 120 

µm. The pump-pulse operation frequency was 60 Hz. The sample in 300 μm cell 

was refreshed between incident laser pulses by a pump. The transient absorption 

data were obtained with pump-probe polarization at a magic angle of 54.7o. The 

experiments were carried out at 293 K. The measured spectra were corrected to 

account for the group delay dispersion of the supercontinuum by the procedure 

described in below: 

The regenerative amplifier system (Spitfire, Spectra-Physics, USA) 

intensifies the Ti: sapphire oscillator (800 nm, 80 MHz, 80 fs, Tsunami, Spectra-

Physics, Santa Clara, CA, USA). The femtosecond gauss pump pulse of 200 nJ, 

30 fs centered at 360 nm was used to excite the ZnSe QDs and Cu&Mn@ZnSe 

QDs dispersed in water. The pump pulse operation frequency was 60 Hz. The 
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sample in a 300 μm cell was refreshed between incident laser pulses by a pump. 

The probe pulse was light of supercontinuum generated in H2O cell by focused 

800 nm femtosecond pulses. Transient spectra of absorbance change ∆A (t, λ) 

were recorded over the range of 380–800 nm. The pump and probe light spots 

had diameters of 300 and 120 µm, respectively. The relative polarization of pump 

and probe pulses was oriented at 54.7°, parallel or perpendicular. The 

experiments were carried out at 278 K. The measured spectra were corrected for 

group delay dispersion of the supercontinuum using the procedure described in 

(Shelaev et al. 2008; Nadtochenko et al. 2017) [50-51]. The time window of the 

“coherence spike” seen during the pump-probe overlap was neglected. 

7.3. Results and Discussion 

7.3.1. Size and surface ligands of water-dispersed ZnSe, Cu@ZnSe, Mn@ZnSe, 

and Cu&Mn@ZnSe QDs. 

The structural and morphological studies were carried out using XRD and TEM 

spectroscopies. The XRD patterns of the prepared transition metal-doped ZnSe QDs 

resemble the cubic zinc blende crystal structure (shown in the previous chapter). The 

XRD pattern is widened and shows the nanocrystalline nature of the samples with three 

central peaks at 27.5°, 45.8° and 53.9°, corresponding to the (111), (220) and (311) 

planes. The doping of Mn and Cu into ZnSe does not change its crystal structure. This 

further confirms the formation of Cu&Mn@ZnSe solid solution instead of Mn and Cu 

precipitation [39]. The size and morphology of MPA-capped ZnSe and Cu&Mn@ZnSe 

QDs were additionally affirmed by utilizing TEM. Even though slight aggregation of 

QDs appeared in the TEM images, most QDs appeared as quasi-spherical particles. For 

the ZnSe, Cu@ZnSe, Mn@ZnSe and Cu&Mn@ZnSe QDs, the particle diameter was 

between 3.2 and 5.4 nm. For the ZnSe QDs, the bulk Bohr exciton radius reported by 
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Chin et al. [41] is 3.8 nm. Hence, the produced NCs show a significant quantum 

confinement impact. 

 

 Figure 7.1. FTIR spectra of MPA-capped ZnSe and metal incorporated ZnSe QDs  

Recently, strategies are devised to cap the surface of NPs with a capping reagent 

to activate the surface of NPs and make NPs resistant to aggregation. While producing 

the ZnSe and transition metal doped ZnSe QDs, mercaptopropionic acid (MPA) was 

used as the capping reagent and stabilizer to regulate the development of the NPs 

throughout the synthesis process. The FT-IR spectra of MPA-capped ZnSe, Cu@ZnSe, 

Mn@ZnSe and Cu&Mn@ZnSe NPs are shown in Fig. 7.1. FT-IR spectra exhibit 

various characteristic spectral bands. The band around 3345 cm−1 corresponds to the 

O–H stretching vibration, the peak at 2126 cm−1 because of C ≡ C stretching and the 

band about 1632 cm−1 arising from the C=O stretching [42]. Moreover, the amplitude 

of S–H stretching vibration determined within the 2600–2550 cm-1 region is negligibly 

small, suggesting the sulfhydryl (−SH) from MPA is adsorbed onto the surface of the 

particles in the form of a closed packed monolayer that stabilizes QDs in solution. Thus, 

MPA molecules capped the prepared NPs. 
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7.3.2. Absorption and photoluminescence characteristics of water-dispersed ZnSe, 

Cu@ZnSe, Mn@ZnSe, and Cu&Mn@ZnSe QDs.  

Fig. 7.2 shows absorption and PL-excitation spectra of ZnSe, Mn-doped ZnSe and Cu 

co-doped Mn@ZnSe QDs dispersed in water. The absorption shows a band maximum 

between 390-410 nm, which might be assigned to the 1Se
 - 1Sh

3/2 and 1Pe-1Ph 

transitions, as shown in the second derivative of the absorption, representing two bands 

maxima and overlapped PL-excitation spectra as shown in Fig. 7.2. 

  

Figure 7.2. Absorption spectra and the second derivative of the absorption spectra of 

ZnSe and transition metal doped ZnSe dispersed in water (left) and overlapped 

excitation spectra (right) of ZnSe and transition metal doped ZnSe dispersed in water 

at the 430 and 580 emission wavelengths. 

 Fig. 7.3 demonstrates the PL spectra of ZnSe, Mn@ZnSe and Cu,Mn@ZnSe 

QDs formed at different synthesis times.  To reveal the spectral components in the wide 



153 
 
 

PL bands, spectra are shown in the form of derivatives. Spectra in the form of 

derivatives manifest that PL band is inhomogeneous. The peaks close to 420-430 nm 

can be tentatively attributed to the band-edge exciton PL. This suggestion is confirmed 

by observing the bleach band in a similar spectral range in the femtosecond pump-probe 

experiments (see Fig. 7.9 and 7.10). Several peaks between 440-540 nm can be 

attributed to the trap states luminescence.  

 

Figure 7.3. Photoluminescence spectra, along with the derivative spectra of ZnSe (A1 

and A2) and Mn@ZnSe (B1 and B2) and Cu&Mn@ZnSe (C1 and C2).  Insert of B1 

demonstrates the Mn2+ luminescence band in a 2nd (black line) and 4th derivatives (red 

line). 

The general motif of the luminescence band shape is similar for samples at 

different time formations. At the same time Fig. 7.3 (A2) shows that the exact position 

of the spectral components is varied, which means the changes of traps composition. 

Figs. 7.3 (B1, B2 and C1, C2) reveal meaningful PL band changes during the synthesis 

of metal-doped QDs. The band-edge exciton luminescence decreases, whereas the long-

wavelength band corresponding to Mn2+ increases as synthesis time grows. The 

luminescence spectra (4T1
6A1 transition of Mn2+) in the form of second and forth 
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derivatives demonstrate the variety of sites of Mn2+ localization and changes of Mn2+ 

PL peaks distribution with reaction time. The PL band appeared as a wideband centered 

close to 431 nm (Fig. 7.3 (A1). This band suggests the emission from trap states. It 

contrasts to the expected narrow peak with a small Stokes shift due to the band edge 

emission of ZnSe QDs synthesized by high-temperature technique. The 

photoluminescence excitation (PLE) corresponding to 431 nm PL band is close to the 

band edge exciton state, as shown in Fig. 7.2. This suggests that PL trap is excited due 

to the non-radiative transition from band edge exciton. 

The PL spectrum of Mn-doped ZnSe QDs shows two prominent peaks at 431 

nm and 577 nm, as shown in Fig. 7.3 (B1). The strong yellow-orange color at 577 nm 

comes from the 4T1–
6A1 transition of the Mn2+ impurity due to excited energy transfer 

from the host ZnSe [18-22]. From manganese-doped semiconductors (like Mn-doped 

ZnS, Mn-doped CdSe), the most frequently acquired emission wavelengths vary from 

570 to 590 nm (yellow-orange color). The peak at 431 nm is assigned to the direct band 

gap emission of ZnSe QDs, which was observed because of the low Mn2+ dopant 

concentration present in the solution mixture [45]. As the reaction time interval 

increases, the PL intensity observed at 431 nm decreases gradually, whereas the PL 

intensity at 577 nm increases (Fig. 7.3 (B1)), which might be due to increased Mn2+ 

concentration or may be an increase of the energy transfer rate. Changing the proportion 

of transition metal in the solution shows that the emission wavelength or intensity 

changes slightly [46]. Upon increasing the proportion of Mn2+ concentration in Mn-

doped ZnSe NCs, an intense Mn-related PL peak is observed. Alternatively, this may 

also produce slightly blue-shifted PL due to creating Zn or Se ion vacancies in the 

nanocrystal [24]. 
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In PL of the co-doped ZnSe framework, in addition to the 431 nm, two more 

bands are observed and cover a broad range of visible light (Fig. 7.3 (C1). However, 

during reactions, it was determined that Cu ions were adsorbed by the previously 

developed Mn-doped ZnSe QDs and accordingly populated these surface states, 

making them favorable for white light generation QLEDs (Fig. 7.4). 

 

 Figure 7.4. CIE-1931 chromaticity diagram of Mn@ZnSe and Cu&Mn@ZnSe QDs. 

 The PL intensity of the 431 nm band decreases while the intensity of 577 nm 

band increases. After injecting the Cu2+ ions into the solution, the PL intensity of the 

431 nm band starts gradually growing and shows a slight redshift with time. Together 

with this band, the intensity of the 577 nm band increases. The intensity of both the 

bands increases as the reflux time increases (Fig. 7.3 (C1)). The strong PL comes from 

the transition of Cu2+ impurity due to excited energy transfer from the host ZnSe to the 

Cu2+ ions. This peak may be allotted to the recombination of an energized electron in 

the conduction band/defect states of the ZnSe nanocrystal with the d-orbital hole of a 

Cu ion [24,47,48]. The PL quantum yield (QY) calculate using absorption and blue PL 

bands are about 1% for pure ZnSe and 3 % for metal-doped ZnSe QDs. 
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7.3.3. Photoluminescence decay characteristics of water-dispersed ZnSe, 

Cu@ZnSe, Mn@ZnSe and Cu&Mn@ZnSe QDs.  

The PL lifetimes of ZnSe, Cu@ZnSe, Mn@ZnSe and co-doped Cu&Mn@ZnSe were 

measured to understand the excited state dynamics, and the obtained results are 

summarized in Tables 7.1 and 7.2.  

Table 7.1. The photoluminescence lifetimes of ZnSe, Cu@ZnSe, Mn@ZnSe and 

Cu&Mn@ZnSe QDs dispersed in water. The excitation and emission wavelengths were 

375 and 430 nm, respectively. 

 QDs τ1 (ns) 1 τ2 (ns) 2 τ3 (ns) 3 τav (ns) χ2 

ZnSe 0.84 ± 

0.02 

0.10 6.96 ± 0.07 0.04 0.10 ± 0.002 0.87 4.31 1.11 

Cu@ZnSe 0.57 ± 

0.01 

0.03 7.67 ± 0.05 0.01 0.03 ± 0.004 0.96 5.03 1.10 

Mn@ZnSe 0.73 ± 

0.03 

0.03 7.24 ± 0.20 0.01 0.08 ± 0.001 0.96 3.13 1.06 

Cu&Mn@ZnSe 0.55 ± 

0.02 

0.45 7.94 ± 0.03 0.19 0.20 ± 0.020 0.35 6.65 1.11 

 

The decay profiles of ZnSe dispersed in water could not fit well with a single 

and bi-exponential function. However, it fits well with tri-exponential functions defined 

by I(t) = 1exp (−𝑡
𝜏1

⁄ ) + 2exp (−𝑡
𝜏2

⁄ ) + 3exp (−𝑡
𝜏3

⁄ ), 

where 𝜏1 , 𝜏2 and 𝜏3 represent the lifetimes and 1 , 2 and 3 are the 

corresponding pre-exponential factors, respectively. The fitting of the decay curves was 

judged with 2 value and residual. The fitted decay curves are shown in Fig. 7.5.  
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Table 7.2. The photoluminescence lifetimes of Mn@ZnSe and Cu&Mn@ZnSe QDs 

dispersed in water. The excitation and emission wavelengths were 330 nm and 580 nm, 

respectively. 

Sample (QDs) τ1 (s) A1 τ2 (s) A2 τav (s) 

Mn@ZnSe 601 49.22 101 50.78 347.23 

Cu&Mn@ZnSe 866 43.62 290 56.38 541.17 

 

Figure 7.5. Fitted photoluminescence (PL) decay curves of ZnSe, Cu@ZnSe, 

Mn@ZnSe and Cu&Mn@ZnSe co-doped QDs. Excitation and emission wavelengths 

were 375 nm and 430 nm, respectively. 

The observed multiple lifetime components are originated from different 

emission centers of metal-doped ZnSe QDs. Out of the three lifetimes, the shortest 

component, which has a lifetime of 0.1 ns, has the highest amplitude value to the PL 

and is assigned to the direct band gap emission. The remaining two lifetimes of 0.84 ns 

and 6.96 ns, might be assigned to the defect states, which emit nearly in the same 

wavelength regions. The average lifetime defined as 𝜏𝑎𝑣 = Σ𝑖𝛼𝑖𝜏𝑖
2 Σ𝑖𝛼𝑖 𝜏𝑖⁄ , is also 

calculated and comes out to be 4.3 ns (Table 7.1). In Cu doped ZnSe (Cu@ZnSe), the 

decay curves fitted well with tri-exponential functions with slightly different lifetimes 
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and pre-exponential factors. The shortest lifetime component with a lifetime of 0.03 ns 

has the maximum contribution to the overall decay profile. The contribution of the 

longest lifetime components in overall decay is small. In Mn-doped ZnSe (Mn@ZnSe), 

a new and large Stokes shifted PL band arises at around 577 nm. The decays collected 

at 580 nm are well fitted with bi-exponential functions with an adjustment R2=0.99 

(Fig. 7.6).  

 

Figure 7.6. Fitted photoluminescence (PL) decay curves of Mn@ZnSe (a) and 

Cu&Mn@ZnSe (b) QDs. Excitation and emission wavelengths were 330 nm and 580 

nm, respectively. 

The fitted lifetimes are 101 s and 601 s. A1 and A2 denote the corresponding 

amplitudes. Both the lifetime components have nearly the same contribution (Table 

7.2). The long-lived component of 601 s might represent the 4T1–
6A1 state of Mn ions 

[22]. However, the 101 s component, which has a nearly equal contribution, might be 

the second transition of metal ions, occurring approximately within the same 

wavelength region as demonstrated in Fig. 7.6 or the distribution of lifetimes. 

Furthermore, the lifetime of Cu co-doped Mn-ZnSe was measured in similar 

experimental conditions as for Mn-ZnSe. The observed decay curves are again fitted 

well with bi-exponential functions. It is important to note that both the lifetime 
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components increase largely in co-doped QDs and are supported to the steady-state PL. 

The smaller component increases nearly three folds, whereas the longer one becomes 

866 s. The increase in the lifetimes is assigned to the decrease of non-radiative rates 

or increase of the radiative rates. Panda et al. [10] observed a single exponential decay 

for 585 nm with a lifetime of 264 s and 324 s for Mn@ZnSe and Cu&Mn@ZnSe 

QDs, respectively prepared at high temperatures (>100C). The observed excited-state 

lifetime of 866 s is a new record of the longest for the Cu doped Mn@ZnSe QDs, 

almost threefold longer than the longest reported previously [10]. In the present study, 

the decay is non-exponential and fitted well with the bi-exponential functions with two 

long lifetime components, which have nearly the same contribution and might be 

assigned to the two different transitions populated from two different routes of energy 

transfer (i) from ZnSe lattices to the Mn ions and (ii) from shallow trap state of ZnSe 

to the Mn ions. In co-doped ZnSe, both components become longer, indicating that the 

non-radiative transitions decrease. Thus, co-doping further supports enhancing the PL 

of the 577 nm band (Fig. 7.3). This is due to the increase of excitation energy transfer 

from ZnSe to metal ions due to an increase of overlapped areas between absorption of 

metal ions and emission of ZnSe. 

The steady-state and time-resolved experiments have demonstrated that there 

are three emitting states in co-doped ZnSe QDs, which cover the visible range. The 

excited electrons may relax from LUMO-HOMO in ZnSe, via d level of Cu ion in Cu 

doped and via d-d level in Mn-doped ZnSe QDs [28]. The shortest lifetime component 

represents the band edge PL. The intermediate one corresponds to the emitting state 

produced through the energy transfer of ZnSe to Cu ions. The longest component 

represents the emitting state produced by large distance energy transfer ZnSe lattice to 

the Mn ions. The present results, both the short and long-lived lifetime components, are 
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quite convincing [28]. However, the unusual long decay component, which becomes 

more efficient in the presence of the co-doped ZnSe, is assigned to the PL of 4T1–
6A1 

state activated following the energy transferred from ZnSe lattices to the Mn ions.  

As mentioned, both the decay components increase in co-doped ZnSe, which 

demonstrates that the radiative rates of these component increases. Thus, the long-lived 

state covering the long-wavelength range is essential for single component white-light 

engines for solid-state lighting. Also, water-dispersible and relatively less toxic QDs 

are important for biological applications. 

7.3.4. Transient absorption spectra and transient kinetics of ZnSe and metal-

doped ZnSe QDs. 

To explore an ultrafast dynamic of pure ZnSe and metal-doped ZnSe QDs, transient 

absorption (TA) spectra and TA kinetics were measured with a pump pulse of 30 fs 

centered at 360 nm to excite the QDs. The pump energy was varied from 0.25 to 3.5 J 

to clarify the effect of the bi- and multiexciton states on transient spectra. The TA 

spectra and kinetics were obtained at different delay times, probe wavelengths and 

energy. 3D images of transient absorption spectra of ZnSe, Mn-doped ZnSe and Cu co-

doped Mn@ZnSe colloid QDs dispersed in water with the pump wavelength 360 nm 

illustrates in Figs. 7.9-7.11. 

Transient absorption spectra of pure ZnSe, Mn@ZnSe and Cu&Mn@ZnSe 

obtained at short time delays show two specific spectral features: (i) a strong bleaching 

band close to 405 nm and (ii) a broad absorption band in the spectral range of 440 nm 

to 670 nm (Fig. 7.7). The pump energy effect on the transient absorption spectra in the 

range of 0.25 μJ and 3.4 μJ (0.35 mJ/cm2 and 4.8 mJ/cm2) is small and nonlinear effects 

of QDs excitation on the transient is not considered in the present work. 
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Figure 7.7. Transient spectra of pure ZnSe, Mn@ZnSe, Cu&Mn@ZnSe QDs colloid 

at long time delays. A, time delays are: 1, 2.5 ps; 2, 50 ps; 3, 350 ps. B, time delays are: 

1, 6 ps; 2, 100 ps; 3, 450 ps. C, time delays are: 1, 2 ps; 2, 15 ps; 3, 30 ps; 4, 105 ps; 5, 

435 ps.  The pump energy was 3.4 μJ. 

 

Fig. 7.7 shows transient absorption spectra at a long time delay and reveals a 

decay in the long-time delay window. The observed bleaching band near 405 nm 

associates with  

the lowest exciton (see absorption spectra Fig. 7.2). The appearance of the bleaching 

band may explain the exciton state filling and the Stark band shift effect [49]. On the 

other hand, the excited state absorption (ESA) of TA spectra can be attributed to the 

trap states absorption and probably the biexciton absorption band close to 480 nm at 

the short time delays. The bleaching band at 405 nm appears at the time delay shorter 

than 100 fs, whereas the pump wavelength was 360 nm that corresponds to the 

excitation of the higher excitonic state (Fig. 7.2). Fig. 7.7 shows that no meaningful 

increase of the bleaching band amplitude is detected at the time delay close to 100 fs. 
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It suggests that the relaxation from the higher excitonic state to the lowest excitonic 

state occurs in the time window shorter 100 femtoseconds. Fig. 7.7 depicts that the 

bleaching band amplitude decays in the time range shorter than 1-2 ps. It assumes that 

the electronic population of the exciton state is depleted due to the transition to trap 

states. The fast non-radiative energy transfer from the exciton state to trap states is a 

reason of the low intensity of the band edge exciton PL.  Fig. 7.8 also exhibits the rise 

of the ESA band amplitude that is in accord with the observation of the bleaching band 

decay. The ESA bands alter the shape during time delay, suggesting population changes 

of different traps (Fig. 7.8 and 7.10).  

 

Figure 7.8. 3D images of transient absorption spectra of ZnSe colloid QDs dispersed 

in water.  Pump wavelength was 360 nm @ 2.4 J. 
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Figure 7.9. 3D images of transient absorption spectra of Mn@ZnSe colloid QDs 

dispersed in water.  The pump wavelength was 360 nm. 

 

Figure 7.10. 3D images of transient absorption spectra of Cu co-doped Mn@ZnSe 

colloid QDs dispersed in water.  The pump wavelength was 360 nm. 
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The transient curves of pure ZnSe, Mn@ZnSe and Cu&Mn@ZnSe QDs are 

shown at selected probe wavelengths (Figs 7.8-7.10). The transient kinetics at a probe 

wavelength of 405 nm are related to the bleaching band, and at a probe wavelength of 

450 nm corresponding to the absorption band (ESA band). The transient kinetics of the 

bleaching band decay are fitted well with the bi-exponential function. The decay time 

and the relative amplitude of the decay components are summarized in Table 7.3. 

Table 7.3.  Fitted parameters of transient kinetics at 405 nm. 

Sample (QDs) τ1 (ps) A1 τ2 (ps) A2 

ZnSe 2.01 ± 0.13  12.2% 0.19 ± 0.006 88% 

Mn@ZnSe 0.500 ± 0.01 45.3% 0.130 ± 0.006 54.7% 

Cu&Mn@ZnSe 0.59 ± 0.023 30.0% 0.130 ± 0.02 70% 

 

The relative amplitude of fast decay components is higher than 55% for all samples. 

For pure ZnSe samples, the decay time is equal to 190 fs, whereas for Cu and Mn-doped 

samples, it is shorter and equals 130 fs. The decay time of the slower component is 2 

ps for pure ZnSe, whereas, for doped samples, the decay time is close to 500 fs, 600 fs. 

Presumably, the increase of the bleach decay rate in the metal-doped samples is not 

only to the energy transfer from the excitonic state to metal centers but due to the 

changes in traps distribution in QDs and, as a result, the enhancement of the acceptance 

of the exciton energy by traps. The assumption about the changes in traps distribution 

in QDs due to the Mn and Cu doping agrees with the observation of the increase of the 

ESA amplitude relative to the bleaching band amplitude shown in Fig. 7.10. The slow 

time constant of ESA band decay is present in Table 7.4. Biexponential fitting of 

transient kinetics of 450 nm for Mn@ZnSe and Cu&Mn@ZnSe samples reveals the 

decay with a time constant close to 2-3 ps with the relative amplitude close to 50% 
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and with the time constant of 81 ps for Mn@ZnSe and the time constant of 49 ps for 

Cu&Mn@ZnSe.  

Table 7.4.  Decay times of transient kinetics at 450 nm.  

Sample (QDs) τ1 (ps) A1 τ2  A2 

ZnSe 100 ± 12  ------ --- --- 

Mn@ZnSe 81 ± 2.1 50% 3.5 ± 0.064 50% 

Cu& Mn@ZnSe 49 ± 1.2 43% 2.14 ± 0.04 ps 57% 

 

The ESA decay for pure ZnSe is monoexponential with a time constant of 100 ps. The 

slow ESA decay may be attributed to the trapping of the charge carrier by deeper traps 

and by the recombination of charge carriers in QDs. The acceleration of the ESA 

transient decay suggests that metal centers can modify trap states. As a result, they can 

accept excitation energy from excited traps or promote the recombination of charges. 

7.4. Conclusions 

Metal-doped and co-doped water-dispersed ZnSe, Cu@ZnSe, Mn@ZnSe, and 

Cu&Mn@ZnSe QDs were successfully synthesized via an aqueous route using MPA 

as a capping agent at a lower temperature than the boiling point of water. The lower 

temperature aqueous-based synthesis was found simple, economical, efficient and 

environmentally friendly compared to other synthesis techniques. The reaction time and 

temperature are crucial factors for successfully synthesizing ZnSe and transition metal 

doped ZnSe QDs. The produced QDs demonstrated a face-centered crystal arrangement 

and quasi-spherical shapes, and the diameter of QDs lies between 3-5 nm. The band 

gap of ZnSe NCs and transition metal doped ZnSe NCs was obtained between 3.0 - 3.2 

eV and the PL of ZnSe QDs is tuned by doping the metal ions. The metal-doped brilliant 

emitter with multiple emitting states populated by direct excitation of ZnSe QDs and 

by the energy transfer from shallow trap state and lattices of ZnSe to metal ions covers 
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nearly the entire visible region, which may encourage solid-state lighting device 

implementation that is single source QLEDs. The microseconds to femtoseconds 

dynamics observed in transient absorption predicted the state filling effect and trapping 

of electrons in shallow and deep trap states. Doping of ZnSe QDs by Mn and Cu centers 

suggests a modification of traps revealed in the transient spectra and kinetic parameters 

of transient decay. A specific feature of the synthesized QDs is the fast energy transfer 

from the band edge exciton to luminescent trap states and effective energy transfer to 

luminescent states of Cu & Mn metal ions. 
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Chapter 8 

 

Summary and future Prospects 

The research topic of the present thesis entitled “Growth and investigation of group II-

VI semiconductor nanoparticles for luminescence based applications” disclosed the 

structural, morphological, compositional and optical properties of ZnSe and Mn@ZnSe 

QDs and discussed their utility for sensing applications. In the present thesis, pure and 

doped ZnSe QDs have been synthesized by adopting the direct aqueous synthesis 

method, and successful doping is achieved with a nucleation doping strategy. Earlier, 

organic dyes, fluorescent proteins, or lanthanide chelates were mainly used as a staining 

agent for sensing applications, but they included several limitations such as broad-

spectrum, poor photochemical stability less fluorescence intensity. On the other hand, 

QDs based sensors have several features like high sensitivity, unique tunable wide 

range optical properties, longer photoluminescence (PL) lifetime and are also useful for 

bio-sensing and bio-imaging. The QDs PL spectra mainly depend on the particle size 

and their surface charge or ligands attached to QDs surfaces. The structural and optical 

properties of ZnSe and Mn@ZnSe QDs are extensively studied using X-ray diffraction, 

absorption, photoluminescence and time-resolved photoluminescence spectroscopy 

along with sensing applications. Based on the extensive study, the outcome of the 

research work has been organized into eight chapters and the chapter wise 

summary of the same is as follows: 

Chapter 1 consists of a brief introduction on nanoparticles, motivation for the research 

work on quantum dots, synthesis of quantum dots and their applications. Afterward, the 

types of nanomaterials and important characteristics of nanomaterials have been 

deliberated in detail. This chapter is mainly focused on the motivation of current 
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research work. Furthermore, the importance of QDs, especially group Ⅱ-Ⅵ zinc-based 

semiconductor QDs has been discussed in detail. Subsequently, the chapter focuses on 

the luminescence-based sensing applications of un-doped and doped ZnSe QDs. The 

motivation to carry out the present research work, the objectives and the outline of the 

current research work are stated at the end of the chapter. 

Chapter 2 deals with the experimental tools and techniques, mainly methodology, to 

accomplish the proposed objectives of the thesis. For the structural and surface 

morphology analysis, essential tools such as X-ray diffraction (XRD) and scanning 

electron microscopy (SEM) as well as transmission electron microscopy (TEM) were 

used for investigation. Energy-dispersive X-ray analysis (EDX) measurement has been 

carried out for elemental identification present in prepared QDs. The other main 

characterization techniques used are Fourier transform infrared (FTIR) spectroscopy, 

Ultrafast transient absorption, UV-visible & photoluminescence (PL) spectroscopy and 

time-resolved photoluminescence (TRPL) spectroscopy. The PL and TRPL studies 

were also carried out at a low temperature of 77 K.  

Chapter 3 presents the synthesis of manganese doped zinc selenide (Mn@ZnSe) 

quantum dots (QDs) directly through an aqueous route. The X-ray diffraction pattern 

reveals the confined (4-5 nm) and crystalline cubic zinc blende structure of QDs. With 

Mn2+ doping, a new high-intensity orange photoluminescence (PL) band centered at 

around 580 nm was obtained owing to 4T1 → 6A1 of Mn2+ ion transitions (for orange 

QLEDs). The freshly prepared water-dispersible QDs were treated under UV radiation 

for the photoactivation process, which enhanced the PL quantum efficiency from 5 to 

17%. The response of QDs towards different metals was recorded in terms of 

absorption, PL and PL-lifetime. Among the numerous metals, Pb2+ shows strong PL 

quenching and the corresponding Stern-Volmer plot showed linearity with the detection 
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limits of  29.8 10-6 M in ultrapure water. The developed Mn@ZnSe QDs could act as 

a non-toxic sensor to sense hazardous lead in drinking water. The part of the work has 

been published in Materials Research Bulletin 134 (2021) 111121. 

Chapter 4 deals with blue fluorescent zinc selenide quantum dots (ZnSe QDs) 

synthesis using 3-mercaptopropionic acid through a direct aqueous route at a lower 

temperature of 70 ℃. The photoluminescence (PL) characteristics of ZnSe QDs has 

been employed to recognize nitroaromatic compounds, i.e., traces of 2,4,6-TNP (picric 

acid) in water. The sensing of nitroaromatic compounds was performed via 

fluorescence techniques. The PL band of ZnSe QDs observed at 490 nm is selectively 

quenched with an increasing concentration of picric acid in DI water and river water. 

For the proposed sensing probe, the Stern-Volmer (S-V) plot shows linearity over the 

range of 2.0 M - 0.25 mM with the detection limit of 12.4  10-6 M without any 

interference effect of other nitroaromatic compounds. The plausible mechanism of PL 

quenching is considered as the inner filter effect, based on absorption, PL and PL 

lifetimes. Part of the work has been published in Spectrochimica Acta Part A: 

Molecular and Biomolecular Spectroscopy 260 (2021) 119937. 

Chapter 5 deals with water-dispersible, stable and fluorescent Mn2+ doped zinc 

selenide (ZnSe) quantum dots (QDs) which were applied for sensing highly toxic and 

hazardous mercury (Hg2+) and lead (Pb2+) ions in water. The synthesized QDs were 

protected with 3-marcaptoproponic acid (MPA) ligand. The MPA ligand was selected 

as a high acceptor for metals due to the strong interaction between the metal ions and 

the thiol group (-SH). The photoluminescence (PL) intensity of MPA-protected Mn2+ 

doped ZnSe QDs was strongly quenched with Hg2+ and Pb2+ and unaffected with other 

metals. The corresponding Stern-Volmer plots of as-synthesized QDs showed linearity 

over a wide range (0-100 L). The average PL lifetime of Mn2+@ZnSe was shortened 
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with Hg2+ concentration whereas increased with Pb2+ concentration.  The proposed 

system provided a new possibility for dual response ions detection in real samples due 

to its simplicity, low cost, high stability and sensitivity. A filter paper-based sensor was 

also prepared and successfully tested for sensing via colorimetric and fluorometric 

detection methods. Part of the research work is under review in Chemical Physics 

Letters 787 (2022) 139270. 

Chapter 6 deals with un-doped and Mn2+ doped zinc selenide (ZnSe) quantum dots 

(QDs), which were investigated through photoluminescence (PL) and 

photoluminescence excitation (PLE) spectroscopy in the temperature range from 300 

to 77 K. Strong blue and orange PL were observed for ZnSe and Mn@ZnSe QDs, 

respectively. The intensity of PL spectra is found to be exceedingly dependent on 

temperature, observed the highest PL intensity at 77 K. To understand the origin and 

mechanism of the temperature-dependent shift in PL, the PL spectra with different 

excitations and PLE spectra at different PL wavelengths were recorded at decreasing 

temperature (300 - 77 K) and vis-a-vis. The calculated activation energy values come 

out to be 42.2 meV and 66.4 meV for ZnSe and Mn@ZnSe QDs, respectively. The 

lifetimes of Mn@ZnSe QDs were discussed at different temperatures. The absolute 

sensitivity (S) for the temperature sensor is calculated and the maximum S values come 

out to be 0.58% at 225 K and 0.44% K-1 at 250 K for ZnSe and Mn@ZnSe QDs, 

respectively. The wide range of linearly temperature-dependent PL suggests that the 

prepared QDs can be cast for a PL-intensity-based optical temperature sensor. Part of 

the research work has been published in, Materials Chemistry and Physics 276 (2022) 

125349. 

Chapter 7 contains a wide range of light-emitting water-dispersible metal-doped 

(Mn@ZnSe and Cu@ZnSe) and co-doped (Cu&Mn@ZnSe) zinc-selenide 
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(ZnSe) quantum dots (QDs) that were produced below 75 C in an aqueous medium. 

XRD manifests a cubic crystal structure of quantum dots despite the low temperature 

of the synthesis. A distinctive feature of the obtained quantum dots is the high 

concentration of trap states. There are three leading emissions in the wavelength range 

of 300 - 700 nm, produced from distinct emitting states assigned to ZnSe, Cu2+, Mn2+ 

and trap transitions. The lower energy states, which emit between 500-700 nm with 

long lifetimes, are populated following excitation energy transfer from ZnSe exciton 

state to traps and metal ions. The surface and deep trap states of ZnSe are contributing 

to the overall PL, investigated using time-resolved fluorescence and femtosecond (fs) 

pump-probe techniques. The fs-picoseconds dynamics of the exciton bleaching band 

predicted that excitation energy transfer could occur from trap states and the exciton 

state. The excited-state absorption appeared in transient absorption spectra attributed to 

the trap states absorption and probably the bi-exciton absorption. Thus, the produced 

water-dispersible QDs can act as single component white-light-emitting devices, e.g., 

quantum dots light-emitting devices (QLEDs), as for biological applications. The part 

of the research work is communicated for publication. 

Chapter 8 consists of the summary and the major findings of the thesis obtained in the 

present research work. This chapter also includes an outline of the future scope of this 

investigation. 

Considering the above facts, the following points may be explored in the future: 

 The environmental friendly QDs may be produced using green synthesis routes. 

 To increase the QY and decrease the FWHM of QDs for commercial uses. 

 From results of the optical and structural studies reported in the present thesis, it is clear 

that the II-VI QDs have interesting optical and electronics properties therefore it 
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requires further research to understand the mechanism of II-VI CdSe QDs. Further, the 

shifting of fluorescence peak can be used in photonic applications for tuning purposes.  

 Hot injection synthesized QDs has better optical and electronics properties, good 

stability, highly monodispersiblity and bio compatibility hence can be used in future 

for imagine and biosensor.  

 The concept of using various nanomaterials and their nanocomposites can be used for 

the development of highly sensitive devices for early diagnosis and point-of-care 

applications. 

 The QDs based bio sensor and biomarker has fascinating future because of their high 

sensitivity and suitable particle size. 


