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Abstract 

The aim of this thesis is to investigate the property of some typical photovoltaic and 

luminescent materials, and the possible application of these materials in the fields of solar 

energy, light emitting diode and biomedical imaging.  

Earth abundant and nontoxic material quaternary semiconductor copper zinc tin sulfide 

(CZTS) provides a photovoltaic capability with favorable optical and electronic properties. 

Crystalized into either kesterite or wurtzite phases in aqueous or organic solution, CZTS 

represents potential application in the field of solar cell. 

Low cost and easy producing material methylammonium lead halide perovskite 

CH3NH3PbX3 (X=I, Br and Cl) possess superior optoelectronic properties, it represents a 

great potential for a variety of applications, such as high-efficiency photovoltaic cells and 

light-emitting diodes, but the involvement of toxic element and the instability is a 

concerning issue. Some efforts are in progress in the recent years to replace it with 

nontoxic and stable varieties such as cesium tin halide (CsSnX3, X=Cl, Br, I) and the 

derivative Cs2SnX6 (X=Cl, Br, I). 

Ternary I–III–VI semiconductor CuInS2 possesses unique properties such as large Stokes 

shift and high absorption coefficient. By doping with lanthanide ion Gd3+, the dual-modal 

MRI contrast agent with good relaxivity and fluorescent probe-CuInS2@ZnS:Gd3+ 

quantum dots have been investigated. 

Synthesized in a very simple way, the copper thiolate compounds exhibit bright emission 

in the optical region of green, yellow to white. The life time of copper thiolate is in the 

range of micrometers. These compounds possess interesting mechanochromic and 

thermochromism luminescent properties. 

The Ƚ -NaYbF4, Ⱦ -NaGdF4, Ⱦ -NaGdF4:(Yb,Tm), orthorhombic KYb2F7, Ƚ -KGdF4, Ƚ -KGdF4:(Yb,Tm), MGdF4:Ce@MGdF4:Eu/Tb, MGdF4:(Yb,Tm)@MGdF4:Eu/Tb, and 

MGdF4:Yb,Tm@MGdF4:Eu/Tb@MGdF4:Ce (M: Na or K) NPs have been synthesized 

hydrothermally. Under 365-400 nm UV excitation, the Eu3+/Tb3+ doped NaYbF4, NaGdF4 

and KGdF4 samples emit red or green light. Not only by longer UV excitation, 

MGdF4:Ce@MGdF4:Eu3+/Tb3+ NPs and MGdF4:Yb,Tm@MGdF4:Eu3+/Tb3+@MGdF4:Ce 

NPs can also emit red or green light under short UV excitation 254 nm by a Ce3+ĺ Gd3+ 

ĺ Eu3+/Tb3+ energy transfer process. Under 980 nm NIR laser excitation, these 

potassium and sodium based core shell and core-shell-shell NPs emit red or green light 

by an energy transfer process of Yb3+ ĺ Tm3+ĺ Gd3+ ĺ Eu3+/Tb3+. The potassium based 

NPs exhibit brighter UCPL than sodium based NPs.  
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Chapter 1 Introduction 

In order to maintain life, to study and work, humans need to consume energy. And we 

need a lot of energy to produce food and goods, to transport people, food and goods to 

other places, to warm up our water and house, and so on. As we know, energy is never 

produced but converted from one form to another form. We usually use energy by 

converting it to a more useable form from another form by our technologies. For example, 

automobile use fossil fuels like oil and natural gas to convert chemical energy to 

mechanical energy. As the world population and economy growing, the demands of 

energy are increasing throughout the world, but fossil fuels have limited storage on the 

earth and they are depleted much faster than produced. And furthermore, the burning of 

fossil fuels produces greenhouse gases like carbon dioxide to cause climate problem of 

global warming. The wood, coal, oil and gas are secondary form of solar energy which has 

been stored in the earth through millions of years and the sun is the only energy source 

we have for all the process on this planet. As a renewable energy source, nowadays the 

development of photovoltaic technology can directly convert the solar energy into 

electricity and we are entering a new era of which we utilize the solar energy to satisfy our 

energy demands. Since the discovery of photovoltaic effect in 1839 [1], up to now, many 

kinds of solar cell models have been developed with quite good efficiency achieved. Yet 

the desire to have a solar cell with nontoxic, stable and low-cost materials remains 

challenging. The aim of this research is to investigate some nontoxic, earth abandon 

photovoltaic materials. Because of the property of semiconductor material itself, some 

light absorbing photovoltaic materials fluoresce as well. So, except for the photovoltaic 

investigation, light emitting effect and the relevant materials, and the possible applications 

in lighting and biological imaging has been investigated in this work as well. 

1.1 Semiconductor and band gap 

A semiconductor is a material with electrical conductivity between that of a conductor and 

that of an insulator. It is the foundation of modern electronics, including transistors, digital 

integrated circuits, solar cells, light emitting diodes (LEDs) and quantum dots. Many 

elements and compounds display semiconductor properties, in which they pass current 

more easily in one direction than the other by controlled addition of impurities (doping) or 

by the application of electrical fields or light. A pure semiconductor is a poor electric 

conductor with electrons completely in its valence bonds. Current conduction in a 

semiconductor is fulfilled through the movement of “charge carriers” (free electrons and 

"holes"). Doping can greatly increase the number of charge carriers within semiconductor 

material. When a doped semiconductor contains excess of free electrons it becomes an 

n-type semiconductor; when it is modified to have deficiency of electrons it is called a 

p-type semiconductor. In both cases, the semiconductor becomes much more conductive 

[2]. 
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Semiconductors are sensitive to light or heat such that under light irradiation or heating, 

electrons can be excited across the energy band gap of a semiconductor and 

consequently leave a hole in valence band. This process is known as exciton (electron 

hole pair) generation. In some semiconductor materials, such as CuS, CuInS2, ZnS, CdS 

and CdTe, these excited electrons can pass micrometers’ distance before dissipating their 

energy into heat. This property is essential to the operation of solar cells that collect the 

movement of electrons in one direction and thus produce photovoltaic electric powder. 

While in certain other semiconductors, electron hole pairs are apt to recombine, the 

excited electrons can relax by emitting radiation light (in the form of photons) or thermal 

energy (in the form of phonons) instead of moving and generating electric current. These 

semiconductors, which we call fluorescent or phosphorescent materials, such as quantum 

dots, metal clusters or complex, up converting nanoparticles, are extensively used in 

lighting (include light emitting diodes), biological and medical imaging, signage, and other 

fields [2,3]. 

Semiconductors have unique electric conductive behavior between metal and 

insulator. Electrical conductivity arises since the presence of electrons in delocalized 

states that is partially filled when its energy is near to the Fermi level. Metals are good 

electrical conductors and have many delocalized and partially filled states with energies 

near their Fermi level. Oppositely, Insulators have few partially filled states and their Fermi 

levels locate within band gaps. The band gap refers to the energy difference between the 

top of the valence band and the bottom of the conduction band in the graph of 

the electronic band structure. It is the energy needed to promote a valence electron to 

become a conduction electron that can move freely within the crystal lattice to 

conduct electric current. In chemistry, we also call this energy difference the highest 

occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) 

gap. The HOMO level in organic semiconductors is equivalent to the valence 

band maximum in inorganic semiconductors, and the same between the LUMO level and 

the conduction band minimum [4]. Therefore, the band gap is the main factor that 

determines the electric conductivity of a material. Insulators have large band gap and the 

band gap of a semiconductor is smaller than that of an insulator, while conductors have 

very small band gaps or no gaps at all, since the valence and conduction bands overlap 

[5,6], see figure 1.1. 
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Figure 1.1 Electronic band structures in various types of materials at equilibrium (Eg: band gap). 

The Fermi level EF lie inside at least one band in metals and is inside a band gap in semiconductors and 

insulators. It shifts the position in n and p type semiconductors. 

The band gap of a bulk semiconductor is temperature dependent; it tends to decrease as 

the temperature is increased. Generally, the band gap can be calculated by: [7] 

ሺܶሻܧ = ሺͲሻܧ − ఈ𝑇మ𝑇+ఉ                                                        (1.1) 

where Eg(0), α and ȕ are material constants. 

The band gap of a semiconductor is classified into direct band gap and indirect band gap. 

If the momentum of electrons and holes is the same in both the conduction band and 

the valence band, it is called a "direct gap" in which the electron-hole pairs (excitons) can 

be created by a photon and an electron can directly emit a photon when the excitons 

recombine, otherwise it is called an "indirect gap”, in which the electron cannot emit a 

photon since it must pass through an intermediate state and transfer momentum to the 

crystal lattice. InAs, GaAs, CdTe, CIS and CZTS are direct band gap semiconductors 

while Si, Ge, and AlSb are indirect band gap semiconductor materials [8]. 

1.2 P-N junction 

The conductivity of semiconductor can be increased by doping with impurities which can 

move either the conduction or valence band closer to the Fermi level, and thus greatly 

increase the number of partially filled states. By doping to the intrinsic (pure) 

semiconductors, the electrical conductivity of the obtained extrinsic semiconductors may 

be increased by factors of thousands or millions. Semiconductors doped with extra 

valence electron donor impurities to the conduction band are called n-type semiconductor, 

while those doped with electron acceptor impurities are known as p-type semiconductor. 

Excess electrons increase the electron carrier concentration (n0) in n-type semiconductor 

and excess holes increase the hole carrier concentration (p0) in p-type semiconductor. 
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Semiconductors are defined by the column of the periodic table in which the intrinsic 

semiconductors and dopant atoms positioned. For example, Group IV semiconductors (Si) 

have four valence electrons; they use group V (N) atoms as donors and group III (B) 

atoms as acceptors. Group III-V (GaN) semiconductors are compound semiconductors; 

they use group VI atoms (Se) as donors and group II (Zn) atoms as acceptors. They can 

also use group IV atoms (Si) as either donors or acceptors. Group IV atoms act as donors 

when they replace the group III atoms and act as acceptors when they replace the group 

V element in the semiconductor lattice. 

When the n-type and p-type semiconductors contact each other, a p–n junction is formed 

in the joint interface between two types of semiconductor materials. Usually the p-n 

junctions are created in a single semiconductor crystal by doping each side with different 

dopants. p–n junctions are basically the building blocks of most electronic devices such 

as diodes, transistors, integrated circuits, solar cells, LEDs, and so on. The junction 

between relatively conductive n and p semiconductors become depleted of charge 

carriers and thus non-conductive. By applying forward bias or reverse bias through this 

non-conductive layer (depletion layer), p–n junctions can be used to conduct electric 

current in one direction, where the term bias refers to the application of electric voltage on 

the p–n direction. 

The p-n junction can be classified into homojunction and heterojunction. Homojunction 

such as silicon diode is an interface between layers of similar semiconductors with 

equal band gaps but different doping. Heterojunction is the interface that occurs between 

two layers of different semiconductors with unequal band gaps. The different doping level 

and unequal band gaps will cause band bending [2].  

When there is no external applied voltage, an equilibrium condition is reached in p-n 

junction and a potential difference (i.e., built-in potential) is formed across the junction. 

Specifically, electrons from the n region near the p–n interface tend to diffuse into the p 

region and thus leave positively charged ions (donors) in the n region. Likewise, holes 

from the p-type region near the p–n interface tend to diffuse into the n-type region, leaving 

fixed negative charged ions (acceptors) in p-type region. The regions nearby the p–n 

interfaces become charged and form the space charge region or depletion layer. 

The electric field and voltage difference (built-in voltage) created by the depletion 

layer opposes the diffusion process of both electrons and holes. There are two concurrent 

processes at equilibrium: the diffusion process that tends to generate more space charge 

region, and the counteract process of diffusion by the electric field created in the space 

charge region. The built-in potential in equilibrium can be expressed by: [9] 

𝜑 = kT ݈ (ே𝐴ே𝐷𝑖మ )                                                           (1.2) 

where NA and ND denote the density of acceptor and donor atoms; ni is the intrinsic carrier 

concentration. K is Boltzmann’s constant (k = 1.38 * 10-23 J/K) and kT is the thermal 

energy (0.0258 eV at 300K).   

When applied by forward bias, i.e., the p-type is connected to the positive terminal and the 
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n-type is connected to the negative terminal, the holes in the p-type region and 

the electrons in the n-type region are pushed toward the junction, which reduces 

the width of the depletion zone. This process makes the depletion zone thin, lowers the 

barrier potential (built-in voltage) and reducing electrical resistance. As a result, the p-n 

junctions become conductive. The electrons pushed by forward bias from n-type region 

toward p side do not flow too long distance since it is energetically favorable for them to 

recombine with holes. The average distance before the electrons recombine with holes 

(i.e., diffusion length) is usually on the order of micrometers [10,11]. The overall effect of 

electron and hole flowing and recombining is the current flow through the diode in a 

desired direction. The external net current density can be expressed by Shockley 

equation: 

Jሺ ܸሻ = ሺܬ ܸሻ − ሺܬ ܸሻ = ܬ ቀ݁𝑉𝑎𝑘 − ͳቁ                                      (1.3) 

where Va is external voltage; J0 is the saturation current density; Jrec is the recombination 

current of minority carriers and Jgen is the thermal generation current of drifting minority 

carriers. 

When applied by reverse bias, both the electrons and holes are pulled away from the 

junction and the depletion region widens. This process increases the voltage barrier and 

resistance to the flow of charge carriers and thus makes the junction an insulator. When 

the strength of the electric field in depletion zone increase along with the increasing 

reverse bias voltage and exceed a threshold, the p–n junction depletion zone breaks 

down by the Zener or avalanche processes and current begins to flow. The breakdown 

processes are reversible if the current intensity does not reach levels of overheating and 

following thermal damage. The net current density is given by: Jሺ ܸሻ =                                                                  (1.4)ܬ−

The current density and voltage (J-V) characteristic of an ideal p-n junction under forward 

and reverse bias is schematically shown in Figure 1.2. 

 

Figure 1.2 J-V Characteristic of P-N junction. 
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1.3 Principles of solar cells 

A solar cell is an electrical device that converts the energy of light into electricity by 

the photovoltaic effect. The thin film solar cells (TFSC) are made of multiple layers with 

different functions on glass or flexible substrates. It is the building blocks of photovoltaic 

modules (solar panels). Since the first demonstration of photovoltaic effect in 1839 by 

French physicist Edmond Becquerel [1], after 178 years development, the solar cell 

technology has made significant progress and varieties of materials find application in 

solar cells. From monocrystalline silicon to polycrystalline silicon, to amorphous silicon 

thin film, GaAs thin film, CdTe thin film, CIGS and CZTS thin film, to perovskite thin film, 

the manufacturing cost keep declining and efficiency keep increasing. A new record 

efficiency of 26.3% was achieved by Japanese researchers for thin crystalline silicon cells 

with the heterojunction back contact and 26.6% was claimed to managed [12]. The 

conversion efficiency for Cu (In, Ga) (S, Se)2 (CIGS) is increased to 22.8% with a Cd free 

(Zn, Mg)O buffer layer [13]. The record efficiency for superstrate CdTe solar cell device is 

up to 22.1% [14] and 13.6% for substrate CdTe cells [15]. The dye-sensitized solar cells 

(DSSC) have achieved 13% efficiency by the molecular engineering of porphyrin 

sensitizers [16]. The research in perovskite solar cells improving dramatically and the 

efficiency boost to the value of 21% recently [17]. 

In this thesis study, the non-toxic and low cost photovoltaic material Cu2ZnSnS2 (CZTS) 

was synthesized and characterized. Metal halide perovskite CH3NH3PbCl3 solar cell 

device was fabricated and the non-toxic derivative Cs2SnI6 was synthesized. 

1.3.1 Sun light 

The Sun is the central star of solar system which contributes 99.68% of the total mass of 

the solar system. It consists mainly of hydrogen and helium that keep on the nuclear 

fusion reaction in which four protons react into a helium core, two positrons, two neutrinos, 

and the electromagnetic radiations E = mc2. Solar radiation closely matches a black 

body radiation at about 5,800 K [18]. The solar radiation is attenuated by scattering and 

absorption when it passes through the atmosphere of the Earth, according to the distance 

it travels through. The distance is the shortest when the Sun is at the zenith, i.e., directly 

overhead. The ratio of an actual path length to this minimal distance is called the optical 

air mass. The spectrum is defined the air mass 1 (AM1) spectrum when the Sun is at 

zenith and AM0 spectrum outside the atmosphere of the Earth. When the Sun is at an 

angle θ to the zenith, the air mass is given as: 

AM = ଵ௦𝜃                                                                 (1.5) 

For example, when the Sun is 60° from the zenith (i.e., 30° above the horizon), the AM is 

2.  

https://en.wikipedia.org/wiki/Black_body
https://en.wikipedia.org/wiki/Black_body
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Figure 1.3 Comparison of solar spectrum (the extraterrestrial AM0 spectrum and the AM1.5 spectrum) 

and the blackbody spectrum at 6000 K [9]. 

There are many different solar cell technologies and photovoltaic modules investigated, 

produced and sold, therefore, it is important to define a reference solar spectrum that 

allows for the comparison of different solar cells and photovoltaic modules. The industrial 

standard is the AM1.5 spectrum (48.2°) and the irradiance of 1000 W/m2 which is close to 

the maximum received at the surface of the Earth. A comparison of AM 0, AM 1.5 solar 

spectra and black body radiation is shown in figure 1.3. 

1.3.2 Theories in solar cell 

When a photon from the Sun hit on the solar cell, the photon can be absorbed by the solar 

cell if the photon energy is higher than the band gap value and its energy is given to an 

electron in the crystal lattice. This generates an electron hole pair (exciton) by exciting the 

electron from covalence band to conduction band where it is free to move around. The 

movement of electrons leads to the propagating of holes throughout the lattice as well. 

The electron in the depletion region is pushed by the building potential toward the n side 

and the hole toward the p side. For the pairs created outside the space charge zone, 

diffusion acts to move the minority carriers (electrons in the p-type side and holes in the 

n-type side) toward the junction since the junction sweeps these minority carriers to the 

opposite side to become majority carriers (electrons in the n-type side and holes in the 

p-type side). If the cell is linked to the outside circuit, a reverse current Jph is generated 

and joins to thermal generation current Jgen. On the other hand, majority carriers are also 

driven into the depletion zone by diffusion resulted from the concentration gradient and 

forms the forward current Jrec. Therefore, the carrier distribution in the solar cell device is 

governed by a dynamic equilibrium between reverse current (Jgen+Jph) and forward current 

Jrec [9]. 
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Jሺ ܸሻ = ሺܬ ܸሻ − ሺܬ ܸሻ − ܬ = ܬ ቀ݁𝑉𝑎𝑘 − ͳቁ −                              (1.6)ܬ

ܬ = eGሺܮே +ܹ +  ሻ                                                      (1.7)ܮ

where LN and LP is the minority-carrier-diffusion length for electrons and holes, 

respectively, and W is the width of the depletion region. G is uniform generation rate.  

Both the dark and illuminated J-V characteristics of the p-n junction (i.e., solar cell) are 

illustrated in Figure 1.4. The illuminated J-V characteristic of the p-n junction is the same 

as the dark J-V characteristic, only shifting down by the value of photo-generated current 

Jph. 

 

Figure 1.4 The illuminated J-V characteristic of the p-n junction 

When the metal electrodes are connected to both sides of solar cell, the ohmic metal 

semiconductor contacts are made. The electrodes can then be connected to an external 

load to form a circuit. Electrons that are created on the n-type side, or created on the 

p-type side and then swept onto the n-type side by the junction travel through the wire 

until they reach the p-type metal semiconductor contact. Here, they recombine with the 

holes created on the p-type side, and swept across the junction from the n-type side. In 

this electron circulate process, the load is powered. The voltage measured is equal to the 

difference in the quasi Fermi levels of the majority carriers on the two terminals [19]. The 

behavior of solar cell as an idea diode in this case can be described by a simple 

equivalent circuit (Fig. 1.5). 
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Figure 1.5 The equivalent circuit of a solar cell. 

The J-V characteristic of the equivalent circuit with the series resistance Rs and the shunt 

resistance RSH is given by 

J = ܬ ቄ݁𝑥 ቂሺ𝑉−𝐴ோೞሻ𝑇 ቃ − ͳቅ + 𝑉−𝐴ோೞோೄ𝐻 −                                         (1.8)ܬ

where A is the area of the solar cell, Rs and RSH is the series resistance and shunt 

resistance (Ω), respectively. 

The above equation can be solved further by the Lambert W function to give the J value. 

However, in a real solar cell, the equivalent circuit is replaced by a two-diode model. When 

external load is applied to the cell, its resistance can be simply added to Rs. 

1.3.3 Parameters in solar cell 

The main parameters that used to characterize the performance of solar cells are the 

short-circuit current density (Jsc), the open-circuit voltage (Voc), the fill factor (FF) and 

conversion efficiency. These parameters are determined from the illuminated J-V 

characteristic. 

When the circuit is open, J = 0 and the voltage on the output terminals is defined as 

the open-circuit voltage (Voc). It is the maximum voltage that a solar cell can deliver. 

Assuming the shunt resistance is high enough and the open-circuit voltage Voc can be 

expressed as: 

ܸ = kT ݈ ቀℎబ + ͳቁ                                                         (1.9) 

Similarly, when the circuit is shorted, V = 0 and the current J on the terminals is defined as 

the short-circuit current (Jsc) to describe the maximum current the solar cell can deliver. In 

the case of low RS, J0 and high RSH, the short circuit current Jsc is equal to Jph:  ܬ௦ =                                                                    (1.10)ܬ

Another parameter to evaluate the performance of a solar cell is fill factor. The fill factor is 
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defined by the ratio between the maximum power generated by the cell (Pmax=Jmp·Vmp) 

and the product of Jsc and Voc: FF = 𝑉ೞ𝑐𝑉𝑐                                                                (1.11) 

The most important parameter of a solar cell in terms of its ultimate performance is the 

conversion efficiency. The conversion efficiency is calculated as the ratio between the 

maximal generated power of the cell and the power of the incident irradiation. The 

irradiance value of Pin = 1000 W/m2 for the AM1.5 spectrum has become a standard for 

measuring the conversion efficiency of solar cells. 

Ʉ = 𝑎ೣ𝑖 = 𝑉𝑖 = ೞ𝑐𝑉𝑐ிி𝑖                                                  (1.12) 

The external quantum efficiency EQE (𝜆) is the fraction of photons incident on the solar 

cell that create charge carriers in the absorber layer and are successfully collected. It is 

dependent on the energy of individual photon and usually measured by illuminating the 

solar cell with monochromatic light 𝜆 and measuring the photocurrent Iph.  EQEሺ𝜆ሻ = ூℎሺఒబሻ𝜙ℎሺఒబሻ = ሺ𝜆ሻܧܳܧ ூℎሺఒబሻூℎೝሺఒబሻ                                       (1.13) 

Where e is the elementary charge and 𝜙 is the photon flux incident on the solar cell 

which is usually determined by measuring the EQE of a calibrated solar cell under the 

same light source and fixed bias voltage. 

If only consider the photon absorbed by the solar cell and neglect the reflection and 

transmission, the quantity is then known as the internal quantum efficiency IQE (𝜆): IQEሺ𝜆ሻ = ாொாଵ−ோ௧−𝑇௦௦௦                                            (1.14) 

1.4 Photoluminescence 

1.4.1 Principles 

Photoluminescence (PL) is light emission from any luminescent materials after the 

absorption of photons (electromagnetic radiation). In discipline of chemistry, it is often 

classified into fluorescence and phosphorescence. 

The term of fluorescence was derived from the mineral fluorite (CaF2). It is the emission of 

light by some substance that has absorbed other electromagnetic radiation or light. 

Fluorescence is a form of luminescence which produces spontaneous emission when the 

fluorophore molecules are excited by some means rather than heating [20]. Usually, the 

emitted light has lower energy with longer wavelength than the absorbed light. This 

energy difference is called Stokes shift, named after Irish physicist George G. Stokes [21]. 
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The most remarkable fluorescence occurs when fluorophores are exposed to UV light and 

emit distinct visible light. Unlike phosphorescence which emits longer time, fluorescence 

has shorter life time and ceased to glow when the radiation source is removed. 

When irradiated by certain electromagnetic irradiation, the energy level of an orbital 

electron in an atom, molecule, or nanoparticle will be elevated from ground state to 

excited state. Usually this excited state is singlet state, which means all electrons are 

paired and net angular momentum and spin quantum number S is zero so that there is 

only one spectra line. However, in some cases, the doublet and triplet state are also 

possible. A doublet state has one unpaired electron and spectral lines split into doublet; 

and a triplet state contains two unpaired electrons and spectral lines split by three folds. 

When the excited electron relaxes from excited singlet state to ground state, fluorescence 

occurs. Usually the excited molecules decay to the lowest vibrational level of the excited 

state before fluorescence emission takes place. The nucleus does not move and the 

vibration levels of the excited state resemble the vibration levels of the ground state. The 

excitation and relaxation process, and fluorescence mechanism of excited state can be 

described by Jablonski diagram, in which it shows an electron absorbs a high energy 

photon and excited from ground state to the first excited singlet state, and then the system 

relaxes along with the occurring fluorescence emission at a lower energy or longer 

wavelength, see figure 1.6. It can also be described by the following formulas: 

Excitation: ܵ + ℎ𝜈௫ → ଵܵ                                                  (1.15) 

Emission: ଵܵ → ܵ + ℎ𝜈௫                                                  (1.16) 

where S0 is the ground state of the fluorophore, and S1 is the first excited singlet state. 

In most cases, the emitted light has a longer wavelength and lower energy than the 

absorbed radiation which is known as the Stokes shift, due to energy loss between the 

time a photon is absorbed and emitted. The causes and magnitude of Stokes shift are 

complex and dependent on the fluorophore and its environment. In principle, it is 

frequently due to non-radiative decay to the lowest vibrational energy level of the excited 

state. In other cases, the emission of fluorescence leaves a fluorophore in a higher 

vibrational level of the ground state. On the contrary, when the absorbed electromagnetic 

radiation is intense, it is possible to emit in a higher energy and shorter wavelength than 

the absorbed radiation. This energy difference is called an anti-Stokes shift, such as up 

conversion in lanthanides doped nanoparticles. In the case of “resonance fluorescence”, 
the emission is of the same wavelength with the absorbed radiation. 

Except for the relaxation of photon emission, the molecule in S1 can relax thriugh other 

pathways by dissipating the energy as heat and vibrations to the environment and 

undergo a non-radiative relaxation. Excited electron can also relax by conversion to 

a triplet state, and subsequently may relax via phosphorescence or a secondary 

non-radiative relaxation step. 

Related to fluorescence, but stores the absorbed energy and re-emits for a longer time, 

another photoluminescence phenomena called phosphorescence. The slower 
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re-emission time scales of phosphorescence are associated with a "forbidden" transition 

of spin multiplicity in quantum mechanics, which appears very slowly in certain materials 

and absorbed radiation is re-emitted at a lower intensity for up to several hours after 

excitation. In phosphorescence, the electron that absorbed the photon energy in a 

molecule with a singlet ground state is excited to the excited singlet state and undergoes 

an unusual intersystem crossing into excited triplet state. The triplet lifetimes of 

phosphorescent materials are on the order of milliseconds, and up to minutes or even 

hours. The radiative decay from an excited triplet state back to a singlet ground state is 

known as phosphorescence. If the phosphorescent quantum yield is high, these materials 

will release significant amounts of photon energy over long time scales, as we can see in 

glow-in-the-dark toys, stickers, paint, and clock dials. The process in phosphorescence 

can be described by following equation and the Jablonski diagram (Fig. 1.6) ܵ + ℎ𝜈௫ → ଵܵ → ଵܶ → ܵ + ℎ𝜈                                            (1.17) 

where S0 is the ground state of the fluorophore, S1 is the first excited singlet state, T1 is 

first excited triplet state. 

Intersystem crossing is a process that a singlet state passes to a triplet state 

non-radiatively, or conversely a triplet state transition to a singlet state during which the 

spin of the excited electron is reversed. The occurring probability of intersystem crossing 

is more favorable when the vibrational levels of the two excited states overlap for the 

reason of little energy gained or lost in the transition. The intersystem crossing involves 

coupling of the electron spin with the orbital angular momentum of non-circular orbits and 

thus the process is also called "spin-orbit coupling". Intersystem crossing is a slow 

relaxation process and the time scale of which is on the order of 10−8 to 10−3 s. The 

presence of paramagnetic species in solution enhances intersystem crossing. A singlet 

state is a molecular electronic state such that the spin of the excited electron is still paired 

with the ground state electron. In a triplet state the excited electron is no longer paired 

with the ground state electron and they are parallel (same spin).  
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Figure 1.6 Jablonski diagram illustration of fluorescence and phosphorescence. An electron is excited 

electronically and vibrationally from ground state S0 to singlet excited state S1 after it absorbs a high 

energy photon. The system relaxes vibrationally and eventually fluoresces at a longer wavelength. The 

system may undergo vibrational relaxations and intersystem crossing to the triplet excited state (T3) and 

then finally relaxes to the ground state by phosphorescence. The spin state of electron is also indicated 

with red arrow in each energy state. 

1.4.2 Fluorescence Lifetime 

The fluorescence lifetime refers to the average value of the time that the fluorophore 

molecule stays in excited state before return to the ground state. In the process discussed 

above, the life time is defined by: 

τ = ଵΓ+ೝ                                                                 (1.18) 

Suppose the fluorophore molecule is excited by an infinitely sharp light source, and it 

leads to the initial population n (0) of fluorophore molecule in excited state. The excited 

population decays with a rate Γ + ݇ according to: 

− ௗሺ௧ሻௗ௧ = ሺΓ + ݇ሻ݊ሺ𝑡ሻ                                                     (1.19) 

where n(t) is the population of excited molecules at time t following excitation, Γ is the 
emissive rate, and knr is the nonradiative decay rate. Solve this differential equation and it 

results in the exponential decay of the excited population: nሺtሻ = nሺͲሻ݁−𝜏                                                            (1.20) 

Since the time dependent fluorescent intensity in experiment is proportional to the n(t), 

substituting the population with intensity yields the usual single exponential decay 
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expression: [21] 

Iሺtሻ = IሺͲሻ݁−𝜏                                                             (1.21) 

where I(t) and I(0) is the intensities at time t and 0, the lifetime τ is the inverse of the sum 

of the total decay rate which depopulate the excited state. It can be determined from the 

slope of a plot of log I(t) versus t, and more commonly determined by fitting the data to 

assumed decay models. For a single exponential decay, 63% of the molecules have 

decayed prior to t = τ and 37% (n0/e) decay when t > τ. 
The lifetime is the average time a fluorophore remains in the excited state, which can be 

calculated by averaging t over the intensity decay of the fluorophore:  𝑡̅ = ∫ ௧ூሺ௧ሻௗ௧∞బ∫ ூሺ௧ሻௗ௧∞బ = ∫ ௧௫ሺ−𝜏ሻௗ௧∞బ∫ ௫ሺ−𝜏ሻௗ௧∞బ                                             (1.22) 

After integration by parts, the denominator is equal to τ and the numerator is equal to τ2. 

Thus the average time a fluorophore remains in the excited state is equal to the lifetime for 

a single exponential decay: 𝑡̅ = τ                                                              (1.23) 

Many samples that contain only a single fluorophore display more complex decay which 

commonly fitted with a multi-exponential model. The intensity is assumed to decay as the 

sum of individual single exponential decays in the multi-exponential model: Iሺtሻ = ∑ 𝐴exp ሺ− ௧𝜏𝑖ሻ=ଵ                                                (1.24) 

Where n is the number of decays, 𝜏 are the decay times, Ai represent the amplitudes of 

each of the components at t = 0. The meaning of the pre-exponential factors Ai is different 

for a mixture of fluorophores and for one fluorophore that displaying a complex decay. For 

the one fluorophore case, the Ai values represent the fraction of the molecules in each 

conformation at ground-state equilibrium (t = 0). In the case of the mixture of fluorophores, 

it is more complex; the relative Ai values depend on the concentration, quantum yield, 

absorption and emission intensity of each fluorophore at the observation wavelength. 

It is often useful to determine the average lifetime when using the multi-exponential decay 

model, which is given by eq. 1.22. For a two-exponential decay it is given by 𝜏̅ = 𝐴భ𝜏భమ+𝐴మ𝜏మమ𝐴భ𝜏భ+𝐴మ𝜏మ                                                       (1.25) 

The fluorescence lifetime is an important parameter in research and practical applications 

of fluorescence. There are numerous organic fluorophores and almost all of them display 

lifetimes from 1 to 10 ns. Pyrene has been derived by adding fatty acid chains and 

exceptionally has decay times near 100 ns. Metal–ligand probes display decay times 

ranging from 100 ns to 10 ȝs and lanthanides have millisecond decay times [21].  



 

15 

 

1.4.3 Photoluminescent materials 

There are many natural and artificial compounds that exhibit fluorescence, and they have 

many applications. Many fishes, such as sharks, lizardfish, scorpionfish, wrasses, 

and flatfishes, exhibit biofluorescence. Fluorescent chromatophore cells in these fishes 

contain fluorosomes in which the movement, aggregation, and dispersion of fluorescent 

proteins inside that produce fluorescence. The well-studied example of biofluorescence in 

the ocean is the jellyfish which is identified as a carrier of green fluorescent protein (GFP). 

The gene for green fluorescent proteins has been isolated and widely used in genetic 

studies to indicate the expression of other genes [22]. The dragonfish in deep sea can 

harness the blue light emitted from their own bioluminescence to generate red 

fluorescence which can supply the dragonfish extra light in deep dark ocean but is 

invisible to other animals in case of attracting predators [23]. The wings of swallowtail 

butterflies contain pigment infused crystals. These crystals can produce fluorescent light 

when they absorb blue light radiance [24]. Fluorescence serves a variety of functions in 

coral such as photosynthesis [25]. 

Many gemstones and minerals such as rubies, emeralds, diamonds, calcite, amber, and 

opal have distinctive fluorescence under short-wave ultraviolet (UVC, 100-280nm), 

medium-wave ultraviolet (280-315nm), long-wave ultraviolet (315-400nm), visible light, 

or X-rays, A single mineral can fluoresce with different colors under shortwave and long 

wave light [26]. 

Fluorescence in minerals is caused by a wide range of activator elements. In most cases, 

the concentration of the activator must be restricted to under a certain level in order to 

prevent quenching of the fluorescent emission. For example, Low-iron sphalerite ((Zn, Fe) 

S) fluoresces and phosphoresces in a range of colors depend on the presence of various 

trace impurities [27,28]. Divalent manganese, with the concentrations of several percent, 

is responsible for the red or orange fluorescence of calcite (CaCO3) [29]. 

Trivalent chromium in low concentration is the red fluorescence source of ruby [30]. 

Divalent europium is the source of the blue fluorescence in fluorite (CaF2) [31]. Er3+, Ho3+, 

Tm3+, Tb3+ and other lanthanide ions activated up converting fluorescence materials, 

along with quantum dots and transition metal complexes or clusters triggered great 

research interest in recent years [32–36]. 

In this thesis study, fluorescent material quantum dots CuZInS2@ZnS doped with 

gadolinium ions, phosphorescent copper thiolate compounds and lanthanide doped 

fluoride materials NaGdF4 and KGdF4 were investigated. 
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Chapter 2 Instrumentation and spectroscopy 

2.1 Instrumentation  

2.1.1 Evolution 201 UV–visible spectrophotometer 

The 201 UV-visible spectrophotometer (Thermo Scientific, Madison, USA) has a standard 

absorption/transmittance setup and can measure the absorbance and transmittance in the 

region of 190 - 1100 nm. The spectrophotometer has a xenon flash lamp for visible and 

ultraviolet ranges light source and dual silicon photodiodes detector. The display is a 

touchscreen LCD panel; 800 × 480; 17.8 cm (7 in) diagonal with software Microsoft 

Windows XP embedded. The obtained absorbance/transmittance data were then 

exported to Origin 9 software for analysis and presentation. 

 

Figure 2.1 Scheme of the optical components of the Evolution 201 UV-visible spectrophotometer. 

Figure from http://www.thermofishersci.in/lit/Thermo%20Scientific%20Evolution%20201.pdf 

2.1.2 FP-8200 spectrofluorometer (Japan) 

The spectrofluorometer has a standard 10 mm rectangular cuvette holder with 90º 

between excitation beam and detection. The wavelength regions for Ȝex and Ȝem are 200 
- 750 nm for the setup, and the scanning of the wavelengths is controlled by Spectra 

ManagerTM/CFR, iRM. The spectrometer has a xenon arc lamp with shielded lamp 

housing (150W). The instrument has holographic concave grating in modified Rowland 
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mount type monochromators. A silicon photodiode and a photomultiplier tube (PMT) are 

used to record excitation and emission spectrum, respectively. The data from the 

experiments were exported to and analyzed with origin 9 software.   

2.1.3 NanoLog® spectrofluorometer 

The standard NanoLog® spectrofluorometer system (Horiba Scientific, New Jersey, USA) 

is equipped with a double-grating monochromator in the excitation position. 

Double-grating monochromators offer a significant increase in sensitivity, resolution and 

stray-light rejection than single-grating ones. In the emission position, the NanoLog® is 

equipped with a single-grating iHR spectrometer which offers the option of detection with 

a CCD, to create an image of the dispersed fluorescence for subsequent analysis. There 

are movable grating turrets and multiple ports with mirrors to choose in iHR spectrometers. 

The sample compartment module is equipped with a silicon photodiode reference detector 

to monitor and compensate for variations in the xenon lamp output, and a Symphony 

InGaAs array cooled by liquid nitrogen to provide rapid and robust spectral 

characterization in the near infra-red. 

 

Figure 2.2 Sketch of the cable connections among an iHR spectrometer, a CCD detector, and the rest of 

the system. A photomultiplier tube detector with its connections is shown in dotted lines. Figure from 

http://www.horiba.com/fileadmin/uploads/Scientific/Downloads/UserArea/Fluorescence/Manuals/Nanolo

g_Manual.pdf 

2.1.4 ARL X’TRA X-ray diffractometer 
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An ARL X’TRA X-ray diffractometer with Cu-Kα radiation (Ȝ = 0.15405 nm) which 

composed with an МС 61- 04× 12 (0.4мм× 12мм) C X-ray tube (60 kV, 2200Wt), Ni- filter 

and a Peltier detector with a thermo-electric cooling system. A Windows XP based 

software WinXRD is fully integrated for data collection and analysis. 

 

Figure 2.3 Scheme of the geometry of the theta-theta goniometer of the ARL X’TRA X-ray diffractometer. 

Figure from http://www.thermo.com.cn/Resources/200802/productPDF_10442.pdf 

2.1.5 EDS/SEM/TEM 

FEI XL30 (Philips) ESEM (Environmental scanning electron microscope) installed with an 

EDAX micro-analytical system. Morgagni 268D (FEI-Philips) equipped with MegaView2 

CCD camera. 

2.1.6 Raman spectrometer 

A Raman spectra measurement setup of He-Ne laser (632.8 nm) and LabRam HR 

spectrometer (Horiba-Jobin Yvon), mounting a 600 lines/mm grating and equipped with a 

multichannel detector (a CCD with 256x1024 pixels) cooled by liquid nitrogen. 

2.1.7 Microwave synthesis reactor 

Monowave 400 microwave synthesis reactor (Anton Paar, Italia S.r.l.). 

2.1.8 Scanning probe microscope 

Solver P47H, Program version 845, NT-MDT, Zelenograd, Moscow, Russia 
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2.1.9 Dynamic light scanning spectrophotometer 

Malvern zeta sizer Nano Series, Model (ZEN 3600), Malvern Instruments Limited, UK. 

2.2 Spectroscopy 

Spectroscopy refers to the study of the interaction between electromagnetic radiation 

and matter as a function of wavelength in the X ray, ultra-violet (UV), visible and near 

infra-red (IR) regions of the electromagnetic spectrum. A variety of materials, from 

atom, organic molecules to inorganic crystals such as quantum dots and up 

converting nanoparticles, undergo electronic transitions at these energies, therefore, 

spectroscopy technique is widely used to characterize the spectral properties of 

absorption, excitation, and emission. Furthermore, the application of pulsed laser 

diode and LED technology enables the studying of temporal dynamics of these 

processes in the order of femtosecond to picosecond time scale. Spectroscopy 

technique in general is therefore highly useful to study both the ultra-fast and long 

lived excited state dynamics of luminescent materials. More details about specific 

spectroscopic techniques relevant to this thesis are described in the following 

sections. 

2.2.1 Absorption/transmittance Spectroscopy 

Absorption/transmittance spectra of a sample in solution are recorded by a UV/VIS 

spectrometer. The incident light beam passes through a monochromator, usually a prism 

or a grating, which splits it into different wavelengths. The monochromatic beam is then 

split into two. One beam passes through a reference solution without sample, the other 

through the sample. The intensities of the two radiation beams are measured by 

photomultiplier tubes (PMT), and then the absorbance spectrum of the sample relative to 

the reference is derived.  

The transmittance through the sample is expressed as: 

ܶሺ𝜆ሻ = ூሺఒሻூబሺఒሻ                                                                (2.1) 

The absorbance, A, equal to the logarithm of transmittance reciprocal, is defined by: 

𝐴ሺ𝜆ሻ = 𝑔݈ ூబሺఒሻூሺఒሻ = 𝑔݈ ଵ𝑇                                                      (2.2) 

where I0
 
and It are the intensities of the light passes through the reference and the sample 

respectively.  

Beer-Lambert's law states that the absorbance of monochromatic light through a 

homogenous, isotropic solution is proportional to the concentration c of absorbing 
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molecules, and the optical path length l, See figure 2.4. 𝐴ሺ𝜆ሻ = 𝜀ఒ ∙ ܿ ∙ ௧ܫ (2.3)                                                             ݈ =  ݁−                                                                (2.4)ܫ

where 𝜀ఒ
 
is the molar absorption coefficient, usually given in units of cm-1M-1. ݇ = 𝜀݈݊ͳͲ 

is the extinction coefficient. The optical path length in all absorption measurements is 1 

cm. 

 

Figure 2.4 Beer-Lambert law, where ț=εln10. 

2.2.2 Fluorescence Spectroscopy  

Fluorescence spectroscopy enables quantification of the spectral properties of excitation 

and emission of the fluorophore sample and provides the information of the fluorescence. 

In practice, high intensity light from an excitation source is directed into a sample solution 

in a cuvette. The interaction between the incident photon and the fluorophore result in the 

excitation of an electron from the valence band/HOMO into the conduction band/LOMO, 

left a hole in the valence band/HOMO. Subsequently, the electron and the hole recombine, 

and emit a photon in a mechanism of fluorescence or phosphorescence. The orientation 

of emission is 90°C compare to the excitation beam in order to minimize the detection of 

the excitation photon as shown in figure 2.5. The energy intensity of the emitted photon 

respect to the wavelength is recorded by a photon detector; results in an 

excitation/emission spectrum. 

In fluorescence emission spectroscopy, the excitation wavelength (Ȝex) is kept constant by 

fixing excitation monochromator and the emissions at different wavelengths are measured 

by sweeping the emission monochromator over the desired spectral range. For 

fluorescence excitation spectroscopy, the emission wavelength (Ȝem) is kept constant by 

fixing emission monochromator and the excitations at different wavelengths are measured 

by sweeping the excitation monochromator over the desired spectral range.  

Each monochromator includes an adjustable slit with the width range in 2.5, 5, 10 and 20 

nm in the case of FP-8200 spectrofluorometer. The slit width influences the intensity of 

impinging light both on the sample and the detector, and thus the signal to noise ratio 
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(SNR) of the sample. The transmitted light intensity is proportional to the square of the slit 

width and the SNR decreases as the slit width is reduced. In practice, the system can be 

adjusted by addition of neutral density filters in the same end to give more quantifiable 

data. 

 

Figure 2.5 Schematic illustration of fluorescence spectroscopy. 

2.2.3 X-ray diffraction crystallography 

Crystals are regular arrays of atoms that can scatter impinging X-ray waves primarily 

through the atoms' electrons. A regular array of scatters produces a regular array of 

spherical waves that cancel one another out in most directions through destructive 

interference and add constructively in a few specific directions, determined by Bragg's 

law: nλ = ʹdsinɅ                                                                (2.5) 

Where d is the distance between diffracting planes, Ʌ is the incident angle, n is any integer, 

and Ȝ is the wavelength of the beam. These specific directions appear as reflection spots 

and form the characteristic diffraction peaks on the diffraction pattern. The width of the 

diffraction peaks carries the information about the crystalline grain size and the strain in 

the crystal structure.  

The Scherrer equation is a formula that relates the size of the crystallites in a solid to the 

broadening of a peak in a diffraction pattern in X-ray diffraction and crystallography. It is 

used in the determination of the size of crystal powder. The Scherrer equation can be 

given as: [37] 

D = ఒఉ௦𝜃                                                                  (2.6) 

where D is coherent diffraction domain size, Ȝ is the wavelength of the X-ray source, 

ȕ is the reflection width (2θ), θ is the Bragg angle and K is the shape factor (around 0.9). 
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2.2.4 Energy dispersive X-ray spectroscopy 

Energy dispersive X-ray spectroscopy (EDS, EDX) is an analytical technique used to 

determine the elemental composition of a sample. Its characterization capability relies on 

an interaction of the excitation from a beam of charged particles such as 

electrons or X-ray and a sample, since each element has a unique atomic structure to 

form a unique set of peaks on its electromagnetic emission spectrum. 

At rest state, the ground state electrons in discrete energy levels or shells bound to the 

nucleus of the atom within a sample. When a high-energy beam of charged particles such 

as electrons, protons, or a beam of X-rays, is focused on the sample, the incident beam 

may excite and eject an electron in an inner shell, leaving behind a hole where the 

electron was. An electron with higher-energy from an outer shell then fills the hole, 

emitting an X-ray with the energy equal to the energy difference between the 

higher-energy shell and the lower energy shell. The number and energy of the X-rays 

photons emitted from a specimen can be measured by an energy dispersive spectrometer. 

For example, ܭఈ X rays are emitted when an electron drops from a L orbital to the 

innermost K shell, see figure 2.6. Because each element has a unique atomic structure, 

the energies of the X-rays are characteristic of the difference in energy between the two 

shells and of the atomic structure of the element, therefor the EDS spectrum can provide 

the composition information of the specimen to be measured. EDS can be used to identify 

the chemical elements presented in a sample and to estimate their relative 

abundance. EDS is often operated in conjunction with TEM/SEM. 

 

Figure 2.6 Illustration of the EDS principle. 
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2.2.5 Raman spectroscopy 

Raman spectroscopy is a spectroscopic technique used to observe vibrational, rotational, 

and other low frequency modes in a chemical compound to provide a structural fingerprint 

of the molecules. It relies on inelastic scattering of a monochromatic light, usually a laser 

by sample. When illuminated with a laser beam, the laser light interacts with molecular 

vibrations in the sample, creates an induced dipole moment within the molecule based on 

its polarizability and resulting in the shifted energy of the laser photons, which gives 

information about the vibrational modes in the sample. 

Raman scattering is typically very weak, and the magnitude of the Raman effect 

correlates with a change of electric dipole-electric dipole polarizability in a molecule. The 

intensity of the Raman scattering is proportional to this polarizability change. The laser 

beam puts the molecule into a virtual energy state for a short time and a scattering photon 

is emitted. After that, the sample is in a different rotational or vibrational state. The 

scattered photon shifts to a different energy to remain the total energy of the system 

constant after the molecule moves to a new rotational or vibrational state. If the final 

energy state is higher than the initial state, the scattered photon will undergo a Stokes 

shift so that the total energy remains the same, and vice versa. The Raman scattering 

spectrum shifts as a function of the frequency. Raman shifts are typically reported 

in wavenumbers with units of inverse length. 

∆ωሺܿ݉−ଵሻ = ቀ ଵఒబሺሻ − ଵఒభሺሻቁ × ͳͲ                                           (2.7) 

where ∆ω is the Raman shift expressed in wavenumber, Ȝ0 is the excitation wavelength 

and Ȝ1 is the Raman scattering wavelength. 

2.2.6 Dynamic Light Scattering (DLS) and Zeta Potential 

Dynamic light scattering (DLS) is a spectroscopic method for measuring the size 

distribution profile of a colloidal suspension of small particles or polymers in solution. A 

monochromatic and coherent light source, usually a laser, is directed through the 

suspension, and scatters in all directions when light hits small particles. The scattering 

intensity fluctuates over time due to Brownian motion which is constantly changing the 

distance between the scatters in the solution with time. The scattered light then undergoes 

either constructive or destructive interference by the small particles. This intensity 

fluctuation contains information about the temporal movement of the scatters and an 

autocorrelation function (ACF) is derived to analyze this temporal fluctuation. The ACF 

usually decays exponentially due to diffusion of the particles. For monodisperse samples 

the decay follows a single exponential with a decay rate proportional to the translational 

diffusion coefficient D. The random reorientation of the particles is size dependent and the 

spectral profile of the hydrodynamic radius of particles in solution can be determined by 

the Stokes-Einstein equation. The analysis is simplified by the initial assumption of a 
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monodisperse suspension of spherical particles, and the measured hydrodynamic radius 

for samples with other shapes must be treated as an approximation. If the particle is not 

spherical, rotational motion must be considered as well since the scattering of light is 

orientation dependent. For example, for a rod-shaped scatter, a rotational diffusion 

coefficient must be considered in addition to a translational diffusion coefficient. The 

obtained size also includes any other molecules that move with the particle, as a result, 

DLS size is usually bigger than the real size of the particle being studied. The accuracy of 

the DLS measurement can be enhanced by lower nanoparticle concentrations and neutral 

pH. 

Zeta potential (ȗ) is an electrokinetic potential in colloidal dispersions. Zeta potential is the 

electric potential difference between the stationary layer of fluid attached to the dispersed 

particle and the dispersion medium. It is caused by the net electrical charge contained 

within the region that bounded to the slipping plane, and is widely used to quantify the 

magnitude of the charged particle. Zeta potential is a key indicator of the stability of 

colloidal dispersions which indicate the degree of electrostatic repulsion between adjacent 

and similarly charged particles in dispersion. Therefore, colloids with high zeta potential 

are electrically more stable while colloids with low zeta potentials tend to coagulate. 

 

Figure 2.7 Schematic showing of DLS instrumentation (a) [38] and the zeta potential as a function of the 

distance from the surface of a particle. Figure (b) from https://en.wikipedia.org 

2.2.7 Electron microscopy 

When observe an object with the size small enough to the scale of light wavelength, the 

image's resolution can be limited by diffraction that causing blurring of the image. 

Diffraction comes from the wave nature of light and is determined by the finite aperture of 

the optical system. Light beam passing through the lens interferes with itself and forms a 

ring shaped diffraction pattern. The angular resolution of an optical system can be 

estimated by the Rayleigh criterion which states that two points like objects are just 

resolved when the principal diffraction maximum of one image coincides with the first 
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minimum of the other. The two points are well resolved if the distance is greater and not 

resolved if it is smaller. The resolution depends on the wavelength of the illumination 

source: 

Ʌ = ͳ.ʹʹ ఒ                                                                 (2.8) 

where θ is the angular resolution, λ is the wavelength of light, and D is the diameter of the 

lens' aperture. The numerical factor 1.22 is derived from the Airy disc of 

the diffraction pattern. A more rigorous formula was provided by Abbe, considering the 

numerical aperture of the microscope (NA = nsinɅ): 

d = Ͳ.ͳ ఒ௦𝜃 ≈ ఒଶே𝐴                                                         (2.9) 

The resolution achieved with normal light microscopy is limited by the wavelength of the 

visible light source used. Electron microscope benefits from the much shorter de Broglie 

wavelength of electrons compare to normal light (100,000 times shorter than that of visible 

light) and are theoretically able to achieve resolution on the pm scale (10,000,000x 

whereas most light microscopes are limited below 2000x by diffraction). This property 

makes it an extremely powerful tool for imaging the structure of biological and inorganic 

materials at the nanoscale. Due to the nature of electrons, the lenses used in electron 

microscopy are electromagnetic lenses and are designed to behave like optical lenses. 

The electron microscope can be sort into transmission electron microscope (TEM) and 

scanning electron microscope (SEM). The TEM uses a high voltage electron 

beam produced by an electron gun of tungsten filament cathode to illuminate the 

specimen. The beam is accelerated by an anode and focused 

by electrostatic and electromagnetic lenses, finally transmit through the specimen that is 

partly transparent to electrons and scatters part of them out. When emerges from the 

specimen, the electron beam carries information about the structure of the specimen and 

is magnified by the “objective lens” of the microscope. The magnified electron image is 

detected by the digital camera and can be displayed on a monitor or computer. The SEM 

produces images by scanning across the surface of the specimen with a focused electron 

beam. The electron beam loses energy by a variety of mechanisms when it interacts with 

the specimen. The lost energy result in light or X-ray emission, emission of low energy 

secondary electrons or high energy back scattered electrons, which provide signals that 

carry information about the topography and composition properties of the specimen 

surface. The electrons do not have to travel through the sample in SEM because it probes 

the surface of a sample rather than its interior. Usually, the image resolution of an SEM is 

lower than that of a TEM.  
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Figure 2.8 Schematic diagram of transmission electron microscopy (TEM). Figure from 

http://www.google.it/search? TEM diagram 

2.2.8 Scanning probe microscopy (SPM)/Atomic force 

microscopy (AFM) 

Scanning probe microscopy (SPM) is a microscopy technology to form surface image of 

samples using a physical probe that scans the specimen. SPM was founded in 1981, with 

the invention of the scanning tunneling microscope by Binnig and Rohrer, an instrument 

for imaging surfaces at the atomic level. When scanning probe microscopes raster 

scan the tip over the surface of sample, a value is recorded at discrete points in the raster 

scan. These recorded values are displayed as a heat map to produce the SPM images 

using a black and white or an orange color scale. Atomic force microscopy (AFM) is a 

high-resolution type of scanning probe microscopy, with demonstrated resolution on the 

order of nanometers, more than 1000 times better than the optical diffraction limit. 

The AFM can be used to measure the force between the probe and the sample as a 

function of their mutual separation and thus to study the mechanical properties of the 

sample, such as Young's modulus of the sample. On the other hand, the reaction of the 

probe to the forces from the sample imposes can be used to form a three-dimensional 

image of a sample surface at a high resolution. This is achieved by raster scanning the 

surface of sample with a mechanical probe and recording the height of the probe 

corresponds to the probe-sample interaction. Specifically, a sharp tip is fixed to the free 

end of a small cantilever carried by the support. When perform the raster scanning, a 

ceramic piezoelectric oscillates the cantilever and the detector records the deflection and 

motion of the cantilever. The sample is mounted on the sample stage with a drive to move 

the sample and the sample stage in x, y, and z directions. The surface topography is 

usually displayed as a pseudo color plot. 
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Figure 2.9 Schematic diagram of atomic force microscopy (AFM). 

2.2.9 Magnetic resonance imaging (MRI) 

Magnetic resonance imaging (MRI) is a form of nuclear magnetic resonance (NMR), a 

medical imaging technique used in radiology to obtain pictures of the anatomy and the 

physiological processes. Rather than X rays, MRI use strong magnetic fields, radio waves, 

and field gradients to generate images. 

Isotopes that contain an odd number of protons or neutrons, such as 1H, have an 

intrinsic magnetic moment and angular moment with nonzero spin. If placed in an external 

magnetic field B, the external magnetic field exerts a torque τ on the magnetic moment   

( τ =  ×  =  J ×  ), J is angular momentum vector. Then the angular momentum 

vector J precesses about the external field axis with Larmor frequency ( = −  ). When 

apply a radio frequency pulse to the patient at the Larmor frequency. The hydrogen atoms 

absorb the energy and the magnetic moment is perturbed to the XY plane in a 

non-equilibrium sate, the excited hydrogen atoms emit a radio frequency signal called free 

induction decay (FID), which is measured by a receiving coil. The radio signal can be 

made to encode position information by varying the main magnetic field by gradient coils, 

which is rapidly switched on and off for creating the characteristic MRI signal and image. 

Diseased tissue can be detected because the protons in different tissues have 

different relaxation times and thus return to the equilibrium state at different rates. 

After excitation, each tissue returns to its equilibrium state by the independent T1 

(spin-lattice) and T2 (spin-spin) relaxation processes. T1 characterizes the longitudinal 

magnetization vector that recovers exponentially to its thermodynamic equilibrium. It is the 

time for the longitudinal magnetization recovers approximately 63% of its initial value after 

being flipped into the magnetic transverse plane by a 90° radiofrequency pulse: M ሺtሻ = M ሺͲሻሺͳ − ݁−௧ 𝑇ଵ⁄ ሻ                                                  (2.10) 

T2 characterizes the transverse magnetization vector that decays to its equilibrium value 

exponentially. It is the time it takes for the transverse magnetization decay to 37% of its 
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initial value after tipping to the magnetic transverse plane according to: 

 Mx ሺtሻ = Mx ሺͲሻ݁− మ                                                      (2.11) 

To create a T1-weighted image, magnetic moment is allowed to recover before measuring 

the MR signal by relatively a shorter repetition time (TR) and echo time (TE). To create a 

T2-weighted image, magnetic moment is allowed to decay before measuring the MR 

signal by relatively a longer repetition time (TR) and echo time (TE). In the brain, T1 

weighting causes the white matter to appear white, the gray matter to appear gray, 

and cerebrospinal fluid (CSF) appears dark. While T2 weighting reverses the contrast of 

white matter, gray matter and cerebrospinal fluid. 

Sometimes it is not possible to generate enough image contrast by adjusting the imaging 

parameters alone. In this case, administering the contrast agent such as gadolinium 

compound can enhance the image contrast significantly. Because of its unique electronic 

structure of 7 unpaired electrons in its 4f subshell, Gd is strongly paramagnetic. In its 

ionized state, Gd+3 donates its 6s2 and 5d1 electrons for bonding, leaving its 4f electron 

shell intact, the powerful magnetic moment is therefore largely maintained even when 

chelated to a ligand such as DTPA. Because electrons have the same spin (½) but a 

much smaller size than protons, their gyromagnetic ratios are 657 times larger than 

protons and manifests its presence indirectly by facilitating the relaxation of nearby 

hydrogen protons. Gd preferentially shortens T1 values, makes the tissues and fluids 

extremely bright on T1-weighted images. This provides high sensitivity for detection of 

vascular tumors and brain stroke because of perfusion.  
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Chapter 3 Photovoltaic material CZTS 

3.1 Introduction 

Copper zinc tin sulfide (CZTS) is a I2-II-IV-VI4 quaternary semiconductor compound. The 

class of related materials includes other I2-II-IV-VI4 compounds such as copper zinc tin 

selenide (Cu2ZnSnSe4, CZTSe) and copper zinc tin sulfur/selenium alloy Cu2ZnSn(S,Se)4 

(CZTSSe). Like CIGS (copper indium gallium sulfide/selenide) and cadmium telluride 

(CdTe), CZTS provides favorable optical and electronic properties such as suitable band 

gaps of 1.54eV and high absorption coefficient (104 cm-1) [39], but unlike CIGS and CdTe 

which involve the use of expensive rare earth or toxic elements indium, tellurium and 

cadmium, CZTS is composed of only earth abundant and non-toxic elements with low 

material cost and environmental benign characters and thus makes it well suited for 

absorber layer in thin film solar cell. 

CZTS exists often as a kesterite, stannite or wurtzite structure, see figure 3.1. With a 

formula Cu2(Zn,Fe)SnS4, kesterinte is the Zn rich variety whereas the Zn poor form is 

stannite, and wurtzite is a less frequently encountered structure derived from ZnS wurtzite 

structure. The name kesterite is sometimes extended to include CZTSe, which 

contains selenium instead of sulfur [40].  
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Figure 3.1 Crystal structure of CZTS kesterite (c), stannite (d), wurtzite (b), and a comparison with 

chalcopyrite CIGS (a) [41]. 

Although silicon, CdTe and CIGS technology has been commercialized, they involve rare 

earth elements used. Perovskite solar cell technology develops fast but toxic lead 

components and stability issues still remain consideration [42–44]. As a result, CZTS solar 

cell technology is worth investigation. Furthermore, studies indicate that by improving 

CZTSe crystalline quality, a record efficiency value of 17% can be achieved [45]. And it 

further could be in principle enhanced to 18.05% by optimization of device parameters 

[46].  

Various methods were reported to fabricate CZTS solar cells, including electro-deposition 

[47–49], sputtering [50–52], thermal molten technique with Cu, Zn, Sn, and S powders 

[53], RF sputtering, thermal evaporation [54,55], spin coating or doctor blading, spray 

pyrolysis [56], CZTS powders by the method of solid-phase synthesis [50]， and so on. 

Among them, solution based low cost and fast processing method provides a very 

competitive strategy in fabricating low cost CZTS solar cells. With a variety of solution 
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been used, typical solution methods include: hydrazine based pure solution approach by 

IBM that has achieved a power conversion efficiency of 12.6% for CZTSSe solar cells [57]; 

metal salts/thiourea in methanol, dimethylformamide and dimethyl sulfoxide solution 

based approaches [58–60]; Ethanol−water solutions with dissolved metal salts and 
sulphur powder (Wangen Zhao et al. got 6.52% of efficiency with this method) [61]; 

Organic solution-based thermolysis approaches include dodecanethiol (DDT) or 

oleylamine (OLA) [62,63]；Successive ionic adsorption and reaction (SILAR) method [64]; 

Chemical bath deposition (CBD) [65,66]; Solution of thiol and amine and dissolved 

elemental powders or metal chalcogenides and oxides [67–70]. And a number of metal 

salts were employed include sulphate (CuSO4, ZnSO4, SnSO4) [49][64], chlorides (CuCl2, 

ZnCl2, SnCl2) [58][60][62], nitrades and acetate [59][71], and so on. It is also possible to 

use different salts (such as Cu(NO3)2, Zn(CH3COO)2, SnCl2, with thiourea in dimethyl 

sulfoxide) in a single synthesis [72]. 

In this thesis study, we synthesized CZTS nanoparticles with two parallel solution 

methods, first one with the aqueous solution using copper and zinc nitrate, tin complex 

that synthesized from tin and iodine powders; second one with Cu, Zn, Sn and S powders 

dissolved in the mixture solution of thioglycolic acid and ethanolamine. Analysis by energy 

dispersive spectroscopy (EDS), Raman and X-ray diffraction (XRD) show that the 

kesterite phase of the CZTS nanoparticle were formed by the first method, and both 

kesterite and wurtzite phase formed with the second method. 

3.2 Experimental 

3.2.1 Chemicals 

 Ammonium sulphide, (NH4)2S, MW = 68.14, 40-48% in water, Sigma-Aldrich 

 Thiourea (TU), CH4N2S, MW = 76.11 g/mol, Merck Schuchardt OHG, ≥98% 

 Thioglycolic acid, HSCH2COOH, MW = 92,12 g/mol, d = 1.326 g/mL, Aldrich ≥99% 

 Ethanolamine, C2H7NO, MW = 61.08 g/mol, d = 1.015 g/mL, Sigma-Aldrich, >98% 

 Iodine powder, I2, MW = 253.81 g/mol, Riedel de Haen, 99.8% 

 Copper nitrate semipentahydrate, Cu (NO3)2·2.5H2O, MW = 232.59 g/mol, 

Sigma-Aldrich, 99.999% 

 Zinc nitrate hexahydrate, Zn (NO3)2·6H2O, MW = 297.49 g/mol, Aldrich, ≥99.0% 

 Tin powder, Sn, MW = 118.71 g/mol, Aldrich, 99.0% 

 Copper powder, Cu, MW = 63.55 g/mol, Alfa Aesar, 99.9% 

 Zinc powder, Zn, MW = 65.38 g/mol, Alfa Aesar, 97.5% 

 Sulphur powder, S, MW = 32.07 g/mol, Sigma-Aldrich, 99.98% 
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3.2.2 CZTS synthesis 

3.2.2.1 Synthesis in aqueous solution 

3.2.2.1.1 Sn precursor solution preparation 

Sn precursor solution was prepared with tin powder and solid iodine in ethanol, and 

adding (NH4)2S to form Sn complex colloidal solution. Specifically, 5 mmol Sn powders 

(0.594g) and 10 mmol iodine (I2) (2.54g) were stirred and heated in 20 ml ethanol at 50°C 

for overnight. After Sn and I2 dissolved in ethanol, 1.5 ml (NH4)2S (48%) was added to the 

reaction in a drop wise way. The brown precipitate from reaction was formed immediately 

and solution became transparent. The precipitates were collected by centrifuge and 

dissolved by adding more amount of (NH4)2S (4ml) and brown coloured Sn precursor 

solution was obtained (Fig. 3.2 c). 

3.2.2.1.2 CZTS Synthesis 

In a typical synthesis of CZTS nanoparticle in aqueous solution, Sn, Cu, and Zn precursor 

aqueous solutions were prepared in separated vessels and then mixed together to obtain 

CZTS aqueous solution. Target ratios of Zn/Sn = 1.2 and Cu/ (Zn + Sn) = 0.8 were 

designed, specifically, 8.8 mmol (2.046g) Cu (NO3)2·2.5H2O was dissolved in 2 ml 

deionized water (Fig. 3.2 a), 6 mmol (1.7844g) Zn (NO3)2·6H2O was dissolved in mixture 

of 2 ml water and 6 ml ammonium solution (Fig. 3.2 b).  

Together with previously prepared Sn precursor solution, the three precursor solutions 

were mixed and stirred vigorously and finally delivered the CZTS precursor solution (Fig. 

3.2 d). The as-formed CZTS precursor solution shows dark brown colour, stable for 

several months and ready for film deposition. 

3.2.2.2 Synthesis in organic solution 

For this method, we used organic solvent and metal powders, with the same target 

elemental ratios of Zn/Sn = 1.2 and Cu/ (Zn + Sn) = 0.8 and the stoichiometry ratio of 

2:1:1:4 among Cu, Zn, Sn and S. First, 1.0 mmol (0.1187g) Sn powders were added in the 

mixture solution of 2 ml thioglycolic acid and 4 ml ethanolamine, keep heating and stirring 

on a hot plate at around 60°C for 48 hours until Sn powders completely dissolved. When 

Sn dissolved, add 1.76 mmol (0.11185g) Cu and 1.2 mmol (0.0.0785g) Zn powders, 

continue to stir and heat at the same condition for around 24 hours until all the metal 

powders dissolved, the solution appears transparent yellow colour (Fig. 3.2 e). Finally, 4.0 

mmol (0.128g) S powders were added in this solution, heat and stir over night. When 

sulfur powder is dissolved, the solution changes to transparent wine colour and the CZTS 
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precursor solution is ready (Fig. 3.2 f).  

This organic precursor solution can be used to synthesize CZTS in two ways. First way is 

to deposit this precursor solution (Fig. 3.2 f) on glass substrate by spin coating or doctor 

blading method and then heat at higher temperature to form CZTS layer. Second way is to 

heat and stir the organic precursor solution further at around 120°C to synthesize CZTS 

nanoparticles in solution (Fig. 3.2 g), and then it can be used to deposit the layer. 

Alternatively, heating at around 200°C in microwave synthesis reactor for a few minutes, 

the CZTS nanoparticles can be synthesized faster. 

3.2.3 Layer deposition 

CZTS aqueous precursor solution (Fig. 3.2 d) can be deposited on glass by spin coating 

or doctor blade method, followed by high temperature annealing under argon atmosphere. 

With a single deposition, the layer appears inhomogeneous with quite a lot empty space 

left upon the solution evaporation. The process need to be repeated several times to 

obtain the desired homogeneous layer that covered by CZTS nanoparticles without empty 

space. Then the as prepared film was further annealed together with sulfur powder in 

argon atmosphere up to 450-500°C to obtain CZTS crystals.  

The organic precursor solution (Fig. 3.2 f) can also be deposited directly on glass by spin 

coating or doctor blading method. The solution is very viscous and it can be diluted by 

water before deposition since both thioglycolic acid and ethanolamine are miscible with 

water. The CZTS nanoparticles are formed in the film after high temperature treating. If 

use the CZTS nanoparticles that are already formed in precursor solution by high 

temperature heating (120°C) (Fig.3.2 g), the nanoparticles can be collected by 

centrifuging and then deposited by doctor blade method. The as formed layer can be 

further annealed at higher temperature (450-500°C) to promote the further crystallization. 

3.2.4 Characterization 

The surface morphologies of CZTS films were observed by using a scanning probe 

microscope (Solver P47H, Program version 845, NT-MDT, Zelenograd, Moscow, Russia). 

The XRD patterns of nanoparticles were obtained with an ARL X’TRA X-ray diffractometer 

with Cu-Kα radiation (Ȝ = 0.15405 nm). The elemental composition of the CZTS 

nanoparticles was measured by EDS with XL30 ESEM (FEI-Philips) installed with an 

EDAX micro-analytical system. Raman spectra of CZTS were collected by the 632.8 nm 

line of a He-Ne laser and carried out in backscattering geometry by means of a LabRam 

HR spectrometer (Horiba-Jobin Yvon), mounting a 600 lines/mm grating and equipped 

with a multichannel detector (a CCD with 256x1024 pixels) cooled by liquid nitrogen. To 

minimize the laser irradiation damage of the investigated samples, these spectra were 

recorded under an optical density filter OD1 (0.6mW), OD2 (0.06mW), OD3 (0.006mW) 

using an 80X objective having a NA close to 1, during an integration time of 100s ,600 s, 

900s. 
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3.3 Results and discussion 

The Cu2ZnSnS4 (CZTS) nanoparticles were synthesized with two methods in this work. 

For the first method in aqueous solution, we used copper and zinc nitrates (Cu 

(NO3)2·2.5H2O and Zn (NO3)2·6H2O) and tin precursor complex solution which was 

prepared from Sn powder and iodine solid in ethanol by stirring and heating, and diluted in 

(NH4)2S to form metal chalcogenide complexes (MCCs) [73]. When the three solutions of 

Cu (Fig. 3.2 a), Zn (Fig. 3.2 b) and Sn (Fig. 3.2 c) were mixed, an exothermic reaction 

takes place immediately, and the black coloured CZTS aqueous precursor solution was 

formed (Fig. 3.2 d). The as prepared CZTS aqueous solution was stable for several 

months without precipitation and aggregation due to the ligand protection from MCCs. 

After deposition and high temperature treating, the CZTS crystal forms. The other 

elements and ligand molecules can thermally decompose into volatile species during 

annealing and be removed completely [74]. 

In the second method with organic solution, the metal powders were directly dissolved in 

mixture solution of thioglycolic acid and ethanolamine. The solution changed to clear and 

transparent yellowish colour when the metal powders dissolved (Fig. 3.2 e). The solution 

changed further to wine colour when sulfur powder was added and dissolved (Fig. 3.2 f). 

After heating and stirring at high temperature (120°C), the solution changed to black due 

to the CZTS nanoparticles formed in solution which can be used to deposit CZTS film (Fig. 

3.2 g). Alternatively, the precursor solution (Fig. 3.2 f) can be directly used to deposit and 

then annealed in sulphur and argon atmosphere known as sulfurization, the CZTS 

nanoparticle forms in deposited layer after annealing. 

 

 

Figure 3.2 CZTS precursor in aqueous solution (a-d) and organic solution (e-g). (a) Copper nitrate in 

deionized water. (b) Zn nitrate in deionized water. (c) Sn precursor complex solution in (NH4)2S. (d) CZTS 

aqueous solution after mixture of a, b and c. (e) The dissolved Cu, Zn and Sn powders in thioglycolic acid 

and ethanol amine. (f) The dissolved Cu, Zn, Sn and S powders in thioglycolic acid and ethanol amine. (g) 

The as formed CZTS nanoparticles in organic solution. 

3.3.1 X-ray diffraction analysis 

X-ray diffraction (XRD) measurements were carried both for the samples before and after 
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high temperature annealing. Figure 3.3 shows the XRD patterns (along with 

corresponding ICDD patterns) of Cu2ZnSnS4 prepared in aqueous solution. Before 

annealing, the XRD patterns of the CZTS powders from aqueous precursor solution (Fig. 

3.2 d) show that the desired phase was not formed (Fig. 3.3 a). After high temperature 

annealing (up to 500°C), the as formed CZTS crystals show major peaks at 28.4°, 47.3°, 

and 56.2° (2θ°values), which can be attributed to the diffraction of (112), (220) and (312) 
planes, corresponding to the kesterite structure (JCPDS 26-0575) (Fig. 3.3 b). The high 

temperature annealing is essential for the forming of kesterite phase. The size of 

nanoparticle is calculated from the widths of the (112) and (220) diffraction peaks (at 28.4° 

and 47.3°) using Scherrer analysis: 

D = ఒఉ௦𝜃                                                                  (3.1) 

Where 𝜆 is the X ray wavelength of 1.54nm and K is constant of 0.89, 𝜃 is the Bragg 

diffraction angle and 𝛽 is the FWHM of the diffraction peak.  

The binary and ternary sulphides such as ZnS, Cu2S, CuS and Cu2SnS3 have similar XRD 

patterns with kesterite/stannite CZTS [75]. To identify if there are binary or ternary 

sulphide impurities, the Raman spectroscopy test was carried out and the result was 

shown in figure 3.8. Raman test confirm that after annealing, the binary or ternary 

sulphide impurities were not presented in CZTS crystals. 
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Figure 3.3 XRD diffraction spectrum of CZTS nanoparticles synthesized from aqueous solution. The 

reference of kesterite structure of CZTS was shown in below (JCPDS 26-0575). Upper solid line is for the 

before annealing (a) and after annealing (b) (up to 500°C) 

In order to have more structural information, the observed XRD pattern was fitted by 

MAUD software based on the Rietveld refinement method. The accuracy of the profile 

fitting was judged by the goodness of fit (GOF) and the reliability parameters, include Rw 

(weighted profile factor), Rexp (expected weighted profile factor) and Rb (the Bragg factor) 

which are defined as:[76] 

ܴ௪ = [Σ௪𝑖ሺூ𝑖−ூ𝑖𝑐ሻమΣ௪𝑖ூ𝑖మ ]ଵ ଶ⁄
                                                        (3.2) 



 

36 

 

ܴ = Σ|ூ𝑘−ூ𝑘𝑐|Σூ𝑘                                                               (3.3) 

ܴ௫ = N−PΣ௪𝑖ூ𝑖మ                                                                (3.4) 

ܨ𝑂ܩ = ோೢோೣ                                                                (3.5) 

Where Iio and Iic are the observed and calculated intensities at the ith step, Iko and Ikc are 

the intensities assigned to the kth Bragg reflection at the end of the refinement cycles; wi = 

(1/Iio) is the weight factor, N is the number of data points and P denotes the number of 

parameters refined. This result is shown in figure 3.4. 
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Figure 3.4 The XRD refinement and the experimental pattern of CZTS nanoparticles synthesized from 

aqueous solution (dot: experimental data, upper red solid line: calculated pattern, lower blue solid line: 

subtracted pattern). 

For the CZTS nanoparticles synthesized in organic solution by heating (Fig. 3.2 g), the 

diffraction spectrum from which is analyzed by MAUD and the result is shown in figure 3.5. 

The major XRD diffraction peaks appear at 2θ degree of 26.99°, 28.4°, 30.11°, 39.68°, 

47.48°, 51.56° and 56.3° are attributed to the (100), (002), (101), (102), (110), (103) and 

(112) planes respectively, matching well with the theoretical simulation value of wurtzite 

CZTS [77]. These peaks are clearly resolved which indicate the unambiguous presence of 

wurtzite phase. They are absent and very weak in ZnS blende and tetragonal Cu2SnS3, 

respectively, which possess the similar diffraction patterns to CZTS [78]. The wurtzite 

CZTS XRD pattern was also refined using MAUD software with the same XRD peaks 

positions of Zn(II) replaced by Cu(I), Zn(II), and Sn(IV) in the wurtzite ZnS crystal structure 

[77]. No characteristic peaks for other impurities, such as CuS, Cu2S, or SnxSy, are 

observed in the XRD pattern. The wurtzite phase of CZTS nanocrystals have also been 

synthesized in other approaches [79]. The size of the nanocrystals formed in organic 

solution is around 14.28 nm as calculated from the widths of the (112) and (220) peaks (at 

28.4° and 47.4°) using Scherrer equation. 
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Figure 3.5 The XRD calculated and experimental patterns of CZTS nanoparticles synthesized from 

organic solution (dot: experimental data, upper red solid line: calculated pattern, lower blue solid line: 

subtracted pattern). 

We also used microwave machine to obtain CZTS nanoparticle with the organic precursor 

solution. Microwave assisted method is a fast way to produce nanoparticles in solution. 

The machine offered a safe way to conduct reaction at high temperature and pressure. 

Typically, the solution (Fig. 3.2 f) was heated in microwave machine at 190°C-230°C for 

5-15 minutes and followed by washing with deionized water. The obtained powder was 

analysed by x ray diffraction. The XRD pattern indicates that the NPs formed kesterite 

phase with trace amount of wurtzite mixed (Fig. 3.6). The CZTS nanoparticles 

synthesized at 230°C for 15 minutes was further refined by MAUD and the result is shown 

in figure 3.7. 
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Figure 3.6 XRD pattern for the CZTS nanoparticles synthesized by microwave synthesizer machine from 

organic solution at different temperature and reaction time. 
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Figure 3.7 The XRD calculated and experimental patterns of CZTS nanoparticles synthesized from 

organic solution (dot: experimental data, upper red solid line: calculated pattern, lower blue solid line: 

subtracted pattern). The reaction was performed by microwave machine at 230°C for 15 minutes.  

The crystallite size, root mean square microstrain and lattice parameters were extracted 

and the results are listed in table 3.1. The crystallite sizes obtained by MAUD software are 

in good agreement with the calculated values using the Scherrer's formula. The values of 

GOF indicate a good fitting of the observed XRD pattern by the derived pattern.  

Table 3.1 Results from Rietveld analysis of the CZTS samples 

 CZTS aqueous CZTS organic Heating CZTS organic Microwave 

Lattice parameter (Å) a 5.495±0.005 3.822±0.001 5.415±0.030 

Lattice parameter (Å) c 10.777±0.021 6.323±0.003 10.841±0.123 

Size Scherrer (nm) 4.125 14.28 4.589 

Size MAUD (nm) 5.224±0.083 13.568±0.367 4.990±0.102 

rs-microstrain 3.373±0.154 e-7 4.886±0.618 e-7 5.531±0.276 e-8 

Rw (%) 9.776 14.744 12.992 

Rb (%) 7.740 11.607 10.446 

Rexp (%) 6.786 10.387 7.082 

sig 1.440 1.419 1.834 

GOF 1.440 1.419 1.835 

Volume fraction Kesterite 100% Wurtzite 100% Kesterite 98.2%; Wurtzite 1.8% 

 

3.3.2 Raman analysis 

Raman spectroscopy analysis was performed for further analysis of the synthesized 

sample and the result is shown in figure 3.8. After annealing, the Raman spectrum 

exhibits a broad Raman band centered around 340 cm-1, typical of kesterite phase. The 

band is broad due to phonon confinement in small nanocrystals [80].  
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Figure 3.8 Raman spectrum of CZTS nanoparticles synthesized in aqueous precursor solution after 

annealing at 500 °C. 

3.3.3 EDS analysis 

EDS was used to analyse the elemental composition of the nanocrystals (Fig. 6). The 

precursor concentrations of Cu/Zn/Sn/S were set to 2:1:1:4 according to the stoichiometry 

of Cu2ZnSnS4. The stoichiometry can be easily tuned (e.g., slightly Cu poor or Zn rich) by 

varying the molar ratios of precursor metal salts used in the synthesis. In this study, the 

elemental ratios were set as Cu/(Zn+Sn) = 0.8 and Zn/Sn = 1.2. EDS was performed for 

the samples synthesized from aqueous and organic solution. The result indicates that the 

final elemental ratio among the cations was Cu/(Zn+Sn) = 0.74 and Zn/Sn = 1.3 for the 

samples from aqueous precursor solution (Fig. 3.9 a), and Cu/(Zn+Sn) = 0.52 and 

Zn/Sn=2.47 for the samples synthesized from organic precursor solution (Fig. 3.9 b). 

Since tin and copper atoms replace the zinc site partly in wurtzite ZnS to form wurtzite 

CZTS, compare to zinc, less amount of tin and copper may present in CZTS nanoparticles. 

And this few amount of off stoichiometry may favour the formation of wurtzite phase which 

possess higher tolerance for cation disorder in compound [81,82]. 
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Figure 3.9 EDS analysis for the CZTS nanoparticles. (a) Sample synthesized from aqueous precursor 

solution; (b) Sample synthesized from organic precursor solution. 

3.3.4 Film deposition 

CZTS films can be obtained by suitable coating methods (e.g., spin coating, or doctor 

blading) and then annealed in argon and sulfur atmosphere to form polycrystalline layer 

with up to micron sized grains. The annealing process is needed to promote grain growth. 

Figure 3.10 shows SEM image of CZTS nanocrystal film that was doctor bladed with the 

CZTS sample synthesized from organic solution. The CZTS nanoparticles sintered into 

micrometer sized grains after annealing, which might lead electrical shorts or high shunt 

currents between solar cell device layers. The grain formation during drying process from 

a dispersion is complex and depends on many variables, such as film thickness, solvent 

evaporation rate, nanocrystal size, ligand molecules and the substrate property [83–85]. 

In order to prepare better films the coating and drying process can be repeating several 

times. 

 

Figure 3.10 SEM images of the single CZTS layer from the CZTS nanoparticles synthesized from organic 

solution. 

The CZTS layer deposited by spin coating with the organic precursor solution was also 

observed by AFM scanning scope and the AFM images was shown in figure 3.11. Further 

studies are in progress to optimize the deposition conditions for a high performance solar 

cell device. 
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Figure 3.11 AFM images of the single CZTS layer of the CZTS nanoparticles synthesized from aqueous 

solution (a, b) and organic solution (c). 

3.4 Conclusions 

In summary, we used two methods for rapid and easy synthesis of semiconductor CZTS 

nanocrystals, one by using copper and zinc nitrates and tin precursor in thiourea and 

ammonia sulfide aqueous solution, and another one by dissolving copper, zinc, tin and 

sulfur powders in mixture solution of thioglycolic acid and ethanolamine. X-ray diffraction 

and Raman spectroscopy measurements confirm that kesterite phase CZTS 

nanoparticles were formed by the synthesis in water after annealing, while both wurtzite 

and kesterite phases were obtained by the synthesis in organic solvents. The high 

temperature and longer reaction time promote the crystallization of CZTS nanoparticle. 
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Chapter 4 Zinc sulfide 

4.1 Introduction 

ZnS mainly occurs in nature as the mineral sphalerite or zinc blende with zinc and sulfur 

atoms tetrahedrally coordinated and takes a stable cubic crystalline form, while the 

hexagonal analog is known as the mineral wurtzite, see figure 4.1. The lattice constant for 

zinc sulfide in the zinc blende crystal structure is a = 0.54 nm, while for wurtzite, a = b = 

0.382 nm and c = 3.12 nm. The refractive index of sphalerite is 2.37 (measured 

via sodium light 589.3 nm) [86,87]. Both sphalerite and wurtzite are intrinsic, wide band 

gap II-VI semiconductors. The sphalerite ZnS has a band gap of about 3.54 eV at 

300 kelvins while wurtzite has a band gap of about 3.91 eV. ZnS can be doped as either 

an n-type semiconductor or a p-type semiconductor. 

 

Figure 4.1 Crystalline structure of ZnS with sphalerite form (a) and wurtzite form (b). The grey balls 

represent metal atoms and yellow balls Sulphur or selenium atoms. Figure from 

https://en.wikipedia.org/wiki/Zinc_sulfide 

With addition of few amount of suitable activator, zinc sulfide exhibits photoluminescence, 

and is currently used in many applications such as cathode ray tubes and glow in the 

dark products [88]. Copper gives long time greenish glow in the dark [89] and green 

phosphorescence also results from the presence of elemental sulfur species and sodium 

impurities [90]. Manganese doping yields an orange red color at around 585 nm 

[91].  The emitting color is bright blue when activated by silver [28]. ZnS powder is an 

efficient photo catalyst which produces hydrogen from water upon illumination. Sulfur 

vacancies can be introduced in ZnS during its synthesis and boosts the photocatalytic 

activity through enhanced light absorption [92]. Moreover, as a semiconductor material, 

ZnS can also be used in CZTS and CIGS solar cells as the buffer layer to collect electrons 

(a) (b) 
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[93][94][95], and in field effect transistors as biological and chemical sensors [96]. ZnS is 

also the most common quantum dot shell material since it has a wide band gap and is 

relatively inert chemically. In addition, ZnS has a small lattice mismatch (<5%) with 

common QDs such as CdS, CdSe and CIS to forming the shell without stress and strain at 

the core shell interface. 

ZnS can be synthesized in various methods, such as one pot synthesis [97], sol-gel 

formation [98], hydrothermal synthesis [99], solid state synthesis [100]. and chemical bath 

deposition method [101,102].  

In this study, we prepared ZnS film with chemical bath deposition (CBD) method. The x 

ray diffraction indicated that single phase ZnS crystal was formed. The film displayed high 

transparence in visible and infra-red-light region. The aim of this study is to prepare ZnS 

buffer layer for future solar cell application, and understand the optical property of ZnS for 

potential application in photoluminescence. 

4.2 Experimental 

4.2.1 Chemicals 

 Zinc sulphate monohydrate, ZnSO4·H2O, MW = 179.45, Carlo Erba Reagents,97.5% 

 Tri-Sodium citrate dehydrate, C6H5Na3O7 · 2H2O, MW = 294.1 g/mol, Aldrich, ≥99.0% 

 Ammonium solution, NH4·OH, 28-30% in water, Carlo Erba Reagents 

 Thiourea (TU), CH4N2S, MW = 76.11 g/mol, Merck Schuchardt OHG, ≥98%  

4.2.2 Synthesis 

We used soda lime glass substrate to deposit ZnS thin film with the CBD method. Before 

CBD the substrate was pretreated in following steps: (1) Cleaning in water with soap and 

rinsing with deionized water. (2) Cleaning in acetone with ultrasonic vibration for 10 min, 

and then rinsing with deionized water. (3) Cleaning in ethanol with ultrasonic vibration for 

10 min, and rinsing with deionized water. (4) Cleaning in deionized water and then drying 

in room temperature. Zinc sulfate (ZnSO4) was used as the source of zinc ions (Zn2+), 

thiourea (SC(NH2)2) as the source of sulfur ions (S2−), tri-sodium citrate (Na3C6H5O7) as 

the complex agent, the pH value was adjusted with 30% ammonia water NH3·H2O. To 

prepare the chemical bath reaction, tri-sodium citrate 0.08M (1.1764g in 50mL water), zinc 

sulfate 0.03M (0.2692g in 50 mL water) and thiourea 0.06M (0.2284g in 50mL water) were 

in turn added into 50mL deionized water and mixed up thoroughly, the bath pH value was 

adjusted with around 3mL ammonia water to 11. The bath temperature and deposition 

time determines the thickness of the film, herein we set at 80°C and 20-40 min to get 

desired thickness. Once the reaction finished, the ZnS film was cleaned with deionized 



 

44 

 

water and dried with a N2 gas stream. 

4.2.3 Characterization 

The surface morphologies of ZnS films were observed by using a scanning probe 

microscope (Solver P47H, Program version 845, NT-MDT, Zelenograd, Moscow, Russia), 

an X-ray diffractometer (ARL X’TRA X-ray diffractometer with Cu-Kα radiation, Ȝ = 
0.15405 nm) was used to determine the crystal structure of the ZnS films, an EDS set up 

with XL30 ESEM (FEI-Philips) installed the EDAX micro-analytical system was used to 

determine the elemental composition of the ZnS nanocrystals, an ultraviolet–visible 

spectrometer was used to measure the transmittance of the ZnS thin films. 

4.3 Results and discussion 

ZnS thin film was synthesized by CBD method. The obtained thin film was analyzed by 

XRD diffraction. As seeing from figure 4.2, the three main diffraction peaks that represent 

the typical sphalerite or zinc blende are seen at 28.64°, 47.51°, and 56.36°, which 

identified as 111, 220 and 311 planes of the tetragonal structure of the zinc blend phase.  
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Figure 4.2 XRD diffraction pattern of ZnS synthesized by CBD method. 

The film was also observed by AFM scanning scope, and the result is shown in figure 4.3. 

The AFM image shows that the ZnS film is homogeneously crystalized without apparent 

pin holes or cracks formed. 
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Figure 4.3 AFM image of ZnS synthesized by CBD. 

The elements were analyzed by EDS, as shown in figure 4.4, the atomic ratio between Zn 

and S is 50.72:49.28, close to the stoichiometry of ZnS sphalerite. 

 

Figure 4.4 EDS spectrum of ZnS synthesized by CBD. 

The transmittance was studied by UV-vis spectrometer. As shown in figure 4.5 for the ZnS 

synthesized for 20 min, the obtained ZnS film has good transmittance for visible light, 

which indicate that it is might suitable as the buffer layer for solar cell application.   
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Figure 4.5 Transmittance spectrum of ZnS synthesized by CBD. 

4.4 Conclusions 

Chemical bath deposition offered an effective method to synthesize high quality ZnS film 

for potential application in photovoltaic and photoluminescence area. The as synthesized 

ZnS film possess single crystal phase of sphalerite, uniformly crystalized without any 

pinholes and cracks. It has high transmittance to visible and infra-red light, which might be 

suitable as the buffer layer for solar cell application. 
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Chapter 5 Perovskite compounds 

5.1 Introduction 

Perovskites are a crystallographic family with the general chemical formula ABX3 (A = Cs, 

CH3NH3, or CH2NH=CH; B = Pb or Sn; X = I, Br, or Cl), consists of organic components in 

cuboctahedral A site and inorganic components in octahedral B site, where the B atom is 

a metal cation (typically Pb2+ or Sn2+) and X is monovalent halide anion Cl−, Br−, or I−. The 

A cation is selected to balance the total charge, and it can be Cs+ , Rb+ , K+ , or a small 

organic molecule [103,104], see figure 5.1. Due to the cheap and simple producing 

process, low cost, and superior optoelectronic properties, it emerged as a new class of 

semiconductors with great potential for a variety of applications, such as high-efficiency 

photovoltaic cells, light-emitting diodes, lasers, and photodetectors [105–109]. Perovskite 

solar cells (PSCs) have experienced the fastest efficiency increase in reported ever 

obtained in photovoltaic technology since it was reported as a variant of the 

dye-sensitized solar cell configuration [110]. It has undergone a rapid expansion in third 

generation photovoltaic devices over the past few years [111,112] and recent progress 

has pushed the power conversion efficiency (PCE) up to 21% [17]. 

 

Figure 5.1 Crystal structure of CH3NH3PbX3 perovskites (X=I, Br and/or Cl) [113]. 

The common single junction PSC architecture can be catalogued into mesoscopic and 

planar heterojunction structures (Fig. 5.2). In the mesoscopic structure, a mesoporous 

metal oxide scaffold, such as titanium oxide (TiO2) or aluminum oxide (Al2O3) is used to 

reside the perovskite. Meantime, PSCs can also afford a planar heterojunction 

configuration to avoid the harsh processing of mesoporous TiO2. The planar devices 

include regular (n–i–p) and inverted (p–i–n) types (Fig. 5.2 b,c) [114]. 
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Figure 5.2 PVSCs device architectures of mesoporous, regular (n–i–p) and inverted (p–i–n) type [114]. 

With remark electronic conductivity, carbon materials have been identified as the good 

electron or hole transport materials in PSCs. They also provide flexibility and long-term 

stability to the devices. In recent years, numerous efforts were focused on the application 

of carbon materials in PSCs. It can work as charge transport layers to improve charge 

transfer, additives to perovskite layers to enhance the performance of devices, and 

counter electrode to collect holes. 

The stability issue is a big challenge for developing PSCs, since perovskite degrades 

under humidity following the process: [115].  ܪଷ ܪଷ  ܫଷ → ଶܪ ଷܪ  ܫܪ+ +  ଶ                                          (5.1)ܫ  

It was found that carbon counter electrodes can block moisture effectively to protect 

perovskite and ensure long-term stability. By using carbon counter electrodes, the stability 

of this device showed excellent over 1300 h [116]. Perovskite is also unstable at high 

temperature [117]. It was found that carbon counter electrode based PSCs showed good 

stability at high temperature as well. When suffering the temperature of 60°C, the device 

showed only a modest efficiency loss and Au counter electrode based solar cells 

experienced a dramatic efficiency loss [118]. Moreover, the PSCs using carbon fibers as 

back contact degrade slower than that with Au counter electrode at high temperature up to 

85°C [119]. These facts indicate that carbon counter electrode based PSCs are more 

stable. 

Despite the significant developments in lead halide perovskite, the consideration of high 

toxicity of lead and bioaccumulation in the ecosystem has stimulated the search for other 

materials with environmentally benign and comparable optical and optoelectronic 

performance. There have been efforts to replace lead with nontoxic elements, such as Sb, 

Ge, Bi, and Sn [44,120–122]. Among them, cesium tin halides (CsSnX3, X=Cl, Br, I) 

perovskites are promising candidates due to the similar semiconductor properties [123–
125]. However, the instability of CsSnX3 perovskites due to its intrinsic unstable Sn2+ ions 

requires the fabrication and testing process in nitrogen filled glove box and thus has 

prevented the fabrication of devices that can withstand sustained operation under ambient 

air conditions.  

In contrast to unstable CsSnX3 nanocrystals, which needs to be handled under an inert 

atmosphere, the perovskite variant Cs2SnI6, made from tetravalent tin (Sn4+) instead of 

divalent tin (Sn2+) precursors, were found to be more stable against oxidation under 

ambient conditions [126]. The cubic Cs2SnX6 (X = Cl, Br, I) structure is a defect variant of 

the perovskite in which half of the B sites are void, creating isolated [SnX6] octahedra. The 
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sites between the [SnX6] octahedra are filled with Cs atoms in a regular 12-fold 

coordination [127]. This compound formula gives the semiconducting perovskite Cs2SnI6 

a band gap of 1.48eV and high absorption coefficient (over 105 cm-1) [128]. The use of 

Sn4+ defect perovskites as hole transporters in dye-sensitized solar cells with an efficiency 

of nearly 8% has been recently reported [129]. The Cs2SnI6 nanocrystals were 

synthesized with a hot injection method at 220 °C and a field effect transistors (FETs) that 

displayed a p-type semiconductor behavior with high hole mobility (>20 cm2/(V s)) was 

fabricated [130]. 

It was also synthesized using a mixture of aqueous HI and H3PO2 with SnI2 and CsI 

dissolved at 120 °C, the solar cell device with an efficiency of 0.86% was fabricated using 

ZnO as scaffold [131]. It was reported to obtain the Cs2SnI6 by reaction of SnI4 and CsI in 

fused silica tubes that heated to 400 °C for 5 h and subsequently annealed at 200 °C for 5 

days [127]. The CsSnI3 that formed by vapor deposition followed by solid-state reaction at 

190–330°C for 1800 second can undergo a phase transformation to form Cs2SnI6 in air 

[128]. 

In this work, not only produced the methylammonium lead trihalide solar cell device in an 

easy and simple method, we also synthesized lead free and stable perovskite derivative 

Cs2SnI6 with a facile one pot synthesis method in ambient air and low temperature 

condition by reacting Cs2CO3 and SnI4 that formed with Sn powers and iodine in ethanol 

solution.  

5.2 Experimental 

5.2.1 Chemicals 

 Caesium carbonate anhydrous, Cs2CO3, MW = 325.82 g/mol, BDH Laboratory 

Supplies Poole, BH15 1TD, England, 99.5%  

 Tin powder, Sn, MW = 118.71 g/mol, Aldrich, 99.0% 

 Iodine powder, I2, MW = 253.81 g/mol, Riedel de Haen, 99.8% 

5.2.2 Perovskite CH3NH3PbI3 synthesis 

(CH3NH3)PbI3 was formed on TiO2 surface from the Ȗ-butyrolactone (GBL) solution 

containing equimolar mixture of CH3NH3I and PbI2. CH3NH3I was synthesized by reacting 

27.86ml methylamine (40% in methanol) and 30 mL of HI (hydroiodic acid) (57 wt% in 

water) in 250 mL round bottomed flask at 0C for 2 h with stirring. The precipitate was 

collected by evaporation at 50C for 1 h. The obtained methyl ammonium iodide (MAI: 

CH3NH3I) was washed with diethyl ether three times by stirring for 30 min, and then dried 

at 60C in vacuum oven for 24 h. The synthesized CH3NH3I powder was mixed with PbI2 

at 1:1mol ratio in Ȗ-butyrolactone at 60C for 12 h, followed by filtering twice using a 13mm 
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diameter and 0.45mm pore PVDF syringe filter. The obtained solution is used for the spin 

coating on TiO2 surface and for in situ formation of (CH3NH3)PbI3. The concentration of 

the equimolar mixture of CH3NH3I and PbI2 was varied from 10.05 to 41.22 wt% (10.05, 

20.13, 30.18, 40.26 and 41.22 wt%). For instance, 40.26 wt% solution contains 0.0123 

mol CH3NH3I (1.955g) and 0.0123 mol PbI2 (5.728 g) in 10 mL Ȗ-butyrolactone (with the 

density of 1.14 g mL-1). 

5.2.3 TiO2 paste preparation 

5.2.3.1 TiO2 paste preparation method A 

(1)  0.33 M TiOCl2 solution is from hydrolysis of TiCl4. 

(2)  NH4OH (28%) solution adding dropwise into TiOCl2 solution, when pH=9, stop. 

(3)  Heating at 90C for 3 hours, filtrate the solution. 

(4)  Purify the resulting TiO(OH)2 wet cake by repeated deionized water washing until no 

Cl ion presented in solution (test by adding AgNO3 in the discarded supernatant solution, 

see if AgCl precipitate).  

(5)  Add D water and stir 10 min get 300ml 2wt% TiO(OH)2 solution. 

(6)  Add 200ml 35% hydrogen peroxide such that H2O2/Ti4+ ratio is around 40. 

(7)  Stir the solution constantly in ice bath, once finish the adding of H2O2, the colour of 

precipitate change from white to yellowish, and finally light orange or reddish-coloured 

transparent solution formed within 1 hour. 

(8)  Hydrothermal treat the solution at 250C for 12h. 

(9)  Add several drops of concentrated nitric acid (HNO3), and stir for 1h. 

(10)  Add ethanol, treat with ultrasonic irradiation, centrifuge and re-disperse for three 

times. 

(11)  Disperse the collected TiO2 nanoparticles (around 50nm) in 100ml ethanol, mix with 

4.5g (per 1g of TiO2) of 10wt% ethanol solution of ethyl cellulose (EC) (equal amount of 

the two kinds: 9-11mPa.S, 5% methylbenzene/toluene, isopropanol 80:20 and 

45-55mPa.S, 5% methylbenzene/toluene, isopropanol 80:20) and 4.4g (per 1g of TiO2) 

terpineol. And then stir 10 min and homogenize by ultrasonic irradiation. 

(12)  Produce the paste with mill grinder and rotary evaporator. 

5.2.3.2 TiO2 paste preparation method B 

(1)  Mix 10.1g titanium (IV) isopropoxide (TTIP) solution and 2.069g acetic acid (HAC) 
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solution, stir 20 min at room temperature. 

(2)  Pour the mixture into 50ml D water quickly (stir during pouring), stir vigorously 1 h. 

(3)  Add 0.68 ml HNO3, heat in water bath at 80C, stir 3 hours. 

(4)  When cooling down, filter by pump. 

(5)  Adjust the volume to 63 ml together with the washing water, heat in autoclave at 

220C for 12 hours. 

(6)  Take out the reaction solution and pour into a beaker, add 0.4ml HNO3, treat with 

ultrasonic irradiation for 30 min, then stir 2 hours.  

(7)  Filter with pumping filter, wash with ethanol, add more ethanol, and centrifuge under 

9000 rpm 15 min. 

(8)  Take the precipitate, mix with ethyl cellulose and terpineol in the following ratio: TiO2 

(2.845g), ethyl cellulose (EC) (0.7112g+0.7112g) in 14.23g ethanol, terpineol (11.54g). 

(9)  After mixing, ball milling 10 h + ultrasonic treatment 30 min three times. 

(10) Evaporate the excessive ethanol with rotary evaporator for 20 hours. 

5.2.4 Carbon paste preparation 

The carbon paste can be prepared by mixing the carbon nanoparticle (around 18 nm) and 

flaky graphite (approximately 5m) and adhesive resin. We use carbon ink which was first 

dried, then dissolved in chlorobenzene and milled in mill grinder overnight. 

5.2.5 Perovskite solar cell fabrication 

5.2.5.1 Carbon back electrodes solar cell device 

1) Etch the Fluorine tin oxide (FTO) glass: Put the scotch tape on the glass to protect the 

area needed from etching, put the Zn powders on the area need to be etched, drop diluted 

HCl twice on Zn powders, the FTO layer is etched at once. Then clean with tissue and 

ethanol, ultrasonic treat the glass in acetone and ethanol three times, see figure 4.2 

2) Deposit the compact layer of TiO2: Drop the solution of 0.15 M titanium diisopropoxide 

bis (acetylacetonate) in 1-butanol on the glass uniformly and then do spin coating at 3000 

rpm for 20 second. After this, heat the glass in oven at 500C for 30 minutes. 

3) Deposit the mesoporous layer of TiO2 which is from hydrolysis of TiCl4 with spin coating 

at 3000rpm for 20 min. and heat treat the glass again at 500C for 30 minutes. 

4) TiCl4 treatment for the glass in 0.02-0.03 M TiCl4 solution: Specifically, put 500 ml D 

water in fridge for 1h to cool down the temperature, add 10-15ml TiCl4 by drop wise in to 
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the D-water to get 0.02-0.03 M TiCl4 solution, put the glass in a dish and add the TiCl4 

solution, cover with plastic film and heat at 70C for 30 min. After that, wash with D-water 

two times and then with ethanol. Finally, anneal at 500C for 30 min again. The reaction is: 

TiCl4 + H2O/O2 ĺ TiO2 + HCl Ĺ 

5) Deposit perovskite layer (sequential deposition): 

(1) Cut the glass in to a few pieces of squared shape, then fix the square glass on spin 

coater. Make a solution of 1M PbI2 in N,N-dimethylformamide (DMF), and mix with a 

little 0.15M methylammonium iodide (MAI). Drop the solution on the glass and spin with 

low speed at 1000rpm for 5 s and then high speed at 6000 rpm for 20s. After that, heat 

the glass at 100C for around 20 minutes. 

(2) Fix the glass on the spin coater; drop the methylammonium iodide (MAI) propanol 

solution or Formamidinium iodide (FAI) propanol solution at low speed 500 rpm for 30s 

and then high speed at 2000 rpm for 20s. After that, heat the glass at 100C for around 

20 minutes. The reaction with PbI2 in N,N-dimethylformamide (DMF) and MAI (0.038 M: 

6 mg of CH3NH3I in 1 ml 2-propanol) or FAI in propanol take place immediately, the 

black colored MAPbI3 perovskite layer is formed and the FAPbI3 displays yellowish color 

(see figure 4.3). 

6) Deposit Carbon layer: Fix all the obtained glasses on a paper, doctor blade the MAI 

mixed carbon paste on them, heat at 100C for 20 min. Then doctor blade the second 

layer of pure carbon paste, heat at 100C for 30 min.  

5.2.5.2 Silver counter electrode p-i-n solar cell device 

1) Prepare the etched ITO glass (3*3cm2) by ultrasonic wash with Na (OH) (3-5%) for 20 

min, followed by ultrasonic wash with soap for 20 min, and then ultrasonic wash with 

ethanol and acetone 20 min. 

2) Deposit PEDOT: PSS layer by spin coating at 500 rpm for 10 seconds, then at 4000 

rpm 30 sec, the obtained PEDOT: PSS layer is around 40nm thick. 

3) Deposit CH3NH3PbI3 layer by dropping 200 l CH3NH3PbI3 on the glass and spin 

coating at 5000 rpm for 30 seconds, add 150  l chlorobenzene at 5 seconds, anneal at 

80℃ for 10 min. The obtained CH3NH3PbI3 layer is around 300nm thick. 

4) Deposit fullerene C60 layer with thermal evaporation at 400℃ for 20 min (A/S0.3, power 

6.5%, 10-6mba), the obtained fullerene C60 layer is around 40 nm thick. 

5) Deposit 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP) hole blocking layer with 

thermal evaporation at 400℃ for 10 min (A/S0.1, power 6.5%, 10-6mba), the obtained 

BCP layer is around 8nm thick. 

6) Deposit Ag layer at 400℃ for 40-50 min (A/S0.3, power 13-14%, 10-6mba), the 

obtained Ag layer is around 100nm thick. 
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5.2.5.3 Gold counter electrode n-i-p solar cell device 

1) Prepare the etched ITO glass (3*3cm2) by ultrasonic wash with Na (OH) (3-5%) for 20 

min and ultrasonic wash with soap for 20 min, then ultrasonic wash with ethanol and 

acetone for 20 min. 

2) Deposit TiO2 compact layer by spin coating at 3000 rpm for 30 sec, then anneal at 

200℃ for 1h, the obtained TiO2 compact layer is around 40-50nm thick. 

3) Deposit CH3NH3PbI3 layer by dropping 200 l CH3NH3PbI3 on the glass and spin 

coating at 5000 rpm for 30 sec, add 150  l chlorobenzene at 5 sec, anneal at 80℃ for 10 

min. The obtained CH3NH3PbI3 layer is around 300nm thick. 

4) Deposit Spiro-OMeTAD layer of dissolve 80mg Spiro-OMeTAD in 1mL chlorobenzene, 

spin coating at 3000 rpm for 30 sec. The obtained Spiro-OMeTAD layer is around 100nm 

thick. 

5) Deposit Au layer for 40-50 min (A/S0.33, 11.9V, power 19.8%, 10-6mba), the obtained 

Au layer is around 80nm thick. 

5.2.6 Cs2SnI6 synthesis 

In a typical synthesis of Cs2SnI6 perovskite derivative nanoparticles, Sn (0.5mmol) and 

iodine (1.5mmol) powders were dissolved in 10 mL ethanol solution, stirred and heated in 

low temperature (around 50°C) over night, then Cs2CO3 (0.5mmol) were mixed into the as 

prepared solution and kept stirring and heating at the same conditions for 5-6 hours, the 

white Cs2CO3 powder was changed into black Cs2SnI6 directly in solution. The product 

was washed with ethanol twice and collected for further characterization. 

5.2.7 Characterization 

The XRD patterns of nanoparticles were obtained with an ARL X’TRA X-ray diffractometer 

with Cu-Kα radiation (Ȝ = 0.15405 nm). 

5.3 Results and discussion 

The generation of electrons and holes by light irradiation, separation and transmission of 

electrons and holes to the corresponding electrodes are the fundamental the process in 

solar cells. In perovskite solar cells (PSCs), electrons are transported through an electron 

transport layer (ETL) and holes are transferred though hole transport layer (HTL). The 

usual ETL materials include TiO2, SnO2, ZnO, [6,6]-phenyl-C61-butyric acid methyl ester 

(PCBM), etc. and the common HTL materials include 

2,20,7,7'-tetrakis(N,N-di-p-methoxy-phenylamine)-9,9'-spirobifluorene (spiro-OMeTAD), 
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polymers, poly(3-hexylthiophene) (P3HT), poly(triarlyamin) (PTAA) and 

Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) [132–135]. The 

conductivity is the key factor to the charge transfer in application of these materials. It is 

always a hot topic to employ a low-cost and effective charge transfer material in PSCs. 

Due to the high electric conductivity, chemical stability, extensive sources, low-cost and 

environmental kindness properties, carbon materials have attracted the great attention in 

solar cell application. There are several carbon allotropes according to the different 

bonded ways of carbon atoms in carbon materials, such as the usual diamond, graphite, 

graphene, fullerenes and carbon nanotubes. These allotropes display different physical 

and chemical properties due to the different structures. Conductive carbon black 

(paracrystalline carbons) is formed if the carbon atoms bond random. Conductive carbon 

materials mainly include fullerenes (i.e., C60), carbon nanotubes, graphene, graphdiyne, 

and graphite. Fullerenes are considered as ideal electron transport materials in PSCs that 

has been demonstrate by some researches [136,137]. The high electron affinity and 

mobility endow fullerene with high conductivity [138]. In addition, fullerenes are soluble, 

which is beneficial to apply in devices. C60 and PCBM have been used to form the ETL in 

perovskite solar cells since they are known to reduce the density of trap states and 

passivate the grain boundaries of methylammonium lead iodide layer [139]. 

5.3.1 Carbon counter electrode based PSCs 

In PSCs, counter electrodes (CEs) transport holes (n-i-p type PSCs) or electrons (p-i-n 

type PSCs) to the external circuit. Carbon materials are low-cost and easily available 

industrial materials. The approximate 5.0 eV work function makes carbon the ideal CE 

material for PSCs. Carbon materials were first applied in PSCs as counter electrode by 

Hongwei Han's group with graphite and carbon black as the main components of the 

carbon paste [140]. According to the fabrication technology, carbon counter electrode 

should have high conductivity and uniformity. It is found that spheroidal graphite with 

better conductivity and favorable uniform loose morphology for the higher efficiency than 

flaky graphite. Thus, the fill factor (FF) and short circuit current density (Jsc) of the 

devices with spheroidal graphite CEs is higher than that with flaky ones. As a main 

component in carbon paste, carbon black is poor conductive and with small particle size 

about tens of nanometers. A small amount of carbon black (20%) mixed with graphite was 

in favor of improving the photovoltaic performances of PSCs. Excess carbon black 

increased the electric resistance and decreased Jsc and FF. 

Usually, the carbon pastes consist of graphite, carbon black and binders. Tingli Ma's 

group developed a low-temperature conductive carbon ink that was doctor bladed on 

perovskite surface directly [141]. The carbon paste was prepared by replacing commercial 

conductive carbon ink solvent with chlorobenzene which is the common solvent for HTL 

and would not damage the perovskite. The doctor bladed carbon layer showed high 

capacity as counter electrode to different perovskites with various solvents such as 

Ȗ-butyrolactone (GBL), dimethyl sulfoxide (DMSO), chlorobenzene (CB) and toluene (TO) 

[142]. Sumei Huang's and Licheng Sun's groups directly made CE using commercial 
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carbon paste by doctor-blade and it showed high performance and stability in air as well 

[142,143]. It was found that poor contact between perovskite and CE was caused by the 

large size of the graphite flakes. Guanglan Liao's group modified the common flaky 

graphite (10   ) and carbon black powder (40 nm) with the addition of nano-graphite 

powder (400 nm) to improve the interfacial contact. Through providing more contact sites, 

the introduction of nano-graphite powders improved the interfacial contact by making the 

carbon film more compact. As a result, the stability of the device prolonged over 1300 h 

[116]. Furthermore, they use polydimethylsiloxane (PDMS) to fill in the gaps of carbon 

layer and perovskite. The efficiency reached 10.8% and the stability prolonged to 3000 h 

after encapsulating the device by PDMS [144]. 

By using the carbon paste as the counter electrode, we fabricated methylammonium lead 

trihalide (CH3NH3)PbI3 solar cell with good stability and modest performance. The 

performance of the cells fabricated is summed in table 5.1. 

Table 5.1 (CH3NH3)PbI3 with carbon paste as the counter electrode solar cell 

performance 

 Voc (mV) Jsc (mA/cm2) FF (%) PCE (%) 

1 887 2.17 32.70 0.63 

2 900 2.07 37.57 0.7 

3 880 2.79 39.90 0.98 

4 430 10.5 29.81 1.35 

5 750 5.75 34.78 1.50 

6 792 5.92 38.2 1.79 

7 810 6.69 41.95 2.27 

8 845 8.14 42.74 2.94 

9 900 13.06 51.64 6.07 

In these devices, the best performance reaches to a Voc of 900Mv, Jsc of 13.06 mA/cm2, 

FF of 51.64%, and PEC of 6.07%, as seeing in figure 5.3. 
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Figure 5.3 I-V curve of the one of the perovskite solar cell that reached to 6.07% efficiency. 

5.3.2 Gold and Silver counter electrode based PSCs 

Novel metals, such as gold and silver, are the most efficient and widely used CE materials 

in PSCs reported, although they are expensive and thus increased the overall 

manufacturing cost of the PSCs. These metal electrodes are usually deposited by vacuum 

evaporation. The preparation of this kinds of CEs needs to be simplified to cater for large 

scale industrial fabrication of PSCs. Metal counter electrode, especially Ag, suffered less 

stability when contact with the perovskite layer directly. Moreover, it was reported that a 

crucial instability factor is related to the migration of Au from the counter electrode to 

interact with the perovskite when operate at elevated temperatures, causing dramatic loss 

of solar cell performance [145]. Nevertheless, by using Au and Ag, we fabricated a typical 

n-i-p and p-i-n type PSCs. 

In the n-i-p type PSCs, the most popular hole transport materials (HTM) are small 

molecular, spiro-OMeTAD, P3HT and PTAA [132–134], etc. To be an ideal HTM in n-i-p 

type PSCs, the HOMO energy level of the material should be approach and lower than the 

maximum valence band of perovskite to effectively transport the hole from perovskite to 

HTL. Moreover, it should be highly conductive with high mobility, which has low series 

resistance and high fill factor. In addition, it should protect perovskite from atmospheric 

moisture and prevent the thermally induced loss of the organic molecules. With a low 

electrical conductivity of 10-8 S cm-1, spiro-OMeTAD makes an ideal HTL material [146]. 

Carbon quantum dot synthesized by polymerization carbonization hydrothermal approach 

is an alternative competitor for spiro-OMeTAD [147]. The HOMO (-5.12 eV) and LUMO 

(-2.07 eV) of carbon quantum dot are appropriate to ensure both efficient hole transfer 

and electron blocking capability from perovskite to HTL. 
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By spin coating TiO2 compact layer as the ETL layer, spiro-OMeTAD as the HTL layer, 

and evaporating Au as the counter electrode, we fabricated a typical n-i-p type PSCs with 

a structure of ITO/TiO2/CH3NH3PbI3/Spiro-OMeTAD/Au. The result is shown in figure 5.4. 

The performance of the device is satisfactory, with Voc of 970mV, Jsc of 21.4 mA/cm2, FF 

of 66.9%, and PEC of 13.9%. This device degraded very fast, for the possible reason of 

the migration of Au through HTL to perovskite [118,119]. 

 

Figure 5.4 J-V characteristic of the n-i-p typed planar perovskite solar cell with Au as counter electrode. 

In the typical p-i-n type PSCs, which are inherited from organic photovoltaics (OPV), holes 

are collected by the TCO anode and electrons are collected by the metal cathode. In this 

case, HTL is commonly deposited through solution process to make the cell low 

temperature and flexible. Highly conductive PEDOT:PSS is a commonly used HTL 

material. The work function of PEDOT:PSS (-5.0 eV) and the VB of MAPbI3 (-5.4 eV) are 

stepped with small distances. The drawbacks of PEDOT:PSS is acidity and 

hygroscopicity.  

By spin coating PEDOT:PSS layer as the HTL layer, evaporating fullerene C60 as the ETL 

layer [136,137], BCP as hole blocking layer, and Ag as the counter electrode, we 

fabricated a typical p-i-n typed planar PSCs with a structure of 

ITO/PEDOT:PSS/CH3NH3PbI3/C60/BCP/Ag. The result is shown in figure 5.5. The 

performance of the device is encouraging, with Voc of 880mV, Jsc of 21.7 mA/cm2, FF of 

73.4%, and PEC of 14.0%. However, the stability of this device is poor. It depredated very 

fast, in a possible process in which diffusing iodine react with Ag layer and produce AgI 

[148].  
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Figure 5.5 J-V characteristic of the p-i-n typed planar perovskite solar cell with Ag as counter electrode. 

5.3.3 Cs2SnI6 based PSCs 

Cs2SnI6 is environmental benign and longtime stable compare to common methyl 

ammonium lead halide perovskite. Yet the development of this material is still in its infant 

state. The reported performance of Cs2SnI6 solar cell is very poor. We are trying to make 

the solar cell device with the structure of FTO/TiO2/ Cs2SnI6/Carbon CE, this work is 

ongoing.  

The XRD pattern of the cubic Cs2SnI6 crystal together with MAUD software fit were shown 

in figure 5.6. The crystallite size (d), root mean square microstrain and lattice parameters 

(a) and the fitting parameters are listed in table 5.2.  

Table 5.2 Results from Rietveld analysis of the Cs2SnI6 crystals 

Rw (%) Rexp (%) Rb (%) sig a (Å) d (nm) Rs-strain 

24.126 12.871 18.018 1.874 11.644±2.259e-4 301.614±18.548 7.466e-4±4.023e-5 
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Figure 5.6 The XRD calculated and experimental spectrum of Cs2SnI6 crystals (dot: experimental data, 

upper red solid line: calculated pattern, lower blue solid line: subtracted pattern). 

5.4 Conclusion 

Carbon materials can be used in counter electrode to transport holes to outer circuit 

effectively. It offered a low cost and straightforward approach to form electrode in PVSCs. 

Furthermore, carbon materials ensured the photovoltaic performance and long-term 

stability. Carbon materials, such as C60 can be used in electron transporting layer to 

accelerate electron transport and block holes. Comparatively, Au and Ag combined with 

HTL materials such as spiro-OMeTAD and PEDOT:PSS and hole blocking materials such 

as C60 and BCP offered a higher performance for PSCs, but suffered low stability. 

Cs2SnI6 cubic nanoparticle has been synthesized by simply react tin and iodine powders 

in ethanol, and then with cesium carbonate.  
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Chapter 6 CIS@ZnS Quantum dots 

6.1 Introduction 

Quantum dots are crystalline particles that exhibit size dependent optical and electronic 

properties. With typical dimensions in the range of several nanometers (2-10 nm), these 

nanocrystals display discrete electric transition and bridge the gap between small 

molecules and large crystals. Their optoelectronic properties change as a function of size 

and shape. Smaller QDs emit shorter wavelengths with colors in blue and green, larger 

QDs emit longer wavelengths with colors in orange or red and the specific colors and 

sizes vary depending on the exact composition of the QD [149]。  

When the size of the semiconductor crystallite is smaller than twice the size of its exciton 

Bohr radius, the excitons will be squeezed and leading to quantum confinement. The 

Exciton Bohr radius can be expressed as: [150,151] 

𝑎 = 𝜀ℏమమ ( ଵ∗ + ଵℎ∗) = 𝜀 ቀఓℎቁ𝑎                                                (6.1) 

where a0 is the Bohr radius (0.053 nm), me is the electron mass, ȝeh is the reduced 

electron-hole mass (ȝeh
-1=me

*-1+mh
*-1), and ε is the dielectric constant (permittivity). 

When the size of a semiconducting particle shrinks and approaches to the size of the 

electron-hole distance known as the Bohr radius, the quantum confinement effects take 

over. For the 3D spherical nanoparticle, as we think of particle in a box or infinite potential 

well, the energy of particle can only have discrete values which can be expressed by:[152] 

ܧ = మమ଼𝑐ோమ                                                                 (6.2) 

where n is energy level, h is Planck’s constant, mc is the effective mass of the point charge 

and R is the radius of box (the size of the particle). We see from this that as the size of the 

nanocrystal increases, the absorption energy (thus band gap energy) decreases. 

Therefore, as nanoparticles (i.e. QDs) size varies, the energy changes since the exciton in 

the particles behaves like a "particle in a box." 

The first excited electronic transition energy (i.e., band gap of a particle in a box) is the 

sum of the fundamental bulk band gap (Eg
0) and the confinement energy (Econf) of both 

electrons and holes, if the Coulomb interaction is also taken into account, the band gap of 

a QDs with radius R can be described as: [150,153] 

ܧ = ܧ + ℏమ𝜋మଶோమ ( ଵ∗ + ଵℎ∗) − ଵ.଼మ𝜀ோ + ைܧ + ைܧ − Ͳ.ʹͶͺܧோ𝑌∗                       (6.3) 

Where Eg
0 is the band gap of the corresponding bulk material, Je-h represents the effective 

Coulomb interaction between the electron and the hole, which is equal to 1.786e2/εR (ε is 
the dielectric constant). The smaller terms Ee

pol and Eh
pol are the self-polarization energies 
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of the electron and hole, respectively, which depend on e2/R and the dielectric constant of 

the NP or QDs and the surrounding medium. The smaller term exciton Rydberg energy 

ERy accounts for spatial correlation between the electron and the hole. 

Equation 6.3 clearly describes the two most important consequences of quantum 

confinement. The first consequence is that the band gap of a semiconductor NP or QDs 

becomes larger when size decrease which means that the optical band gap of QDs can 

be tuned by simply changing their size. The second consequence is that discrete energy 

levels arise at the band-edges of both the conduction band and valence band with 

decreasing size. These size dependent effects are schematically depicted in Figure 6.1. 

 

Figure 6.1 Schematic illustration of the quantum confinement effect: the band gap of the NP or QDs 

increases with decreasing size, and discrete energy levels arise at the band edges. 

Quantum dots (QD) are an very interesting material with tunable emission range from blue 

to near-infrared region due to the quantum confinement effect [154]. Quantum dots 

nanomaterials can be divided into four classes: II−VI, IV, III−V, and I−III−VI QDs [155–158]. 

II−VI quantum dots, especially heavy metal Cd, Hg and Pb based QDs have received 
much interest in optical application. However, heavy metal based QDs are potentially toxic 

to humans and the environment. The Cd free ternary I−III−VI compounds that are less 

toxic have been considered as replacement to conventional Cd-based QDs. I−III−VI 
ternary QDs comprised of two cations (I: Cu+ or Ag+, III: Al3+, Ga3+ and In3+) and one anion 

(VI: S2−, Se2−, and Te2−). In recent years, ternary compositional nanoparticles have gained 

increased attention due to their wide range of potential applications in solar cell [159]. 

lighting emitting diodes and displaying devices [160], biosensors [161], drug delivery, 

biolabeling [162] and biological imaging [163,164]. The syntheses and optical properties 

of ternary I−III−VI compounds, such as CuInS2 (CIS) [165,166], CuInSe2 (CISe) [167], 

CuGaS2 (CGS) [168,169],  AgInS/Se2 (AIS/Se) [170–172] and AgGaS2 (AGS) [173] have 

been extensively investigated. 

Ternary I–III–VI semiconductors CuInS2 QD is a director band gap semiconductor. As a 

typical ternary quantum dot material, CuInS2 (CIS) quantum dot possess unique 
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properties, including large Stokes shift, high absorption coefficient (Ƚ = ͷ ∙ ͳͲହc −ଵ) and 

long fluorescence lifetime [174], ideal direct adjustable band gap of 1.45-1.5 eV that 

covers a large color window [159,175,176], narrow full width at half-maximum, and high 

photostability. CIS and its heavier congener CISe with band gap of 1.05eV are well suited 

for application in photovoltaics. The Bohr exciton radius of CIS is 4.1 nm; thus, quantum 

confinement effects can be observed in CIS nanocrystals up to a size of about 8nm. By 

changing the sizes of CIS nanoparticles, their absorption and emission can be tuned 

almost in the whole visible part of the solar spectrum, up to the near infrared [177]. 

CIS QDs are synthesized by solvothermal synthesis [178], thermolysis [169,179], 

photochemical decomposition [180] and hot injection method [166,181], etc. The major 

relaxation process in CIS QDs is the donor and acceptor pair recombination within the 

band gap. The band gap of the CIS QDs relies on the amount ratio of Copper and Indium. 

The more deficient of copper creates a wider band gap in CIS QDs. The PL in the 

CIS@ZnS QDs could be attributed to the host defect state emission [182]. 

ZnS shell passivates the surface of CIS QDs and improves the fluorescence quantum 

yield (QY) significantly. It was reported that 68%-78% of quantum yield were reached by 

ZnS shell covered CIS QDs [183] and 65% with a cation exchange reaction method [184]. 

It is also reported that CIS quantum dot with CdS passivation layer has higher PL 

efficiency of 86% than ZnS (29%) due to the smaller lattice mismatch of 2% between CIS 

and ZnS (2%) compare to 5.2% between CIS and CdS [185,186]. 

Noninvasive imaging is widely used in hospital for disease diagnosis and treatment. 

Among the variety of imaging technologies, magnetic resonance imaging (MRI) becomes 

a powerful diagnostic method due to its less harmful radiation advantage and high 

spatiotemporal resolution with deep tissue penetration and exquisite image contrast. The 

contrast of MR image depends on the T1 (spin-lattice) and T2 (spin-spin) relaxation in 

external magnetic field triggered by a radio frequency. T1-weighted image is created by 

changing the repetition time (TR) before measuring the MR signal when the longitudinal 

magnetic moment is recovering and T2-weighted image is created by changing the echo 

time (TE) when transverse magnetization is decaying before measuring the MR signal. T1 

weighted image contrast agents can enhance brightness contrast and thus have been 

widely used clinically in the diagnosis of brain tumors and vascular diseases [187]. As a 

typical paramagnetic metal ion with seven unpaired electrons in its 4f orbital, gadolinium is 

widely used as a T1 weighted MRI contrast agent. Gadolinium ion is toxic but its ionic 

complexes (Gd3+) are relative safe and they can produce bright signal enhancement on 

T1 weighted images [188]. There are also strategies to incorporate gadolinium complex 

and nanoparticles such as gold and silica [189,190], but complicated structure limited their 

deep tissue and intracellular signal collection. Therefore, the multimodality imaging 

techniques with a single nanoprobe have gained high attention due to the complementary 

imaging capabilities. Both ferromagnetic and paramagnetic materials as contrast agents 

have been investigated. For instance, iron oxide nanoparticle Fe3O4 and its effect on 

positron emission tomography (PET), near-infrared fluorescence (NIRF) and magnetic 

resonance imaging (MRI) tri-modality imaging [191], gadolinium doped GdZCIS@ZnS 

quantum dot and its effect on MRI and fluorescence dual modal imaging [192], transit 
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element manganese doped CMIS and CMIS@ZnS nanoparticle that display 

paramagnetic properties [193–195]. However, the Mn doping in the core of CIS@ZnS 

QDs results in the significant decrease of the photoluminescence intensity in these 

nanoparticles [194]. The doping of Mn in the ZnS shell with only 2.25mol% (Mn/Zn+Cu+In) 

leads to the photoluminescence red shifted from 557nm to 610nm due to the 4T1–6A1 

transition of the Mn2+ impurity, which is excited by the energy transfer from the host 

CIS-ZnS [196]. The introduction of Gd in the ZCIS core creates more defects and leads to 

decrease of QYs [192]. 

In the present thesis, the lanthanide element Gd3+ doped CuInS2@ZnS QDs were 

synthesized using zinc, indium, manganese and gadolinium acetate, copper iodide and 

1-dodecanethiol (DDT) as S precursors. A poly (ethylene glycol) (PEG) based hydrophilic 

ligand was used for enable the resultant nanoparticles water soluble through ligand 

exchange. This Gd3+ doped multi-shell QDs distinguished in: (1) The doped amount of 

Gd3+ can be tuned high enough without any change of CIS@ZnS QDs luminescence 

property; (2) By incorporate high concentration of Gd3+ ion in a single NP composition with 

Gd3+ close to the nanoparticle surface, the strategy simplified the probe structure with a 

high r1 relaxivity; (3) Gd3+ doped CuInS2@ZnS QDs are capable of simultaneous visible 

fluorescence and MRI imaging in vivo. With an excellent fluorescent property and high 

relaxation rate, the Gd3+ doped QDs are verified to be a qualified dual-modal contrast 

agent. 

It is well known that certain metal elements (e.g., Fe, Cu, Zn, and Mn) are nutritionally 

essential for a healthy life, while other heavy metals (e.g., Hg, Pb, Cd, and Cr) are toxic in 

organism. These metals show a trend to form complexes, with biological ligands that 

containing oxygen, sulfur, and nitrogen. As a result, changes in the molecular structure of 

proteins, breaking of hydrogen bonds, inhibition of enzymes, or even cell apoptosis can 

occur by uptake excessive amount of trace elements needed [197,198]. Copper is a 

transition element essential to organism, it is required as a catalytic cofactor for biological 

processes such as respiration, connective tissue formation, iron transport and metabolism, 

oxidative stress protection, peptide hormone production, pigmentation, blood clotting and 

normal cell growth and development [199,200]. However, copper also participates in 

redox reactions to generate the hydroxyl radical that causes damage to lipids, proteins 

and DNA [201]. Unregulated presence of excess copper can disturb the cellular 

homeostasis which will cause different neurodegenerative diseases, such as Wilson’s, 

Parkinson’s, and Alzheimer’s disease and obstruct many other biological activities 

[202,203] In recent years, as the growing of industry, some amount of copper leak into the 

environment through various routes and become an abundant pollutant of drinking water. 

Its potential toxic effect on human beings makes it a challenging problem throughout the 

world due to the widespread use of copper in industry. The U.S. Environmental Protection 

Agency (EPA) has set the maximum level of copper in drinking water at 1.3 ppm (∼20 ȝM) 

[204]. It is therefore essential and challenging to develop highly sensitive and selective 

probes for copper ion detection.  

Quite a few fluorescent-based sensors have been developed in the past decade for the 

selective detection of Cu2+ ions with their distinct advantages of high sensitivity, specificity, 
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and ease of operation [205–207]. However, most of them are fluorescent organic moieties 

that covalently bind to the Cu2+ ions, and thus suffered from drawbacks in practical 

applications, such as complicated organic synthesis, low solubility in water due to the 

presence of hydrophobic moieties, harmful systems, and cross-sensitivity toward other 

metal ions. They are thus not appropriate for the detection of Cu2+ ions in biological 

systems. There is an increasing interest recently of using nanoparticles with ligand 

functionalized silver, gold nanoparticles, quantum dots and polymer dots for sensing of 

varieties of metal ions (e.g., Cu2+, Zn2+, Hg2+, Cd2+) due to their high selectivity, sensitivity, 

and rapid response time [208–219]. Among these nanoparticle sensors, quantum dots 

present considerable advantages. They have unique optical and electronic properties due 

to the quantum confinement and are currently under intensive studies for potential use in 

biosensing and biolabeling [220–222]. However, most of these quantum dots are based 

on the cadmium sulfide/selenide/telluride in which cadmium is even more toxic than 

copper in organism and tellurium is a rare and expensive element. Comparatively, ternary 

quantum dot CuInS2 (CIS) is composed of earth abundant elements and possesses 

unique properties, including large Stokes shift and narrow full width at half-maximum, high 

photostability and long fluorescence lifetime [174], 

In this work, we use low cost and easy operation material Gd3+ doped CuInS2@ZnS 

quantum dot as selective copper (II) ion probe. Doped with gadolinium, a typical T1 

weighted MRI contrast agent, this material can not only enhance MRI contrast signal 

significantly, but also can detect Cu2+ ion with high sensitivity and selectivity. The limit of 

detection calculated could reach as low as 0.1 ppb (1.5 nM). 

6.2 Experimental 

6.2.1 Chemicals 

 1-dodecanethiol (DDT), CH3(CH2)11SH, MW = 202.40 g/mol, d = 0.845 g/mL, 

Sigma-Aldrich, 98%  

 1-octadecene (ODE), CH3(CH2)15CH=CH2, MW = 252.48 g/mol, d = 0.789 g/mL, 

Aldrich, 90%  

 Oleic acid (OA), CH3(CH2)7CH=CH(CH2)7COOH, MW = 282.46 g/mol, Aldrich, 90% 

 Copper (I) iodide, CuI, MW = 190.45 g/mol, Riedel de Haen, 99%  

 Indium (III) acetate, In(C2H3O2)3, MW = 291.95 g/mol, Aldrich, 99.99% 

 Zinc acetate dihydrate, Zn(CH3COO)2 · 2H2O, MW = 219.51 g/mol, Aldrich, ≥99% 

 Gadolinium Acetate hydrate, Gd(C2H3O2)3 · 4.54H2O, MW = 416.04 g/mol Aldrich, 

99.9% 

 Copper (II) chloride dihydrate, CuCl2· 2H2O, MW = 170.48 g/mol, J. T. Baker, 99.0%  
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 Aluminum nitrate nonahydrate, Al(NO3)3 · 9H2O, MW = 375.14 g/mol, J. T. 

Sigma-Aldrich, 98.0% 

 Iron (II) chloride tetrahydrate, FeCl2· 4H2O, MW = 198.81 g/mol, Sigma-Aldrich, 99.0% 

 Tin (II) chloride, SnCl2, MW = 189.62 g/mol, Sigma-Aldrich, 98% 

 Manganese (II) chloride tetrahydrate, MnCl2· 4H2O, MW = 197.91 g/mol, 

Sigma-Aldrich, ≥99.0% 

 Sodium chloride, NaCl, MW = 58.44 g/mol, Sigma-Aldrich, 99.5% 

 Calcium nitrate tetrahydrate, Ca(NO3)2· 4H2O, MW = 236.15 g/mol, J. T. Baker, 99.0% 

6.2.2 Synthesis of CuInS2@ZnS:Gd3+ QDs  

In a solvothermal synthesis of CIS core nanoparticles, indium acetate (0.0876g, 0.3 mmol) 

and copper(I) iodide (0.0571g, 0.3 mmol) are mixed with 1-dodecanethiol (DDT, 3 mL) and 

1-octadecene (ODE, 6mL) in a three neck round flask. The reaction mixture is keep 

purged with argon. The flask is heated in silicon oil bath to 120°C for 30 min until a clear 

solution is formed. The temperature is then gradually raised to 230°C. When the 

temperature increases, the color of the reaction solution progressively changes from 

colorless to yellow, red, and finally black, indicating nucleation and subsequent growth of 

CIS nanoparticles. In this synthesis, DDT acts simultaneously as the stabilizing ligand and 

the solvent together with ODE. It further acts as sulfur precursor by forming thiolates with 

metal and decomposes to form metal sulfides during heating. 

Shell coating of CIS QDs with ZnS was carried out in situ without purification of the core. 

Specifically, 1,2 mmol zinc acetate dihydrate was dissolved in the mixture solution of 

1.5mL oleic acid, 1.5mL ODE and 0.3mL DDT under stirring and heating at 110°C in argon 

atmosphere. It was kept stirring and heating during the core synthesis. When the core 

synthesis completed, it was added into the CIS core synthesis solution in a drop wise 

manner at 230°C.  

When the above ZnS precursor solution finished, start to add the Gd3+ doped ZnS 

precursor solution in the same way. The Gd3+ doped ZnS shell precursor solution was 

prepared by dissolving 0.3 mmol zinc acetate dihydrate and 0.9 mmol gadolinium acetate 

hydrate in the mixture solution of 1.5mL oleic acid, 1.5mL ODE and 0.3mL DDT under 

stirring and heating at 110°C in argon atmosphere. It was also kept stirring and heating 

during the core synthesis. This solution was added drop wise into the three neck round 

flask at 230°C after the pure ZnS shell capping.  

After that, the reaction was quenched by immersing the flask in an ice or water bath. The 

nanoparticles can be collected by precipitating with addition of ethanol, centrifuging, and 

decanting the supernatant. After washing with ethanol and acetone three times for the 

purification steps, the obtained CuInS2@ZnS:Gd3+ QDs were dried at room temperature. 

These QDs are easily dispersed in chloroform or toluene. The dried sample was 

conserved at room temperature. 
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Table 6.1 Reagents quantities in the reaction 

 Reagents Quantity Moles 

Core 

DDT 3 mL  

ODE 6 mL  

CuI 0.0571g,  0.3 mmol 

In(ac)3 0.0876g,  0.3 mmol 

Inner Shell 

DDT 0.3 mL  

ODE 1.5 mL  

OA 1.5 mL  

Zn(ac)2 · 2H2O 0.2634g 1.2 mmol 

Outer Shell 

DDT 0.3 mL  

ODE 1.5 mL  

OA 1.5 mL  

Zn(ac)2 · 2H2O 0.0659g 0.3 mmol 

Gd(ac)3 ·4.54H2O 0.3744g 0.9 mmol 

 

6.2.3 Phase transfer of QDs to the aqueous phase 

The surface of the as synthesized CuInS2@ZnS:Gd3+ nanoparticles is hydrophobic and 

can be dispersed in chloroform and toluene. The phase transfer was achieved by 

polyethylene glycol (PEG) cover strategy. Typically, 150 mg PEG with a molecular 

structure of CH3-(OCH2CH2)n-O-O-SH was dissolved in 10 ml toluene by stirring, 10 mg 

QDs were dissolved in 10 ml toluene. After PEG dissolved, the solution was added into 

QD solution drop wise and stirring in argon atmosphere at 70°C for 1-2 hours. The PEG 

coated QDs can be precipitated and washed with diethyl ether. After washing with diethyl 

ether three times, the final products can be easily dissolved in water.  

Except for PEG, bovine serum albumin (BSA) was also used to transfer the phase into 

aqueous state. Specifically, 20 mg BSA and 2.5 mg QDs were dissolved in 10mL 

deionized water and 0.5 mL chloroform, respectively. Then QD solution was slowly 

injected into BSA solution and performed ultrasonification for 10 minutes. When an 

emulsion solution formed, the chloroform was evaporated by stirring at room temperature 

for around 2-3 hours. 

Bovine serum albumin (BSA) is a serum albumin protein derived from cows. It contains 

583 amino acid residues with a molecular weight of 66.5 kD and the size of 14 × 4 × 4 nm. 
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BSA is made up of three homologous domains (I, II, and III) with nine loops (L1–L9) (Fig. 

6.2) [223]. It is often used as a protein concentration standard, a nutrient in cell and 

microbial culture, a stabilizer of some enzyme and a blocker in immunohistochemistry in 

lab experiments. 

 

Figure 6.2 BSA protein structure [224]. 

6.2.4 Cell Viability Test 

Cell Counting Kit-8 (CCK-8) (Dojindo, Japan) was applied to evaluate the cytotoxicity of 

the obtained QDs with tumor HeLa cell lines. Cells growing in log phase were seeded into 

a 96-well cell-culture plate with 3000 cells per well. After cultured at 37°C in a 5% CO2 

atmosphere for 12 h, the culture medium was removed and replaced with the complete 

medium with a series of QDs concentrations (up to 0.4mg/mL per well) and cultured for 

another 12 h and 24 h. A blank group without QDs was set as the control. After exposure, 

100 ȝL of media containing CCK-8 (10%) was added and incubated at 37 °C, the 

absorbance at 450 nm was measured using a multifunctional microplate reader (Infinite 

200, TECAN). The cytotoxicity was expressed as the percentage of cell viability of the 

treated group relative to the control group.  

6.2.5 In vitro Relaxivity measurements and Optic/NMR 

images 

The T1 and T2 relaxation of QDs were measured and MR images were acquired using a 

Bruker Tomograph (Bruker,Germany) equipped with 4.7T, 33-cm bore horizontal magnet 

(Oxford,Uk). The relaxivity values (r1 and r2) were obtained from the slope of the linear 

fitting plot between reciprocal of the relaxation time and the Gd3+ ion concentration. The in 

vitro T1 weighted image of QDs at various Gd3+ concentrations were obtained on a 7.0 T 

small animal MRI instrument. Parameters set as: TR = 120 ms, TE = 1.8 ms, field of view 

= 35 mm×35 mm, matrix size = 256×256, number of slices = 15, slice thickness = 1 mm, 

and NEX = 5. The laser confocal scanning microscopy was used to in vitro acquire 
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fluorescence images. Briefly, Hela cells pre-seeded on glass-bottom dishes were 

incubated with DMEM (10% FBS) containing 400 ȝg/mL QDs. At 12 h post treatment, cells 

were rinsed twice with PBS; photographs of cells were obtained immediately by the 

confocal microscopy. The excitation wavelengths were 405 nm for QDs. 

6.2.6 In vivo MR imaging 

The animal experiments were conducted on BALB/c nude mice (4-6 weeks, 20 g of body 

weight). In vivo MR imaging was performed on a 7.0 T small animal MRI instrument. The 

mice were anesthetized with isoflurane (1.5%) at 1 L/min airflow throughout the 

experiment. Prior to imaging, QDs (dosage of 0.05 mmol Gd3+ per kg of body weight) were 

administrated by intravenous injection. MRI images were acquired using T1_RARE 

sequence with parameters set as follows: TR = 120 ms, TE = 1.8 ms, field of view (FOV) = 

35 mm×35 mm, matrix size = 256×256, number of slices = 15, slice thickness = 1 mm, 

and number of excitation (NEX) = 5.  

6.2.7 Characterization  

Transmission electron microscopy (TEM) images were taken on Morgagni 268D 

(FEI-Philips) equipped with MegaView2 CCD camera. The QDs were drop-cast from a 

diluted dispersion in toluene solution onto a thin holely carbon film supported by a copper 

grid. X-ray powder diffraction (XRD) patterns were obtained using an ARL X’TRA X-ray 

diffractometer produced by Thermo Fisher. UV–vis spectra were recorded on an Evolution 

201 UV–visible spectrophotometer. PL spectra were recorded using a FP-8200 

cspectrofluorometer (Japan). 

6.3 Results and discussion 

 

Figure 6.3 Schematic illustration of the synthesis of CuInS2@ZnS:Gd3+ QDs. 

As shown in Figure 6.3, the hydrophobic CuInS2@ZnS core shell QDs were synthesized 

by decomposition of copper iodide and indium acetate as starting materials in 

1-dodecanethiol solvent at 230°C. The high temperature could promote the rapid 
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decomposition of the starting metal materials and CuInS2 seeds generation and 

nanocrystal formation in which DDT served as the solvent and sulfur source. With a wide 

direct band gap to confine electrons and holes in core, the ZnS shell around the 

single-core CIS nanoparticle was deposited to passivate the core surface and enhance 

the fluorescence intensity. The Gd doped ZnS shell was formed at the outmost position to 

serve as MR imaging agent. Since the resulting core/shell QDs are hydrophobic, the 

phase transfer is essential for biological applications. Serum albumin is most abundant 

natural biomacromolecule in plasma. Bovine serum albumin (BSA) has one free sulfhydryl 

and eight pairs of disulfide bonds which can replace hydrophobic surfactants and bind to 

nanoparticle surface and thus can be used for phase transferring as the emulsifier 

between the organic and aqueous phase [225,226]. As an amphiphilic polymer, 

polyethylene glycol (PEG) is low toxic, flexible and water soluble and thus both BSA and 

PEG were adopted to wrap quantum dots in this study. 

6.3.1 Crystal structure and composition 

The crystal structure and composition were studied by x-ray diffraction (XRD), EDS and 

ICP-MS. Figure 6.4 (a) shows a typical TEM image of Gd doped CuInS2@ZnS QDs. The 

average size of these QDs is 3.14±0.44nm, as determined from the TEM images by 

Image 3J and OriginPro 9 software (Fig. 6.4 b). The size distribution in solution was also 

measured by dynamic light scattering (DLS) method. The result show that the average 

size of CuInS2@ZnS@BSA QDs in aqueous solution is 52.21±19.32nm (Fig. 6.5 a). The 

DLS size of QDs capped with BSA appears twice bigger than that capped with PEG in 

water due to the complex protein structure (Fig. 6.5 b). 

 

Figure 6.4 (a) TEM image of as synthesized Gd doped CuInS2/ZnS QDs. (b) Particle size distribution and 

log-normal fit of the distribution (solid line). 
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Figure 6.5 Dynamic light scattering (DLS) measurement of CIS@ZnS:Gd3+ quantum dots. (a) Qds@BSA 

with an average size distribution of 52.21±19.32 nm. (b) Qds@PEG with an average size distribution of 

26.02±8.965nm. 

Figure 6.6 shows the representative X-ray diffraction (XRD) patterns of the 

CuInS2@ZnS:Gd3+ QDs. The peaks are broad, implying the tiny size of the resultant QDs. 

Three major peaks at 28.3°, 46.4°, and 55.7° were found in XRD patterns. All the 

diffraction peaks are compatible with those of CuInS2 (JCPDS Card No. 47-1372) and 

ZnS (JCPDS Card No. 05-0566). Except for these typical XRD peaks, a peak at around 21° 

is present attributed the organic caps [227]. According to the above XRD diffraction result, 

the Gd3+ ions incorporated into CuInS2@ZnS QDs do not induce any appreciable change 

in crystal structure. 
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Figure 6.6 XRD pattern of CuInS2@ZnS:Gd3+QD powders, inserted below is the JCPDS card of ZnS 

(05 0566) and CIS (47 1372). 
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Figure 6.7 EDS spectrum of Gd3+ doped CIS@ZnS quantum dots. 

6.3.2 Fluorescence Properties 

The UV–visible absorption and PL spectra of CuInS2@ZnS:Gd3+ QDs are shown in Fig. 

6.8. The absorption spectra of the QDs exhibit a broad shoulder with a long tail at the low 

energy side with a typical absorption spectrum of QDs [228]. The QDs have a broad 

absorption below 600 nm, indicating a wild range of excitation wavelength. Considering 

the similar crystal structure, cation exchange of Cu+ or In3+ ions in CIS core (Eg bulk = 

1.53 eV) by the Zn2+ ion could form an alloyed interface, resulting in band gap widening 

and absorption spectrum shifting [174,183,186].  

The emission peak centers at 590 nm. The full width at half-maximum (FWHM) of PL 

emissions of CuInS2@ZnS QDs is approximately 86 nm. As typical nanoparticle, the 

quantum dots have significantly high surface-to-volume ratio, resulting in lots of defects on 

the QD surface. In CIS quantum dot, a commonly accepted transition mechanism is 

so-called donor−acceptor pair (DAP) recombination [97]. The dominant DAP 

recombination route is VS−VCu in CIS QDs where InCu (In substituted at the Cu site) or VS 

(S vacancy) possibly act as donor states and VCu (Cu vacancy) as acceptor state [160]. 

The PL decay of the nanoparticle was also studied and the decay curve was shown in 

figure 6.9. The decay fit with biexponential decay profile I(t)=A1exp(-t/τ1)+A2exp(-t/τ2), and 

the average life time was determined by the expression τ=(A1τ1
2+A2τ2

2)/(A1τ1+A2τ2). The 

calculated average life time is around 54.4 ns, significantly longer than most organic 

fluorophores [229,230]. 

When the ZnS shell was deposited on the CIS QD surface, the PL intensity was 

significantly enhanced and blue-shifted, which indicates an effective surface passivation. 

The significant enhancement of PL emission by ZnS shell implies that the nonradiative 

recombination pathways can be effectively suppressed with surface trap passivation. 

Additionally, covering of ZnS shell may also lead to delocalization of the CIS core electron 

wave function into the shell area and reduce the electron/hole wave function overlap. This 
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process will lower the electron–hole recombination probability and prolong slightly both 

the nonradiative and radiative processes, slightly [231]. When Gd3+ is doped into ZnS 

shell, the QDs structure and the PL emission remains the same, supporting the strategy to 

develop Gd3+ doped QDs as a dual modality imaging nanoparticle probe for MRI contrast. 
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Figure 6.8 Absorption and photoluminescence spectrum of CuInS2@ZnS:Gd3+ QDs (λ௫ = ͵ͷ n ). 
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Figure 6.9 PL decay curve of CuInS2@ZnS:Gd3+ QDs (λ௫ = ͵ͷ n ). 

The PL of the Gd3+ doped QDs capped with PEG and BSA quenches in aqueous solution 

over time. This was investigated by measuring the PL emission at different time and 
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temperature. As shown in figure 6.10, PEG and BSA showed different abilities in 

protecting the QDs from quenching. At room temperature, the QDs capped with BSA 

remain 73% of PL intensity after 5 days and the QDs capped with PEG remain 13% of PL 

intensity. For the QDs without Gd3+ doping, it only remains 10% in 48 hours. In the 37°C 

environment, the PL lose intensity even faster.  
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Figure 6.10 Time resolved PL decay curve of CuInS2@ZnS:Gd3+ QDs (λ௫ = ͵ͷ n ). 

6.3.3 Fluorescence and MRI Imaging In vitro and In vivo 

Gd3+ doped CuInS2@ZnS@PEG QDs suspended in water were tested for the relaxivity 

value. Relaxivity (r1 and r2) is a measurement of the effectiveness of a paramagnetic 

material that derives from the slope of linear fit of the plot of inverse relaxation time (1/T1 

and 1/T2) versus Gd3+ concentration. Figure 6.11 (a) shows the relaxation profile of QDs. 

The QDs prepared at the initial Gd/Cu ratio of 3/1 showed r1 and r2 values of 33.81 mM–

1·s–1 and 45.61 mM–1·s–1, respectively. The ratio of r2/r1 is 1.35, a value that much lower 

than other studies [192,232]. r2/r1 ratio is an important parameter to estimate the 

efficiency of T1 contrast agents and contrast agents with lower r2/r1 ratios show a 

stronger T1 positive effect [233,234]. The remarkably low r2/r1 ratio of 1.35 suggests that 

the CuInS2@ZnS:Gd3+ QD is an efficient T1 contrast agents. In order to confirm that Gd3+ 

content was sufficient to produce contrast in an MR image at the concentration used for 

optical imaging, CuInS2@ZnS:Gd3+ QDs prepared with Gd/Cu feeding ratios at 3/1 with 

fluorescence emission at 590 nm were tested by MRI imaging (Fig. 6.11 b). Due to the 

much higher r1 value, QDs produced better T1 contrast. The above results suggest that 

CuInS2@ZnS:Gd3+ QDs are qualified as bimodal imaging probes for excellent 

fluorescence and MR enhancement application. 
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Figure 6.11 The comparison of linear relationship of the longitudinal and transverse relaxation rate versus 

the Gd3+ concentration of CuInS2@ZnS:Gd3+ QDs. (b) T1 weighted MR images at various Gd3+ 

concentrations. 

The cytotoxicity of the obtained BSA capped QDs was tested on Hela cell lines, and small 

cell viability loss was found after incubation with QDs at various concentration for 12-24 h. 

In the cytotoxicity assay, the cell viability is more than 80% when the QD concentration 

ranged from 25 to 400 ȝg/mL, which is nontoxic to HeLa cell (Fig. 6.12).  
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Figure 6.12 Cytotoxicity of CuInS2@ZnS:Gd3+@BSA QDs on Hela cells at different QD concentration for 

12h and 24h. 

For the quantum dots capped with PEG, the cell viability is more than 90% on Hela and 

MDA-MB-231 cells at different QD concentration for 24h and 48h as shown in Fig. 6.13. 
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Figure 6.13 Cytotoxicity of CIS@ZnS:Gd3+@PEG QDs on Hela and MDA-MB-231 cells at different QD 

concentration for 24h and 48h. 

In vitro cellular dual-modal imaging was performed to confirm the utility of the Gd3+ doped 

QDs for biological applications. HeLa cells were incubated with CuInS2@ZnS:Gd3+@BSA 

QDs at a concentration of 400 ȝg/mL for 12 hours. As shown in Fig. 6.14 a-c, the 

fluorescence images could clearly outline the whole cell with the nucleus region shown in 

dark. The MRI image shows that after incubated with QDs, the precipitated cells are 

clearly distinguishing from upper phosphate buffer saline (PBS) solution indicating that the 

MR signals is apparently enhanced (Fig. 6.14 d). 
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Figure 6.14 The confocal fluorescence and MRI images of Hela cells that incubated with 

CuInS2@ZnS:Gd3+@BSA QDs for 12h at a concentration of 400 ȝg/mL. (a) Bright field image. (b) 

Fluorescent image. (c) Merged image. (d) MRI image with control cell group (left tube) and cells 

incubated in Gd3+ doped QDs (right tube). 

The in vivo MR image was conducted with CuInS2@ZnS:Gd3+ QDs on a 7.0 T MRI 

scanner. As shown in Fig. 6.15, we acquired the T1-weighted MR images at various time 

points after intravenous injection of the bimodal QDs, with a dose of 200 ȝL which is 

around 0.05 mmol Gd/kg of mouse body weight. Due to the high reticuloendothelial 

system (RES) accumulation of the nanoparticles, T1-weighted MR images at liver area 

exhibited a significantly enhanced signal even after 10 minutes comparing to that before 

QD injection. This T1-weighted MR signal continually increases and remains strong after 

2 hours and even to 5 hours when we stopped the signal recording. Based on the above 

animal experiments, it can be concluded that the as fabricated QDs are a potential dual 

modal contrast agent which can simultaneously generate strong MR contrast 

enhancement as well as fluorescence imaging, and eventually provide more 

comprehensive imaging information and contribute to higher diagnostic accuracy, 

particularly in the detection and diagnosis of liver lesions.  
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Figure 6.15 In vivo T1-weighted MR images of nude mouse before and various time points post injection 

of QDs. The right and left lobe of liver were marked with * and #. (a) control; (b) 10 min; (c) 20 min; (d) 1h; 

(e) 2h; (f) 3h; (g) 4h; (h) 5h.  

In order to check the leaking of the Cu2+, In3+ and Gd3+ ions, main organs (heart, liver, 

spleen, lung and kidney) were collected after 21 days from injection and treated with 

haematoxylin and eosin stain (H&E stain). The mice without QDs treatment were used as 

control. As shown in figure 6.16, except for a few hemorrhages in kidney, other distinct 

changes and lesions such as edema, inflammation and necrosis are not seen in main 

organs. Compare to Cd containing QDs, Gd3+ doped CIS@ZnS QDs present much lower 

toxicity in vivo. All these result exhibits a good biocompatibility of the as obtained QDs as 

dual-modal contrast agent. 

 

Figure 6.16 H&E stained pictures of main organs collected from control and QDs injected mice after 21 

days post injection.  
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6.3.4 Investigation on detection of metal ions using QDs 

Various concentrations of Cu2+ ions were prepared in deionized water. An aliquot of the 

given metal ion solutions (1uL) was added into 1 mL CIS@ZnS:Gd3+ QDs solutions. After 

equilibration for 1 minute, the fluorescence spectrum of Gd3+-CIS@ZnS QDs solutions 

was measured at excitation wavelength of 365 nm. The fluorescence properties of the 

CIS@ZnS:Gd3+ QDs were studied in response to various metal ions, i.e., Cu2+, Al3+, Sn2+, 

Zn2+, Fe2+, Mn2+, Ca2+, Na+, and Gd3+. 

The fluorescence of the CIS@ZnS:Gd3+ QDs can respond to the addition of Cu2+ as fast 

as 30 seconds. However, in the following measurements, the fluorescence spectra of the 

CIS@ZnS:Gd3+ QDs were recorded after adding the metal ions for 1 min. The 

fluorescence quenching of QDs was investigated in response to Cu2+ with various 

concentrations. Fig. 6.17 (a) and (b) indicate that the fluorescence intensity of QDs 

decreased with increasing the concentration of Cu2+ ions in the solution. Fig. 6.18 (a) plots 

the fluorescence-intensity ratios (I0−ICu)/I0 at 600 nm versus the concentration of Cu2+ ions 

in logarithm scale. I0 and ICu were the maximum fluorescence intensities of the QDs at 

600nm in the absence and presence of Cu2+ ions, respectively. The fluorescence property 

of QDs is sensitive to the surface state. Cu2+ can interact with QDs and change the 

surface property, leading to the formation of CuS layers on the surface. CuS is not soluble 

in water and thus induced the aggregation and precipitation of the QDs which lead to 

quenching of the fluorescence. The lowest concentration of Cu2+ detected in the present 

work can be as low as 0.5 ppb (7.5 nM), which is 1.3 × 104 times lower than the maximum 

level of Cu2+ (i.e., 1.3 ppm or ∼20 uM) in drinking water permitted by the U.S. 

Environmental Protection Agency (EPA). 
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Figure 6.17 Fluorescence response of CIS@ZnS:Gd3+ QDs upon the addition of different concentrations 

of Cu2+ ions (0.5, 1, 5, 10, 50, 100, 500, 1000, 1500, 2000, 2500, 5000 and 10,000 ppb). The excitation 

wavelength was 365 nm.  

The effects of other metal ions on the selectivity of the CIS@ZnS:Gd3+ QDs were further 

studied by adding various metal ions into the QD solution. Fig. 6.18 b shows the 

fluorescence intensities of QDs when add other metal ions. The concentration of each 

metal ion was set at 5 ppm (blue bars). The chosen metal ions were Al3+, Sn2+, Zn2+, Fe2+, 
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Mn2+, Ca2+, Na+, and Gd3+. It can be clearly seen from Fig. 6.18 b that the QDs are not 

selectively sensitive to these metal ions. Interestingly, the successive addition of the same 

concentration of Cu2+ leads to the significant quenching of the QDs (red bars). As a result, 

CIS@ZnS:Gd3+ QDs exhibited a good selectivity for Cu2+ ions even in the presence of 

other metal ions. 
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Figure 6.18 (a) Plot of fluorescence-intensity ratios (I0− ICu)/I0 of QDs at 600 nm versus different 

concentration of Cu2+ ions added in logarithm scale. I0 and ICu were the maximum fluorescence 

intensities of the QDs at 600nm in the absence and presence of Cu2+ ions, respectively. (b) 

Fluorescence-intensities of QDs at 600 nm after sequential addition of various metal ions (blue bars). 

The tested of metal ions were Al3+, Sn2+, Zn2+, Fe2+, Mn2+, Ca2+, Na+, and Gd3+. The concentration of 

each metal ion in the solution was 5 ppm. When the same concentration of Cu2+ ion was added, the 

fluorescence was quenched significantly (red bars). 

6.4 Conclusion 

In this work, an efficient bimodal MR/fluorescence imaging nanoprobe is presented. We 

demonstrate a facile strategy to fabricate novel Gd3+ doped CIS@ZnS quantum dots that 

allows incorporation of high levels of Gd3+ into the quantum dots to afford superior MR 

enhancement with sufficient red fluorescent emission. This dual-modality nanoprobe 

shows low toxicity on HeLa cells and good colloidal stability. The bimodal nanoprobes 

have a high longitudinal relaxivity (r1 = 33.81 mM−1s−1) and an apparently increasing 

contrast enhancement ability of magnetic resonance image. The highly-qualified MR and 

fluorescence imaging properties in vitro and in vivo paved a new way to take advantage of 

this nontoxic I−III−VI quantum dot for biomedical applications. 

For Cu2+ detection, the QDs exhibited fast fluorescence response, high sensitivity and 

selectivity toward Cu2+ ions over other metal ions in aqueous solution. The detection limit 

could reach as low as 0.5 ppb (7.5 nM). The presence of other metal ions did not affect 

the selectivety of the QDs toward Cu2+. The sensing mechanism was mainly attributed to 

Cu2+ induced aggregation and precipitation of CuInS2@ZnS QDs that lead to the 

significant fluorescence quench. 
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Chapter 7 Luminescent Cu based compounds 

7.1 Introduction 

In recent years, stimulus-responsive luminescent materials have emerged as a new class 

of smart functional materials with potential recording and sensor applications [235][236]. 

Various external stimuli can induce a change in the colors of the luminophore compounds, 

which generally can be classified by thermochromism, mechanochromism, 

solvatochromism, vapochromism, photochromism, electrochromism and acidochromism. 

In most cases, these chromism may be based on a change in the electron state of the 

molecules, the coordination geometry, the band gap, the crystal field strength, the 

mechanical deformation and the molecular rearrangement [237–239].  

Among them, mechanochromic and thermochromism luminescent materials research 

have attracted much intention due to their potential application in optical recording devices, 

pressure sensing and security system, and damage detectors [240–243]. A number of 

pressure and temperature sensitive luminescent materials have been developed in recent 

years with examples on organic dyes and transition-metal complexes [244–246]. 

Nanomaterials, especially noble metal nanomaterials have been recognized as the most 

popular research topics in the past decades. With interesting size-dependent electrical, 

optical, magnetic, chemical properties and many technological applications, they are 

intensively investigated [247–253]. In this family, metal nanoclusters (NCs) have received 

much attention for their unique physical, chemical, electrical, optical and molecule-like 

properties with promising application in catalysis, chemical sensors, electronic devices, 

and biological imaging [36,254–257]. A few strategies have been developed to synthesize 

copper nanoclusters such as Cu-S and Cu-I based Cu clusters [258–265].  

In most luminescence materials, the concentration quenching (CQ) or aggregation caused 

quenching (ACQ), is a harmful photophysical phenomenon in which the emission from a 

solution of luminophore is quenched with an increase in concentration or aggregation of 

luminophore. Interestingly, some other materials exhibit the opposite effect, the emission 

can be enhanced by the aggregation of chromogen and thus called aggregation induced 

emission (AIE) [266]. As a constructive effect, AIE makes it possible to actively utilize the 

aggregation process, instead of passively working against it as in the case of ACQ effect. 

It was reported that metal complex or nanocluster luminescence can be enhanced by 

controlling NCs aggregation structures of NCs surface ligands configuration [267–269]. 

The aggregation of NCs is capable to induce the ligand-to-metal charge transfer (LMCT) 

or ligand-to-metal-metal charge transfer (LMMCT) and subsequent radiative relaxation via 

a metal centered triplet state [267,270]. Aggregation restrains the intramolecular vibration 

and rotation of ligands and increases the rates of radiative energy transfer by suppressing 

ligand-related non-radiative relaxation of excited states [271]. According this analysis, the 

aggregation involves a high ordered molecular assembly of chromophore among 

nanocluster and ligands. 
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Self-assembly has emerged as an efficient strategy for optimizing the performance of 

fluorescent nanomaterials. By directing the spatial distribution of building blocks, 

self-assembly process can spontaneously build hierarchically structured nanosheets, 

chain-like clusters and spherical supraparticles in solution via high valence interactions in 

combination with interfacial adsorption and compression. Dipole moment, small positive 

charge, and directional hydrophobic attraction are the driving forces for the 

self-organization process [272–274]. Through transforming the disordered aggregates 

into regular and uniform self-assembly architectures, self-assembly can enhance 

nanoparticle luminescence performance. 

Except for metal nanoclusters (NCs), layered organic-inorganic (O/I) hybrid materials 

have attracted great attention due to their ability to combine the unique properties of pure 

organic and inorganic materials [275–277]. Extensive research for several decades has 

produced many classes of such hybrid materials with a molecular leveled control of 

structure and properties [278], particularly in nonlinear optical behavior [279], electrical 

conductivity [280], superconductivity [281], and ferromagnetism [282]. The majority of 

these layered O/I materials are prepared by intercalation of organic moieties between 

inorganic layers [283]. Among these, layered organic-inorganic hybrid silver thiolates were 

synthesized by simply adding Ag+ ions into thiol, triethylamine and acetonitrile and the 

properties were studied [284]. According to the X-ray diffraction measurements, the 

authors suggest that the precipitated products are periodically layered bimolecular 

assemblies of Ag O/I hybrid thiolates (AgSRs). Ag and S atoms occur in regularly stacked 

layers with a large interlayer lattice distance, and the intralayer two-dimensional lattice 

possesses relatively small repeat distances. 

The pioneering study of Dance et al suggested that three SR moieties are projected in 

either direction coordinated to the Ag atom in center plane to make layered silver thiolates. 

They proposed that the structure of silver thiolates is comprised of a trigonal-planar 

layered, inorganic Ag-S lattice in a quasi-hexagonal symmetry with the SR moieties on 

either side perpendicularly extended. After that, the structure of the long chain organic 

analogues has been explored in detail by Parikh et al [285]. They found that the long chain 

homologues of AgSRs exhibit conformationally all-trans order, perpendicular orientation 

with respect to the inorganic Ag-S slab and slight overlap between the hydrogen atoms of 

methyl groups. They proposed a two-step, hierarchical self-assembly mechanism 

involving primary self-assembly of the inorganic core in 2D dimension and subsequent 

self-assemblely in the third dimension to produce the pillared silver thiolates. 

Because of the similarity in the alkyl chain assembly of thiolates and monolayers in silver 

thiolates (AgSRs), the methodologies and model system of silver analogues can be used 

for the study of copper thiolates. Moreover, due to the similarity in the optical properties, 

the methods and mechanisms in metal clusters can also be used to study the luminescent 

property of copper thiolates. Copper possess the same chemical properties and it is 

comparatively much cheaper, but the investigation on copper thiolates is relatively few. 

Sandhyarani et al prepared copper alkane thiolates with octadecane, octane, pentane and 

butane thiols. They report that copper thiolates possess a bilayer structure in the solid 

state and undergo a transition to a columnar mesophase upon increasing the temperature 
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[286].  

In this work, we describe a one-step facile preparation method for synthesis of Cu 

thiolates (CuSRs) in colloidal solution. With 1-dodecanethiol (DDT) as reductant and 

coordinate ligand, the layered organic-inorganic (O/I) hybrid Cu thiolates were obtained in 

1-octadecene (ODE) colloidal solution by controlling the reaction and synthesis condition. 

The as synthesized Cu thiolates can emit light that cover in a broad spectrum from blue, 

green, yellow to red, the emission intensity among these colours varies in different 

synthesis temperature, and thus we obtained the green, yellow and near white light 

emitting copper thiolate multi-layer material. Except for the unique light emission character, 

it exhibits both mechano- and thermochromic luminescent properties. It reveals that 

strong emission can be generated by transforming the disordered aggregates to ordered 

assemblies and thus improved DDT-related radiative LMCT and/or LMMCT energy 

transfer. 

7.2. Experimental 

7.2.1. Chemicals 

 1-dodecanethiol (DDT), CH3(CH2)11SH, MW = 202.40 g/mol, d = 0.845 g/mL, 

Sigma-Aldrich, 98%  

 1-octadecene (ODE), CH3(CH2)15CH=CH2, MW = 252.48 g/mol, d = 0.789 g/mL, 

Sigma-Aldrich, 90%  

 Copper (I) chloride, CuCl, MW = 99.0 g/mol, Sigma-Aldrich, 97%  

7.2.2. Preparation of CuSRs  

0.5 mmol (0.05mg) of CuCl was mixed in 6 mL of ODE in a glass bottle purged with argon 

atmosphere at room temperature and stirred for 10 min. Set another glass bottle beside 

with water and metal thermometer inside to control the temperature. 12 mmol (3mL) DDT 

was then added into the mixture and stirred at room temperature (20°C) for 10 min to 

produce DDT-capped CuSRs. When DDT was added, the solution become milky 

immediately and the yellow emission was saw under 365 nm UV lamp. To improve the 

self-assembly, the temperature was increased at a rate of around 2-4 °C/min and stirring 

speed set at 300-500 rpm. Take out the fraction of the solution at different temperatures, 

20°C, 30°C, 40°C, 50°C, 60°C, 70°C, 80°C, 90°C, 100°C, 110°C, 120°C, 130°C, 140°C, 

150°C, centrifuge and discard the solvents, then wash with diethyl ether to obtain the 

copper thiolate crystals. The changing of emission colour at different temperature can be 

seen in figure 7.6. Alternatively, the reaction can be conducted in an argon connected 

three neck glass which was heated in silicon oil. In this way, the emission changing over 

temperature appears different, see figure 7.7. When the temperature is close to around 
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140°C-150°C, the milky product in solution disappears and the solution is transparent. 

The transparent solution above 150°C emits red light under 365 nm UV light and the 

emission disappears when the sample cools down. Upon putting back into the reaction 

and heating, it reemits, and emission disappears again when it cools, see figure 7.8. 

7.2.3. Purification and dispersion in water solution 

At room temperature, the self-assembled CuSRs were washed twice and precipitated 

through the addition of diethyl ether. Separated by centrifugation, the precipitates were 

collected and dried at room temperature. The powders of samples dispersed well in 

toluene and chloroform. In order to disperse in water, the CuSRs powders and Dioctyl 

Sulfosuccinate Sodium Salt, or potassium oleate, or BSA were mixed in deionized water 

under ultrasonification for a few minutes and CuSRs dispersed in water homogeneously. 

Both the powder and solution of CuSRs are stable in air for several months without 

obvious reduction of emission colour. 

7.2.4. Characterization 

Transmission electron microscopy (TEM) images were taken on Morgagni 268D 

(FEI-Philips) equipped with MegaView2 CCD camera. The CuSRs were drop-cast from a 

diluted dispersion in water solution onto a thin carbon film supported by a copper grid. 

X-ray powder diffraction (XRD) patterns were obtained using an ARL X’TRA X-ray 

diffractometer produced by Thermo Fisher. UV– vis spectra were recorded on an 

Evolution 201 UV–visible spectrophotometer. PL spectra were recorded using a FP-8200 

spectrofluorometer (Japan) and NanoLog® spectrofluorometer system (Horiba Scientific, 

New Jersey, USA). Fourier transform infrared (FTIR) spectra of the samples were 

recorded in the 5000-400 cm-1 range using a Jasco FT/IR-660 plus spectrometer 

7.3. Results and discussion 

7.3.1 TEM and XRD analysis 

A schematic illustration of the layered copper (I) thiolate structure by self-assembly is 

shown in Fig. 7.1. Copper atoms are arranged in center plane and the sulfur atoms are 

attached either side of the Cu plane. The initial strong bonding of the thiolate to copper 

and the three-dimensional stacking of these two-dimensional organic–inorganic hybrid 

layers leading to a self-assembled multi-layered structure through the van der Waals’ 
interactions between the alkyl chains [286]. This structure can be compared and 

correlated with the two dimensional self-assembled monolayers (2D-SAMs) and silver 

thiolates [287,288]. In addition, this structure is very similar to the lipid bilayer of the cell 

membrane, which is composed of lipid hydrophilic head and hydrophobic tails. 
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Figure 7.1 Cross-sectional scheme of the layered structure of copper (I) thiolate crystal structure. The 

yellow circles show the sulfur atoms, which are arranged alternately in two planes. Copper atoms are 

represented by the red spheres arranged in one plane. Horizontal lines define the thickness. 2t1 

represents the central Cu,S. The vertical lines represent the chains extending from sulfur to the distal 

atom CH3 include the van der Waals radii of the molecule CH3 at which the layers are in contact. The total 

thickness of one layer is 2t1 + 2t2. The possible interpenetration of layers at their interface is neglected in 

the model. 

The CuSRs employed to investigate assembly induced luminescence enhancement were 

initially synthesized in ODE with DDT as ligand and reductant at various temperature 

(20-150°C). Then the products that emit yellow and green light synthesized at 20°C and 

40°C were chosen to be studied. TEM image show that the CuSRs are composed of 

stacking layers (Figure 7.2 a-d). The average layer distance was determined as 3.18 nm 

by Image J program. 
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Figure 7.2 TEM images of CuSRs 

The high ordered stacking features are further proved by XRD analysis. It is seen from the 

powder XRD pattern that there are distinct diffraction peaks at 5.16°, 7.76°, 10.4°, 13.01°, 

15.27°, 17.3°, 18.41°, 19.52°, 20.91°, 23.57°, 24.41°, 26.27°, 27.83°, 28.46°, 30.53°, 

32.75°, 35.12°, 37.1°, 39.86°, 42.35°, 44.3° and 47.36°. Figure 7.2 shows the XRD pattern. 

In the powder XRD, the sample shows a well-defined progression of intense reflections, 

which are successive orders of diffraction from a layered structure with a single large d 

spacing (d > 4.5 Å). There is a significantly large d spacing reflection in small angle XRD 

pattern at 0.56°. The weak reflections at higherʹɅ corresponding to d < 4.5 Å are 

assigned to the intralayer Cu-S lattice structure and periodicities [285]. All these 

reflections are indexed as (0k0) and a detailed summary of the X-ray peak structure and 

their crystallographic assignments is provided in Table 7.1. The intense diffraction patterns 

with large d spacing can be interpreted in terms of a crystal structure in regularly stacked 

layers of Cu and S atoms with a large interlayer lattice dimension. Each layer of Cu-S slab 

is separated from the other by twice the length of the alkyl chain. The average derived 

interlayer space a is 31 Å. The data is derived from the model in which parallel slabs of Cu 



 

86 

 

and S atoms are not coplanar, see figure 7.1. The slabs contribute a small thickness 2t1, 

which is the perpendicular separation of the planes of S atoms to the layer [284]. The 

principal thickness of the layer is due to the length L of the DDT chain, from S to the distal 

molecule CH3. Together with rw(CH3) as the van der Waals radius, each DDT substituent 

contributes t2 = L + rw(CH3) to the thickness of the layer. The calculated thickness of the 

layer (Tcal) is then 2t1+2t2, where t2=L+rw(CH3)× cosɅ, L is the length of the alkyl chain, 

rw(CH3) is the van der Waals’ radius of the CH3 group (2.0 Å) and Ʌ is the tilt angle. The 

tilt angle is assumed as 13°, which is the same as that of a 2D-SAM on copper and the 

relatively low t1 is neglected [286][287]. In case of all-trans conformation, the chain length 

of 1.253 Å per CH2 group was calculated [285], the observed and calculated thickness 

(Tobs and Tcal) of the layer are 31.03 Å and 31.4 Å, respectively. There is excellent 

agreement between the values of ݇ × ݀  and the interlayer repeat distance (a) for 

reflections with k up to 11 (Tobs=a= ݇ × ݀, where k is the order of diffraction), see table 7.1. 
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Figure 7.3 XRD patterns of CuSRs synthesized at 20 and 40°C with yellow and green emission color. 

Table 7.1 Summary of the interlayer XRD peaks and their Assignments 

2 Theta 0.56 2.53 5.16 7.76 10.4 13.01 15.27 18.39 20.91 23.54 26.32 28.32 

hkl 010 010 020 030 040 050 060 070 080 090 0100 0110 

d (Å) 157.56 34.86 17.11 11.39 8.5 6.80 5.8 4.82 4.25 3.78 3.38 3,15 

a (Å) 157.56 34.86 34.22 34.17 34.00 33.99 34.8 33.73 33.96 33.98 33.83 34.63 

The small angle XRD was also performed and the CuSRs appears some distinctive peaks 

at small angle area. As shown in figure 7.4, for the sample synthesized at 20°C, an 
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intense peak at 0.56° is seen, the second high peak appears at 2.5°, with a shoulder at 

2.1°. After grind, this peak decrease clearly, and the shoulder disappeared. The following 

peaks towards the higher angles are decreasing as well. The high peak at the near zero 

angle (0.56°) moved to 0.96°. For the sample synthesized at 40°C, a high peak at 0.52° is 

seen and it moved to 0.92° after grinding; the second-high peak appears at 2.52°, without 

shoulder. After grind, this peak remains the same. The following peaks towards the higher 

angles remain the same as well after grinding.  
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Figure 7.4 Small angle XRD pattern of CuSRs synthesized at 20 and 40°C with yellow and green 

emission color. 

The chemical properties of the CuSRs were examined by FTIR measurements and the 

infrared spectra are shown in Fig. 7.5. In the IR spectra, disappearance of S-H band 

around 2500-2600 cm-1 indicates that the S-H bond in DDT has been replaced by the 

S-Cu bond in thiolates, showing high affinity of S to Cu(I). DDT exhibits a number of 

characteristic IR bands. The characteristic peaks observed in high frequency region are 

assigned to the C-H stretching modes of the polymethylene [-(CH2)n-] sequence and 

methyl [-CH3] groups (Fig. 7.5 a). The two strongest bands with peak maxima at 2850 and 

2918 cm-1 are assigned to methylene CH2 C-H symmetric (d+) and antisymmetric (d-) 

stretching modes, respectively. The weak peak observed at 2873 and 2956 cm–1 are 

assigned to methyl C-H symmetric (r+) and antisymmetric (r-) stretch. The position of 

methylene symmetric (d+) and antisymmetric (d-) peaks is known to be an indicator of 

chain conformation and the observed location of these peaks in this case strongly indicate 

that the dominant structure of the polymethylene sequences in DDT is all trans compare 

to the crystalline n-alkanes [289]. When the alkyl chains are in disordered state, in which 

the gauche conformation appears, the methylene symmetric (d+) and antisymmetric (d-) 

peaks display higher values (2856 and 2926 cm-1, respectively) [290].  
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In the low frequency region of the IR spectra as shown in figure 7.5 b, the series of 

uniformly spaced peaks of moderate intensities with alternating weak shoulders between 

1150 and 1300 cm-1 are assigned to the progression series formed by the delocalized 

wagging (Wx) and twisting (Tx) vibrations of the polymethylene sequences [290][291]. 

The wag–twist progression series in the range of 1150 cm-1 to 1300 cm-1 shows the 

presence of an all-trans arrangement and these progression bands will smear into a broad 

envelope in disordered state [290]. The peak observed between 1000 cm-1 and 1150 cm-1 

is assigned to the C–C–C vibrational modes and those between 715 cm-1 and 1027 cm-1 

are assigned to the rocking modes [285]. The prominent peaks in the low frequency 

region are the scissoring and rocking modes centered at 1469 cm-1 and 715 cm-1 [285]. 

The intense asymmetric band observed at 715 cm-1 is assigned to the head-band of the 

progression series in the rocking modes [285].The ν(C–S)t stretch mode also appears at 

around 720 cm-1 [286]. The peak at 1425 cm-1 is assigned as the deformation of the 

methylene adjacent to sulfur. The typical band at 650 cm-1 for the ν(C–S)g structure is 

absent [286].. All of the peaks can be straightforwardly assigned (see Table 7.2), include 

the bands from CH2 twisting, wagging and rocking modes. 

Table 7.2 Identification and Fundamental Vibrational Assignment to the Observed 

Infrared Peak Maxima in Wavenumbers, cm-1 for the Cu thiolates 

Bands 2956 2918 2850 2873 1471 1427 1382 1346 w 1323 w 

Modes CH3 r- CH2 d- CH2 d+ CH3 r+ CH2 def.  CH2 sci. CH3 def. CH2 Tx CH2 Wx 

Bands 1298 1270 1242 1215 1188 1126 w 1068 1029 w 931 

Modes CH2 Wx CH2 Wx CH2 Wx CH2 Wx CH2 Wx C-C-C C-C-C CH2 Px CH2 Px 

Bands 890w 827 w 752 735 715     

Modes CH2 Px CH2 Px CH2 Px CH2 Px CH2 Px     

* Tx, twisting; Wx, wagging; Px, rocking; def, deformation; sci, scissoring; w, weak 
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Figure 7.5 FTIR patterns of CuSRs at higher (a) and lower (b) frequency region. 
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7.3.2 Optical properties 

The self-assembly of Cu CuSRs was controlled by changing temperature in ODE solution 

from around 20°C to 150°C. The higher solution temperature and stirring speed facilitates 

the dynamic mobility of DDT alkyl chain on CuSRs, thus permitting the two-dimensional 

self-assembly of CuSRs via dipole induced van der Waals attraction [292]. Thus, a 

dramatic intensity increase of emission was found when the temperature was increased. 

The CuSRs assemblies exhibit a broad emission ranged from blue, green, yellow to red. 

As the reaction temperature increased gradually, the emission intensity ratio among blue, 

green, yellow and red fluctuated and thus the colour of emission changed correspondingly. 

With a 0.3 mmol of CuCl in 6 mL of ODE and 3 mL DDT, stirring speed of around 400rpm 

and heating speed of 4°C/min, the emission peak centered at 550 nm with a full width at 

half-maximum (fwhm) around 100 nm at room temperature (20°C), corresponding to 

yellow emission (Fig. 7.6). When the temperature increased to 40°C, the emission peak 

that centered at 510 nm increased dramatically with a full width at half-maximum around 

90 nm, corresponding to green emission. Further increase the temperature causes the 

emission intensity decreased. The emission colour changes over temperature and this 

changing rate relates to stirring speed, starting temperature and temperature increasing 

rate (Fig. 7.7).  
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Figure 7.6 Room temperature steady-state emission spectra of CuSRs assemblies prepared at 20, 40, 

60, 80, 100, and 120°C in a glass bottle (a) and the fluorescent images in water with 365 nm excitation 

(b). The glass container with reaction solution was heated on the heating board; the synthesis stirring and 

heating speed are set as around 350 rpm and 4°C/min, respectively. 
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Figure 7.7 Luminescent images from 20-110 °C with 365 nm excitation in toluene (a) and steady-state 

emission spectra of CuSRs assemblies prepared at 20, 30, 40, 50, 60, 70, 80, 90, 100 and 110°C (b). 

The reaction is conducted in three neck glass which was heated in silicon oil; the synthesis stirring and 

heating speed are set as around 600 rpm and 2°C/min. 

As shown in figure 7.8, the disappearing of milky product in solution at higher temperature 

(>150°C) that accompanying with red emission and the recovering of the milky product 

along with disappearing of the red emission when temperature goes down might be due to 

the copper thiolate crystal structure changing versus temperature. The alkyl chains in the 

layers might have the similar properties as the hydrophobic tails of lipid layer in the 

biological membranes. The biological membrane undergoes the conformation changes 

between liquid crystal at higher temperature and gel at lower temperature. This gives 

more information about the structure of Cu thiolates.  

 

Figure 7.8 Red emissions of transparent CuSRs solution at higher temperature (>150°C). This 

emission disappears and transparent solution becomes milky when it cools down. 

The excitation spectra of yellow and green colour emission CuSRs is shown in figure 7.9. 
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There appears two excitation peaks, the higher one at 370 nm and 377 nm, the lower one 

at 315 nm and 322 nm for yellow and green emission Cu cluster, respectively. 
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Figure 7.9 Excitation of CuSRs for the yellow and green emissions.  

The PL decay at green (510 nm) and yellow (550nm) were expressed with the 

biexponential profile I(t)=A1exp(-t/τ1)+A2exp(-t/τ2), the average lifetime was estimated by 

the expression τ=(A1τ1
2+A2τ2

2)/(A1τ1+A2τ2). The average lifetime was calculated as 1.2 ȝs 
for yellow and 0.7ȝs for green emission compounds by integrating two individual lifetimes 

(Figure 7.10). Take into account with the long excited-state lifetime and large Stokes shift 

(>200 nm), the emission intensity increasing with the Cu NCs self-assembly could be 

attributed to the coordination of metal with the DDT ligand by the mechanism of charge 

transfer through LMCT and/or LMMCT. The DDT ligand facilitates to generate subsequent 

radiative relaxation via a metal centered triplet state [267,268,293]. The process of 

disordered aggregation and ordered self-assembly of CuSRs mainly involves the structure 

building of DDT chains and the changing of cuprophilic Cu(I)···Cu(I) interaction [294]. 

Since we regard that the shifting of emission spectrum is attributed to the alteration of 

average Cu(I)···Cu(I) distance [294], increasing of Cu(I)···Cu(I) distance leads to the blue 

shift of luminescence, while Cu(I)···Cu(I) distance decreasing causes red shift. We can 

classify the cuprophilic interactions into cuprophilic interaction within the intra-layer and 

inter-layer which influence the average Cu(I)···Cu(I) distances and thus the emission color. 

Cuprophilic interaction between inter-layer involves longer distances and is generated by 

forming more compact CuSRs layers. The improved compactness of CuSRs from 

disordered aggregation to ordered self-assembly induces additional coprophilic interaction 

through longer Cu(I)···Cu(I) distance. As a result, green emission is generated. In addition, 

the alkyl chains of CuSRs rearrange during CuSRs self-assembly process through the 
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van der Waals attraction and thus forms the cuprophilic interaction in a same mechanism 

to Au cluster [292]. When increasing the reaction temperature, the apparent emission 

turns from yellow to green with the enhancement of emission intensity. Higher 

temperature facilitates the further stacking of compact layers which change the property of 

CuSRs and induce the cuprophilic interaction between the inter layer through a longer 

Cu(I)···Cu(I) distance. As a result, the emission intensity enhances with spectral blue shift. 

In contrast, lower reaction temperature favours to produce less layered assemblies with 

short Cu(I)···Cu(I) distances and lead to nonradiative relaxation of excited states and 

lower emission energy. According to this, we assign the assembly induced emission 

enhancement into two aspects. First, the enhanced cuprophilic intra and interactions 

greatly facilitate the excited state relaxation via radiative pathway [295,296]. Second, the 

restriction or prohibition of intramolecular vibration and rotation of DDT chains reduces the 

nonradiative relaxations [266,267,297]. These two effects greatly enhance the emission 

intensity of CuSRs after self-assembly into compact layers. 

0 2000 4000

0.01

0.1

 Yellow decay

In
te

ns
ity

 (
a.

u
.)

Time(ns)

2000

0.01

0.1

 Green decay

In
te

ns
ity

 (
a.

u
.)

Time (ns)

 

Fig. 7.10 Luminescence life time of the yellow and green light emitting CuSRs at 550 nm (a) and at 510 

nm (b). The excitation is set at 365 nm. 

7.3.3 Mechano- and Thermochromic Luminescence 

The relationship between the architecture of CuSRs self-assemblies and the emission 

properties is further revealed by mechanochromic luminescence property of as 

synthesized CuSRs, which is often observed in organic and organometallic complexes 

[298,299]. As shown in Fig. 7.11 and Fig 7.12, the grinding treatment does not alter the 

composition of CuSRs, but dramatically change the emission color and intensity. For the 

yellow emission CuSRs, a red emission at around 650nm appears and the emission 

colour changes to white (Fig. 7.11 a, b and e). The fwhm increases from 137.26 nm to 

220.6 nm. For the green NCs, as the emission color changes from green to yellow (Fig. 

7.11 c, d), the emission at 510 nm decreases and a red emission at around 650-700nm 

grows (Fig. 7.11 f). The fwhm increases from 122.7nm to 219.8nm. The spectral shift 

implying the transformation of CuSRs assemblies from higher ordered layer to disordered 

state after grinding. Specifically, grinding treatment rearranged the compactness of 

CuSRs layers and alters the interactions between DDT and metal slab. 
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Figure 7.11 Luminescent images of yellow and green light emitting CuSRs under 365 nm excitation 

before and after grinding (a-d). The lower graphs are emission spectra of yellow and green light emitting 

CuSRs under 365 nm excitation before and after grinding (e-f).  

 

Figure 7.12 Fluorescent images of green light emitting CuSRs in water with 365 nm excitation. (a) before 

grinding, (b) after grinding, (c) further grinding. 

The CuSRs assemblies also exhibit the thermochromic luminescence property. With 365 

nm excitation, when the temperature increase from 20°C to 70°C, the original yellow 

emission CuSRs peaked at 550 nm blue shifts until to 510 nm and emission intensity 

decrease; the green emission CuSRs centered at 510 nm blue shifts to 500 nm 
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accompany with the emission intensity decrease (Fig. 7.13 and 7.14). This thermochromic 

luminescence is reversible when cycling the temperature from 70°C back to 20°C. The 

ligand coordinated excited state and the interactions between NCs and DDT in the 

assemblies are extremely sensitive to the surrounding temperature [294]. At low 

temperature, the molecular vibration and rotation of DDT are greatly restricted and both 

intra and inter coprophilic interactions are reinforced, which favor radiative relaxation of 

excited states and lead to stronger emission. When the temperature increase, both inter 

and intra Cu(I)···Cu(I) distances enlarge and thus lead to the spectra blue shift and 

decreased intensity.  
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Figure 7.13 Thermosensitivity as function of wavelength versus temperature for yellow colour emitting 

CuSRs. Luminescent spectra at different temperature when excited by 365 nm (a). The blue shifting 

luminescent peak versus temperature for yellow colour emitting CuSRs (b, c) 
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Figure 7.14 Thermosensitivity as function of wavelength versus temperature for green colour emitting 

CuSRs. Fluorescent spectra at different temperature when excited by 365 nm (a). The blue shifting 

fluorescent peak versus temperature for green colour emitting CuSRs (b, c) 

If define the thermosensitivity as the wavelength shifting respect to temperature variation, 

we found that the thermosensitivity for both yellow and green is linear in the temperature 

range from 20°C up to 70°C. The thermosensitivity between 20 and 70 °C is determined 

as 0.65 nm/°C for the yellow CuSRs and 0.125 nm/°C for the green CuSRs. If we evaluate 

the thermosensitivity performance use the concepts of “Fluorescence Intensity Ratio” (FIR) 
of the emission intensity normalized to the maximum and the absolute thermal sensitivity 

(S), which defined as [300–303]: 

FIR = ூூ௫                                                                (7.1) 

S = |𝜕ிூோ𝜕𝑇 |                                                                (7.2) 
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where I is the intensity of the emission at the chosen temperature and Imax is the maximum 

intensity at room temperature. The FIR values calculated from the emission spectra at 

various temperatures decrease with a linear behavior when increase the temperature and 

the variations of the FIR upon changing the temperature were shown in fig. 7.15. From a 

linear fit of the FIR values vs temperature, a thermal sensitivity of (-0.013 ± 0.0002) K-1 

and (-0.007 ± 0.00027) K-1 have been evaluated for the yellow and green emission CuSRs, 

respectively.  

290 295 300 305 310 315 320 325 330 335 340 345

1.0

1.2

1.4

1.6

F
IR

Temperature (K)

 Yellow(a)

 

280 290 300 310 320 330 340 350

1.0

1.2

1.4

F
IR

Temperature (K)

 Green

 

(b)

 

Figure 7.15 FIR behavior of the yellow (a) and green colour (b) emitting CuSRs.  

7.3.4 Green, yellow and white light source from CuSRs  

Due to the bright and tunable emission, the CuSRs could be employed as ordinary green, 

yellow and white light source in LEDs. In details, the light devices can be fabricated by 

mixing CuSRs with Ethylene-vinyl acetate (EVA) polymers in chloroform, depositing on 

commercially available GaN LED chip or a piece of glass substrate illuminated by UV 

lamp with the emission center at 365 nm. Upon chloroform evaporated, the CuSRs form 

desired light emitting film. Owing to broad emission spectra of CuSRs, and tunable colour 

ratio at different synthesis temperature, white light can be obtained directly from single 

CuSRs without the need to mix with other phosphors. With a synthesis condition of 

0.5mmol CuCl, 3mL DDT and 6mL ODE, under stirring speed of around 350 rpm and 

heating speed of 4°C/min, a yellow colour with CIE color coordinate at (0.385, 0.454) is 

obtained at 20°C, and a green colour with CIE color coordinate at (0.288, 0.448) is 

obtained at 40°C (Fig. 7.16). Especially, an ideal white light with CIE color coordinate at 

(0.324, 0.334) is obtained at 30°C with around 2°C/min of heating speed, while as 

synthesized CuSRs at other temperatures have a CIE x axis range of 0.28-0.38 and y axis 

range of 0.44-0.46 (Table 7.3), all close to white light source (Fig. 7.17). To our best 

knowledge, this is the first trial that employs single CuSRs to produce white light source. 

Samples of yellow light in water, green light in film, and white light emission in chloroform, 

together with corresponding emission spectra and CIE coordinates are shown in figure 

7.16. 
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Figure 7.16 The typical yellow (in water), green (in film) and white light (in chloroform) emittinmg CuSRs  

and corresponding emission spectra (d). CIE color coordinates of typical yellow, green and white light 

from CuSRs (e). 

Table 7.3 Calculated CIE x, y and z coordinates that represent red, green and blue 

components from wide emitting spectra of CuSRs synthesized under 4 apm stirring 

speed and around 2°C/min heating speed 

 20°C 30°C 40°C 50°C 60°C 70°C 80°C 90°C 100°C 110°C 

Red 

Green 

Blue 

0.383 

0.461 

0.156 

0.324 

0.344 

0.332 

0.321 

0.444 

0.235 

0.314 

0.448 

0.238 

0.308 

0.446 

0.245 

0.309 

0.437 

0.254 

0.298 

0.446 

0.256 

0.291 

0.444 

0.265 

0.280 

0.438 

0.282 

0.311 

0.450 

0.238 
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Figure 7.17 CIE color coordinates of CuSRs synthesized with stirring speed of 600 rpm and heating rate 

of around 2°C/min at various temperature from 20-110°C. At 20°C, it clearly located in yellow area (black 

point) and perfectly in white area at 30°C (red point). Others appear with greenish white.  

7.4 Conclusion 

In summary, we investigated the emission enhancement of CuSRs by self-assembly 

process that form compact and ordered multilayers. The self-assembly process reinforces 

the cuprophilic interaction of CuSRs, suppresses intramolecular vibration and rotation of 

the ligands, and improves the radiative relaxation of excited states. By adjusting the 

synthesis conditions such as temperature and stirring speed, various emission colors can 

be tuned. The structure changing by grinding leads to mechanochromic luminescence of 

CuSRs assemblies. The delicate DDT coordinated CuSRs exhibits thermochromic 

property as well. Owning to the bright and colour tunable emission from CuSRs with great 

potential in practical applications, green, yellow and white light can be obtained from 

single CuSRs as the phosphors that possibly be used in daily life such as LEDs, aquarium，

advertising board and route signs. 
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Chapter 8 Lanthanide doped fluoride based 

luminescent materials 

8.1 Introduction 

Due to the use in early stage disease detection, screening, and image-guided therapy, 

photoluminescence (PL) optical imaging attracted great attention in biomedical research. 

In practice, PL materials for in vivo deep tissue imaging should meet the following 

requirements: (1) nontoxic; (2) It can minimize the light scattering and tissue 

autofluorescence by adopting the excitation light and PL emission in the spectral range 

that is able to penetrate through the thick tissues, and (3) efficient and stable PL emission 

signal. Commonly used Stokes shifted nanoprobes, such as organic fluorophores and 

semiconductor quantum dots absorb and produce emission in the UV and visible range 

[304,305]. Despite their high PL efficiency, the in vivo PL imaging application of these 

probes are limited due to poor photostability of organic dyes, light scattering, strong 

autofluorescence background and low tissue penetration in the visible range [306]. Hence, 

to develop biocompatible and efficient anti-Stokes nanoprobes with excitation and PL in 

the NIR window is of great interest for both high contrast in vitro and in vivo optical 

imaging of cells and deep tissues. 

An attractive alternative nanomaterial for bioimaging and even imaging guided drug 

delivery and therapy applications is lanthanide doped up converting nanoparticles 

(UCNPs)[307,308]. By utilization of the “optical transmission window” for biological tissues 
in the near infra-red (NIR) range (∼750-1000 nm), UCNPs allow the deep light penetration 

with lower autofluorescence and light scattering [309,310]. Due to the peculiar electronic 

configuration of Ln3+ ions, trivalent lanthanide (Ln3+) doped nanoparticles (NPs) display 

this interesting up conversion (UC) phenomena, which the NPs convert the longer NIR 

wavelength excitation light into emission at a shorter wavelength in ultraviolet, visible, or 

relatively shorter NIR, using a ladder like system of energy levels of lanthanide ions 

[311,312]. This process involves a stepwise photon mechanism, allowing excitation with 

low cost continuous wave laser diodes at a relatively low energy density of 10-1-102 W/cm2. 

Lanthanide doped UCNPs have shown high photostability and low toxicity, making them 

suitable contrast agents for in vitro and in vivo optical imaging applications [313]. 

Among the UCNP materials, AREF4 (A = alkali, RE = rare earth ions and Y) NPs have 

been regarded as excellent host matrix materials for various optically active Ln3+ ions both 

in up conversion and down conversion luminescence, because of its high refractive 

indexes, low phonon frequencies and non-radiative decay rates [314,315]. Hexagonal 

NaYF4 NPs are well investigated and the 45 nm hexagonal (NaYF4:Yb3+/Tm3+)/NaYF4 

core/shell nanocrystals excited at 980 nm with a power density of ∼78 W/cm2 exhibited ∼3.5% [316].  Various methods have been proposed to improve the UCNP efficiency 

[317,318]. It was reported that by elevating the concentration of the sensitizer (Yb3+), the 
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quantum yield of NIR up converting photoluminescence (UCPL) was enhanced 8.6 folds 

per Yb3+ concentration and 3.6 times higher per nanoparticle than the 25-30 nm 

nanocrystals of NaYF4:20% Yb3+/2% Tm3+ [319]. When encapsulated in a hetero-shell of 

CaF2, the PL of NaYbF4:Tm3+ UCNPs was enhanced 35 times, yielding a QY of 0.1% 

under excitation with a low power density of ∼0.3 W/cm2 [320]. Through increasing 

sensitizer and activator concentration to a high level and suppressing dissipating process, 

NaYbF4:Tb nanoparticles were synthesized by thermal decomposition method, efficient 

cooperative sensitization up conversion emission from Tb3+ ions was obtained and the 

emission increased 690 fold by CaF2 shell shielding [33]. Er3+, Tm3+, and Ho3+ ions 

codoped NaYbF4 UCNPs were synthesized in the water-ethanol-oleic acid system with a 

multicolour emission, the higher temperature and extended reaction time favours the 

phase transition from cubic to hexagonal phase. After surface amino-functionalizing, and 

linking to the rabbit anti-CEA8 antibody, the UCNPs were used for the immunolabeling 

and imaging of live HeLa cells and immunolabeling of HeLa cells was specific [321]. 

Due to both the magnetic and upconverting luminescent properties, the multifunctional 

lanthanide doped NaGdF4 and KGdF4 have been studied [12], such as water dispersible 

ultra small multifunctional KGdF4:Tm3+, Yb3+ [13], color-tunable luminescence properties 

of hydrophilic Ln3+ doped KGdF4 [14]. The energy transfer from Ce3+ to Gd3+, Ce3+ to Tb3+ 

and Gd3+ to Tb3+ has been demonstrated in KGdF4 [322]. These NPs possess some 

unique physical properties originated from Gd3+ ions. Owing to the lowest excited state 
6P7/2 of Gd3+ in the ultraviolet region, it can not only act as an efficient light sensitizer to 

absorb UV excitation light and subsequently transfer the energy to its neighboring Ln3+ 

ions which activate and emit various colours [323], but also serve as an intermediate ion 

to pass the energy from sensitizers such as Ce3+ and Yb3+/Tm3+ to activators ions such as 

Tb3+ and Eu3+, thus consequently facilitate the energy transfer process [324]. In addition, 

Gd3+ is an ideal paramagnetic element because of its seven unpaired electrons and find 

its extensive use as a contrast agents for magnetic resonance imaging (MRI) [325] Ln3+ 

ion doped NaGdF4 NPs have versatile applications, such as multimodal imaging in high 

sensitivity fluorescence and MRI [326], in vivo image-guided surgery [327], therapeutics 

[328], enhanced X-ray excited optical imaging [329]. 

In this Part of study, we will synthesize NaGdF4, KYb2F7 and KGdF4 core-shell 

nanoparticle doped with lanthanide ions as Yb3+, Tm3+, Ce3+, Eu3+ and Tb3+ ions and we 

will investigate the spectroscopic properties.  

8.2 Experimental 

8.2.1 Chemicals 

 Gadolinium chloride hexahydrate, GdCl3 · 6H2O, MW = 371.61 g/mol, Aldrich, 99%  

 Ytterbium chloride hexahydrate, YbCl3 · 6H2O, MW = 387.49 g/mol, Aldrich, 99.9% 

 Thulium chloride hexahydrate, TmCl3 · 6H2O, MW = 383.38 g/mol, Aldrich, 99.9% 



 

101 

 

 Terbium chloride hexahydrate, TbCl3 · 6H2O, MW = 373.38 g/mol, Aldrich, 99.9% 

 Europium chloride hexahydrate, EuCl3 · 6H2O, MW = 366.41 g/mol, Aldrich, 99.9%  

 Cerium nitate hexahydrate, Ce(NO3)3 · 6H2O, MW = 434.22 g/mol, Aldrich, 99.99% 

 Sodium citrate tribasic dihydrate, C6H5Na3O7 · 2H2O, MW = 294.1 g/mol, Sigma–
Aldrich, ≥99.0% 

 Potassium citrate tribasic monohydrate, C6H5K3O7 · H2O, MW = 324.41 g/mol, 

Sigma–Aldrich, ≥99.0% 

 Ammonium fluoride, NH4F, MW = 37.04 g/mol, Sigma–Aldrich, ≥98.0% 

8.2.2 Synthesis of NPs  

The synthetic process was conducted using a microwave synthesis reactor (Anton Paar 

Monowave 400 and Auto sampler MAS 24) operating at 1600W output power. The 

temperature and reaction time is main synthetic condition. Specifically, Gadolinium 

chloride hexahydrate, ytterbium chloride hexahydrate, terbium chloride hexahydrate, 

europium chloride hexahydrate and cerium nitrate hexahydrate were dissolved in 

deionized water to make 1 M stock solution, with exception for thulium chloride 

hexahydrate and ammonium fluoride, which are 0.428M and 3.5M, respectively. Then the 

precursor solutions were added according to the molar ratio of the elements in 

compounds. For NaGdF4:Yb,Tm and KGdF4:Yb,Tm, 0.5 ml Gd 1 M stock solution, 0.49 ml 

Yb 1 M stock solution and 0.023 ml Tm 0.428 M stock solution were mixed in 30G glass 

vial, 2 g sodium citrate tribasic dehydrate or potassium citrate tribasic monohydrate were 

dissolved in 10 ml deionized water, stir both solutions for 5 minutes, then add the sodium 

citrate solution into the lanthanide solution, keep stirring, add 1.5 ml ammonium fluoride 

3.5M stock solution, stir for another 10 minutes. After all reagents mixed well, mount the 

glass vial into microwave reactor, keep reaction at 190°C for 3 minutes. When the reaction 

finished, wash the obtained NPs with acetone and water for three times, then go on the 

shell covering reaction at the same reaction conditions. The quantities of reagents are 

summarized in the following tables. 

Table 8.1 KYb2F7:Tm NPs reagents quantities 

NPs Reagents Quantity Moles 

KYb2F7:Tm0.5% 

C6H5K3O7 · H2O 2 g 6.2mmol 

NH4F 1.5 mL, 3.5 M 5.25mmol 

YbCl3 · 6H2O 0.995 mL, 1 M 0.995 mmol 

TmCl3 · 6H2O 0.012 mL, 0.428 M 0.005 mmol 

 

Table 8.2 NaYbF4:Eu,Tb NPs reagents quantities 
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NPs Reagents Quantity Moles 

NaYbF4:Eu 20% 

NaYbF4:Tb 20% 

C6H5Na3O7 · 2H2O 2 g 6.8mmol 

NH4F 1.5 mL, 3.5 M 5.25mmol 

YbCl3 · 6H2O 0.8 mL, 1 M 0.8 mmol 

EuCl3 · 6H2O 0.2 mL, 1 M 0.2 mmol 

TbCl3 · 6H2O 0.2 mL, 1 M 0.2 mmol 

 

 

Table 8.3 NaGdF4:Yb,Tm and KGdF4:Yb,Tm 

NPs Reagents Quantity Moles 

NaGdF4:Yb49%,Tm1% 

KGdF4:Yb49%,Tm1% 

C6H5Na3O7 · 2H2O 2 g 6.8mmol 

C6H5K3O7 · H2O 2 g 6.2mmol 

NH4F 1.5 mL, 3.5 M 5.25mmol 

GdCl3 · 6H2O 0.5 mL, 1 M 0.5 mmol 

YbCl3 · 6H2O 0.49 mL, 1 M 0.49 mmol 

TmCl3 · 6H2O 0.0234 mL, 0.428 M 0.01 mmol 

 

 

Table 8.4 NaGdF4:Eu,Tb and KGdF4:Eu,Tb 

NPs Reagents Quantity Moles 

NaGdF4:Eu20% 

NaGdF4:Tb20% 

KGdF4:Eu20% 

KGdF4:Tb20% 

C6H5Na3O7 · 2H2O 2 g 6.8mmol 

C6H5K3O7 · H2O 2 g 6.2mmol 

NH4F 1.5 mL, 3.5 M 5.25mmol 

GdCl3 · 6H2O 0.8 mL, 1 M 0.8 mmol 

EuCl3 · 6H2O 0.2 mL, 1 M 0.2 mmol 

TbCl3 · 6H2O 0.2 mL, 1M 0.2 mmol 

 

 

Table 8.5 NaGdF4:Ce and KGdF4:Ce 
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NPs Reagents Quantity Moles 

NaGdF4:Ce20% 

KGdF4:Ce20% 

C6H5Na3O7 · 2H2O 2 g 6.8mmol 

C6H5K3O7 · H2O 2 g 6.2mmol 

NH4F 1.5 mL, 3.5 M 5.25mmol 

GdCl3 · 6H2O 0.8 mL, 1 M 0.8 mmol 

CeCl3 · 6H2O 0.2 mL, 1 M 0.2 mmol 

 

 

8.2.3 Characterization  

The XRD diffraction was measured by an ARL X’TRA X-ray diffractometer with Cu-Kα 
radiation (Ȝ = 0.15405 nm). The down converting luminescent spectra were measured in a 

FP-8200 spectrofluorometer (Japan). The up converting luminescent spectra were 

measured in an Andor Shamrock SR-500i-B1-R imaging spectrometer equipped with a 

CCD (DU420A-BVF) and photomultiplier tube TE177TSRF. The laser is a 980 nm MDL 

(1W) with a power supply LD-WL206. 

 

8.3 Results and discussion 

8.3.1 Crystal structure and composition 

The phases of the synthesized NaYbF4, NaGdF4, NaGdF4:(Yb49%,Tm1%), 

KYb2F7:Tm0.5%, KGdF4 and KGdF4:(Yb49%,Tm1%) were determined by the XRD 

technique (Figure 8.1-8.5). The XRD pattern of NaYbF4 agrees well with the standard 

cubic NaYbF4 pattern of JCPDS 77-2043, indicating a pure cubic phase formed (Fig. 8.1 

a). The NaGdF4 exhibits hexagonal phase, as analyzed by MAUD software (Fig. 8.2). The 

NaGdF4:(Yb49%,Tm1%) sample also exhibits hexagonal ȕ-phase (Fig. 8.3) [330]. The 

XRD pattern of KYb2F7 agrees well with JCPDS card 27 0459 and exhibits orthorhombic 

phase (Fig. 8.1 b) [331]. MAUD fit results of the XRPD patterns are reported in Table 8.6 

[332]. Both of the potassium containing NPs exhibit cubic phase, see Fig 8.4 and 8.5. 
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Figure 8.1 XRD pattern of cubic NaYbF4(a) and orthorhombic KYb2F7 (b). 
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Figure 8.2 XRD diffraction pattern and the refinement of hexagonal NaGdF4 NPs using MAUD software 

(dot: experimental data, upper red solid line: calculated pattern, lower blue solid line: subtracted pattern). 
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Figure 8.3 XRD diffraction pattern and the refinement of hexagonal NaGdF4:(Yb49%,Tm1%) NPs using 

the MAUD software (dot: experimental data, upper red solid line: calculated pattern, lower blue solid line: 

subtracted pattern). 
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Figure 8.4 XRD diffraction pattern and the refinement of cubic KGdF4 NPs using the MAUD software (dot: 

experimental data, upper red solid line: calculated pattern, lower blue solid line: subtracted pattern). 
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Figure 8.5 XRD diffraction pattern and the refinement of cubic KGdF4:(Yb49%,Tm1%) NPs using the 

MAUD software (dot: experimental data, upper red solid line: calculated pattern, lower blue solid line: 

subtracted pattern). 
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Table 8.6 Results from Rietveld analysis of the NP samples 

 NaGdF4 (Ⱦ) NaGdYbF4 (Ⱦ) KGdF4 (Ƚ) KGdYbF4 (Ƚ) 

Lattice parameter (Å) a 6.06±9.89 e-4 6.01±3.35 e-4 5.75±8.85 e-4 5.71±8.78 e-4 

Lattice parameter (Å) c 3.60±1.00 e-4 3.54±3.65 e-4   

Size MAUD (nm) 11.83±0.13 39.18±0.54 13.57±0.41 10.88±0.27 

rs-microstrain 0.002±1.76 e-4 6.373 e-4±1.755 e-3 0.006±3.417 e-4 0.006±3.798 e-4 

Rw (%) 12.04 13.13 14.47 13.91 

Rb (%) 9.67 10.13 11.16 10.53 

Rexp (%) 8.87 7,57 9.02 7.62 

sig 1.36 1.74 1.6 1.82 

GOF 1.36 1.74 1.6 1.83 

 

8.3.2 Luminescent property of Tm3+, Eu3+ and Tb3+ doped 

NaYbF4 and KYb2F7 NPs 

Eu3+ and Tb3+ doped NaYbF4 NPs show red and green light under 365nm UV excitation, 

see figure 8.6. Increasing the doping amounts of Eu3+ and Tb3+ enhances the luminescent 

emission. 

 

Figure 8.6 Eu3+(a) and Tb3+ (b) NaYbF4 NPs under 365 nm UV light illumination. 

The luminescence spectra of Eu3+ and Tb3+ were measured. As seen from figure 8.7, the 

two dominant bands at 592 (5D0 ĺ 7F1 transition) and 613 nm (5D0 ĺ 7F2 transition), 

along with two weak bands at 650 (5D0 ĺ 7F3) and 700 nm (5D0 ĺ 7F4) confer on the 

Eu3+ luminescence upon excitation with 365 nm light. For the Tb3+ doped NaYbF4 NPs, 

under 365 nm excitation, a group of 5D3 ĺ 7FJ (J=3,4,5,6) transition were presented: 489 

nm (5D4 ĺ 7F6), 543 nm (5D4 ĺ 7F5), 584 nm (5D4 ĺ 7F4), and 621 nm (5D4 ĺ 7F3) 

[333]. 
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Figure 8.7 Photoluminescence (DCPL) spectrum of Eu3+ (a) and Tb3+ (b) doped NaYbF4 NPs under 

365nm UV light excitation.  

When doped with Tm3+, the NaYbF4 and KYb2F7 NPs exhibit the typical blue and NIR 

upconversion luminescence under 980 nm excitation. As seen from figure 8.8, bands with 

maxima at 350, 450, 480, 513, 650, 700 and 800 nm can be clearly observed, 

corresponding to the 1I6 ĺ 3F4, 1D2 ĺ 3F4, 1G4 ĺ 3H6, 1D2 ĺ 3H5, 1G4 ĺ 3F4, 

3F2,3 ĺ 3H6, and 3H4 ĺ 3H6 transitions of the Tm3+ ions, respectively 

[320,330,334,335]. It is seen that for core-shell NPs, the blue emission at 450 nm is 

relatively enhanced, and it is much increased when covered with a NaYbF4 shell, notice 

that the weak peak at 513 nm appears stronger when the NaYbF4 shell is present. 
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Figure 8.8 UCPL spectrum of NaYbF4:Tm1%, NaYbF4:Tm1%@NaYbF4 and NaYbF4:Tm1%@NaYF4 

(𝜆௫ = ͻͺͲ ݊݉). 

The weak red emission at 650 nm (1G4 ĺ 3F4) and at 700 nm (3F3 ĺ 3H6) and the 

intense NIR emission at 800 nm (3H4 ĺ 3H6) are ascribed to upconversion processes 

[332]. The NIR excitation at 980 nm and the intense NIR emission at 800 nm are close or 

located in the biological window, which is beneficial for tissue penetration.  

Figure 8.9 shows a comparison of Tm3+ UC luminescence spectrum for NaYbF4 (a) and 

KYb2F7 (b) NPs under 980 nm laser excitation. The transition at 480 nm (1G4 ĺ 3H6) for 

KYb2F7 is stronger than the red one compared to NaYbF4. 
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Figure 8.9 UCPL spectra of NaYbF4:Tm1% (a) and KYb2F7:Tm0.5% (b) NPs (𝜆௫ = ͻͺͲ ݊݉). 

8.3.3 Luminescent property of Yb3+, Tm3+, Ce3+, Eu3+ and 

Tb3+ doped NaGdF4 and KGdF4 NPs 

We synthesized MGdF4:(Yb49%,Tm1%)@MGdF4:(Eu/Tb20%)@MGdF4:Ce20% (M: Na 

or K) NPs that could incorporating the NIR to NIR luminescence of Tm3+, Up and down 

converting luminescence of Eu3+ and Tb3+ by using the energy transfer process in Yb3+ ĺ 

Tm3+ĺ Gd3+ ĺ Eu3+/Tb3+, or Ce3+ ĺ Gd3+ ĺ Eu3+/Tb3+. The as synthesized 

core-shell-shell NPs exhibit good Stokes and UC luminescence. The luminescence 

images are shown in figure 8.10 under 254 and 365 nm excitation, respectively. 

 

Figure 8.10 NaGdF4:(Yb49%,Tm1%)@NaGdF4:(Eu/Tb20%)@NaGdF4:Ce20% NP Down converting 

luminescent images (𝜆௫ = ʹͷͶ ݊݉, a, b) (𝜆௫ = ͵ͷ ݊݉ c, d). 

Figure 8.11 shows the excitation and emission spectra of 

NaGdF4:Yb,Tm@NaGdF4:Eu@NaGdF4:Ce NPs. Several sharp lines in the 360–480 nm 

range are observed (peak at about 297 nm due to Rayleigh scattering). These sharp 

bands correspond to the characteristic f ĺ f transitions of Eu3+ ions. They are ascribed to 

7F0 ĺ 5H6 (320 nm), 7F0 ĺ 5D4 (364 nm), 7F0 ĺ 5GJ, 5L7 (381 nm), 7F0 ĺ 5L6 (396 

nm), 7F0 ĺ 5D3 (418 nm), and 7F0 ĺ 5D2 (466 nm), 7F0,1 ĺ 5D1 (527 nm, 537 nm) 

transitions of Eu3+ ion, respectively [333,336,337]. As shown in figure 8.6 (b), when 

excited into the 7F0 ĺ 5L6 transition by 395 nm UV light, it yields some characteristic 

emission lines from the 5D0 excited states to the 7FJ (J=1,2,3,4) ground states: 5D1 
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ĺ7F1 (536 nm), 5D1ĺ 7F2 (556 nm), 5D0 ĺ 7F1 (592 nm), 5D0 ĺ 7F2 (617 nm), 5D0 

ĺ 7F3 (651 nm), and 5D0 ĺ 7F4 (697 nm), respectively [333].  
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Figure 8.11 Excitation ( 𝜆 = ͷͻʹ ݊݉ ) (a) and DCPL spectrum of 

NaGdF4:Yb,Tm@NaGdF4:Eu@NaGdF4:Ce NPs (b) (𝜆௫ = ͵ͻͷ ݊݉). 

As shown in figure 8.12, the excitation spectrum of 

NaGdF4:Yb,Tm@NaGdF4:Tb@NaGdF4:Ce NPs involves several sharp lines (Rayleigh 

scattering at 274 nm). The sharp 4f ĺ 4f excitation lines at 305, 312, 320, 327,343, 354, 

371, 380 and 490 nm are assigned to 7F6–5H6, 7F6–5H7, 7F6–5G2, 7F6–5D1, 7F6–5L6, 

7F6–5D2, 7F6–5L10, 7F6–5G6 and 7F6–5D4, respectively [333,338]. Under 380 nm 

excitation, a group of 5D3 ĺ 7FJ (J=3,4,5,6) transitions were presented: 489 nm (5D4 ĺ 

7F6), 544 nm (5D4 ĺ 7F5), 584 nm (5D4 ĺ 7F4), and 620 nm (5D4 ĺ 7F3) [333]. 
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Figure 8.12 Excitation ( 𝜆 = ͷͶͶ ݊݉ ) (a) and DCPL (b) spectrum of 

NaGdF4:Yb,Tm@NaGdF4:Tb@NaGdF4:Ce NPs (𝜆௫ = ͵ͺͲ ݊݉). 

The as synthesized NPs exhibit UC luminescence of Tm3+, Eu3+ and Tb3+ through an 

energy transfer process Yb3+ ĺ Tm3+ĺ Gd3+ ĺ Eu3+/Tb3+. 

MGdF4:Yb,Tm@MGdF4:Eu/Tb@MGdF4:Ce NPs exhibit the same UC as 

MGdF4:Yb,Tm@MGdF4:Eu/Tb core shell NPs (M: Na or K). Figure 8.13 shows the UC 

emission image of NaGdF4:Yb,Tm@NaGdF4:Eu/Tb (a, b) and 

KGdF4:Yb,Tm@KGdF4:Eu/Tb (c, d). In the same synthesis conditions and doping ratio, 

the UCPL from potassium based NPs appears brighter than that from Sodium NPs.
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Figure 8.13 UC emission image for NaGdF4:Yb,Tm@NaGdF4:Eu/Tb NPs (a, b) and 

KGdF4:Yb,Tm@KGdF4:Eu/Tb NPs (𝜆௫ = ͻͺͲ ݊݉). 

For the NaGdF4:Yb,Tm and KGdF4:Yb,Tm core, as seen from figure 8.14, the typical UC 

bands with maxima at 449 nm (1D2 ĺ 3F4), 476 nm (1G4 ĺ 3H6), 646 nm (1G4 ĺ 3F4), 

695 nm (3F2,3 ĺ 3H6) and 802 nm (3H4 ĺ 3H6) can be clearly resolved. Contrary to the 

UC of Eu3+/Tb3+ in core shell shell NPs, the UC of Tm3+ in NaGdF4:Yb,Tm core is slightly 

stronger than for the KYb2F7 core.  
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Figure 8.14 UCPL spectrum of NaGdF4:Yb,Tm 1% (a) and KGdF4:Yb,Tm 1% (b) excited by 980 nm laser. 

After covering a shell of MGdF4:Eu,Tb (M: Na or K), the UC spectra of Na and K core shell 

NPs were measured, and the results are shown in figure 8.15. The spectra confirm that 

the relative red and green UC of Eu3+/Tb3+ are more efficient in K based NPs than in Na 

based NPs, with comparison to the Tm3+ emission. Stokes emission for 

KGdF4:Yb,Tm@KGdF4:Eu/Tb NPs under 254 nm UV lamp excitation is shown in figure 

8.16. 

The energy level diagrams of Yb3+, Tm3+, Gd3+, Ce3+, Eu3+ and Tb3+ with the schematic 

representations of Stokes and UC processes are shown in figure 8.17-8.19.  
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Figure 8.15 UCPL spectrum of NaGdF4:Yb,Tm@NaGdF4:Eu/Tb (a, b) and KGdF4:Yb,Tm@KGdF4:Eu/Tb 

(c, d) (𝜆௫ = ͻͺͲ ݊݉). 

 

Figure 8.16 PL image of KGdF4:(Yb49%,Tm1%)@KGdF4:Eu20% excited by 254 nm (a) and 365 nm (b) 

UV lamp. 
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Figure 8.17 Energy level diagrams of Eu3+ and Tb3+ with the excitation and emission process.  
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Figure 8.18 Energy level diagrams of Yb3+, Tm3+, Gd3+, Eu3+ and Tb3+ with the schematic representation 

of up converting energy transfer processes.  
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Figure 8.19 Energy level diagrams of Ce3+, Gd3+, Eu3+ and Tb3+ with the schematic representation of the 

down converting energy transfer processes. . 

8.4 Conclusion 

In conclusion, through a citrate and microwave assisted hydrothermal route, the Ƚ -NaYbF4, Ⱦ -NaGdF4, Ⱦ -NaGdF4:Yb,Tm, orthorhombic KYb2F7, Ƚ -KGdF4, Ƚ -KGdF4:Yb,Tm, MGdF4:Ce@MGdF4:Eu,Tb core shell, MGdF4:Yb,Tm@MGdF4:Eu,Tb 

core shell, MGdF4:Yb,Tm@MGdF4:Eu,Tb@MGdF4:Ce (M: Na or K) core shell shell NPs 

have been synthesized.  

Under UV excitation (365-400 nm), the Eu3+/Tb3+ doped NaYbF4, NaGdF4 and KGdF4 

samples emit red and green light, respectively. MGdF4:Ce@MGdF4:Eu3+/Tb3+ core-shell 

NPs and MGdF4:Yb,Tm@MGdF4:Eu3+/Tb3+@MGdF4:Ce core-shell-shell NPs can also 

emit red and green light excited by UV light at 254 nm which is sensitized by Ce3+ and 

Ce3+ĺ Gd3+ ĺ Eu3+/Tb3+ processes. The KGdF4:Yb,Tm@KGdF4:Eu3+/Tb3+ NPs have a 

weak Stokes emission when excited by 254 nm UV light. 

Under 980 nm NIR laser excitation, the MGdF4:Yb,Tm@MGdF4:Eu3+/Tb3+ core shell NPs 

and MGdF4:Yb,Tm@MGdF4:Eu3+/Tb3+@MGdF4:Ce3+ core-shell-shell NPs emit red and 

green UC luminescence by Yb3+ ĺ Tm3+ĺ Gd3+ ĺ Eu3+/Tb3+ processes. The potassium 

based NPs exhibit brighter red and green UCPL than sodium based NPs. As a result of 

their unique luminescence properties, these nanoparticles may find potential applications 

in the fields of biomedicine, color displays, light-emitting diodes (LEDs), and solid-state 

lasers. 
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Chapter 9 Final conclusions and future work 

9.1 Photovoltaic material copper zinc tin sulfide 

Composed with earth abundant and nontoxic elements, quaternary semiconductor 

compound copper zinc tin sulfide (CZTS) provides a photovoltaic ability with favorable 

optical and electronic properties. Solution based approaches play an important role in 

reducing the cost of solar cells manufacturing. By reacting copper and zinc nitrates and tin 

precursor in thiourea and ammonia sulphide solution, typical kesterite phase of 

Cu2ZnSnS4 nanoparticles without other binary or ternary impurity phases were formed 

from the aqueous solution after annealing at 500°C. The CZTS precursor solution can 

also be obtained by dissolving copper, zinc, tin and sulphur powders in mixture solution of 

organic solvents thioglycolic acid and ethanol amine. Crystal of wurtzite phase can be 

formed when heated at 120°C, and kesterite phase mixed with trace amount of wurtzite 

phase (1.8%) can be obtained when heating under microwave assisted process. The as 

synthesized CZTS nanoparticle represents potential application in photovoltaic device, IR 

light luminescent and water splitting fields. Future work will be aimed to produce stable 

and high efficient CZTS solar cell device. 

9.2 Photovoltaic material perovskite 

Methylammonium lead halide perovskite material CH3NH3PbX3 (X=I, Br and Cl) can be 

produced in a cheap and simple process. With low cost and superior optoelectronic 

properties, it represents a great potential for high-efficiency photovoltaic cells and 

light-emitting diodes, but the use of toxic element and the unfavorable stability is a 

concerning issue. The efficiency can reach as high as 14% when use gold and silver 

counter electrode, but the device degrades very fast and performance low down. When 

use carbon paste as the counter electrode, the device performance is lower comparatively, 

but the stability is enhanced significantly. Nontoxic and very stable variety cesium tin 

halide derivative (Cs2SnX6, X=Cl, Br, I) is an alternative route to produce perovskite solar 

cell without concerning of the toxicity and stability, the fabrication technology for high 

performance device is needed to develop in future. 

9.3 Fluorescent material CuInS2@ZnS quantum dots 

Zinc sulfide (ZnS) and ZnS covered ternary I–III–VI semiconductors CuInS2 quantum dots 

possess unique optical properties with both excellent photovoltaic and fluorescent 

abilities.  

The incorporation of Gd3+ in the surface of the CuInS2@ZnS quantum dot doesn’t change 
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the optical property of the initial nanoparticle and makes it versatile. The covering of PEG 

or BSA on the surface of CuInS2@ZnS:Gd3+ quantum dots allows phase transfer of 

hydrophobic quantum dots into aqueous phase. The MRI longitudinal relaxivity value for 

QDs@PEG reaches to as high as 33.81 mM−1s−1. The dual-modality nanoprobe exhibits 

negligible cytotoxicity with >80% cell viability in human cervical (HeLa) cells after 24 hours. 

The fluorescence and MR imaging study were performed in vitro and in vivo and both the 

clear, positive, and increasing contrast enhancement of magnetic resonance and 

fluorescent image were obtained. The results demonstrated that CuInS2@ZnS:Gd3+ 

quantum dots could present great potential in simultaneously producing strong MR 

contrast enhancement and fluorescence imaging as dual-modal contrast agent. Future 

work might be aimed to the surface modification of the quantum dots to enable the 

nanoparticle to target the cancer cells specifically. 

9.4 Luminescent copper thiolate compounds 

As an interesting class of phosphors, copper thiolate compounds have attracted a great 

interest due to their unique structure and optical properties. In this work, we present a 

self-assembly strategy using 1-dodecanethiol (DDT) as ligand and reductant to produce 

the highly luminescence nanomaterial. In a simple synthesis process, the emission 

properties can be controlled. By forming compact and layered structure, the emission can 

be tuned so that green, yellow and even white emitting light can be obtained with single 

Cu thiolates. The Cu thiolates exhibit distinct mechano and thermochromic luminescent 

properties. The green, yellow and white light emitting source from single Cu thiolates 

could have interesting potential in LED applications. 

9.5 Lanthanide doped fluoride luminescent materials 

By the assisting of citrate and microwave, the Ƚ-NaYbF4, Ⱦ-NaGdF4, Ⱦ-NaGdF4:Yb,Tm, 

orthorhombic KYb2F7, Ƚ -KGdF4, Ƚ -KGdF4:Yb,Tm, MGdF4:Ce@MGdF4:Eu,Tb, 

MGdF4:Yb,Tm@MGdF4:Eu,Tb, MGdF4:Yb,Tm@MGdF4:Eu,Tb@MGdF4:Ce (M: Na or K) 

NPs have been synthesized hydrothermally.  

Under longer UV excitation (365-400 nm), the Eu3+/Tb3+ doped NaYbF4, NaGdF4 and 

KGdF4 samples emit the red and green light, respectively. Not only under longer UV 

excitation, MGdF4:Ce@MGdF4:Eu3+/Tb3+ core shell NPs and 

MGdF4:Yb,Tm@MGdF4:Eu3+/Tb3+@MGdF4:Ce core shell shell NPs can also emit the red 

and green light under 254 nm UV light excitation by Ce3+ĺ Gd3+ ĺ Eu3+/Tb3+ energy 

transfer processes. Under 980 nm NIR laser excitation, the 

MGdF4:Yb,Tm@MGdF4:Eu3+/Tb3+ core shell NPs and 

MGdF4:Yb,Tm@MGdF4:Eu3+/Tb3+@MGdF4:Ce3+ core shell shell NPs emit red and green 

UC luminescence by an energy transfer process of Yb3+ ĺ Tm3+ĺ Gd3+ ĺ Eu3+/Tb3+. The 

potassium based NPs exhibit brighter red and green UC than sodium based NPs. More 

investigation about the luminescent properties is under progressing. 
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