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Summary 

This thesis focuses on the synthesis of III-V colloidal semiconductor 

nanocrystals (NCs) doped with rare earth (RE) ions by various synthetic methods. 

Nearly monodisperse series of InP and In(Zn)P core NCs as well as of strongly 

luminescent InP/ZnS and In(Zn)P/ZnS core/shell NCs were successfully synthesized 

by reaction of the In precursor (indium myristate) with different phosphorous 

precursors such as yellow phosphorous, PH3 gas or P(TMS)3 in the non-

coordinating solvent 1-octadecene. The prepared NCs were characterized by 

powder XRD, TEM, EDX, XRF, UV-vis absorption and steady-state (SSPL) as well 

as time-resolved   photoluminescence (TRPL) spectroscopy. Alloy In(Zn)P and 

In(Zn)P/ZnS QDs were synthesized in a heating-up one-pot method by adding zinc 

stearate during the nucleation and growth process of InP NCs. The alloy 

In(Zn)P/ZnS QDs showed high PL quantum yield (QY) up to 70% and their emission 

could easily be tuned in the range from 480 to 590 nm (FWHM: 50 nm) by varying 

the Zn2+:In3+ molar ratio and the reaction temperature. The high PL QY is 

rationalized by band-edge fluctuation occurring in the In(Zn)P alloy structure, which 

contributes to the confinement of photoexcited carriers. 

Eu-doped In(Zn)P/ZnS NCs were successfully synthesized in a three-step 

one-pot method, namely (step 1) synthesis of the In(Zn)P host NCs; (step 2) Eu-

dopant growth; (step 3) synthesis of the outer ZnS shell. Complementary optical 

measurements – absorption, PL, PLE, phosphorescence and TRPL spectroscopy – 

confirmed the successful doping of the In(Zn)P/ZnS NCs with Eu and revealed 

resonant energy transfer between the In(Zn)P host and the Eu3+ guest ions. 

Finally, we have studied the influence of the surrounding environment on the 

optical characteristics of alloy In(Zn)P/ZnS QDs by comparing close-packed NC 

films and colloidal solutions. The SSPL spectra from the close-packed In(Zn)P/ZnS 

NCs are peaking at shorter wavelengths in comparison with those taken from the 

colloidal ones. In addition, TRPL studies show that the close-packed In(Zn)P/ZnS 

NCs possess a shorter luminescence decay time and a strongly increased spectral 

shift with the delay time from the excitation moment in comparison with the colloidal 

ones. Förster resonance energy transfer and/or excited charge-carrier transfer 

between the In(Zn)P/ZnS NCs are the main reasons for the observed behavior. The 

evidence of charge-carrier transfer in close-packed layers of In(Zn)P/ZnS QDs is 

very important for their integration into optoelectronic devices, such as QD LEDs or 

LEFETs. 
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Introduction 

The term “nanoparticles” (NPs) means that materials have the form of 

individual particles with a size below 100 nm. In this size range, the ratio of atoms 

on the surface to the atoms in the volume (proportional to 1/ r) is large meaning that 

one should consider the contribution of the surface atoms (including their dangling 

bonds) in various characteristics of the NPs. For easy evaluation and imagination, it 

is calculated that a 1-nm NP is composed of ~30 atoms of which 99% are resident 

on the surface; a 2-nm one is composed of ~250 atoms of which 80% are resident 

on the surface; a 4-nm one is composed of ~4000 atoms of which 40% are resident 

on the surface. Even the number of atoms per particle is small these atoms can 

arrange in the crystalline structure observed in the bulk material. In such a case a 

NP is called to be a nanocrystal (NC). In addition and more important, on the 

nanometer scale, there is a very interesting effect on the charge carriers, namely the 

“quantum confinement effect” which occurs if the size of NCs is comparable to twice 

the Bohr radius of its exciton. In this case, the NC is referred to as a quantum dot 

(QD).  

Because of the specific characteristics arising from the nanometer size 

mentioned above, NPs/NCs/QDs have become interesting objects for both basic 

and applied research. For basic/fundamental research, most of interests have been 

focused on the quantum confinement effect and the energy levels of charge carriers 

involved in the optical/electrical processes, the interaction between excitation light 

and QDs, the energy transfer inside and between the QDs etc. For applied research, 

in the past decade, various QDs of II-VI and III-V semiconductors have been 

synthesized for their promising applications in biological labeling [1-3], opto-

electronic devices including light emitting diodes (LEDs) and solar cells (SC) [4-12], 

as well as in photocatalysis[13]. For biological labeling, CdSe and CdTe 

semiconductor QDs exhibit strong luminescence at various colors in the visible and 

near infrared (NIR) range without the requirement of a specific excitation wavelength 

because of the semiconductor crystalline nature with a very large cross section for 

absorption of photons having energy higher than the bandgap. In contrast, biological 

labeling using organic dyes needs specific excitation wavelength resonant to the 
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molecule energy levels. Though the first paper on labeling of using CdSe/ZnS QDs 

[14] has been cited more than 5000 times, this work has to be considered as a 

proof-of-principle due to the intrinsic toxicity of Cd-based QDs. 

To overcome this problem, the synthesis of various other types of 

semiconductor QDs has been developed. Among them, QDs of InP and CuInS2 

have been synthesized and turned-out to be very promising candidates for the 

above mentioned applications [15–20]. One reason for the choice of InP is that bulk 

InP possesses a direct bandgap of 1.27 eV and its excitonic Bohr diameter is 22 nm 

[21] therefore InP QDs emit in the visible and NIR spectrum because of quantum 

confinement of charge carriers on the nanometer scale. Until 2005, there have not 

been many publications on QDs of III-V semiconductors in general and on InP in 

particular because of difficulties in the materials preparation [22–26]. For InP QDs 

synthesis, one can mention efforts from several groups such as Nozik et al. and 

Peng et al. who used all organometallic precursors with stabilizers in high boiling 

temperature organic solvents [24–27,30]; Alivisatos et al. who used InCl3 as the In 

source and a similarly organometallic precursor for P, with a sophisticated 

procedure [27]; Weller et al. who used the same route determined by Nozik et al. 

with attention to the shelling and etching process to study surface states of InP NPs 

[28–30]; Xie et al. who have used a lower temperature reaction of In and P with 

assistance of a reducing agent (KBH4) and a specially designed ultrasonic generator 

[31–32]. Some other authors used reaction of sodium phosphide and indium 

chloride in TOP (trioctylphosphine) [33] or thermo-decomposition of single source 

precursors for both In and P constituents [34]. The four first groups reported good 

crystalline quality and low size dispersion of the colloidal InP NPs obtained from a 

route using high boiling point solvents such as TOPO (trioctylphosphine oxide)/ TOP 

or ODE (octadecence) using reaction temperatures around 250-300 °C. In addition, 

the mentioned groups have synthesized InP QDs in long periods of the 

reaction/growth time, typically from few hours to several days; using pyrophoric and 

expensive chemical agents for the P source [e.g, P(Si(CH3)3)3]. Because of the use 

of very pyrophoric P(Si(CH3)3)3, all reaction were performed in severe oxygen free or 

airless condition. From the practical point of view, the above technological 

conditions have precluded development of the synthesis of InP QDs on a larger 

scale. During my thesis I have efficiently synthesized InP QDs in the reaction of 

newly created In and P in toluene [35]. Recently, we have reported the single-step 

one-pot synthesis of InP/ZnS QDs with a luminescence quantum yield (LQY) 
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exceeding 60% [36–37]. These QDs possess an alloyed internal structure in 

contrast to conventional core/shell InP/ZnS QDs prepared by two-step methods. 

Semiconductor QDs have been considered to be good phosphors for light emitting 

diodes (LEDs) and wavelength converter with the goal to realize solid state white 

lighting in order to replace incandescent light bulbs or other fluorescence lamps. III-

nitrides offer the possibility of achieving white light by combining the three 

fundamental colors or by combining the blue (from commercialized GaN-based 

LEDs) and orange emission (from QDs). In addition, red emission is required for 

getting a higher color rendering index (CRI) of full color devices that can be 

achieved by doping of suitable host materials with Eu3+ ions. InP QDs could be good 

luminophores emitting at orange color and be a good host materials for doping Eu3+ 

ions. In this case, the spectral positions from the well shielded intra 4f-transitions are 

nearly independent of the host material. The energy transfer between the host InP 

QDs and the guest Eu3+ dopant could be well understood by studying the optical 

processes related to the Eu3+ dopant. Thus, studies on the synthesis of InP QDs 

doped with Eu3+ trivalent ions and the excitation/de-excitation processes, as well as 

energy transfer between InP QDs and Eu3+ ions are not only interesting from the 

basic research point of view but also in view of the QDs  potential use in lighting 

applications. 

Other phenomena related to the nanometer size of QDs discussed in this 

thesis are the quantum confined Stark effect with the contributions of the electric 

field induced by the polarization of the QDs and the dielectric environment of the 

close-packed QDs with short interparticle distance. This study gives information 

about the influence of the electric field applied to the QDs and also about the energy 

transfer between excited QDs. 

The experimental techniques used in realizing the thesis are as follows: (i) 

Various chemical methods were used for synthesis of InP QDs. (ii) Appropriate 

techniques were utilized for samples characterization: TEM for morphology; 

HRTEM, X-ray diffraction and Raman spectroscopy for determining the QDs 

structure; absorption and photoluminescence including time-resolved 

photoluminescence spectroscopy for studying the optical properties.  

The thesis is divided into six chapters with appendices. Following this 

introduction, Chapter 2 presents a general introduction on the quantum confined 

nanostructures and the characteristic properties of nanocrystals and rare-earth ions. 



Chapter 1 Introduction 

14 

 

Chapter 3 gives the general information on InP NCs and describes a novel synthetic 

method for the fabrication of InP NCs at low temperature by using yellow 

phosphorus. The obtained InP NCs of a 3-4 nm size range exhibit good crystallinity. 

Chapter 4 presents the general synthetic methods and the optical characterization of 

highly luminescent InP/ZnS core/shell and In(Zn)P alloyed core/ ZnS shell QDs. The 

importance of experimental key parameters such as the Zn2+:In3+ ratio and reaction-

growth temperature is discussed. In the appendices, the details of synthesis of InP, 

InP/ZnS and In(Zn)P/ZnS QDs using different methods and the characterization 

techniques are presented. Chapter 5 focuses on a three-step, one-pot method for 

the synthesis of Eu-doped In(Zn)P/ZnS NCs. The key factors for the successful 

doping process, including reaction temperature for each process, dopant 

concentration, and the epitaxial growth of the ZnS shell to prevent the removal of 

RE3+ ions, are discussed. The optical characteristics and the energy transfer 

mechanism from the NCs host to RE3+ ions are systematically studied. Chapter 6 

will finally summarize the most important results of this thesis and give some 

perspectives.  

The research described in the thesis was carried out in close collaboration between 

IMS/VAST (Vietnam 50% of time) and INAC/SPrAM/CEA Grenoble (France 50% of 

time) with financial support from the French Minister of Foreign Affairs  (Evariste 

Galois program), CEA and IMS. 
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2. Theory related to the optical properties of semiconductor 

nanocrystals and rare-earth ions 

2.1. Quantum size effect 

One of the key factors associated with nanomaterials is the size dependence 

of their physical and chemical properties. The difference of properties between the 

bulk material and the isolated NPs becomes particularly pronounced in aspects 

related to the surface and the confinement of charge carriers. In this paragraph we 

present the basic knowledge on the density of states and energy levels from a QD, 

i.e. a NC with radius comparable to the Bohr radius of its exciton [1]. The quantum 

size effect not only includes the blue-shift of the absorption edge/exciton energy but 

also covers the increase of the exciton oscillator strength and the binding energy [2]. 

Both of these effects will be discussed in the following. 

In atoms and molecules electrons exist in discrete localized states, while in a 

bulk semiconductor the large number of atomic/molecular orbitals creates a band of 

continuous electronic states. In semiconductors, the valence and conduction bands 

are separated by an energy gap or band gap, where no Bloch function solutions of 

the wave equation can exist. The band gap can be defined between the top of the 

valence band (VB), or in terms of quantum chemistry the highest occupied 

molecular orbital (HOMO), and the bottom of the conduction band (CB), or the 

lowest unoccupied molecular orbital (LUMO). The electrons can be excited to the 

CB and create holes in the VB by thermal or photon excitation. In this situation, a 

number of free electrons and holes give rise to a certain conductivity of the 

semiconductor. The band gap is of fundamental importance because it determines 

both the electrical conductivity and the optical absorption onset energy [1]. 

Quantization depends on the spatial confinement and can be classified in three 

different regimes, namely confinement in one, two or three dimensions. Confinement 

in one dimension produces a quantum well, in two dimensions a quantum wire and 

confinement in three dimensions produces a quantum dot. The basic characteristics 

of these three quantum structures are different, for example the density of states as 

a function of the energy (see Figure 2.1). For the quantum dot structure, the density 

of states is a delta function showing correspondingly the discrete energy levels [3]. 
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The quantum confinement is rated into different regimes; at weak quantum 

confinement regime, the characteristics are still bulk-like; while at strong quantum 

confinement regime the quantum size effect makes QDs behave as “artificial atom” 

[4].  

In a bulk semiconductor, the electron and hole are coupled by attractive 

Coulomb forces to form a so-called Mott–Wannier exciton that is assigned as a 

single particle in an excited state [5]. In II-VI and III-V semiconductors, excitons are 

considered to be similar to a hydrogen atom and can be well described by a 

hydrogen-like model incorporating the effective mass and the screening described 

by the dielectric constant. Brus et al. [6] considered that unlike in bulk 

semiconductors, where the electron-hole pair is free to move, in small QDs they can 

become physically confined. Strong confinement leads to a rising of the electronic 

energy in the same way as would be expected from the simple particle-in-a-box 

model of quantum mechanics. The effective band gap of a NC can be derived as  

 

where Eg() is the band gap of the bulk semiconductor (~1.27 eV for InP [7– 8]), me* 

and mh* are the effective masses and  is the bulk optical dielectric constant. 

 

Figure 2.1: (a) Density of states in a bulk semiconductor, a NC and an atom; and the 

corresponding confinement diagram illustration of them. (b) Electron and hole states in a 

semiconductor NC in the strong confinement regime [3]. (c) Typical absorption spectrum 

from a colloidal In(Zn)P/ZnS NCs.   
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When R is small, the 1/R2 term (related to the confinement energy) is more 

visible and stronger contributes to the change in the final transition energy. It 

increases very fast with decreasing size, especially when the radius (R) is smaller 

than the Bohr exciton radius (B), which is given by 

 

where  is the dielectric constant and me* and mh* are the electron and hole effective 

masses, respectively. 

Because of the high surface-to-volume ratio, the surfaces effect relatively 

weakly on the exciton energy, but have a tremendous effect on the exciton oscillator 

strength [4]. The exciton oscillator strength is given as follows [5]: 

 

where me is the electron mass, E and  are the transition energy and the transition 

dipole moment, respectively, and U(0)2 is the overlap factor between electron and 

hole wave functions. The confinement of electrons and holes in NCs enhances the 

spatial overlap between their wave function and increases the binding energy and 

oscillator strength. The absorption cross-section in a NC is determined by the 

oscillator strength per volume, fnp/V, where V is the volume of the NC [4,9], fnp is the 

oscillator strength of the NC. When R >> B, U(0)2 is size independent and the 

oscillator strength is determined by the macroscopic transition dipole moment [3,9]. 

In the strong quantum confinement regime, where R < B, the oscillator strength, f, 

is still only weakly size dependent, because  follows the opposite trend, even 

though the overlap function U(0)2 between the electron and hole increases with 

decreasing size [10–13]. However, in this regime excitonic absorption becomes 

more intense because fnp/V increases with decreasing particle size and varies 

approximately with (B/R3) [11–13].  
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2.2. Surface states in NCs 

Atoms at the surface of NCs or bulk materials show coordinative un-

saturation, leading to spatially and energetically localized electronic states (surface 

states or defects states) [14]. The so-called intrinsic defects reflect the aperiodic 

termination of the lattice on the surface of NCs. Certain adsorbates can occupy the 

vacant coordination sites on the surface leading in some cases to removal of the 

intrinsic surface states. In turn, new extrinsic surface states can be created, which 

arise from unsaturated coordination bonds of adsorbates, and may lie within the 

bandgap or in the continuum bulk states of the environment. Photooxidation is an 

example via oxide formation on the surface of the NC that leads to extrinsic surface 

states.  

Another description by Brus et al. [6] explains surface defects by introducing 

two different kinds of trap such as deep trap and shallow trap. The deep traps are 

essentially localized at the lattice site defects and lie in the middle of the band gap. 

The shallow traps lie within a few meV of the corresponding band edge and are 

delocalized over several unit cells. Intrinsic surface states could be passivated by 

different kinds of ions including H+ and OH- generated from the ultraviolet light 

irradiation of samples in water [15].  

The surface energy gap of NCs is dominated by the quantization of the energy 

levels in the material, thus the energy levels of the traps depend on the size of the 

NCs. With decreasing size produces splitting of the energy levels is more dramatic 

for the shallow traps than for the deep ones. Therefore, the distinction between 

shallow traps and the electronic states of the cluster disappears in the strong 

confined regime of NCs. The energy range between deep traps and delocalized 

states from the cluster is illustrated in Figure 2.2. 
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Figure 2.2: Schematic diagram of the shallow and deep traps in the bulk (left) as well as in a 

semiconductor cluster/NC (right) [6]. 

2.3. Luminescence spectroscopy of rare-earth (RE) ions  

2.3.1. Rare earth related trap states and energy levels in semiconductors 

The most interesting spectral features of RE3+ ions in certain host crystals are 

their very sharp luminescent lines much resembling the spectra of free ions. 

Because the 4f orbital of RE ions, incorporated in semiconductors, are deeply buried 

within the electronic shell, the energy levels of the 4fn configuration are only slightly 

perturbed compared to free ion energy levels. Therefore, the positions of the energy 

levels of the 4f electron systems are almost unaffected by the nature of the host and 

the linewidths are often only slightly broadened [16].  

It is well known that isoelectronic impurities in semiconductors produce bound 

states in the band-gap, binding an electron or a hole [17–18]. The factors affecting 

the intensity of binding energy potential are the electronegativity and the size 

difference between the impurity and the host ion which it replaces [19–20]. Also the 

spin-orbit coupling and the strain field in the close vicinity of the impurity, induced by 

size differences between the guest and the host atoms, can play an important role 

for creating trap levels [21]. The covalent radius and the electronegativity of RE3+ 

ions are shown in Table 2.1. If the RE3+ ions replace the element from column III 
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such as Ga and In in III-V compounds, they create isoelectronic traps due to the 

bigger covalent radius and the remarkably smaller electronegativity of RE3+ ions as 

compared to Ga and In ions. The RE3+ ions introduce electron or hole traps in III-V 

semiconductors. In general, most trap levels are attractive for electrons, but they 

can also bind in few cases a hole (GaAs:Er [22–23], InP:Bi [24–25]) or an exciton. 

The situation is more complicated for n-type and p-type semiconductors [20,26].  

Table 2.1: Electron configuration of selected RE atoms, RE3+ ions (and some elements), 

ionic, covalent radii, and electronegativity. The complete table can be found in [16,27]. 

Element 
Electron 

configuration 

Electron 

configuration 

RE3+ ion 

Ionic 

radius 

RE3+ (Å) 

Covalent 

radius 

(Å) 

Electro-

negativity 

Samarium ..4f65s25p66s2 ..4f55s25p6 0.97 1.62 1.17 

Europium ..4f75s25p66s2 ..4f65s25p6 0.97 1.85 1.20 

Terbium ..4f95s25p66s2 ..4f85s25p6 1.00 1.59 1.20 

Erbium ..4f125s25p66s2 ..4f115s25p6 0.96 1.57 1.24 

Thulium ..4f135s25p66s2 ..4f125s25p6 0.95 1.56 1.25 

Ytterbium ..4f145s25p66s2 ..4f135s25p6 0.94 1.74 1.10 

Gallium …3d104s24p  0.62 1.26 1.81 

Indium …4d105s25p  0.81 1.44 1.78 

 

The energy levels of RE3+ ions are shown in Figure 2.3. In many cases, one 

cannot observe all the corresponding transitions because the Stark splitting is not 

strong enough. It is clearly seen that if the optical transition from NCs is around 460 

nm (~22000 cm-1) it could match well the 7F0 – 5D2 transition of the Eu3+ ion to 

promote the resonant energy transfer between NCs and Eu3+ ions. Excited by the 

energy transferred from the host material, Eu3+ ions can then emit light by the 4f-

electron transitions at the longer wavelength range mostly by the 5D0 – 7F2 transition 

(in this case, the transition originates from a J = 0 level that need J = 2, 4, 6). 
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Similarly, Tm3+ ions can absorb the energy to have the 3H6 – 1G4 transition and then 

to emit by the 1G4 – 3F4 and 3H4 – 3H6 transitions at 650 nm and 807 nm, respectively 

[36]. 

a) 

 

b) 

Figure 2.3: (a) energy levels of Eu3+ ions and (b) partial energy diagram of selected RE3+ 

ions. Arrows show the main transitions [28].  

The existence of trap levels can be demonstrated experimentally by 

measuring the lifetime of carriers, which is of course much longer when they bond to 

an isoelectronic trap level. If after recombination of carriers in the host the guest 

atom can be excited, as in the case of Eu3+ ions, other methods have to be used to 

identify trap levels, e.g. PLE or absorption spectroscopy, and thermally activated PL 

measurements. In the present thesis, PLE and absorption spectroscopy were used 

(see Section 5.3 of Chapter 5).  

2.3.2. Energy transfer from the semiconductor host to the RE3+ ions 

As mentioned above, the PL originating from the intra-4f-shell transitions of 

RE3+ ion is spectroscopically sharp and very weakly dependent on the surroundings. 

On the other hand, semiconductors doped with RE ions allow the excitation 

occurring via the host material with very large cross-section [32]. Therefore RE-

doped semiconductor systems have a high potential for fabrication of optical or 

optoelectronic devices. A practical device requires stable and efficient room-

temperature operation. To achieve this, the mechanism of energy transfer from the 



Chapter 2  Theory 

24 

 

host lattice to the RE ion needs to be understood and optimized. It is generally 

believed that the energy released from recombination of electron-hole pairs can be 

used to excite the RE ions into excited states, from which the radiative emission 

follows [16,29–30]. Yb-doped InP is commonly used as a model system to 

investigate these processes because Yb3+ ions has only one excited state and forms 

only one optically active center in InP [31–36]. According to this model, the energy 

transfer occurs between the Yb 4f-shell and an electron-hole pair at the electron trap 

that originates from the Yb ion substituting for In. As the Yb ion forms the electron 

trap, the trapped electron is located close to the 4f-shell of Yb and a strong 

interaction is expected between the electron-hole pair and the 4f-shell leading to an 

efficient energy transfer. Kinetic models from other semiconductor RE systems like 

Si:Er show similar characteristics [37–41]. 

Figure 2.4 shows a schematic model of Yb3+ excitation in InP bulk host. It is 

proposed that after band to band excitation of the semiconductor (1) the generated 

free electron can be quickly captured by a RE related trap (2). Then, a free hole 

from the valence-band is attracted to the trap by the Coulomb force (3), resulting in 

the formation of an electron-hole pair. The energy released from recombination of 

this electron-hole pair is then used to excite the Yb3+ ion from the 2F7/2 ground state 

to the 2F5/2 excited state in a so called Auger process involving electrons from the 4f-

shell of the Yb atom (4). It is necessary that the energy between excited state and 

ground state of the RE3+ ions matches well the electron-hole pair recombination 

energy. Too low recombination energy from the recombining electron-hole pair 

would not yield to any excitation of the RE3+ ion. On the other side, the use of too 

wide band-gap would result in complex processes, the excess energy being 

released by the generations of phonons, which have been experimentally evidenced 

in [42].  
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Figure 2.4: Model of the excitation of Yb3+ ions in InP host. After band to band excitation (1) 

the generated free electrons can be captured at the Yb related trap (2). Binding of the hole 

(3) forms an electron-hole pair on the trap. Non-radiative recombination of the pair leads to 

excitation of the Yb3+ ion (4), producing the observed PL (5). Energy back-transfer can cause 

the de-excitation of the Yb3+ ion without emission [31]. (Energy values at room temperature). 

The excited electron in the Yb3+ atom can relax to the ground state which is 

associated with light emission (5). However, an energy back-transfer process can 

also cause the de-excitation of excited Yb3+ ion by generation of an electron-hole 

pair in the host material. Then, recombination of this secondarily generated electron-

hole pair can release the energy which can be used to excite again right such Yb3+ 

ion or another neighbor ion in the samples with higher content of Yb3+ ions. Another 

possibility is that an electron from the valence band can be generated with band 

edge related luminescence as the result. For matching the energy difference 

between trap level and the bottom of the conduction band or the top of the valence 

band, a multiphonon process is proposed [35,43]. The discussed processes occur in 

different time scales. The rise time of the Yb3+ atoms emission has been measured 

in the range of 1–10 s depending on the generation rate [16,33], whereas the 

decay time - in the range of 7–12 s. Note that for other RE atoms the decay time 

can be much longer as it strongly depends on the transition itself. Along with the 

above discussion the rise time must be included in the consideration of this process 

(1) to (3). For the decay time, only process (5) has to be considered. However 
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energy back-transfer with following RE ion excitation would yield much longer decay 

times, which is discussed in more detail in Section 5.3 for Eu-doped In(Zn)P/ZnS 

QDs. All other RE3+ ions (except Yb3+) have more than one excited states so the 

energy transfer mechanisms are in these cases more complicated. At first the 

electron from the excited RE3+ ion can relax radiatively or with phonon emission to 

lower-lying excited states. Also cross relaxation processes can occur, which means 

that energy from an excited RE3+ ion is transferred, after radiative relaxation of the 

electron to a ground state, to another closely located RE3+ ion. This has of course 

detrimental effects on the optical output of the observed emission line as the cross 

excited luminescence is of the same (or lower) emission energy. 

Cross relaxation processes are typically yielding long decay times. This 

problem will be approached in more detail in Section 5.3 using Eu-doped In(Zn)P 

and In(Zn)P/ZnS QDs as instructive examples. This phenomenon has been 

experimentally established for Eu3+ ions in insulators [44]. To the best of our 

knowledge, the energy transfer mechanism in Eu-doped In(Zn)P/ZnS QDs has not 

yet been investigated. This is probably caused by significant difficulties in the 

materials preparation, including the synthesis of high quality In(Zn)P/ZnS QDs and 

the doping process. In the following chapters the new results and discussion on this 

subject will be presented.  
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3. InP nanocrystals 

3.1. Introduction 

In the past decades, NCs or QDs of various II-VI and III-V semiconductors 

have been synthesized and studied intensively due to their unique optical and opto-

electronic properties; they are of great interest for both fundamental and applied 

research. Among their most promising applications their use as fluorescent probes 

in bio-labeling [1–3] and as light emitters or absorbers/light-converters in opto-

electronic devices, such as light emitting diodes and solar cells [4–8], can be cited. 

Although most studies have focused on semiconductor NCs from the II-VI family 

(CdS, CdSe, CdTe), the synthesis and characterization of III-V semiconductor NCs 

such as InP(As), and GaP(As) have also received renewed interest due to their 

technological importance. Moreover, semiconductor NCs from the III-V family are 

more covalent in nature and exhibit larger excitonic Bohr diameters as compared to 

II-VI compounds. Therefore, one can expect that the quantum size effect is more 

pronounced in this class of materials, making them attractive compounds for 

investigations on the nanoscale and for application in optical devices. InP is 

especially interesting material, having a relatively large excitonic Bohr radius of 11.3 

nm and a direct band gap of 1.27 eV, which enables its NCs to exhibit the 

photoluminescence emission in the spectral range from blue to the near infrared [9] 

depending on the quantum confinement regime. These InP NCs are promising 

alternatives to the frequently used CdSe-based NCs for applications in biolabeling, 

light emitting devices, photovoltaic cells, and quantum dot lasers [10–12]. 

Nevertheless, the synthesis of the highly luminescent III-V NCs is still challenging. 

While the synthesis of II-VI semiconductor QDs such as CdS, CdSe and CdTe 

experienced remarkable progress triggered by the seminal work of Murray et al. 

[13], the development of III-V NCs takes place on a slower time scale because of 

significant difficulties in the materials preparation. As a consequence only a 

relatively limited number of reports on InAs and InP QDs, which were synthesized 

by chemical methods, have been published [14–16]. Concerning the synthesis of 

InP NCs, the hot-injection method used for cadmium chalcogenides has been 

adapted by the groups of Nozik and Peng [17–20]. In these procedures, carried out 

in either a coordinating (TOPO/TOP, trioctylphoshpine oxide/trioctylphosphine, and 

various amines) [17-19] or a non-coordinating (ODE, 1-octadecene) [20] solvent at 
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high temperature (300-350°C), the phosphorus precursor 

(tris[trimethylsilyl]phosphine, P(TMS)3) is quickly injected into the solution containing 

the indium precursor (indium chloride or indium acetate). While providing a relatively 

good control of the NCs size, these methods suffer from the use of stringent 

experimental conditions related to the injection of the pyrophoric phosphorus 

precursor and the high reaction temperatures, impeding the large-scale production 

of InP NCs. In addition, the synthesis in coordinating solvents is very time-

consuming, as reaction times of several days or annealing of the isolated particles at 

temperature up 400oC are needed to obtain products of high crystalline quality [17–

19,21]. A low temperature route enabled to obtain the well crystalline InP nanofibers 

at 111-203oC, however, with the use of highly toxic PH3 gas in this process [22]. Xie 

et al. developed a different strategy, which relies on the use of indium chloride and 

yellow (or white) phosphorus in the presence of a reducing agent (KBH4) [23–24]. 

When the reaction was carried out at 80-160°C in ethylenediamine solvent, 11-20 

nm InP NCs and large-sized nanorods were obtained [23,25]. Using the same 

reagents in a mixed solvent of ethanol and benzene, an ultrasound-assisted reaction 

(25°C, 4 hrs) yielded 9 nm NCs [24]. In this case, a temperature-stabilized bath 

contained the reaction vessel, into which the horn tip of an ultrasonic generator was 

immersed to promote the production yield.  

In this chapter we report on the synthesis and characterization of highly 

crystalline InP NCs from yellow P4 at low temperature [26]. We used toluene as a 

reaction solvent in most experiments to avoid highly toxic benzene. Our method 

provides a number of positive features such as the use of simple precursors and 

experimental setup combined with a quick synthesis at low temperature that allow 

us to obtain the reaction yield of nearly 100% of InP NCs in the powder form after 

purification. 

3.2. Synthesis of InP from yellow P4 at low temperature 

Recently, there have been considerable efforts to explore new solution routes 

to III-V group semiconductors, with the goals of searching for mild synthesis 

conditions, for instance, decreasing processing temperature, avoiding complex 

reactions and toxic precursors, and preparing on large-scale. Among them, the 

metathesis and solvothermal reduction routes seem to be proper choices for 

synthesis of III-V semiconductors especially for InP and InAs NCs. These routes use 

inexpensive chemicals and a simple set-up, are carried out at ambient pressure and 
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at low temperature. An important feature of the synthesis of spherical InP NCs, 

which should be mentioned here, is that yellow phosphorus dissolved in various 

solvents such as benzene and toluene was used as the phosphorus precursor. Xie 

et al. developed a strategy to produce InP NCs relying on the use of indium chloride 

and yellow (or white) phosphorus in the presence of a reducing agent KBH4 in mixed 

solvents of ethanol and benzene under high-intensity ultrasonic irradiation (see 

reaction 3.1) [23–24].  

4 InCl3 + 12 KBH4 + P4  4 InP + 12 KCl + 12 BH3 + 6 H2  (3.1) 

In this process, KBH4 reduces the dissolved InCl3 to generate active elemental 

indium under ultrasonic irradiation. Ultrasonic waves that are intense enough to 

produce cavitations can drive high energy for the reaction between phosphorus and 

freshly created indium atoms to form InP NCs. The solvent also affects the reaction 

process and its products.The solvent also affects the reaction process and products. 

For instance, when the reaction was carried out at 80-160°C in 1,2-ethylenediamine 

solvent, 11-20 nm InP NCs and large-sized nanorods were obtained [23]. While 

using the same reagents in a mixed solvent of ethanol and benzene, an ultrasound-

assisted reaction (25°C, 4 hrs) yielded 9 nm NCs. In this case, a temperature-

stabilized bath contained the reaction vessel, into which the horn tip of an ultrasonic 

generator was immersed. 

Herein, we used yellow phosphorus and InCl3 as procursors to produce InP 

NCs. In fact, our method can be considered as a modification of Xie’s method with 

some additional positive features. First, to generate active indium we used NaBH4 

as a reducing agent whose advantages will be discussed in Section 3.3. Another 

positive feature of our experiment is that we used toluene instead of benzene, a 

highly toxic solvent. And more importantly, by proper choice of the reaction 

conditions (see the experimental details in Appendix 1.2 and [26]) highly crystalline 

InP NCs have been successfully synthesized from the above mentioned precursors 

with a simple experimental setup without using ultrasounds. This combination 

enabled us to produce a large amount of InP NCs at low temperature with a reaction 

yield of nearly 100%.  

We have controlled the growth regimes and the size of InP NPs by changing 

the NaBH4 i concentration and its injection rate into the solution of indium and 

phosphorus precursors. The exapct procedure is described in Appendix 1.2 and in 
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[26]. Typically, we have checked various concentrations of NaBH4 in ethanol and 

found that 0.2 M is appropriate to grow InP NCs in high yields without residual 

metallic In. The amount of NaBH4 warrants the excess (two times) of reducing agent 

as compared to the used amount of In3+ ions. The freshly formed indium atoms from 

the reduction of the In3+ ions can react with available P atoms to form InP. We used 

two different ways for the injection of the NaBH4 solution into the mixture containing 

indium and phosphorus precursors, which are the so-called “continuous method” 

(injection rate 1 mL/min) and “discontinuous method” (injection rate 5 mL/min). The 

reaction mixtures are maintained at temperatures of 40 or 70°C for duration of 1 to 5 

hrs, depending on the desired NCs size. The produced dark precipitates are 

collected by centrifugation (5700 rpm, 10 min) and repeteadly washed with hot 

ethanol and toluene, to remove residuals and by-products such as P, NaCl and 

NaBH4 (in some samples, CS2 was used to wash P out). Finally, the black powder is 

dried in vacuum at 60°C for 1 hr. The reaction yield was close to 100%, with respect 

to the starting amount of the indium precursor. Concretely, after careful washing with 

ethanol and toluene we obtained ~2.5 mmol of InP NCs in form of a powder. 

Measurement 

For the structural characterization of the obtained NCs, powder X-ray 

diffraction (XRD, Siemens D5005) and Raman scattering spectroscopy (Jobin-Yvon 

Horiba Infinity spectrometer with 532 nm excitation) investigations were performed. 

The XRD patterns were used to identify structural phases as well as to calculate the 

mean crystallite sizes using Scherrer’s formula. High resolution transmission 

electron microscopy (HRTEM JEOL 4000EX), and EDX analysis (FE-SEM Hitachi 

S4800) enabled us to determine directly the NCs’ size and shape, as well as their 

stoichiometry. Samples for spectroscopic and microscopic measurements were 

prepared by dispersing the purified NCs in de-ionized water, followed by sonication 

(10 min). This treatment results in dispersions which are stable for several days 

without visible precipitation. For TEM, a drop of the obtained dilute NC dispersion 

was slowly evaporated on a holey carbon substrate (Ted Pella). 
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3.3. Results and discussion  

The chemical reactions leading to the formation of InP in our synthetic scheme 

are described by equations 3.2-3.4  

2In3+ + 6 BH4
–   2In + 3 B2H6+ 3 H2   (3.2) 

4 In + P4  4 InP   (3.3) 

4 InCl3 + 12 NaBH4 + P4  4 InP + 12 NaCl + 6 B2H6+ 6 H2  (3.4) 

Alkali hydroborates MBH4 undergo metathesis reactions with certain group II 

and group III elements; indium hydroborate, is, however unstable at room 

temperature [27]. Under the present reaction conditions, the redox reaction 

described in Equation 3.2 takes place instead, involving the oxidation of the 

hydroborate ions and reduction of the indium ions, accompanied by the release of 

gaseous hydrogen and diborane. The freshly created indium atoms react with 

elemental phosphorus (Equation 3.3) to form InP NCs. In Equation 3.4, the overall 

reaction is summarized, including the side-product NaCl, which can easily be 

removed by washing the NCs with de-ionized water. The resulting InP NCs 

precipitate as a very fine black powder. A key issue of this type of synthesis is the 

problem of avoiding the formation of residual metallic indium. This parameter can be 

controlled by adjusting the reduction rate of In3+ ions, which depends on the used 

reducing agent, the temperature and the solvent. Instead of using KBH4 as 

described in [17–18], we have selected NaBH4 as the reducing agent. This choice 

was motivated by the higher solubility of NaBH4 in ethanol (due to its less ionic 

character), its larger commercial availability and lower price as compared to its 

potassium homologue. In order to control the reduction rate, we supplied the NaBH4 

solution in ethanol slowly by dropwise addition. Control XRD experiments performed 

on a series of samples prepared with varying NaBH4 injection rates confirmed that 

this way of supplying NaBH4 is of crucial importance. Using a high injection rate of 

NaBH4 (5 mL/min), we obtained both crystalline InP NCs and metallic indium 

residual. Although it is in principle possible to wash out the metallic indium residual 

with dilute hydrochloric acid, the necessity of such additional purification steps and 

the reduced reaction yield are obvious drawbacks. By lowering the injection rate to 1 

mL/min, InP NCs are obtained in high yield and the formation of residual metallic 
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indium could be significantly reduced as judged from XRD measurements. Using 

Scherrer’s formula based on the half-widths of XRD peaks, we determined the mean 

size of the obtained InP NCs to be in the range of 3–6 nm for both described 

samples (5 mL/min and 1mL/min injection rate). Therefore it can be concluded that 

the reduction rate of In3+ does not have a strong influence on the NCs’ size. In the 

above experiments the reaction temperature was kept at 40°C. Raising the 

temperature to 70oC and using the low injection rate of NaBH4 (1mL/min) allowed for 

the complete suppression of the formation of metallic indium. Thus, in our further 

experiments these parameters are considered to be the “standard conditions”. 

 

Figure 3.1: X-ray diffraction patterns of InP NCs as a function of the reaction time (a) 1 hr, 

(b) 2 hrs and (c) 5 hrs (injection rate of NaBH4: 1 mL/min; reaction temperature 70°C). 

Figure 3.1 shows XRD pattern of the InP NCs obtained using these conditions 

while varying the growth time. For all three samples, the XRD pattern is consistent 

with the bulk InP reflections indicating the same cubic zinc-blende lattice structure. 

The peak at 26.3° corresponds to the (111) lattice facet, with an atomic distance of 

3.37 Ǻ. The other peaks at 30.5°, 43.7° and 51.6° are indexed as the (200), (220) 

and (311) reflexions, respectively. The results reflect that the obtained InP NPs are 

well crystallized, which is markedly different from the previous results showing that 

products prepared by high intensity ultrasonic irradiation are often in amorphous 

form [28]. When the growth time was increased from 1 to 5 hrs, the InP NCs 
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became only slightly bigger, as can be seen by the almost imperceptible narrowing 

of the diffraction peaks. Using the peak at 43.7° to calculate the mean crystallite size 

resulted in ~4 nm (1 hr) and 4.2 nm (5 hrs). In the following we will demonstrate that 

the particle sizes determined by means of various methods are in good agreement. 

 

Figure 3.2: Raman scattering spectrum of the obtained InP NCs (reaction time 2 hrs). Their 

mean size of 3–4 nm is estimated from the Raman shift and the intensity ratios between the 

2LO and LO lines. 

 Figure 3.2 shows the Raman spectrum of InP NCs obtained after a reaction 

time of 2 hrs, using the 532 nm light from a frequency-doubled Nd:YAG laser as the 

excitation source. The transverse optical (TO) and longitudinal optical (LO) phonon 

lines corresponding to the zinc-blende crystal structure of the InP NCs are clearly 

visible [19,29]. It is noteworthy that both the TO and LO Raman scattering lines 

could be observed because the NCs are randomly oriented; that is different from the 

case of oriented bulk InP, in which the recorded Raman spectra depend on the 

lattice facets under measurement respecting the Raman scattering selection rule. By 

comparing the recorded Raman spectrum to the reported size-dependent Raman 

spectra in Ref. 14, we estimate the size of our InP NCs to be of 3–4 nm, which is in 

good agreement with the crystallite size estimated from XRD measurements. 
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Figure 3.3: EDX spectrum of a typical InP NCs after purification. 

 An EDX spectrum of a typical sample, which was washed several times with 

ethanol and toluene, and then with CS2 is shown in Figure 3.3. It reveals that the 

In:P atomic ratio is slightly smaller than 1 (0.96). Depending on the surface 

stoichiometry, a variation from equimolar composition can be expected in NCs, 

exhibiting a high surface to volume ratio. These deviations from stoichiometry may 

have effects, on the optical and electronic properties of NCs. For example, in case 

of a 3 nm of InP NCs, ~30% of its ~1000 atoms are located at the particle surface 

[30]. The observed excess of P is coherent with the higher amount of phosphorus 

precursor used in the synthesis, which favours a P terminated surface. The 

presence of sulfur is attributed to the washing of the sample with the CS2 solution.  

 

Energy (keV) 

InP NCs
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Figure 3.4: UV-vis absorption spectrum of the obtained InP NCs (reaction time 2hrs), after 

purification and subsequent dispersion in de-ionized water. 

 The experimental results presented so far have proved that InP NCs with a 

mean size around 4 nm have been synthesized with close to equimolar 

stoichiometry. As mentioned previously, two ways for injecting the NaBH4 solution 

were explored, termed “continuous method” and “discontinuous method”. The 

results from XRD measurements and Raman spectroscopy are almost similar in the 

both cases. However, some differences have been detected in the UV-vis 

absorption spectra of both types of samples. Only when the “discontinuous method” 

was used, a peak corresponding to the optical transition in the near-band-edge 

region was distinguishable (Figure 3.4), indicating a lower size distribution than in 

the case of the “continuous method”. We rationalize this observation with a shorter 

nucleation event induced by the rapid injection of the reducing agent containing 

solution, and consequently a more pronounced temporal separation of nucleation 

and growth, necessary for the synthesis of NCs of low size dispersion. However, as 

mentioned before, the “discontinuous method” produces a larger amount of residual 

metallic indium. If we assign the spectral feature in spectrum 3.4 to the excitonic 

peak, its position of 540 nm corresponds to a NC size of ~2.5 nm, i.e. slightly 

smaller than their size determined from the results from X-ray and Raman analysis. 

A more detailed analysis of the spectrum is not possible due to a pronounced tail in 
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the longer wavelength region, which we attribute to light scattering arising from 

aggregates in the NCs dispersion. 

 

Figure 3.5: TEM image of the obtained InP NCs. Left inset: HRTEM image of one particle 

showing the distance between atomic layers (scale bar: 5 nm). Right inset: overview image 

at higher magnification. The lattice planes of individual monocrystalline particles, highlighted 

with circles, are visible. 

 Figure 3.5 displays the TEM images of InP NCs obtained after a reaction 

time of 2 hrs using the “continuous method”. Individual NCs with sizes ranging from 

3–6 nm form larger aggregates. Due to the superposition of the nanocrystals, an 

accurate determination of the size distribution, estimated to be in range of 15–20%, 

is delicate. The high-resolution TEM image (inset of Figure 3.5) clearly shows the 

inter-reticular distance of 3.348 Ǻ, which agrees with the lattice distances obtained 

from the XRD patterns (3.34 – 3.38 Ǻ). Again a good agreement concerning the 

particle size with the above mentioned analysis techniques are obtained. 
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3.4. Conclusion 

In this chapter, we have presented a novel and simple method for the synthesis of 

InP NCs having a mean size of 3–4 nm. The reaction temperature is 70°C, which is 

the lowest temperature reported to date for preparing InP NCs. Nevertheless the 

produced particles show high crystallinity and are obtained in high yield. Their 

surface is not passivated by bulky organic molecules of surfactant type, in contrast 

to nanoparticles synthesized via traditional colloid-chemical methods. Therefore 

charge transfer processes at the interface with their surrounding medium are 

facilitated. If surface oxydation could be avoided during their processing, these NCs 

would have a high potential for application in solar cells as broad-band light 

absorbers. 
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4. Luminescent InP/ZnS nanocrystals 

4.1. Introduction 

In Chapter 3 we presented the synthesis of InP NCs by means of a simple low 

temperature method with low cost precursors. In fact, this method, using InCl3 and 

yellow P4 in toluene and ethanol, enables the fabrication of large amounts of InP 

NCs in powder form. However, the obtained InP NCs possess a large size 

distribution and no luminescence could be detected. In this chapter, we present the 

study on the synthesis of highly luminescent InP/ZnS NCs. 

Since the first successful preparation of InP NCs via an organometallic 

synthetic route, enormous efforts have been undertaken to prepare NPs of the 

technologically important III-V semiconductors [1–4]. However, the synthesis of III-V 

family NPs other than InP and InAs has shown to be more difficult than that of II-VI 

NCs. The reason is that III-V semiconductors are compounds more covalent in 

nature. Therefore higher temperatures and longer reaction times are usually 

required in the synthesis as compared to their II-VI analogues [5–7]. Consequently, 

only a limited number of papers discussing the synthesis and characterization of 

these NCs appeared in the literature [2–13]. Due to surface traps, dangling bonds 

and stacking faults in the crystal, a higher activation barrier of III-V compounds for 

de-trapping is observed as compared to the II-VI ones [7,14]. As-prepared InP NCs 

typically exhibit weak LQY, usually less than 1%, and broad PL linewidth (of the 

order of 60–100 nm) [15]. In addition, due to their large surface to volume ratio, 

nonradiative recombination at surface sites and surface traps competes very 

efficiently with luminescence [16–17]. Strategies to enhance the LQY aim to reduce 

nonradiative recombination by confining the wave function of the electron-hole pair 

to the interior of the crystallite. This is achieved either by chemically modifying the 

particle surface or by epitaxial growing of a shell of a largeer band gap 

semiconductor around each particle. In recent years, the preparation of surface-

passivated III-V semiconductor NCs, including InAs, InP, GaAs core NCs, and 

CdSe, ZnSe and ZnS shells, was reported by Nozik et al.[18], Banin et al.[8], Peng 

et al.[9] and Reiss et al.[19]. Talapin et al. developped an efficient way to increase 

the LQY of InP NCs to values approaching of 40% by photo-assisted etching of their 

surface with HF [20]. Haubold et al. used organometallic precursors to grow a ZnS 
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shell on InP and obtained a subsequent increase of the LQY of 15% after 3 days 

and 23% after 3 weeks at room temperature [21]. Strategies to adjust the 

parameters of core and shell materials and to reduce strain-induced defects further 

led to strongly increased LQY of these semiconductor nanocrystals. Several lattice 

parameter adjusted core/shell NCs of II-VI compounds such as (CdS/Cd(OH)2 [22], 

CdSe/ZnS(Se) [23–29] or CdS/HgS/CdS [30]) and III-V ones (InAs(P)/CdZnSe2 

[21,31–32]) have been reported. Among these examples, CdSe/CdS/ZnS 

core/shell/shell QDs showed narrow PL spectra with FWHM of 20–30 nm and high 

LQY of 50–85% [25,33–34]. The obtained LQY strongly depended on the shelling 

process for a given nanocrystal. In general, core/shell systems show a significant 

increase of LQY and improvement of their chemical stability and photostability that 

make them attractive for such applications as biomedical labeling [35–36], opto-

electronic devices [37–38], and potential laser development [39].  

In this chapter, the synthesis of InP core and InP/ZnS core/shell NCs is 

described, followed by the study of their structural and optical characteristics. 

Although the lattice constants of InP and ZnS differ by 8%, ZnS is expected to grow 

easily on small spherical InP NCs to yield core/shell particles similar to the strongly 

luminescent CdSe/CdS core/shell system [19,40–43].  Deposition of the ZnS is 

achieved in ODE by using the air-stable precursors zinc stearate (ZnSt2) and zinc 

ethylxanthate (Zn(EX)2) in the presence of InP NCs. The resulting colloidal solution 

in ODE is perfectly stable for months and shows a strong enhancement of the LQY. 

In our experiments, depending on the aim, the InP/ZnS NCs could be used in 

colloidal solution or in form of close-packed solid films. Details of the synthesis and 

processing of the InP/ZnS NCs as well as the characterization techniques used for 

the investigation of their structural and optical properties are presented in Appendix 

and at appropriate places in the following paragraphs. 

4.2. Synthesis of InP and InP/ZnS core/shell nanocrystals in non-coordinating 

solvent 

InP NCs were first synthesized by the method developed by Nozik et al. [1], 

based on Well’s method of dehalosylilation [44], (see equation 4.1). The reaction 

was carried out in a glove box, under protective inert atmosphere using TOPO-TOP 

as stabilizing agents (to prevent the formation of bulk InP).  
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InCl3 + [(CH3)3Si]3P  InP + 3(CH3)3SiCl (4.1) 

The InP particles formed after the nucleation stage are usually amorphous; 

annealing for 1–6 days at temperatures above 250°C is required to obtain crystalline 

InP NPs. Because of the long period of the annealing time, a relatively broad size 

distribution (~25–30%) with sizes ranging from ~2.2 to 6 nm was observed. Such 

size dispersion requires an appropriate post-preparative size fractionation. After 

using the size selective precipitation technique, up to ten size selected fractions can 

be obtained with a diameter distribution narrower than 8–10% of the average size 

[45]. Using amines as stabilizing and size-regulating agent permits to obtain smaller 

NCs with narrower size distribution as compared to the conventional TOPO/TOP 

method [45]. Although the coordinating solvents have yielded high quality II-V NCs 

[25,33–34,46–47], attempts to extend those approaches to other types of 

semiconductor NCs proved to be difficult. Evidently, not many compounds can act 

as the coordinating solvent [48], which makes it extremely challenging to identify a 

suitable reaction system for growing high quality NCs. Non-coordinating solvents, 

such as simple alkenes, were then introduced and the results have been very 

encouraging. 

The most frequently used non-coordinating solvent is ODE [9,49–50]; it is a 

liquid at room temperature and its boiling point is at about 320°C. Fatty acids were 

chosen as ligands for stabilizing the NCs and the cationic precursors. This choice of 

solvent and stabilizing agent not only greatly shortened the reaction time to few 

hours, but also generated fairly monodisperse InP NCs without any size sorting. The 

key difference between coordinating and non-coordinating solvents is that, in the 

latter case, the reactivity of the monomers can easily be tuned by varying the ligand 

concentrations [49]. This tunable reactivity of the monomers provides a key to 

balancing nucleation and growth, and thus makes it possible to controllably 

synthesize high quality NCs. The capping of the NCs surface with the organic 

ligands results in 

Following the above strategy for preparing InP and InP/ZnS NCs with suitable 

modifications in the use of chemical agents and the synthesis conditions, we have 

successfully synthesized highly luminescent InP and InP/ZnS NCs. In the following 

we present two methods used to synthesize InP and InP/ZnS NCs of low size 

dispersion in non-coordinating solvent, namely the “hot-injection” and the “heating-

up” method.  
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4.2.1. Hot-injection method using PH3 gas  

The organic-phase hot-injection synthetic method has been widely used to 

synthesize NCs [53]. This method produces a high degree of supersaturation by the 

rapid injection of excess precursors into a hot organic surfactants solution, resulting 

in fast nucleation. The detailed synthesis of the InP/ZnS core/shell NCs and the 

experimental setup are described in Appendix 1.3.1. Briefly, InP NCs were formed in 

the high temperature (250–300°C) reaction of the indium and the phosphorus 

precursors in ODE solvent. The In precursor was indium myristate, formed in situ 

from indium acetate and myristic acid, while the P precursor was PH3 gas, 

generated by the reaction of finely ground Ca3P2 or Zn3P2 powder with H2SO4 in a 

separate flask, connected to the synthesis flask. The PH3 gas flow was controlled by 

the flux of Ar carrier gas. The size of the InP NCs was controlled by the 

concentration of the precursors and by the growth time. As-synthesized InP NCs 

could easily be dispersed in a number of solvents, including hexane, toluene, or 

chloroform. The ZnS shell was made by the subsequent slow addition of the air-

stable ZnS precursors (ZnSt2 and Zn(EX)2) to the crude InP core NCs dispersion at 

210-270°C. The high quality of the synthesized InP core and InP/ZnS core/shell 

QDs was confirmed by their UV-vis absorption and PL characteristics (Section 

4.3.1).  

4.2.2. Heating-up one-pot method using P(TMS)3 

The heating-up method is a batch process in which the precursors, reagents, 

and solvent are mixed at room temperature and heated up to a certain temperature 

to initiate the crystallization reaction and the growth. This method is very simple and 

particularly advantageous for large-scale synthesis. It can give a size uniformity of 

the QDs comparable to that obtained with the hot-injection method [51–53]. 

Recently, we successfully applied this method to synthesize high quality InP/ZnS 

NCs emitting luminescence in the visible spectral range with a quantum yield 

exceeding 60% [19, 54].  

The detailed synthesis of the obtained InP/ZnS NCs is described in Appendix 

1.3.2. Briefly, the In (In(MA)3), P (P(TMS)3), Zn (ZnSt2) precursors were mixed at 

room temperature under argon atmosphere in the ODE solvent. The temperature of 

the reaction mixture was rapidly raised to 250–300°C and kept for several minutes 

to grow NCs until the desired size was reached. ZnS shell growth was subsequently 
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performed in the same manner as in the PH3 method. After cooling to room 

temperature and purification by repeated precipitation (acetone/methanol) and 

redispersion (hexane) cycles, the synthesized InP/ZnS NCs could easily be 

dispersed in a number of solvents, including chloroform, toluene, or n-hexane. 

Detailed results concerning the structural and optical properties of the obtained 

InP/ZnS NCs are presented in Section 4.3.2. 

4.3. Results and discussion 

4.3.1. InP/ZnS NCs synthesized by the hot-injection method using PH3 gas 

In this Section, we discuss the optical properties of InP/ZnS core/shell NCs 

synthesized by the hot-injection method. The ZnS shell played a decisive role to 

passivate imperfections on the surface of InP QDs and to prevent from oxydation, 

consequently giving rise to a strong enhancement of the PL from the InP core. 

Under appropriate excitation conditions, not only the emission from the InP core but 

also that from the ZnS shell was observed. The emission peak in InP core QDs 

varied as a function of NCs’ size, ranging in the 590–720 nm region; while the ZnS 

shell showed emission in the blue region around 470 nm, which is interpreted as 

resulting from defects in ZnS. 

The formation of InP NCs is based on a two-step reaction:  

Zn3P2 + 3H2SO4 → 2PH3 + 3ZnSO4     (4.2) 

PH3 + In~MA → InP       (4.3) 

Herein, the PH3 gas was gradually generated in situ from Zn3P2 and H2SO4, 

similar to the case of the multiple precursor injections, to support NCs growth in the 

“size focusing” regime for long enough time to obtain larger crystals [9,53,55]. 

Therefore, the obtained InP NCs possess a narrow size distribution and a well-

defined excitonic peak. These results indicate that the synthesized InP NCs have a 

high quality comparable to that of CdTe NCs, produced by H2Te gas injection 

[50,56]. 

The growth of NCs depends strongly on the experimental parameters such as 

the reaction temperature, the ratios and the concentration of precursors in the 

reaction solution. The experimental results show that with increasing reaction 

temperature (230–300°C) the excitonic peak of NCs is red-shifted (570–650 nm) 

leading to the formation of bigger size InP NCs (Figure 4.1a). With increasing the 

P/In ratio (from 0.5:1 to 6.0:1) not only larger quantities of InP NCs are formed but 

also their mean size increases as indicated by a shift of their excitonic peaks in 
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range of 570–700 nm (Figure 4.1b). On the contrary, with increasing concentration 

of the In precursor, the mean sizes decrease (Figure 4.1c). This is consistent with 

the classical nucleation theory that the higher precursor concentrations cause the 

formation of a larger number of nuclei leading to NCs with smaller mean size [57]. 

The experimental results also show that for the 1:3 the molar ratio of In:MA in the 

precursor, the reaction yields InP NCs having the best size distribution and a well-

distinguished excitonic absorption feature (Figure 4.1d). These results are 

consistent with the results reported by Peng and coworkers who synthesized InP 

NCs using P(TMS)3 [9].  

   

   

Figure 4.1: UV–vis absorption spectra evidencing the influence of different parameters on 

the size evolution of InP NCs (reaction time: 30 min): (a) temperature; (b) In/P ratio; (c) 

indium precursor concentration; and (d) In/MA ratio. 
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Our method can be tuned to obtain larger sized InP NCs having exciton and 

emission peak in the near-infrared region that makes them promising for application 

in invivo biological imaging. To the contrary for InP NCs synthesized from P(TMS)3, 

it is difficult to obtain larger sized InP NCs with the exciton peak > 600 nm [50,58]. 

However, the obtained large sized InP NCs exhibited a broader size distribution. 

Moreover their LQY was of 0.1 % and some samples did not exhibit at all detectable 

photoluminescence. In this case surface states act as non-radiative channels for the 

relaxation of the excited charge carriers [59]. Growing a ZnS shell on the InP core 

resulted in a strong increase of the LQY, reaching ~20% (Figure 4.2a) due to the 

passivation of surface states and confinement of the photogenerated carriers inside 

the InP core NCs. Figure 4.2b shows the normalized PL spectra of two different-

sized InP/ZnS core/shell samples investigated under 370–nm excitation. For the InP 

core sizes of 2.7 and 3.6 nm, strong emission bands at 620 nm and 690 nm were 

observed, respectively. This size-dependence is a direct consequence of the 

quantum size effect. For easier identification of each sample hereafter, we have 

named the InP/ZnS core/shell QDs emitting at 620 nm as S-QDs and the 690 nm 

emitting as L-QDs. Along with the PL band originating from the exciton transition in 

the InP QDs (core), one can see another PL band peaking at shorter wavelength 

around 470 nm. The latter signal is very occurs at very similar wavelengths in 

different InP/ZnS core/shell QD systems, regardless of the size of the core InP QDs.  

We attributed the 470 band to lattice defect-related emissions from the ZnS shell. In 

fact, ZnS single crystals emit intensive blue luminescence under excitation with the 

365–nm line from a high-pressure mercury lamp [60]. The 365 nm light is below the 

band gap of ZnS. However it can excite defect-related self-activated centers to emit 

luminescence.  

If we suppose that the PL spectrum taken from InP/ZnS QDs contains two 

spectral components, in the SSPL measurement the PL intensity of each component 

appears to be proportional to the product of the recombination/transition rate and its 

density of states (with the same absorbance). This product is much larger for the InP 

QDs than for the ZnS shell, giving rise to the relative intensities of the PL signal 

observed in Figure 4.2. 
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Figure 4.2: a) SSPL spectra of the as-synthesized InP QDs (x5) and of the InP/ZnS QDs 

(LQY ~20%) under 450–nm excitation. b) normalized PL spectra of two different sized 

InP/ZnS core/shell QD samples under 370–nm excitation. 

The TRPL technique, by tracing the PL intensity at certain moments delayed 

from the excitation, enables us to determine exactly the instant PL intensity of each 

spectral component at a certain time interval after the pulsed excitation. It therefore 

allows us to determine the role of each relevant transition resulting in the overall 

emission. Figure 4.3 presents the TRPL spectra of the two InP/ZnS core/shell QDs, 

in which the 470 nm band was clearly observed, very prominent as compared to the 

proper emission from the InP core QDs. The intensity evolution of both bands as a 

function of the delay time (Figure 4.3a) is possibly related to the different transfer 

rate of carriers from the ZnS shell to the InP core.  

a)  b) 
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Figure 4.3: TRPL spectra from InP/ZnS 

core/shell QDs (S-QDs) under 355–nm 

excitation at different delay times (a), and those 

from S-QDs (red) and L-QDs (black), at 0 ns-

delay time (b) showing the two emission bands 

originating from the InP cores (at 620 nm and 

690 nm) and the ZnS shell (at 470 nm). 

In conclusion for this kind of InP QDs, our method can be adjusted to obtain 

relatively large InP and InP/ZnS core/shell QDs with an excitonic absorption peak in 

the 570–700 nm range. The emission peak related to the InP core varied as a 

function of the QD size in the 590–720 nm range, while the ZnS shell showed 

emission in the blue region around 470 nm, arising from defect states. The results 

from TRPL measurements demonstrated that the ZnS shell emitted on a 

comparable timescale to that from the InP core, in the ten nanosecond range. The 

ZnS overcoating played a decisive role in the passivation of imperfections at the 

surface of InP QDs, consequently increasing the photoluminescence intensity 

related to the excitonic transition in the InP core. In addition, our study reveals that, 

beside the optical transitions in the InP core, the optical processes within the ZnS 

shell strongly influence the dynamics of carriers’ population and evolution after 

photo-generation. 
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4.3.2. InP/ZnS NCs synthesized by the heating-up one-pot method using P(TMS)3 

In this section, we present the synthesis of high quality InP/ZnS NCs using the 

heating-up method with the presence of ZnSt2 in the reaction solution. ZnSt2 

strongly contributed to the control of the nucleation and growth of InP NCs as a 

surfactant and to alloying with indium in the growth process. As we will demonstrate 

later, an alloy structure is obtained. Therefore, in the following, the studied systems 

are denoted In(Zn)P/ZnS instead of InP/ZnS NCs. By changing the Zn2+:In3+ molar 

ratio and the reaction-growth temperature, the emission color could easily be tuned 

throughout a large spectral range (485-590 nm) with high LQY (~70%).  

 Several “optimal” experimental parameters have been reported by other 

groups [9,19], such as the In:MA and In:P molar ratios, which were fixed at 1:3 and 

2:1, respectively. Our study thus concentrated on the influence of three parameters 

on the quality of the obtained In(Zn)P and In(Zn)P/ZnS NCs, namely  the Zn2+:In3+ 

ratio in the precursor solution, the reaction-growth/shelling temperature and time. 

The term “shelling temperature” means the temperature at which the ZnS shell 

growth was carried out. 

Typically, the synthesis of In(Zn)P/ZnS NCs was performed with a Zn2+:In3+ 

molar ratio of 1:1, a reaction-growth temperature for forming the core NCs of 300°C 

and a shelling temperature of 285°C. Figure 4.4 shows the temporal evolution of the 

absorption and PL spectra of In(Zn)P core and In(Zn)P/ZnS core/shell NCs as a 

function of the reaction-growth and shelling time. The spectra shown were taken 

from as-prepared samples (i.e. directly from the reaction flask) without any size 

selection. They were diluted with toluene to provide the optical densities appropriate 

for PL measurements. The In(Zn)P core NCs taken after 1 min (not shown in Figure 

4.4) exhibit a relatively weak PL and a relatively large FWHM that might be 

explained by the existence of nonradiative channels originating from surface states. 

However, after 2 min of growth, a sharp excitonic absorption peak was clearly 

observed at 430 nm, accompanied by the narrowing of the PL peak at 493 nm 

(FWHM ~50 nm). These features indicate a high crystalline quality of the 

synthesized In(Zn)P NCs. This means the “size-focusing” growth regime has  been 

reached [61–62]. All samples show a pronounced excitonic peak of the 1Se–1Sh 
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transition indicating a rather narrow size distribution of the In(Zn)P core and 

In(Zn)P/ZnS core/shell NCs [63]. The absorption and PL peaks of the In(Zn)P core 

NCs were gradually shifted to longer wavelengths with prolonging reaction time 

(Figure 4.4) corresponding to an increase of the mean particle size as a 

consequence of quantum confinement. The LQY of In(Zn)P core NCs was 

dramatically increased after growing the ZnS shell for 1 hr (in our experiment, the 

thickness of the ZnS shell was estimated from the shelling time), reaching up to 

70%. We observed a red-shift of the emission peak of ca. 18 nm (Figure 4.4a), 

evidencing successful shell growth [33–34,46]. The main reason for this red-shift is 

the lower confinement of the charge-carrier wavefunctions of the core QDs upon 

shelling that leads to a lower confinement energy in the final emission. In other 

words, the exciton “leaks” from the core QDs into the shell, reducing the total energy 

of emission. In addition, with the ZnS shell, the LQY of In(Zn)P/ZnS QDs was 

enhanced significantly [64–66]. One more important result that we have obtained is 

that even though the shelling time varied from 5 to 60 minutes, the absorption and 

emission peaks were almost not shifted (Figure 4.4b). This means that there were 

correspondingly no change in size and size distribution of the shelled QDs. Note that 

in general with long growth time an Ostwald ripening could happen causing a 

change in size and broadening in size distribution of NCs. The un-changed-size 

characteristic of NCs with growth time is favorable for doping RE into In(Zn)P/ZnS 

QDs because the duration time needed to dope was usually as long as 100 minutes. 

This also facilitates the study of the energy transfer from the host lattice to RE3+ 

ions. 
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Figure 4.4: Temporal evolution of absorption and PL spectra of In(Zn)P/ZnS core/shell QDs 

synthesized at the Zn2+:In3+ molar ratio of 1:1, the reaction temperature for forming the core 

and the shelling temperature were fixed at and 300°C and 285°C respectively with the 

different reaction-growth/shelling time indicated on the figure. The inset shows the extracted 

PL peaks as a function of shelling times. 
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While the size and size distribution do not change with shelling time, their 

evolution strongly depends on the reaction-growth/shelling temperature and the 

used precursor ratios. We now present the optical properties of InP/ZnS QDs 

obtained at different reaction-growth/shelling temperatures, while all other synthesis 

parameters were kept the same. Generally, the temperature significantly affects the 

nucleation and the growth rate of NCs. Higher temperature usually produces bigger 

particles and better quality crystals. The experimental results obtained with two 

different reaction-growth/shelling temperatures are shown in Figure 4.5.  

 

Figure 4.5: Absorption and PL spectra of In(Zn)P/ZnS core/shell QDs synthesized at two 

different reaction-growth/shelling temperatures of 250°C/235°C (red) and 300°C/285°C 

(blue) with the Zn2+:In3+ molar ratio of 1:1 and the shelling time of 1 hr. 
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With increasing the reaction-growth temperature from 250°C to 300°C, we 

observed a red-shift in the PL peak of 15 nm. This observation indicates that the 

mean size increase from 1.6 to 1.8 nm. We notice an important feature from the 

In(Zn)P/ZnS QDs, i.e. QDs synthesized in the presence of ZnSt2, that even for 

rather high temperature and long shelling time the PL spectra showed a FHWM of 

50 nm for all samples. This means the size distribution did not change with reaction-

growth/shelling temperature for the Zn-containing InP/ZnS QDs or In(Zn)P/ZnS 

QDs. For the InP/ZnS QDs synthesized without ZnSt2, higher temperature not only 

yielded bigger particles but also promoted Ostwald ripening happened quickly giving 

rise to FWHM broadening: the PL spectra taken from InP/ZnS QDs, which were 

synthesized with reaction-growth/shelling temperatures of 300°C/285°C and 

250°C/235°C, respectively possess a FWHM around 100 nm and 84 nm (see Figure 

4.10 b) and d); Zn:In = 0:1). For the higher reaction-growth/shelling temperature 

(300°C/285°C) the InP/ZnS QDs showed a PL spectrum with a clear additional band 

at 470 nm beside the main one peaking at 586 nm which originates from InP QDs. 

The 470-nm band is known to originate from defects in the ZnS shell [59]. This result 

indicates that the higher temperature led to a thicker ZnS shell on the InP core QDs. 

We did not observe any PL band specific to the ZnS shell from the samples 

synthesized at low reaction-growth/shelling temperature.    

To analyze their crystal structure, we studied the obtained QDs by XRD. 

Figure 4.6 shows a typical powder XRD pattern of In(Zn)P/ZnS NCs synthesized 

with the Zn2+:In3+ molar ratio of 1:1 at a reaction-growth temperature of 300°C and a 

shelling temperature of 285°C for 1 hr. The diffraction patterns of bulk zinc-blende 

InP and ZnS are given for comparison. The clear diffraction peaks show that the 

In(Zn)P/ZnS QDs are well crystallized in the zinc-blende structure.  
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Figure 4.6: XDR pattern of In(Zn)P/ZnS NCs synthesized with the Zn2+:In3+ molar ratio of 

1:1, the reaction-growth temperature for forming the core and the shelling temperature were 

fixed at 300°C and 285°C respectively, and the shelling time was 1 hr. The diffraction 

patterns corresponding to pure bulk InP and ZnS are also indicated for comparison.  

In order to study in more detail the influence of Zn on the structure and 

optical properties of the resulting QDs, we prepared a series of samples with various 

Zn2+:In3+ molar ratios. With increasing Zn concentration in the reaction medium 

(Zn2+:In3+ molar ratio ranging from 0:1 to 2:1), we did not observe clearly the XRD 

peaks shift toward larger angles. Such a shift would be expected from the smaller 

lattice constants caused by replacing Zn on In sites of the crystal. This is 

understandable because (i) the lattice constants of cubic ZnS are similar to those of 

InP and the peak position lie indeed in between those of InP and ZnS; (ii) the peaks 

are too broad due to the small crystal size. The mean size of alloying In(Zn)P/ZnS 

QDs calculated using the Scherrer equation for only the (111) peak is of 2.3 nm, 

which is close to the mean value obtained directly from the TEM image (Figure 4.7).  
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Figure 4.7: TEM image of In(Zn)P/ZnS NCs with the Zn2+:In3+ ratio of 1:1, the reaction-

growth temperature for forming the core and the shelling temperature were fixed at 300°C 

and 285°C respectively, and the shelling time was 1 hr.  

Figure 4.7 shows the TEM image of the In(Zn)P/ZnS NCs in which the 

particles are nearly spherical in shape having a mean size of ~2.0 nm. This image is 

consistent with the NCs size calculated from the absorption spectra. However, the 

small size of NCs and the low contrast of the TEM image make further analyses 

difficult. 

We have also performed EDX analysis of a series of samples with different 

Zn2+:In3+ ratios to investigate the relationship between the composition of the 

reaction medium and the formation of the alloy structure in In(Zn)P/ZnS NCs. The 

results are shown in Figure 4.8 and Table 4.1. It should be noted that in order to 

remove any un-reacted compounds the samples must be very carefully purified prior 

to the EDX analysis experiments. The EDX data indicate that with increasing ZnSt2 

concentration the atom percentage (at. %) of the elements In and P decreased 

gradually, while the In to P ratio and the at. % of S remained almost constant of 2.0 

and 32%, respectively for all InP/ZnS NCs. The number of cations (In3+, Zn2+) is 
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larger than that of anions (P3-, S2-) in the studied alloy NCs samples. These results 

suggested two underlying mechanisms involved in the synthesis of In(Zn)P/ZnS 

NCs: (i) the Zn2+ ions could passivate the surface of InP NCs by the weak Zn-P 

binding to reduce surface defects giving rise to an increase of the LQY. Moreover, 

zinc adsorbed on the surface of InP NCs favors the growth of a ZnS shell resulting 

in an increase of the LQY as well; (ii) the Zn2+ ions could replace In3+ ions to form an 

alloy structure of In(Zn)P that causes the band-edge fluctuation to enhance the 

confinement of the excited carriers leading to an increase of the radiative transition 

probability. The observed blue-shift of the excitonic absorption and PL peaks (Figure 

4.10 below) with increasing molar concentration of Zn also confirms the in situ 

formation of the alloy structure. Therefore, we suppose that ZnSt2 plays two different 

roles: a stabilizer and as a reactant which promotes the formation of the In(Zn)P 

core/ ZnS shell alloy-type NCs.  
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Figure 4.8: EDX spectra of the 

In(Zn)P/ZnS NCs synthesized for 1 hr 

with the Zn2+:In3+ ratio of (a) 2:1, (b) 1:1, 

and (c) 0:1. (d) Atomic percentage of the 

elements In, Zn, P and S as a function 

of the Zn2+:In3+ ratio (dashed lines are 

added to guide the eye). 
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Table 4.1: Atomic percentage (at. %) of the elements determined from EDX analysis (mean 

values of 5 independent measurements per sample) for aliquots taken at different initial 

Zn2+:In3+ ratios.  

Zn2+:In3+ 

molar ratio 
In (at. %) Zn (at. %) P (at. %) S (at. %) 

0:1 26.83 29.23 12.91 31.04 

1:5 22.15 31.62 11.77 34.41 

1:1 22.00 36.95 10.77 30.18 

2:1 18.20 39.34 8.44 33.90 

It is interesting to note that initially synthesized InP core NCs exhibit very weak 

fluorescence; by adding an appropriate amount of ZnSt2 in the reaction solution, 

however, we could obtain In(Zn)P QDs which showed sharp excitonic absorption 

and rather bright emission (Figure 4.9). One can see a blue-shift of the excitonic 

peaks of 80 nm with increasing the Zn2+:In3+ molar ratio (from 0:1 to 2:1). In the 

reaction solution at high temperature, ZnSt2 probably acts as a surfactant which 

controls the deposition rate of the monomers onto the surface of the NCs. At the 

same time, it is possible to form the alloy In(Zn)P by replacing some Zn atoms into 

the In sites. Our experimental results on the structural and optical characteristics 

taken from series of the samples with different Zn2+:In3+ ratios strongly support the 

hypothesis of an alloy structure of the synthesized In(Zn)P QDs.  
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Figure 4.9: Absorption spectra of In(Zn)P core only QDs synthesized at 300°C for 3 min as a 

function of the Zn2+:In3+ molar ratio. A typical PL of In(Zn)P core QDs with the Zn2+:In3+ molar 

ratio of 1:1 is also presented (dashed line).  

Figure 4.10 shows the absorption and PL spectra of In(Zn)P/ZnS QDs as a 

function of the Zn2+:In3+ molar ratios and the reaction-growth/shelling temperatures.  

We noted that the emission spectral range could be tuned by varying the Zn2+:In3+ 

molar ratio and/or the reaction-growth/shelling temperatures. More precisely, we 

have found that at higher temperature and higher ZnSt2 concentration, the resulting 

In(Zn)P/ZnS NCs exhibited higher LQY. This is reasonably explained by the 

existence of more free and mobile Zn2+ ions from ZnSt2 at the higher reaction-

growth/shelling temperatures to contribute to the growth/alloying and passivation 

processes. During the shelling Ostwald ripening might occur, however, as presented 

in the previous paragraph, we did not observe a significant red shift of the spectral 

peaks with long shelling time, meaning that the In(Zn)P core size was unchanged. 

We will discuss in more detail the role of zinc in the improvement of the optical 

properties of In(Zn)P/ZnS QDs in Section 4.3.3. 
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Figure 4.10: Absorption (a, c) and PL (b, d) spectra of In(Zn)P/ZnS QDs as a function of the 

Zn2+:In3+ molar ratio and the reaction-growth/shelling temperatures (indicated on the figures). 

By changing the Zn2+:In3+ molar ratio (from 0:1 to 2:1), the emission color of 

In(Zn)P/ZnS core/shell NCs can be easily tuned in the wide spectral range of 485 – 

590 nm as shown in Figure 4.10 and Table 4.2, corresponding to a mean size of the 

InP(Zn)P core of ~1.5–2.5 nm.  
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Table 4.2: Optical properties of In(Zn)P/ZnS QDs synthesized at two different temperatures 

with various Zn:In molar ratios in the precursor solution.  

Zn2+:In3+ 

molar 

ratio 

max 
[L] 

(nm) 

FWHM [L] 

(nm) 

LQY [L] 

(%) 

max
[H] 

(nm) 

FWHM [H] 

(nm) 

LQY [H] 

(%) 

0:1 549 84 7 586 100 - 

0.03:1 543 67 - 576 100 - 

0.05:1 534 61 15 - - - 

0.10:1 526 58 20 550 73 30 

0.20:1 515 58 31 538 63 37 

1.00:1 494 50 45 510 50 70 

2.00:1 485 50 19 500 50 59 

[L] Low temperature (250°C for core and 235°C for shell) 

[H] High temperature (300°C for core and 285°C for shell) 

4.3.3. Role of zinc in the improvement of the luminescence properties of InP QDs 

In this Section, we discuss in more detail the contribution of zinc to the 

improvement of the optical properties of In(Zn)P/ZnS QDs synthesized by the 

heating-up one-pot method as described in detail in Appendix 1.3.2. The 

experimental conditions were studied and presented in Section 4.3.2. Briefly, by 

determining the optimal synthesis conditions (i.e. the reaction-growth/shelling 

temperature and time, the Zn2+:In3+ molar ratio), the LQY of the In(Zn)P/ZnS QDs 

was optimized to 60–70% in the best cases.  

To study further the influence of zinc on the optical properties of the 

In(Zn)P/ZnS QDs, we performed TRPL measurement on a series of samples 

synthesized at optimized experimental conditions with different ZnSt2 

concentrations. In the TRPL measurements, the 337.1 nm pulsed light from a 
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nitrogen gas laser was used as the excitation source, whose excitation power 

density could be varied in the range from 100 W/cm2 to 100 kW/cm2, with pulse 

duration of 1 ns. The PL signals were dispersed by means of a 0.6-m grating 

monochromator (Jobin-Yvon HRD1) and detected using a fast photomultiplier 

(Hamamatsu model H733, with a rise time of 700 ps) for the TRPL measurements. 

Averaging the multi-pulses at each spectral point using a 1.5 GHz digital 

oscilloscope (LeCroy 9362) strongly improved the signal-to-noise ratio. 

Figure 4.11 shows the absorption and SSPL spectra of the two In(Zn)P/ZnS 

QDs samples synthesized under the same conditions except the change of the 

Zn2+:In3+ molar ratio being 0:1 (Figure 4.11a and b) and 1:1 (Figure 4.11c and d), 

respectively. The In(Zn)P core was synthesized at 300°C and then shelling with ZnS 

was carried out at 285°C for 1 hr. For the “pure” InP/ZnS (i.e. Zn2+:In3+ = 0:1) QDs, 

the excitonic absorption appears as a shoulder and the PL spectrum is composed of 

two components: the one peaking at 586 nm is assigned to originate from InP QDs 

while that peaking near 470 nm is attributed to defect emission from the ZnS shell 

[59]. The FWHM of the InP PL peak is around 100 nm and the Stokes shift accounts 

for 280 meV. For the samples with the presence of ZnSt2 in the reaction solution, a 

more pronounced excitonic absorption peak and strong, rather narrow (FWHM~50 

nm) luminescence were observed at 443 nm and 510 nm, respectively, i.e. at much 

shorter wavelengths in comparison QDs without ZnSt2 in the reaction solution. Note 

that in this case, the Stokes shift is clearly larger, namely of 370 meV, than in case 

without using Zn for the core NC synthesis. For various Zn contents in In(Zn)P/ZnS 

QDs, we observed a systematic red shift of the SSPL peak with decreasing the 

Zn2+:In3+ molar ratio and with increasing reaction-growth temperature as shown in 

the inset of Figure 4.11.  
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Figure 4.11: Absorption and SSPL spectra of InP/ZnS core/shell QDs (i.e. the Zn2+:In3+ ratio 

equals to 0:1) and alloy In(Zn)P/ZnS QDs (Zn2+:In3+ ratio 1:1). The inset shows the PL peak 

position as a function of the Zn2+:In3+ ratio at two different reaction-growth/shelling 

temperatures. 

These optical characteristics obtained from the systematical absorption and 

SSPL measurements indicate that alloy In(Zn)P core NCs were formed rather than 

InP core NCs. The larger Stokes shift is an evidence for the band fluctuation due to 

alloying the lattice structure by replacing Zn into In sites, as similarly observed in 

ZnSSe thin films and other alloy QDs [67–68]. Furthermore, if no alloying occurred 

despite the presence of Zn in the starting reaction solution, the emission peak 

should be located at a similar wavelength as in the case of crystals without Zn and 

show a slight red-shift with an increasing Zn concentration during the shell growth. 

The existence of Zn in the reaction solution provides a smooth change at the 

interface between the In(Zn)P core and the ZnS shell. This could contribute to a 

significant enhancement of the LQY up to ~70% of the alloy In(Zn)P/ZnS QDs due 

to suppression of surface states including P dangling bonds.  
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Figure 4.12: TRPL spectra taken from two different structured samples. (a) InP/ZnS 

core/shell QDs, and (b) alloy In(Zn)P/ZnS QDs with the Zn2+:In3+ ratio of 1:1 that synthesized 

in the same conditions. 

From TRPL measurements, it is possible to trace the PL intensity at a certain 

delay from the excitation moment with the goal to determine exactly the instant PL 

intensity of each spectral component in a complex emission. Figure 4.12 illustrates 

the TRPL spectra of the InP/ZnS “real” core/shell QDs (Figure 4.12a) and the alloy 

In(Zn)P/ZnS structure (Figure 4.12b) prepared with changing the Zn2+:In3+ molar 

ratio in the precursors’ solution of 0:1 and 1:1 while keeping all other experimental 

conditions the same. At a delay time of 12 ns, the InP/ZnS core/shell structure 

exhibited InP excitonic emission at 586 nm along with the one at around 470 

originated from imperfections in the ZnS shell (Figure 4.12a) [59]. It has to be noted 

that this defect emission peak shows a higher intensity than the peak arising from 

InP, in contrast to the SSPL measurements (Figure 4.11). The alloy In(Zn)P/ZnS 

QDs only exhibits a single PL band at 510 nm. Also the evolution with the delay time 

from the excitation moment of these two kinds of QDs is not the same due to 
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differences in the decay-time corresponding to each spectral component. For the 

InP/ZnS core/shell QDs, PL evolution of both the 470 nm and the 586 nm bands 

with delay time depends on the recombination/transition rates in the ZnS shell and in 

the InP core, respectively. In addition, it is related to the transfer rate of charge 

carriers from the ZnS shell to the InP core [69].  

 

Figure 4.13: PL decay curves for (a) InP/ZnS core/shell QDs and (b) alloy In(Zn)P/ZnS QDs 

measured at the emission peaks of InP and In(Zn)P QDs. The deconvolution of each PL 

decay curve shows two components, S and L, both of which are longer with higher Zn 

concentration as presented in the inset.  

In fact, the decay time (see Figure 4.13a) of the blue emission in ZnS is much 

shorter (of 6 ns) than that of InP NCs (of 68 ns). Therefore, at long delay-time we 

observed mainly the InP core luminescence. For the alloy In(Zn)P/ZnS QDs, the PL 

decays (Figure 4.13b, for the Zn:In = 1:1 case) with two decay-time constants, in 

which the shorter one (of 38 ns) is related to recombination at surface states and the 

longer one (of 85 ns) is responsible for the excitonic transition [54]. By fitting the 

emission of the In(Zn)P/ZnS NCs to bi-exponential functions, we can extract the 

decay-times as a function of the Zn:In ratio, as presented in the inset of Figure 4.13.  
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It is clearly seen that with increasing Zn concentration the decay-times 

corresponding to both emission mechanisms increase. This is again in good 

agreement with the enhanced confinement of the excited charge carriers due to 

lattice fluctuations caused by the replacement of In by Zn. In other words, the 

excited charge carriers are confined longer and longer by lattice fluctuations with 

increasing zinc concentration in alloy In(Zn)P/ZnS QDs, corresponding to the longer 

decay times.  

 In conclusion, alloy In(Zn)P/ZnS core/shell QDs synthesized in the presence of 

zinc during InP core NC synthesis, were studied by using XRD, absorption and 

SSPL/TRPL spectroscopy. The emission range of the alloy In(Zn)P/ZnS QDs could 

be tuned from 485 to 590 nm (FWHM 50 nm) by varying the Zn2+:In3+ molar ratio in 

the reaction medium and reaction-growth/shelling temperature. Zinc stearate has a 

double role in the nucleation and growth process of InP QDs: i) as a surfactant 

influencing reaction kinetics; ii) as a zinc precursor resulting in an In(Zn)P alloy 

structure. The high LQY up to 60-70% is rationalized by the alloy structure of the Zn-

containing InP/ZnS QDs that causes band-edge fluctuation to enhance the 

confinement of the excited carriers and consequently enhances the radivative 

transition probability. 

4.3.4. Influence of surrounding environment on the optical characteristics of 

In(Zn)P/ZnS QDs  

On the nanometer scale, the quantum confined Stark effect with the 

contributions of the electric field, induced by the polarization of the QDs and ligand 

molecules, and the polarity of the solvent causes spectral shifts [34,70–71]. Another 

important factor governing the dielectric environment of the QDs is the interparticle 

distance. In fact, in NCs of a few nanometers size, the number of the surface atoms 

is large as compared to the volume atoms. As a consequence of the termination and 

stoichiometry at the QD surface, an electric dipole moment or charge of the QD 

result [72–74]. Several papers reported on the permanent dipole moment of non-

metallic NPs (ZnSe, CdSe) that always exists even if they crystallized in the highly 

symmetric zinc-blende structure [73,75]. We also reported on Stark effect induced 

shifts of the PL and absorption spectra as a function of the solvent's polarity. These 

effects occurred on CdSe QDs without inorganic shell and, to a lower extent, on 

those with single (CdSe/ZnSe) and double-shells (CdSe/CdS/ZnS) [34]. 
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In this Section, we compare the optical characteristics of InP/ZnS QDs in a 

close-packed layer, i.e. having an interparticle distance determined by the thickness 

of the organic surface ligands layer, with those of QDs in colloidal solution where 

each QD is well-separated from the others. This study will not only give information 

about the influence of the solvent’s polarity on the optical properties but also about 

the energy transfer between excited QDs. We performed UV-vis absorption, SSPL 

and TRPL measurements on the best sample (LQY of 70 % as presented in Section 

4.3.2, Zn2+:In3+ = 1:1, 300°C/285°C reaction-growth/shelling temperature) in the 

close-packed solid state and in colloidal solution. The close-packed sample 

(thickness ~10 µm) was prepared by evaporating a drop of the obtained 

In(Zn)P/ZnS QDs on a copper substrate, appropriate for temperature-dependent 

measurements. 

The optical characteristics of close-packed and colloidal InP/ZnS alloy QDs 

were systematically investigated by means of SSPL and TRPL spectroscopies. In 

the TRPL measurements, the PL intensity corresponding to each spectral 

component detected at a certain moment delayed from the start of the excitation 

laser pulse provides a real intensity in the dynamic regime. The observed spectral 

shift with temperature and delay time in the case of close-packed InP/ZnS QDs 

gives evidence for the energy transfer by dipole-dipole interaction and/or the excited 

charge carrier transfer between QDs in this system.  

Using the SSPL technique, the overall PL spectra generally show various 

spectral components originating from different recombinations/transitions. The PL 

intensity of each spectral component depends on the corresponding 

recombination/transition rate and its density of states.  
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Figure 4.14: PL spectra of InP/ZnS QDs in (a) the close-packed film and (b) in colloidal 

solution under 337.1–nm excitation. (c) Absorption spectrum of the colloidal QDs in 

chloroform. 

Figure 4.14 shows the absorption and SSPL spectra of the close-packed and 

colloidal InP/ZnS QDs. For the colloidal sample, the absorption and SSPL peaks are 

located at 443 and 510 nm, respectively. The observed Stokes shift of 370 meV and 

FWHM of 50 nm indicate a low density of defect states and narrow size distribution 

of the InP/ZnS QDs. It should be noted that the reported FWHM of the PL spectra of 

InP-based NCs usually lies in the range of 50–100 nm [76–80]. For close-packed 

InP/ZnS QDs, the SSPL peak is centered at 525 nm, about 15 nm red-shifted as 

compared to the colloidal sample. One explanation for this spectral shift could be the 

change of the effective electric field experienced by the QDs, i.e. the quantum 

confined Stark effect. In the colloidal phase, the polarity of the solvent partly 

compensates the polarization of the InP/ZnS QDs to make them emit at shorter 

wavelength. On the opposite, in solvent-free close-packed InP/ZnS QDs the 

polarization of the QDs is stronger corresponding to a higher electric field [34]. For 

these particles, in addition to the narrow peak at 525 nm a shoulder at lower energy 
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around 620 nm is visible. Generally such broad emission bands located at lower 

energy than the excitonic peak are related to lattice imperfections in the crystalline 

structure, as also observed in CdTe QDs [81]. As already mentioned before and 

recently confirmed by XPS measurements with variable energy synchrotron 

radiation [82], the In(Zn)P/ZnS QDs used in the present study possess an alloyed 

internal structure. The absence of a strained core/shell interface between the two 

crystallographically different materials InP and ZnS is at the origin the observed high 

LQY of this system. Accordingly, no 470 nm emission band corresponding to the 

ZnS shell was observed.   

 

Figure 4.15: PL decay curves for (a) close-packed and (b) colloidal In(Zn)P/ZnS QDs 

measured at the excitonic peak maximum. The corresponding decay times of 18 and 85 ns 

for the short-time decay and long-time decay components of the close-packed sample are 

indicated in the figure. For the colloidal sample see also Figure 4.13 and related discussion.  

 Figure 4.15 presents the PL decay curves for the close-packed and colloidal 

InP/ZnS QDs. The decay curve is composed of two components of different decay 

times. The deconvolution shows that the longer decay time accounts for 85 ns for 

both the close-packed and the colloidal In(Zn)P/ZnS QDs. However, the shorter 
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decay time changes very much from the close-packed (~18 ns) sample to the 

colloidal one (~38 ns). As discussed in Section 4.3.3, the corresponding longer 

decay times of 85 ns for both samples is interpreted as the intrinsic transition of the 

QDs or “excitonic transition” [54]. The shorter decay time component is related to 

surface states of the QDs, providing additional decay channels. In the close-packed 

structure, due to the short interparticle distance between QDs, transfer of the excited 

charge carriers from larger band gap QDs to smaller band gap QDs within the size 

distribution competes with the radiative transition. The escape probability of the 

excited charge carriers contributes to the reduction of the corresponding decay time. 

A similar observation has been made in the case of a multilayer assembly of 

different-sized CdTe QDs where Förster resonance energy transfer (FRET) from the 

smaller to the larger particles resulted in a reduced decay time [83]. On the other 

hand, the probability for energy transfer via FRET is strongly distance dependent 

[84]. Therefore, in the case of the diluted colloidal solution of QDs, the large 

interparticle distance strongly inhibits charge carrier transfer between individual 

NPs. As a result, only a comparably small contribution of surface states to the total 

decay was observed (Figure 4.15b). 

Figure 4.16 presents the TRPL spectra of both samples as a function of the 

delay time. It can clearly be seen that in the close-packed QDs system (Figure 

4.16a) the red-shift with delay time from the excitation moment is much more 

pronounced than in the colloidal system (Figure 4.16b). This observation is 

consistent with what was observed in the case of CuInS2/ZnS NCs [85]. In the close-

packed QDs, the energy transfer between individual particles is possible by (i) 

resonance photon reabsorption (radiative energy transfer, which could also take 

place in the colloidal QDs), (ii) FRET-type dipole-dipole interaction between donor 

QD and acceptor QDs [81,86], or (iii) direct excited charge-carrier transfer from one 

QD to another. The latter two pathways exhibit spectral characteristics observed 

here, i.e., a red-shift with delay time. For the colloidal QD system, due to the spatial 

separation of the individual particles, the physical picture is clearly different. The 

dipole-dipole interactions between QDs are strongly reduced and only a small 

fraction of the excited charge carriers can relax to the lower energy levels, after a 

certain delay from the excitation moment, by cross-relaxation that causes almost no 

spectral shift.  
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Figure 4.16: TRPL spectra taken from (a) close-packed and (b) colloidal In(Zn)P/ZnS QDs 

with the indicated delay times in nanoseconds. Straight lines are added to evidence the 

position of the peak maximum as a function of the decay time. 
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To study deeper the emission mechanism of the In(Zn)P/ZnS core/shell QDs 

in the close-packed solid, excitation density-dependent and temperature-dependent 

emission bands were analyzed. Figure 4.17 shows the zero-delay TRPL spectra of 

InP/ZnS QDs measured with various excitation densities changing by factors of 1 to 

100, in the range of 1 kW/cm2 to 100 kW/cm2. We observed a slight blue-shift of the 

peak energy with increasing the excitation density that is attributable to the size-

dependent population of the excited carriers before transition to emit light, similar to 

the emission originating from recombination of electrons in donor and holes in 

acceptor states. 

 

Figure 4.17: Zero-delay TRPL spectra of close-packed In(Zn)P/ZnS QDs measured at room 

temperature with various excitation densities. 
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Figure 4.18 shows a red-shift and an intensity increase of the PL peak of 

In(Zn)P/ZnS core/shell QDs with increasing temperature. This behavior is 

unexpected. In general, the PL intensity increases with decreasing temperature 

because at lower temperatures the contribution of phonons and consequently the 

thermally-induced microfield to scatter carriers is reduced. The red-shift of the PL 

spectra with increasing temperature is explained by the thermal dilatation of the 

lattice and the electron–phonon interaction through the thermally-induced microfield 

[87–90]. The former usually contributes only 10–20% to the temperature 

dependence of the band gap energy [25]; while the latter contributes more strongly 

and it arises from the different kinds of phonons involved, depending on the lattice 

temperature.  

To explain the “abnormal” behavior of the PL intensity with temperature, we 

suggest the existence of surface defect energy levels located below the band-gap. 

Corresponding to these defects, the thermal energy (kT) is necessary for releasing 

trapped electrons from the defect states to recombine or transit to emit PL. Thus, the 

release rate, which exponentially depends on the temperature, is a main factor to 

contribute to the emission intensity. In other words, the integrated emission resulting 

from radiative recombination/transition of the excited carriers becomes weaker with 

decreasing temperature because less of the trapped carriers are being released. In 

this case, thermal energy significantly contributes to release the trapped carriers for 

further emission. Because of the variable activation energy of surface defect states, 

the trapped carriers could be gradually released with temperature to contribute to 

the emission, leading to the gradual increase of the PL intensity with temperature.   
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Figure 4.18: (a) The 30-ns delay TRPL spectra of In(Zn)P/ZnS QDs and (b) the extracted 

emission peaks as a function of temperature. 
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The hypothesis of the existence of surface defect energy levels located below 

the band-gap is verified by the TRPL study. Figure 4.19a shows the PL decay 

measured at different temperatures. It is clearly seen that each decay curve is 

composed of two components with different decay time constants. It is reasonable to 

assign the short and the long decay times to the surface-related defects and the 

excitonic transitions in QDs, respectively (Section 4.3.3). Deconvolution of the 

temperature-dependent decay curves shows that both decay times increase with 

decreasing temperature. The long decay time (the upper part of Figure 4.19b) is 

almost un-changed for temperatures higher than 100 K that is characteristic of the 

radiative life-time. Below 100 K, this decay time increases with decreasing 

temperature, due to the stronger contribution of the population time to release 

trapped carriers from defects for going to emission sites. Thus, at low temperature, 

the trapping of electrons at defects lengthens the population processes of the 

emissive sites causing a decrease of the PL intensity. For the shorter decay time 

component (the lower part of Figure 4.19b), the variation is not monotonic. Anyhow, 

it is shortened with increasing temperature, showing the characteristics of traps. 

Therefore, the TRPL results are explained in terms of charge carriers being released 

from traps to contribute to the emission of the In(Zn)P/ZnS QDs.    
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 Figure 4.19: The decay curves of alloy In(Zn)P/ZnS QDs measured with various 

temperatures at the emission peak of In(Zn)P QDs. Deconvolution of each PL decay curve 

shows two components, S and L.  
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4.4. Conclusions 

High quality and highly luminescent In(Zn)P core and In(Zn)P/ZnS core/shell 

QDs were synthesized by the hot injection and the heating-up one-pot methods. The 

synthesized QDs were characterized by powder XRD, TEM, EDX, UV-vis absorption 

and SSPL/TRPL spectroscopies. 

The hot injection method using PH3 gas as the phosphorous precursor can be 

adjusted to obtain bigger InP and InP/ZnS “real” core/shell QDs with an excitonic 

absorption peak in the 570–700 nm range. The emission peak related to the InP 

core varied as a function of the QD size in the 590–720 nm range, while the ZnS 

shell showed emission in the blue region around 470 nm, arising from defect states. 

The results from TRPL measurements demonstrated that the ZnS shell emitted on a 

comparable timescale to that of the InP core, in the ten nanosecond range. On the 

one hand, the ZnS overcoating played a decisive role in the passivation of 

imperfections at the surface of InP QDs, consequently increasing the 

photoluminescence intensity related to the excitonic transition in the InP core. On 

the other hand, our study reveals that, beside the optical transitions in the InP core, 

the optical processes within the ZnS shell strongly influence the dynamics of 

carriers’ population and evolution after photo-generation. 

The heating-up one-pot method using P(TMS)3 and adding ZnSt2 during the 

core NC synthesis results in In(Zn)P and In(Zn)P/ZnS QDs emitting in the range 

from 485 to 590 nm. The LQY reaches 70% by varying the Zn2+:In3+ molar ratio and 

reaction-growth/shelling temperatures, and the typical FWHM of PL is around 50 

nm. ZnSt2 has an important role in the nucleation and growth process of the QDs. It 

is supposed to act as a surfactant and as a Zn precursor leading to alloyed In(Zn)P 

QDs. This alloy structure causes band-edge fluctuations which enhance the 

confinement of the excited carriers and increase the LQY. 

Finally, we have studied the influence of the surrounding environment on the 

optical characteristics of the obtained alloy In(Zn)P/ZnS QDs in close-packed and 

colloidal phases. The SSPL spectra from the close-packed In(Zn)P/ZnS QDs are 

peaking at longer wavelengths in comparison with those taken from the colloidal 

ones. In addition, the TRPL study shows that the close-packed In(Zn)P/ZnS QDs 

possess a shorter luminescence decay time and a strongly increased spectral shift 

with the delay time from the excitation moment in comparison with the colloidal 
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ones. Förster resonance energy transfer and/or excited charge-carrier transfer 

between the In(Zn)P/ZnS QDs, favored by their alloyed internal structure, have been 

shown to be the main reasons for the observed behavior. The evidence for the 

charge-carrier transfer in close-packed layers of In(Zn)P/ZnS QDs is very important 

for their integration into optoelectronic devices, such as QD LEDs or light emitting 

field effect transistors. 
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5. In(Zn)P/ZnS NCs doped with Eu3+ ions   

5.1. Introduction 

Modern semiconductor science and technology would not exist without doping 

[1]. The ability to precisely control the doping of semiconductor NCs can create an 

opportunity for producing functional materials with new properties, which play a key 

role in future nanotechnology, such as doped quantum dots (d-dots) emitters for 

light emitting devices and bio-imaging, solar cells and spintronics [2–13]. This 

opportunity has stimulated research efforts to develop synthesis methods to 

incorporate dopants into a variety of colloidal semiconductor NCs [2–3,13–20]. The 

most efforts have focused on introducing Mn2+ ions into II-VI semiconductor host 

such as ZnS(Se), CdS(Se) NCs of dilute magnetic semiconductors (DMS) [2,10,13–

16,21–23]. To date, semiconductor hosts have been doped with various transition 

metal (TM) ions (Mn2+
, Co2+, Cu2+

,…) [21,24–31] and rare-earth (RE) ions (Eu3+, 

Tb3+, Tm3+, Er3+,…) [2,29–40]. A considerable effort has been made for infrared 

emission of InP:Yb [32, 41–44], GaAs:Er [45], Si:Er [46–50] and for visible emission 

of GaN:RE (RE= Tm, Tb, Eu) [51]. Through doping of QDs, one can expect an 

efficient energy transfer from the host to specific dopants in the resonant regime. In 

these d-dots therefore the advantageous characteristics of QDs such as the size-

tunable emission and high LQY could be conserved while the new positive features 

for emission from dopants could be exploited. In general, higher self-quenching 

concentration and better thermal stability could be achieved [22] in d-dots. In our 

case, the possibility of keeping the size of the Zn-containing InP/ZnS [or 

In(Zn)P/ZnS] QDs for emitting in the short wavelength range (around 485–510 nm, 

corresponding to the absorption ~420–460 nm) provides an unique opportunity to 

prepare host QDs for doping Eu3+ ions with the goal to study the resonance energy 

transfer from the In(Zn)P/ZnS host to the Eu3+ guest. This is due to one of the main 

4f-electronic transitions (7F0 – 5D2) of the Eu3+ ion which gives rise to an emission 

peak around 470 nm (Section 2.3). From the energy conversion point of view, a 

clear benefit originating from the presence RE in doped QDs is that the 

semiconductor QDs hosts have a very large absorption cross-section to absorb 

efficiently the excitation energy and then transfer it to the Eu3+ ion guests to have 

finally the highly efficient emission from Eu3+ ions at the characteristic wavelengths. 
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The investigation of the luminescence properties of RE-doped III-V and TM-

doped II-VI semiconductors is of great interest both from the fundamental and 

applied research point of view. The scientific interest is related to the uniqueness of 

the optical and electrical properties of RE dopants in semiconductors hosts; they 

emit sharp and temperature-stable luminescence associated with the RE intra-4f-

shell transition. Therefore, RE-doped semiconductors can potentially be used to 

fabricate opto-electronic devices that are insensitive to the surrounding host 

environment. Luminescence is observed by photoexcitation of the host 

semiconductor to generate the excited charge carriers. Then due to an energy 

transfer from these free carriers in the host semiconductors to the RE 4f shell the 4f-

electron are excited with subsequent emission of light [52]. However, it is not easy to 

dope NCs. First, doping is frequently impeded due to a “self purification” process, 

working against the incorporation of dopant ions into the host lattice; second, the 

incompatibility of dopants with the host lattice brings up difficulties in the 

thermodynamic or kinetic growth control [1,15,53]; third, in some cases, the “surface 

adsorption” of dopant atoms on the surface of NCs is hindered [20–21]. Even in the 

favorable case where the dopant ions have the same valence state and similar ionic 

radius as the corresponding host ion, successful doping is difficult to achieve in a 

straightforward approach by simply adding a small amount of dopant precursor 

during the synthesis of the host NCs [54]. Successful chemical synthesis methods 

for doped NCs must not only offer the commonly needed size, surface morphology 

and shape control, but also the control over the concentration and location of the 

dopants within the NC [1].  

In general, two types of synthetic methods have been developed to produce 

doped NCs [21]. The first method is based on aqueous-phase precipitation [24,55]. 

This method often leads to NPs of low crystallinity and broad size distributions. The 

second method is an organic-phase growth, which can produce monodisperse and 

highly crystalline colloidal NCs [13,15,19]. In many cases, the impurity atoms exist 

only at the surface of the NCs but not inside the core, therefore minimizing the 

dopant’s effects on the NCs’ properties [15]. Gamelin et al. have introduced a 

method using isocrystalline shell growth to incorporate surface dopants into the 

cores [17]. Peng et al. and Cao et al. have reported that impurity-doping can be 

decoupled from the NC nucleation and growth stages [3] and developed a three-

step synthesis to achieve radial-position-controlled doping of TM ions into II-VI, III-V 

semiconductor NCs [13]. For instance, they have successfully synthesized Mn-
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doped CdS/ZnS NCs and Cu-doped InP/ZnSe NCs which emit the specific 

luminescence of Mn- and Cu-impurities with a LQY as high as 50% [4,13,56] and 

40%, respectively [25]. However, for III-V d-dots, the synthesis and the relevant 

knowledge are rather limited [25]. The synthetic chemistry of III-V NCs is 

substantially different from and more difficult than that of II-VI ones. Nevertheless, 

the RE3+ ion has the same charge as the constituent III-group ion so that charge 

compensation is not needed for RE-doping into the III-V lattice. In addition, the RE3+ 

ionic radii are similar to the III-group ions which are favorable for doping. Therefore, 

beside the difficulty of synthetic chemistry of III-V NCs one can expect that the 

doping of RE3+ ions into III-V NCs is more favorable than into II-VI NCs.  

Based on the success of the synthetic methods of the un-doped In(Zn)P/ZnS 

NCs as presented in Section 4.2.2, and literature search of the Mn-doped CdS/ZnS 

NCs, we have developed the synthesis of Eu-doped In(Zn)P/ZnS NCs. Experimental 

details are presented in Appendix 1.4. In the following sections we briefly present 

the synthesis of Eu-doped In(Zn)P/ZnS NCs, their PL, TRPL and PLE 

characteristics and discussion. 

5.2. Synthesis of Eu-doped In(Zn)P/ZnS NCs 

Eu-doped In(Zn)P/ZnS NCs were synthesized by using a “three-step one-pot” 

method. Meanings of the three steps are as follows: step 1, synthesis of the host 

NCs; step 2, dopant growth; and step 3, growth of the outer ZnS shell (or host-shell 

growth). In the syntheses, step 1 and step 3 were carried out by slightly modifying 

the method we presented in Section 4.2.2 [57–58], while step 2 can be considered 

to be a new initiative to dope RE3+ ions into the In(Zn)P/ZnS host QDs. The diameter 

of the host NCs and the thickness of the host shells determine the radial positions of 

Eu-dopants inside the host core/shell NCs. In step 2, the Eu doping process is 

achieved by the adsorption and the growth of partial EuP shells on the host NCs. 

Eu-doping levels are controlled mostly in this step in direct proportion to the amount 

of the Eu precursors added (e.g., Eu(MA)3, Eu-oleate) and doping temperature. To 

achieve a more efficient emission as well as to further control the Eu position inside 

the NCs, we carried out ZnS-shell growth. The Eu3+ ions can diffuse during this step 

and the Eu content in the ZnS shell is strongly dependent on the shelling 

temperature.  

We have carried out the syntheses of the Eu-doped In(Zn)P/ZnS core/shell d-

dots exploring several key aspects of the related reactions, including temperature for 
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each process, dopant concentration, and the epitaxial growth of the ZnS shell to 

prevent the out-diffusion of RE3+ ions. Corresponding to the three steps mentioned 

above, briefly, step 1 enables to produce the In(Zn)P host NCs with the presence of 

ZnSt2 by a quick heating-up one-pot method [57–58]. The reaction to form In(Zn)P 

QDs was performed under Ar with the Zn2+:In3+ molar ratio in the precursor solution 

of 2:1 and the reaction–growth temperature and time fixed to 190°C and 10 min, 

respectively, in order to obtain In(Zn)P NCs emitting PL around 470 nm. This 

wavelength is nearly resonant to the 7F0 – 5D2 transition of the Eu3+ ion and therefore 

enables energy transfer from the excited host to the Eu dopant. After that, step 2 

aims at the Eu-dopant adsorption on the surface of the In(Zn)P host NCs. In a 

typical reaction, this step was performed at 80°C for 100 min with adding 0.3 

equivalents of Eu-oleate with respect to In3+ ions. Subsequently, the reaction mixture 

was heated to 120°C for incorporation and diffusion of Eu3+ ions into the In(Zn)P 

NCs for 20 min. In step 3, the epitaxial ZnS shell growth was carried out by slowly 

adding appropriate amounts of the Zn:S precursors (Zn-oleate and (TMS)2S). The 

shelling temperature was kept at 120°C for 10 min to allow the growth of the ZnS 

shell, which not only improves the chemical stability of the Eu-doped In(Zn)P/ZnS 

core/shell d-dots as a normal passivation coating layer but also provides a diffusion 

barrier for preventing the dopant ions leakage out of the d-dots. We point out that 

shelling is carried out at comparably very low temperature to avoid the out-diffusion 

of Eu dopant ions. The entire shell growth process was monitored by taking aliquots 

for UV-vis absorption or PLE, and phosphorescence spectroscopies. After cooling 

down to room temperature and purification by repeated precipitation (by adding 

acetone/methanol) and redispersion (in hexane) cycles, the synthesized Eu-doped 

In(Zn)P/ZnS NCs could easily be dispersed in a number of solvents, including 

chloroform, toluene, or n-hexane. Their luminescence properties were studied by 

UV-vis absorption, PL, PLE, and TRPL (phosphorescence) spectroscopy. The 

obtained results are presented in detail in Section 5.3. 

5.3. Results and discussion 

 In this section, we focus on the optical properties of the Eu-doped In(Zn)P 

QDs and Eu-doped In(Zn)P/ZnS QDs. Using the synthesis parameters listed in the 

previous section, the obtained In(Zn)P QDs possess a zinc-blende structure and 

sphere-like shape with the size of 1.7 nm (corresponding to the excitonic absorption 

at ~435 nm, and the emission at ~485 nm). Note that with the presence of Zn 
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reqaction medium we have successfully kept the In(Zn)P QDs size unchanged for a 

long duration of the doping-shelling process. Thus, we have controlled the doping 

level and the doping yield by control both the dopant-growth of Eu-containing layer 

on the surface of NCs and the ZnS-shell growth (ZnS shelling). For controlling the 

Eu-doping level, we used the Eu precursor with the required amount corresponding 

to the desired doping level. Then, the yield of the dopant incorporation into the host 

matrix was controlled by the temperature and duration of the Eu-precursor 

adsorption, the time of the diffusion of Eu3+ ions into the NCs, as well as by the 

temperature and duration of the ZnS shelling. In the Eu-doping process, two stages 

were applied: (i) adsorption of the Eu-containing layer on the surface of the NCs 

(80oC) and (ii) the incorporation of Eu3+ ions into NCs at a higher temperature 

(120oC). All samples were carefully purified according to the procedures described 

in Appendix 1.4 and then re-dispersed in toluene. The UV-vis absorption and 

PLE/phosphorescence spectra were performed on a HP 8452A and Carry Eclipse 

Fluorescence spectrometers, respectively. 

In the following we present the results obtained from the systematical studies 

on the effects of (i) the nature of the dopant precursor on the adsorption of Eu atoms 

on the surface of In(Zn)P QDs, (ii) the duration and temperature of the adsorption 

and incorporation of Eu3+ ions into the In(Zn)P QDs, (iii) the temperature of the ZnS 

shelling, and (iv) the Eu-concentration. Figure 5.1 illustrates our view of the doping 

process, in which Eu3+ ions are adsorbed on InP NCs (stage 1 of step 2) and then 

they are incorporated into the InP lattice (stage 2 of step 2).  

 

Figure 5.1: Scheme of the Eu3+ ions doping into InP host NCs occurring on two stage: stage 

1, adsorption of the Eu3+ ions onto the InP NCs surface, and stage 2, diffusion of the Eu3+ 

ions into the NC lattice. 
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  The effect of the nature of the dopant precursor on the adsorption rate of Eu 

atoms on the surface of the 1.7–nm In(Zn)P/ZnS NCs has been studied by 

performing two series of experiments with varying composition of the Eu-dopant 

precursors, namely Eu-oleate and Eu-myristate (Eu(MA)). All other experimental 

conditions were kept the same: adsorption of the Eu atoms on the surface of In(Zn)P 

NCs at a temperature of 80oC for 100 min,  Eu incorporation into the In(Zn)P QDs at 

120oC for 20 min, and then the ZnS shelling at 120oC for 10 min. The 

phosphorescence (excitation at 365-nm) and PLE spectra of the In(Zn)P/ZnS QDs 

doped with 30% Eu from the mentioned precursors are shown in Figure 5.2. In this 

figure, the intrinsic PL intensity from the excitonic transition of the In(Zn)P/ZnS QDs 

doped with different Eu-precursors are normalized to compare the Eu-doping yield 

(see Figure 5.2a). Indeed, these two Eu-doped In(Zn)P/ZnS QDs exhibit a clear 

difference in the PL intensity ratio of the intrinsic emission from the In(Zn)P/ZnS 

QDs and that from the 5Do→
7FJ transitions of the Eu3+ ions. The obtained result 

shows that Eu-oleate is a more favorable precursor for enhancing the Eu3+ ions’ 

emission along with the proper emission from the In(Zn)P/ZnS QDs. The 

observation of the sharp emission lines characteristic of the Eu3+ ions, is however 

not evident for the doped In(Zn)P/ZnS NCs. Therefore, we have preformed PLE 

measurements at the Eu-emission for getting some evidence for the incorporation of 

Eu3+ ions into the In(Zn)P/ZnS QDs.  

In Figure 5.2b, the PLE spectra were taken at the 618–nm emission line of 

Eu3+ ions; the PLE spectrum at the same wavelength for the un-doped In(Zn)P/ZnS 

QDs is also presented for comparison. The most prominent transition 1S3/2–1Se at 

470 nm and another one 1P3/2–1Pe at ~380 nm are characteristic for the excitation of 

the In(Zn)P/ZnS host QDs [59]. Note that for un-doped sample we have observed 

the PLE spectrum similar to the doped-sample, with a little bit red-shift. This is 

understandable because the excitation occurs even for the 618-nm emision as the 

red tail of the In(Zn)P QDs emission (inset of Figure 5.2a). The host absorption 

bands observed in the PLE spectra of the Eu3+ ion emission indicates that the Eu3+ 

ions are effectively excited via the In(Zn)P/ZnS QDs host, and that energy transfer 

from the In(Zn)P QDs to the Eu3+ ions occurs. This result is a direct evidence for the 

incorporation of the Eu3+ ions into the In(Zn)P/ZnS QDs.  
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Figure 5.2: (a) Phosphorescence (excitation wavelength: 365–nm) also 0-delay time and (b) 

PLE spectra for the In(Zn)P/ZnS QDs doped with 30% Eu from different precursors. The PLE 

spectrum was taken at the 618-nm emission of Eu3+ ions.  
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Coming back to the results shown in Figure 5.2a, one notes a similarity of the 

PL spectra of the two samples, namely In(Zn)P/ZnS NCs doped  with different Eu 

precursors, the only exception being the difference in the PL intensity. For the 

sample doped from Eu-oleate, the PL intensity is about three times stronger. We 

would explain the obtained result on the basis that Eu-oleate compound contains an 

unsaturated double bond hence it has a higher reactivity than Eu(MA), resulting in a 

lower activation energy needed to start the reaction. Therefore, Eu-oleate in the 

present case, could lead to the formation of strongly bound Eu at low temperature 

growth condition. For our next studies, we have chosen Eu-oleate compound as an 

active dopant precursor for doping. In addition, this is also bebeficial because we 

could reduce temperature for the Eu-doping process to significantly eliminate 

Ostwald ripening that consequently make the size distribution of NCs narrow [13].  

With the three step procedure for the fabrication of Eu-doped In(Zn)P/ZnS 

core/shell QDs, the last step of shelling the doped In(Zn)P core is considered to be 

very important. One can directly imagine that at high enough temperature for 

shelling, already doped Eu3+ ions could diffuse out from the QDs. In order to 

determine the appropriate temperature for shelling, we performed the ZnS shelling 

for synthesized Eu-oleate doped In(Zn)P QDs at different temperatures in the range 

from 120°C to 250°C. We use the integrated PL ratio of the Eu3+ ions emission over 

the intrinsic In(Zn)P/ZnS QDs emission as a monitor for the existence of Eu3+ ions in 

the system. Figure 5.3 shows the integrated PL intensity ratio as a function of 

shelling temperature. The result indicates that the Eu doping rate strongly depends 

on the ZnS-shelling temperature. With increasing this temperature the integrated PL 

intensity ratio decreases very quickly. This means that the bound Eu can be 

removed from the NCs by “lattice diffusion” and/or “lattice ejection” in a cation-

exchange reaction during the ZnS-shell growth at high temperatures. Note that at a 

temperature as high as 250°C, no emission from Eu3+ ions could be detected. In 

other words, the Eu3+ dopant ions could diffuse from the doped core QDs to the ZnS 

shell and finally to the NC surface, which facilitates their subsequent removal. 
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Figure 5.3: Integrated intensity ratio of the two emission lines, IEu/IInP, as a function of the 

ZnS shelling temperature (dashed lines are added to guide the eye). The In(Zn)P QDs 

reacted with 20 % of Eu-oleate at 80oC for 100 min after overcoating with the ZnS shell at 

different reaction temperatures between 120 and 250oC. The spectra were measured at a 

delay time of 0.05 ms under the 397–nm excitation.  

We now present the effect of the duration and temperature on the adsorption 

and incorporation of Eu3+ ions into the In(Zn)P QDs. These parameters are likely to 

act as key factors in the doping process. It is well known that this process actually 

includes multiple elementary steps, such as surface adsorption/desorption, lattice 

incorporation/ejection, and lattice diffusion as demonstrated in Cu:ZnSe and 

Mn:ZnSe d-dot systems [25]. In order to determine an optimized temperature profile 

for the formation of high quality Eu-doped In(Zn)P/ZnS QDs, a systematic study has 

been carried out. In principle, the increase of the reaction temperature could lead to 

the increase in the reaction rate for all processes. Therefore, to achieve a successful 

synthesis of d-dots, we have chosen a low ZnS shelling temperature (120°C) to 

study the influence of the duration of this process on the optical properties of the d-

dots. For convenience, we have also chosen the same temperature for the 
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incorporation of the Eu3+ ions into the In(Zn)P QDs. In order to determined the 

proper temperature for adsorbing the Eu-oleate onto the surface of In(Zn)P QDs, we 

have checked several temperatures in between 60°C and 190°C and found that 

80°C is the most suitable. 

Figure 5.4 shows the phosphorescence spectra taken from In(Zn)P NCs after 

Eu3+ ions adsorption at 80°C. The solvent used is ODE. The spectra show a change 

in the integrated intensity ratio of the Eu3+ ions emission over the intrinsic 

In(Zn)P/ZnS QDs emission with adsorption time. At the 0.05-ms delay time, the 

spectra are dominated by the strongest line resulting from the 5Do→
7F2 transition 

(around 618 nm) of the Eu3+ ions. We notice that the excitonic PL intensity 

decreased substantially; however, the contour of the spectrum is still retained. 

Quenching of the excitonic PL of In(Zn)P QDs with doping suggests the adsorption 

of Eu3+ ions onto the surface of the host NCs. Similarly, the brightening of the Eu3+ 

emission is considered as a spectroscopic manifestation of the binding of the Eu3+ 

ions onto the surface lattice. From Figure 5.4, one can see that the relative intensity 

of the Eu3+ ions emission with the adsorption duration of 100 min is the highest. This 

observation can be explained by the fact that with shorter adsorption times (60 min) 

a smaller number of Eu3+ ions binds. However, for longer adsorption durations (150 

min) two effects occur: First, a saturation effect, when all surface sites are covered 

taking into account the steric hindrance of the Eu complex; second, the interaction of 

closely bound Eu ions leading to a decrease of their PL intensity [25]. Optimally, the 

adsorption duration is of 100 min. These results are in agreement with the results 

reported on Cu-doped InP NCs [25]. Thus, from the observation of the change of the 

integrated PL intensity ratio of the Eu3+ ions emission over the intrinsic In(Zn)P/ZnS 

QDs emission, we determine that 100 min is the best adsorption time for our 

experiments.  
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Figure 5.4: Phosphorescence spectra measured at the 0.05-ms delay time under the 397–

nm excitation from the In(Zn)P QDs adsorbed with 10% of Eu-oleate at 80oC. The adsorption 

duration times are indicated in the figure.  

In an attempt to determine the optimum duration for the incorporation (at 

120°C) of Eu3+ ions into the In(Zn)P QDs, we performed experiments with different 

times between 5 min and 30 min. Using the same approach as before, we have 

found that a duration of 20 min is the best for the incorporation of Eu3+ ions into the 

In(Zn)P QDs. 

 We now present the effects of the Eu-dopant concentration on the optical 

properties of the doped In(Zn)P core QDs and In(Zn)P/ZnS core/shell QDs. These 

results have been obtained in a systematical study of samples synthesized under 

the same experimental conditions except the change in the Eu-oleate concentration. 

Briefly, the used conditions for the In(Zn)P QDs synthesis were 190°C for 10 min; 

Eu adsorption was carried out at 80°C for 100 min; Eu incorporation at 120°C for 20 

min; and finally the ZnS shelling was performed at 120°C for 10 min.  
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 Figure 5.5 shows the phosphorescence spectra taken at the 0.05–ms delay 

and the PLE spectra at the 618-nm Eu3+ ions emission for typical samples of In(Zn)P 

core QDs doped with Eu-oleate at different concentrations. As in Figure 5.5b, it is 

clearly seen that the PLE spectra look similar to the one registered for the un-doped 

In(Zn)P QDs, with the typical excitonic absorption from the In(Zn)P QDs host. The 

characteristic 1P3/2–1Pe (~380 nm) and 1S3/2–1Se (~470 nm) transitions for the 

excitation of the In(Zn)P host QDs were observed. The observation of the absorption 

characteristic to the In(Zn)P QDs host in the PLE spectra of Eu3+ ions guests along 

with no characteristic transition of the Eu3+ ion itself means that the Eu3+ ions are 

effectively excited via the In(Zn)P QDs host, and also means that an energy transfer 

from the In(Zn)P QDs to the Eu3+ ions has occurred. At the same time, the intrinsic 

excitonic emission of the QDs was almost entirely quenched so that the Eu3+ ions 

emission was prominent (Figure 5.5a). This implies that the adsorption of Eu3+ ions 

on the surface and their subsequent incorporation into the In(Zn)P QDs was 

efficient. At a concentration of 30% Eu-oleate, the integrated luminescence intensity 

of the Eu-doped In(Zn)P QDs reached a maximum and above this concentration it 

fell off rapidly. Thus, 30% Eu-oleate seems to be the critical concentration for getting 

the maximum LQY of the Eu-doped In(Zn)P system. At higher doping levels PL 

quenching due to the interaction between the closer coming Eu3+ ions occurs. 

Though we have successfully synthesized Eu-doped In(Zn)P core QDs which give 

clearly the Eu3+ ions emission, we recognize that these core QDs are vulnerable 

toward chemical oxidation. Moreover the dopants can easily diffuse out, and 

nonradiative decays upon photoexcitation increase fast. These problems could be 

solved by the growth of a ZnS shell as a diffusion barrier for preventing the dopant 

leakage out of the system. In the following, we will discuss in more detail the Eu-

concentration dependent PL/phosphorescence of Eu-doped In(Zn)P/ZnS QDs.  
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Figure 5.5: (a) Phosphorescence (b) and PLE spectra for typical Eu-doped In(Zn)P core 

QDs versus the Eu-oleate concentration.  
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After ZnS shelling, the obtained Eu-doped In(Zn)P/ZnS QDs showed improved 

photo-stability. Figure 5.6 shows that the PLE spectra of the Eu-doped In(Zn)P/ZnS 

core/shell QDs look similar to those taken from the Eu-doped In(Zn)P core only 

QDs. Once again, the important role of Zn in the synthesis In(Zn)P QDs to keep the 

NCs size unchanged for a long duration of the doping-shelling process is 

demonstrated. 

 

 

Figure 5.6: PLE spectra of typical Eu-doped In(Zn)P/ZnS core/shell QDs for the 618-nm 

Eu3+ ions emission. The Eu-oleate concentrations are indicated in the figure.  

Figure 5.7a shows the phosphorescence spectra measured on a typical series 

of Eu-doped In(Zn)P/ZnS QDs synthesized at optimized experimental conditions 

(i.e., reaction-growth temperature of In(Zn)P core QDs at 190oC for 10 min; Eu 

adsorption at 80oC for 100 min; Eu incorporation at 120 oC for 20 min; and the ZnS 

shelling at 120oC for 10 min) with different Eu-oleate concentrations. As in the 
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previous cases, in order to facilitate comparison of the Eu3+ ions emission as a 

function of the Eu-concentration, we present the spectra with the normalized 

intensity of In(Zn)P/ZnS QDs. The PL peak position and FWHM from the 

In(Zn)P/ZnS QDs were found to be independent of the Eu-concentration. Figure 

5.7b shows the integrated intensity ratio of the two emission lines, IEu/IInP, as a 

function of the Eu-oleate concentration. It is visible that for Eu-oleate concentration 

in the range of 5–30%, the PL intensity of Eu3+ ions increases. This is a direct result 

showing that the optical output is proportional to the number of Eu atoms. At Eu-

oleate concentrations higher than 30%, the Eu3+ ions emission intensity decreases 

quickly. As in the case of the In(Zn)P core NCs, we explain this phenomenon by a 

concentration quenching effect, in which the high Eu-oleate concentration induces 

strong Eu-Eu interactions. The interactions finally give rise to the release of the 

excited energy in a form of heat without emission. The concentration quenching 

effect is generally observed in doped materials. Depending on the specific materials 

and dopants, the critical concentrations are different. For most of bulk materials 

doped with RE3+ ions the critical concentration is of 5–10% [60]. The quenching 

effect occurs in NCs at a much higher concentration because each NC is separated 

from the others limiting the nonradiative energy transfer between the RE3+ ions 

inside one NC. A critical dopant concentration of 25-30% has been determined in 

several kinds of NCs doped with RE3+ ions [61–62]. In addition, due to the high Eu-

oleate concentration it is probable to create larger crystal-field strain in the ZnS shell 

resulting in an increase of the nonradiative decay of the Eu3+ ions consequently 

decreasing the Eu3+ ions emission. Our experiments show a maximum LQY of the 

samples doped with around 30% of Eu with respect to In, for both Eu-doped In(Zn)P 

core and Eu-doped In(Zn)P/ZnS core/shell QDs. 
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Figure 5.7: (a) Phosphorescence spectra for a typical series of Eu-doped In(Zn)P/ZnS QDs 

measured at a 0.1-ms delay time. The corresponding Eu-oleate concentrations are indicated 

in the figure. (b) Integrated intensity ratio of the two emission lines, IEu/IInP, as a function of 

the Eu-oleate concentration (dashed lines are added to guide the eye). 
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To check if the Eu-concentration in doped QDs corresponds to the amount of 

the used Eu-oleate precursor, we analyzed the samples by using X-rays 

fluorescence spectroscopy (XRF) technique. In our experiments, all samples were 

carefully washed before any measurement to be sure of eliminating all by-products. 

Figure 5.8 shows the XRF spectrum and the Eu(Lα) and In(Lα) ratio. The analysis 

results are consistent with those obtained from optical measurements, showing that 

the Eu-doped content increases in accordance with the increase of the Eu-oleate 

precursor. However, at Eu-oleate precursor concentrations higher than 30% we 

observe a decrease in the final content of the dopant. Although the reasons for this 

dopant concentration decrease are not clear, this effect is of course another reason 

for the decrease of the PL intensity ratio, along with the concentration quenching 

effect. 
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Figure 5.8: Representative XRF spectra of Eu-doped In(Zn)P/ZnS NCs; (a) 30% of Eu-

oleate; (b) Eu(Lα) and In(Lα) ratio as a function of the initial Eu-oleate concentration (dashed 

lines are added to guide the eye). 

To study in more detail the energy transfer from In(Zn)P QDs host to Eu3+ 

dopant, we measured the phosphorescence spectra with various delay times 

(TRPL) on a typical sample of In(Zn)P/ZnS QDs doped with 30% of Eu-oleate. The 

results are shown in Figure 5.9. One can see that no Eu3+ ions emission is detected 

just after the excitation moment, i.e. the spectrum is dominated by the intrinsic 

emission of the In(Zn)P/ZnS QDs. With increasing delay time the intrinsic emission 

from In(Zn)P/ZnS QDs is gradually quenched and the Eu3+ ions emission is getting 

more and more pronounced. This is because the Eu3+ ions possess much longer 

decay-time than In(Zn)P/ZnS host QDs. In addition, a part of the released energy 

from In(Zn)P/ZnS host QDs is transferred to Eu3+ ions to contribute to the total 

emission of the latter. This means that the Eu3+ ions are effectively excited via the 

In(Zn)P/ZnS QDs host. Figure 5.9b shows the integrated intensity ratio of the two 

emission lines from Eu3+ ions, IEu, and from In(Zn)P/ZnS QDs, IInP as a function of 

delay time. The result indicates that after ca. 0.2 ms delay the ratio is almost 

saturated because from that delay time on the change of the two emissions is nearly 

the same. In principle, at very long delays, one can still observe the Eu3+ ions 

emission but very small In(Zn)P/ZnS QDs emission because of the long decay time 

of Eu3+ ions.  
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 Figure 5.9: (a) Phosphorescence spectra of 30% Eu-oleate doped In(Zn)P/ZnS QDs versus 

delay time. (b) Integrated intensity ratio of the two emission lines, IEu/IInP, as a function of the 

delay time (dashed lines are added to guide the eye).  
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5.4. Conclusion 

In conclusion, high quality Eu-doped In(Zn)P and Eu-doped In(Zn)P/ZnS 

core/shell d-dots were successfully synthesized using a three-step one-pot method, 

namely step 1, synthesis of the In(Zn)P host NCs; step 2, Eu-dopant growth; and 

step 3, growth the outer ZnS shell. A high doping yield could be achieved by 

choosing Eu-oleate as the precursor and optimizing several synthetics parameters: 

(i) reaction-growth of the In(Zn)P core QDs at a temperature of 190°C for 10 min; (ii) 

Eu adsorption at 80°C for 100 min and Eu incorporation at 120°C for 20 min; (iii) 

ZnS shelling at 120°C for 10 min. In addition, the critical dopant concentration has 

been determined to be of 30%. Our optical measurements such as absorption, PL, 

PLE, phosphorescence and TRPL spectroscopies clearly support the conclusion of 

the successful doping of In(Zn)P and In(Zn)P/ZnS QDs, as well as of the resonant 

energy transfer between the In(Zn)P QDs host and Eu3+ guest ions.   
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Conclusion 
This thesis focused on the synthesis and study of the optical properties of InP 

colloidal semiconductor NCs and on their doping with rare earth ions. For the  first 

time, the synthesis of InP and alloyed In(Zn)P core NCs as well as InP/ZnS and 

In(Zn)P/ZnS core/shell NCs was developed using novel approaches based on the 

reaction of indium acetate or indium chloride with different phosphorous precursors 

such as yellow phosphorus, PH3 gas and P(TMS)3. Based on this knowledge, for the 

first time Eu-doped In(Zn)P and In(Zn)P/ZnS core/shell “d-dots” were successfully 

synthesized. The emission of the dopant ions has been optimized by identifying the 

appropriate synthesis parameters, nature of the dopant precursor and its 

concentration. The prepared NCs were characterized by powder XRD, TEM, EDX, 

X-ray fluorescence, UV-vis absorption, photoluminescence excitation and steady-

state as well as time-resolved photoluminescence spectroscopy. 

InP NCs were first synthesized in a low temperature reaction using a novel 

and simple method in the solvent mixture of toluene and ethanol. The reaction 

temperature of 70°C is the lowest temperature reported for preparing InP NCs up to 

date. Nevertheless the synthesized particles show good crystallinity with a mean 

size of 3–4 nm, relatively low polydispersity and are obtained in high yields. Their 

surface is not passivated by bulky organic molecules of surfactant type, in contrast 

to nanoparticles synthesized via traditional colloid-chemical methods. As a 

consequence, these NCs do not show detectable photoluminescence. On the other 

hand, charge transfer processes at the interface with their surrounding medium are 

facilitated opening the way for their application in solar cells and photodetectors as 

broad-band light absorbers and electron acceptors. 

Using high temperature synthesis, namely by means of the hot injection and 

the heating-up methods allowed the synthesis of highly luminescent QDs. The hot 

injection method can be adjusted to obtain bigger InP and InP/ZnS core/shell QDs 

with an excitonic absorption peak in the 570–700 nm range, corresponding to the PL 

in the 590–720 nm range. In addition, the ZnS shell showed emission in the blue 

region around 470 nm, arising from defect states. The results from TRPL 

measurements demonstrated that the ZnS shell emitted on a comparable timescale 

to that from the InP core, in the nanosecond range. The ZnS overcoating plays a 

decisive role in the passivation of imperfections at the surface of InP QDs, 
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consequently increasing the photoluminescence intensity related to the excitonic 

transition in the InP core. In addition, our study reveals that, beside the optical 

transitions in the InP core, the optical processes within the ZnS shell strongly 

influence the dynamics of carriers’ population and evolution after photo-generation. 

The alloy In(Zn)P and In(Zn)P/ZnS QDs were successfully synthesized by 

using a heating-up one-pot method. The role of zinc stearate added to the initial 

reaction mixture was elucidated, showing that it acts as: i) a surfactant controlling 

the NCs formation and growth kintetics, and ii) a Zn precursor resulting in an alloyed 

In(Zn)P core NC structure. After growth of an outer ZnS shell, the alloy In(Zn)P/ZnS 

core/shell QDs showed excellent optical properties such as a LQY reaching 70%, 

tunable emission in the range from 485 to 590 nm (by varying the Zn2+:In3+ molar 

ratio and reaction temperature), and a typical PL FWHM of 50 nm. We explain the 

high LQY by the alloy structure of the In(Zn)P QDs that causes band-edge 

fluctuations to enhance the confinement of the excited carriers, which in turn 

increases the radiative recombination probability. 

In the next part, we have studied the influence of the surrounding environment 

on the optical characteristics of the alloy In(Zn)P/ZnS QDs in close-packed films and 

in colloidal solutions. The SSPL spectra from the close-packed In(Zn)P/ZnS QDs 

are peaking at longer wavelengths in comparison with those taken from the colloidal 

ones. In addition, the TRPL study shows that the close-packed In(Zn)P/ZnS QDs 

possess a shorter luminescence decay time and a strongly increased spectral shift 

with the delay time from the excitation moment in comparison with the colloidal 

ones. Förster resonance energy transfer and/or excited charge-carrier transfer 

between the In(Zn)P/ZnS QDs, favored by their alloyed internal structure, have been 

shown to be the main reasons for the observed behavior. The evidence for the 

charge-carrier transfer in close-packed layers of In(Zn)P/ZnS QDs is very important 

for their integration into optoelectronic devices, such as QD LEDs or light emitting 

field effect transistors (LEFETs). 

Eu-doped In(Zn)P and Eu-doped In(Zn)P/ZnS core/shell “d-dots” were 

successfully synthesized using a three-step one-pot method: step 1, synthesis of the 

In(Zn)P host NCs; step 2, Eu-dopant; incorporation and step 3, growing the outer 

ZnS shell preventing from dopant out-diffusion and providing high photostability. A 

high doping yield could be achieved by choosing Eu-oleate as the appropriate 

precursor and controlling several key parameters of the synthesis such as (i) 
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reaction-growth of In(Zn)P core QDs at a temperature of 190oC for 10 min; (ii) Eu 

adsorption at 80oC for 100 min and Eu incorporation at 120oC for 20 min; and (iii) 

finally the ZnS shelling at 120oC for 10 min. In addition, the critical dopant 

concentration has been determined to be of 30%. All optical measurements such as 

absorption, PL, PLE, phosphorescence and TRPL have unambiguously supported 

the fact of the successful Eu-doped In(Zn)P and In(Zn)P/ZnS QDs, as well as the 

resonant energy transfer from the In(Zn)P host to the Eu3+ guest ions.   

 

Due to the similar ionic radius of several RE ions as compared to Eu3+ (or 

In3+), our approach should be easily extendable to other systems. We are currently 

investigating the doping of In(Zn)P and In(Zn)P/ZnS QDs with Thulium (emission at 

~807 nm) and Erbium (emission at ~1300 nm). Emission in these wavelength 

ranges is important for biological in vivo imaging and in emitters used in 

telecommunication with optical fibres. Further issues under current investigation 

which could not be accomplished before submission of the thesis manuscript are the 

determination of the atomic percentages of the different elements in the Eu:In(Zn)P 

and Eu:In(Zn)P/ZnS NCs as a function of the used dopant concentration and the 

measurement of the RE dopant emission quantum yield. 

 

 





 

 

Appendix 1 

  

Experimental section 

A1.1. Chemicals and apparatus  

Chemicals  

All reagents and solvents were used as received without purifying: indium 

acetate (99.99%), indium chloride (99.9%), myristic acid (>99%), tris(trimethylsilyl) 

phosphine ((PTM)3S, 95%), bis(trimethylsilyl)sulfide ((TMS)2S, 90%), 1-

dodecanethiol (DDT, 97%), 1-octadecene (ODE, 90%), sodium hydroboride 

(99.0%), zinc phosphide, europium chloride (99.999%), europium acetate 

(99.999%), sodium oleate (99%), oleic acid (>99%), zinc oxide (>99%), zinc chloride 

(>99.9%), potassium ethylxanthate (>98%), dimethyl formamide (DMF), acetone, 

methanol, ethanol, chloroform, toluene, n-hexane (all anhydrous) were purchased 

from Sigma-Aldrich. While zinc stearate (ZnSt2, 90%), yellow phosphorus (P4) were 

purchased from Riedel de Haën and Merck, respectively. Note that P4 is stored in 

water to avoid its ignition. 

Apparatus 
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Figure A1.1: Photos of experimental setup for synthesis of core and core/shell NCs. 

A1.2. Synthesis of InP using yellow P4 at low temperature [1] 

Chemicals 

 All reagents and solvents were used directly without further purification: 

indium chloride (99.9%) was purchased from Wako Chemicals Co. Sodium 

hydroboride (99.0%), yellow phosphorus (P4, stored under water to avoid its ignition) 

were purchased from Merck. The methanol, ethanol, toluene solvents were 

purchased from Sigma-Aldrich. 

Experimentals 

In a typical synthesis, 2.5 mmol of InCl3 are dissolved in 25 mL of ethanol; 

separately 5 mmol of yellow phosphorus are dissolved in 25 mL of toluene. The In:P 

molar ratio of 1:2 used is to assure the quantitative conversion of the In precursor to 

InP. Both separated clear solutions become after immersion in an ultrasound bath 

for 15 minutes. Then, the mixture of these two solutions (hereafter called the 

solution MS) is put into a three-neck flask equipped with a condenser under nitrogen 

atmosphere. The solution MS is heated under magnetic stirring to temperatures 

between 40 and 70°C, yielding a translucent, light yellow mixture. A 0.2 M solution 
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of NaBH4 is prepared by dissolving 15 mmol in 75 mL of ethanol for the purpose of 

its subsequent injection into the solution MS. Note that the amount of NaBH4 

warrants the excess (two times) of reducing agent as compared to the used amount 

of In3+ ions. The freshly created In atoms from the reduction of the In3+ ions can 

react with available P atoms in the solution MS to form InP. We used two different 

ways for the injection of the NaBH4 solution into the solution MS: (i) the “continuous 

method”, in which the whole amount (75 mL) of the NaBH4 solution is dropwise 

added to the solution MS with an injection rate of ~1 mL/min. Practically, ca.12 

minutes after adding the first drops, the reaction mixture turns to dark-yellow 

indicating that the InP NCs has been formed; (ii) the “discontinuous method”, in 

which 10 mL of the NaBH4 solution are swiftly injected into the solution MS with 

injection rate of 5 mL/min. After a few minutes, the reaction mixture changes its 

color to yellow. The remaining 65 mL of the NaBH4 solution are added dropwise to 

the solution MS in order to assure a sufficient degree of supersaturation during the 

growth of the InP NCs. The reactions are maintained at a temperature of 40 or 70°C 

for duration of 1 to 5 hrs depending on the desired size. The produced dark 

precipitates are collected by centrifugation (5700 rpm, 10 min) and washed several 

times with hot ethanol and toluene  to remove residuals and by-products such as P4, 

NaCl and NaBH4 (in some samples, CS2 was used to wash P out). Finally, the black 

powder is dried in vacuum at 60°C for 1 hr. The reaction yield has been determined 

to be close to 100% with respect to the starting amount of the In precursor.  

A1.3. Synthesis of InP and InP/ZnS core/shell NCs in non-coordinating solvent 

A1.3.1. Hot-injection method using PH3 gas [2] 

Chemicals 

All reagents and solvents with the analytical grade or with the high purity were 

used directly without further purification: indium acetate (99.99%), myristic acid 

(>99%), 1-octadecene (ODE, 90%), zinc phosphide, zinc chloride (>99.9%), 

potassium ethylxanthate (>98%), dimethyl formamide (DMF), acetone, methanol, 

ethanol, chloroform, toluene, n-hexane (all anhydrous) were purchased from Sigma-

Aldrich. Zinc stearate (ZnSt2, 90%) and H2SO4 were purchased from Riedel de Haën 

and Merck, respectively.  
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Apparatus  

 

Figure A1.2: Schematic of experimental setup for synthesis of InP NCs using PH3 gas. 

Synthesis of InP core NCs 

The InP core NCs was formed from the reaction of In precursor and PH3 gas, 

which was generated in situ from Zn3P2 and H2SO4. Typically, 0.1 mmol of indimum 

acetate was mixed with 0.3 mmol of myristic acid and 6.8 g of ODE in a 50 mL 

three-neck flask (A) equipped with a condenser (E) under inert atmosphere. In a 

drybox, 75 mg (0.3 mmol) of finely ground Zn3P2 powder was loaded into another 

flask (B), which was then connected to flask A by means of column C, containing 

P2O5 for the elimination of traces of water in the subsequently produced PH3 gas. 

Next, the indium precursor was heated to 100–120°C to obtain an optically clear 

solution, and both flasks were degassed for 1 hr and backfilled with Ar. Reaction 

flask A was then heated to 250°C, followed by the injection of 2 mL of 1M H2SO4 

into flask B, initiating the production of the PH3 gas. Carried by a flow of Ar gas, PH3 

gas was bubbled into flask A and reacted with the indium precursor to form InP NCs. 

In the first two minutes after H2SO4 injection, the observed PH3 production was the 

strongest. With the goal to induce a short nucleation burst via precursor 

supersaturation, a stronger Ar flow was used during this period. The color of the 

reaction mixture quickly changed from colorless to deep red during the first 5–10 

min of the reaction. The excitonic peak in the absorption spectra of the prepared InP 

NCs underwent a red shift from 570 nm (5 min) to around 600 nm (20 min). An 
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extension of the reaction time did not result in a further spectral evolution because of 

the consumption of the Zn3P2 precursor. After cooling to room temperature, the NCs 

were isolated by adding 1 volume equivalent of acetone and 10 equivalents of a 

CHCl3/methanol (1/1) mixture, followed by centrifugation. The precipitated product 

could easily be redispersed in a number of solvents, including hexanes, toluene, or 

chloroform. No size sorting procedures were performed for any of the samples 

presented here.  

Synthesis of InP/ZnS core/shell NCs 

In a typical synthesis of InP/ZnS core/shell NCs, 2.5 mL of the crude solution 

of InP NCs prepared as above described was mixed with 5.5 g of ODE and heated 

up to 230°C. The amount of Zn:S stock solution (see below) was calculated from the 

ratio between core and shell volumes using bulk lattice parameters of InP and ZnS 

to obtain the desired shell thickness. This amount was gradually added with 

dropwise rate of 3 mL/min to the vigorously stirred solution of InP NCs under inert 

environment. After adding ZnS shell precursors, the growth temperature was 

decreased to 30°C and the heating was maintained for few hours until the expected 

shell thickness. The core/shell NCs can be isolated via the same procedure that was 

applied to InP-based NCs. No size sorting procedures were performed for any of the 

samples presented here. This method can be adjusted to obtain bigger InP and 

InP/ZnS core/shell QDs with an excitonic absorption peak in the 570–700 nm range, 

corresponding to the PL in the 590–720 nm range. 

Preparation of Zn:S stock solution is as follows: 1 mmol of ZnSt2 and 0.25 mmol of 

zinc ethylxanthate (Zn(EX)2) were dissolved in the mixture of 2 mL of ODE, 1 mL of 

toluene, and 100 L of DMF. Zn(EX)2 was formed from reaction of zinc chloride (5 

mmol, in 20 mL of distilled water) and potassium ethyl xanthogenate (10 mmol, in 20 

mL of distilled water) under constant stirring. The white precipate of Zn(EX)2 was 

filtered, washed with distilled water and dried in vacuum. 

A1.3.2. Heating-up one-pot method using P(TMS)3 [3-5] 

Chemicals 

All reagents and solvents with the analytical grade or with the high purity were 

used directly without further purification: indium acetate (99.99%), myristic acid 

(>99%), tris(trimethylsilyl) phosphine ((PTM)3S, 95%), 1-octadecene (ODE, 90%), 
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zinc chloride (>99.9%), potassium ethyl xanthate (>98%), dimethyl formamide 

(DMF), acetone, methanol, ethanol, chloroform, toluene, n-hexane (all anhydrous) 

were purchased from Sigma-Aldrich. Zinc stearate (ZnSt2, 90%) was purchased 

from Riedel de Haën.  

 Apparatus 

 

Figure A1.3: Photo of experimental setup for synthesis of In(Zn)P/ZnS core/shell NCs using 

P(TMS)3 

Synthesis of In(Zn)P core NCs 

For a typical synthesis of In(Zn)P QDs, 7 mL of 1-octadecene (ODE) were 

degassed for 1 hr at 100–120°C in a 50 ml three neck flask equipped with a 

condenser, backfilled with Ar and then cooled to room temperature. Next, a mixture 

of 0.1 mmol of indium myristate, which was formed in situ from indium acetate and 

myristic acid, a certain quantity of zinc stearate (0–0.2 mmol), and 0.05 mmol of 

P(TMS)3 were prepared in a glove-box and injected into the ODE solution at room 

temperature. Finally, this reaction mixture was heated quickly to 250–300°C with a 

rate of approximately 2–3°C/s by means of a molten salt bath and kept for several 
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minutes to grow the QDs to the desired size. Subsequently, the temperature of 

reaction flask was decreased to perform the next step for overcoating ZnS shell. 

Synthesis of In(Zn)P/ZnS core/shell NCs 

The epitaxial growth of ZnS shell was carried out as follows: 0.4 mmol of ZnSt2 

and 0.1 mmol of Zn(EX)2 were dissolved in a mixture of 3 mL of ODE, 1 mL of 

toluene and 0.3 mL of DMF at 100°C in a glove-box. The obtained clear solution 

became cloudy at room temperature. It was slowly added into the flask containing 

the In(Zn)P NCs at 235–285°C with dropping rate of 10 mL/hr. The reaction mixture 

was maintained at the shell growth temperature for 1 hr and then cooled down to 

room temperature. For purification, the NCs were isolated by adding 1 volume 

equivalent of acetone and 10 equivalents of a CHCl3/methanol (1/1) mixture, 

followed by centrifugation and decantation. Finally, the In(Zn)P/ZnS NCs can easily 

be redispersed in organic solvents such as n-hexane, toluene and chloroform. No 

size-sorting procedures were performed for any of the samples used in the present 

study. 

The emission could be easily tuned in range of 485–590 nm with a typical LQY 

reaching 60–70% by varying the Zn2+:In3+ molar ratio and the reaction-

growth/shelling temperature.  

Preparation of indium myristate was as follows: 2 mmol of indimum acetate were 

mixed with 6 mmol of myristic acid and 20 mL of ODE in a 50 mL three-neck flask 

equipped with a condenser. The mixture was degassed at 100–120°C for 1 hr to 

obtain an optically clear solution, backfilled with Ar, and then cooled down to room 

temperature. This stock solution was stored in a glove-box. 

A1.4. In(Zn)P/ZnS NCs doped with Eu3+ ions  

Chemicals 

All reagents and solvents with the analytical grade or with the high purity were 

used directly without further purification: indium acetate (99.99%), myristic acid 

(>99%), tris(trimethylsilyl) phosphine ((PTM)3S, 95%), 1-octadecene (ODE, 90%), 

europium chloride (99.999%), europium acetate (99.999%), sodium oleate (99%), 

oleic acid (>99%), zinc oxide (>99%), acetone, methanol, ethanol, chloroform, 
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toluene, n-hexane (all anhydrous) were purchased from Sigma-Aldrich. Zinc 

stearate (ZnSt2, 90%) was purchased from Riedel de Haën.  

Experimentals 

- Step 1: Synthesis of In(Zn)P host QDs 

Synthesis of the In(Zn)P core QDs was described detail in Section A1.3.2. In 

brief, the Zn2+:In3+ molar ratio of 2:1 and the reaction-growth temperature and time of 

190°C and 10 min, respectively, were used in these studies. For the purpose of  the 

obtained In(Zn)P QDs emitting PL at around 470 nm, which is nearly resonant to the 
7F0 – 5D2 transition of the Eu3+ ions and therefore the resonant energy transfer from 

the In(Zn)P host to the Eu3+ guest ions can occur. 

- Step 2: Eu dopant growth 

In this process, two stages were applied: (i) adsorption of Eu-containing layer 

on surface of the In(Zn)P host QDs; (ii) incorporation of the Eu3+ ions into the 

In(Zn)P host QDs. Typically, a certain quantity of Eu-precursor (0-0.04 mmol) was 

dissolved in 1 mL of ODE at ~100°C in glove-box. This solution was slowly added 

into the flask containing In(Zn)P QDs with dropping rate of 2.0 mL/hr at 80°C. 

Adsorption of the Eu3+ ions was performed at 80°C for 100 min. Subsequently, this 

reaction solution was heated to 120°C for incorporation of the Eu3+ ions into the 

In(Zn)P QDs for 20 min. Their optical characteristics were studied by absorption, 

PLE, PL and TRPL spectroscopies.  

- Step 3: Growing the outer ZnS shell 

The ZnS shelling was carried out as description in Section A1.3.2. However, 

the traditional Zn:S  precursors, which formed from ZnSt2 and Zn(EX)2), were 

replace by the higher activity Zn:S precursors such as Zn-oleate and (TMS)2S. For a 

typical synthesis, a certain quantity of Zn:S precursor solution of 0.025M (see below) 

in ODE  was injected with the dropping rate of 10 mL/hr into the flask containing 

Eu:In(Zn)P QDs at 120°C. The entire shell growth process was controlled by taking 

aliquots for UV-vis absorption, PLE, PL, TRPL and X-ray fluorescence 

spectroscopies. After completed shell growth, the reaction solution was cooled down 

to room temperature. For purification, the NCs were isolated by adding 1 volume 

equivalent of acetone and 10 equivalents of a CHCl3/methanol (1/1) mixture, 

followed by centrifugation and decantation. Finally, Eu-doped In(Zn)P/ZnS NCs 

could be redispersed in organic solvents, such as n-hexane, toluene and chloroform. 
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Preparation of europium oleate (Eu-oleate) was as follows [6]: The mixture of Eu(III) 

chloride hexahydrate (2 mmol), sodium oleate (6 mmol), ethanol (4 mL), de-ionized 

water (3 mL), and n-hexane (7 mL) were vigorously stirred at 60°C for 4 hr. The top 

hexane layer, which containing the Eu-oleate, was isolated using a separator funnel 

and washed four times with de-ionized water. Affter that, the hexane was 

evaporated and therefore Eu-oleate obtained in waxy solid form. Finally, this Eu-

oleate was kept in glove-box and used as a standard precursor for furthermore 

studies of Eu-doped NCs. 

Preparation of Zn:S precursor solution (0.025 M) was as follows [7]: The mixture of 1 

mmol of ZnO and 4 mmol of oleic acid was dissolved in 40 mL of ODE at ~300°C for 

15 min in glove-box. Next, 4 mL of the obtained Zn-oleate clear solution was mixed 

with 0.1 mmol of (TMS)2S at around 80°C.  

A1.5. Structural characterizations 

For the structural characterization of the samples resulting from each specific 

synthesis, powder X-ray diffraction (XRD, Siemens D5005 and Phillips X’pert) and 

Raman scattering spectroscopy (Jobin-Yvon Horiba Infinity spectrometer with 532 

nm excitation) were performed. The XRD patterns were used to identify structural 

phases as well as to calculate the mean crystallite sizes using Scherrer’s formula. 

Transmission electron microscopy (TEM JEOL 4000EX), EDX analysis (FE-SEM 

Hitachi S4800) and XRF analysis (XRF5006-HQ02) enable us to determine directly 

the NCs’ size and shape, as well as their stoichiometry.  

A1.6. Optical characterizations 

A1.6.1. Absorption spectroscopy [8] 

From the point of view of photo-physics, the absorption and emission spectra 

could provide information on the electronic subsystem of the matter. One could 

consider absorption and emission to be two complementary methods, which being 

applied together, allow extracting additional information on the subject under study. 

Also one should keep in mind that not all transitions observed in absorption 

spectroscopy can be observed in emission spectra.  

A simplified scheme of the setup absorption spectroscopy system is shown in 

Figure A1.4.  
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Figure A1.4: Schematic diagram of the absorption spectroscopy system. 

The lamp emission from a tungsten halogen lamp is collected by the lens L1 

and focused onto the input slit of the monochromator, which can be tuned easily in a 

wide spectral range. The lens L2 collects the light from the monochromator output 

slit and forms the monitoring beam. After the sample, the light is collected by the 

lens L3 and focused onto the photomultiplier detector (PMT) or CCD camera, which 

is required to measure the intensities before, Iin, and after, Iout, the sample placed in 

the measurements. Typically, at first the whole spectrum is measured without the 

sample, which is commonly called base line, thus giving the spectrum Iin(). And 

then the spectrum is measured with the sample to obtain Iout(). Finally, the 

absorbance is calculated out of these two spectra as follows: 

A() = -log  

Furthermore, the absorption spectroscopy is very useful in determination of 

the concentration and the size of compounds. As a consequence, the concentration 

of a dispersion containing NCs of these materials can easily be determined by 

UV/Vis spectroscopy using the Beer–Lambert law: 

A =   C L 

where A, , C, and L are absorbance, molar absorbtivity (L mol-1 cm-1), NC 

concentration (mol L-1), and path length of the cuvette in which the sample is 

contained (cm), respectively. 

As the NC size is directly related to the excitonic peak in the UV/Vis 

absorption spectrum, the size-dependent molar extinction coefficient  can be 

determined at the same time. The empirical functions correlating the size of InP NCs 
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with the position of excitionic peak in their absorption spectra as well as with the 

molar extinction coefficient  can be described in good approximation [10]: 

 

and )109839.8())(105137.5()(76532)(1.3046 5523  DDD  

where D,  and  are NC diameter (nm), excitonic peak (nm) �and molar extinction 

coefficient  (L mol-1 cm-1), respectively. 

Size-dependent evolution of absorption spectra of TOPO-TOP capped InP NCs (left). (a) the 

extinction coefficients referred to the concentration of InP units measured at 350 nm (�) and 

at the first absorption maximum (�) for different nanocrystal sizes; (b) molar extinction 

coefficient of InP nanocrystals at the first absorption maximum referred to the particle 

concentration [11]. 
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A1.6.2. Photoluminescence spectroscopy 

Luminescence is a physical phenomenon when an electron and a hole are 

created and then recombined radiatively to generate a photon. The term 

luminescence includes all types of light emission (especially fluorescence and 

phosphorescence) appearing as a consequence of some input energy into the 

sample. There are many ways to excite luminescence, for example, the case of 

optical excitation resulting in photoluminescence. Typically, an electron from the 

valence band is raised up to the conduction band by absorbing a photon with energy 

higher than Eg. Thus it leaves a hole with positive charge (+) in the valence band. 

The light emission is created by recombining this electron-hole pair, is called PL. 

Therefore, the simplest PL setup consists of an excitation source and a detector for 

measuring the intensity of the luminescence (Figure A1.5). 

Figure A1.5: Photo and schematic diagram of a typical PL setup used during this work. 

The light from the excitation source (such as laser or lamp, in the present case 

337.1 nm pulsed light of a nitrogen gas laser or 360, 365 nm Xe lamp or 370 nm 

LED) was focused by a focal lens onto the sample, which is mounted in cryostat, to 

enhance its excitation density. Consequently, the signal emission was collected and 

focused onto the entrance slit of a monochromator by a collection and focal lenses. 

(This can be realized with one or better two lenses). Inside the monochromator, a 

parabolic mirror is used to reflect the entrance signal to a grating for wavelength 

separation and another parabolic mirror is utilized to focus the signal onto a 

detector. As the energetic resolution of the final spectrum is proportional to the 



 Appendix 

125 

 

square of the number of slits of the grating, in the present case 600 or 1800 (Jobin-

Yvon HRD1 or iHR550), it is important to enlight all the area of the grating. Finally, 

the PL signals were detected by a thermoelectric cooled Si-CCD camera or 

photomultiplier tube (PMT). 

Measurement of the luminescence quantum yield (QY) [9] 

The LQY of the InP/ZnS NCs were determined by comparison to a standard 

with well-known QY (freshly prepared solution of Rhodamine 6G in ethanol; QY 

95%), using the following formula: 

ΦNC = ΦStandard (gradNC/gradStandard)(nNC
2/nStandard

2) 

with Φ being the QY, grad the gradient (slope) of the plot of the integrated 

fluorescence intensity as a function of absorbance and n the refractive index of the 

solvent (1.375 for n-hexane, 1.36 for ethanol). 

Purified NCs samples were put into 1 cm quartz cuvettes and diluted with n-

hexane until the absorbance at the first excitonic was below 0.1. The absorbance of 

the standard was adjusted to be equal to NC dispersion at a certain wavelength 

(360 nm in our work), which is used to excite the sample  

A1.6.3. Photoluminescence excitation spectroscopy  

The PLE aims to identify different levels of absorption in the structure, which 

allows us to determine the mechanisms responsible for the PL emission of the 

hetero-structure as well as the emission strongly excited at certain photon energies. 

Indeed, PLE is especially powerful in study the energy transfer process from host 

crystals to dopant ions. 

PLE allows measuring the intensity changes of one chosen emission line as a 

function of the excitation wavelength. A simplified schema of a PLE system is shown 

in Figure A1.6. The excitation source is a 500 W high-pressure Xenon lamp. The 

white light is filtered by using a monochromator to vary the excitation wavelength. 

The beam from this monochromator is focused the sample, which is placed in a 

cryostat. The generated photons are collected by using a set of lenses and detected 

by another monochromator that is fixed wavelength detection. The analysis of the 

photons is realized by a CCD camera or a PMT. 
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Figure A1.6: Schematic diagram of a typical PLE system. 

A1.6.4. Time-resolved photoluminescence  

In TRPL spectroscopy, the emission spectrum is recorded as a function of 

delay time after the pulse arrives. TRPL provide direct information about the carrier 

relaxation and recombination mechanisms and allow to measure the radiative 

lifetimes.  
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Figure A1.7: Photo and schematic diagram of a time-resolved photoluminescence system. 

In this work, the TRPL have been setup as shown in Figure A1.7. Typically, 

the 337.1 nm pulsed light from a nitrogen gas laser was used as the excitation 

source, whose excitation power density could be varied in the range from 100 

W/cm2 to 100 kW/cm2, with a pulse duration of 1 ns. A small part of the excitation 

light is split by a glass or quartz mirror and directed to a fast photodiode to produce 
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triggering pulses. The PL signals were dispersed by means of a 0.6 m grating 

monochromator (Jobin-Yvon HRD1) and detected using a fast photomultiplier 

(Hamamatsu model H733, with a rise time of 700 ps). Averaging the multi-pulses at 

each spectral point using a 1.5 GHz digital oscilloscope (LeCroy 9362) strongly 

improved the signal-to-noise ratio.   
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