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Abstract

This dissertation describes the effect that the controlled incorporation of

manganese (Mn) has on the optical and magnetic properties of colloidal PbS

nanoparticles.

Optical and temperature-dependent optical studies combined with structural and

chemical characterisation indicate the formation of alloyed (PbMn)S nanoparticles

with Mn-content up to approximately 8 %. The nanoparticle photoluminescence

(PL) properties are strongly dependent on the Mn-content and the PL emission

can be tuned by the Mn-content in the near-infrared (NIR) wavelength range

(850-1200 nm). Magnetisation and electron paramagnetic resonance (EPR) mea-

surements show that the incorporation of manganese imprints PbS nanoparticles

with paramagnetic properties.

A study of a number of photoinduced phenomena is also presented. It is found

that the continuous exposure of the nanoparticles to laser light leads to a blue-

shift of the PL emission energy and an enhancement of the PL intensity. Raman

spectroscopy is also used to further investigate these phenomena, which are

attributed to a photo-oxidation of the nanoparticles surface.

The solubility of (PbMn)S nanoparticles and their duel functionality, i.e. NIR

luminescence and paramagnetism, could open up exciting prospects for the future

exploitation of these nanocrystals as imaging labels for combined fluorescence and

magnetic resonance imaging (MRI).



List of Publications

1. Turyanska L., Moro F., Knott A., Fay M., Bradshaw T., Patané A.
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Chapter 1

Introduction

Nanostructures have attracted a great deal of attention in recent decades as

materials can acquire new and interesting properties at this scale, and because

these properties can change with the material’s size and/or shape. This is a field

of research that has relevance across many different disciplines as it lies on the

boundaries of chemistry, physics, biology, biochemistry and materials science.

Research in semiconductor nanocrystals, also known as quantum dots (QDs) [1],

has been expanding over the last 20 years due to rapid advancements in fabrica-

tion techniques and numerous possible applications in optoelectronic devices [2].

Properties of QDs can be manipulated by changing their size, shape and composi-

tion. One property of QDs that is of particular importance is the phenomenon of

quantum confinement whereby the confinement of electrons and holes in all spatial

dimensions leads to discrete quantised atomic-like energy levels [3].

There are a variety of techniques used to produce semiconductor nanocrystals [4],

such as lithographic processes or self assembly. One of the most successful of

these techniques is colloidal chemistry, where the QDs are synthesised chemically

in solution; QDs generally comprise an inorganic core coated with a layer of or-

ganic ligand molecules. The capping provides electronic and chemical passivation

of surface dangling bonds and prevents uncontrolled growth of the nanocrystals.

Advances in colloidal chemistry over recent years have made possible the prepa-

ration of high quality QDs with well controlled shapes, sizes and composition.
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Among several semiconductor materials lead sulphide (PbS) has attracted

particular interest. Bulk PbS is a narrow gap IV-VI semiconductor with a rock

salt structure and a direct band gap of 0.41 eV [5]. PbS was one of the first semi-

conductor materials to find wide application, where it was used as the material for

point contact diodes in “crystal set” radios [6]. The relatively small electron and

hole masses in PbS give a large exciton Bohr radius of Rex ∼ 20 nm thus leading

to strong exciton confinement in PbS nanocrystals. Many researches are currently

focusing on PbS QDs as they are optically active in the near infrared (NIR) re-

gion leading to possible future applications including in NIR optoelectronics, solar

cells, spintronics and as biological labels [7].

Intentional incorporation of impurities, or doping, has long been established as a

powerful tool for controlling the properties of bulk semiconductors and has been es-

sential in the development of semiconductor technologies. The prospect of further

tailoring the electronic, optical and magnetic properties of QDs has stimulated

efforts to dope semiconductor nanocrystals. Despite some difficulties, such as the

self-purification of dopants to the nanocrystals’ surface [8], there have been many

significant advances made in this sub-field. Transition metals such as manganese

(Mn) are often used as dopants as they are optically active and can also imprint

semiconductor nanocrystals with magnetic properties with possible applications

for spintronics [9] and as contrast agents in magnetic resonance imaging (MRI)

[10].

This report will present an experimental study into how the magnetic and optical

properties of colloidal PbS nanocrystals are affected by the controlled incorpora-

tion of Mn impurities. It is hoped that these nanocrystals may in the future be

employed in multimodal medical imaging. Their magnetic properties make them

potentiality useful as MRI contrast agents and their NIR emission (at wavelengths

that are only weakly absorbed by biological tissues) make them possible candidates

for fluorescent biolabels.

Chapter 2 describes the properties of the bulk materials PbS and MnS,

introduces some important concepts needed for a greater understanding of some of

the mechanisms observed in this work, and covers some relevant recent literature.

Chapter 3 describes the synthesis of the nanoparticles and the experimental setup

and procedure used in this study. These include photoluminescence spectroscopy,

2



Raman spectroscopy, electron paramagnetic resonance (EPR) spectroscopy and

microscopic techniques.

Chapter 4 demonstrates the effects of the Mn doping on the physical properties of

PbS nanoparticles. This will include their size, shape and composition, their PL

properties, temperature dependent PL properties and magnetic properties.

Chapter 5 explores some photoinduced phenomena in Mn-doped PbS nanopar-

ticles. This will include the observation of a photoinduced blue-shift of the PL

emission, enhancement of the PL intensity and the appearance of Raman lines. It

will then go on to discuss some possible mechanisms that can account for these

phenomena.

Chapter 6 presents a conclusion of this report and gives prospects for future in-

vestigations.
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Chapter 2

Background

This chapter will give some background information on the properties of the

materials used in this study. It will then introduce some important concepts such

as the density of states, the exciton and quantum confinement. Understanding

these concepts will be essential in gaining greater insight into the physical prop-

erties of Pb1− xMnxS nanoparticles. The chapter will then cover some literature

in the subject to give an overview of the field and some recent advances.

2.1 Properties of Bulk Lead Sulphide and

Manganese Sulphide

2.1.1 Bulk Lead Sulphide

Lead chalcogenides i.e. lead selenide (PbSe), lead telluride (PbTe) and lead sul-

phide (PbS), play a major role in infrared optoelectronics. They are characterised

by narrow band gaps and large dielectric constants, and share similar band struc-

ture [11]. This report will focus on Mn-doped PbS QDs so it will be important to

understand the bulk properties of PbS and manganese sulphate (MnS), which are

described below.
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Figure 2.1: Band structure of bulk PbS reproduced from reference [12].

PbS is a IV-VI semiconductor with a direct narrow band gap of Eg = 0.2586 eV

at 4 K and 0.41 eV at room temperature [12]. The conduction and valence band

extrema are at the L-point of the first Brillouin zone. The band structure of

PbS is shown in Figure 2.1 where the red arrow highlights the position of the

conduction band and the valence band at the L-point. PbS has a rock salt or face

centred cubic (fcc) lattice structure with a lattice constant of a = 5.963 Å. The

first Brillouin zone of such a structure is shown in Figure 2.2. It also has large

dielectric constants εr(0) = 169 and εr(∞) = 17.2 [12]. The reduction in Eg as the

temperature decreases means that dEg/dT = +0.52 meV/K. The positive nature

of this value is interesting as it is unique to lead chalcogenides.

PbS has an exciton Bohr radius of Rex = 20 nm arising from the effective electron

and hole masses, which are relatively small and approximately equal: m∗
e ≈ m∗

h ≈
0.09m0, where m0 is the electron mass in vacuum. This Bohr radius is large

when compared to that of many other materials (e.g. CdS ≈ 3 nm) and leads to

the strong confinement of both electrons and holes in nanocrystals where the QD

radius is less than that of the Bohr radius.
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Figure 2.2: First Brillouin zone of an fcc lattice reproduced from reference [12].

Lead chalcogenides have found uses in several semiconductor devices including

infrared LEDs, photovoltaics, lasers and photodetectors [11]. PbS was used in the

first infrared photodetectors at the turn of the 20th century, and today the most

common application for bulk PbS is still in photodetectors.

2.1.2 Manganese and Bulk Manganese Sulphide

It is important to understand manganese (Mn) atoms as these will be used to

dope our PbS nanocrystals. The high levels of doping in this study also make

it useful to understand the properties of bulk MnS as the alloy (PbMn)S can be

formed. This is because Mn has a strong preference for occupying the Pb-site in

the crystal lattice [13].

Mn is a transition metal with the atomic number 25, with electron configuration

[Ar] 4s2, 3d5. It can exhibit a number of oxidation states +2, +3, +4, +6, and +7.

Mn has five unpaired electrons in the d-shell, making it an excellent candidate as

a dopant as its magnetic properties can be incorporated into PbS.

MnS is a magnetic, direct ultra wide gap semiconductor with a band gap of Eg =

3.2 eV and a temperature coefficient dEg/dT = −2 meV/K [14]. Table 2.1 shows
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a comparison of some of the important properties of bulk MnS and PbS. PbS and

MnS have a similar rock-salt crystal structure and lattice constant, however their

band gap energies and the coefficient dEg/dT are drastically different. Unlike PbS,

bulk MnS is not a commonly used material in semiconductor technologies due to

its wide band gap, and its growth being a much more difficult process [15].

PbS MnS

a 5.9 Å 5.2 Å
Eg (at 300 K) 0.41 eV 3.2 eV

dEg/dT 0.52 meV/K −2 meV/K

Table 2.1: Values of lattice constant (a), band gap energy (Eg) and dEg/dT in
PbS [12] and MnS [14].

2.2 Quantum Confinement

Here we must first cover some core concepts, which will in turn enable us to gain

an understanding of how quantum confinement effects the properties of quantum

dots. Two concepts that must be introduced are that of the density of states

(DOS) and the exciton.

First we will introduce the concept of the DOS. The DOS of a system describes

the number of electronic states that are available to be occupied per interval of

energy [16]. It can be shown that for a 3D system with volume L3 and parabolic

energy dispersion that the DOS per unit volume is given by:

D(E) =
m∗

e

√
2m∗

eE

π2h̄3
, (2.1)

where m∗
e is the effective electron mass, E is the energy and h̄ is the reduced Planck

constant. Here the DOS is proportional to E1/2 and the electron can occupy a

continuum of energy levels as shown in Figure 2.3.
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Figure 2.3: DOS for a 3D system.

For a 2D system where the electron is confined in one spatial direction and allowed

to move freely in the other two directions, the DOS can be shown to be:

D(E) =
m∗

e

πh̄2
. (2.2)

In this case the DOS is independent of E, which leads to a constant density of

states. For a quasi 2D system (i.e a quantum well) the electron is free to move

in xy and quantised in z. This produces a series of 2D energy subbands, and a

step-like dependence of the DOS. Equal height staircases correspond to different

subbands, as seen in Figure 2.4.

Figure 2.4: DOS for a quantum well.

For a 1D system where the electron is confined in two spatial directions the DOS

is given by:

D(E) =
1

πh̄

√
2m∗

e

E
. (2.3)

8



In this case the DOS is proportional to E−1/2 and resembles a spike. For a quasi

1D system (i.e a quantum wire) subbands similar to those described in the 2D

system occur and this leads to a series of spikes as shown in Figure 2.5.

Figure 2.5: DOS for a quantum wire.

For a 0D system (i.e. quantum dot) the electron motion is quantised in all three

spatial directions as seen in Figure 2.6. All the states exist only at discrete energies

and can be represented by delta functions.

Figure 2.6: DOS for a quantum dot.

Another important concept in semiconductor physics is the exciton. In semicon-

ductors the exciton is a bound electron-hole pair that is created by the absorption

of a photon. The newly formed electron-hole pair or exciton is bound together

by the Coulomb interaction. Due to this attraction the energy required for the

exciton to be created is slightly lower than the band gap of the semiconductor (see

Figure 2.7). After some time the electron and hole will recombine, the exciton will

vanish and a photon will be emitted from the material. A convenient analogy that

can help to understand this concept is that of the well understood hydrogen atom,

the difference being the mass of the positive charge carriers in each case (the ef-

fective mass of the hole is much less than that of the proton). Another difference

is that due to the smaller masses and the screening of the Coulomb force by the
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many electrons in the system the exciton binding energy is much smaller than the

binding energy in the hydrogen atom [16].

Figure 2.7: Schematic diagram of the exciton (left) and exciton energy levels
(right) reproduced from Ref. [16].

The exciton can be treated in two different cases depending on the properties of

the material in which the exciton exists. For materials with a small dielectric

constant, the Coulomb interaction between the electron-hole pair is strong and

thus the exciton is tightly bound and the radius small, and comparable to the

lattice constant. These are known as Frenkel excitons [16]. In the case where

the dielectric constant is large (i.e. semiconductors) the Coulomb interaction is

reduced, the electron-hole pair is less tightly bound, the binding energy reduced

and the radius is larger than in the previous case. These are known as Wannier-

Mott excitons [16]. For a 3D system the exciton binding energy is given by

Eex =
µe4

8ε2rε
2h
, (2.4)

and the exciton Bohr radius is given by

Rex =
h̄2εr
µe2

, (2.5)

where µ−1 = m∗−1
e +m∗−1

h is the reduced mass of the electron and hole pair. The

binding energy is much greater when confinement effects are present.
10
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The concepts of the DOS and the exciton covered in the previous few paragraphs

will now enable us to gain a greater understanding of how quantum confinement

effects QDs.

Quantum confinement causes a change in the properties, both optical and elec-

tronic, of a material when that material is of sufficiently small size. Confinement

effects occur when electrons and holes are squeezed into a dimension that ap-

proaches the exciton Bohr radius [17]. As the size of the nanostructure decreases,

the confinement effects become stronger and the band gap of the semiconductor

increases (blue-shifts). The first experimental evidence of the quantum confine-

ment effects in clusters came from crystalline CuCl grown in silicate glasses in

1982 [18]. Quantum confinement is a direct consequence of quantum mechanics

and cannot be explained classically.

There are a number of models that attempt to describe how confinement affects

QD energy levels as their size changes [19, 20, 21]. This study uses a simple

spherical model, that builds on the previous model proposed by Brus in 1986 [21]

by taking into account the hyperbolicity of the conduction and valence bands in

PbS [5]. This model describes the ground exciton energy as:

EQD =

√
E2

g +
2h̄Egπ2

m∗R2
, (2.6)

where m∗ is the average of the electron and hole effective masses, and R is the

QD radius.

PbS has large Bohr radius of Rex = 20 nm, which means that strong confinement

effects are much more easily achieved than in other materials. Figure 2.8 shows

the calculated value of EQD versus R at T = 300 K according to equation 2.6 with

energy Eg = 0.41 eV and m∗ = 0.09me. It can be seen that a strong confinement

effect occurs for R < 10 nm.
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Figure 2.8: Graph showing the dependence of EQD on the PbS nanocrystal radius
R modelled using a simple spherical model where Eg = 0.41 eV, T = 300 K and
m∗ = 0.09me is the average effective mass.

2.3 Mn-doped PbS Colloidal Quantum Dots

There are three major methods of producing quantum dots: by advanced litho-

graphic techniques, by epitaxial techniques or by colloidal chemistry [17]. Ad-

vanced lithographic processes are used to fabricate a 2D structure that can then

be etched down to create a QD, however these QDs are limited by the spatial

resolution of the lithography [22]. Epitaxial techniques such as molecular beam

epitaxy (MBE) can be used to produced so called ‘self-assembled’ QDs whereby

two semiconductors with different lattice spacing are grown on top of each other.

The strain caused by this lattice mismatch produces ‘islands’ of quantum dots

on top of a 2D wetting layer. This method is limited by the randomness of the

positions of individual QDs on the substrate [23].
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The QDs studied in this report are produced by colloidal chemistry. In this method

the inorganic semiconductor nanocrystals are grown in solution and then capped

by a layer of organic ligand molecules which prevents uncontrolled growth and sta-

bilises their shape and composition [24, 1] by electronic and chemical passivation

of surface dangling bonds. This organic capping layer assists with solubility and

makes QDs fabricated by colloidal chemistry ideal for medical applications [25].

There are several other advantages of colloidal chemistry including the fact that

production is relatively cheap when compared to the other methods that require

more advanced technologies. Over recent years greater and greater control over

the composition, size, shape, structure and surface properties have been achieved

during synthesis. High quality colloidal QDs can be routinely produced by many

research groups and commercial companies around the world.

Lead chalcogenides PbX are attracting attention as strong confinement can be

achieved relatively easily due to their large exciton Bohr radius and also due to

their narrow band gaps which make them optically active in the infrared (IR) and

NIR regions making them possible candidates for numerous applications [26, 27,

28, 29]. These applications include optoelectronics [26], solar cells [27], materials

in field effect transistors [28] and as fluorescent biolabels [29]. Colloidal PbS QDs

have been produced in a variety of different ways with an assortment of different

capping agents used to stabilise the properties and assist with the functionalisation

of the dots [24].

Recent studies on PbS QDs show excellent control of the size and shape of the

nanoparticles and thus control of their optical properties, with their emission tun-

able in the range 800 − 1800 nm [7]. Optical properties of both colloidal and self

assembled PbS QDs have now been well studied under various conditions with

the effects of temperature dependence [30, 31], magnetic field dependence [32, 33]

and excitation power dependence [34] on their PL being investigated. A number

of different capping layers and their effects on the properties of PbS have also

been widely studied . Despite various research groups studying these nanocrystals

there are still many challenges remaining in understanding the physical mecha-

nisms within such complex systems.

An active area of research within this field is the modification of the QD properties

by the controlled incorporation of dopants [35]. There are two major categories

of dopants for semiconductor nanoparticles: that of luminescence activators and
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Figure 2.9: Cartoon showing self-purification process for a doped lead-salt struc-
tured nanocrystal.

magnetic ions used to imprint the nanocrystal with magnetic properties [36]; these

two functions can often be achieved with the same dopant material. There are

many obstacles to overcome when attempting to prepare doped QDs. One major

issue is that the host materials have a huge surface/volume ratio. Because of this

nanocrystals have a tendency to ‘self-purify’ whereby dopants diffuse out of the

nanocrystal core towards the surface [8], see Figure 2.9. Alongside this process

another problem is that an ensemble of nanocrystals will possess a wide range of

dopant ion populations creating inhomogeneity within the ensemble [37].

To date there are various reports of Mn-doped PbS QDs supported in a glass ma-

trix [38, 39], however there are very few examples of these nanocrystals produced

by colloidal chemistry [40].

Previous theoretical reports suggest that the Mn ions have a strong preference for

occupying the Pb lattice sites in the rock salt crystal structure [41]. This and the

relatively high levels of Mn used in doping can lead to the formation of alloyed

Pb1− xMnxS. Vegard’s law is an empirical rule proposed by Vegard in 1921 [41]

which holds that at a constant temperature there is a linear relation between the

crystal lattice parameter and alloy composition. In semiconductors this relation

can be extended to determine semiconductor band gap energies. If we consider

the example of bulk Pb1− xMnxS, then Vegard’s law states:

E
Pb1− xMnx
g = (1− x)EPbS

g + xEMnS
g . (2.7)
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This law can be use to calculate the exciton recombination energy, EQD, for QDs

if the simple spherical model described by equation 2.6 in the previous section

is used to account for the confinement effects. Figure 2.10 shows the band gap

energy versus x for a Pb1− xMnxS alloy with x up to 20 %, where we have assumed

EPbS
g = 0.41 eV and EMnS

g = 3.2 eV at T = 300 K. Figure 2.11 shows the value of

EQD versus x for Pb1− xMnxS nanoparticles, calculated with the model described

in the previous section with m∗ = 0.09me, R = 2.5 nm and T = 300 K.

Figure 2.10: Band gap energy, Eg, versus Mn-content, x, for a bulk Pb1− xMnxS
alloy at T = 300 K.

Figure 2.11: Dependence of the exciton recombination energy, EQD, on Mn-
content, x, for Pb1− xMnxS nanoparticles, with radius R = 2.5 nm at T = 300
K.
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Vegard’s law can also be used to model the thermal dependence of the QD recom-

bination energy, i.e αQD = dEQD/dT . Using the model described in the previous

section [5] it can be shown that:

dEQD

dT
= αQD = [αPbS(1− x) + xαMnS]

{
2Eg(x) + h̄2R−2m∗−1

2EQD

}
(2.8)

where Eg(x) = EPbS(1 − x) + xEMnS. This equation can now be used to model

the temperature dependence of EQD and the dependence αQD on the Mn-content,

as shown in Figure 2.12 and 2.13. Here we have assumed αPbS = +0.52 meV/K

[12] and αMnS = −2 meV/K [14] for T > 100 K. Interestingly, this model predicts

that for x ∼ 20 %, αQD = 0 thus indicating that the exciton recombination energy

should be independent of the temperature.

Figure 2.12: Temperature dependence of EQD using Vegard’s law and a simple
spherical model for Pb1− xMnxS nanoparticles with radius R = 2.5 nm for Mn-
content up to 25 %.
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Figure 2.13: Dependence of αQD = dEQD/dT on the Mn-content using Vegard’s
law and the simple spherical model for Pb1− xMnxS nanoparticles with radius
R = 2.5 nm for Mn-content up to 25 %.

2.4 QDs as fluorescent biolabels and MRI

contrast agents

Optical imaging has become an important tool in biological and biomedical re-

search. Traditionally imaging relies on single-photon emitting organic dyes, which

are widely used for the imaging of biological samples [42]. One of the major prob-

lems associated with optical imaging is that biological tissues strongly absorb light

in the visible region. This makes it necessary for labels to emit light in the NIR

region dubbed the ‘optical window’ or ‘therapeutic window’ [43] where light of

these wavelengths are only weakly absorbed by biological tissues, see Figure 2.14.

Colloidal QDs have many advantages over dyes for medical optical imaging: they

absorb light over a wide range of wavelengths unlike standard chemical fluo-

rophores [25]; they have photostability which is several orders of magnitude greater

than that of conventional dyes [43]; also their emission is tunable and can be care-

fully controlled as previously mentioned.
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Figure 2.14: Optical window for biological tissues. Hb: Haemoglobin. HbO2

Oxygenated haemoglobin. Reproduced from reference [44].

MRI has become an essential tool in medical research and diagnostics since the first

scanners became available to the medical profession in the 1980s [45]. To increase

the sensitivity of detection in MRI contrast agents must be used. Great efforts

are being made to improve classical contrast agents, such as paramagnetic ion

complexes and superparamagnetic iron oxide particles [46]. However, nanoscale

magnetic materials are now also attracting a great deal of attention as their size

and shape can be manipulated to a great degree of accuracy and they have the

possibility of becoming multifunctional as optical imaging agents and/or as drug

delivery systems [47, 48].

The ultimate goal would be to utilise QDs in a clinical setting, but many con-

cerns have been raised about their toxicity due to their heavy metal content [49].

Because of this, efforts are being made to enhance their biocompatibility. There

have been various recent studies that suggest that if QDs are coated properly

with the right organic ligands, they can be made non toxic or their toxicity can

be greatly reduced [50, 51]. As there are many types of QDs, each with a different

chemical make-up, they will need to be characterised individually to asses their

potential toxicity. There will, of course, need to be many more systematic studies

and trials completed before QDs find a routine role in clinical medicine.
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Chapter 3

Synthesis and Experimental

Techniques

In this chapter the synthesis of the nanoparticles and the experimental techniques

used to study them are described. Measurements were performed at The Univer-

sity of Nottingham and the National EPR Research Facility and Service at the

University of Manchester.

3.1 Synthesis

Colloidal Mn-doped PbS nanoparticles were synthesised using a similar method to

the one proposed by Levina et al [52] where thioglycerol (TGL) and dithioglycerol

(DTG) are used as capping agents. These are organic compounds that have a

functional group of sulphur and hydrogen atoms, and bind to the nanoparticle

surface with a hydrogen bond. Synthesis of the samples discussed in this report

was performed at the University of Nottingham by Dr. L. Turyanska.

To synthesise the nanoparticles, a Pb2+ precursor solution was prepared contain-

ing 2.4 × 10−4mol of lead acetate Pb(CH3COO)2, 1.5 × 10−3mol of TGL and

5 × 10−4mol of DTG in 15 mL of deionized water. The pH of the solution was

adjusted to a value of 11.0 by addition of triethylamine. While maintaining the pH
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of the solution, manganese acetate Mn(CH3COO)2 salt was added with nominal

Mn-concentration, x, up to 18%. To facilitate the incorporation of the Mn-atoms

during the nucleation stage of the nanocrystal growth, a 0.1 mol solution of sodium

sulphide Na2S was added slowly to the reaction mixture at a molar ratio MR =

1:0.3 of Pb(Mn) to S. The outcome is a brown colloidal solution of thiol-capped

PbS QDs [53]. The synthesis was performed under N2 flux and the final solutions

stored in a fridge at T = 4 ◦C under N2 atmosphere. This oxygen-free environment

prevents the oxidation of the samples and sedimentation phenomena. Fresh solu-

tions were prepared regularly to maintain the availability of good solutions. After

the synthesis, the solutions were left to rest for ∼7 days to stabilise the formation

of the nanocrystals.

3.2 Photoluminescence

In semiconductors luminescence is a radiative recombination process involving

electrons and holes [54, 55]. An electron-hole pair or exciton are created due to an

excitation, the carriers then recombine and a photon is emitted from the system.

This excitation can be thermal, electrical or optical. If the excitation is thermal,

the process is known as thermoluminescence, if it is electrical then the process is

known as electroluminescence, and if it is optical then the process is known as

photoluminescence (PL) [54]. This section will describe the mechanism for photo-

luminescence and the experimental setup used to measure photoluminescence at

the University of Nottingham.

In semiconductors when an electron in the valence band is excited by a photon of

energy greater than the band gap, the electron moves higher into the conduction

band. The carrier then relaxes to the conduction band minimum rapidly losing

energy via phonons (quantised lattice vibrations). There is a similar mechanism for

holes whereby they relax to the valence band maximum, these processes are known

together as carrier relaxation [55, 54]. Carrier relaxation is much faster than the

recombination of electrons and holes [55] therefore the charge carriers will relax to

the bottom or top of the conduction or valence bands before recombination. When

the carriers recombine a photon will be emitted with energy equal to that of the

band gap. Figure 3.1 shows a schematic diagram of the PL process in a bulk direct

band gap semiconductor. Similarly, in QDs carriers relax to the lowest discrete
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energy level and will emit a photon of energy EQD. Carrier relaxation among

the discrete states of the QDs may involve Auger processes thus preventing the

so called ‘phonon bottleneck’ [56]. The inhomogeneity in real systems due to

structural defects in the lattice and impurities in the composition of the material

can significantly affect the material’s PL properties, i.e the PL peak energy, optical

linewidth and intensity [57].

Figure 3.1: Schematic diagram of the PL mechanism in a direct band gap bulk
semiconductor.

PL is a useful tool as it provides a contactless, non-destructive method to probe the

optical and electronic properties of semiconductor materials. PL spectroscopy has

a simple experimental setup, which can be used to estimate the band gap energy,

defect/impurity detection and to look at recombination mechanisms. In QDs

these experiments can also give us important information about how quantum

confinement affects optical and electronic properties. The relative simplicity of

the experimental setup means that the experiment can also be performed at low

temperatures. This allows for in depth studies of the temperature dependence of

the PL properties to be made.

The most common source for excitation in PL experiments are lasers. Lasers pro-

duce intense, monochromatic light making them an excellent excitation source.

The power of the laser beam can also be adjusted using optical density filters

therefore the power dependence of a materials PL properties can easily be mea-

sured.
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3.2.1 PL Experimental Setup

PL measurements at the University of Nottingham were made on two systems. In

the first system the excitation is provided by either a He-Ne laser (λ = 633 nm)

with power up to 5 mW or with an Argon laser (λ = 514 nm) with power up 2

2 mW. The laser spot is focused down to 0.1 mm using conventional glass lenses.

In the experiments on this system the laser power densities were varied over the

range 0.01− 10 W/cm2.

For photon detection in the range 400−1100 nm, a 0.5 monochromator and liquid

nitrogen cooled charge coupled device (CCD) detector is used; for wavelengths in

the range 800 − 1500 nm, a liquid nitrogen cooled InGaAs detector is used. The

detectors used here produce background signal and noise, which are reduced by

the nitrogen cooling. To further assist with noise reduction, the computer software

is used to controlled the detection system can subtract the background noise.

Figure 3.2: Schematic of experimental setup used in PL studies.

For low temperature and temperature dependence studies the samples are placed

in an Oxford Instrument continuous gas-flow cryostat. Cooling is provided by

helium gas pumped from a liquid helium Dewar, which is connected via a transfer

line, the pump being used to control the flux of helium into the cryostat. Tempera-

ture within the cryostat can be controlled with an Oxford Instrument temperature

controller connected to a rhodium iron thermometer and heater. Temperatures
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can be controlled in the range 3.5 − 300 K to within < 1 K. The samples are

excited within the cryostat through a vacuum sealed optical window on the front

of the cryostat. The window comprises of two quartz layers one on the outside of

the vacuum space and one on the inside connected the sample cavity. Figure 3.1

shows a schematic diagram of the PL system.

The second system is a Horiba Jobin Yuon Ltd.(HR800) Lab. Ram. This is an

integrated system designed for Raman spectroscopy and micro-PL studies. The

system comes equipped with a He-Ne laser (λ = 633 nm) with a power at the

source of up to 14 mW. In addition, the system has been modified to include a

solid state laser (λ = 532 nm) with power at the source of up to 300 mW. Both can

be used for excitation in PL studies. Both laser beams reach the sample through a

microscope fitted with 3 objectives, 10×, 50× and 100×, corresponding to a spot

diameter ranging from ∼ 3 − 1 µm. The 50× objective is corrected in the NIR

region making it ideal for the PL studies in this report.

Figure 3.3: Schematic of experimental setup used in micro-PL studies.
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For light dispersion, a 0.8 m spectrometer and a 1200 g/mm or 150 g/mm diffrac-

tion gratings were used. For detection in the range 200−1100 nm, a Peltier cooled

CCD detector was used, for wavelengths in the range 800− 1500 nm, a liquid ni-

trogen cooled InGaAs array detector was used. The PL signal is collected by the

microscope objectives, then reaches a confocal hole and then on to the spectrome-

ter and detectors. The hole can be changed between 0 and 1000 µm; reducing the

hole size enhances spatial resolution but also reduces the amount of light collected.

The system also comes equipped with a motorised stage which can be used for

PL-mapping, and camera that can be used to obtain optical images of the sample.

Low temperature experiments can also be performed in this setup. In this case the

stage can be replaced with a cold-finger cryostat. Figure 3.3 shows a schematic of

the micro-PL experimental setup.

3.3 Raman Spectroscopy

Raman scattering is the inelastic scattering of photons due to an excitation, it

was discovered by C. V. Raman in 1928 [58]. For example in a crystal most

incident photons are scattered elastically (i.e with the same energy), this is known

as Rayleigh scattering. However a small proportion (∼ 0.001%) are scattered

inelastically as they loose or gain energy due to lattice vibrations.

In solids there are two type of Raman scattering: Stokes scattering whereby the

incident photons are red-shifted as some energy is transferred to the crystal lat-

tice via phonons, and anti-Stokes whereby incident light is blue-shifted as lattice

vibrations give energy to the incident photons as shown in Figure 3.4. Anti-Stokes

shift is much more unlikely than the Stokes shift therefore a much weaker signal is

observed in Raman spectroscopy. The amount of scattering is determined by the

vibrational modes of the bonds in a material, therefore materials have a unique Ra-

man ‘fingerprint’. This characteristic ‘fingerprint’ provides positive identification

of unknown materials to a much greater degree than many other techniques.
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Figure 3.4: Schematic diagram of Rayleigh and Raman Scattering.

To obtain a Raman spectrum, the sample is illuminated by laser light. Since the

Raman shift is independent of the excitation wavelength various different lasers

can be used. As the intensity of light scattered elastically will greatly exceed the

Raman scattered light it is necessary to suppress the laser light with a filter. The

Raman scattered light is now collected with a lens and sent to a spectrometer to

obtain a Raman spectrum.

The position of the Raman mode is conventionally measured in cm-1. The laser

line is taken to be the zero point and the Raman scattered light is shown as a

shift from this zero point. Generally, commercial filters cut-out the spectral range

of ±80− 100 cm−1, therefore not all the vibrational modes can be measured when

using these filters.

For Raman spectroscopy at the University of Nottingham the Horiba Jobin Yuon

Ltd.(HR800) Lab. Ram system described in the previous section was used. The

excitation source used was the He-Ne laser (λ = 633 nm) and an edge filter was

used to suppress the laser light. This type of filter blocks all light of wavelengths

below the laser line therefore anti-Stokes shift cannot be measured in this system.

For detection, the Peltier cooled CCD detector is used.
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3.4 Magnetic Measurements

3.4.1 Electron Paramagnetic Resonance Spectroscopy

Electron paramagnetic resonance spectroscopy (EPR) is a versatile, non-destructive

technique that can be used to study paramagnetic materials. Paramagnetic prop-

erties are due to the presence of unpaired electrons.

When an electron is placed within a magnetic field, the spin can align in two

different ways: in the direction of the applied magnetic field, or opposite to the

direction of the applied magnetic field. These two possible alignments have dif-

ferent energies, which leads to a splitting of energy levels [59] shown in Figure

3.5a. The splitting of energy levels due to an applied magnetic field is known as

Zeeman splitting. For a molecule with one unpaired electron in a magnetic field

the difference in energy between the two spin states, ms = ±1/2 is:

∆E = −1

2
gµBB, (3.1)

where g is the g-factor, µB is the Bohr magneton, and B is the applied magnetic

field.

In an EPR experiment, a sample is exposed to gigahertz radiation, then the mag-

netic field is swept and absorption occurs when the magnetic field splits the energy

between the two spin states to an energy that equals that of the incident radi-

ation [59]. This is known as resonance and is how a spectrum is obtained in a

EPR experiment. Unlike other spectrometers, EPR spectrometers use a phase-

sensitive detector. This results in the absorption signal being represented as the

first derivative, as shown in Figure 3.5b.
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Figure 3.5: Energy level splitting due to applied magnetic field (a) and EPR
absorption spectra for an unpaired electron (b).

Unpaired electrons are also sensitive to the local environment. The nuclei of the

atoms in a sample have a magnetic moment, which produces a magnetic field.

This additional interaction between the electrons and the nucleus is known as the

hyperfine interaction. This hyperfine coupling leads to further splitting of energy

levels and thus splitting of spectral lines in an EPR spectrum. The specific number,

separation and relative intensities of these lines give information on the number

of magnetic nuclei, their spin, I, and the strength of the hyperfine interactions.

Figure 3.6: Schematic of energy levels and allowed transitions for S = 1/2 and
I = 1.

EPR has been a valuable technique for determining whether or not paramagnetic

dopants are incorporated into nanoparticles during the doping procedure [60, 61].
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EPR measurements in this report were performed at the National EPR Research

Facility and Service at the University of Manchester by Dr. Fabrizio Moro.

Measurements were recorded on a commercial Bruker E580 spectrometer. Mea-

surements were carried out at K-band (23.9 GHz), with the microwave field B1

perpendicular to the external magnetic field B, modulation amplitude of 0.5 mT

and a modulation frequency of 50 KHz.

3.4.2 SQUID Measurements

A superconducting quantum interference device or SQUID is a very sensitive de-

vice used for measuring extremely small magnetic fields the first device being made

in 1964 [62] following the postulation of the Josephson effect in 1962 [63]. The

SQUID consists of two superconductors separated by thin insulating layers to form

two parallel Josephson junctions.

Since the magnetic moment induced in paramagnetic materials by an applied

magnetic field is generality weak, sensitive devices are needed. Therefore SQUID

magnetometers are often used to conduct measurements on paramagnetic materi-

als. Their sensitivity also makes them ideal for studying the small magnetic fields

produced by biological organisms.

3.5 Energy-Dispersive X-ray Spectroscopy

Energy-dispersive X-ray spectroscopy (EDX) is a powerful non-destructive tech-

nique used to identify the elemental composition of a material. The technique

makes use of the X-ray spectrum that is emitted by a solid sample, which is being

bombarded by a electron beam [64].

EDX uses an electron beam to stimulate emission of characteristic X-rays from a

sample. The incident beam may excite an electron from an inner shell to a outer

shell creating a hole in the process. Now an electron from the outer shell fills

this hole and an X-ray is emitted from the material with energy equal to that

of the transition between the two shells [64]. Each element has a unique atomic
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structure leading to a characteristic X-ray spectrum. Thereby detailed analysis of

the elemental composition of a solid material is made possible by this technique.

In this study EDX measurements were recorded with an Oxford Instrument ultrathin-

window EDX detector.

3.6 Atomic Force Microscopy

Atomic force microscopy (AFM) is a scanning probe microscopy technique. The

atomic force microscope was first invented by Binning in 1986 [65] and was devel-

oped to overcome some of the limitations of the scanning tunnelling microscope

(STM), which was invented 5 years before [66]. It is a very powerful technique

due to the very high spatial resolution (< 1 nm). Also it can, in principle, be used

to probe any surface. Unlike an STM, the sample does not require any complex

preparation for the technique to be performed.

The atomic force microscope consists of a cantilever with a sharp tip at its end,

which is used to probe the sample. The tip is generally in the order of a few

nanometres. A piezoelectric transducer is used to control the cantilever movements

with high precision. The technique utilises the force between the tip (typically

consisting of silicon or silicon nitrate) and the sample. When the tip is brought

close to the sample’s, surface the force between the tip and the sample causes the

cantilever to be deflected according to Hooke’s law. A laser light is reflected off the

back of the cantilever and collected by a detector consisting of two closely spaced

photodiodes. When the cantilever is deflected it results in one of photodiodes

collecting more light than the other, thus producing an output signal which is

proportional to the deflection of the cantilever [67].

In principle, at the tip only one atom should interact with the sample surface,

thus the sharpness of the tip is of great importance for the quality of the image

produced [68]. The forces involved between the atom on the tip and the sample are

the electrostatic and the Van der Waals force. Generally, a feedback mechanism

is used to adjust the tip to sample distance to maintain a constant force between

tip and sample. This is done so that contact between the tip and the sample is

avoided and thus damage to both can be prevented to certain degree [69].
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The mode of operation used in these experiments is the tapping mode by which less

damage is caused to the tip and the sample than the more conventional contact

mode where the tip is gently dragged across the sample [68]. In tapping mode

the lever oscillates so that it is not in contact with the sample at all times. The

oscillations are keep constant by lifting the tip in the z direction. A schematic of

an AFM system is shown in Figure 3.7.

For AFM studies in this report, a p-type Silicone (Si) substrate was cleaned, the

substrate was then submerged in acetone and placed in an ultrasonic bath for

∼ 10 min then dried. This process was then repeated with methylated spirits and

then with Isopropanol. The sample solution was diluted with deionised water in

a ratio of 5:1 and placed on the substrate where it was left to dry for ∼ 2 min

before the excess solution was blown off. The samples were processed in this way

to obtain an even distribution of nanocrystals on the substrate.

Figure 3.7: Schematic of AFM system and picture of the system used at the
University of Nottingham.
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3.7 Transmission Electron Microscopy

The transmission electron microscope (TEM) operates using the same basic prin-

ciples as a visible light microscope, but uses electrons instead of photons. The

resolution of a visible light microscope is limited by the wavelength of the photons

being used to probe the sample (visible light 400− 700 nm). Since the de Broglie

wavelength of electrons can be much smaller than that of visible light, electrons

can be used to obtain resolution approximately one thousand times better. In a

TEM, objects can be seen with a resolution in the order of a few angstroms [70].

This vast difference in resolution makes the TEM a valuable tool.

Electrons are charged particles so there are inevitably a few differences in a TEM to

a light microscope. The optical system of a TEM must be in vacuum or electrons

will interact with charged molecules in the air. Also, as electrons cannot pass

through glass, conventional lenses cannot be used in TEM. Therefore magnets are

used as lenses and, by changing the strength of the magnetic field, the electron

beam can be manipulated and the image can be magnified [71].

Electrons are produced by an electron gun at the top of the microscope. Since

electrons cannot be seen by the naked eye as in a visible light microscope, the image

is magnified and focused onto an imaging device such as a fluorescent screen or

a CCD camera. The sample must be extremely thin for the electrons to pass

through and create an image. Sections of the sample must be no more than

hundreds of nanometres at the most. Sometimes contrast must be provided by

using electron-absorbing heavy metals to stain the samples.

High-resolution TEM (HRTEM) is an imaging mode of the TEM which can pro-

duce detailed images of a crystal lattice with atomic resolution. This can provide

valuable information on the structure of materials at the atomic scale making it an

ideal method for studying nanoparticles. The image is formed by the interference

of the direct electron beam and the diffracted beam, this is also known as ‘phase

contrast’ imaging [72].

In this report the nanoparticles were deposited on graphene oxide grids and TEM

images were recorded on the JEOL1200EX and JEOL2100F microscopes operating

at 120 kV.
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Chapter 4

Effects of Mn-doping on the

Physical Properties of PbS

Nanoparticles

This chapter provides evidence for the successful incorporation of Mn-atoms into

PbS nanoparticles, and discusses how this affects their physical properties. This

will include how their size, shape, composition, PL and magnetic properties are

affected.

4.1 Morphology of the Nanoparticles

Undoped colloidal PbS nanoparticles synthesised by the method described in the

previous chapter have an approximately spherical shape and maintain the rock-

salt structure of the bulk PbS crystal. The diameter of the QDs produced by this

method is tunable in the range d = 3 − 12 nm by adjusting the molar ratio of

Pb2+/S2- reactants used to form the nanoparticles [53]. In this study the ratios

were maintained as described previously to obtain average diameters of d = 5 nm.
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Many of the physical properties of PbS nanoparticles are affected by the incorpora-

tion of Mn-atoms. However the size, shape and crystal structure do not seem to be

significantly altered. HRTEM images show Mn-doped and undoped PbS nanopar-

ticles of similar sizes with diameters d ∼ 5 nm. Selected area electron diffraction

studies also show that the doped nanoparticles maintain the rock-salt structure of

the undoped nanoparticles and bulk crystal. Figure 4.1 shows a HRTEM image

of a typical Pb1− xMnxS nanoparticle and nanoparticle ensemble where x = 10 %.

Crystal planes can also be seen in the HRTEM images. The clearly defined lattice

fringes have a spatial separation of a = 2.7 ± 0.1 Å and a = 3.3 ± 0.1 Å. These

values match well with previous studies of PbS QDs of similar size [73, 74] and the

interplanar distances of the (220) and (111) planes of bulk PbS, where a = 2.73 Å

and a = 3.42 Å respectively [73]. This gives further evidence that Mn incorpora-

tion does not significantly affect the crystal structure of the nanoparticles.

Figure 4.1: HRTEM images of a single Pb1− xMnxS nanoparticle (left) and an
ensemble of nanoparticles (right) with x = 10 %.

Figure 4.2 shows typical AFM images for Pb1− xMnxS nanoparticles where x = 0

(a) and 10 % (b). The height-profiles and height-histograms show the statistical

distributions of height-values within the images. These AFM studies suggest that

the size distribution of the QDs is not significantly affected by the Mn-content. For

undoped PbS nanoparticles the average height derived from the AFM images is

d = 4.5±1.0 nm, for x = 5 %, d = 4.5±1.8 nm and for x = 10 %, d = 4.5±1.5 nm.

Although the average size of the QDs is not affected, there is a small increase in

the width of the size distribution with the incorporation of Mn-atoms.
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Figure 4.2: Typical AFM images and height (h) profiles for PbS (a) and Mn-doped
PbS (b) nanoparticles. The height histograms show the statistical distributions of
height-values within the images and indicate that the incorporation of Mn in the
PbS nanoparticles does not cause any significant change in the height distribution.

The chemical composition of the nanoparticles is derived from EDX measurements.

These show strong evidence for the incorporation of Mn-atoms into PbS QDs.

Figure 4.3 shows a typical EDX spectrum for an ensemble of nanoparticles with

x = 10 %. An EDX peak associated with Mn is clearly observed at an energy

of 5.9 keV. These measurements also show that the Mn-concentration estimated

by EDX, MEDX , is significantly lower than the nominal value x. Therefore only

a fraction of Mn used in the solution during synthesis is incorporated into the

nanoparticles. This deviation increases with increasing x, as shown in Figure 4.3.

For example, for x = 10 % EDX measurements show MEDX = 4 % corresponding

to an average number of Mn-ions per QD of nMn = 110. It is also worth mentioning

here that although the EDX measurements verify the presence of Mn, they do not

give any information of the valance state or the location of Mn.
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Figure 4.3: EDX spectrum of Pb1− xMnxS nanoparticle with x=10 % (a) and Mn-
content measured by EDX, MEDX , versus the nominal Mn-content, x (b). The
continuous line represents the nominal Mn-content. The dashed line is a guide to
the eye. The right axis represents the estimated number of Mn-ions per QD.

Difficulties in achieving high levels of doping in nanocrystals are not uncommon.

As mentioned in chapter two, the process of ‘self-purification’ can be partially re-

sponsible for this deviation [8]. Due to the lack of sensitive experimental techniques

for locating the dopants in individual nanoparticles, the statistical distribution of

the dopant concentration and the size of the individual nanoparticles, it is gener-

ally difficult to assess the exact position of the dopants within a nanocrystal and

their preferential site within the crystal lattice. The deviation between the nomi-

nal and actual amount of Mn incorporated into the nanoparticles is also observed

when looking at their PL properties, which will be described in more detail in the

next section.

It is also worth mentioning here that the stability of the nanoparticles properties

are largely unaffected by the incorporation of Mn and their properties remain

stable for at least three months.
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4.2 PL Properties

The incorporation of Mn-atoms into PbS nanoparticles has pronounced effects on

their PL properties, affecting the peak emission energy, optical linewidth and, to

a lesser degree, the intensity of the emission.

Increasing Mn-content has the effect of broadening the optical linewidth, although

a clear dependence of the broadening with increasing x is not observed. AFM

studies show that there is a small difference in the size distribution, which makes

a contribution to the broadening. Other contributions are likely to arise from an

increase in the compositional disorder within the QD ensemble, i.e QDs containing

different Mn-content.

The PL intensity decreases by less than a factor of 10 going from x = 0 to 18

%, thus indicating a low level of thermal escape of carriers from the dots and a

relatively low density of Mn-induced non-radiative recombination centres. It is

important to make clear that the percentage values given in this chapter refer to

the Mn precursor level introduced during synthesis and not to the amount of Mn

successfully incorporated into the nanoparticles.

Figure 4.4: Normalised PL spectra of QDs with x from 0 to 18 % at T = 300 K
and laser excitation wavelength λ = 633 nm.

36

ppxak2
Highlight



With the incorporation of Mn into the nanoparticles, the peak energy of the PL

emission blue-shifts. For undoped PbS QDs, EQD = 1.08 eV (λ = 1150 nm) at

T = 300 K. Increasing Mn above x ∼ 1 % results in a gradual energy blue-shift of

the PL emission to a value of EQD = 1.4 eV (λ = 885 nm) for x = 18 %, as shown

in Figure 4.4.

This Mn-induced energy blue-shift of the QD PL emission can be attributed to an

alloy effect. The theoretical values of EQD can be calculated using equations 2.6

and 2.7, where m∗ = 0.09me. To account for different values of EQD at x = 0 %

in different sets of nanoparticles, in the calculations we have assumed slightly

different values of the QD radii in the range R = 2.5 − 2.6 nm. Figure 4.5 shows

that the calculated value of EQD increases almost linearly with increasing x and

the measured values fit well at small x.

The different symbols in Figure 4.5 correspond to different sets of samples, i.e.

samples that were produced during different syntheses. Red indicates samples

that have been synthesised more recently and show that greater control is being

achieved during synthesis as the PL properties better agree with the calculated

values. The logarithmic scale in Figure 4.5 (b) better highlights the smaller con-

centrations which are more difficult to distinguish in Figure 4.5 (a). Values of the

PL peak position of undoped PbS nanoparticles in Figure 4.5 (b) are plotted at

x = 0.01 % so they can be seen on the logarithmic scale.

The disagreement at large x is attributed to a partial incorporation of Mn into

the nanocrystals as noted before from the EDX studies. The values of the Mn-

concentration, MnPL, derived from the measured and calculated dependence of

EQD on x are broadly in line with those of MnEDX, see Figure 4.6. Thus this

analysis indicates an effective Mn-doping level of up to 8 % for x = 18 %.

Unlike Mn-doped II-VI nanocrystals [8, 75], the PL emission of the Mn-dopants

is either not observed or is much weaker than the QD emission. We find that its

energy position does not depend on x. Figure 4.7 shows the weak Mn-related PL

band centred at 1.9 eV, which is at higher energies relative to the much stronger

PL emission of the nanocrystals centred at ∼ 1.2 eV for x = 7 %.
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Figure 4.5: Dependence of EQD on x at T = 300 K. Different symbols refer to
data from QDs from different syntheses. To account for different values at EQD

at x = 0 % in different sets of nanoparticles, in the calculation of EQD we have
assumed slightly different QD radii where R = 2.5 nm (red line) and 2.6 nm (black
line).

Figure 4.6: Mn-content as estimated from EDX (stars) and from calculated and
measured values of EQD. As with Figure 4.5, to account for different values of
EQD at x = 0 %, we have assumed slightly different values of the QD radii.
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Figure 4.7: PL Spectrum for QDs with x = 7 % showing the Mn-dopant PL
emission at 1.9 eV and the emission from the QDs at lower energy at T = 300 K,
laser excitation wavelength λ = 633 nm and P = 25 W/cm2.

4.3 Temperature Dependence of PL Properties

For temperatures ranging from 3.5 K to 300 K, the PL properties of both Mn-doped

and undoped PbS QDs are significantly affected. For both there is a significant

quenching of the PL intensity as the temperature increases. This property is

not significantly affected by the Mn-content. The optical linewidth broadens for

both as the temperature increases and the incorporation of Mn-atoms does affect

the way the linewidth depends on temperature. The most interesting change in

the temperature dependent PL properties due to Mn incorporation is that of the

PL peak energy shift. This section will describe the changes in all temperature

dependent PL properties due to Mn incorporation with a focus on the PL peak

energy shift.

Figures 4.8 and 4.9 show examples of typical PL spectra for undoped PbS nanocrys-

tals and Pb1− xMnxS nanocrystals (x = 8 %) respectively, and show how their PL

properties are affected by temperature in the range 3.5 to 300 K. The two fig-

ures show some significant differences in the dependence of the PL properties with

temperature.

For both doped and undoped samples, an increase in T from 3.5 to 300 K de-

creases the intensity by less than factor of 10. The quenching of the PL intensity

as the temperature increases is attributed to the activation of non-radiative re-
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combination processes. As seen in Figure 4.8, for PbS nanocrystals the intensity

reaches a maximum at T ∼ 50 K and thereafter decreases. This behaviour has

been reported in previous studies of these PbS QDs [50, 53]. It has been at-

tributed to the thermally activated redistribution of carriers in the QD in the

presence of defects, whereby carriers that are trapped in defect sites overcome the

energy barrier and fall into the QD ground state [53]. For samples with x > 1 %,

the peak intensity does not reach a maximum at 50 K but at 3.5 K, see Figure

4.9. This suggests that the incorporation of Mn tends to increase the number of

non-radiative recombination centres.

Figure 4.8: Temperature dependence of the PL properties for PbS nanoparticles
showing the PL peak energy, the Full-Width at Half Maxima (FWHM) and the
PL intensity (λ = 633 nm and P = 25 W/cm2).
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Figure 4.9: Temperature dependence of the PL properties for Pb1− xMnxS
nanoparticles with x = 8 % showing the PL peak energy, the FWHM and the
PL intensity (λ = 633 nm and P = 25 W/cm2).

The optical linewidth of the PL signal is also T -dependent and significantly broad-

ens with increasing temperature for both doped and undoped PbS QDs . Carriers

in QDs, unlike isolated atoms, couple to the vibrational modes of the crystal lat-

tice. Charges localised in the nanoparticle interact with lattice vibrations via

phonons. This electron-phonon interaction leads to a homogeneous broadening

of the optical linewidth with increasing temperature [76]. The PL linewidth is

also controlled by an inhomogeneous broadening due to the size/shape distribu-

tion of the QDs and spectral diffusion due to charge trapping on dot defects [77].

Previous studies of PbS nanoparticles show thermally activated broadening of the

linewidth at T ∼ 100 K [53]. This thermal activation is also observed for un-

doped PbS nanoparticles in this study (Figure 4.8) and indicates that at high T

the optical linewidth is also controlled by an intrinsic scattering process due to

carrier interaction with phonons. Specifically the broadening is explained in terms

of the dephasing of the electronic states by interactions with longitudinal optical

phonons [53].
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Figure 4.10: (a) Temperature dependence of the FWHM for Pb1− xMnxS nanopar-
ticles with Mn-content, x = 0, 3 and 5 % and (b) corresponding PL spectra at 3.5
and 300 K (λ = 633 nm).

The incorporation of Mn into the nanocrystals significantly affects the thermal

activation of the linewidth broadening. For samples where x ≥ 5 %, no thermal

activation of the linewidth broadening is observed and the broadening becomes

linear with increasing temperature. Figure 4.10a shows how the increasing Mn-

content affects the linewidth dependence on temperature for x = 0, 3 and 5 %.

The corresponding PL spectra at 3.5 K and 300 K are shown in Figure 4.10b.

These observations indicate that the increased inhomogeneity due to Mn incor-

poration gives rise to more complex carrier-phonon interaction mechanisms than

those that were previously used to describe the thermally activated linewidth

broadening in PbS QDs.

The property that is affected which is of the most interest for this study is that of

the PL peak energy. There are several mechanisms that can account for the shift in

PL energy due to temperature changes. These include contributions from electron-

phonon coupling [78] and the thermal expansion of the crystal lattice [78]. There

are also other mechanisms that contribute in QDs due to the nanoparticles size
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such as strain between the thermal expansion mismatch between the nanoparticle

and its capping layer [79] and thermal expansion of the wave-function envelope

whereby as a QD undergoes thermal expansion, the quantum confined energy

levels shift [79]. These complex mechanisms can lead to a red-shift or blue-shift

in the PL peak energy depending on the materials involved.

Figure 4.11: Temperature dependence of PL peak position of Pb1− xMnxS
nanoparticles with x up to 15 % (λ = 633 nm).

Figure 4.11 shows the T-dependence of the PL peak energy for x = 0 to 15 %. The

energy shift in the PL peak provides further evidence for the formation of alloyed

nanocrystals. For PbS QDs and those containing Mn, we observe an energy blue-
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shift of the PL band that is approximately linear at T > 150 K. Over this temper-

ature range we observe a decrease in the temperature coefficient dEQD/dT = αQD

with increasing Mn. This decrease is what we would expect for alloyed (PbMn)S

nanoparticles, as it is positive for bulk PbS (αPbS=+0.52 meV/K) [12], but nega-

tive for MnS (αMnS = −2 meV/K) [14]. For undoped PbS QDs, α = 0.27 meV/K,

which is similar to the value reported for PbS QDs of similar size [30, 53, 80].

For samples incorporating Mn (when x > 1 %), the coefficient tends to become

significantly smaller, e.g. 0.12 meV/K for x = 7 %.

Figure 4.12: Calculated and experimental values of the temperature coefficient
αQD = dEQD/dT .

As described in chapter two, Vegard’s law and the calculated values of EQD on x

(equation 2.8) can be used to calculate αQD. Figure 4.12 shows that the experi-

mental values and the calculated values of αQD show a similar dependence of αQD

on x. The deviation in the theory and experiment is not completely unexpected as

the theory does not take into account the increased inhomogeneity of the samples

and the presence of an oxide layer surrounding the nanoparticles, which will be

discussed later.

These observations and those in the previous section do not depend on the laser

excitation power used in the PL studies, which was varied over a wide range

in all experiments. Figure 4.13 shows that the laser power, in the range P =

0.1 − 10 W/cm2, does not effect temperature dependent PL properties for PbS
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Figure 4.13: Effect of laser power on temperature dependent PL properties for
x = 0 % (a) and x = 3 % (b).

nanoparticles and nanoparticles where x = 3 %. However note that we observe a

blue-shift of the PL peak energy with increasing laser power which is likely to be

caused by a band filling effect [81].

4.4 Magnetic Properties

EPR measurements show evidence that Pb1− xMnxS nanoparticles are paramag-

netic. Figure 4.14a shows the room temperature K-band EPR spectra of Mn-doped

PbS nanoparticles with x up to 5 %. For x = 0.5 %, the EPR spectrum shows six

narrow resonances superimposed on a broad background signal. These six lines

are due to magnetic resonance transitions between states that are split by the

hyperfine interaction between d-shell electrons (S = 5/2) and the nuclear spins

(I = 5/2) of the Mn2+ ions. With increasing Mn-content, the six resonances be-
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come broader until they merge into a single broad lineshape for x = 5 %. This

broadening is ascribed to an increasing Mn-Mn dipolar interaction. The simu-

lation of the broad EPR spectra using a single Lorentzian lineshape indicates a

hyperfine splitting constant A = 9.25 mT and a g-factor value of ∼ 2, which is

similar to those reported before for PbS nanoparticles in a glass matrix [82].

Figure 4.14: EPR measurements (a) and SQUID measurements (b) for
Pb1− xMnxS nanoparticles.

The asymmetric shape of the EPR lines in Figure 4.14a indicates an additional

unresolved hyperfine splitting due to the contribution from Mn-ions on the surface

and in the core of the nanoparticles. As mentioned previously, nanoparticles have

a tendency to ‘self purify’ so we would expect to see some Mn-atoms occupying

the preferred Pb lattice site and some on the surface of the nanocrystal.

SQUID measurements (shown in Figure 4.14b) confirm that the Mn-doped PbS

quantum dots are paramagnetic: for x = 10 %, the magnetization tends to saturate

for B > 3 T to a value of 6 emu/g at T = 1.8 K that decreases with increasing

T . This value is about 10-times larger than that reported for PbS QDs in organic

solution with x = 3 % (0.5 emu/g) [40].
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Chapter 5

Photoinduced Phenomena in

Pb1− xMnxS Nanoparticles

There are a number of interesting phenomena induced by light in

Pb1− xMnxS nanoparticles; these include changes in the PL peak emission en-

ergy, an enhancement of the PL intensity, a quenching of the intensity of the

Mn-related emission and the appearance of Raman peaks. Laser light and long

exposure times were required to induce the phenomena described in this chapter.

5.1 Photoinduced changes in the PL properties

To study the effect of light on the PL properties of Pb1− xMnxS nanoparticles, the

nanoparticles were drop-cast on a glass substrate and exposed to laser light for a

time tL = 30−120 min. The excitation power, P , was varied with power densities

of 25 W/cm2, 100 W/cm2 and 1000 W/cm2.

5.1.1 Blue-shift of the PL Peak Energy

In all samples containing Mn, the PL emission blue-shifts with increasing tL. A

saturation in the blue-shift (∆EQD = 5−30 meV) is observed after a characteristic
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time t∗L that depends on the excitation power. Typical PL spectra and correspond-

ingly dependences of the PL peak energy versus time are shown in Figure 5.1 for a

sample with x = 1 %. As can be seen in the figure, laser excitation also has a sig-

nificant effect on the PL intensity. This section will focus on the blue-shift of the

PL emission and the following section will focus on the PL intensity enhancement.

Figure 5.1: (a) Typical room temperature spectra for a sample with x = 1 %
exposed to laser of power P = 25 W/cm2 and time tL up to 40 min. The dotted
line is a guide to the eye and illustrates the shift of the PL peak energy with time.
(b) Dependence of the PL peak energy EQD on tL for P = 25 and 100 W/cm2

(λ = 633 nm).

Figure 5.2: Dependence of the energy shift, ∆EQD, on Mn-content after 40 min
of continuous irradiation (P = 100 W/cm2, λ = 633 nm and T = 300 K).
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Figure 5.3: Photoinduced blue-shift of the PL peak energy in Pb1− xMnxS for
x = 0− 15 % (λ = 633 nm, P = 25 W/cm2 and T = 300 K).

Although a blue-shift is not observed in undoped PbS nanoparticles, a systematic

dependence of the shift on the Mn-content cannot be identified (see Figure 5.2).

Figure 5.3 shows the photoinduced PL peak energy shift over 40 min and P = 25

W/cm2, for x = 0− 15 %.

The effects that the environment has on the photoinduced blue-shift on the PL

emission are shown in Figure 5.4. Figures 5.4a and 5.4b show the PL spectra versus

time for Pb1− xMnxS nanoparticles (x = 10 %) in air and in vacuum, respectively.

The shifts in time of the PL peak energy are shown in Figure 5.4c. As can be

clearly seen in 5.4c, there is no blue-shift when the sample is kept in vacuum and

a significant blue-shift (up to 30 meV) in air.
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Figure 5.4: Effect of oxygen-containing and oxygen-free environments on the pho-
toinduced PL peak energy shift for x = 10 %. PL spectra over 60 min in (a)
air and (b) vacuum. EQD versus time for both environments (c) (λ = 633 nm,
P = 100 W/cm2 and T = 300 K).

A blue-shift in the PL peak energy could be associated with a reduction in the

effective size of the nanoparticles. As the effective size of the nanoparticle reduces,

the confinement effects become stronger and thus an increase in emission energy is

observed. Mechanisms that have been previously reported to cause a reduction in

the effective size of nanoparticles are the chemical etching of the capping ligands,

reported in IV-VI colloidal nanoparticles [83]. More widely reported is the photo-

oxidation of the nanoparticle surface in CdSe and CdSe/ZnS (core/shell) QDs

[84, 85] and PbS QDs [86]. Photooxidation has been confirmed in PbS nanopar-

ticles with power densities down to 30 W/cm2 by Raman spectroscopy [87]. Our

observations on the effect of the environment on the blue-shift allow us to attribute

it to the photo-oxidation of the nanoparticles surface as no blue-shift is seen when

the experiment is conducted under vacuum. We can also discount the possibility

of contributions from chemical ligand etching as this would result in a reduction of
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the effective size of the nanoparticle and subsequent blue-shift in both vacuum and

air. The observation that the PL peak energy shift saturates quicker for higher

powers give further evidence of photo-oxidation. With a greater intensity of light

the oxide layer forms faster and thus the peak energy shift saturates more quickly.

As mentioned previously, a significant blue-shift in the PL peak energy is not seen

in undoped PbS QDs. The increased instability of the nanoparticle surface and

an increase in the number of dangling bonds due to Mn-atoms migrating to the

surface of the doped nanoparticles will make them more susceptible to oxidation

and may account for why a significant photo-oxidation only occurs for doped

nanoparticles. In previous reports of photo-oxidation in undoped colloidal PbS

nanoparticles [87], the QDs differ from ours since they have an oleate capping and

an average diameter of ∼2 nm. The PbS QDs used in this study appear more

stable and thus less susceptible to photo-oxidation as no photoinduced blue-shift

in the peak energy is observed.

Figure 5.5: Optical image and corresponding of Pb1− xMnxS nanoparticle film
where x = 10 % exposed to laser power density P = 1000 W/cm2 for a time tL
= 12 min. The change in the morphology of the nanoparticle film can be clearly
seen within the area highlighted by the red circle.

It is also worth noting here that at high laser power densities (≥ 1000 W/cm2)

damage can be clearly seen on the optical images of the samples (see Figure 5.5),

thus indicating a macroscopic change in the morphology of the nanoparticle film.

This damage is accompanied by a red-shift of the PL peak energy, which can be
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attributed to an increase of the QD diameter due to a heating effect. Heating can

cause Ostwald ripening whereby larger dots grow at the expense of smaller ones

with the smaller dots gradually disappearing, thus leading to an overall increase

in the dot diameter [50].

5.1.2 Photoenhancement of the PL Intensity

The photoenhancement of the PL intensity is observed for all samples (x = 0− 15

%) when exposed to continuous irradiation with P ≤ 100 W/cm2. The higher the

power the quicker this enhancement tends to saturate versus time. At powers of

1000 W/cm2, damage can be clearly seen in the optical images of the samples. This

damage is accompanied by a significant decrease in the PL intensity. This decrease

can also be attributed to a heating effect which promotes Ostwald ripening: as the

smaller QDs disappear in favour of larger QDs, the overall number of dots that

contribute to the PL emission decreases, thus reducing the PL intensity [50].

The enhancement is greater for samples containing Mn than the undoped samples

but, as with the PL peak energy shift, a clear dependence on the Mn-content

cannot be identified. The lower the power, the greater the enhancement tends to

be. The PL intensity can be increased by a factor of 7 − 10 for P = 25 W/cm2

compared to an increase of 2− 5 for P = 100 W/cm2. Also, at the lowest powers

(P = 25 W/cm2), the enhancement does not always saturate after 120 min of

continuous irradiation.

Figure 5.6a shows the PL enhancement for x = 0− 15 % at P = 25 W/cm2 over

40 min of continuous irradiation. Figure 5.6b shows the spectra for x = 5 % over

120 min of continuous irradiation. As can be seen, the intensity enhancement does

not saturate after this time period.

Figure 5.7a shows how the photoinduced PL intensity enhancement is effected by

the environment. Measurements were taken over 60 min for x = 10 % at P = 100

W/cm2 in air and in vacuum (corresponding spectra can be seen in Figure 5.4).

The photoinduced PL intensity enhancement is greatly reduced when the sample is

in an oxygen-free environment (black) when compared with measurements taken in

an oxygen-containing environment (red). In Figure 5.7b measurements were taken
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Figure 5.6: (a) PL intensity versus time tL in Pb1− xMnxS nanoparticles for x = 0
- 15 %. The data is normalised to the value at tL = 0. For clarity data for different
samples are displaced vertically. (b) PL spectra for x =5 % versus exposure time
(λ = 633 nm, P = 25 W/cm2 and T = 300 K).

Figure 5.7: (a) Photoinduced PL intensity enhancement in vacuum and in air.
The data are normalised to the value at tL = 0. (b) PL spectra at various times.
Measurements were taken over 60 min (black), then the sample was left in the
dark for 60 min, before measurements were resumed (red) (x = 10 %, λ = 633
nm, P = 100 W/cm2 and T = 300 K).
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over 60 min (black). Then the samples was left for one hour in darkness before

measurements were continued (red). After being left in the dark for one hour, there

is a small reduction of ∼ 9 % of the intensity. The intensity enhancement continues

when the sample is re-irradiated. Previous reports have observed reversibility in

the PL intensity enhancement [88, 89] with a reduction of ∼ 26 % reported for

CdSe QDs under similar experimental conditions [85].

There are a number of mechanisms for the photoenhancement of the PL intensity

in QDs that have been previously reported: (1) the passivation of surface defects

by surface absorption of water molecules [90]; (2) stabilization of surface traps due

to photoinduced ligand rearrangement [85]; (3) photoinjection of carriers to the

substrate has been suggested to be the origin of photoactivation [91]; (4) thermal

annealing from local laser heating [88] whereby with increasing T , carriers trapped

in a defect overcome energy barriers and fall into the ground state of the dot

thus increasing the PL intensity; and (5) photo-oxidation can have the effect of

reducing surface defects by making a more uniform surface below the oxide layer

thus increasing the PL intensity [86]. However, it is also reported in the literature

that photo-oxidation can have the effect of quenching the PL intensity as the

number of trap sites increases [85].

There are most likely a number of competing processes occurring to produce the

observed PL intensity enhancement. However, a major contribution can be at-

tributed to photo-oxidation. This is supported by the large reduction in enhance-

ment under vacuum. The oxidation process is irreversible so observations of only

a small reduction after the sample is left in the dark also would agree with an ox-

idation process. We are also aware that an oxidation process is taking place from

observations of the PL peak energy blue-shift described in the previous section.

Since no photoinduced blue-shift is observed in the undoped PbS QDs, we would

not expect to see an enhancement of the PL intensity from photo-oxidation. The

small photoenhancement that we do observe will be due to the processes which are

also be responsible for the photoenhancement of the PL intensity in the Mn-doped

QDs when under vacuum. The exact nature of these mechanisms are difficult to

determine from our results and are likely be a combination of those reported in

the literature and described in preceding paragraphs.

It is also worth noting here that lighting in the laboratory did not have any effect
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on the nanoparticle PL properties. Also, the observations of the PL peak energy

shift and the photoenhancement of the PL intensity do not have any dependence

on laser excitation wavelengths of λ = 633 nm and λ = 532 nm.

5.1.3 Photoinduced Quenching of the Mn-related PL Emis-

sion

Freshly synthesised doped PbS nanoparticles with x > 5 % exhibit a Mn-related

PL emission at 1.9 eV (600 nm), which is much stronger than that previously

reported in the preceding chapter. With samples that are left in the dark for 2 -

3 weeks after synthesis, the intensity of this band is reduced and samples exhibit

the weak band previously described. This band has been previously reported in

Mn doped II-VI systems, where the emission occurs at energies smaller than the

QD emission [8, 35]. This has been attributed to an internal Mn transition.

Figure 5.8: Photoinduced reduction of the Mn-related emission for doped
Pb1− xMnxS nanoparticles with x = 12 % over 12 min (λ = 633 nm, P = 100
W/cm2 and T = 300 K).
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In freshly synthesised samples, the Mn-related emission quickly quenches under

continuous illumination. After ∼ 15 minutes the band reaches intensity levels

comparable to those described in the previous chapter or disappears completely.

Figure 5.8 shows the quenching for the Mn-related band due to continuous illumi-

nation for x = 12 % with an excitation wavelength λ = 633 nm, P = 100 W/cm2

over 12 min at T = 300 K. The sample in Figure 5.8 was measured one day after

synthesis.

Figure 5.9: The effect of laser excitation wavelength on the Mn-related PL emission
with x = 12 %, P = 100 W/cm2 and T = 300 K.

It is also worth noting here the effect of the laser excitation wavelength on the Mn-

related PL emission. The Mn-related emission is more prominent when excited

resonantly (i.e. excitation energy close to that of the PL peak emission) at λ = 633

nm (∼ 1.96 eV) than at 532 nm (∼ 2.33 eV). Figure 5.9 shows the effect of laser

excitation wavelength on the Mn-related PL emission. Here the measurements

were taken on the same spot of the sample. The measurement using 633 nm

excitation was taken first followed by the measurement using 532 nm excitation.

This was also done in reverse with the 532 nm excitation measurement taken first
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and the same effect was observed. When excited at 633 nm, an edge filter is used

to cut the laser light to avoid damaging the detector. This filter blocks all light

with λ > 1.96 eV and thus the PL signal drops to zero above this energy. As can

be seen in Figure 5.9, the intensity starts to rise again at ∼ 1.2 eV when using

the 532 nm laser. This signal arises from the 2nd harmonic of the 532 nm laser at

1064 nm (1.17 eV).

Previous studies of Mn-doped II-VI systems do not report any quenching of the

Mn-related band with time or under continuous illumination [8, 35]. On the

other hand, in these previous studies the dots tend to contain a smaller Mn-

concentration. Also, as mentioned previously, in the II-VI systems the Mn-related

emission is at lower energies than the QD emission, thus creating a more favourable

energy state for the carriers. This highlights a significant difference between our

QDs and those reported in previous studies.

Figure 5.10: Cartoon showing the photo-oxidation process in Mn-doped PbS QDs.

These observations give evidence that a photo-oxidation process occurs in Mn-

doped PbS QDs. We know from previous studies [8] and EPR results that Mn-

atoms tend to migrate to the surface of the nanocrystals. We would not expect

to see any emission form Mn-atoms in the core of the nanocrystal as they form a

stable (PbMn)S alloy. Thus we can attribute the band centred at 1.9 eV to Mn

surface atoms. As the photo-oxidation process takes place, these surface atoms

form an oxide layer, from which we would not expect to see any PL emission. Thus

we observe a quenching of the Mn-related emission over time as this oxide layer

forms and the number of Mn surface atoms that contribute to the Mn emission

are reduced. Figure 5.10 shows a cartoon of the photo-oxidation process and the
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formation of an oxide layer. The photo-oxidation can reduce the effective size

and number of surface defects leading to a subsequent blue-shift in the QD PL

peak energy and an increase in the PL intensity, respectively. The presence of

an oxide layer can also increase the height of the QD confinement potential thus

contributing to the blue-shift of the PL emission.

To protect the Mn-doped QDs from oxidation, samples are stored in the dark in

an N2 environment. Despite these precautions, there may still be small amount

of oxygen present in the environment which can produce small PL changes over

time. These changes are mainly seen as a decrease of the Mn-related PL emission.

5.2 Photoinduced Raman Peaks

Evidence of photo-oxidation in Pb1− xMnxS nanoparticles have prompted further

studies. By looking at the Raman spectra of the nanoparticles, and how these

spectra change when exposed to continuous laser irradiation, could help to confirm

that a photo-oxidation process is taking place.

As for the PL experiments, the nanoparticles were drop-cast on a glass substrate

and exposed to laser light for a time tL = 30− 125 min. All measurements of the

Raman spectra were taken with the corresponding PL spectra so the two could

be compared directly. In all the experiments, the Raman spectra were measured

first, followed by a measurement of the PL spectra. The longer integration times

needed to obtain Raman spectra due to the low intensity of the scattered laser

light (5 minutes in these experiments) means there is a significant temporal gap

between the two measurements. Laser excitation wavelength of λ = 633 nm and

power densities of P = 100 W/cm2 were used in all experiments.

Figure 5.11 shows the Raman spectra and corresponding PL spectra for undoped

PbS nanoparticles over 35 minutes of continuous illumination. Prominent Raman

peaks appear after less than 10 minutes continuous irradiation. Two successive

measurements were taken after 20 and 30 minutes with no further changes to

the Raman spectra being observed. The most prominent peak highlighted in

the figure is the peak at 203 cm-1, which is close to the peak in bulk PbS at

209 cm-1 corresponding to longitudinal optical (LO) phonons [92] and similar to
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Figure 5.11: Raman spectra for PbS nanoparticles over 30 min continuous illumi-
nation (a) and corresponding PL spectra (b) (λ = 633 nm, P = 100 W/cm2 and
T = 300 K).

those previously reported for PbS nanoparticles (206 cm-1 [93]). Here the different

frequency of the Raman peak compared to that of the bulk material is attributed

to quantum confinement [94]. This peak has a reproducible shoulder at 255 cm-1.

The closest peak related to this in a bulk system corresponds to the Pb-O-Pb

bond at 264 cm-1 [92]. In previous reports of PbS nanoparticles, the Raman peaks

associated with these bonds are observed at a lower frequency of ∼ 270 cm-1 [87].

An additional weak feature is also observed at 511 cm-1. This is not associated to

any peak in bulk PbS and has not been reported in PbS nanoparticles. Although

this peak is common in all nanoparticles, it is not always reproducible and could

be a contribution from impurities.

Figure 5.12 shows the Raman spectra (a) and corresponding PL spectra (b) for

Pb1− xMnxS nanoparticles with x = 3 % over 85 minutes of continuous irradiation.

The figure shows the appearance of similar peaks to the PbS sample. However, no

Raman peaks appear until after 65 minutes. The peak corresponding to the LO

phonons has shifted to 207 cm-1, higher than that of undoped PbS nanoparticles.

The peak corresponding to the Pb-O-Pb bond has shifted by ∼ 2 cm-1 to 257

cm-1 whilst the unidentified peak at 511 cm-1 for PbS nanoparticles cannot be

seen. The corresponding PL spectra show that the Raman peaks do not appear

until the PL intensity enhancement saturates (see Figure 5.12c). There is also the

appearance of a shoulder in the PL spectra at ∼ 1.6 eV after 65 minutes.
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Figure 5.12: Raman spectra for Pb1− xMnxS nanoparticles (x = 3 %) over 85 min
continuous illumination (a). Corresponding PL spectra (b). Normalised Raman
and PL intensity versus time, tL, (c) (λ = 633 nm, P = 100 W/cm2 and T = 300
K).

Figure 5.13 shows the Raman spectra (a) and corresponding PL spectra (b) for

Pb1− xMnxS nanoparticles with x = 5 % over 125 minutes of continuous irradi-

ation. For this sample, 80 minutes of continuous irradiation was required before

the appearance of Raman peaks. Once again the figure shows the appearance of

similar Raman peaks to the two previous examples. The LO phonon peak is now

at 208 cm-1 and the Pb-O-Pb related peak is at 259 cm-1. For this sample there is

an unidentified feature at 500 cm-1. As with the previous sample, the correspond-

ing PL spectra show that the Raman peaks do not appear until the PL intensity

enhancement saturates (see Figure 5.13c). Again the PL spectra show a shoulder

similar to that of the previous sample at ∼ 1.6 eV, which manifests itself after 85

minutes.
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Figure 5.13: Raman spectra for Pb1− xMnxS (x = 5 %) nanoparticles over 125 min
continuous illumination (a). Corresponding PL spectra (b). Normalised Raman
and PL intensity versus time tL, (c) (λ = 633 nm, P = 100 W/cm2 and T = 300
K).

The appearance of Raman peaks over time can also be attributed to a photo-

oxidation process. The Mn atoms and impurities on the surface of the nanopar-

ticles will tend to absorb the laser light. Thus vibrational modes from the core

of the nanocrystals cannot be seen. With continuous irradiation an oxide layer is

formed on the surface of the nanoparticles (see Figure 5.10). This oxide layer will

be comprised of both PbO and MnO, which have band gaps of 3.8 eV [95] and 2.3

eV [96], respectively. This layer is now transparent to laser light of wavelength

of λ = 633 (1.95 eV), and the Raman peaks arising from bonding in the core of

the nanoparticles can now be seen since the laser light is not absorbed on the

surface. In the previous section we saw that undoped PbS nanoparticles did not

undergo significant photo-oxidation. Therefore we would expect the Raman peaks

appear to immediately or very quickly after illumination, in agreement with our

observations.
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The incorporation of Mn into Pb1− xMnxS nanoparticles prompts a systematic

shift of the Raman peak, see Figures 5.14 (a) and (b). Figure 5.14 (a) shows how

the LO phonon Raman peak depends on the Mn-content, x. With the formation

of a (PbMn)S alloy, we would expect to see some changes in the bonding within

the core of the nanocrystal, and thus changes in the Raman peaks. Although the

incorporation with Mn effects the bonding, no peaks are observed relating to Mn,

Mn oxidation products or Mn-S bonds.

Figure 5.14: Graph showing how the Mn-content, x, effects the Raman peak re-
lated to the LO phonons (a) and Pb-O-Pb bond (b) in Pb1− xMnxS nanoparticles.

Figure 5.15: PbS LO optical phonon Raman peak versus the effective Mn-content.
Solid line shows linear fit to the data.
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Figure 5.15 shows how the LO phonon Raman peak depends on the effective Mn-

content estimated from EDX and PL studies as discussed in chapter 4. A linear

fit to the data indicates that the frequency of the LO Raman peak, R, can be

described as

R(x) = R(0) + αx (5.1)

where α = 2.29. For x = 100 % (i.e. MnS) this gives R = 432 cm-1, which is close

to the LO phonon mode reported for MnS (380 cm-1) [97]. Broad PL emission

spectra and the inability of EDX measurements to determine low concentrations

of Mn suggest that Raman spectroscopy may, with further study, provide a more

accurate method of estimating the effective Mn-content in Pb1− xMnxS QDs.
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Chapter 6

Conclusions and Prospects for

Future Work

The aim of this experimental study was to investigate how the magnetic and

optical properties of colloidal PbS nanoparticles are affected by the controlled in-

corporation of Mn impurities. This work has provided a structural and chemical

characterisation of Mn-doped PbS nanoparticles, and described how the photolu-

minescence, the temperature dependence of the photoluminescence and the mag-

netic properties are affected by the Mn-content. The effects of continuous laser

irradiation on the nanoparticles were also studied and the subsequent photoin-

duced phenomena described.

We have demonstrated the controlled incorporation of Mn into PbS nanoparticles

by EDX measurements. These measurements also showed that only a fraction of

Mn used in the solution during synthesis is incorporated into the nanoparticles

with effective doping levels of up to 8 %. We have shown by HRTEM and AFM

measurements that the average size of the nanoparticles is ∼ 5 nm. These mea-

surements also show that the size, shape and crystal structure of the nanoparticles

are largely unaffected by the incorporation of Mn.

The effects of Mn on the room temperature PL properties were investigated and

the observations can be summarised as follows. Mn incorporation has the effect

of blue-shifting the PL peak emission, making the PL emission tunable in the
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NIR wavelength range (850-1200 nm) and giving evidence for the formation of

alloyed (PbMn)S nanoparticle. The PL intensity decreases by less than a factor

of 10 going from x = 0 to 18 %, thus indicating a relatively low density of Mn-

induced non-radiative recombination centres. Increasing Mn-content has the effect

of broadening the optical linewidth, although a clear dependence of the broadening

on x is not observed. The values of the Mn-concentration, MnPL, derived from

the measured and calculated dependence of the PL peak energy, EQD, on x are

broadly in line with those derived by EDX, MnEDX , allowing us to estimate

effective doping levels.

The PL properties were found to be strongly dependent on temperature. We ob-

served a significant quenching of the PL intensity as the temperature increases.

However, this property is not significantly affected by the Mn-content. The tem-

perature dependence of the linewidth broadening was shown to be strongly depen-

dent on the Mn-content, thus indicating a carrier-phonon interaction dependent

on Mn. We observed a decrease of the temperature coefficient, α = dEQD/dT ,

with increasing Mn-content. This decrease is what we would expect for alloyed

(PbMn)S nanoparticles, as it is positive for bulk PbS (αPbS = +0.52 meV/K) [12],

but negative for MnS (αMnS = - 2 meV/K) [14].

EPR and SQUID measurements have shown that the incorporation of Mn into

PbS nanoparticles has the effect of imprinting them with paramagnetic properties.

The EPR spectra reveal features characteristic of the hyperfine interaction of

the d-electrons with the nuclear Mn spins. The asymmetric shape of the EPR

lines indicates additional unresolved hyperfine splitting due to the contribution

from Mn-ions on the surface and in the core of the nanoparticles, to be further

investigated.

Continuous laser irradiation has the effect of blue-shifting the PL peak and signif-

icantly enhancing the PL intensity of Mn doped PbS nanoparticles. A clear de-

pendence on the Mn-content was not observed. Photoinduced Raman peaks were

also seen following continuous laser irradiation. These photoinduced phenomena

suggested a photo-oxidation of the nanoparticles surface. Additional TEM stud-

ies of the nanoparticles after continuous laser irradiation could also give further

evidence for the photo-oxidation of their surface.
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A dependence of the frequency of the LO phonon Raman peak on the Mn-content

was observed. As the frequency shifts linearly with the Mn-content, the frequency

of the LO phonon mode could provide an accurate means of estimating the Mn-

content in the nanocrystals. Further Raman an morphological studies studies are

required to asses the validity of this method in the accurate determination of the

dopant concentration in single nanocrystals.

In conclusion, this project has shown that the controlled incorporation of Mn

atoms into PbS nanoparticles imprints them with interesting and unique optical

and magnetic properties. Their tunable NIR PL emission and paramagnetic prop-

erties provide exciting prospects for their future exploitation in medical imaging

as fluorescent biolabels and MRI contrast agents. Further studies into the effec-

tiveness of the nanoparticles as MRI contract agents and luminescent biolabels,

along with studies of their toxicity, will be required to show that these materials

have a possible future in a clinical setting.
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