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Abstract

SrF2:Pr3+-Yb3+ phosphor powder was previously investigated for down-conversion ap-

plication in solar cells. The first surface, structural and optical characterization results

indicated that the Pr3+-Yb3+ couple requires a sensitizer for effective enhancement in

energy conversion. Broadband excitation ions of Ce3+ and Eu2+, that could be used

as sensitizers, were therefore doped and co-doped in the SrF2 crystal. Detailed char-

acterizations and investigations were then done on the surface, structure and optical

aspects to see the effect on the energy conversion.

Initially, the influence of different synthesis techniques on the surface, structure and

concentration quenching of Pr3+ doped SrF2 was studied. The singly doped SrF2:Pr3+

was prepared by the hydrothermal and combustion methods. Scanning electron micro-

scope (SEM) images showed different morphologies which was an indication that the

morphology of the SrF2:Pr3+ phosphor strongly depended on the synthesis procedure.

Both the SrF2:Pr3+ samples exhibited blue-red emission under a 439 nm excitation

wavelength at room temperature. The emission intensity of Pr3+ was also found to be

dependent on the synthesis procedure. The dipole-dipole interaction was found to be

responsible for the concentration quenching effects at high Pr3+ concentration in both

methods.

SrF2:Eu nano-phosphors were successfully synthesized by the hydrothermal method.

The crystalline size of the phosphors was found to be in the nanometre scale. The pho-

toluminescence and high resolution x-ray photoelectron spectroscopy (XPS) results

indicated that the Eu was in both Eu2+ and Eu3+ valance states. The presence of

Eu2+ and Eu3+ in the system largely enhanced the response of the Eu3+ under ultra-

violet excitation. Time of flight secondary ion mass spectrometry (tof-SIMS) results

suggested that the energy transfer between these two ions was likely occurred. The

relative photoluminescence intensity of the Eu2+ rapidly decreased with an increasing

laser beam irradiating time. This result would make the current Eu2+ doped SrF2 sam-

ples unsuitable candidates for several applications, such as white light-emitting diodes

and wavelength conversion films for silicon photovoltaic cells.
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The effect of Ce3+ ions on the SrF2:Eu nano-phosphor was also studied. Ce3+ largely

enhanced the Eu3+ emission intensity via energy transfer mechanism. The calculated

energy transfer efficiency was relatively efficient at high Eu concentration. The results

suggested that Ce3+ may therefore be used as an efficient sensitizer to feed the Eu ions

in SrF2 host.

Eu2+ co-doped Pr3+, Yb3+ and Pr3+-Yb3+ couple in SrF2 were successfully prepared.

XPS confirmed that all Eu contents were in Eu2+ oxidation states. Initially, Eu2+

co-doped SrF2:Pr3+ was studied. From PL and decay curve results, an efficient energy

transfer was demonstrated in SrF2:Eu2+, Pr3+ phosphors. The energy transfer process

was effective until a concentration quenching between Pr3+ ions occurred. The results

proposed that Eu2+ could be a good sensitizer for absorbing the UV photons and hence

efficiently enhancing the Pr3+ emission intensity.

SrF2:Eu2+ (1.5 mol%) co-doped with Na+ (0.5 mol%) and various concentrations of

Yb3+ were also investigated. XRD results showed a mixture of the cubic SrF2 and

NaYbF4 phases. The NaYbF4 phase gradually formed with increasing Yb3+ doping

concentration. Emission spectra and the fluorescence decay curve measurements were

utilized to demonstrate the cooperative energy transfer. Energy transfer occurred

subsequently from Eu2+ to Yb3+ followed by intense NIR emission. The energy transfer

was completed at high concentrations but the Yb3+ emission intensity was reduced as

a result of concentration quenching. In addition, from the photoluminescence data it

was evident that Na+ induced significant change to NIR emission.

The possibility of using the broadband absorption of Eu2+ to sensitize the Pr3+-Yb3+

down-conversion couple in SrF2 matrix was also investigated. The energy transfer

process was demonstrated by the decrease of Eu2+ and Pr3+ related photoluminescence

and lifetime with increasing Yb3+ concentration. Upon 325 nm excitation into the

5d levels of Eu2+, the samples yield intense near infrared emission corresponding to

Pr3+:4f-4f and Yb3+:4f-4f transition. Yb3+ emission was clearly observed only at high

Yb3+ concentrations after the emission intensity of Pr3+ was quenched. The PL lifetime

results of Eu2+ confirmed the the second-order cooperative energy transfer also occurred

between Eu2+ and Yb3+ ions.
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Chapter 1

Introduction

In this chapter the general overview on the research done on the possibility of using

the photon conversion processes in solar cells application is given.

1.1 General overview

In many parts of the world, the sun delivers an abundant source of energy, which can

be utilized to generate sufficient and clean energy. It has been shown that the sunlight

that reaches the earth’s surface provides about 10 000 times more energy than what

we consume at the moment [1]. As a result, it is expected that by using solar energy

it can increase the potential to meet a large portion of future energy consumption

requirements [2].

Recently, many researchers have devoted their attentions to use the sunlight efficiently

to increase the performance of the solar cell [2–6]. Solar cells are devices that convert

solar energy into electrical energy by using the photovoltaic effect [7, 8]. The most

commonly used state-of-the-art solar cell material is crystalline silicon (c-Si), which

efficiently absorbs photons in the near infrared (NIR) region (Eg = 1.12 eV, ∼1000

nm), and has energy efficiency around 25% [9, 10]. Efficiency is defined as the ratio

of incident energy converted to useful energy. This means that the silicon solar cell

can only convert a small part of the solar radiation energy into electrical energy. Fig.

1.1 shows a schematic diagram of the mechanisms responsible for the energy-loss that

limits the efficiency of single junction solar cells [6]. The recombination loss (3) depends

on the electron-hole lifetime and it can be minimized by controlling the carrier lifetime

in the semiconductor. The major energy loss mechanisms are related to processes

(1) and (2). The absorption of high energy photons (higher than the band-gap (EG)

of the solar cell) generate heat into the solar cell lattice due to the thermalization

process. Lower energy photons transmit through the band-gap of the solar cell, which
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is called the transparency or transmission loss and therefore they do not take part

in the energy conversion process. The transmission loss and thermalization loss are

the two major energy-loss mechanism in the energy conversion process. Both these

mechanisms thus relate to the spectral mismatch of the energy distribution of photons

in the solar spectrum and the band-gap of a semiconductor material [2–6, 11].

Fig. 1.1: Energy-loss processes in a single-junction solar cell: (1) lattice thermalization

losses; (2) transparency loss; (3) recombination loss; (4) junction loss; (5) contact

voltage loss. Adapted from Richards [6].

It is possible to use sub band-gap photons that cannot be absorbed by the solar cell to

generate high energy photons that can be absorbed. This process is called up-conversion

and it can boost the solar cells’ conversion efficiency [9]. Up-conversion therefore can be

used to reduce the transparency losses. Two mechanisms were proposed to minimize

the thermalization loss, namely, down-conversion (also known as quantum cutting)

and downshifting. Downshifting is a process of shifting one higher energy photon into

a lower energy photon [12]. In the downshifting mechanism, the external quantum

efficiency cannot exceed unity and therefore the solar cell system will not be able

to overcome the Shockley-Queisser limit [13]. Down-conversion is a process in which

one high energy photon cuts into two lower-energy photons. Both these lower energy

photons can be absorbed by the solar cell. The external quantum efficiency in down-
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conversion therefore exceeds unity [14]. More detail on the photon conversion process

can be found in chapter 2.

Most down-converting materials for solar cell application are based on a combination

of lanthanide (Ln3+) and Ytterbium (Yb3+) ions. Different down-conversion materials

have been investigated by different researchers. Various rare earth couples Ln3+-Yb3+

(Ln = Pr, Er, Nd, Ho, Dy, Tb and Tm) were doped in different hosts in which the Ln3+

ions act as the absorption centers [14–20]. Absorption of a photon by the Ln3+ ions

results in feeding two Yb3+ ions, which turns out to emit two near infrared photons

that can be used for creating two electron-hole pairs (more detail will follow in chapter

2). A combination of Pr3+ and Yb3+ ions in SrF2 was reported as one of the best

quantum cutting couple with an external quantum efficiency of close to 200% [14].

A theory has predicted that ∼39% energy efficiency can be achieved by combining a

down-conversion layer with a c-Si solar cell, [3, 4]. Practical realization of such higher

efficiency is however still far away and requires further research.

1.2 Definition of the research problem

As it is mentioned previously SrF2:Pr3+-Yb3+ is a suitable candidate for c-Si solar cells

application. Ideal NIR down-converting materials for silicon based solar cells however

should efficiently convert the broadband UV-Vis part of the solar spectrum into the

range where the spectral response of Si is high (red-NIR photons). A prime limitation

in the use of the Pr3+-Yb3+ ions couple in solar cell application is its 4f-4f absorption

cross-section. The forbidden 4f-4f transitions of the Pr3+ ion is characterized by a

low absorption cross-section [3]. A suggestion to this limitation is to add a third

sensitizer [3]. Such a sensitizer must have dipole-allowed 4f-5d transitions, which is

characterized by a strong absorption cross-section. The 4f-5d transitions of broadband

ions strongly depend on the crystal field of the host [14, 21–23]. This property makes

such ions good candidates in energy transfer processes. This is because efficient first-

order energy transfer between a sensitizer and an accepter can occur only when the

emission band of the sensitizer overlaps the excitation band of the acceptor.
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Another problem that needs to be addressed is concentration quenching that mostly

occur at high dopant concentration. Energy transfer between the Pr3+ and Yb3+

ions efficiently occurs at high Yb3+-concentrations. In order to solve this problem the

choice of a suitable host lattice and optimization of synthesis conditions may reduce

concentration quenching to acceptable levels [3].

Detailed investigation on the application of Eu3+ ion as a downshifting layer for solar

cells can be found in literature [12, 24]. Emission of the Eu3+ ion mainly originates

from the 4f-4f transition. In order to enhance the 4f-4f absorption strength of the Eu3+

ion, a sensitizer with a high absorption coefficient is also required. Many reports can

also be found in literature regarding the synthesis of new dye Eu3+ complexes and

broadband ions to enhance the spectral response of Eu3+ ion [25, 26].

This study focuses on the possibility of using some of the broadband excitation ions

to improve the NIR emission of the Pr3+-Yb3+ down-conversion couple as well as

the red emission of the Eu3+ doped SrF2 crystal. In addition, we also studied the

effect of different synthesis techniques on the concentration quenching of the Pr3+

ion doped SrF2 crystal. The decision to use the SrF2:Pr2+-Yb3+ structure for this

study is motivated by the high quantum cutting efficiency (close to 200%) that can be

utilized for creating two electron-hole pairs [14]. The SrF2 host has been characterized

to induce clustering of the dopant ions, which is required in energy transfer processes.

Both Eu2+ and Ce3+ ions however showed a broadband transition from allowed electric-

dipole transitions that could make them suitable for this study.

1.3 Research aims

The aim of this study is clearly stated in the following points:

• Synthesising SrF2 phosphor powder doped and co-doped broadband excitation

ions and Ln3+ by using different preparation techniques.

• Using different characterization techniques to investigate the influence of broad-

band excitation ions (as sensitizers) on the luminescence of Ln3+ in SrF2 crystal
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for use in solar cell application namely; Eu2+ as a sensitizer for Pr3+-Yb3+ quan-

tum cutting couple and Ce3+ as sensitizer for Eu3+.

• Study the effect of different synthesis techniques on the concentration quenching

of the Pr3+ ion doped SrF2 crystal by using different surface, structural and

optical characterization techniques.

1.4 Thesis organization

This thesis consists of ten chapters. Chapter 1 contains the introduction that gives

a general overview and definitions regarding the research problem. In chapter 2, the

basic concepts that are necessary to understand the background information of this

research study were briefly discussed. It is followed by a brief description of the theory

and experimental procedures of the techniques that were used in this study, chapter

3. The effect of different synthesis techniques on the morphology and concentration

quenching of Pr3+ doped SrF2 is given in chapter 4. Chapter 5 provides a detailed

description of the possibility of using the Eu ions as a downshifting layer for a solar

cell application. The effect of the Ce3+ ions on the structure and optical properties of

SrF2:Eu downshifting nano-phosphor is outlined in chapter 6. Chapter 7 focuses on

the possibility of using the Eu2+ ion as a sensitizer to the Pr3+ ion in the SrF2 crystal.

In chapter 8, the influence of Na+ ions on the photoluminescence of SrF2:Eu2+-Yb3+

is studied for possible down-conversion mechanism. Chapter 9 investigates the effect

of Eu2+ on the NIR emission of Pr3+-Yb3+ quantum cutting couple in SrF2 crystal. In

chapter 10, conclusions and planned future work are given. Appendix A contains the

published papers and conference presentations of this work.
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Chapter 2

Background information

In this chapter the basic concepts that are necessary to understand the theory of this

study are reviewed and explained.

2.1 Solar radiation

The sun emits a nearly continuous spectrum ranging from ultraviolet, visible and infra-

red parts of electromagentic radiation. The distribution of electromagnetic radiation

as a function of wavelength is called the solar spectrum or solar radiation. Fig. 2.1

shows the solar irradiance as a function of wavelength (λ).

The electromagnetic radiation emitted by the sun resembles a black-body radiation at

5760 K. The spectral photon flux βs(E, s, θ, φ) (number of photons with energy in the

range E and E + dE emitted through an unit area per unit solid angle per unit time)

at a point s on the surface of the black-body is given by [1]

βs(E, s, θ, φ)dΩ.dS.dE =
2

h3c2

(
E2

e
E

KBTs − 1

)
dΩ.dSdE, (2.1)

where dS is the element of the surface area s and dΩ is the unit of solid angle. Inte-

grating βs over the solid angle and resolved along dS gives the emitted flux normal to

the surface bs(E, s)

bs(E, s) =

∫
Ω

βs(E, s, θ, φ) cos θdΩ.dS.dE =
2Fs
h3c2

(
E2

e
E

KBTs − 1

)
dSdE, (2.2)

Assuming the temperature of all the points on the surface of the black-body is the

same, the spectral photon flux normal to the surface is written as

bs(E) =
2Fs
h3c2

(
E2

e
E

KBTB − 1

)
, (2.3)

where Fs is a geometrical factor. In general Fs = π sin2 θsun. Whereas, at the surface

of the sun and because of the hemispheric nature Fs = π.
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Fig. 2.1: The global spectral solar spectrum on the earth for air mass (AM) = 0 to 9. It

can be seen that the AM0 spectra closely matches the black-body radiation. Adopted

from A. Shalav [2].

The emitted energy flux or irradiance on the earth’s surface is defined as

I(E) = Ebs(E), (2.4)

Integrating Eqn. 2.4 gives the total intensity per meter square incident on the earth,

which is equal to σT , where σ is the Stefan-Boltzmann’s constant [1, 2]. At the sun’s

surface this value is 62 MW m2. At a point just outside the earth surface, the total

intensity value is reduced to 1376 W m2. This value corresponds to the air mass

zero (AM0) solar spectrum and is used for calibration of solar cell performance in

space. The AM measures the path length of radiation relative to the length of the

direct beam path through the atmosphere and is given by 1/ cos(θ) (fig. 2.2). The

AM0 value rapidly decreases when the sun light passes through the earth’s atmosphere

or with increasing the air mass (AM). The journey of the solar radiation through

the earth’s atmosphere causes the attenuation of the solar radiation due to scattering
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and absorption by atmospheric gases [2]. Fig. 2.1 shows the influence of the earth’s

atmosphere on the solar radiation with increasing AM values.

Fig. 2.2: Schematic diagram showing the calculation of the air mass (AM).

The standard solar spectrum for temperature latitude is AM1.5 corresponding to

θ = 48.2o. The terrestrial solar spectrum has been normalized so that the integrated

irradiance is 1000 W m−2. Actual irradiances clearly differ with account to seasonal

and daily variations in the position of the sun, orientation of the earth and condition

of the sky [1].

2.2 Solar cells

Solar cells are semiconductor devices that convert solar energy to electrical energy [1].

When the sunlight interacts with a solar cell, the photons promote the electrons in

the cell into the conduction band from where these electrons can then be utilized to

generate electric current. In a solar cell the absorber layer is a very important part.

It absorbs the incident photons that cause the e-h pairs to be created [3]. A typical

semiconductor solar cell composes of two layers. One is doped with positive charge

carriers (p-type) and the other with negative charge carriers (n-type). A p-n junction

is then produced on the boundary of the layer. The conversion efficiency is one of

the most significant factors that determine PV’s performance. The bandgap of the

10
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semiconductor plays a fundamental role in the solar cell’s conversion efficiency. Today

the crystalline, polycrystalline and amorphous solar cells occupy more than 90% of

the world’s solar energy production [1]. The c-Si solar cell only achieves a maximum

energy conversion efficiency of ∼25% [4].

Fig. 2.3: A typical normalized spectral response of a c-Si solar cell [4].

The c-Si solar cells efficiently absorb light in the range of 950-1100 nm, but they show

very low spectral response in the short-wavelength range, see fig. 2.3. The decrease

of the spectral response of the c-Si solar cells at the shorter wavelength is one of the

reasons that limits the energy conversion efficiency.

2.3 Solar cell conversion efficiency limits

The maximum conversion efficiency (η) of a solar cell is defined as the ratio of maximum

power (Pm) generated by a solar cell to the incident power (Pin). The incident power

is normally equal to the AM1.5 irradiance spectrum, which is also equal to the total

optical density (power per unit area) incident on the solar cell. Pm is defined as the

voltage at the point of maximum power (Vm) multiplied by the maximum current

density at that point [2, 3]

η =
Pm
Pin

=
JmVm
Pin

=
JscVocFF

Pin
, (2.5)
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where Jsc and Voc are the short-circuit current density and open circuit voltage, respec-

tively. FF is the fill factor describing the ‘squareness’ of the IV curve. Low band-gap

materials have high thermalization losses (giving low Voc and Vm), whereas high band-

gap materials have low Jm and Jsc due to their maximum sub-bandgap losses [2]. The

incident power can be calculated from the spectral power density, P (λ), using the

following equation [3]:

Pin =

∫ ∞
0

φ(λ)
hc

λ
dλ, (2.6)

where φ(λ) is the photon flux density and P (λ) = φ(λ)hc
λ

, c is the speed of light and

h is Plank’s constant.

In principle, only photons with energy higher than the semiconductor energy band-gap

(EG) are utilized to generate e-h pairs. The fraction of incident energy that is absorbed

by the single junction solar cell, used in energy conversion, is given by

Pabs =

∫ λG
0

φ(λ)hc
λ
dλ∫∞

0
φ(λ)hc

λ
dλ

, (2.7)

where λG is the wavelength of photons that corresponds to the bandgap energy of the

absorber of the solar cell. A part of the absorbed energy, the excess photon energy, is

lost due to the thermalization at the edge of the conduction and valance bands of the

absorber material. The fraction of the absorbed energy that the solar cell utilized as

useful energy, Puse, is given by

Puse =
EG
∫ λG

0
φ(λ)dλ∫ λG

0
φ(λ)hc

λ
dλ

, (2.8)

Therefore, we can write the conversion efficiency limited by the spectral mismatch

as [2, 3]

η = PabsPuse =

1︷ ︸︸ ︷∫ λG
0

φ(λ)hc
λ
dλ∫∞

0
φ(λ)hc

λ
dλ

2︷ ︸︸ ︷
EG
∫ λG

0
φ(λ)dλ∫ λG

0
φ(λ)hc

λ
dλ

. (2.9)

where the first part (1) is the transmission loss and the second part (2) is the thermal-

ization loss. These losses are known as spectral mismatch losses [2]. The thermalization

loss is dominant in solar cells with a small bandgap. The transmission loss is substan-

tial in semiconductors with a wider bandgap. According to the detailed balance model
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developed by Shockley and Queisser [5], the theoretical conversion efficiency limit for a

single-junction solar cell with energy gap 1.1 eV is 30%. The spectral mismatch losses

account for 70% of the total conversion efficiency limit [6].

Proposals are therefore needed to raise the existing solar cells beyond the Shockley-

Queisser limit. One approach was theoretically developed to adapt the solar spectrum.

The approach is to convert the high and low energy photons (thermalization and trans-

mission losses) to the energy range where the spectral response of the solar cells is high

by using the concept of photon conversion processes. The basic concepts of the photon

conversion processes will be discussed in the next section (2.4).

2.4 Photon conversion processes

Fig. 2.4: Schematic diagram showing the photon conversion processes.

Photon conversion processes aim to adapt the solar spectrum to better match the ab-

sorption properties of the solar cell device via luminescence. This is in contrast to the

other concepts which all concern to develop a semiconductor device to better match

the solar spectrum such as space-separated quantum cutting and multiple exciton gen-

eration [7, 8]. There are three photon conversion processes, namely, down-shifting,

down-conversion and up-conversion. These processes are illustrated schematically in

fig. 2.4. Up-conversion is where two lower energy photons combine to give one higher
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energy photon. The sum of the absorbed photons energies must be greater or equal to

the emitted photons energies. Up-conversion is an anti-Stokes shifts since Stokes law

states that the wavelength of the emitted light should be greater than the wavelength

of the exciting spectrum. For solar cell application, an up-converter material could be

placed behind a bifacial solar cell to convert the sub band-gap photons to higher energy

photons back to the solar cell where they can be absorbed (fig. 2.5). The up-conversion

processes can occur through three different mechanisms, namely excited state absorp-

tion, direct two photon absorption, and energy transfer up-conversion [9]. A detailed

description of the up-conversion process and its history can be found elsewhere [4, 6, 9].

Down-conversion is where one high energy photon (i.e. UV/visible photon) splits into

two low energy photons. Whereas, downshifting is a process of shifting one higher

energy photon into one lower energy photon. Both down-conversion and downshifting

layers should be placed on top of a bificial single-junction solar cell to convert the high

energy photons to lower energy photons where the spectral response of the solar cell is

high and hence minimize the thermalization loss (fig. 2.5).

Fig. 2.5: Spectral conversion design for PV applications including downshifting (Ds),

down-conversion (DC) and up-conversion (UC) luminescent materials [4].

Luminescent materials provide the most vital options for photon conversion processes.

This project focused on the possibility of using broadband excitation ions to en-
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hance the spectral response of luminescent materials based on downshifting and down-

conversion. Luminescence materials will therefore be discussed in the next sections.

2.5 Luminescent materials

Luminescence is the emission of light by a material when exposed to an external en-

ergy excitation [4]. Different excitation sources can be used in luminescence, including

electromagnetic radiations, electric fields, x-rays, etc. The excitation source type de-

termines the type of the luminescence, which are generally indicated by a prefix, i.e.

in the case of where the excitation source is photons, this luminescence is called pho-

toluminescence. Luminescence is divided into two categories, namely fluorescence and

phosphorescence, depending on the nature of the excited state. Fluorescence has fast

emission rates. The emission rates of fluorescence are typically 108 s−1, so that a typ-

ical fluorescence lifetime is near 10 ns. Phosphorescence emission arises from triplet

excitation states in which the electron in the excited state has the same spin orientation

as the ground state electron. Such transition are forbidden and the emission rates are

slow.

Inorganic solids that give luminescence are called phosphors or luminescent materials

[4, 10]. Luminescent materials generally require a host that form the bulk of the

phosphors [10]. The characteristic luminescence properties of the phosphor are often

obtained by doping the host material with a relatively small amount of foreign ions.

The host is necessary to optimize the distribution of the activators and prevent the

occurrence of rapid non-radiative processes. The dopant ions substitutionally replace

the host ions in the host lattice. In this project SrF2 is used as a host matrix, see section

2.10. Lanthanide ions are usually used as dopant ions to induce the luminescence.

2.6 Lanthanide ions

Although the lanthanide ions maybe find in different forms, the trivalent form is abun-

dant. The trivalent form of the lanthanide (Ln3+) ions have electronic configuration of
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4fn5s25p6 where n is the number of electrons (from 0 to 14). The partly filled 4f level is

important in the optical and magnetic properties of the lanthanides. The number of 4f

orbital configurations for n electrons is given by (14!/[n!(14−n)!], and each configura-

tion can have a specific energy. Shielding of the 4f orbital by the filled 5s and 5p outer

electrons makes the 4f electrons weakly affected by the ligand ions in the crystal. As a

result the lanthanide 4f-4f electronic transitions exhibit relatively narrow lines in the

luminescence and absorption spectra. Such transitions are forbidden by the Laporte

selection rule, which states that “the states with even parity can only be connected

by electric dipole transitions with states of odd parity, and odd states only with even

ones” [11]. The transitions within the 4f shell are forbidden in terms of electric dipole

transitions, but allowed for magnetic dipole or electric quadrupole radiation. Although

an electric dipole transition is forbidden it may occur but with a low probability [11].

Fig. 2.6: Splitting of the Ln3+:4fn electronic configuration due to atomic and crystal

field forces.

The weak interactions of the 4f electrons in the crystals perturbs the 2s+1LJ states

of the Ln3+ ions and causes additional splitting (Stark splitting). The stark splitting

is typically smaller than the spin-orbit splitting. As a result, the optical emission
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and absorption of a Ln3+ ion are typically similar to that of free ions. The atomic

interactions and energy level splitting are depicted in fig. 2.6. The fact that the Stark

splitting is smaller than the spin-orbit splitting, the free ion Hamiltonian can be written

as [11]

HF = − h2

2m

N∑
i=1

∇2
i −

N∑
i=1

Ze2

ri
+

N∑
i<j

Ze2

rij
+

N∑
i<1

ξ(ri)(si.Ii), (2.10)

The first term is the sum of the kinetic energies of all the electrons of the 4f ion and

the second term is the potential energy of all the electrons in the field of the nucleus.

The third term is the repulsive Coulomb potential of the interactions between pairs of

electrons and the last term is the spin-orbit interaction, which accounts for coupling

between the spin angular momentum and the orbital angular momentum, see fig. 2.6.

In the free atom, the spherical symmetry of each level is reduced to (2J+1) degeneracy.

When the ion is placed in a crystal field the spherical symmetry is reduced to the point

symmetry at the ion site. Hence, the perturbed free ion Hamiltonian for an ion in a

crystal is written as

H = HF + VCF (2.11)

where VCF is the perturbation Hamiltonian due to the the crystal field around the ion,

which is responsible for the Stark splitting. From fig. 2.6 the smaller forces VCF split

the free ion (spin-orbit) levels into a collection of Stark levels.

Dieke et al. [12] studied the energy of the 4f electrons of the Ln3+ ions. Their calcu-

lation results is shown in a diagram known as the Dieke diagram, shown in fig. 2.7.

Nowadays, it is a common reference that is used to estimate the low-lying fn levels of

the Ln3+ ions. In the Dieke diagram the thickness of the level indicates the degree of

the crystal field splitting and the location of the free ion 2s+1LJ approximated from

the center of the multiplet level. The energy splitting slightly changes when the Ln3+

ions are incorporated into different crystals, but the dominant spectral features remain

unchanged [2].
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Fig. 2.7: Dieke diagram for energy-levels of Ln3+ ions [13].
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In contrast to the 4f orbital, the crystal field in the 5d orbital is large compared to

the spin-orbit interaction. The interaction of the 5d level with the neighboring anion

ligands (the crystal field interaction) degenerate the 5d levels of the free ion and shifts

the whole 5d configuration (centroid shift) towards lower energy. The 5d splitting

depends on the site symmetry. Both the crystal field splitting and the centroid shift

lowers the lowest 5d level, which is known as the redshift or depressionD [14]. The value

of D determines the emission color and excitation wavelength of the 4f-5d transitions.

A good example of 4f-5d transition is related to the Ce3+ ion. The ground state of

Ce3+ ion consists of an optically active electron in the 4f shell. Its 5d excited state is

strongly effected by the crystal environment. The crystal environment can split the 5d

level by as much as 25000 cm−1, depending on the host material. In SrF2, Ce3+ emits

broadband emission centered at 330 nm that originates from the 5d-4f transitions.

Fig. 2.8: Schematic diagram showing the influence of the crystal field (4) on the

emission of the 4f7 and 4f65d1 levels in Eu2+ ion [15].

Divalent rare earth ions also have similar 4fn outer electronic configurations but with

one more electron. In contrast to the Ln3+ ions, the 4f(n−1)5d configuration of the

divalent rare earth ions is situated close to the 4fn fundamental configuration. As

a result, the transition of 4fn → 4f(n−1)5d, for the divalent rare earth ions in most

cases is dominant over the 4f-4f transitions. This leads to intense (parity-allowed

19



Background information Chapter 2

transitions) and broad absorption and emission bands [15]. The Eu2+ is an example

of such an ion. Its emission bands are usually broad due to the f-d transitions. The

wavelength positions of these broad emission bands strongly depend on the host’s

crystal field. It changes from the near-UV to the red colour, as shown schematically

in fig. 2.8. Increasing the crystal field strength tends to shift the emission bands to

longer wavelengths.

2.7 Energy transfer between lanthanide ions

Energy transfer is a process where the excitation energy is absorbed by a luminescent

centre called a donor and then transferred to another luminescence centre called an

acceptor. The acceptor may then release the energy as a photon.

There are different mechanisms involved in the energy transfer processes between Ln3+

ions namely, (a) resonant radiative transfer through emission of the donor and re-

absorption by the acceptor, (b) non-radiative transfer associated with resonance be-

tween the absorber and emitter, (c) phonon-assisted energy transfer, and (d) cross-

relaxation between two identical ions [16], see fig. 2.9. The resonant radiative transfer

from the emission of the donor (fig. 2.9(a)) requires a significant spectral overlap be-

tween the donor’s emission region and the absorption region of the acceptor [16, 17].

When the radiative energy transfer dominates in the system the decay time of the

donor does not change with the acceptor concentration. In the case of non-radiative

energy transfer (fig. 2.9(b)), the energy transfer would lead to a significant decrease

in the decay time of the donor ion with an increase in the acceptor concentration. In

most inorganic systems the radiative energy transfer can usually be neglected [16, 17].

A resonant condition is required for the energy transfer to occur between a donor and

an acceptor. This condition is what the energy difference between the ground and

the excited states of the donor, which should be equal to that of the acceptor. There

will then exist a suitable interaction, either an exchange interaction or a multipolar

interaction between the donor and the acceptor [16, 17]. The exchange interaction

(Dexter energy transfer) relies on the overlap of the wave function and thus only exists
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over very short distances. The multipolar interaction (Föster energy transfer) depends

on the strength of the optical transitions involved and can occur over relatively large

distances.

Fig. 2.9: Schematic diagram of four different basic energy transfer processes between

two ions [16].

The Dexter energy transfer from a donor to an acceptor is generally approximated as

follow

WDA =
2π

~
| < DA∗|HDA|D∗A > |2

∫
gD(E)gA(E)dE (2.12)

where < DA∗| and |D∗A > are the final and initial states, respectively. The integral

represents the spectral overlap between the donor’s emission spectrum and the accep-

tor’s absorption spectrum. The factors gD(E) and gA(E) represents the normalized

shape of the donor’s emission and acceptor’s absorption spectra, respectively. Eqn.

2.12 shows that the energy transfer probability should drop to zero when the over-

lap integral vanishes. The square of the matrix element in Eqn. 2.12 is expressed in
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terms of the distance-dependent energy transfer probability between the donor and

acceptor. The distance dependence of the transfer rate varies with the type of in-

teraction. For exchange interaction the distance dependence is exponential, while for

electric multipolar interaction the distance dependence is given by R−n (n = 6, 8, 10

for electricdipole-electricdipol interaction and electricdipole-electricquadrupole inter-

action, respectively) [4].

In the case where the resonance condition is not well met between the donor and the

acceptor, the energy transfer might occur through a phonon, which is known as phonon-

assisted energy transfer (fig. 2.9(c)). According to the Miyakawa-Dexter theory [18]

the probability of phonon-assisted transfer is given by

PPA(4E) = PPAT (0)e−β4E (2.13)

where4E is the energy gap between the electronic levels of the donor and the acceptor

ions, β is a parameter that depends on the energy occupation number of the participat-

ing phonons and PPAT (0) is equal to the resonant transfer probability given by Eqn.

2.12. In the cross-relaxation energy transfer process the donor and an acceptor is the

same ion. Fig. 2.9(d) shows that the cross-relaxation may lead to the diffusion process

between activators when the levels involved are identical or lead to self quenching if

the levels are different [17]. Energy transfer between the Ln3+ ions is the heart of the

down-conversion process.

2.8 Down-conversion

A down-conversion or quantum cutting material offers such a process could have a

quantum efficiency of more than a 100% [4]. Quantum cutting can occur by photon

cascade emission from a single lanthanide ion or by energy transfer through different

centers of lanthanide ions [19, 20]. Nowadays, down-conversion is investigated to con-

vert high energy photons before entering a solar cell and therefore minimize lattice

thermalisation losses as well as to enhance the solar cell efficiency [4, 6]. A theory has

predicted that an energy efficiency of 38.6% can be achieved by using a down-conversion

layer in conjunction with a Si solar cell [21].
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Different mechanisms that demonstrate NIR quantum cutting are shown in fig. 2.10.

Quantum cutting can occur with only one optically active center ion or with a com-

bination of different ion centers. The single quantum cutting process consists of one

ion with more than two energy levels. Excitation into the highest excited state yields

two photons due to stepwise relaxation to the ground state, see fig. 2.10(a). This

was demonstrated in Er3+ and Ho3+ where upon absorption of an UV/Vis photon two

NIR photons are produced [22, 23]. A major problem of using single ion based quan-

tum cutting is however the recombination of both unwanted UV/Vis and non-radiative

emissions that compete with the desired emission of the two NIR photons [4].

Fig. 2.10: Schematic diagram of typical mechanisms of NIR quantum cutting. (a) NIR

quantum cutting on a single ion by the sequential emission of two NIR photons, (b-d)

NIR quantum cutting due to resonant energy transfer from donor to an acceptor and

(e) NIR quantum cutting due to cooperative energy transfer. Adapted from X. Huang

et al. [4].

Another possibility is that quantum cutting occurs within more than one ion (summa-

rized in fig. 2.10(b-e)) through cross-relaxation or resonant energy transfer between

the ions. The energy resonance condition needs to be fulfilled. Quantum cutting can
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also occur by the use of three optically active centers. Fig. 2.10(b) shows the emission

of two photons from ion pairs via cross-relaxation between the donor and acceptor ions

followed by the emission from the acceptor ions. There are some cases where quantum

cutting may occur through cooperative energy transfer where the emission of the donor

ion simultaneously excite two nearby ions through a cooperative process. The energy

resonance must be fulfilled, so the energy difference for the energy transfer transitions

in both ions must be equal.

Fig. 2.11: Energy levels and quantum cutting mechanism for Pr3+-Yb3+ couple in

SrF2 and (b) Emission spectra for SrF2:Pr3+-Yb3+ through quantum cutting process

(excitation wavelength is 441 nm) [24].

Pr3+-Yb3+ in different crystal field hosts is the most studied quantum cutting couple

[24–26]. Two energy transfer mechanisms have been assigned for quantum cutting in

the Pr3+-Yb3+ couple, (i) second-order cooperative energy transfer where one Pr3+ ion

feeds two different Yb3+ ions [26] and (ii) first-order resonant energy transfer [24, 25].

The 1st mechanism is where the Pr3+:3P0 level (see fig. 2.11(a))is situated at about

twice the energy level of the 2F5/2 level of Yb3+. The Pr3+:3P0-3H4 transition can

therefore excites two Yb3+ ions. The 2nd mechanism consists of two steps of resonance

energy transfer as shown in fig. 2.11(a). If a blue photon is absorbed (441 nm excitation

wavelength) into the 1I6- and 3Pj (j = 0, 1, 2) levels, depopulation from the 1I6- and

3P1,2 energy levels occurs to the metastable 3P0 level. Resonance energy transfer will
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then occur with two steps between Pr3+ and Yb3+ with 1G4 acting as the intermediate

level: Pr3+: [3P0-1G4, 1G4-3H4]→2×Yb3+: [2F5/2-2F7/2]. It results in feeding two Yb3+

ions which gives rise to the emission of two near infrared photons.

The energy transfer process in quantum cutting systems can be investigated by steady-

state and time-resolved luminescence spectroscopy [27]. The energy transfer (ηET ) and

quantum efficiency (ηQE) is usually calculated from the luminescence decay curves by

using the following equations:

ηET = ηx%Acc = 1−
∫
Ix%Accdt∫
I0%Accdt

= 1− τx%Acc

τ0%Acc

(2.14)

ηQE = ηDon(1− ηET ) + 2ηET (2.15)

where I and τ represent the intensity and the lifetime, respectively, x%Acc stands for

the acceptor concentration and ηDon represents the quantum efficiency for the donor

and is set to 1 [4]. The relative quantum efficiency can also be determined through

careful comparison of integrated areas from the emission spectra [24]. This can be

done by calculating the ratio of the integrated emission intensity of the donor ion in

the absence of the Yb3+ ion to the integrated Yb3+ ion emission intensity in co-doped

systems. To apply this method it is important to measure the emission spectra under

identical conditions. An example of this method has recently been applied on the Pr3+-

Yb3+ couple co-doped SrF2 host [24]. The corrected emission spectra for SrF2: Pr3+,

Yb3+ are shown in fig. 2.11(b) under 441 nm excitation wavelength. The emission of

Yb3+ was quenched at high Yb3+ doping concentration due to concentration quenching

between the Yb3+ ions. The conversion efficiency for the Pr3+ and Yb3+ doped SrF2

samples reached 140% until the conversion efficiency decreased at higher Yb3+ doping

due to concentration quenching.

2.9 Downshifting

Downshifting is a single photon process of shifting one higher energy photon into one

lower energy photon. In a typical downshifting process and is upon excitation with

a high-energy photon non-radiative relaxation occurs followed by radiative relaxation.
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The result is the emission of a lower energy photon. This fulfils the shifted wavelength

between the absorption spectrum and emission spectrum, which is known as the Stokes

shift. Luminescent downshifting can be used in many devices that show poor spectral

response to short-wavelength light. The downshifting materials absorb the short wave-

length light and re-emit at a longer wavelength where the external quantum efficiency

of the device is high. Ideal downshifting materials exhibit good external quantum ef-

ficiency, close to unity, and large Stoke shifts. A major advantage of downshifing for

solar cell devices the thermalization loss during the absorption of high energy photons

is minimized.

Fig. 2.12: Emission of the Eu3+ ion in SrF2 under 318 nm excitation wavelength.

A good example of a downshifting ion is Eu3+ which emits red light and exhibits large

Stokes shifts (>150 nm) [28–30]. The luminescence from Eu3+ mainly consists of nar-

row lines in the red spectral region. Such transitions are parity forbidden which is

characterized by a weak absorption cross-section. Most of the lines’ emission originate

26



Background information Chapter 2

from the transitions of the 5D0 level to the 7Fj (j = 0, 1, 2, 3, 4, 5, 6) levels, although

transitions from other 5D-levels are often observed. Fig. 2.12 shows the transition

and luminescence of Eu3+ in a fluoride crystal. The 5D0-7Fj transitions are ideally

appropriate to determinate the lattice site symmetry of the Eu3+ ion [15]. The elec-

tric dipole transitions between the 4f levels are strictly forbidden. The electric dipole

transitions, without inversion symmetry, become allowed and some transitions appear

and dominate the spectrum for even small deviations from inversion symmetry [15]. In

this respect, the 5D0-7F1 emission (around 591 nm in fig. 2.12)is due to the magnetic

dipole transition which is insensitive to the site symmetry. Whereas the 5D0-7F2 emis-

sion (around 615 nm) is due to the electric dipole transition that is induced by the lack

of inversion symmetry at the Eu3+ site. In the SrF2 crystal, the 5D0-7F1 emission is

much stronger than that of the 5D0-7F2 transition (see fig. 2.12).

2.10 Crystal structure of SrF2 and dopant defects

SrF2 is an ionic crystal with a molecular weight of 125.62 atomic units and a melting

temperature of 1477 oC. It has a face centered cubic (fcc) structure and a space lattice

of symmetry Oh with a lattice constant of 5.798 Å [31]. The crystal consists of a simple

cubic lattice of F− anions with Sr2+ cations occupying every second cube formed by

the F− lattice. This results in six interstitial sites or empty cubes surrounding each

Sr2+ ion (see fig. 2.13). The existence of vacant cubic sites that is equal in number to

the occupied cation sites, enables the SrF2 crystal to host a large number of anion F−

interstitials.

SrF2 is an insulator and is optically transparent. It consists of quite a large band-gap

of around 11 eV. Thermal excitation may however lead to anion Frenkel defects [32].

This makes SrF2 a weak ionic conductor at room temperature. The cation Frenkel

defects in SrF2 have large formation energy and therefore their effect on the structure

is small. SrF2 may undergo a superionic phase transition close to melting temperature

where a sudden increase of anion Frenkel defects occurs and the material becomes a

superconductor. The anion sublattice basically melts whereas the cation lattice remains

27



Background information Chapter 2

Fig. 2.13: A schematic diagram of the pure SrF2 structure, which shows that each

second simple cubic of the F− sublattic contains a Sr2+ ion (the other are empty).

relatively stable [32].

The dopant ions are most often Ln3+ ions. The divalent ions (Ln2+) simply substitute

Sr2+ ions in the crystal to form crystal defects with cubic symmetry. Up to 40%

of the Ln3+ ions may replace the Sr2+ ions leaving the structure without significant

change [32]. When Ln3+ ions are doped in SrF2 the extra positive charge relative to

the Sr2+ ion makes some type of charge-compensation mechanism necessary, which is

required to maintain the electrical neutrality of the crystal.

A number of crystal defects (or crystal field effects) can be formed when Ln3+ ions are

doped in SrF2, see fig. 2.14. The simplest defect has a cubic symmetry which consists of

a single substitutional Ln3+ ion. In this case the F− anion charge is situated elsewhere

in an interstitial site of the lattice and compensates for the Ln3+ extra charge.

Different types of crystal defects form with dipole formation. One common dipole

defect has tetragonal or C4ν symmetry. In this defect the anion F− ion is located in

one of the six interstitial sites, closest or nearest-neighbour (nn), to the Ln3+ ion. Such

defect has a net dipole moment type along a < 100 > direction [32–34]. In a trigonal

or C3ν symmetry, the F− ion is located in one of the eight interstitial sites next-next-
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Fig. 2.14: Some common structure defects involving Ln3+ ions.

neighbor (nnn) to the Ln3+ ion. The resulting net dipole moment then occur salong a

< 111 > direction [32, 34], see fig. 2.14.

Other defects result from Ln3+ ions clustering. The clusters likely tend to form with

high dopant concentration but they may also form at relatively small concentrations

due to unfamiliar interactions of a certain ion with the lattice [32]. These kind of defects

are found to cluster in two dipole (dimers) and three dipole (trimers) [32, 35]. These

dipole clusters may also “gattered”. In this type of clusters the clustering capture an

extra interstitial F− ion from the lattice [32, 36]. The dimer clustering consists of two

Ln3+ ion and two F− ion either all on nn or all on nnn sites.
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Chapter 3

Characterization techniques

The powder samples used in this work were characterized by several surface, structural

and optical techniques. The optical spectroscopic techniques provide various optical

information on the luminescent materials. These techniques are usually designed for

measuring the absorption, scattering and emission of light from the materials. The sur-

face and structural techniques are basically modelled to study the materials’ structure

and chemical composition of the investigated materials. All these techniques can pro-

vide qualitative and in certain cases quantitative analysis of the materials. This chapter

therefore provides a brief description of the theory and experimental procedures of the

techniques that were used in this study.

3.1 UV-Vis spectroscopy

This technique measures the absorption of light by the electronic transitions of the

material. The electronic absorption is often called UV-visible or UV-Vis spectroscopy

because the electronic transitions of the material require wavelengths typically in the

UV and visible region of the electromagnetic radiation. The transmission or absorption

measurements technique is however designed to measure the transmitted or absorbed

light from liquid samples as the light passes through. For solid or powder samples

however the diffuse reflectance measurements is a suitable technique.

Fig. 3.1 shows a schematic diagram of attenuation of a monochromatic beam of light

passing through a transparent material. Different mechanism can occur when light of

intensity I0 strike a transparent material including absorption, transmittance, scatter-

ing and reflection. The transmittance (T ) is defined as the ratio between the transmit-

ted light (I) and the incident light I0

T =
I

I0

, (3.1)
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Fig. 3.1: Schematic diagram showing the incident and transmittance light as it passes

through a transparent material.

According to Beer’s law the absorbance (A) is defined as

A = log
I0

I
= εlc = αc (3.2)

where c is the sample concentration, l is the length of the sample, α is the absorption co-

efficient and ε is the molar absorptivity. Both I0 and I can be measured experimentally

and thus A can be determined. The absorption coefficient is wavelength dependent and

a plot of α as a function of the wavelength is known as the absorption spectrum [1].

The spectrum represents the characteristic of a measured sample and hence it reflects

the fundamental electronic properties of the sample.

Fig. 3.2 represents the schematic diagram of a UV-Vis instrument. The main parts of

a UV-Vis instrument are the source, a monochromator and a detector. The deuterium

lamp is usually used as light source for UV measurement and a tungsten lamp for

visible measurement [2]. The monochromator is used to generate monochromatic beam

(single wavelength) radiation selected from a wide range of wavelengths. After the

light passed through the transparent sample, the light intensity is measured by a a

detector, e.g. photodiode, photomultiplier tube (PMT) or a charge coupled device

(CCD) detector [1]. Absorption of some of the wavelengths by the sample reduces

the transmitted light and vice versa. The measurement range of most spectrometers
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Fig. 3.2: Schematic diagram of key components of a typical dual-beam UV-Vis spec-

trometer [2].

ranges from about 200 nm to 800 nm. Measurement beyond 800 nm is also possible

but different light source, optics, and detectors are required.

The diffuse reflectance measurements instrument usually is used to measure the re-

flected light from the powder samples. The reflectance spectrum represent the reflected

light as a function of the wavelength. Diffuse reflectance instrument is equipped with

an integrating sphere coated with a white standard to collect the light reflected by the

standard and the sample [3]. Modern double-beam spectrophotometers provide holders

in which the powder sample and the white standard are tightly packed. In this study,

the diffuse reflectance spectra were recorded by a Lambda 950 UV-Vis spectrophotome-

ter with an integrating sphere that exhibits reflectance close to 100% reflectance in the

wavelength range from near UV to the near IR (spectralon saw used as the standard).

3.2 Photoluminescence spectroscopy (PL)

PL spectroscopy is a technique that is capable to measure the emission and excitation

as well as the luminescence lifetime of a luminescent material. PL spectroscopy mea-

surements are divided into the steady-state and time-resolved PL. In the steady-state

PL the information is normally extracted from the emission and the excitation spec-

tra. In time-resolved measurements the decay curve is used to extract the information.
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A typical PL spectrum is a distribution of the emission intensity as a function of the

wavelength measured at a fixed excitation wavelength. A photoluminescence excitation

spectrum is a measurement of the emission intensity at a single emission wavelength as

a function of excitation wavelength. The photoluminescence excitation spectrum, to

a good approximation, is identical to the absorption spectrum if there is no multiple

overlapping of excited states [1].

Fig. 3.3: Schematic illustration of the basic components of a spectrofluorometer.

Fig. 3.3 schematically shows the basic components of the PL spectrofluorometer. Light

photons, generated by the source, enter a monochromator that selectively transmit a

specific excitation wavelength that is used to excite the sample. The emitted light

is directed by lenses, dispersed by another monochromator and then collected by a

detector, i.e. PMT, photodiode or a CCD. The analog to digital convertor converts the

electrical signal that is generated by the photo detector into a digital signal. The digital

signal is then processed by software on a computer [1]. In this study two systems were

used to collect our PL data including the Cary Eclipse fluorescence spectrophotometer

and the 325 nm He-Cd laser PL system. The Cary Eclipse is equipped with PMT

detector and a xenon lamp that exhibits a wide excitation spectrum range between

200 and 1100 nm. The monochromator generally produces good monochromatic light.

The laser PL often produces some lines with 325 nm, therefore, a narrow filter was used

instead of an excitation monochromator. The NIR PL measurements were collected
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with a He-Cd laser PL system with a 325 nm excitation wavelength and a 2 mm InGaAs

photodiode detector.

Photoluminescence is a very sensitive technique to study the optical properties of ma-

terials. The time-dependent nature of photoluminescence can also be used to better

understand the chemical and physical information [4]. A pulsed excitation source and

a fast detector are required in time-resolved photoluminescence measurements. Today

lifetime as short as 10 femtoseconds can readily be detected. Time-resolved photolu-

minescence provides better information on the chemical surrounding of the material.

Therefore, time-resolved measurements can be used to investigate the energy transfer

and dynamic quenching that can occur on the system [5–8]. The time-resolved in-

strument is basically the same as the photoluminescence measurements [4]. The only

difference is that in the time-resolved instrument a pulsed source is included instead of

a continuous light source. The luminescence decay curves on this study were recorded

under pulsed excitation (HORIBA scientific) with a NanoLED diode and pulsed exci-

tation using a diode pumped YAG laser with a 335 nm excitation wavelength, power of

1.3 milliwatt and a SR430 Multichannel scaler photomultiplier (Linköping, Sweden).

3.3 X-ray diffraction (XRD)

3.3.1 Introduction

XRD is a technique that gives information on the degree of crystallinity, phase identi-

fication, lattice parameters and grain sizes of the materials [9, 10]. The basic idea of

the XRD mechanism is the diffraction of waves from the periodic arrays of atoms in

solids [9, 11]. About 95% of all solid materials can be described as crystalline materi-

als. The wavelengths of the x-rays are between 0.7 and 2.3 Å, which is approximately

close to the interplanar spacing of most crystalline materials. This makes x-rays a

suitable source for diffraction application. The x-ray wave scatter and interfere when

it approaches an atom due to its interaction with the atom’s electrons. In a crystal

the scattering produces a diffraction pattern with sharp maxima (peaks) at certain an-
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gles. The peaks in the x-ray diffraction pattern are directly related to the interatomic

distances [11].

3.3.2 Bragg’s law

The law was derived by Sir W.H. Bragg and his son Sir W.L. Bragg in 1913 [9]. Bragg’s

law explicitly explains why the cleavage faces of crystals appear to reflect x-ray beams

at certain angles of incidence. Using this law it is possible to make accurate qualification

and quantification analysis of the experimental results. A schematic diagram of Bragg’s

law in two dimensions is presented in fig. 3.4.

Fig. 3.4: Schematic diagram showing Bragg’s law and scattering from the atoms.

From fig. 3.4 it can be seen that an x-ray which reflects from the plane in the surface

of the crystal has traveled less distance than the x-ray that reflects from the atoms’

planes inside the crystal. The distance travelled relies on the separation of the layers

and the angle at which the x-ray entered the material. For the wave reflected from

the atom’s plane inside the crystal to be in phase with that reflected from the surface,

it needs to have travelled a whole number of wavelengths inside the material. Bragg

expressed this in an equation now known as Bragg’s Law:

nλ = 2d sin θ, (3.3)
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This law relates the angle at which there is a maximum in diffracted intensity to the

wavelength (λ) of x-rays and the inter-layer distance d between the planes of atoms, ions

or molecules in the lattice. n is an integer that represents the order of the diffraction

peak. The angle between the diffracted and transmitted beams is always equal to 2θ

because of the geometry of the Braggs condition. The 2θ angle is easily obtained in

experimental situations and the results of x-ray diffraction are therefore given in terms

of 2θ.

Normally a diffractometer is used to record the XRD pattern. The schematic diagram

that presents the essential features of a diffractometer is shown in fig. 3.5. It consists

of an x-ray tube (generating monochromatic x-rays of known wavelength), a detector

and a sample holders. The x-ray are directed onto the samples at a specific angle θ

while the detector records the intensity of the diffracted x-rays that are scattered at

an angle of 2θ.

Fig. 3.5: Schematic diagram of a x-ray diffractometer. The photo shows the Bruker

AXS D8 advance x-ray diffractometer used to collect the XRD data of this study.

The mean crystallite sizes can be calculated from the XRD pattern. The idea was first

investigated by Paul Scherrer who examined the effect of limited particle size on x-ray
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diffraction patterns and it is known as the Scherrer’s equation [12],

S =
Kλ

β cos θ
, (3.4)

S is the mean cystallite size which may be smaller or equal to the grain size, K is

the shape factor, β is the line broadening at half the maximum intensity (FWHM) in

radians and θ is the Bragg’s angle.

The XRD data of this study were collected by using a Bruker D8 Advance diffractome-

ter equipped with a copper anode (λ = 0.154 nm), operating at a voltage of 40 kV and

a current of 40 mA. Moreover, the Nickel was used as a filter for the monochromatic

x-rays as it absorbs the x-ray waves bellow a wavelength of 0.154 nm (see fig. 3.6).

Fig. 3.6: Characteristic emission of Cu x-ray emission without a filter and with a Nickel

filter. Adapted from [9].

3.4 X-ray photoemission spectroscopy (XPS)

Photoemission spectroscopy (also know as Electron Spectroscopy for Chemical Analysis

(ESCA)) extensively been used to investigate the chemical composition of the surface
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of solid materials [13–17]. A detailed description of the photoemission process and its

history can be found in various textbooks [18–23].

The basic idea of the XPS mechanism is based on the photoelectric effect where pho-

toelectrons can be released when the solid is excited with sufficient photon energy

(~ν) [24]. The kinetic energy of the ejected electrons is then given by [18]

Ek = ~ν − EB − Φ, (3.5)

where Ek is the kinetic energy of the ejected electron, EB is the binding energy (BE) of

the state from which the electron is ejected, and Φ is the sample’s work-function1. In

the photoemission process the counting rate of the photoelectrons (the photoemission

intensity I(Ek)) can be expressed as a function of binding energy by

I(Ek) = DOS(~ν − EB − Φ), (3.6)

where DOS(E) is the density of states as a function of the binding energy. Hence, in

the simplest case, the photoemission spectrum should therefore represents the energy

distribution of the electron states in a solid (see fig. 3.7) [25].

During the experimental procedure both the sample and analyser are grounded to-

gether, so their Fermi levels are aligned. It is therefore convenient to write the kinetic

energy, measured from the Fermi energy level, EF as [25]

Ek = ~ν − EB − φsp, (3.7)

where (φsp) is the spectrometer work-function. The binding energy is characteristic to

the core electrons for each element and plays a crucial role in interpreting the XPS

spectra. In the simplest case, the binding energy is determined by the electrostatic

attraction of electrons to the nucleus. The energy level of the core electrons depend

slightly on the chemical state of the atom. One can gain valuable information about

the system if the binding energy of XPS data is determined correctly. It is necessary

to understand the binding energy of XPS to distinguish between initial and final state

1The minimum amount of energy needed to remove an electron from the metal corresponds to the

work-function [21].
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Fig. 3.7: Schematic diagram of the energy distribution involved in photoemission spec-

troscopy.

effects. The final state effects occur due to the photoemission event itself and du to

the nature of the final state. In general the binding energy depends on the oxidation

states. The binding energy increases with increasing oxidation states. The measured

and calculated binding energies of the C 1s level in different chemical environments are

shown in fig. 3.8. XPS can therefore give information about atomic compositions and

about the chemical states of the elements.

The XPS results in this study were obtained with a PHI 5000 Versaprobe system. A

low energy Ar+ ion gun and low energy neutralizer electron gun were used to minimize

charging on the surface. A 100 µm diameter monochromatic Al Kα x-ray beam (hν =

1486.6 eV) generated by a 25 W, 15 kV electron beam was used to analyze the different

binding energy peaks. The pass energy was set to 11 eV giving an analyzer resolution

≤ 0.5 eV. Multipack version 8.2 software was utilized to analyze the spectra to identify

the chemical compounds and their electronic states using Gaussian-Lorentz fits.
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Fig. 3.8: Calculated and experimental XPS binding energies of C 1s in a range of

molecules via Koopman’s theorem [21]. These two values differ by 15 eV as indicated

by the straight line.

3.5 Auger electron spectroscopy (AES)

The AES technique is used for surface analysis almost similar to XPS. The Auger

effect was discovered by Pierre Auger in 1923. He observed that the detected electron

with kinetic energies were independent from incident electron beam. The mechanism

originates in an atom with a hole in the core level K. When this hole is filled with

an electron in level L1 the remaining energy causes an electron to be released from

level L2,3. In other words, Auger electrons are generated when incident radiations

interact with an atom and subsequently provides secondary electron. The process is

schematically shown in fig. 3.9. The kinetic energy of ejected Auger electron is given

by

Ekin = EK − EL1 − EL2,3 − φ, (3.8)
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Fig. 3.9: Schematic diagram showing the decay of ionized atoms by emission of the

KL2,3L2,3 Auger electron.

where φ is the workfunction of the analyzer. The notation K is the initial state and

L1 and L2,3 represent the final state transitions. Eqn. 3.8 is an approximate formula

for the Auger electron’s kinetic energy. It does not take account for the difference

between a one-hole binding energy state and a two-hole binding energy state. One

very approximate method to account for this was developed by Jenkins and Chung [26]

(the revised form of Eqn. 3.8) is therefore

Ekin = Ez
K −

1

2

[
Ez
L1

+ Ez+1
L1

]
− 1

2

[
Ez
L2,3

+ Ez+1
L2,3

]
− φ (3.9)

where z is the atomic number of the atom involved. AES provides element-specific

information on the surface region. AES is therefore a very surface sensitive technique.

This is because of the relatively short inelastic mean free path for Auger electrons. AES

can detect all elements except H and He. Fig. 3.10 shows a typical Auger spectrum

for the Ce and Eu doped SrF2 phosphor material. Peaks that are related to the Ce,

Eu, F and Sr Auger peaks and peaks related to C and O contaminations of the surface

are clearly shown. PHI 700 scanning Auger nanoprobe were used to collect the Auger

measurements in this study. The AES surveys were done with a 25 kV and 10 nA
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electron beam.

Fig. 3.10: A typical Auger spectrum for the SrF2:Ce,Eu phosphor material.

3.6 Time-of-flight secondary ion mass spectrome-

try (ToF-SIMS)

TOF-SIMS is an analytical surface technique that provides elemental, compositional,

chemical and molecular information from the surface of the solid state sample by bom-

barding the surface with a pulsed ion beam (Cs, Bi or microfocused Ga). Fig. 3.11

illustrates the basic principles of TOF-SIMS technique. When the primary ion beam

hits the surface sample it causes secondary ion and ion clusters to be emitted from the

sample’s surface. The secondary ions with specific polarity are then accelerated into a

field-free drift region with kinetic energy given by

Ekin = zU0 =
mν2

2
. (3.10)

45



Characterization techniques Chapter 3

Fig. 3.11: Schematic diagram of Time-of-Flight Secondary Ion Mass Spectrometry

(TOF-SIMS).

z is the charge of the secondary ion, ν its velocity, m its mass and U0 is the accelerating

voltage. In this study, the potential U0 is kept at ± 2000 volts, depending on the ion

species. A negative voltage is preferred to be used for species with positive ions and

a positive voltage is suitable of negative ions. Ions with different masses travel with

different velocities and hence the mass separation can be obtained in the flight time

(t). The flight time is given by

t =
L

ν
= L

√
m

2zU0

, (3.11)

where L is the effective length of the mass spectrometer. The mass to charge ratio

measured is given by

m

z
=

2U0t
2

L2
. (3.12)

Mass resolution is important for accurate identification of the peaks in a ToF-SIMS

spectrum. The mass resolution represents to what extend the ionic mass of inter-

est can be distinguished from other interfering masses (a high value indicates a good
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distinction). The mass resolution (4m
m

)−1 of the TOF-SIMS system is given by

m

4m
∼=

t

24t
, where 4t =

√
4t2p +4t2D +4t2A, (3.13)

4m is the peak width, 4tp is the duration of the primary ion pulse, 4tD is the time

resolution of the detector system (rise and deadtime in the detector and its electronics)

and 4tA is due to time focusing aberrations in the analyser [27]. The mass resolution

can also be calculated from the spectrum as the mass of the highest peak intensity

divided by the peak width at full width half maximum (FWHM),

m

4m
=

mass at highest energy

peak width
. (3.14)

Fig. 3.12: SIMS 5 TOF-SIMS instrument based on department of physics, UFS.

In principle ToF-SIMS is a very simple analysis technique but it is not always so

straightforward to interpret the mass spectrum due to the number of information ob-

tained when a spectrum is acquired. TOF-SIMS is the most sensitive technique for

elemental analysis and is therefore used for numerous information including the chemi-

cal structure of the surface. The mass spectrum of ToF-SIMS analysis scans all atomic
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masses over a range of 0-10,000 amu (including single ions (positive or negative), indi-

vidual isotopes, and molecular compounds). Maps of any mass of interest can also be

produced by the rastered beam.

All the data in this work were collected by SIMS 5 TOF-SIMS instrument from ion-

TOF (fig. 3.12). It is equipped with a Bi primary ion source and a dual column Oxygen

(O+) and Caesium (Cs+) sputter source, acting as two active ion sources. The flight

path is 2 m and it contains a multi channel plate analyzer with 2 million channels.

3.7 Scanning electron microscopy (SEM)

Fig. 3.13: Schematic diagram of a scanning electron microscopy system with other

signals that can be produced during electrons bombardment [28].

SEM is a microscope that uses a focused electron beam to generate information from the

surface of solid specimens. Topography (i.e. texture) and morphology (the shape and

size of surface’s particles) of a sample can be revealed by SEM. SEM can also be used

to perform energy-dispersive x-ray spectrometer (EDS) measurements to determine the

chemical composition [28].
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The principle of the SEM technique is governed by the interaction of the electron

beam with a solid sample’s surface. In a SEM instrument, electrons are generated

from an electron gun and then focused and accelerated onto the sample’s surface (fig.

3.13). When the electron beam hits the sample surface different kinds of signals are

produced. These are including secondary electrons, backscattered electrons, x-ray pho-

tons, Auger electrons, diffracted backscattered electrons and heat. Secondary electrons

and backscattered electrons are used to image the samples’ surfaces. Secondary elec-

trons provide information on the morphology and topography of the samples while

backscattered electrons are used for illustrating contrasts in compositions in multi-

phase samples (i.e. for rapid phase discrimination) [29]. The SEM images of this

project are collected by using a Shimadzu Super-scan scanning electron microscope

model ZU SSX-550 and JEOL JSM-7800F high field emission scanning electron micro-

scope (FE-SEM) equipped with EDS.
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Chapter 4

Concentration quenching, surface and spectral analyses

of SrF2:Pr3+ prepared by different synthesis techniques

The luminescent and surface properties of SrF2:Pr3+ powder prepared by different

synthesis techniques are outlined in this chapter. It was studied to investigate the

effect of different synthesis techniques on the concentration quenching.

4.1 Introduction

Pr3+ is an interesting ion because it has multiple transitions that allows for detailed

studies of both radiative and non-radiative mechanisms. Pr3+ doped materials have

been extensively investigated due to its potential use in a variety of applications [1–5].

For phosphor applications, the 4f-4f transitions are the most relevant, especially the

1D2-3H4 red emission from Pr3+ doped oxide materials [6, 7]. Recently, the Pr3+ ion was

found to be a promising co-doped ion in the lanthanide-based luminescent materials to

be used for quantum cutting with the Yb ion, which can be used to enhance the solar

cell efficiency [1, 8]. Quantum cutting with Pr3+ requires a host material with a lower

vibrational energy. SrF2 has very small cut-off phonon energy (∼ 350 cm−1) and was

found to be a good host for the quantum cutting application [1, 8].

The SrF2:Pr3+ system has been investigated by several researchers [5, 9, 10] and the

majority reported the photon emission cascade and energy transfer mechanism in SrF2

doped with Pr3+ ions (with the main focus on the 4fn-4fn−15d emission). The 4f-4f

transitions have also been studied, but most of these results have been devoted to the

red emission from Pr3+ doped oxide materials [6, 7, 11]. On the other hand, it has been

shown that the probability of the multi-phonon relaxation between 3P0 and 1D2 levels

of Pr3+ significantly decreases as the phonon energy of the host decreased [12]. It has

also been observed that the emission intensity of the 3P0 state of the Pr3+ doped host

with a small phonon energy decreased with increasing the Pr3+ concentration. This
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was attributed to cross-relaxation processes [12–15]. This behavior normally occurs at

the smaller average interionic distances between the Pr3+ ions.

Most investigations on the concentration quenching of Pr3+ doped crystals have been

studied in oxide hosts. The different pathways by which cross-relaxation can take place

makes Pr3+ a challenging ion to study. The low phonon energy of the SrF2 host may

play a key role on the optical properties of the dopant ion. Furthermore, the emission

intensities of lanthanide ions in a host were found to be strongly dependent on the

condition of the synthesis procedure [8]. This was observed on Pr3+ co-doped Yb3+ in

SrF2 where the concentration quenching of both ions at small concentrations reduced

the near infrared emission intensity and prevented more quantitative assessment of the

quantum cutting efficiency. The SrF2:Pr,Yb quantum cutting samples were synthesised

by solid state reaction [8]. It is therefore quite meaningful to study the effect of different

synthesis techniques on the concentration quenching of Pr3+ in SrF2 phosphor. In this

chapter, the surface and spectral investigation of Pr3+ doped SrF2 phosphor powders

prepared by using both the hydrothermal and combustion methods are studied. The

concentration quenching of Pr3+ for both methods was investigated.

4.2 Experimental

Cubic SrF2 nanocrystals doped with Pr3+ were prepared using hydrothermal and com-

bustion synthesis procedures, as previously described [16, 17]. For the hydrothermal

synthesis, analytical grade of Sr(NO3)2, Pr(NO3)3.6H2O, NH4F, sodium oleate, oleic

acid and ethanol were used without further purification. For a typical synthesis of

SrF2:Pr3+, ethanol, sodium oleate and oleic acid were added simultaneously to an

aqueous solution containing Sr(NO3)2, NH4F and Pr(NO3)3.6H2O. After 10 min of

stirring the milky colloidal solution was transferred to a 125 ml autoclave lined with

teflon and heated at 180 0C for 24 h. The product was collected by centrifugal and

washed with water and ethanol. Finally, the product was dried for 24 h in an oven at

80 0C. The as-prepared SrF2:Pr3+ samples did not emit, therefore, they were sintered

for 2 h at 450 0C.
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In the combustion synthesis, an aqueous solution of NH4F was added drop-wise to a

mixture of Sr(NO3)2, Pr(NO3)3.6H2O and urea, which was used as fuel. The milky

solution was collected after thoroughly stirring. Then, the obtained solution was trans-

ferred into a porcelain crucible and placed in a furnace at 500 0C until the ignition

occurred. Finally, the as-prepared powder was sintered for 2 h at 700 0C.

The phosphors were characterized by XRD (Bruker Advance D8 diffractometer with Cu

Kα radiation (λ = 0.154 nm)) to identify the crystalline structure of the powder. PL

and PLE spectra were collected using a Cary Eclipse fluorescence spectrophotometer

and Horiba scientific (Fluorolog-3) spectrofluorometer equipped with a xenon lamp.

The surface morphology was recorded using a Shimadzu Supers-can scanning electron

microscope model ZU SSX-550. High resolution XPS was obtained with a PHI 5000

Versaprobe system. A low energy Ar+ ion gun and low energy neutralizer electron gun

were used to minimize charging on the surface. A 100 µm diameter monochromatic

Al Kα x-ray beam (hν = 1486.6 eV) generated by a 25 W, 15 kV electron beam was

used to analyze the different binding energy peaks. The pass energy was set to 11

eV giving an analyzer resolution ≤0.5 eV. Multipack version 8.2 software was utilized

to analyze the spectra to identify the chemical compounds and their electronic states

using Gaussian-Lorentz fits. All measurements were performed at room temperature.

4.3 Results and Discussion

Fig. 4.1(a) depicts the XRD patterns of SrF2:Pr3+ prepared by the hydrothermal and

combustion method as well as the standard data for SrF2 (card No. 00-086-2418). The

strong diffraction peaks indicate that the samples powder is fully crystallized (face-

centred cubic with space group: Fm3m). The patterns for doped samples with Pr3+

are similar to those from the pure SrF2 matrix. This indicates that there is no obvious

influence of the dopants on the crystalline structure of the host. It can, however, be

noticed that doping of Pr3+ in both methods causes a slight shift to a higher angle

with comparison to the standard data (fig. 4.1(a)). This can be attributed to the

radius difference between Pr3+ (0.099 nm) and Sr2+ (0.126 nm) ions, which confirms
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Fig. 4.1: (a) XRD patterns of SrF2:Pr3+ phosphors; (b) Williamson-Hall plots for Pr3+

doped SrF2 samples for both the hydrothermal and combustion methods.

that Pr3+ ions are incorporated into the SrF2 lattice. The sintering temperature of the

as-prepared hydrothermal samples caused a slight variation in the XRD intensities.

The reason might be that, the orientation growth of the particles occurred in certain

directions. The calculated SrF2 lattice parameter is (5.778 ± 0.0025) Å and (5.775

± 0.0054) Å for the samples prepared by the combustion and hydrothermal methods,

respectively. These results agreed well with reported values [17].

S using Deby-Sherrers equation (nm) S using William-Hall

equation (nm)

hydrothermal 37-41 36

combustion 56-62 69

Table 4.1: The estimated average crystallite size (S) of the particles using the William-

Hall and the well-known Debye-Scherrers equations.

Fig. 4.1(b) shows Williamson-Hall plots for the combustion and hydrothermal samples,

where the peak broadening is dependent on both crystallite size and microstrain. The

Williamson-Hall equation is given by β cos θ = Kλ/S + 4ε sin θ, where λ is the wave-
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Fig. 4.2: SEM images of SrF2:Pr3+ phosphors prepared by different synthesis methods

(a) combustion and (b) hydrothermal.

length of the x-rays (0.154 nm) and β is the full-width at half maximum of the x-ray

peak at the Bragg angle θ, K is a shape factor taken as 0.9, S is the crystallite size and

ε is the microstrain [18]. The slope of this equation is equal to the microstrain and the

crystallite size can be calculated from the intercept (Kλ/S). The microstrain of both

the hydrothermal and combustion samples has values approximately of 0.0012 (0.12%)

and 0.0017 (0.17%), respectively, showing only very small amount of microstrain in this

produced materials. The bigger strain was produced by combustion synthesis, which

might be true as the combustion technique requires a higher temperature. The esti-

mated average crystallite size (S) of the particles was calculated from both the slope

of the William-Hall equation and from the well-known Debye-Scherrers equation [19].

These are tabulated in table 4.1, which show that the hydrothermal method produced

a smaller particle size.

SEM images were obtained in order to investigate the surface morphology of the syn-

thesized phosphors. Fig. 4.2 represents the SEM images that were taken from the

powders that were prepared by the different synthesis methods ((a) combustion and

(b) hydrothermal). The results indicate different types of morphology. The combustion
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synthesis produced large number of particles and voids, which may be due to the high

temperature reaction during the combustion process. In hydrothermal synthesis fluffy

type morphology was formed. These results suggested that the synthesis procedure

strongly change the morphology of the SrF2:Pr3+ phosphor.

XPS measurements have been done in order to investigate the chemical, composition

and bonding state of the SrF2:Pr3+ phosphors. There was no difference observed in

the XPS spectra of the two synthesis methods. Fig. 4.3 shows the peak fits for the (a)

Sr 3d, (b) F 1s and (c) Pr 3d high resolution XPS peaks and (d) the survey scan for

SrF2:Pr3+. The results confirmed the presence of Sr, F, and Pr to their corresponding

binding energies. In addition C and O were also observed. The C contamination is

attributed to adventitious hydrocarbons which are known to be always present [20]. In

a fluoride compound oxygen is considered to be a common impurity [21]. In fact the

presence of the O in the sample did not change the structure of the sample (see fig.

4.1(a)). Therefore, the O contamination was due to adventitious impurity species in the

surface rather than oxygen impurity in the SrF2 matrix. During the peak fit procedure,

the C 1s peak at 284.8 eV was taken as a reference for all charge shift corrections. This

is done because the C 1s peak resulted from hydrocarbon contamination and its binding

energy generally remains constant, irrespective to the chemical state of the sample. In

the peak fit procedure, all the Gaussian percentages were assumed to have a combined

Gaussian-Lorentzian shape. The high resolution XPS peak for the Sr 3d showed two

individual peaks. These two peaks are assigned to Sr 3d in SrF2 that originate from

the spin-orbit splitting 3d5/2 (133.52 eV) and 3d3/2 (135.30 eV), while the F 1s peak

is situated at 684.67 eV. The Pr 3d5/2 signal was comparatively low, which is due to

a very low doping concentration of Pr. The high resolution XPS for Pr 3d5/2 peak

consists of two individual peaks, which are assigned to the Pr3+ peak in SrF2:Pr3+ and

a shake-down (s) peak that is always present in the Pr 3d spectra [22, 23]. These results

not only approved the formation of the SrF2 matrix, but also confirm the presence of

the Pr dopant in the material.
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Fig. 4.3: High resolution XPS peaks of (a) Sr 3d, (b) F 1s, (c) Pr 3d3/2, and (d) survey

scan for SrF2:Pr3+ phosphors.
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Fig. 4.4(a), (b) and (c) show the excitation and emission spectra of the SrF2 phosphor

doped with Pr3+ ions that were prepared by the combustion and the hydrothermal

methods. The extra charge of Pr3+ doped SrF2 was compensated locally by F− ions.

All observed excitation and emission bands are similar in both synthesis methods. The

excitation spectrum of SrF2:Pr3+ (fig. 4.4(a)) was obtained by monitoring the emission

centered at 488 nm (3P0-3H4 transition). The observed excitation bands are similar

in both synthesis, which are corresponding to the transitions of 3H4-3Pj (j=0, 1, 2)

and 1I6. All these bands occurred within the 4f-4f transitions of the Pr3+ ion [11].

The metastable 3P0 energy level depopulated through non-radiative relaxation when

any level above 3P0 is optically excited. Upon excitation with 439 nm (into the 1I6

and 3Pj, j = 0, 1, 2), depopulation from the 1I6 and 3P1,2 energy bands occurred to

the metastable 3P0 energy band. Both samples exhibit blue-red emission from the 3P0

level. There are at least six luminescent bands that correspond to relaxation from

the 3P0 emission energy band. These six bands are centered at 488, 524, 605, 638,

715 and 730 nm, which are assigned to the 3P0-3H4, 3P0-3H5, 3P0-3H6, 3P0-3F2, 3P0-

3F3 and 3P0-3F4 transitions, respectively [8]. This demonstrates that the dominant

transition in SrF2 is the 3P0 transition. There is also a small peak marked with (S)

around 879 nm (fig. 4.4(b) and (c)), which is assigned to the second order observation

of the excitation wavelength. This band has been previously assigned to the 3P0-

1G2 transitions [8], but in this work, we observed that its position changes with the

excitation wavelength, which is exactly twice of the excitation wavelength (λexc). The

second order observation of the Pr3+ system has also been previously reported on Pr3+

doped YF3 [2]. The actual peak of 3P0-1G4 transition in SrF2 host is very much weaker

and can be clearly seen in the inset of fig. 4.4(c). Its position in the fluoride hosts was

found around 974 nm, which is well in agreement with our results [24].
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Fig. 4.4: Excitation and emission spectra of SrF2:Pr3+ at different synthesis methods,

(a) excitation and (b) emission spectrum for combustion method, (c) emission spectrum

for hydrothermal method. The inset shows the weak 3P0-1G4 transition band of Pr.

61



Concentration quenching, surface and spectral . . . Chapter 4

Concentration quenching is considered to be a common energy loss mechanism for

dopant ions. We therefore have prepared the SrF2 phosphors doped with different con-

centrations of Pr3+ ions. Fig. 4.5 shows the 3P0-3H4 emission intensity variation as a

function of Pr3+ concentration for combustion and hydrothermal methods. It is worth

mentioning that all the samples were carefully synthesized and measured under the

same condition for each preparation method so that the Pr3+ ion emission intensity

can be compared. In the combustion method, the PL intensity of the 3P0 emission

increased until around 0.2 mol% Pr3+ concentration, whereas in the hydrothermal

method it increased from 0.1 up to around 0.4 mol% Pr3+ concentrations. It then

started to decrease systematically as the Pr3+ concentration increased. This demon-

strates that the optimum Pr3+ doping for maximum luminescence of Pr3+ doped SrF2

was about 0.2 and 0.4 mol% for the combustion and hydrothermal samples, respec-

tively. The same behaviour was also observed for the other emission bands. When the

Pr3+ ions concentration increases, the Pr3+-Pr3+ distance decreases, which give rise

to non-radiative energy transfers between Pr3+ ions. This causes non-radiative energy

transfer between Pr3+ ions. Therefore, the emission intensity strongly depends on the

distance between Pr3+ ions. Thus, the difference in the intensity optimization between

the synthesis methods can be associated to the distance between nearby Pr3+ ions.

This assumption is drawn from the knowledge that the lanthanide ions form clusters

in SrF2 because charge compensation is required when Sr2+ is substituted by Pr3+

ions [25, 26]. The Pr3+ ions form less clustering in the hydrothermal samples relative

to that in the combustion samples. This makes the energy transfer between Pr3+ ions

in combustion samples more effective than in hydrothermal samples. However, the

non-radiative emission from 3P0 level normally occurs through two different processes:

relaxation by multi-phonon emission to the 1D2 level, or cross-relaxation between Pr3+

pairs. As it is mentioned earlier the probability of the multi-phonon process signifi-

cantly reduces as the phonon energy of the host decreases [12]. The energy difference

between 3P0 and 1D2 is around 3500 cm−1 and the energy cut-off of the SrF2 is about

350 cm−1. This means that ten phonons are required to bridge the energy gap. It is

well known that when the number of required phonons exceeded 5, the possibility of

multi-phonon relaxation to occur is low. Hence, the multi-phonon relaxation processes
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for the 3P0 and 1D2 levels can be considered negligible. Therefore, the 3P0 emission

quenching might occur due to the cross-relaxation interaction between the nearby Pr3+

ions as a results of clustering effects.

Fig. 4.5: Variation of the Pr3+ emission intensity as a function of Pr3+ concentration

for hydrothermal and combustion methods. The vertical lines represent the error bars.

(Note: The comparison were only made for the optimum Pr3+ doping concentration

between the two synthesis methods. The excitation slit width was different for the two

methods during the measurements).

It is necessary to describe the type of interaction that is responsible for the non-

radiative energy transfer process between the Pr3+ ions. According to Dexter’s theory

[27], if the energy transfer occurs between the same sorts of activators, the strength of

the multipolar interaction can be determined from the change of the emission intensity

with concentration ions as follow:

I

C
= κ(1 + β(C)Q/3)−1, (4.1)

where C is the activator concentration; Q = 6, 8, 10 for dipole-dipole, dipole-quadrupole,
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Fig. 4.6: The curve of log(I/C) vs. log(C) in SrF2:Pr3+ phosphors.

quadrupole-equadrupole interactions, respectively; and κ and β are constant for the

same excitation conditions for a given host material.

At a concentration C higher than the critical quenching concentration Cc, Eqn. 4.1

can be approximated to Eqn. 4.2 below for β(C)Q/3 [28];

I

C
=

κ
′

β(C)Q/3
(4.2)

where κ
′

is constant and C is the activator concentration greater than Cc. Fig. 4.6

represents log I/C as a function of log C. It can be seen that the dependence of

log I/C versus log C is linear for both techniques and the line slopes are -2.006 and

-2.05759 for the combustion and hydrothermal, respectively. Therefore the value of Q

for both techniques is approximately equal to 6, which indicates that the dipole-dipole

interaction between Pr3+ ions is the mechanism that is responsible for the concentration

quenching in the SrF2:Pr3+ phosphor. The dipole-dipole interactions have also been

reported previously to describe the interaction between Pr3+ ions in LaF3 and BaTa2O6

crystals [29, 30]. Such information could be important for the optimization of the Pr3+
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concentration in nano-crystalline materials for certain applications.

4.4 Conclusions

The SrF2:Pr3+ powder was prepared by hydrothermal and combustion methods. The

XRD patterns showed strong and sharp diffraction peaks for both samples, which

indicate that the powders were completely crystallized with a pure face-centred cubic

(space group: Fm3m) structure. A comparison between these two methods showed

that the calculated particle sizes are smaller for the hydrothermal technique. XPS

confirms the presence of Sr, F and Pr materials on the host matrix. It was found

that both samples exhibit blue-red emission under 439 nm from 4f-4f excitation at

425 to 500 nm. The optimum Pr3+ doping level for maximum emission intensity was

0.4 and 0.2 mol% for the hydrothermal and combustion samples, respectively. The

reduction of Pr3+ emission intensity was a result of the Pr3+ clustering in SrF2 due to

charge compensation. The dipole-dipole interactions between the nearby Pr3+ ions is

responsible for the concentration quenching of Pr3+ intensity in the SrF2:Pr3+ crystal.
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Chapter 5

The effects of Eu-concentrations on the luminescent

properties of SrF2:Eu downshifting nanophosphor

This chapter studied the effect of Eu-concentration on the Eu emission in SrF2 crys-

tal. The investigation was done to study the possibility of using the Eu ions as a

downshifting layer for a solar cell application.

5.1 Introduction

Lanthanide ions including europium (Eu) ion are trivalent in most of their compounds,

whereas in certain compounds Eu shows two oxidation states (trivalent (Eu3+) and

divalent (Eu2+)) [1, 2]. These two oxidation states have also been identified in certain

hosts at high temperature treatment in a reducing atmosphere (such as H2/Ar, H2/N2)

or air condition [3–5]. The presence of these oxidation states has caused detailed

theoretical and experimental measurements by various workers [1, 6, 7].

It is well known that Eu3+ ion doped materials emits red light and exhibits large Stokes

shifts (>150 nm), which makes it a suitable ion in various applications [8–10]. The

emission of Eu3+ is mainly originated from the 4f-4f transition (more details in chapter

2). Such transition is parity forbidden, which is characterized by weak absorption cross-

section. In some applications, high or suitable absorption cross-section is needed. One

of these applications is the use of Eu3+ as a downshifting layer to enhance the response

of photovoltaic cells [11, 12]. In order to enhance the 4f-4f absorption strength of Eu3+,

a sensitizer with a high absorption coefficient is required. This sensitizer can efficiently

absorb all the light in the ultraviolet (UV) part of the solar spectrum and transfers

its energy to the downshifting ion (Eu3+). A number of researches reported on the

synthesis of new dye Eu3+ complexes to enhance the spectral response of Eu3+ [13, 14].

However, Eu2+ ion showed a broadband that originated from the 4f65d1-4f7 inter-

configuration fully allowed transition [15]. Thus, the presence of Eu2+ and Eu3+ in a
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host is very crucial in down-shifting applications.

SrF2 is one of the most widely used optical materials due to its optical properties (wide

bandgap and low phonon energy) as well as physical properties (low refraction index,

high radiation resistance, mechanical strength and low hygroscopicity) [16]. The Eu

doped as-prepared SrF2 phosphor has been studied by different researchers [17, 18]. In

2008, Y. Jin et al. [17] reported that Eu3+ emits visible light dominated by a narrow

band situated at 591 nm upon UV irradiation. The optimal Eu3+ doping for maximum

luminescence of Eu3+ doped SrF2 nanospheres was reported to be about 2 mol%.

This demonstrates that the sample exhibited only the Eu3+ oxidation state of the Eu

compound in SrF2. A study by S. Kurosawal et al. [18] demonstrated that the Eu doped

as-prepared SrF2 revealed both the emissions from the Eu oxidation states (Eu3+ and

Eu2+). The light output of the SrF2:Eu scintillator was significantly enhanced. In fact,

Eu3+ is more stable than Eu2+ in material scintillators. Therefore, the presence of both

Eu oxidation states gave rise to better scintillation properties [18]. It is therefore quite

meaningful to investigate the Eu doped SrF2 for its application in photovoltaic cells.

In this chapter, the potential application of a Eu doped SrF2 nano-phosphors as a

possible downshifting phosphor is investigated. The surface and spectral analysis to

study the effect of the Eu concentrations on the luminescent properties are presented.

5.2 Experimental setup

Eu doped and undoped SrF2 phosphor samples were synthesised by the hydrothermal

method. For the hydrothermal process, all chemical reagents were of analytical grade

and were used without further purification. For a typical synthesis, 1 mmol of Sr(NO3)2

was first dissolved in 30 mL distilled water, followed by 5 mmol of C10H14N2O8.2H2O

(Na2EDTA, ethylenediamine tetraacetic acid disodium salt) and 2 mmol of NaBF4

under constant stirring. After further magnetic stirring for 10 min. the solution was

transferred into a 125 ml autoclave lined with Teflon, heated at 160 0C for one hour

and naturally cooled down to room temperature [19]. The product was collected by

centrifugal and washed with water and ethanol. Finally, the product was dried for
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10 hours in an oven at 60 0C. Eu doped SrF2 samples were prepared by the same

hydrothermal technique, Eu(NO3)3.(H2O)5 was used as source for the Eu dopant.

The phosphors were characterized by XRD (Bruker Advance D8 diffractometer with

Cu Kα radiation (λ = 0.154 nm)) to identify the crystalline structure of the powder. PL

spectra were collected using a Cary Eclipse fluorescence spectrophotometer equipped

with a xenon lamp and also He-Cd laser PL system with a 325 nm excitation wavelength

with 1 milliwatt power. The surface morphology was recorded using a Shimadzu Supers

scanning electron microscope model ZU SSX-550. Transmission electron microscopy

(TEM) specimen was prepared using a FEI Helios Nanolab 650 FIB. Initial milling of

the TEM section was done with 30 keV Ga ions with a final polishing performed at 2

keV producing a near damage free TEM foil. Specimens were analysed (imaged in the

high-angle annular dark field mode (HAADF)) using a JEOL ARM 200F transmission

electron microscope operated at 200 kV with an Oxford X-Max 80 EDS detector. An

IonTof time of flight secondary ion mass spectrometer instrument equipped with a

Bi primary ion source was used to characterize the nanophosphor materials for their

chemical composition. In spectroscopy mode, the system equipped with a DC current

of 30 nA and a pulsed current of 1 pA at 30 kV with a heating current of 2.95 A and

emission current of 0.8 µA was used. High resolution XPS was obtained with a PHI

5000 Versaprobe system. A low energy Ar+ ion gun and low energy neutralizer electron

gun were used to minimize charging on the surface. A 100 m diameter monochromatic

Al Kα x-ray beam (hν = 1486.6 eV) generated by a 25 W, 15 kV electron beam was

used to analyze the different binding energy peaks. The pass energy was set to 11 eV

giving an analyzer resolution ≤ 0.5 eV. Multipack version 8.2 software was utilized

to analyze the spectra to identify the chemical compounds and their electronic states

using Gaussian-Lorentz fits. Luminescence decay curves were recorded by using a diode

pumped YAG laser with a 335 nm excitation wavelength, power of 1.3 milliwatt and a

SR430 Multichannel scaler photomultiplier. All measurements were performed at room

temperature.
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5.3 Results and discussion

5.3.1 Structure and morphology analysis

Fig. 5.1 shows the XRD patterns of undoped and doped SrF2 as well as the standard

data for SrF2 (card No. 00-086-2418). The sharp and strong diffraction peaks indicate

that the sample powder was fully crystallized (face-centered cubic with space group:

Fm3m). Doping of Eu caused a slight shift to a higher angle with comparison to the

undoped sample and standard data (see dashed line in fig. 5.1). This can be attributed

to the radius difference between Eu (Eu2+ is 0.125 nm and Eu3+ is 0.107 nm) and Sr2+

(0.126 nm) ions, which confirms that Eu ions were successfully incorporated into the

SrF2 lattice. It should be mentioned that doping of Eu ions (up to 10 mol%) did not

change the structure, morphology and crystallization of the SrF2 host in this study.

The calculated SrF2 lattice parameter was 5.785 ± 0.0054 nm and this indicates a small

reduction in the unit cell compared to the standard card (5.80 nm) [20].

The estimated particle size S was calculated using the diffraction peaks and Scherrer’s

equation [21].

S =
0.9λ

β cos θ
(5.1)

where S is the average size of SrF2 particles, λ is the wavelength of the x-rays (0.154

nm) and β is the full-width at half maximum of the x-ray peak at the Bragg angle θ .

The average crystallite sizes of the undoped and doped samples are tabulated in table

5.1. Doping with Eu ions tend to reduce the nano-particle size of the matrix. This

result is in agreement with a study done by F. Wang et al. [22]. They have described

a material system in which doping influences the growth process to give simultaneous

control over the crystallographic phase, size and optical emission properties on the

resulting nano-crystals. The system described was NaYF4 nanocrystals and the results

showed (specifically the XRD results) that the nanocrystals can be tuned in size (down

to ten nanometres), phase and upconversion emission colour through the use of trivalent

lanthanide dopant ions introduced at defined concentrations.
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Fig. 5.1: XRD pattern of (a) SrF2 and (b) SrF2:Eu 3.0 mol% samples. The vertical

lines are the standard data of SrF2 from the 00-086-2418 card.

Eu concentration (mol%) particle size (nm)

host 7.6

1.5 7.3

3.0 6.8

10.0 4.5

Table 5.1: Calculated particle size of the undoped and Eu doped SrF2 using Sherrer’s

equation.

The morphology of the as-prepared doped and undoped SrF2 samples were charac-

terized with SEM. Fig. 5.2 presents the SEM images of the as-prepared and 5 mol%

of Eu3+ doped SrF2 at low (a, b) and high (c, d) magnification, respectively. A large

number of uniform microsphere agglomerated particles with a diameter of about 1.5-2.0

µm were formed in both the doped and undoped SrF2 samples. These results confirm

that doping with Eu ions does not change the structure and the morphology of the

SrF2 sample. In order to study the surface morphological features of the nanophos-

phor, HRTEM was performed. HRTEM image for the individual microsphere particles

are shown in fig. 5.2(e), which reveals that the microsphere particles consists of dense
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Fig. 5.2: SEM images of undoped (a, c) and 5 mol% of Eu doped (b, d) SrF2 at low

and high magnification, respectively, (e) HRTEM image of the Eu 5 mol% SrF2 sample

and (f) EDS spectrum of the Eu doped SrF2 samples.

particles in the nano-structure size 5-7 nm range. These results are in good agreement

with the estimated crystallite sizes obtained by Scherrers equation from the XRD peak

broadening. Fig. 5.2(f) depicts the elemental analysis of the samples using EDS.

Representative peaks associated to F, Eu and Sr elements are clearly identified. The

unlabelled peaks are due to system peaks such as the copper grid and sample holder,

etc. The Sr:F ratio indicating a 1:2 atomic ratio and the Eu about 5-6 % with very

little oxygen.
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5.3.2 Photoluminescence spectroscopy

Fig. 5.3 shows the excitation and emission spectra of the Eu3+ doped SrF2 (1 mol%)

excited by the xenon lamp at room temperature. The excitation spectrum of SrF2:Eu3+

(fig. 5.3(a)) was obtained by monitoring the emission centred at 591 nm (5D0 → 7F1

transition). There are at least seven excitation bands in the range 300 to 550 nm that

correspond to the transitions of 7F0 → 5H6 (319 nm), 7F0 → 5D4 (360 nm), 7F0 →
5L7 (381 nm), 7F0 → 5L6 (394 nm), 7F0 → 5D3 (416 nm), 7F0 → 5D2 (465 nm) and

7F0 → 5D1 (525 nm). All these seven bands occur within the 4f-4f transitions of the

Eu3+ ion [10, 23]. The metastable 5D0 energy level depopulated through non-radiative

relaxation when any level above 5D0 is optically excited. The emission spectra exhibited

orange-red emission bands from 550 to 710 nm that is attributed to the 5D0 → 7Fj

transitions (j = 1, 2, 3, 4). The red peak centered at 615 nm associated with the 5D0 →
7F2 transition is a parity forbidden electric dipole transition, which is very sensitive

to the environment around the Eu3+ ion, see chapter 2. The emission of 5D0 → 7F1

transition is a parity allowed magnetic dipole transition, which is insensitive to the site

symmetry [9, 17]. The strong emission from 5D0 → 7F1 only occurs when Eu occupied

non-inversion symmetry sites. In the spectra, the strongest emission is from the 5D0 →
7F1 transition and the 5D0 → 7F0 (550 nm) transition is hardly observed.

Concentration quenching is considered to be a common energy loss mechanism for

dopant ions. We therefore have prepared the SrF2 nanophosphor doped with different

concentrations of Eu ions. The inset graph in fig. 5.3 presents the 5D0 → 7F1 emission

intensity variation as a function of Eu concentration in SrF2. It is worth mentioning

that all the samples were carefully synthesized and measured under the same condition

so that the Eu3+ emission intensity can be compared. At low Eu concentrations (< 5

mol%), the PL intensity of the 5D0 → 7F1 emission increased slightly after which it

then increased dramatically. These results contradict the previous study by Y. Jin et

al. [17] who demonstrated that the optimal concentration of Eu3+ ions in as-prepared

SrF2 nanosphere was about 2 mol% [17]. The sample however exhibited only one

oxidation state of Eu. The presence of one oxidation state of Eu (i.e. Eu3+ ion) in

as-prepared SrF2 has also been reported by other groups [19, 24]. Eu that exhibits only
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Fig. 5.3: Excitation and emission spectra of SrF2:Eu3+ (a) λexc = 394 nm and (b) λexc

= 318 nm using a xenon lamp. The inset graph presents the variation of the Eu3+

emission intensity as a function of the Eu concentration.

one oxidation state (Eu3+) has also been reported in other fluoride hosts [8, 25, 26].

A study that was done by S. Kurosawal et al. [18] showed that the SrF2:Eu sample

exhibited both the Eu oxidation states’ emissions. In fact, the increase in the PL

intensity reflects the increase of the luminescent centres of Eu3+ with increasing the

Eu concentration [27]. Therefore, we attribute the increase of the Eu intensity to the

increase of the Eu luminescent centres that might be originated from the presence of

both oxidation state of Eu. Hence, more measurements are needed to confirm the

expectation.

Fig. 5.4 shows the PL emission spectra recorded using the He-Cd laser PL system with

a 325 nm excitation source. It can be seen that at small Eu concentrations (up to 3

mol%), the spectra clearly consist of a broad emission band centred at 416 nm and very

small narrow emission bands in the range of 550-710 nm. The broad emission band

can be attributed to the inter-configuration 4f65d1-4f7 allowed transition of Eu2+ [18];

and the narrow emission bands to the Eu3+ emission. At high concentrations (i.e 10

mol%) the emission of Eu3+ became more significant. The emission intensity of Eu3+

has increased with an increase in Eu concentration. The exact Eu3+/Eu2+ ion ratio

cannot be detected using the PL data but the PL intensity ratio between Eu3+ and
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Fig. 5.4: PL spectra of Eu doped SrF2 using the He-Cd laser system with a 325 nm

excitation wavelength.

Eu concentration (mol%) Intensity ratio

(Eu3+/Eu2+)

0.6 0.083

1.5 0.095

3.0 0.111

10.0 2.743

Table 5.2: Calculated intensity ratio between Eu3+/Eu2+ as a function of Eu concen-

trations. The emission intensity of 5D0 → 7F1 transition was taken for Eu3+ and 5d-4f

transition centered at 415 nm for Eu2+.
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Eu2+ was calculated and shown in table 5.2. It was also observed that the intensity

ratio increased with increasing Eu concentrations in the SrF2 matrix. The increase of

the Eu3+ emission intensity with an increase in the Eu concentration can be attributed

to different factors: (1) an increase in the Eu3+ ions ratio; (2) the presence of energy

transfer from Eu2+ ions to Eu3+ ions; and (3) a change in the local symmetry around

the Eu3+ ions. The first possibility gives rise to a decrease in the number of Eu2+ ions.

Whereas, in the case where the energy transfer takes place from Eu2+ to Eu3+ the

Eu3+/Eu2+ ratio should remain constant. In both cases, the intensity emission of Eu2+

(4f65d1-4f7 transition) should be decreasing with increasing the Eu concentrations.

Local symmetry adjustment through the presence of Eu2+ ions can also be verified by

examining the intensity ratio of the 5D0 → 7F1 and 5D0 → 7F2 transitions. Since the

5D0 → 7F2 transition is sensitive to the local symmetry while the 5D0 → 7F1 is not.

The difference in the intensity ratio between the 5D0 → 7F1 and 5D0 → 7F2 transitions

(which is constant for all Eu concentration) for the measured samples (see fig. 5.3)

correlates with where there is no variation in the local crystal symmetry. In this study,

we proposed that there was an energy transfer between the two ions and these PL

results showed that this could be true.

5.3.3 XPS analysis

XPS analysis was performed to investigate if Eu3+ and Eu2+ ions or maybe a defect

could be found that could be responsible for the tunable luminescence of the Eu doped

SrF2. Fig. 5.5 shows the peak deconvolution for the Eu 3d high resolution XPS peaks.

The deconvolution parameters are summarized in table 5.3. The fixed parameters

namely the energy separation and the intensity ratio between the photo-peaks 3, 4 and

1, 2 are underlined. In the deconvolution procedure, all the Gaussian percentages were

assumed to have a combined Gaussian-Lorentzian shape. The four peaks as seen from

fig. 5.5 can be attributed to Eu2+ and Eu3+ spin-orbit splitting 3d5/2 and 3d3/2 core

level, respectively [28, 28–30]. Thus, the recorded Eu 3d XPS spectrum shows both

the valence states of Eu (Eu2+ and Eu3+) [3, 4, 30].

Fig. 5.6 shows a broad high resolution XPS peak for the Sr 3d and Eu 4d as the
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Fig. 5.5: Eu 3d high resolution XPS spectrum of Eu doped SrF2.

peak

label

peak

position

(eV)

4 E

(eV)

relative

to

intensity

ratio

FWHM

(eV)

Gauss

(%)

interpretation

1 1123.36 - - - 6.45 80 Eu2+ 3d 5
2

2 1133.05 - - - 7.35 100 Eu3+ 3d 5
2

3 1153.22 29.96 1 0.66 6.45 80 Eu2+ 3d 3
2

4 1163.01 29.96 2 0.66 7.35 100 Eu3+ 3d 3
2

Table 5.3: Deconvolution parameters for Eu 3d from fig. 5.5. The energy separations

4E and intensity ratio were fixed and are underlined.

energy ranges overlap. Peak deconvolution showed four individual peaks. Two of

these peaks are assigned to Sr 3d in SrF2 that originates from the spin-orbit splitting

3d5/2 (133.52 eV) and 3d3/2 (135.31 eV) [31]. It can clearly be seen that the other

two peaks (labelled 7D and 9D) contradict the 3/2 intensity ratio expected when spin-

orbit splitting is present. Therefore, the two peaks 7D and 9D are associated with

the Eu 4d5/2 multiplet splitting due to the interaction with the 4f energy level, rather
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Fig. 5.6: High resolution XPS peak of Sr 3d and Eu 4d in SrF2.

than spin-orbit splitting. Multiplet interaction arises between unpaired electrons (e.g

Eu2+ 4d104f7) in the photoelectric process [28]. This process occurs when an electron

from the 4d level is removed by photoionization and then a coupling between the

unpaired electrons in the 4d energy level and the unpaired in the 4f energy level occurs.

This can create a number of final states that can be seen in the spectrum. Multiplet

splitting is more effective in a sub-shell with the same principle quantum number as

the partially filled sub-shell [28]. This is because the overlap between such orbitals is

more significant. Such interaction is therefore more active in the Eu 4d photo-peak

than in the Eu 3d peak. The Eu 4d multiplet interactions normally show a strong 4d-4f

interaction and a much weaker 4d spin-orbit splitting [2, 28]. Therefore, the 4d spectra

cannot be separated into their 4d5/2 and 4d3/2 spin-orbit splitting components.

5.3.4 TOF-SIMS analysis

Further investigation to identify the presence of Eu oxidation states was performed

by TOF-SIMS. It is worth mentioning that the SrF2 nano-phosphor was doped with
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Fig. 5.7: TOF-SIMS spectra showing EuF+ and EuF2+ peaks at different concentra-

tions of Eu doped SrF2 nanophosphor (a) 1.0 mol% Eu and (b) 10.0 mol% Eu.

Eu in the +3 oxidation state, Eu3+. Based on the PL laser emission and XPS results

of the phosphor, it can be seen that Eu dopant exhibited both oxidation state, Eu2+

and Eu3+. In fact, it is very difficult to differentiate between the two oxidation states

using TOF-SIMS, but the parallel detection capability of the technique gives rise to

full molecular and isotopic characterization of the elemental chemistry [4]. The Eu

oxidation states were detected by the EuF+ and EuF+
2 species, representing the Eu2+

and Eu3+, respectively. Fig. 5.7 shows the mass spectra in the positive polarity mode

where the peaks for EuF+ and EuF+
2 can be clearly observed. The peaks were detected

at m/z = 171.36 and 190.05 corresponding to EuF+ and EuF+
2 respectively, in both

concentrations. The count rate of EuF+
2 in both the high and low concentration was

low compared to that of EuF+. This also demonstrates that the Eu2+/Eu3+ ion ratio

remained constant with increasing Eu concentration. These results therefore suggested

that the energy transfer between the two ions is highly possible.

5.3.5 Luminescence decay curves

Fig. 5.8(a) shows the relative PL intensity of the Eu2+ ion while irradiated with the

YAG laser at a 355 nm excitation wavelength. It can be seen that the PL intensity
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Fig. 5.8: (a) Relative PL intensity of the Eu2+ emission band (416 nm) with time and

(b) decay curves for the 5D0 → 7F1 transition (591 nm) of the Eu3+.

of the sample rapidly decreased with increasing the irradiating time of the laser. In

other words, the sample degraded to form non-luminescent species with the Eu2+ when

irradiated by to the YAG laser and therefore prevented us from measuring the Eu2+

decay time. This result is an indication that the molecular structure of the Eu2+ doped

SrF2 system was completely changed when exposed to the YAG laser. The sample was

also exposed to oxygen in the open air during laser irradiation and this condition is

also known to destroy the molecular structure of some compounds [32–35].

The luminescence decay curves of the 591 nm emission (5D0 → 7F1 transition) of the

Eu3+ ions in SrF2 were also measured and can be seen in fig. 5.8(b). The decay

curve for the Eu3+ ion can be fitted approximately by a single exponential function

with a lifetime of 6.4 ms. This result is also in agreement with values reported in

literature [36]. The single exponential decay curve was measured for 10 mol% of Eu3+

doped SrF2, which proved that there is no interaction between the Eu3+ ions.

The proposed energy transfer mechanism from the excited 4f5d states of Eu2+ to the

Eu3+ ions is schematically shown in fig. 5.9. The energy absorbed when the system is

excited at 325 nm is most likely transferred by non-radiative energy transfer via energy

migration, from the Eu2+ (4f65d) to Eu3+ ions. This process can enhance the emission
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Fig. 5.9: Schematic diagram of the proposed energy transfer mechanism between Eu2+

and Eu3+ ions.

of the Eu3+ ions. Therefore the absorption and emission of the Eu3+ ions can strongly

be enhanced due to the presence of both the Eu oxidation states. This energy transfer

mechanism will result in a subsequent positive effect on spectral conversion.

The most interesting result of this study is that concentration quenching did not take

place between the Eu3+ ions at high concentration as observed previously by Y. Jin et

al. [17]. It is well known that the transition 4f-4f of the Eu3+ ion is parity forbidden and

therefore, it has a low absorption cross-section. On the contrary, the 4f-5d transition

of Eu2+ is a fully allowed transition. This makes the Eu2+ ions absorb most of the

incident energy and therefore transfer their energy to the Eu3+ ions. The light yield
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is then much more significant in the presence of both the Eu oxidation states than

the Eu3+ singly doped systems. The idea of enhancing the excitation cross-section of

Eu3+ has been reported by Z. Xia et. al. [37] for YVO3 phosphor co-doped with Bi3+.

In their study the Bi3+ ions enhanced the emission intensities of 5D0 → 7F2 electric

dipole transition of Eu3+ at 615 nm upon 365 nm excitation. Results from our study

showed that the as-prepared SrF2 doped with Eu ions contained both the Eu oxidation

states. Spectral conversion from 325-550 to 570-710 nm can be achieved at high doping

concentrations, but the Eu2+ ion was unstable under the YAG laser irradiation. This

would therefore make the sample not suitable for spectral conversion applications.

5.4 Conclusions

As-prepared SrF2:Eu nano-phosphors were successfully synthesised with the hydrother-

mal technique. The average crystalline size calculated using Scherrer’s equation was

found to be in nano-metre scale. The surface morphology of the samples was char-

acterised by SEM. The samples composition consisted of spherical particles with a

diameter of around 1.5-2 µm. From PL and XPS results, it was found that Eu was

in both the Eu2+ and Eu3+ valance states. It is demonstrated that the presence of

both Eu oxidation states significantly enhanced the absorption response of Eu3+ UV

excitation. The results indicated that Eu concentration of more than 5 mol% of Eu

were beneficial for improving fluorescence emission of Eu3+ and conversion efficiency

under the broadband excitation. TOF-SIMS results suggested that the energy transfer

from Eu2+ to Eu3+ is likely to be dominant. The Eu2+ ion was however found to be

unstable when irradiated by the YAG laser. The Eu2+ ion’s PL emission intensity

rapidly decreased with time and this result make this SrF2:Eu nano-phosphor an un-

suitable candidate for applications such as a downshifting layer to enhance the response

of photovoltaic cells.
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Chapter 6

Surface characterization and an efficient energy transfer

in Ce3+ co-doped SrF2:Eu downshifting nano-phosphor

The effect of Ce3+ ion on the structure and optical properties of SrF2:Eu downshifting

nano-phosphor is outlined in this chapter.

6.1 Introduction

SrF2 is one of the most widely used optical materials because of its interesting lumines-

cent, optical and physical properties. The photoluminescence properties of SrF2 doped

by Ln3+ ions have been extensively investigated in which charge compensation is re-

quired when Ln3+ ions substitute Sr2+ cation. This gives to a rich multisites structure.

It has therefore been considered as a good phosphor host material that can be doped

by a number of lanthanide ions for various luminescent applications [1–4]. SrF2 host

material doped with Ce3+ is extensively being investigated specifically for light ampli-

fication [5, 6]. Some of these light amplification studies proposed that the SrF2:Ce3+

phosphor material could be a promising scintillator [5]. Shendrik et al. [5] reported effi-

cient scintillation light output of SrF2:Ce3+ with high temperature stability suggesting

that this material can be applied in well-logging scintillation detectors. They have also

reported that the optimal Ce3+ doping level for maximum luminescence was 0.3 mol%

if prepared by the Stockbarger method. Ce3+ ions in SrF2 showed a fully allowed broad

band 4f-5d transition [5] and this transition strongly absorbs UV radiation that results

in a high absorption coefficient.

In our previous investigation of SrF2:Eu nano-phosphors, chapter 5, Eu was found to

exhibit two oxidation states (Eu2+ and Eu3+) and the presence of both the oxidation

states ions in the SrF2 host greatly enhanced the emission intensity of Eu3+ at high

concentrations. In this chapter, the effect of the Ce3+ ion on the structure and op-

tical properties of SrF2:Eu downshifting nano-phosphor is outlined. Ce3+ singly and
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co-doped Eu in SrF2 were prepared by using the hydrothermal method. The phosphors

were characterized by different surface and optical characterization techniques. Differ-

ent luminescent aspects were investigated to see if the Ce3+ ion can efficiently enhance

the emission intensity of Eu ions in the SrF2 host.

6.2 Experimental section

SrF2:Ce3+, Eu were synthesised by the hydrothermal techniques. Eu(NO3)3.5H2O and

Ce(NO3)3.6H2O were used as sources for the Eu and Ce dopants, respectively. The

details description of the hydrothermal process was described in chapter 5.

The structure of the nano-phosphors powder were characterized by XRD (Bruker Ad-

vance D8 diffractometer with Cu Kα radiation (λ = 0.154 nm)). Auger spectra were

collected with a PHI 700 Scanning Auger Nanoprobe equipped with a scanning Auger

microscope (SAM). The field emission electron gun used for the SAM analyses was set

at: 2.34 A filament current; 4.35 kV extractor voltage and 381.4 µA extractor current.

With these settings a 25 kV, 10 nA electron beam was obtained for the Auger analy-

ses. The electron beam diameter was about 10 nm. An IonTof time of flight secondary

ion mass spectrometer instrument equipped with a Bi primary ion source was used to

characterize the nano-phosphor materials for their chemical composition and dopants

distribution. In spectroscopy mode, the system equipped with a DC current of 30 nA

and a pulsed current of 1 pA at 30 kV with a heating current of 2.95 A and emission

current of 0.8 µA was used. High resolution XPS was obtained with a PHI 5000 Ver-

saprobe system. A low energy Ar+ ion gun and low energy neutralizer electron gun

were used to minimize charging on the surface. A 100 µm diameter monochromatic

Al Kα x-ray beam (hν = 1486.6 eV) generated by a 25 W, 15 kV electron beam was

used to analyze the different binding energy peaks. The pass energy was set to 11 eV

giving an analyzer resolution ≤0.5 eV. Multipack version 8.2 software was utilized to

analyze the spectra to identify the chemical compounds and their electronic states us-

ing Gaussian-Lorentz fits. PL spectra were collected using a Cary Eclipse fluorescence

spectrophotometer equipped with a xenon lamp and also with a He-Cd laser PL system
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with a 325 nm excitation wavelength. Luminescence decay curves were recorded by

using a NanoLED with a 335 nm excitation wavelength and repetition rate of 1 MHz.

All measurements were performed at room temperature.

6.3 Results and discussion

6.3.1 Structure and surface analysis

6.3.1.1 XRD analysis

Fig. 6.1 shows the XRD patterns of un-doped and doped SrF2 as well as the standard

data for SrF2 crystal from card 00-086-2418. Doping with Ce- or Eu ions as well as the

co-doped systems result in a small shift to higher angles with comparison to the un-

doped sample and the standard data. This can be attributed to the radius difference

between Eu (Eu2+ is 0.125 nm, Eu3+ is 0.107 nm), Ce3+ (0.114 nm) and Sr2+ (0.126

nm) ions, which confirms that Eu- and Ce ions are successfully incorporated into the

SrF2 lattice. It should be mentioned that doping with Eu- and Ce ions (up to 10

mol%) does not change the structure of the SrF2 host in this study. The calculated

SrF2 lattice parameter is found to be 5.785 ± 0.005 Å and this agreed well with the

reported value of (5.7996 ± 0.0001) Å [7].

The estimated average crystallite size (S) for pure and doped SrF2 is calculated by using

the diffraction peaks and Scherrer’s equation [8], S = 0.9λ/β cos θ. λ is the wavelength

of the x-rays (0.154 nm) and β is the full-width at half maximum of the x-ray peak at

the Bragg angle θ. The average crystallite size of the pure SrF2 was found to be 7.6 nm.

The XRD peaks broaden with increasing the dopants ions (see fig. 6.1). The broadening

of the XRD peaks were also observed by other groups [9, 10]. H. A. A. Seed Ahmed et

al. [9] attributed the XRD peak broadening to impurity broadening. Whereas, F. Wang

et al. [10] assigned the XRD peak broadening to reduction in the nano-particle size of

the matrix. In our previous investigation of Eu doped SrF2 samples, we assigned the

XRD broadening as a result of a decrease in particle size of the matrix, which agreed

well with F. Wang et al. [11]. Therefore, in the current study we can also assign these

89



Surface characterization and an efficient energy . . . Chapter 6

Fig. 6.1: XRD patterns of pure and doped SrF2 crystal.

peaks’ broadening to reduction in particle size of the matrix. The particle size reduced

up to 3.9 nm for SrF2 sample that doped with 0.7 mol% Ce3+ and 10 mol% Eu.

6.3.1.2 AES analysis

An Auger profile of Ce and Eu co-doped SrF2 was done to identify the samples compo-

sition. The Auger spectrum of the SrF2:Ce3+, Eu is presented in fig. 6.2. The Auger

peaks at 71, 1515, 1644 and 1713 eV are assigned to Sr while the F peak is situated

at 656 eV [12]. The Auger spectrum not only confirmed the formation of the host

matrix, but also showed the presence of the dopants. The Eu peaks were at 111, 142,

853 and 985 eV, while the peak at 89 eV corresponds to Ce. In addition C and O were

also observed. The C contamination is attributed to adventitious hydrocarbons and

the oxygen is considered to be a common impurity in a fluoride compound [12, 13].

The presence of the oxygen in the sample did not change the structure of the sample
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Fig. 6.2: Auger spectrum of Ce and Eu co-doped SrF2.

(see fig. 6.1). Therefore, the oxygen contamination was due to adventitious impurity

species in the surface rather than oxygen impurity in the SrF2 matrix.

6.3.1.3 XPS analysis

XPS measurements have been done in order to investigate the chemical composition

and bonding state of the SrF2:Ce,Eu phosphor powders. A higher dopant concentration

(5 mol% for both Eu and Ce) was used in order to obtain a reasonable signal from the

dopants. Fig. 6.3 shows the peak fits for the (a) Sr 3d, (b) F 1s, (c) Eu 3d and (d) Ce 3d

high resolution XPS peaks. The results also confirmed the presence of the host matrix

elements (Sr and F) as well as the dopants (Eu and Ce) to their corresponding binding

energies. During the peaks fit procedure, the C 1s peak at 284.8 eV was taken as a

reference for all charge shift corrections. This is done because the C 1s peak resulted

from hydrocarbon contamination and its binding energy generally remains constant,

irrespective to the chemical state of the sample. In addition to that, all the Gaussian
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percentages were assumed to have a combined Gaussian-Lorentzian shape. The high

resolution XPS peak for the Sr 3d showed two individual peaks. These two peaks

are assigned to Sr 3d in SrF2 that originate from the spin-orbit splitting 3d5/2 (133.5

eV) and 3d3/2 (135.3 eV), while the F 1s peak is situated at 684.7 eV. The spin-orbit

splitting of Sr 3d is about 1.78 eV, it is in a good agreement with reported value of

1.75 eV [14].

The peak deconvolution for the Eu 3d high resolution XPS peaks are shown in fig.

6.3(c). The 3d level of Eu ion is composed of four peaks. These four peaks can be

attributed to Eu3+ and Eu2+ spin-orbit splitting 3d5/2 and 3d3/2 core level, respectively

[15–18]. The spin-orbit splitting for both oxidation states Eu3+ and Eu2+ is about 29.96

eV. The Eu 3d results showed good agreement with our previous XPS investigation of

SrF2:Eu phosphors powder where Eu composed of its two oxidation states (Eu2+ and

Eu3+) [11].

The Ce 3d high resolution peak is shown in fig. 6.3(d). The strong peaks correspond to

the photoemission from the Ce3+ 3d state. Due to the spin-orbit interaction, the Ce3+

3d photoemission peak consisted of two peaks that are assigned to the 3d3/2 and 3d5/2

peaks with 4f1 final states, with an intensity ratio I(3d5/2)/I(3d3/2) = 3/2 [18–20]. The

spin-orbit splitting value (∼18.15 eV) is in good agreement with the estimated value

(∼18.10 eV). The energy peaks labelled SD are due to the strong Coulomb interaction

between photoemission in the 3d level and electrons located near the Fermi level. These

peaks originate from the screening of the 3d level by valence band electrons to the 4f

states [20]. This is possible due to hybridization of the Ce 4f level with the conduction

band states [20]. In the photoemission nomenclature, these peaks are a result from

what is called, shake-down process [18]. The 3d shake-down peaks behave the same

as the 3d spin-orbit splitting peaks but they are a result from the 3d9f2 final state.

Therefore, the SD peaks can be assigned to the 3d3/2 and 3d5/2 XPS peaks with 4f2

final states and this is in accordance with previous work done in Ce [19, 20]. The

shoulder peaks marked as A is related to the F KLL Auger electron peak. The XPS

peak positions, area distributions and chemical bonding for all the peaks in as-prepared

SrF2:Ce,Eu are tabulated in table 6.1.
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Fig. 6.3: High resolution XPS peaks of (a) Sr 3d, (b) F 1s, (c) Eu 3d, and (d) Ce 3d

for SrF2:Ce, Eu phosphors powder.
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Element B.E (±0.1 eV) Area distribution Interpretation

F1s 7684.7 2688 F in SrF2

Sr3d 133.5 1986 Sr 3d5/2 in SrF2

135.3 1311 Sr 3d3/2 in SrF2

Eu3d 1123.3 1613 Eu2+ 3d5/2 in fluoride

1133.05 1372 Eu3+ 3d5/2 in fluoride

1153.2 1064 Eu2+ 3d3/2 in fluoride

1163.0 905 Eu3+ 3d3/2 in fluoride

Ce3d 880.3 1296 shake-down satellite

884.8 5141 Ce3+ 3d5/2 in fluoride

898.5 855 shake-down satellite

903.0 3393 Ce3+ 3d3/2 in fluoride

8761 1592 FKL1L1 Auger electron

peak

Table 6.1: XPS peak position, area distribution and chemical bonding of as-prepared

SrF2:Ce,Eu phosphors powder.

6.3.1.4 TOF-SIMS analysis

The compositional identification, the presence of the dopant and the doping distribu-

tion in the SrF2 crystal lattice were also investigated by using TOF-SIMS. Fig. 6.4

shows the mass spectra of the sample in positive and negative polarity modes. It is

worth mentioning that the nanophosphor matrix only consists of Sr+ and F− ions in

the form of SrF2. In TOF-SIMS, the Sr+ can be detected in positive polarity mode

while F− in negative polarity mode. Fig. 6.4(a) shows a very strong peak for 88Sr in

the positive polarity mode and the 107SrF peak, while the 19F peak together with C and

O peaks (detected in the negative polarity mode) are shown in fig.6.4(c). The count

rates of both the Sr and F peaks were high, which confirm the formation of the host

matrix. It is mentioned previously that the presence of C and O is due to adventitious

impurity species in the surface rather than oxygen impurity in the SrF2 matrix. These

results not only confirm the formation of the SrF2 matrix, but also the presence of
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the dopants in the material. Fig.6.4(b) presents the mass spectra in positive polarity

mode where the 140Ce isotope and 153Eu isotope including 159CeF and 172EuF peaks

can clearly be seen. The 140Ce signal was comparatively low, which is due to a very low

doping concentration of Ce (0.7 mol%) [21]. The peak position of 153Eu was situated

at m/z = 152.918 amu, which is in agreement with the value reported in literature [21].

Fig. 6.4: (a and b) Positive and (c) negative TOF-SIMS spectra of SrF2:Ce,Eu

nanophosphor powder.

The dopant distributions in SrF2 nano-phosphors were investigated with the TOF-

SIMS chemical imaging technique. The chemical images for Sr, Ce and Eu ions were

collected in positive polarity mode. Fig. 6.5 shows the three colour overlay of an area of
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Fig. 6.5: TOF-SIMS correlation analysis using three-colour overlay image showing Eu

and Ce dopants distribution in SrF2 for an area of 100µm × 100 µm.

100µm × 100µm. It can clearly be seen that both the Ce and Eu ions’ colours are dis-

tributed quite homogeneously over the entire area. This indicates that the dopants were

uniformly distributed in the SrF2 matrix during the hydrothermal synthesis method.

6.3.2 Photoluminescence spectroscopy

6.3.2.1 SrF2:Ce3+

The emission and excitation spectra of the Ce3+ singly doped SrF2 nano-phosphor

are shown in fig. 6.6. The excitation spectrum consists of a prominent peak that is

centred at 295 nm. This peak has been previously assigned to Ce3+:4f-5d excitation

transition in SrF2 [22]. By exciting the samples by 295 nm, a broad band emission peak

is observed, which is attributed to the inter-configuration 5d1-4f1 allowed transition of
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Fig. 6.6: Excitation and emission spectra of the SrF2:Ce3+ (0.7 mol%) nano-phosphor.

The inset shows the 5d-4f transition’s emission intensity as a function of Ce3+ concen-

tration.

Ce3+ ions. The inset graph in fig. 6.6 shows the emission intensity variation as a

function of the Ce3+ concentration. The maximum luminescence intensity occurred

for the sample doped with 0.7 mol% and a further increase in concentration resulted

in a decrease in Ce3+ emission intensity. A previous study done by R. Shendrik et

al. [5] on the SrF2:Ce3+ sample reported that Ce3+ has a broad emission band that

consist of two emission peaks (Ce3+ 5d to 4f ground state (2F7/2 and 2F2/2)) and the

maximum luminescent intensity of Ce3+ was 0.3 mol%. In this study, the peaks were

broadened and they fully overlap, which might be the reason why only one broad peak

was observed.
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6.3.2.2 SrF2:Ce,Eu

Fig. 6.7(a) depicts the PL emission spectra of Ce3+ (0.7%) co-doped SrF2:xEu (where x

= 0.2, 0.6, 5 and 10%) excited with the He-Cd laser system with a 325 nm wavelength.

The spectra also consisted of both the Eu2+ and Eu3+ emissions. The spectra clearly

consist of a broad emission band that is centred at 416 nm with narrow bands in the

range of 550-710 nm. The broad emission band is assigned to the inter-configuration

4f65d1-4f7 allowed transition of Eu2+ [23–25] and the narrow emission bands to the

Eu3+ emission originating from 4f-4f transition [26]. The Eu3+ emission consists of

orange-red emission bands that is attributed to the 5D0-7Fj transitions (j = 1, 2, 3, 4).

A shoulder peak (marked with a dollar sign ($)) at a lower wavelength only appeared

in small dopant concentrations’ (0.2 and 0.6 mol%). This shoulder ($) is assigned to

the 4f-5d emission of Ce3+, which is completely quenched at high Eu concentration.

The Eu3+ emission band at small Eu concentration (i.e 0.2 and 0.6 mol% see fig.

6.7(a)) cannot be clearly observed if compared to the Eu singly doped SrF2 system

(see chapter 5, fig. 5.4). The emission of Eu3+ dramatically increased at high Eu

doping concentrations. This can clearly be seen in fig. 6.7(b) where the Eu3+ (5D0-

7F1) emission intensity is plotted as function of Eu concentration for both the Eu singly

and co-doped Ce3+ system. It can be noticed that Ce3+ co-doped SrF2:Eu greatly

enhanced the Eu3+ ions emission intensity at high Eu concentration. Whereas, when

the Eu concentration was smaller than the Ce3+ concentration (Eu concentration < 0.7

mol% of Ce3+) the Eu3+ (5D0-7F1) emission intensity in the singly doped system was

stronger than that of the co-doped system with Ce3+. This can be attributed to the

energy transfer between Ce3+ and Eu ions. In the SrF2 crystal, the Sr2+ ion is located

at the body centre of a cube of eight F ions. The trivalent Ln3+ ions normally replace

the Sr2+ cation. The extra charge of Ln3+ ions is compensated by F− anion charges

situated elsewhere in an interstitial site. With increasing Ln3+ concentration, some

kind of structural deformation occurs. The Ln3+-F dipoles couple to dimers, trimers

and higher aggregates. The interstitial F− ions and vacancies on the normal F− site

compose cuboctahedral clusters [27, 28]. Since the exact nature of the Ce3+-Eu clusters

cannot be inferred from our optical data, different kinds of small clusters in which the
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Ce3+ and Eu ions can be imagined in the SrF2 lattice. At small Eu concentration, it

could therefore be that the clusters were not completely formed which makes the atomic

distance between Eu2+ and Eu3+ ions bigger than the energy transfer distance. We

assumed that energy transfer could only occur between Ce3+ and Eu2+ and that there

in no direct energy transfer between Ce3+ and Eu3+. It might also be that the Ce3+ ions

are situated between the Eu2+ and Eu3+ ions, resulting in no direct interaction between

the Eu2+ and Eu3+ ions. The Ce3+ ion would therefore only efficiently transfers its

energy to the Eu2+ ions. This causes only the Eu2+ ions to emit at low concentration,

whereas at high Eu concentration (bigger than Ce3+ concentration) the situation would

change where the clustering could increase and therefore direct interaction between the

Eu2+ and Eu3+ ions is possible.

Fig. 6.7: (a) Photoluminescence spectra of SrF2: Ce3+ (0.7 mol%), xEu excited by laser

system with 325 nm excitation wavelength and (b) Eu3+:5D0-7F1 emission intensity ( =

591 nm) of Eu singly and Ce co-doped Eu in SrF2 matrix as function of Eu concentration

excited by 394 nm using the xenon lamp.

More evidence for the energy transfer between Ce3+ and Eu ions are reported in fig.

6.8 where the PL emission spectra of the SrF2:Ce3+, Eu nano-phosphors excited by

295 nm excitation wavelength are plotted. The broad emission band that is centered

at a wavelength of 330 nm (fig. 6.8(a)) is a characteristic of the Ce3+ ion which is
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in agreement with the emission spectra for Ce3+ in fig. 6.6. The emission spectra of

Eu3+ (fig. 6.8(b)) show the 5D0 emission line of the Eu3+ ions in the SrF2 crystal [29].

Whereas exciting the SrF2:Eu (1 mol%) sample (without Ce3+) at 295 nm shows no

significant emission of the Eu3+ ion at this excitation wavelength. From fig. 6.8(b),

the Eu3+ emissions are enhanced steadily with an increase in Eu concentration under

the 295 nm excitation wavelength. In the contrary the Ce3+ emission significantly

decreased with increasing Eu concentration (fig. 6.8(a)). Fig. 6.8(c) also shows the

emission spectra of Ce3+ where the Eu2+ emission can clearly be seen. The additional

broad peak beside the Ce3+ emission that was centered at 416 nm is assigned to the

Eu2+ ions in SrF2 (clearly shown in the inset graph of fig. 6.8(c)). The Eu2+ emission

slightly increased before it decreased with increasing Eu concentration. In fig. 6.8(c)

the emission spectrum of the SrF2:Eu without Ce excited at 295 nm is also shown. It

clearly shows that no Eu2+ emission occurred. The presence of Eu2+ emission under

295 nm excitation, in the co-doped samples, is therefore evidence of an energy transfer

process from Ce3+ to Eu2+. This process can occur in such material since the emission

of Ce3+ overlaps the excitation spectra of Eu2+ (fig. 6.9(a); SrF2:Ce3+ (0.7 mol%),

Eu (0.6 mol%)). Such spectral overlap is a necessary condition for the energy transfer

from Ce3+ to Eu2+ to occur. An efficient energy transfer from Ce3+ to Eu2+ in a

fluoride crystal was previously demonstrated even for a very low concentration [30].

The fact that both Eu2+ and Eu3+ emissions are observed, under 295 nm (excitation

of Ce3+ ions), clearly demonstrates that energy transfer from Ce3+ to Eu ions occurred

in the SrF2 crystal. From fig. 6.9(b) one can demonstrate that energy transfer from

Eu2+ to Eu3+ is possible but only efficient at high Eu concentration. This is because

the emission of Eu2+ does not fully overlap the 7F0-5L6 excitation transition of Eu3+

in the SrF2 crystal. Thus, one can conclude that with 295 nm excitation into Ce3+

ions, Ce3+ might transfer its energy to the Eu2+ (4f65d) from where the energy then

non-radiatively transfers from Eu2+ to the Eu3+ ion.
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Fig. 6.8: PL emission spectra of (a) Ce3+ (b) Eu3+ and (c) Ce3+ and Eu2+ with different

Eu doping concentration excited by an excitation wavelength of 295 nm. The inset in

(b) is the emission of Eu3+ in SrF2:Eu (1 mol%) without Ce3+ ions and the inset in (c)

is the Eu2+ emission from SrF2:Ce3+(0.7 mol%), Eu (5.0 mol%).
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Fig. 6.9: Spectral overlap between (a) Ce3+ emission and Eu2+ excitation and (b) the

Eu2+ emission and Eu3+ excitation (SrF2:Ce3+ (0.7 mol%), Eu (0.6 mol%)).

The room temperature luminescence excitation spectra of SrF2:Ce3+ (0.7 mol%), Eu

(0.6 mol%) nano-phosphors are plotted in fig. 6.10. The excitation spectrum of Eu2+

(dotted line) not only consists of the Eu2+:4f7 → 4f65d excitation transition but also

the Ce3+ excitation band (clearly seen in the inset of the fig. 6.10). Monitoring the

Eu3+ emission peak at 591 nm yields two kind of excitation bands: a broadband and

a number of sharp excitation peaks. The broad excitation band is attributed to the

Eu2+:4f7 → 4f65d excitation transition. The sharp peaks correspond to the Eu3+:4f-

4f transition. The absence of the Ce3+ excitation peak in the excitation spectrum of

Eu3+ excludes the possibility of direct energy transfer from Ce3+ to Eu3+. This result

confirmed that under 295 excitation wavelength the absorbed energy transferred from

Ce3+ (5d band) to Eu2+ (4f65d) from where the energy then transferred to the Eu3+

ion. This implies that Eu2+ ions should act as a bridge between Ce3+ and Eu3+ ions.

This could be true since the emission of Eu2+ is slightly increased before it decreased

with increasing Eu concentration due to the energy transfer to Eu3+ ions (fig. 6.8(c)).

The observation of energy transfer from Eu2+ to Eu3+ in BaF2 was demonstrated where
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Fig. 6.10: Excitation spectra of SrF2:Ce3+ (0.7 mol%), Eu (0.6 mol%) nano-phosphors

measured at an emission wavelength of 416 nm and 591 nm. The inset shows the

enlarged Ce3+ excitation part of the spectrum.

Eu2+ emission overlapped the Eu3+ excitation [31]. However, the excitation lineshape

of Eu2+ was found to be dependent on the monitored emission wavelength. When the

emission of Eu3+ at 591 nm was monitored the excitation spectrum composed of a

broadband excitation. While monitoring the Eu2+ emission at 416 nm the broadband

excitation of Eu2+ is separated into two peaks with an additional shoulder at 320 nm

(fig. 6.10). This behaviour of Eu2+ excitation can be attributed to multisite structures

created by the charge compensation of both the Ce3+ and Eu3+ ions.
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6.3.2.3 Decay curve analysis

Results obtained from the luminescence decay curves for Ce3+ emission also contributed

further to the energy transfer efficiency process with different Eu concentrations. The

decay time of the donor ions does not change in the presence and absence of the acceptor

ions if the radiative energy is dominant [32]. In the situation of non-radiative energy

transfer the decay time of the donor ions gradually decreases with an increase in the

acceptor concentration. The PL decay curves of Ce3+ with various Eu concentration

are shown in fig. 6.11. It can be seen that the decay curve of the Ce3+ ions gradually

decreased with an increase in the Eu concentration. The luminescence decay curve

of Ce3+ in SrF2 nano-particles can well be fitted into a single-exponential function,

whereas the decay curve of the entire co-doped concentrations were fitted with a bi-

exponential decay model [32, 33]:

I(t) = A1exp(
−t
τ1

) + A2exp(
−t
τ2

), (6.1)

I(t) is the luminescence intensity at time t, A1 and A2 are constants, and τ1 and τ2

are the short- and long-decay components, respectively. The average lifetime constant

(τ ∗) can be calculated from the following equation:

τ ∗ =
A1τ

2
1 + A2τ

2
2

A1τ1 + A2τ2

(6.2)

The lifetime of the Ce3+ doped SrF2 is determined to be 77.15 ns. This value is in

good agreement with the reported value of Ce3+ in SrF2 [22]. In the Eu ions co-doped

system, the average lifetime of the donor ion (Ce3+) decreased up to 8.2 ns at 10 mol%

Eu concentration. This results indicate that the excitation energy of Ce3+ ions was

transferred to the Eu ions (specifically Eu2+) [22]. The lifetime results for the Ce3+

ions in the SrF2 host strongly suggest that the energy transfer from Ce3+ to Eu2+

was non-radiative. The energy transfer efficiency from Ce3+ to Eu is defined by the

following expression:

ηET = 1− τ ∗

τ0

, (6.3)

where τ ∗ and τ0 are the average lifetime of Ce3+ in the presence and absence of the

Eu ions, respectively. The corresponding lifetime and energy transfer efficiencies are
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tabulated in table 6.2. From table 6.2, the energy transfer of Ce3+ increased gradually

with an increase in the Eu concentration. The maximum energy transfer efficiency is

about 89.4% for the sample doped with 0.7 mol% Ce3+ and 10 mol% Eu.

Fig. 6.11: The decay lifetime of Ce3+ ions in the SrF2 host with an increase in Eu

concentration. The inset graph shows the decay curve of 0.7% Ce3+ in SrF2 fitted to a

single-exponential fitting function.

Eu Conc.(mol%) τ(ns) ηET (%)

0 77.15 0

1 46.3 40

2 31.9 58.6

5 16.05 79.2

10 18.2 89.4

Table 6.2: Lifetime of the 5d-4f transition of Ce3+ (330 nm) and the Ce3+-Eu energy

transfer efficiency (ηET ) in SrF2 matrix.
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Fig. 6.12: Schematic energy level diagram of Ce3+ and Eu with a possible energy

transfer between the Ce3+ and Eu ions.

To understand the luminescence mechanism in SrF2:Ce3+, Eu nano-phosphor, a sim-

plified energy level diagram of Ce3+ and Eu ions is shown in fig. 6.12. Upon 295

nm excitation the absorbed energy is likely to be transferred from Ce3+ (5d) to Eu2+

(4f65d) from where the energy then non-radiatively gets absorbed by the Eu3+ ion.

This is a possible reason for the observation of considerable Eu3+ emission under Ce3+

excitation at 295 nm. Thus, the introduction of Ce3+ ions can enhance the absorption

and emission of Eu3+ ions with a subsequent positive effect on spectral conversion.

With this result spectral conversion from 295-550 nm to 570-710 nm can be achieved

by co-doping with Ce3+ ions. In our previous investigation of SrF2:Eu we noticed that

the Eu2+ ion was however found to be unstable when irradiated by the YAG laser.

The Eu2+ ion’s PL emission intensity rapidly decreased with time and this result make

106



Surface characterization and an efficient energy . . . Chapter 6

the SrF2:Eu nano-phosphor an unsuitable candidate for several applications, such as

white light-emitting diodes and wavelength conversion films for silicon photovoltaic

cells [11]. This might be true for the current samples since they were prepared by the

same method as the previous SrF2:Eu samples.

6.4 Conclusions

As-prepared SrF2:Eu,Ce nano-phosphors were successfully synthesised with the hy-

drothermal technique. The average crystallite size that was calculated by using Scher-

rer’s equation was found to be in nanometre scale. Dopant ions were intended to

decrease the particle size of the host. The Auger spectra confirmed the presence of

Sr, F, Eu and Ce elements in the host matrix. The TOF-SIMS results showed that

the dopants were homogeneously distributed over the host matrix. Photoluminescence

properties of Ce3+ and Eu co-doped SrF2 nano-phosphor have been investigated and

possible energy transfer from Ce3+ to Eu ions was demonstrated. From the PL decay

curves the energy transfer efficiency was calculated to be 89.4% for the SrF2: 0.7 mol%

Ce3+, 10 mol% Eu sample. The results indicate that Ce3+ co-doped SrF2:Eu is benefi-

cial for improving the fluorescence emission and conversion efficiency under broadband

excitation.
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Chapter 7

Eu2+ enhanced Pr3+ photoluminescence by energy

transfer in SrF2 phosphor

This chapter focuses on the possibility of using the Eu2+ ion as a sensitizer to Pr3+ ion

in SrF2 crystal. The energy transfer between Eu2+ and Pr3+ phosphor is discussed.

7.1 Introduction

Phosphor materials prepared by doping inorganic hosts with rare-earth ions have

brought much attention due to their various applications [1–3]. One of these appli-

cations is use of phosphor materials to boost the efficiency of the Si solar cells [3–5].

The major problem that limits the solar cells efficiency is their insensitivity to the

whole solar spectrum (see chapter 2). The absorption of high energy photons by solar

cells induces the thermalization of the charge carriers, which is so-called thermalization

loss [4, 6]. One approach to reduce the thermalization loss is to use the inorganic ma-

terials doped lanthanide ions that are capable of converting each high energy photon

into two lower energy photons. Both these low photons can then be absorbed by the

solar cell. The process of generating or cutting one high energy photon into two lower

energy photons is called down-conversion (or quantum cutting) [4, 5].

SrF2: Pr3+-Yb3+ is reported as one of the best down-conversion phosphor materials

[3, 6]. In SrF2: Pr3+-Yb3+, absorption of a blue photon results in feeding two Yb3+

ions, which gives rise to the emission of two near infrared photons with an efficiency

close to 200% that can be utilized for creating two electron-hole pairs. As mentioned in

chapter1, the major problem that limits the SrF2: Pr3+-Yb3+ down-conversion for use

in solar cell application is its 4f-4f transition, which characterized by a weak absorption

cross-section. In order to enhance the 4f-4f absorption strength, one suggestion to

investigate is to add a third sensitizer [3, 7]. Such sensitizer must be able to efficiently

absorb all light in UV and visible part of the spectrum and transfer the energy to the
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down-conversion couple, e.g. 3Pj levels of Pr3+. The requirement must therefore be an

ion with allowed absorption transitions. Eu2+ could be used as a sensitizer because it

shows a broad excitation band that comes from a fully allowed 4f-5d transition [8, 9].

This transition strongly depends on the crystal field of the matrix. The crystal field is

very important because efficient energy transfer between a sensitizer and a donor can

only occur when the emission band of the sensitizer overlaps the excitation band of the

donor. In the SrF2 host, Eu2+ ion emits a broadband emission centred at 416 nm [9],

which could make it a suitable to sensitize the 3Pj levels of Pr3+ ion.

This chapter therefore examines the possibility of using Eu2+ as a sensitizer for Pr3+

in the SrF2 crystal. The phosphors were synthesized by co-precipitation method and

their luminescent properties were investigated with PL and time-resolved luminescence

measurements. This work serves as a requirement in preparation for the quantum

cutting effect in the Pr3+-Yb3+ couple in the SrF2 host.

7.2 Experimental section

Analytical grade of Sr(NO3)2, Pr(NO3)3.6H2O, Eu(NO3)3.6H2O and NH4F were used

without further purification. Sodium hydroxide was used to adjust the pH of the

system, which were 8.5 in this study. For a typical synthesis of SrF2:Eu2+,Pr3+, 30

mmol of NH4F and 0.1 mol/mL of sodium hydroxide were added drop-wise to an

aqueous solution containing Sr(NO3)2 and Pr(NO3)3.6H2O and Eu(NO3)3.6H2O in a

period of about 30 min. After one hour of stirring, the mixture was left for 5 hours.

Then, the product was collected by using a centrifugal and washed with water and

ethanol. Finally, the product was dried for 48 hours in an oven at 80 0C. The samples

were annealed under a reducing atmosphere (Ar 95%/H2 5%) in order to reduce Eu3+

into Eu2+ ions.

The phosphors were characterized by XRD (Bruker Advance D8 diffractometer with

Cu Kα radiation (λ = 0.154 nm)) to identify the crystalline structure of the powder.

The morphology and elemental composition of the materials were analysed using JEOL

JSM-7800F high field emission scanning electron microscope (FE-SEM) equipped with
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EDS. High resolution XPS was obtained with a PHI 5000 Versaprobe system. A low

energy Ar+ ion gun and low energy neutralizer electron gun were used to minimize

charging on the surface. A 100 µm diameter monochromatic Al Kα x-ray beam (hν =

1486.6 eV) generated by a 25 W, 15 kV electron beam was used to analyze the different

binding energy peaks. The pass energy was set to 11 eV giving an analyzer resolu-

tion 0f ≤ 0.5 eV. Multipack version 8.2 software was utilized to analyze the spectra

to identify the chemical compounds and their electronic states using Gaussian-Lorentz

fits. Diffuse reflection spectra were measured using a Lambda 950 UV-vis spectropho-

tometer with spectralon as the reference material. PL spectra were collected using a

Cary Eclipse fluorescence spectrophotometer equipped with a xenon lamp. Lumines-

cence decay curves of Eu2+ were recorded under pulsed excitation (HORIBA scientific)

with 375LH NanoLED diode with a 375 nm excitation wavelength. Whereas, the lu-

minescence decay curves of Pr3+ were measured under pulsed excitation using a diode

pumped YAG laser with a 335 nm excitation wavelength, power of 1.3 milliwatt and

a SR430 Multichannel scalar photomultiplier (Linköping, Sweden). All measurements

were performed at room temperature.

7.3 Results and Discussion

The XRD patterns of the SrF2:Eu2+,Pr3+ powder phosphor as well as the standard data

for SrF2 (card No. 00-086-2418) are shown in fig. 7.1. The doped samples crystallized

into face centred cubic phase with the Fm3m space group and a lattice parameter of

5.794 ± 0.0054 nm. It can also be seen that all observed peaks match well with the

reference data, which indicates that there was no obvious influence of the dopants on

the crystalline structure of the host.
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Fig. 7.1: XRD pattern of the SrF2:Eu2+ (1.5 mol%), Pr3+(10 mol%) phosphor powder

and the standard data (card No. 00-086-2418).

SEM images were obtained in order to investigate the surface morphology of the phos-

phors. Fig. 7.2(a) shows the SEM image of SrF2 co-doped with 1.5 mol% and 4 mol%

concentration of Eu2+ and Pr3+, respectively. The image shows the powder consisted

of agglomerated spherical particles with a diameter bigger than 100 nm. Fig. 7.2(b)

depicts the elemental analysis of the samples using EDS. Representative peaks associ-

ated to F, Eu, Pr and Sr elements are clearly identified. The EDS result confirmed the

presence of Sr, F, Eu and Pr in the sample powder. EDS can however not differentiate

between the oxidation states of the elements.
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Fig. 7.2: (a) SEM image and (b) EDS spectrum of SrF2:Eu, Pr phosphor powder.
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Eu can occur in the divalent (Eu2+) and in the trivalent (Eu3+) states, while Pr can

occur in the trivalent (Pr3+) and tetravalent (Pr4+) states. Both the oxidation states

of Eu are optically active and were detected in SrF2 host in a study previously done by

the authors [9] and it was reported in investigations done by other researchers [10, 11].

In the Pr ions only Pr3+ oxidation state is optically active while the Pr4+ state acts

as quenching center on the materials [12]. The XPS technique is a suitable technique

to investigate the oxidation states of the lanthanide ions in compounds [13–15]. XPS

analysis therefore performed to investigate the conversion of the Eu3+ to Eu2+ ions as

well as the optically active Pr3+ ions of Pr. All the Gaussian percentages were assumed

to have a combined Gaussian-Lorentzian shape during the deconvolution of the peaks.

The high resolution XPS peaks of Pr 3d and Eu 3d are shown in fig. 7.3(a) and

(b), respectively. The high resolution XPS peaks of Pr 3d consists of two spin-orbit

splitting peaks of 3d5/2 and 3d3/2. Peak deconvolution showed the two main peaks,

m and m
′
, the shake-down peaks s and s

′
, and an extra peak that exist only at the

3d3/2 component, t
′

[16–18]. The s and s
′

structures are known to occur from strong

mixing of the two final states of 3d94f2 and 3d94f3, while the t
′

structure was claimed

to be caused by the multiplet effect [18]. All these peaks are characteristics of the Pr3+

ions [16].

Fig. 7.3(b) shows the peak deconvolution for the Eu 3d high resolution XPS peaks. The

Eu 3d peak consists of two peaks that originated from the spin-orbit splitting, 3d5/2

and 3d3/2 of the Eu2+ oxidation state [9, 13]. In our previous XPS investigation of

as-prepared SrF2:Eu phosphors powders the Eu showed both the two oxidation states,

Eu2+ and Eu3+ [9]. This result confirms that the conversion process of Eu3+ to Eu2+

occurred.

Fig. 7.4 shows the excitation and emission spectra of the singly doped Pr3+ ions whose

charge was compensated locally by the F ions [6, 19, 20]. The excitation spectrum of

SrF2:Pr3+ (dotted line) was obtained by monitoring the emission centred at 488 nm

(3P0-3H4 transition). The observed excitation bands correspond to the transitions of

3H4-3Pj (j=0, 1, 2) and 1I6. All these bands occurred within the 4f-4f transitions of

the Pr3+ ion [2]. Upon excitation with 439 nm (into 3P2 energy band), depopulation

116



Eu2+ enhanced Pr3+ photoluminescence by energy . . . Chapter 7

Fig. 7.3: XPS high resolution peaks for the (a) Pr 3d and (b) Eu 3d ions in the SrF2

phosphor powder.

from higher energy bands occurred to the metastable 3P0 energy band. The emission

bands centred at 488, 524, 605, 638, 715 and 730 nm were due to the 3P0-3H4, 3P0-

3H5, 3P0-3H6, 3P0-3F2, 3P0-3F3 and 3P0-3F4 transitions, respectively. All the observed

emission peaks originated mostly from the 3P0 energy level. This demonstrates that

the dominant transition in SrF2 is the 3P0 transition.

The excitation and emission spectra of Eu2+ in SrF2 are shown in fig. 7.5. The spectra

clearly consist of broad excitation and emission bands centred at 332 and 416 nm,

respectively. It is well known that such broad excitation and emission bands are mainly

originating from the inter-configuration 4f65d1-4f7 allowed transition of Eu2+ [8, 9].

The inset graph in fig. 7.5 shows the emission intensity variation as a function of Eu2+

concentration. The maximum luminescence intensity occurred for the sample doped

with 1.5 mol% and a further increase in concentration resulted in a decrease in Eu2+

emission intensity.
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Fig. 7.4: Excitation spectrum (dotted line) and emission spectrum (solid line) of

SrF2:Pr3+ 0.3 mol% excited with 439 nm to the 3P2 energy level.

Fig. 7.5: Excitation spectrum (dotted line) and emission spectrum (solid line) of

SrF2:Eu2+ 1.5 mol% excited by 332 nm.
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Fig. 7.6: Spectral overlap between Eu2+ emission and Pr3+ excitation in the SrF2

crystal structure.

119



Eu2+ enhanced Pr3+ photoluminescence by energy . . . Chapter 7

Fig. 7.6 compares the excitation and emission spectra of Pr3+ and Eu2+ singly doped

SrF2. It is worth noting that the emission band of Eu2+ overlap with the excitation

band of the 3Pj (j = 0, 1, 2) Pr3+ ion. This result is strong evidence to show that the

Eu2+ ion should be a good sensitizer for Pr3+ ion under 332 nm excitation.

To study the energy transfer efficiency for the Eu2+-Pr3+ couple, a series of powder

samples were prepared with 1.5 mol% of Eu2+ and various Pr3+ (0, 1, 2, 3, 5, 7

and 10 mol%) concentration. In fig. 7.7, the emission spectra of Eu2+ (4f65d1-4f7

transition) and Pr3+:4f-4f transition with varied Pr3+ concentration are shown under

identical conditions. The emission spectra of Pr3+ co-doped SrF2, fig. 7.7(b), shows the

characteristic 3P0 emission line of Pr3+ that correlates well with the emission spectra

for the Pr3+ singly doped sample, as was shown in fig. 7.4. From fig. 7.7(a) it

can be seen that the Eu2+ emission (4f65d1-4f7 transition) decreased significantly with

the increased Pr3+ concentration. The Pr3+ emissions were enhanced steadily with an

increase Pr3+ concentration. This is shown in the inset of fig. 7.7(b) where the emission

spectra of Pr3+ (3P0-3H4 transition) are plotted as a function of Pr3+ concentration.

The increase in Pr3+ concentration resulted in a concentration quenching effect that

occurred at high doping concentrations (around 2 mol%). This can be attributed to

the cross-relaxation caused by the interactions between the nearby Pr3+ ions. Due to

the nature of the Pr3+ energy levels the concentration quenching between the Pr3+ ions

in fluoride and oxide hosts occurs at relatively low Pr3+ concentration (maximum 0.4

mol%) [2, 6]. The optimal intensity obtained for the Pr3+ doped SrF2 crystal was 0.4

and 0.2 mol% when prepared by hydrothermal and combustion synthesis techniques,

respectively [21]. The Eu2+ co-doped SrF2:Pr3+ in the current study enhanced the

Pr3+ optimal intensity and hence improved the Pr3+: 4f-4f absorption strength.

A good estimation of the enhancement is obtained by calculating the ratio of the

integrated emission intensity of Eu2+ luminescence (between 388 and 550 nm) for a

sample without Pr3+ to the integrated Pr3+ luminescence (between 460-800 nm) for a

sample co-doped with Eu2+ and Pr3+ [6]. The highest value was for samples doped

with 2 mol% Pr3+, which also indicates that the Pr3+ emission intensity was quenched

as a result of concentration quenching due to cross-relaxation between the Pr3+ ions.
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Fig. 7.7: a) Emission spectra of the 1.5 mol% Eu2+ in SrF2 with varied Pr3+ concen-

tration, (b) emission spectra of Pr3+ in codoped samples with increasing Pr3+ concen-

tration and (c) a comparison between Pr3+ singly doped (α) and codoped (β) ions in

SrF2. The inset graph in (b) is a variation of Pr3+ (3P0-3H4) emission intensity as a

function of the Pr3+ concentration for SrF2 containing 1.5 mol%Eu2+.
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Fig. 7.7(c) portrays a comparison between the PL spectra of the SrF2:Eu2+ (1.5 mol%),

Pr3+ (0.3 mol%) and 0.3 mol% Pr3+ singly doped in SrF2 excited by 332 and 439

nm, respectively. The emission bands of Pr3+ in SrF2 were clearly observed in both

spectra. All the Pr3+ emission bands were significantly enhanced in the co-doped

sample. The biggest enhancement is for the 488 nm band (3P0-3H4 transition). A

comparison between the total calculated intensity emissions revealed that the Pr bands

in the co-doped sample have been enhanced by nearly six times. Fig. 7.7(c) also

includes the emission spectrum of the SrF2:Pr3+ (0.3 mol%) without Eu2+ excited at

332 nm. It clearly shows that Eu2+ well enhanced the emission of Pr3+ in the co-doped

sample. All these results demonstrate that efficient energy transfer occurred from the

Eu2+ to the Pr3+ ion.

More evidence for the energy transfer between he Eu2+ and Pr3+ ions are reported

in fig. 7.8, where the photoluminescence excitation (PLE) spectra of the Pr3+ singly

doped and co-doped Eu2+ in SrF2 are plotted. Three excitation bands at 439, 468

and 484 nm were detected for the Pr3+ singly doped SrF2 phosphor when the Pr3+

emission wavelength of 488 nm was monitored. These peaks are due to the absorption

transition of 3H4-3P2, 3H4-3P1 and 1I6, and 3H4-3P0, respectively. These excitation

bands were slightly weakened in the Eu2+ co-doped phosphor. The co-doped system

showed a much broader excitation band, which was attributed to the Eu2+:4f7-4f65d

absorption transition. It can be noticed that the Eu2+ co-doping phosphor increases

the excitation cross-section of the system compared to that of the Pr3+ singly doped

phosphor. This could be due to the stronger 4f7-4f65d transition than 4f-4f transition

of the Pr3+ ion and therefore confirms that most of the energy will be absorbed by the

Eu2+ ion resulting in weakened Pr3+ excitation peaks [22]. It might also be one of the

reasons that lead to the Pr3+ emission enhancement in the co-doped samples.

Luminescence decay curves that were measured for the Eu2+ emission 5d energy level

contributed further toward the energy transfer efficiency process with different Pr3+

ion concentrations. In general, the decay time of the sensitizer ions does not change

in the presence and absence of the donor ions if the radiative energy is dominant [23].

Whereas, in case of the non-radiative energy transfer the decay time of sensitizer ions
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Fig. 7.8: PLE spectra of the SrF2:0.3 mol% Pr3+ and SrF2:1.5 mol%Eu2+, 0.3

mol%Pr3+ samples.

gradually decreases with increasing the donor concentration. In fig. 7.9(a), the decay

curve are shown for SrF2:Eu2+ (1.5 mol%) codoped with 0, 1, 2, 5, 7 and 10 mol%

Pr3+. The decay time for the singly doped Eu2+ was 435 ns. This decay time was

due to radiative decay from the 4f65d1 (T2g) level, which is in agreement with reported

values for the decay time of Eu2+ emission [24]. Co-doping with Pr3+ induced faster

decay, which can be attributed to the energy transfer from Eu2+ to Pr3+ (fig. 7.9(b)).

An estimation for the energy transfer efficiency can be obtained from ηET = 1− τx/τ0

as outline in reference [23, 25]. Here, τx and τ0 are the corresponding lifetimes of

Eu2+ in the presence and absent of Pr3+, respectively. The corresponding energy

transfer efficiencies were 28, 39, 59, 65 and 79% for samples with 1, 2, 5, 7 and 10

mol%, respectively. This shows that the Eu2+-Pr3+ energy transfer was efficient at high

Pr3+ concentrations, but that the Pr3+ emission was quenched due to concentration

quenching. The luminescence decay curves of Pr3+ revealed further details into the

cross-relaxation between Pr3+ ions. In fig. 7.9(b), the decay curves for Pr3+ in the

co-doped samples with 0.3, 1, 2, 5 and 10 mol% Pr3+ are plotted. It can be seen that
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the decay curve for 0.3 and 1 mol% are identical and nearly single exponential decay,

which demonstrates that up to this doping level there is no interaction between the

Pr3+ ions. The Pr3+ ion started to interact at around 2 mol% and that can be seen in

the decay curve for 2 mol%, which has a little bit faster decay. Higher concentrations,

however, demonstrated that the concentration quenching of Pr3+ emission intensity

occurred due to the cross-relaxation between the Pr3+ ions.

Fig. 7.9: Decay curves of (a) Eu2+ 5d (monitoring 416 nm emission) under 355 nm

excitation and (b) Pr3+:3P0-3H4 (monitoring 488 nm emission) under 375 nm excitation.

A detailed energy transfer processes from Eu2+ to Pr3+ and the possible cross-relaxation

mechanism that may occur between the Pr3+ ions are schematically shown in fig. 7.10.

Upon 332 nm excitation, one can demonstrate that the absorbed UV photon energy

is likely transferred to excited states of Pr3+ (1I6 and 3Pj, j = 0, 1, 2) by resonant

energy transfer via energy migration from Eu2+ (4f65d) to Pr3+ (3P2). The other en-

ergy transfer pathway is due to the cross-relaxation process between the Eu2+ to Pr3+

energy levels: [4f65d,3H4]→[4f(8S7/2),3P2]. These two energy transfer pathways result

in enhanced Pr3+ emission via the 3P2-1I6 and 3Pj( j = 0,1) non-radiative process. This

process has been reported recently by W. Xu et. al. [22] for GeS2-GeS3-CsCl chaloco-

halide glasses co-doped with Pr3+ and Eu2+. However, we propose two cross-relaxation

processes that are mostly responsible to reduce the 3P0 emission intensity of Pr3+ ions

in the SrF2 matrix. The first cross-relaxation possibility is [3P0,3H4]→[3H6,1D2] as in-

124



Eu2+ enhanced Pr3+ photoluminescence by energy . . . Chapter 7

dicated in fig. 7.10 (pathway 1). The [3P0,3H4]→[3H6,1D2] cross-relaxation process is a

suggestion taken from literature for Pr3+-doped yttrium aluminium garnet (YAG) and

gadolinium gallium garnet (GGG) [26, 27]. Another de-activating pathway within a

Pr-Pr pair is the [3P0, 3H4]→[1G4,1G4] cross-relaxation process as is shown in fig. 7.10

(pathway 2). This pathway was also a suggestion taken from literature for a Pr3+doped

KYb(WO4)2 crystal [28].

Fig. 7.10: Simplified energy level diagram of Eu2+ and Pr3+ showing a possible en-

ergy transfer between Eu2+ and Pr3+ ions, and a possible cross-relaxation mechanism

between the Pr3+ ions.

The present results showed efficient energy transfer from Eu2+ to Pr3+. The 3P0 emis-

sion intensity has increased and then decreased. The decreased intensity of Pr3+ emis-

sion bands at higher Pr3+ concentration was due to the cross-relaxation process between

Pr3+ ions. Y. Chen et al. [29] demonstrated the efficient energy transfer between the

Eu2+ and Pr3+ couple in LiSrPO4 powder that resulted in NIR emission from 1D2 and

1G4 levels of Pr3+. A. Guille et. al. [7] demonstrated energy transfer between the

Ce3+-Pr3+ couple in CaYAlO4 powders and thin film. The energy transfer followed by
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a cross-relaxation process that involves the 4f levels of the Ce3+ ion, lead to sensitize

the 1D2 level of the Pr3+ ion. The difference was explained by the fact that the Ce3+

donor has two 4f energy states (2F5/2 and 2F7/2) separated with the same energy as

the energy level of Pr3+ (3P0 and 1D2). As a result, the cross-relaxation Pr3+:[3P0-

1D2]→Ce3+:[2F5/2-2F7/2] populates the 1D2 level of the Pr3+ ion. They conclude that

the energy transfer from this level to the Yb3+ ion is possible but it would not lead

to the quantum cutting process. This reduces their potential for application in solar

cell. In this study it was shown that the energy transfer from the Eu2+ to Pr3+ ions

lead to sensitized the transition from the 3P0 level of the Pr3+ ion where the quan-

tum cutting process towards the Yb3+ ion via resonance and cross-relaxation energy

transfer is likely to occur. Therefore, Eu2+ can be used as an efficient sensitizer to feed

the Pr3+ ions and therefore it might improve the NIR absorption of the Pr3+-Yb3+

couple in SrF2 for solar cell application. Further investigations on Eu2+ sensitized the

Pr3+-Yb3+ couple in SrF2 is therefore described in chapter 9.

7.4 Conclusions

It was successfully demonstrated that efficient energy transfer occurred from the 5d

band of the Eu2+ ions toward the 3Pj levels of the Pr3+ ion. The energy transfer was

likely to be followed by a cross-relaxation process between the Pr3+ ions. The Eu2+

ions could be an efficient sensitizer to the Pr3+ ions and hence increased the excitation

cross-section of the Pr3+ ions. This might then resulted in a quantum cutting process

for the Pr3+-Yb3+ ion in the SrF2 crystal.
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Chapter 8

NIR quantum cutting of Na+ and Eu2+-Yb3+ couple

activated SrF2 crystal

In this chapter, the influence of the Na+ ions on the photoluminescence of SrF2:Eu2+-

Yb3+ is studied. The cooperative energy transfer process from Eu2+ to Yb3+ ion is

also discussed.

8.1 Introduction

Near-infrared (NIR) quantum cutting materials are luminescent materials that convert

one high energy (i.e. UV/visible) photon into two NIR photons through lanthanide

ions [1–3]. Recently, the use of luminescent materials based on lanthanide ions to boost

the efficiency of the Si solar cells have been suggested [2–5]. Most of the quantum

cutting materials are based on the Ln3+-Yb3+ couple [2]. The low absorption cross-

section of the 4f-4f transition of the quantum cutting materials based on the Ln3+-Yb3+

couples limit the implementation of such application [1]. Ideal NIR quantum cutting

materials for Si solar cells should efficiently convert the UV/Vis broadband part of

the solar spectrum into ∼1000 nm NIR photons. Much attention have lately been

paid to the broadband NIR quantum cutting that occurred in the Yb3+ ion by using a

broadband excitation ions as sensitizers [1, 6–9]. The 4f-5d transition of the broadband

strongly depend on the crystal field of the host. The Eu2+ ion in SrF2 emits a blue

photon centred at 416 nm [10] which is approximately twice the single excited state’s

(2F5/2)value of the Yb3+ ion. This makes Eu2+ ion an efficient sensitizer for Yb3+

through cooperative energy transfer. It is therefore quite meaningful to investigate the

Eu2+-Yb3+ couple co-doped in SrF2 for its application in photovoltaic cells.

The SrF2 crystal is one of the widely used hosts in various applications [2, 11–13]. The

photoluminescence properties of SrF2 doped by Ln3+ ions have been extensively inves-

tigated in which charge compensation for the substitution of Ln3+ for Sr2+ is required.
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This gives rise to a rich multisites structure, which leads to broad absorption and emis-

sion bands. The disadvantage of such charge compensation (fluorine interstitial) is

that it would reduce the quantum efficiency of the system [14]. A new class of charge

compensation that is based on monovalent impurity ions that exist along with Ln3+

ions into the fluorite hosts have been reported [14–16]. Co-doping Yb3+ with Na+ as

a charge compensator decreases the multisite of Yb3+ since Yb3+-Na+ complexes are

expected to dominate the system [14].

8.2 Experimental

Analytical grade of Sr(NO3)2, Eu(NO3)3.5H2O, Yb(NO3)3.5H2O, NaOH and NH4F

were used without further purification. For a typical synthesis of SrF2:Eu2+, Yb3+ by

using the co-precipitation process, 30 mmol of NH4F and 0.1 mol/mL of NaOH were

added drop-wise to an aqueous solution containing Sr(NO3)2, Yb(NO3)3.5H2O and

Eu(NO3)3.5H2O in periods of about 30 min. After one hour of stirring, the mixture

was left for 5 hours. Then, the product was collected by using a centrifugal and washed

with water and ethanol. Finally, the product was dried for 48 hours in an oven at 80

0C. The samples were annealed under a reducing atmosphere (Ar 96%/H2 4%) in order

to reduce Eu3+ into Eu2+ ions.

The structure of the prepared samples was characterised by XRD using a Bruker Ad-

vance D8 diffractometer (40 kV, 40 mA) with Cu Kα x-rays (λ = 0.154 nm). UV-

Vis-NIR diffuse reflection spectra were measured using a Perkin Elmer Lambda 950

spectrophotometer with an integrating sphere and using spectralon as the reference

material. PL spectra were collected by using a Cary Eclipse fluorescence spectropho-

tometer equipped with a xenon lamp. The NIR PL spectra were collected with a He-Cd

laser PL system with a 325 nm excitation wavelength and a 2 mm InGaAs photodiode

detector. Luminescence decay curves of Eu2+ were recorded under pulsed excitation

(HORIBA scientific) with a 375LH NanoLED diode with a 375 nm excitation wave-

length. All measurements were performed at room temperature.
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8.3 Results and discussion

It is worth mentioning that the Na+ concentration was fixed to 0.5 mol% throughout

this study. Fig. 8.1 shows the XRD patterns of singly doped Eu2+ and co-doped Eu2+-

Yb3+ ions in the SrF2 crystal. For Eu2+ singly doped SrF2, the pattern crystallized into

the cubic structure of SrF2 (card 00-086-2418). Co-doping with low concentrations of

Yb3+ ions (up to 3 mol%) with the Na+ ions in the SrF2:Eu2+ (1.5 mol%) structure did

not cause any change in the XRD patterns. With increased Yb3+ ion’s concentrations,

the XRD patterns of the samples can be indexed as a mixture of the cubic phases for

SrF2 and NaYbF4 (JCPDS 77-2043). The schematic structure of pure SrF2 is shown

in fig. 8.2(a). The Sr2+ sub-lattice is face-centered cubic, the F− sub-lattice is simple

cubic where each second cube contains Sr2+ ion(others are empty). The divalent (Eu2+)

ion easily substitutes for the central Sr2+ ion, leaving it in a crystalline environment.

In general, when Yb3+ ions are co-doped in the system, the extra positive charge of

the Yb3+ relative to the Sr2+ ion makes some type of charge-compensation mechanism

necessary, which is required to maintain the electrical neutrality of the crystal. The Oh

(cubic) symmetry of the Sr2+ site would changed to the lower symmetries, tetragonal

(C4ν) and trigonal (C3ν), respectively [14, 17]. Fig. 8.2(b) shows the possible F−

interstitial sites. Co-doping with Yb3+ and Na+ ions in the SrF2 crystals can also

cause the Na+ ions to compensate with the extra charge of the Yb3+ ion. The Na+

ions can therefore enter in substitutional or interstitial positions near the Yb3+ ions

and then result in a modified C3ν symmetry (fig. 8.2(b)) [15]. Some of the possible

sites for Na+ ions in the SrF2 host are shown in fig. 8.2(b). The cubic NaYbF4 system

is a fluorite structure (SrF2) with the Sr2+ sites randomly occupied by Na+ and Yb3+

ions [18]. Thus, the presence of Na+ ions with increased Yb3+ concentration in the

SrF2 structure gradually lead to the formation of mixed cubic structure between SrF2

and NaYbF4.
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Fig. 8.1: XRD patterns of the SrF2:Eu2+(1.5 mol%) crystals and a mixture of the SrF2

and NaYbF4 XRD patterns obtained after co-doping with high Yb3+ concentration

(0.5 mol% Na). The peaks marked with a triangle refer to the cubic-phase of NaYbF4.

The SrF2 and NaYbF4 standard XRD patterns are also shown.
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Fig. 8.2: (a) A pure SrF2 structure showing that every second simple cubic of the

F− sub-lattice contains a Sr2+ ion, (b) Schematic pictures of some Yb3+ ions’ charge

compensation pairs (i.e. both the Na substitutional sites and the F interstitial sites).
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Fig. 8.3: Diffuse reflectance spectra of Eu2+ and Yb3+ ions co-doped in SrF2: 0.5 mol%

Na+with 15 and 30 mol% Yb3+ ions’ concentrations.

Fig. 8.3 depicts the diffuse reflectance spectra of 1.5 mol% Eu2+ co-doped with 15 and

30 mol% Yb3+ concentration in the SrF2:Na+ (0.5 mol%) to confirm the existence of

europium in the divalent state. The broad absorption band located between 275 and

400 nm is a result of the strong absorption of the Eu2+ (4f7-4f65d) ion. It can be seen

that the absorption strengths for the peaks corresponding to Eu2+ ions have similar

absorption strength for the two samples, which demonstrates that the Eu2+ is equally

incorporated in the SrF2 crystal. The absorption peak in the NIR part with a maxima

at 976 nm is assigned to the 4f-4f transition of the Yb3+ ion. The weak sensitivity of our

system in the NIR region results in a weak and noisy intensity signal for the low Yb3+

concentration. As expected, the intensity of the NIR absorption band increased with

increasing Yb3+ doping concentration. It is well known that the interstitial fluorine

sites induce broad excitation bands to trivalent rare-earth ions-doped SrF2 due to a

rich multisite structure of several types of charge compensation (nearest neighbor (C4ν),
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next nearest neighbor (C3ν) or no local site (Oh) and various clusters) [14, 17]. If Na+

ions also present in fluoride host it leads to narrow absorption and emission bands of

the Ln3+ ions [16]. Due to the weak sensitivity of our UV-Vis system in the NIR region

no significant change has been observed in the NIR absorption spectra for both the F−

and Na+ sites.

The excitation and emission spectra of Eu2+ in SrF2 are reported in chapter 7, fig. 7.5.

The spectra clearly showed broad excitation and emission bands centred at 332 and

416 nm, respectively. The maximum luminescence intensity occurred for the sample

doped with 1.5 mol% and a further increase in concentration resulted in a decrease in

Eu2+ emission intensity.

Fig. 8.4: (a) Eu2+ emission intensity as a function of Yb3+ concentration, and (b) NIR

emission spectra as a function of Yb3+ concentration excited by a He-Cd laser system

with a 325 nm excitation wavelength.

To study the energy transfer in the Eu2+-Yb3+ couple as well as the influence of Na+ on

Yb3+ emission, a series of powder samples were prepared with 0.5 mol% Na+ , 1.5 mol%

of Eu2+ and various Yb3+ concentrations under identical condition. In fig. 8.4(a) and

(b), the emission spectra for the visible region of the Eu2+ and NIR of Yb3+ with fixed

Eu2+ and varied Yb3+ concentrations are shown. Under UV excitation the PL spectra

of Eu2+ clearly showed the broad emission band centred at 416 nm, which is similar to

that in the Eu2+ singly doped SrF2 crystal. The NIR emission spectra that are shown
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in fig. 8.4(b) correspond to the Yb3+ ions’ transitions from the 2F5/2 excited state to

2F7/2 ground state. The Yb3+ emission is strongly affected by the Na+ impurity ions.

One can see that the emission intensity of Yb3+ at 1 mol% (fig. 8.4(b)) is relatively

different from the other spectra. It consists of two narrow peaks centered at 978 and

1035 nm. With increased Yb3+ concentration, the shape and position of these two

peaks were significantly changed. The peak at 1035 nm strongly blue shifted whereas

the peak at 978 nm gradually blue shifted and broadened. The influence of Na+ on

the absorption and emission of the Yb3+ ions has been reported previously [14, 15, 17].

All these previous studies agreed that the Na+ ions give rise to narrow and clearly

resolved, small blue shifted, emission and absorption spectra of the Yb3+ ions. In this

study, one can conclude that the Na+ impurity ions strongly influence the Yb3+ spectra

at low Yb3+ concentrations. This is because at low Yb3+ concentration the Na+ sites

are abundant whereas an increase in the Yb3+ concentrations gradually transformed

the structure to a mixture of the two cubic phases of SrF2 and NaYbF4 with fluorine

interstitial sites.

From fig. 8.4(a) it can be seen that the Eu2+ (1.5 mol%) emission (4f65d-4f7 transition)

gradually decreased until it is almost totally quenched at the highest Yb3+ concentra-

tion. On the contrary the Yb3+ emissions are enhanced steadily with increased Yb3+

concentration (up to 5 mol%). This is shown in fig. 8.4(b) where the NIR emis-

sion of Yb3+ are plotted with varied Yb3+ concentrations. The increase in the Yb3+

concentration resulted in a concentration quenching effect that occurred to the Yb3+

emissions at higher (higher than 5 mol%) concentrations. This can be attributed to

the concentration quenching caused by the interactions between the nearby Yb3+ ions.

The decrease in the Eu2+ emission indicates that there most likely exists an energy

transfer from Eu2+ to Yb3+.

Fig. 8.5 shows the decay curves of Eu2+:4f65d1-4f7 (416 nm) with varied Yb3+ con-

centration. The decay times of Eu2+in the singly doped and co-doped samples are

listed in table 8.1. The decay time for the singly doped Eu2+ was 435 ns. This decay

time was due to radiative decay from the 4f65d1 (T2g) level, which is well in agreement

with a reported value for the decay time of Eu2+ emission in SrF2 [19]. Co-doping
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with Yb3+ ion induced faster decay, which can be attributed to the energy transfer

from Eu2+ to Yb3+. An estimation of energy transfer efficiency can be obtained from

ηET,x%Y b = 1-τx/τ0 as outline in literature [20, 21]. Here, τx and τ0 are the correspond-

ing average lifetimes of Eu2+ in the presence and absent of Yb3+, respectively. From

table 1, the energy transfer efficiency of Eu2+ increased gradually with an increase in

the Yb3+ concentration. The energy transfer efficiency for the sample doped with 1.5

mol% Eu2+ and 10 mol% Yb3+ is about 89 %. This shows that the Eu2+-Yb3+ energy

transfer is completed at these higher concentrations. For concentration higher than 10

mol% Yb3+, the decay curves of Eu2+ however seem to remain constant. This might

be attributed to the decrease of the Eu2+ lifetime less than the pulsed duration of the

laser system, which was used to measure the Eu2+ PL decay curves. The Yb3+ emis-

sion was quenched due to concentration quenching at the higher concentrations. The

energy transfer between Eu2+ and Yb3+ has been reported to occur through coopera-

tive quantum cutting energy transfer [7, 8]. The energy transfer based on cooperative

quantum cutting has been realized in different lanthanide ion couples [7, 22, 23]. The

quantum cutting energy transfer is based on two different models for the interaction

between the donor and acceptor centers, i.e. first order energy transfer and second-

order energy transfer. In the first order energy transfer, the emission spectrum of the

donor should overlap with the excitation spectrum of the acceptor. In the case where

the overlap between the donor’s emission and acceptor’s absorption spectra is absent,

second-order down-conversion may become the dominant relaxation process [22]. The

resonance condition occurs when the sum of the energy of the absorption transitions of

the two acceptor centers approximately equals the energy of the donor’s emission. The

first order energy transfer can be excluded to occur in the Eu2+-Yb3+ couple, since

energy overlap does not exist. Hence, the energy transfer between Eu2+ and Yb3+

couple occurred through cooperative quantum cutting energy transfer, where one Eu2+

photon splits to excite two Yb3+ ions.
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Fig. 8.5: Normalized decay curves of the Eu2+ emission at 416 nm as a function of the

Yb3+ concentration.

Yb3+ conc.(mol%) τ(ns) ηET,x%Y b

0 435 0

0.5 383 12

3 4243 44

5 105 76

10 47 89

Table 8.1: The average decay lifetime (τ (nm)) of the 5d-4f transition of Eu2+ (416

nm) and the Eu2+-Yb3+ energy transfer efficiency (ηET,x%Y b).

The total quantum efficiency of the SrF2:Eu2+, Yb3+ is defined as the ratio between

the total number of photons emitted by Eu2+ to the number of the photons absorbed

by Yb3+, and can be calculated as a function of Yb3+ concentration by [24]:

η = ηEu (1− ηET,x%Y b) + 2ηY bηET,x%Y b, (8.1)

where ηEu and ηY b are the quantum efficiency of Eu2+ and Yb3+ luminescence, respec-

tively, which are set to unity [24, 25]. Considering only the Eu2+ energy transfer, the
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highest quantum efficiency, 189 %, was obtained for samples co-doped with 10 mol%.

However, the actual quantum efficiency is lower due to the concentration quenching and

other non-radiative decay processes for Yb3+ or due to other quenching sites originating

from material defects.

Fig. 8.6: Schematic energy level diagrams of Eu2+ and Yb3+ in SrF2 and possible

energy transfer process between Eu2+ and Yb3+ .

The schematic energy levels with the electronic transitions, which may be involved

in the cooperative energy-transfer process between one of the Eu2+ ions and two of

the Yb3+ ions in the SrF2 crystal are shown in fig. 8.6. The emission energy of the

Eu2+:4f65d1-4f7 transition is approximately twice that of the Yb3+:2F5/2-2F7/2 tran-

sition. Upon 325 nm excitation, Eu2+ ions emit at 416 nm due to the 4f65d1-4f7

transition, which activates two NIR photons due to the Yb3+: 2F5/2-2F7/2 transition.

The present results suggested that Eu2+ can be used as an efficient sensitizer to enhance

the Yb3+ NIR emission through the a cooperative quantum cutting process.
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8.4 Conclusions

Various Yb3+ ions’ concentrations and Na+ (0.5 mol%) co-doped in SrF2:Eu2+ (1.5

mol%) were prepared by the co-precipitation method. XRD results showed a mixture

of the two cubic phases of SrF2 and NaYbF4 at high Yb3+ concentrations. At low Yb3+

concentrations, the NIR emission was strongly effected by the Na+ sub-situational sites.

Cooperative energy transfer from Eu2+ to Yb3+ ions was demonstrated. The broad

emission band of Eu2+ (4f65d-4f7) leads to efficient NIR emission from Yb3+through

the quantum cutting process. The broad UV-Vis energy excitation photons that was ef-

ficiently converted into NIR photons corresponded well with the energy of the bandgap

of Si. We therefore conclude that the material studied in this work might have practical

application possibilities for raising the efficiency of c-Si solar cells.
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Chapter 9

Eu2+ sensitized Pr3+-Yb3+ quantum cutting couple in a

SrF2 crystal

In this chapter the possibility of using the broadband excitation of Eu2+ ion as a

sensitizer for Pr3+-Yb3+ couple in SrF2 is discussed.

9.1 Introduction

In chapter 7, we demonstrated excellent sensitization effects of Eu2+ on the lumines-

cence properties of the Pr3+ ion. The luminescence intensities of the Pr3+ ion greatly

enhanced with the co-doping of Eu2+. In this chapter, we investigated however to

what extend the NIR emission of the Pr3+-Yb3+ couple in SrF2 crystal can be affected

by using the broadband excitation of Eu2+ ion as a sensitizer. The phosphors were

prepared by the co-precipitation process. The energy transfer mechanism is demon-

strated by the decrease of Eu2+ and Pr3+ related photoluminescence and by lifetime

measurements with increasing Yb3+ concenteration.

9.2 Experimental

A detail descriptions of the co-precipitation synthesis method can be found in chapter7.

Analytical grade of Yb(NO3)3.5H2O was used as source for the Yb3+ dopant.

The diffuse reflection spectra were measured using a Perkin Elmer Lambda 950 spec-

trophotometer with an integrating sphere and using spectralon as the reference mate-

rial. PL spectra were collected by using a Cary Eclipse fluorescence spectrophotometer

equipped with a xenon lamp as well as the He-Cd laser PL system with a 325 nm

excitation wavelength. NIR PL measurements were collected with a He-Cd laser PL

system with a 325 nm excitation wavelength and 2 mm InGaAs photodiode detector.
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Luminescence decay curves of Eu2+ were recorded under pulsed excitation (HORIBA

scientific) with 375LH NanoLED diode with a 375 nm excitation wavelength. The lu-

minescence decay curves of Pr3+ were measured under pulsed excitation using a diode

pumped YAG laser with a 335 nm excitation wavelength, power of 1.3 milliwatt and

a SR430 Multichannel scaler photomultiplier (Linköping, Sweden). All measurements

were performed at room temperature.

9.3 Results and discussion

Fig. 9.1 shows the absorption bands observed in the diffuse reflectance spectra of Eu2+

sensitized Pr3+-Yb3+ couple in the SrF2 crystal. The sharp small bands centred at 440,

466, 482, 588 nm are ascribed to the 4f-4f transition from the 3H4 ground state to the

3P2, 3P1, 3P0 and 1D2 excited states of the Pr3+ ion (labelled in fig. 9.1), respectively [1].

The broad absorption band below 400 nm represents the strong absorption of the Eu2+

(4f65d-4f7) ion. The Eu2+ and Pr3+ ions’ absorption include a large part of the UV

and Vis regions ranging from 310 to 590 nm. The additional absorption peak in the

NIR part with a maxima at 976 nm is assigned to the 4f-4f transition of the Yb3+ ion.

The weak sensitivity of our system in the NIR region results in weak intensity and

noise for all the samples below 5 mol% Yb3+ concentration and this also influenced the

intensity of the samples with high Yb3+ concentration. All the Pr3+ ion’s absorption

bands in the NIR region were also not observed due to the system’s sensitivity [2]. As

expected, the intensity of the Yb3+:2F7/2-2F5/2 absorption increased with increasing

Yb3+ doping concentration. The diffuse reflectance results confirmed that the Eu ion

is in the divalent state and all the dopants were successfully incorporated in the host

material.
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Fig. 9.1: Diffuse reflectance spectra of the Eu2+ sensitized Pr3+-Yb3+ couple in SrF2

with different Yb3+ concentrations.

Fig. 9.2 shows the emission of singly Eu2+ and co-doped Pr3+ in the SrF2 crystal excited

by 325 nm. The spectrum of singly Eu2+ doped crystal shows only the emission of

inter-configuration 4f65d11-4f7 allowed transition of Eu2+ [3, 4]. The co-doped spectrum

consists of emission from both the Eu2+ and Pr3+ ions. The strong broad emission band

in the co-doped spectrum is the characteristic emission of Eu2+:4f65d11-4f7 allowed

transition. The narrow emission bands centred at 488, 524, 605, 638, 715 and 730 nm

were assigned to the Pr3+:4f-4f transitions (3P0-3H4, 3P0-3H5, 3P0-3H6 and 3P0-3F2),

respectively [1, 5]. The strong emission of Eu2+ suppressed the weak emission bands of

the Pr3+ ion. In fig. 9.2 the emission spectrum of the SrF2:Pr3+ without Eu2+ excited

at 325 nm is also shown. It clearly shows no Pr3+ emission has occurred. The presence

of Pr3+ emission under 325 nm excitation, in the co-doped samples, indicates therefore

that there most likely exists an energy transfer from Eu2+ to Pr3+, as can be seen in

chapter7.
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Fig. 9.2: Visible emission of Eu2+ and Pr3+ ions in the SrF2 host excited by the He-Cd

laser system with 325 nm excitation wavelength.

To study the influence of the Eu2+ on NIR quantum cutting emission of Pr3+-Yb3+, a

series of crystalline powder samples with fixed Eu2+ and Pr3+ and with different Yb3+

ions’ concentrations were prepared. In fig. 9.3(a) and (b), the emission spectra of 1.5

mol% Eu2+ (4f65d1 →4f7 transition) and 2 mol% Pr3+ with varied Yb3+ concentration

are shown under identical conditions. The broad emission band of Eu2+ originates from

the inter-configuration 4f65d1-4f7 allowed transition of Eu2+ [3, 4]. The additional sharp

peak centred at 488 nm is assigned to the Pr3+:3P0-3H4 transition. The PL spectra of

Pr3+-related emissions as a function of Yb3+ concentration are shown in fig. 9.3(b).

The emission spectra of Pr3+ show the characteristic 3P0 emission line of Pr3+ [1, 5].

The 4f65d1-4f7 allowed transition of Eu2+ is however characterized by a fast emission

rate, which is the so-called fluorescence emission. The 4f-4f emission of Pr3+ is classified

as a phosphorescence emission that arises from the triplet excitation states in which
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the electron in the excited state has the same spin orientation as the ground state

electron. Such transitions are forbidden and the emission rates are slow. By using

our Cary Eclipse PL system (designed to separate the fluorescence and phosphoresces

emissions) the 4f-4f emission should be measured in phosphorescence mode, while the

Eu2+ emission should be measured in fluorescence mode. The observed 4f-4f emission

of Pr3+ in fluorescence mode can be explained by a decrease in the emission rates of

Pr3+ emission with increasing Yb3+ concentration.

Fig. 9.3: Visible PL emission of (a) Eu2+ and (b) Pr3+ as a function of Yb3+ concen-

tration, excited by 332 nm.

From fig. 9.3(a) it can be seen that the Eu2+ emission (4f5d1 →4f7 transition) de-

creased with the increased the Yb3+ concentration. This indicates there may exist

other quenching site since the Pr3+ concentration (2 mol%) is fixed in all the samples

with different Yb concentrations. The inset graph in fig. 9.4 represents the emission of

Yb3+ sensitized by Eu2+ in the SrF2 system excited by 325 nm. The emission shows

the characteristic 2F5/2-2F7/2 transition line of Yb3+ that correlates well with the emis-

sion spectra for the Yb3+ ion in literature [6]. The Yb3+ ion has a single excited state

(2F5/2) approximately 10000 cm−1 above the 2F7/2 ground state. The absence of the

energy levels above the excited state (2F5/2) allows Yb3+ to absorb energy packages

of 10000 cm−1 and emits photons around ∼1000 nm. The presence of Yb3+ emission
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under Eu2+ excitation indicates that an energy transfer from Eu2+ to Yb3+ occurred.

The decrease in the Eu2+ emission intensity can therefore be attributed to the energy

transfer between the Eu2+ and Yb3+ ions through cooperative quantum cutting energy

transfer [7]. The detail investigations of energy transfer between Eu2+ and Yb3+ was

discussed in chapter 8.

The PL spectra of Pr3+-related emissions as a function of Yb3+ concentration is shown

in fig. 9.3(b). All the Pr3+ in SrF2 emission bands were significantly enhanced in the co-

doped sample. The biggest enhancement was found for the 488 nm band (3P0 →3H4

transition)1. From fig. 9.3(b) it can be seen that all bands for the Pr3+ emission

decreases significantly with increasing the Yb3+ concentration. A drastic decrease in

intensity can be seen in the sample with 10 mol% of Yb3+. This result shows the

efficient energy transfer from Pr3+ to the Yb3+ ion.

PL of the NIR spectra are shown in fig. 9.4. For the sample co-doped with Eu2+

(1.5 mol) and Pr3+ (2 mol%) (shown in fig. 9.4 as 0.0% Yb), a number of NIR bands

can be observed. The emission band centered at 993 nm with small shoulders at 1004

and 1015 nm is ascribed to the transition of the lowest Stark level of 1G4 in Pr3+

to different Stark levels of the ground state of 3H4 [8]. The other peaks located at

1057, 1080 and 1307 nm are assigned to the transitions of 1D2-3F3, 1D2-3F4 and 1G4-

3H5 in Pr3+, respectively. The observation of emission bands originating from the

1D2 level implies that cross-relaxation between the Pr3+ ions pairs occurred since the

multi-phonon relaxation process from 3P0 to 1D2 level is negligible [5]. After doping

with Yb3+ ions a sharp and small PL peak appears at 977 nm, which is attributed to

the 4f-4f transition of Yb3+:2F5/2-2F7/2 [9]. By increasing the Yb3+ concentration the

Yb3+ emission gradually appeared. At 10 mol% Yb3+, the Pr3+:1G4-3H3 emission is

completely quenched hence the Yb3+ emission can clearly be observed. This indicates

that the energy transfer between the Pr3+ and Yb3+ ions occurred efficiently. Although

the energy transfer occurred between Pr3+ and Yb3+ ions, the Yb3+ emission intensity

is relatively weak. This can be attributed to the concentration quenching between

Yb3+ ions at high Yb3+ concentration. The relatively weak emission of Yb3+ at low

1You can also see chapter7 for more details.
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Fig. 9.4: NIR emission spectra of Eu2+ and the Pr3+-Yb3+ couple as a function of

Yb3+ concentration. The 10 % Yb spectrum is drawn with a different scale.

Yb3+ concentration may be due to the strong emission of the Pr3+:4f-4f band that

overlaps with Yb3+ emission. This is suggesting that the spectral effect of Yb3+ in

the current system is small. The overall conclusion is however intense NIR emission

occurred under Eu2+ sensitization.

Results obtained from the luminescence decay curves for Eu2+ and Pr3+ emission also

contributed to the discussion about the energy transfer process that occurred with

different Yb3+ concentrations. Fig. 9.5(a) shows the decay curves of the Eu2+:4f65d1-

4f7 at 416 nm emission. The decay time for the singly doped Eu2+ was 435 ns. This

decay time was due to radiative decay from the 65d1 (T2g) level, which is in agreement

with reported values for the decay time of Eu2+ emission in SrF2 [10]. Co-doping with
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2 mol% of Pr3+ induced faster decay, which can be attributed to the energy transfer

from Eu2+ to Pr3+. Adding 1 mol% of Yb3+ to the Eu2+-Pr3+ couple dramatically

decrease the Eu2+ decay lifetime. The decay curve of Eu2+-Yb3+ is also shown in fig.

9.5(a). The bi-exponential decay curve of 1.5 mol% Eu2+ and 1 mol% Yb3+ confirmed

that energy transfer from Eu2+ to Yb3+ was occurred. An estimation of energy transfer

efficiency can be obtained from ηET = 1-τx/τ0 as outlined in literature [7, 11]. Here, τx

and τ0 are the corresponding average lifetimes of Eu2+ in the presence and absent of

an acceptor, respectively. The corresponding energy transfer efficiency are 31, 39 and

62 % for B, C and D (labelled in fig. 9.5(a)) respectively.

Fig. 9.5: (a) Normalized decay curves of the Eu2+ emission at 416 nm of SrF2:Eu2+,

SrF2:Eu2+, Pr3+ and SrF2:Eu2+, Pr3+, Yb3+. (b) Normalized decay curves of the Pr3+

emission at 488 nm for SrF2:Eu2+, Pr3+ and with 0.5 and 1 mol% Yb3+.

The luminescence decay curves for the Pr3+ related transition 3P0-3H4 is shown in fig.

9.5(b). The decay time for Pr3+ rapidly decreased when the system was co-doped with

Yb3+. This indicates an additional decay pathway, i.e, the energy transfer between

Pr3+ and Yb3+. There is a fast decay curve in the Pr3+ curve with increasing Yb3+

concentration. For 0.5 and 1 mol% Yb3+ concentration, the energy transfer efficiency

values are 35 and 60%, respectively. This result is not in good agreement with the

decrease in the Pr3+ emission with increasing Yb3+ concentration (see fig. 9.3(b)).

Therefore, the fast decay curve is not fully understood and is still under investigation.
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At higher Yb3+ concentrations, the decay curves seem to remain constant. This might

be attributed to the decrease in the Pr3+ lifetime towards nanoseconds and this ex-

ceeded the pulsed duration of the YAG laser system (in microseconds), which was used

to measure the Pr3+ PL decay curves. This is in good agreement with our assessment

where the 3P0-3H4 emission is observed in the fluorescence spectra along with Eu2+,

see fig. 9.3(a).

Recently quantum-cutting based on the Pr3+-Yb3+ couple has been clearly demon-

strated in SrF2 crystal [9]. It consists of two steps resonance energy transfer process

as shown in fig. 9.6. The 3P0 level from the Pr3+ ion is populated after absorption of

blue photons. The two steps resonance energy transfer process between Pr3+ and Yb3+

with the 1G4 level of the Pr3+ ion acting as the intermediate level: Pr3+: [3P0-1G4,

1G4-3H4 →2×Yb3+: [2F7/2-2F5/2] can then occur [9, 12]. G. Gao et al. [13] however

investigated the quantum cutting of Pr3+-Yb3+ couple in LaBO3 glass ceramics. They

have concluded that energy transfer between Pr3+ and Yb3+ could occur through both

the 3P0 and 1D2 levels. In this study, the Yb3+ emission is a results of combination of

energy transfer from both the Pr3+ and Eu2+ to the Yb3+ ion. The energy transfer be-

tween Eu2+ and Yb3+ has been reported to occur through cooperative quantum cutting

energy transfer [7, 14]. The schematic diagram of quantum cutting process between

Eu2+ and Yb3+ is sketch in fig. 9.6 (pathway 2). The 3P0-1G4 transition has week

dipole oscillator strength [12]. Therefore, the absence of 3P0-1G4 emission (fig. 9.4)

and the weak intensity of Yb3+ in NIR region suggested that the cooperative energy

transfer process between Pr3+ and Yb3+ cannot be neglected (pathway 1 in fig. 9.6).

It is well known that the 3H4-3Pj transition of the Pr3+ ion is parity forbidden and

therefore it has a low absorption cross-section. On the contrary, the 4f-5d transition

of the Eu2+ ion is a fully allowed transition. Absorption by the Eu2+ ions is therefore

strong and most of the incident energy will then be absorbed by the Eu2+ ions. The

energy can then be transferred to the Pr3+ ions. Thus, the light yield is much more

significant in the Eu2+ co-doped Pr3+-Yb3+ couple systems than in the Pr3+-Yb3+

couple. The practical action for enhancing the excitation cross-section of Pr3+-Yb3+

couple has been done by A. Guille et. al. [15] in CaYAlO4 thin film and bulk co-
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Fig. 9.6: (Color online) schematic diagram energy level and down-conversion mecha-

nism for the Eu2+ sensitized Pr3+, Yb3+ couple. The diagram shows the cooperative

energy transfer and first-order energy transfer between the Pr3+ and Yb3+.

doped with Pr3+ and Ce3+ ions, where the Ce3+ ions feed the 1D2 level of Pr3+. They

concluded that the energy transfer from the 1D2 level of the Pr3+ ion to the Yb3+ion

is only possible via photon assistant energy transfer and hence it would not lead to a

quantum cutting process. The present results showed that the energy transfer from

Eu2+ to Pr3+ lead to an enhancement in the NIR emission. The quantum cutting

process from Pr3+ to Yb3+ occurred but the strong emission for Pr3+:4f-4f in the NIR

region suppressed the weak intensity of Yb3+ ion. The weak Yb3+ emission was clearly

observed at high concentration where the intensity of Pr3+:1G4-3H4 is quenched. The

Yb3+ induced faster decay times to both the Eu2+ and Pr3+ ions but the Yb3+ emission

intensity is however significantly low. This might be due to the concentration quenching

and other non-radiative decay processes for Yb3+ or another quenching sites originating

from the material defects.

152



Eu2+ sensitized Pr3+-Yb3+ quantum cutting couple . . . Chapter 9

9.4 Conclusions

The energy transfer process between Eu2+ and the Pr3+-Yb3+ couple was studied.

The PL and lifetime measurements showed that the Eu2+ (4f65d1-4f7) emission band

leads to efficient energy transfer from Eu2+ to the Pr3+ ions. Excitation into the Eu2+

bands revealed extensive NIR emission. Pr3+ emits strongly in the NIR region where

it overlaps with the Yb3+ emission. Emission from Yb3+ was only observed at high

Yb3+ concentration after the Pr3+ emission was quenched. The results suggested that

the Eu2+ ions well sensitized the Pr3+-Yb3+ couple in the current system.
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Chapter 10

Conclusions and future work

This chapter contains the general conclusion of the results obtained as well as future

work for this research study.

10.1 Conclusions

The work described in this thesis deals with the synthesis, characterization, and in-

vestigation of the effect of the broadband excitation ions on the NIR emission of the

Pr3+-Yb3+ down-conversion couple as well as the red emission of Eu3+ downshifting

ion for solar cell application.

Initially, the effect of different synthesis techniques on the concentration quenching of

Pr3+ ions was investigated. SrF2:Pr3+ powder was synthesised by two method, namely

hydrothermal and combustion methods. PL results demonstrated that both samples

exhibit blue-red emission from 4f-4f transition under 439 nm excitation wavelength.

The optimum Pr3+ doping level for maximum emission intensity was 0.4 and 0.2 mol%

for the hydrothermal and combustion samples, respectively. The reduction of Pr3+

emission intensity was a result of the Pr3+ clustering in SrF2 due to charge compen-

sation. The dipole-dipole interactions between the nearby Pr3+ ions are responsible

for the concentration quenching of Pr3+ intensity in the SrF2 crystal in both meth-

ods. This result showed that optimizing the synthesis condition does not improve the

emission intensity of the Ln3+ lanthanide ions (4f-4f transition) to an acceptable level.

SrF2:Eu nano-phosphors were synthesised and extensive research was done on their

surface, structural and optical properties. The average crystalline size of the phosphor

was calculated and found to be in nano-metre scale. From PL and XPS results, it

was found that Eu was in both the Eu2+ and Eu3+ valance states. Photoluminescence

measurements showed that at low Eu concentrations the emission from Eu2+ centered

at 416 nm was more dominant. While the narrow band of Eu3+ emission intensity
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increased with an increase in the Eu concentration. The presence of both Eu oxidation

states therefore significantly enhanced the absorption response of Eu3+ to UV excita-

tion. The results indicated that Eu concentrations of more than 5 mol% of Eu were

beneficial for improving fluorescence emission of Eu3+ and conversion efficiency under

the broadband excitation. TOF-SIMS results suggested that the energy transfer from

Eu2+ to Eu3+ is likely to be dominant. The Eu2+ ion was however found to be unsta-

ble when irradiated by the YAG laser. The Eu2+ ion’s PL emission intensity rapidly

decreased with time and this result make this SrF2:Eu nano-phosphor an unsuitable

candidate for applications such as a downshifting layer to enhance the response of

photovoltaic cells.

The effect of Ce3+ ions on the Eu emission in SrF2 was investigated. Ce3+ and Eu ions

were successfully incorporated into SrF2 nano-phosphors. Dopant ions were intended

to decrease the particle size of the host. The AES spectra confirmed the presence of

Sr, F, Eu and Ce elements in the host matrix. Photoluminescence properties of Ce3+

co-doped Eu in SrF2 nano-phosphor suggested a possible efficient energy transfer from

Ce3+ to Eu ions. The spectral conversion from 295-550 nm to 570-710 nm was achieved.

Upon 295 nm excitation into Ce3+ ions, the absorbed energy transferred from Ce3+ (5d

band) to Eu2+ (4f65d) from where the energy then non-radiatively transferred to the

Eu3+ ion. From the PL decay curves the energy transfer efficiency was calculated to

be 89.4% for the SrF2: 0.7 mol% Ce3+, 10 mol% Eu sample. The results indicate

that Ce3+ co-doped SrF2:Eu is beneficial for improving the fluorescence emission and

conversion efficiency under broadband excitation.

The effect of Eu2+ on the emission of Pr3+-Yb3+ down-conversion couple and Yb3+

ion was also studied. The samples of interest were successfully synthesized by the co-

precipitation method. XPS confirmed that all Eu ions were in the Eu2+ oxidation state.

Initially, the effect of Eu2+on the Pr3+ absorption strength was investigated. Efficient

energy transfer occurred from the 5d band of Eu2+ ions to the 3Pj levels of Pr3+ in

SrF2:Eu2+, Pr3+ system. The emission intensity of Pr3+ ion was greatly enhanced in

the co-doped system. The energy transfer was followed by a cross-relaxation process

between the Pr3+ ions. The results showed that the Eu2+ could be an efficient sensitizer
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to Pr3+ and hence it increases the absorption strength of the Pr3+:4f-4f transition under

broadband excitation.

The combination of SrF2:Eu2+ (1.5 mol%) co-doped with Na+ (0.5 mol%) and various

concentrations of Yb3+ in SrF2 showed a mixture of cubic phase of SrF2 and NaYbF4

at high Yb3+ concentration. The broad emission band of Eu2+ (4f65d-4f7) leads to

efficient NIR emission through cooperative quantum cutting process with Yb3+ ion.

At low Yb3+ concentration, the NIR emission strongly effected by the influenced of

Na+ substitutional sites. The NIR photons match well with the bandgap of c-Si.

The investigated system might have practical application possibilities for raising the

efficiency of c-Si solar cells.

Eu2+ ions and Pr3+-Yb3+ couple were successfully incorporated into the SrF2 crystal.

The energy transfer process between Eu2+ ions Yb3+-Pr3+ couple was studied. The

PL and lifetime measurements showed that the Eu2+ (4f65d→4f7) emission band leads

to efficient energy transfer from Eu2+ to the Pr3+ ions and also towards the quan-

tum cutting process with Yb3+. Excitation into the Eu2+ bands revealed extensive

NIR emission. Pr3+ emits strongly in the NIR region where it overlap with the Yb3+

emission. Emission from Yb3+ was only observed at high Yb3+ concentrations after

the Pr3+ emission was quenched. The results also demonstrated that quantum cutting

from both Eu2+ and Pr3+ to Yb3+ occurred in Eu2+ sensitized Pr3+-Yb3+ couple. The

results suggested that the Eu2+ ions well sensitized the Yb3+-Pr3+ couple in the cur-

rent system and can be used as a solar spectral down-converter for the c-Si solar cells

application.

10.2 Future work

This work serve as the required investigation of spectral down-conversion and down-

shifting layers to be coated with the solar cell. Some additional investigations need to

be done before the investigated materials will be applied.

• Further studies can be made to solve the Eu2+ stability in SrF2 host. This might

be done by synthesizing the SrF2:Eu material in different chemical conditions.
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Further investigations also need to be done on the effect of these synthesis con-

ditions on the Eu2+/Eu3+ ratio in the SrF2 host.

• The study showed Eu2+ efficiently enhanced Pr3+ emission intensity under UV

excitation. Accordingly, the Pr3+ ion strongly emits in the NIR region, which

contrasted all the previously reported studies on Pr3+-Yb3+ couple doped fluoride

crystals. Hence, the luminescence properties of Eu2+-Pr3+ in the NIR region

require more investigation.

• Upon sensitized with broadband excitation ions, the issue of concentration quench-

ing of NIR emission still remains. Therefore, the Eu2+ sensitized Pr3+-Yb3+ can

be prepared by other preparation methods. This might optimized the NIR emis-

sion to acceptable level.
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