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Abstract

The luminescent properties of yttrium oxyfluoride (YOF) phosplaped and caloped with
different ions praseodymium(Pr"), cerium (Cé&"), ytterbium (YB™), bismuth (B#*) and
holmium (HG")) were investigated for-8i solar cell application. The pyrolysis method with
trifluoroacetate (CECOO) as precursor was usedsymthesize all the powders. Investigations
were done on the crystal structure, the surface morphology, surface and optical prdperties.
X-ray diffraction patterns exhibited a crystalline phase of stoichiometric rhombohedral YOF
(space group: &n (166)) after annealing at 96C. The crystallite sizefor the YOF:P#*
sample, dcreased with an increase in*Prdoping concentratid During thermal
decomposition fron€RCOOto YOF (600°C to 900°C), the scanning electron spectroscopy
(SEM)imagesshowed an agglomeration of small particles (< 100 nm) that started to melt and
agglomerate to form bigger particles with sizes > 500 nm.

X-ray photoemission spectroscof¥PS) high-resolution peak fits for the high Prdoped

sample (YOF0.5 % P?") revealed two Pr oxidation states>Pand Pf*. Annealing in air

caused the formation of a stnamount of Pt*. ThephotoluminescentRL) excitation gectra

showed an intense band at 250 nm with weaker bands at 456, 470 and 483 nm. The weaker
bands were ascribed to the #f3H4-3P5, Ha-tle, *P1 and®Hs-3P transition bands of the Pr

ion, respectively. The green®PPL emission was ascribed to thieds [3Po-3H4] and FPo-3F]
transitions at 498 nm and 659 nm, respectivaly.OF:Ce** sample was synthesized in order

to predict the value of the Pr4f-5d level in the YOF host. The PL excitation and emission
results obtained showed that the lowesbdfexcitation of F¥* in this host has to peak around

250 nm. The 250 nm band was therefore ascribed to t#6e B&nd of PY in the YOF host.

The ogimum PP* concentration for the PL emission was recorded for the sample doped with
0.3 % of P#*. Concentration quenching occurred through a cross relaxation process due to
dipole-quadrupole interactions. Near irdred (NIR) emission for the 0.3 % Prdoped sample

during excitation of 250 nm showed multi narrow peaks in the range between 885 nm and 1120
nm that corresponded to tfigd Y G, and the'D2 Y 3Fs, 3F4 transitions. The decay lifetimes

were calculatedto beintlies r ange.

YOF:PP*, Yb*" sampleswere investigated fodown-conversion applications for-$i solar
cells. The SEM images showad agglomeratioand meltingof small particles to form bigger
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particles. X S bigh-resolution peak fits for the high¥Pco-dopedYb® sample (YOF0.3 %

Pr*, 6 % YB) revealed two Pr oxidation states®Pand Pf*. The presence of Prwas due

to the annealing in ambient aifhe deconvolution of the Yb 4d peak showed only thg4d
peak that was ascribed to¥bThePrr*v i si bl e ( V éxStatiorepedtrastowedrad s
intense4f-5d bandof PP* at 250 nmaccompanied witlwveaker4f-4f peals at 456, 470 and

483 nm These weaker #4f peaks werescribed to théHs-3P2, SHa-Yls, P1 and 3Ha-3Po
transition of Pt*, respectively TheVIS greenPL emission waslueto the 4£4f [3Py Y 3Hy]

and fPo Y 3F] transitions at 498 nm and 659 nm, respectiv®yenching of the Pt green
emission was due to the energy transfer t6"Ydms through the croselaxation mechanism

with a dipoledipole interation. The Y6*I R emi ssi onds excitation
band at 225 nm that overlapped with thé&dfband of P¥. The band at 225 nm was ascribed

to the charge transfer band of%ldue to electron transfers from thé Gp° level to the 4%

level of YB**. Excitation with 225 nm showed the typi€af* VIS emission and this confirmed

the nature of the 225 nm band as a charge transfer band. Excitation with 250 nm showed multi
narrow peaks in thiR range between 885 nm and 1120 nm that cooredgd to théPr* 3P,

Y Gsand!D2 Y 3Fs, ®Fatransitions and to thid2 Y 2Fsp transition of YB*. Upon excitation

of 225 nm, the IR emission showed only emission of Yiansitions with almost no traces of

Pr** emissionThe optimumR emission foboth excitations was recorded with a*Ybontent

of 2 % and a constant Prcontent of 0.3 %The decayimes for VIS and IRemissionsvere

calculated to be in th@icrosecondsange.

The investigations of YOF:Bi weredone at room temperaturkuger electron spectroscopy
results showed that Bi was homogeneously distributed on the surface of the saRfple. X
showed twaloubletpeaks for the Bi 4fegion whichwere attributed to Bf ionsand Bimetal.

PL studies revealechaasymmetridoroad ultraviole{UV) emission bandentered a814 nm

that originated from thé&P1 Y 1Sy A band of B#*. The excitation band wassymmetridroad
band entered a67nm and corresponded to tH& Y 3P:1 A band with aStokes shift 047

nm. This excitation overlapped wita metal to metal charge transfer bahBi®*. Theoptimum
concentratiorfor maximum luminescence intensity wagt mol % of Bi** andthe quantum
yield of this sample was about 60.%he decaycurvesof the prepared samples were also

investigated anthelifetimes werefound to be in thenicroseconaange.

Bi®* was investigated as sensitizer for*Hemission in the YOF:Bf, Ho** phosphor in the

VIS and IR regions. The PL studies of YOFBiHo®* were investigatedor energy transfer
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possibilities folR emission The morphology investigations revealed agglomerations of small
particles into biger particlesthatdeveloped during annealingPS high resolution peak fits
for the highconcentratiorco-doped sample (YOR.4 mol % B#, 5 mol % HG*) revealed
overlapping of Bi 4f and Ho 4d peaks wille Y 3d peak.PL excitation spectra showed an
intense'Sy Y 3Py Bi**band at 265 nrthatdominatel the4f-4f Ho®" peaks at 360 nm and 449
nm. VIS PL emission was done upon 449 nm and 265eraitation The UV emissionthat
peaked at 314 nm upon 265 nm excitation was ascrilibeB: Y 'S transitionof Bi®*. The
emissiosat 538 nmand 753 nm were ascribed to ##e,°S, Y Slsand®F4,°S; Y Slstransitions
of Ho** with the optimum concentration of Hé obtained at 2 mol %R emission occurred
for boththe449 nm and 265 nexcitations, respectively. THR emissionghatpeaked at 1014
nm and 120@vith weak emission at 1400 nwereascribed tahe®Fs°S, Y Sls, %16 Y Sls and
°F4,°S; Y °ls transitions of H&', respectivelyThe decay times for both Biand HG" in the
VIS andIR regions were calculatdd bein themicroseconds rangé great enhancement of
the emission in the IR and VIS regions have been achidYespite the efficient emgy
conversion irthe Bi**, Ha®*" system, enhancement thie energy flow from Bf* to Ho** needs
to be consideredrhis will reduce the dissipated energy into manyecessargnanifolds of

Ho®" and direct it to the rangef spectral absorption of SIC.

Tunable emission was achieved through*Hm-doped B#* doped YOF for optoelectronic
applications. CathodoluminescentCL) studies were investigated under electron beam
irradiation (5 keV) for botly OF: x mol %Bi** (x = 0.3, 0.4, 0.5, 0.6, 0.8) antDF: 0.4 mol

% Bi®*, x mol %Ho>" (x = 0.8, 1.4, 2, 3, 4, SamplesThe morphology investigations revealed
agglomerations of small particles into gegparticlesthatdeveloped during annealingPXS 6 s
surveys for the YOF: 5 mol % Biand theYOF: 0.4 mol %Bi®*", 5 mol % Ho®*" samples
revealed the presence of all elemental compositions. UVe@lssionfor the YOF:BF*
samples were ascribed to tHa Y 1S transition of B¥* at 314 nm and the VIS emission at
624 nm to thePs2 (1 ) 2Py¥transition of Bf*. Bi2* were created during CL excitation as a
result of ionization. The CL emission of the YOFPBH0** samples in the UV and VIS regions
peaked at 316 nm, 540 nm and 624 nm and were ascribed® the'So, °F4,°S, Y 5l and
?P3, (1) 2P transitions of Bi*, Ho®* and B?*, respectively. The fittednternational
commission on llluminationQIE) coordinates of the YOF:Bi, Ho*" samples showed a

tunable CL emission from green to yellow and orange
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Chapter 1

Introduction

This chapter gives a general overview on thermalization and transparency losses of solar cells
(SC), spectral conversion and the yttrium oxyfluoride (YOF) host. It also givagsharch

problem, the aims and the thesis layout.

1.1 Overview

The vast progress of the population on earth demands more energy and this gave rise to the
importance of solar energy. In the past tfw c aahergy tesearch has been focused on solar
energy as a suitable replacement for the current energy resources. Actoldergture, the

energy that reaches the earth, from the sun, is about 10 000 times more than what we benefit
from [1]. There is therefore still a wide field of research to be done to obtain high efficiency
solar energy. One mechanism that can assist in good energy conversion is photovoltaic devices
[2, 3].

A SC is a photeoltaic device that converts solar energy into useful energy like electegity [

A lot of research have been done on SCs as a solar converter by applying the photovoltaic
effect [4-8]. Single-junction monocrystalline and polycrystalline silicon (Si) systems currently
account for about 95 % of the photovoltaic market. The bandggpofEthis kind of
semiconductor is 1.1 eV and this is equal to the energy of a photon with a waveleatmthtof

1100 nm 7]. The theoretical maximum efficiency ofSi SC, according to the Shockiey
Quei sser 6s gobdMdleeV, iswbout BO ¥&. MhisEnodel is based on the principle

of the balance betweenehincident and escaping photons and extracted electpridd to

date, the efficiency of the commerc&Csis not yet exceeding the Shockleyu e i sser mode
limit and the highest efficiency was recorded to be around 25 %S08€ [10, 11]. The major

energy loss accounted for tBEs is due to lattice thermalization and transparency due to sub
bandgap photons]. In figure 1, process (1) demonstrates latticertfadization as a result of

a high energy incoming photon that created an ele¢tobm (eh) pair. This photeexcited pair

lost its energy rapidlas heat within the celB]. Process (2) demonstrates the transparency of
the cell to he subbandgap photons. Process (3) shows the loss of energy through the
recombination of the photexcited eh pairs. Processes (4) and (5) show the energy lost due to

the junction and contact voltage.
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Figure 1: Energy-loss processes in single-junction solar cell demonstrated by Richards
[8], (1) lattice thermalization, (2) transparency, (3) recombination, (4) junction and (5)

contact voltage loss.

Enhancement of the spectral response of the SC through certaiamsea is considered to

be a major part of the recent SC research. The application of a suitable luminescent material to
the SC can convert the absorbed energy towards the energy range where the SC can absorb.
The downconversion (DC) mechanism (also knoasiquantum cutting (QC)) was adopted to
reduce the energy loss caused by lattice thermalization. DC is where one absorbed high energy
photon like ultraviolet (UV) or a blue photon can be converted into two fewergy photons

[10]. The downshifting (DS) mechanism is where one high energy photon is shifted to one
lower energy photontfl]. It is well known that for the DC mechanism the external quantum
efficiency can exceed unity, while for the DS mechanisnarinot exceed unity and the SC

will not overcome the&ShockleyQueisser limit §]. Both DC and DS mechanisms are mainly

used to overcome lattice thermalization losses by placing a suitable spectral converter layer on
top of the SC.Theup-conversion (UC) mechanism was utilized to minimize the transparency
losses by applying a spectral converter to the bottom of the SC. UC is where two low energy
photons are absorbed and added together to emit one high energy phottiis[process is

based on using the nasorbed photons]

A luminescent converter that is able to con:
ranges is based on different types of inorganic materipl$the commonly used materials are

fluorides and oxides’]. Luminescence of the material is based on suitable activator center ions

such as lanthanide (Ef) and transition metals iong][ The praseodymium ion (P} has

unique properties that result in emission in the spectral response range of about 1000 nm |

Enhancement of the Premission can be obtained through a suitabldauant ion such as



ytterbium (YB*) [12-15]. A combination of different lanthanides with ¥tin the form of Lri*-

Yb3* (Ln®" = holmium (HJ%), EW*, EF*, Tb*, Nd®*, Dy** and Tni*) was used in different

hosts and showed a high conversion egficly [L2-15]. The lanthanides act as a sensitizer that
transfers its energy to two Ybions that act as activators. The transition metals can also be
used in combination with Y% or other lanthanide ions. Talent bismuth (B%) shows
promising properties as a suitable sensitizer when combined with other lanthadides |
Fluoride hosts such as YOF has good potential as a suitable host for luminescent centers that
might show the D@nechanism 17, 18]. A theoretical prediction done on fluoride hosts used

as downconverters showed that the efficiency can be increased up to 3%po [

1.2Reseach problem

Which host and luminescent-clopant pair is the ideal spectral converter to apply-&i §C?
Would YOF doped with Pf or Bi** and cedoped with YB* or HG®>" be potential spectral
converters? Systematic investigations on the crystal strgcimaeluminescent properties will
therefore be done. YOF has combined properties of fluorides and oxides and is therefore
considered as a suitable host material for SC applicatiansg. Some of these propées are

low phonon energies (400 cin low probability of multiphonon quenching and a wide
bandgap that is favorable for activator iong, [L8]. These propertieare also favorable for
nearinfrared emission (NIR). Application of the fluoride hosts as luminescent converters has
been established by Piper et ab][in 1974. It is well known that the forbidden-4ftransitions

of P* has a lowabsorption crossection while the dipole allowed -8 transitions have
intense and broad absorption cresstions §]. An enhancement of the Premission has also
been done by edoping with YB* that yielded a high efficiency ce to 200 %7]. The co
doping of P#-Yb®" has been investigated in multiple hosts where an energy transfer has
occurred from the sensitizer®Pto two activator ions Y8 [12-15]. Invedigation of BF* as a
sensitizer for SC application was mainly done bydoping either with YB'" or other different

ions such as H®& [20, 21, 27]. Bi*" is considered a favorable i@s a sensitizer due to the
broadband emission that originates from unique energy levels that afféwoRBimit in the
absorption range of most of the lanthanide iass [Amongst these ions, Hbis considered a
good choice as activator for NIR emission which emits in a wide range (1030 nm, 1200 nm
and 1350 nm) with a wide range of absorpti.[The intense infrared (IR) emission of #o

also depends on the host[25].



This study focusses on investigations on th& &rd Bf* ions in the YOF host. Investigations

of P* has been done in YOF basically on its behavior as a DS IzgleiThe luminescence
behavior of the Pf ion in the NIR region for YOF host, will give a deep insight into its
suitability as a DC layer by selecting a proper activator ion. THeY®?* pair was selected to
improve the NIR emission of Prthrough energy transfer fnoP#* to Yb**. Research has also

been done on the luminescence of B27]. Sensitization of H& emission by using the broad
emission of Bi* through energy transfer was also investigated since most researches focused
on the DS bhavior of this pair40, 21].

1.3 The aim of the study:

0 SynthesizingYOF:PP*, YOF:Bi**, YOF:PF*-Yb*" and YOF:B?#*-Ho®* by using the
pyrolysis method.

o Characterization and photoluminescent (Pivestigation of YOF:P¥ for application
as a suitable DS layer.

0 Systematic investigations on the position of the alloweidfransitions of Pt.

o Characterization and luminescent investigation on the origin of the UV luminescence
of Bi®*in the YOF lost.

o Characterization and luminescent investigation on the the effect of th¥ St co-
doping pair as a DC pair.

0 Characterization and luminescent investigatiorihe application of Bias a sensitizer
for Ho** emission focusing on the NIR emissiand the nature of the energy transfer.

o Utilization of Ho** cathodoluminescent (CL) emission with different concentrations of
Ho®" in the BF*-Ho®* system.

1.4 Thesis Organization

This thesis will be organized into nine chapters. Chapter 1 contaires ddscription regarding

the overview and the explanation of the research problem. Chapter 2 contains the theoretical
basics and concepts based on the background of the research and research problem. Synthesis
method and characterization techniques baladdressed and shown with their principles in
chapter 3. Chapter 4 contains the systematic studies’oibRs doped in the YOF host with
different concentrations and investigations on the position of the allowed #nsitions of

Pr*. Chapter 5 aatains DC investigations of the YOFRi¥b** co-doped phosphor for SC
enhancement as well as the energy transfer mechanism. Chapter 6 describes the PL



investigations of Bi" in the YOF structure in order to explain the origin of the UV emission.
Chapter 7contains NIR enhancement PL studies and the nature of the energy transfer
mechanism of HY co-doped YOF:Bi*. CL excitation and tunement of Rfeemission as well

as the energy transfer mechanisontrollingthe quenching of the emission are investigated in
chapter 8. Chapter 9 contains the conclusion and the future work and Appendix A shows a
description of the InokutHirayama (H) model. Appendix B shows the published papers and
conference participation.

References

[1] H. Aguas, S.K. Ram, A. Araujo, D. Gaspar, A. Vicente, S.A. FilonovickpEunato, R.
Martins and I. Ferreira, Energy Environ. Sci. 4 (2011) 462632.

[2] D.M. Chapin, C.S. FulleandG.L. Pearon, J. Appl. Phys. 25 (1954) 6 87 7.

[3] V.S.ArunachalamandE.L. Fleischer, MRS Bulletin, 33 (2008) 26276.

[4] X.Huang, S. Han, W. Huang and X. Liu, Chem. Soc. Rev. 42 (2013) 203

[5] B.M.Vander Ende, L. Aarts and A. Meijerink, Phys. Chem. Chem. Phys. 11 (2009) 11081
- 11095.

[6] T. Trupke, M. A.Green and P. Wurfel, J. Appl. Phys. 92 (2002) 166874.

[7] Q.Y.Zhang and X.Y. Huang, Prog. Mater. Sci. 55 (2010)-383/.

[8] B.S. Richards, Sol. Energy Mater. Sol. Cells, 90 (2006) 22337.

[9] H. Lian, Z. Hou, M. Shang, D. Geng, Y. Zhang and J. Lin, Bneésg (2013) 270 283.

[10] B. Ahrens, Down and UpConversion in Fluorozirconat®ased Glasses and Glass
Ceramics for Photovoltaic Application, University of Paderborn, PhD Thesis, (2009).

[11] M.A. Green, K. Emery, Y. Hishikawa and W.Warta, Prog. Photovolt: Rgd. 16 (2008)
435- 440.

[12] B.M van der Ende, L. AartandA. Meijerink, Adv. Mater. 21 (2009) 307-33077.

[13] P. Vergeer, T.J.H. Vlugt, M.H.F. Kox, M.l. den Hertog, J.P.J.M. van der Eeni2A.
Meijerink, Phys. Rev. B, 71 (2009141191 - 01411911.

[14]Y. Sory, Z. Bin, C. Jingxin, L. JiandQ. Jian RongAppl. Phys. Lett. 922008)141112
1-1411123.

[15] Q.Y. Zhang, G.F. YangndZ.H. Jiang, Appl. Phys. Lett. 91 (2007) 051903051903
3.

[16] H.T. Sun, J. ZhoandJ. Qiu,Prog. Mater. Sci. 64 (2014)-172.

[17] G. Chai, G. Dong, J. Qiu, Q. Zhang and Z. Yang, Sci. Rep. 3 (201301



[18] H. He, Q. Liu, D. Yang, Q. Pan, J. QandG. Dong, Sci. Rep. 6 (2016)-110.

[19] W.W. Piper, J.A. DelLuca, and%..Ham, J. Lumin. 81974) 344 348.

[20] T.K.V. Rao, Ch.S. Kamal, T. Samu#l,S. Rao, V.S. Rao, P.V.S.S.S.N. RecdaylK.R.
Rao, J. Mater Sci: Mater Electron. DOI 10.1007/s1685480005.

[21] X. Zhang, G. Zhou, J. Zhou, H. Zhou, P. Kong, Z. Yu and J. Zhan, RSC Adv. 4 (2014)
13680- 13686.

[22] R.V. Yadav,R.S. YadavA. BahadurA.K. Singh and S.B. Rainorg. Chem. 55 (2016)
10928- 10935.

[23]J. Xu, D. Murata, B. So, K. Asami, J. Ueda, J. Heo and S. Tanabe, J. Mater. Chem. C, 6
(2018) 11374 11383.

[24] Sk. Mahamuda, K. Swapna, P. Packiyaraj, A.S. RabG.V. Prakash, Opt. Mater. 36
(2013) 362 371.

[25] G. Gupta, S. Balaji, K. Biswas and K. Annapurna, AIP Adv. 9(2019) 0432@15201
11.

[26] S. Fujihara, S. Koji, Y. Kadota and T. Kimura, J. Am. Ceram. Soc. 87 (2004) 1652.

[27] G. Blasse and A. Bril, J. CherRhys. 47 1920 (1967) 21222.



Chapter 2

Literature Review

In this chapter the conceptecessaryo understand the theoretical principles in this study are

addressed and explained.

2.1Solar cells

The solar energy that reaches #ath in one hour is larger than the entire human energy
consumption in one yeat][ The challenges to replace fossil fuel with renewable energy
opened up a wide area of research for researchers to benefit from solar energy. & rerefor
vast amount of research on renewable energy has been done on solar energy. Generating
electricity out of solar energy can be obtained through phaltaic cells p, 3]. The main

principle of SC is thereforeased on the photeoltaic effect p, 3]. In semiconductomaterials,
excitation of electrons occurs from the valence band to the conduction band that is separated
with a g [4], see figurel. An excited electron leaves a hole behind in the valence band that

moves towards the anode and the electron moves towards the cafhode [

conduction band

conduction band

O —

valence band

valence band

cathode| n-type layer © p-n junction p-type layer anode

Figure 1: Illustration of the production of current during irradiance of solar light [ 5].

SCs can be designed from many types of materials but the most commonly used material now
days is €Si and it holds about 87 % shares of the SC magkeThe E of ¢c-Siis around 1.1

eV and can be modified through dopidghen Si is doped with positiiens, like boron, it

7



forms a ptype semiconductor whereasen it is doped with negativens, like phosphorous,

it forms a ntype semiconductors]. A p-n junctionis formed when a{ype and a fiype is
brought into contact. This causes diffusion of the electrons fromtyj@erto the ptype across

the pn junction and creates an electric field. The achieved lab scale energy conversion
efficiency of ¢Si SCs is abut 25 % p] and for solar panels the efficiency is only about 20 %
[5]. With these limited efficienciethere isstill requirements to produce high purity Si SC and
this is makng the production costly and thelar energy expensive. As@sult,solar electricity

is veryexpensivan comparisorto the other sources of energy to produce electricity.

A high energy conversion efficiency is essential for a good SC. The ratio of the maximum
power (R generated by &C to the incident power i gives the maximum conversion
ef fi ci enc ynis(equivalent ®@dhe AM 1.5 irRadiance spectrum whereass Rhe

voltage at R (Vm) multiplied by the maximum current density)J7],

= eeeeeeee.

ke b S8 568668 4
qlh I . - (1) .

Jsc are the short circuit current densityoc\the open circuit voltage and FF is the fill factor
describing the squireness of the curresitage curve. High thermalization losses, where both
Voc and M are low, refer to low band gap materials. For high band gap materials, the values
Jn and Jc are bw due to sutband gap lossess|[ The incident power can theoretically be
calculated with the following equatiof]{

Pn=. 0 “PHéecéécéée. ... (2).
n 1 isthe photon flux density, the term LS equal to the spectral power densiy{ ,
c is the speed of | ight and h is Plankds con

Generation of 41 pairs mainly occurs through photons having energy higher tharn tieHe
material. The part of the absorbed incident energy, by the single junction SC, that is utilized in
energy conversion is given by equatiéh [

Ja S L
Pabs:—weeeeeee. .. eéée. . (3).
n

96 Is the waveength of the photons that correspond to thefiEhe SC. The rest of the photons
are lost due to thermalization of the absorber material. The part of the absorbed energy that is

accounted for as useful energy is given by:



N L R .
Puse—meeeeeeee. .eée. . (4).

Ec is the energy of the band gap. The total conversion efficiency combined wihdbial

mismatch is themritten as {, 8]:

66é6..(5).

Part (1) of the above equation is the transmission loss and part (2) is the thermalization loss.
Both these losses are responsible for the spectral mismatch IGks€sr[small g the
dominant loss is the thermalization loss whereas, for wigleh& dominant loss is the
transmission loss. The theoretical model proposed bykEheQueisser§] suggested that the
conversion #iciency limit for single junction SCs is about 30 %. This means that almost 70

% accounts fotransmission and thermalization loss

2.2 Photon conversion processes

Photon conversion in general is a concept aiming to convert the solar spectrum tohmatch t
absorption edge of SC devices. This is a different concept from the other concepts that only
focus on developing a semiconductor devicanatch the solar spectrum such as space
separated QC and multiple exciton generatiol 11]. Photon conversion processes can be

divided into three major types; DS, DC or QC and UC, see figute]2JC in simplicity

occurs when two lower energy photons combine to form one high energy phatoit [

reduces transmission losses and it utilizes the principlecganto k e s hi ft s. St oKke
that Athe wavelength of the emitted | ight sh
s p e ¢ t W]uRmaently, Trupke et all§] reported a maximum efficiency of about 47 % with

UC through thebsorptiorof the SC and the generation el @airs. We are not going to focus

on UC but more details can be found elsewhefe PC and DS mechanisms are both utilized

to enhance the SC efficiency by placing a converter layer on top of the SC. DC is where one

high energy photon is converted into two lower energy photons and DS is where one high
energy photon is comvted to one lower energy photon. More detailed information is given in

section 2.8 and 2.9 below.



Ultraviolet or Visible NIR

Solar light

‘ < ‘}/

277

Solar light

Reflection layer

Down-shifting ~ Quantum-cutting Upconversion

NIR Visible or Ultraviolet

Figure 2: lllustration of the three basic photon conversion processes$Z].

2.3 Luminescent materials

Luminescence is a genetatm describing the glow of a material when exposed to an external
source of energylP]. The type of luminescence dependenbn the type of the external
excitation source. A few examples are Pam electromagnetic radiatiomnd CL from an
electron beam excitation. The phenomenon of luminescence can further be divided into two
general types named as fluorescence and phosphorescence. The main difference between both
types is related to their decay curves. Fluorescence mateaiafast decay cuns( < 0.1 s)
andphosphorescenaeaterials have slowetecay curves (> 10 ms)q). The emission rate of

a fluorescent material is very fast (about B3). For phosphorescence (emission after
excitation) theenergy is not immediately radiated but instead it gets transferred to the triplet
with the same spin orientation as the ground state. The result is then a very slow emission (in
the order of seconds), 15].

Luminescence can occur from inorganic or organic hdsis The inorganic hosts in some
cases can emit due to some characteristics related to the host itself like the existence of
vacancies or defectdq]. Introducing some impurity ions as a dopant in the inorganic hosts
can also lead to an emission representing the electronic properties of these ions with different
emission characteristics. The selected dopants can ¥dédas or transition metal ions. To

yield the desired emission, the optimization of the dopant distribution is necessary to prevent
nonradiative processes and concentration quenching. Luminescence of the YOF host with
different dopant ions is addressed in this research study with the higbhgthe possible

applications for €Si SC.
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2.4 Lanthanides (Lr#*)

The Lr** ions are a set of elements in the periodic table characterized by 4f ortsitals [

total there are 15 elements characterized with similar cherabale starting from lanthanum

to lutetium. The term rare earth (RE) is also applicable to describe these elements (including
yttrium (Y3"). In their most stable oxidation state they exist as trivalent ions. Extensive
investigations have been done on kmé* ions for their optical properties for many possible
applications 2. The electronic configuration of the thions are characterized by the
arrangement of electrons a83#5p° (0 < n < 14). The electronic configuration o&t4f orbital

can be occupied by electrons according to the 14! = [nt (14 distribution [17]. The 4f

orbital electrons are weakly affected by the crystal field of the ligand due to the shielding of
the outer 5s and 5p electroAs a consequence, the electronic transitions of tad Kfvels of

the Lr** ions will show sharp peaks in the absorption and emission spectra. The Laporte
selection rules explain that Athe states wit
transitions with states of odd I1g)alransttons and
within the 4f levels are forbidden with respect to the electric dipole transitions and allowed in
respect to the magnetic dipole or electiimdrupole radiation. Electric dipole transition as a

forbidden transition may occur but with low probability]

Perturbation of thé>*!L; states of the RE ions by weak crystal interactions can cause further
splitting of theenergy levels (stark levels), see figure 3. This type of splitting is weaker than
the spinrorbit splitting caused by the atomic forces and as a consequence, the optical absorption
and emission is similar to that of the free iohd.[This similarity is the same even if doped in
different inorganic hosts or glass matrixes.

Systematic studies of the energy of the 4f levels of tHé ibns have been done by Dieke et

al. [18, 19). A predidion of the energy levels of the trions was depicted in a diagram, shown

in figure 4. This diagram allowed more investigation and studies on tHeidos in recent

year s. According to Diekebs diagram, thge he th
crystal field splitting as well as the location of #i&'L; free ions approximated from the center

of the multiplet level.

11



25+1
25+ - #

[:
A" =

L L J (Stark levels)
Electrostatic > Spin-orbit > lon-lattice
forces forces forces

Figure 3: Schematic explanation of the splitting of the L#":4f" electronic configuration

as a result of the atomic and the crystal field forces, adopted fron7][

On the other hand, the splitting of the 5d orbitals by the crystal field splitting is large if
compared to the spiorbit splitting. The 5d levels interact with neighboring anion ligands and

this degenerates the 5d levels and shifts the whole 5d configuration (centroid shift) towards
lower energy. The 5d splitting therefore depends on the site symmetry of the crystal system.
The crystéfield splitting and the centroid shift therefore determines the energy of the lowest
5d level. This phenomenon is known as a redshift or depression D. The D value determines the

color and the position of the-8d transitions§).
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This class of elements is considered as heavy metals. They easily form crystalline compounds

that can be applied in various applicatiohsiong this class of’elements, the elements with

6 shell, as Hg, Tl, Pb, and Bi, have an interesting configuration that allows them to be applied

as luminescent centers. These elements have an intense interconfiguratfonas g

structu

in the vacuum ultraviolet (VUV) region. Its luminescence is not observed due to quenching by
the underlying excited state¥(, 3P, 3P1 and>Po) of the € configuration P0]. Within these
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elements, Bi, with an el&onic configuration of [Xe}f1*5d'%<’6p°, can be introduced in
different hosts with different oxidation states such as 0, +1, +2, +3, +4 and +5. The nature of
different oxidation states of Bi arises from losing the p electrons and by forming%he ns
configuration in the valence sheil{]. We applied Bi* as a luminescent center in our project.

2.6 Trivalent bismuth (Bi**) and its optical properties

Bi3* ions have been investigated extensively for many applications suphoaphors or
scintillation detectors as well as a spectroscopic probes for coval&icyhe luminescence

of Bi** is mainly in the UV and visible (VIS) regions so it attracted attention for various
applications. The optical feaes of the excitation and emission spectra 8f &ie broader in
comparison to the weknown £f elementsThe energy levels of Bi are characterized with a
1S, ground state from the Bsonfiguration. The 6s6p excited state is characterized with four
excited energy levels known as one singlet letRl, and three triplet level$P,, *P1 and>P,

see figure 5742]. The energy transitions to tH& ground state consist of two forbidden
transitions,’S Y 3P: (B band) and'S Y °Po (D band). The first one can be allowed by
coupling with the asymmetric lattice vibrations whereas the later one is strongly forbidden. The
1S5Y P1(C band) transition is an allowed electric dipole transition anéshé 3P; (A band)

transition becoms allowed due to the sparbit coupling p2].
p,
3p,
3P

3Po

13

Figure 5: Energy-levels diagram of B#* [22].

The absorption (excitation) and emission characteristics Yfdicur as broad bands. The

excitation occur in the UV region and the emission might occur in the UV and in the VIS

14



regions. The excitation is usually ascribed to'®gY 3P transition. The allowedS, Y Py

level occurs at high energy and vary dependimg¢he type of the ligand of the host. The energy
difference between thk&, Y 1Pilevels is approximately 45 700 ¢mThis transition has an

energy separation of about 10 000 cihcompared to théS, Y 3P transition. The position

and the energy sefadion is highly dependent on the host due to the sensitivity*5t®the
environment of the host ligandd]. Although the emission of Bi mainly occur from théP;

level, in some cases emission might also occur from the forbitRidavel [23]. Emission

from the3Po| e v e | domi nates at | ow temperature (10
whereas, at high temperature (room temperatine)emission is dominated by tPe level

[21]. The radiative’®P1 Y 1Sy emission has a typical decay time in the® 10 108 s range. A

shorter decay time in the nagecond range may also occur in some systéns [

2.7 Energy transfer mechanisms

Energy transfer is a process where the excitation energy absorbed by an ion called a donor is
transferred to a second ion called an acceptor. An emitted photon will be released after a certain
time. Generally, energy transfer mechanisms can be dividetbuntonain types, see figure 6.

Process (a) is the resonant radiative energy transfer where the phoittesl by a donor is
re-absorked by an acceptor and (b) is the A@diative energy transfer between an absorber

and an emitter. Process (c) is the pheassisted energy transfer and lastly process (d) is-cross
relaxation between two identical ion&]. The resoant radiative transfer implies a spectral
overl ap between a donordés emission and an a
transfer dominatesinggstemt he donor 6s decay time will not
concentrations. In thease of nofradiative energy transfer a significant decrease in the decay

time of the donor will occur with increasing the acceptor concentrations. The radiative energy
transfer can be neglected in most inorganic systems as it requires a resonant duetdigen

the donor and acceptat4, 25]. This requires that the energy difference between the ground
state and the excited state of the donor must be equivalent to that of the acceptor. With this
condition,a suitable interaction may occur between the donor and the acceptor through either
exchange or multipolar interactiopd.

15
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Figure 6: Illustration of different energy transfer mechanisms between two ion2ft].

The exchange interaction, also known as Dexter energy transfer, depends on a sufficient
overl ap of the wave function and only occur
interaction, also known as Forster energy transfer, depends on the st&nigthoptical
transition and occurs at | arge distances (5
state and the excited state of the donor and the accepteresmmantnergytransfer may

occur through assisted phonons. In respectaalistance dependency, the transfer rate for the
exchange interaction is exponential whereas, for the multipolar interaction it takes the
expression of R(n = 6, 8, 10 for electric interactions of dipalgole, dipolequadrupole, and
guadrupolequadrupole, respectively}q]. According to the Dexter model, the energy transfer

rate between the donor and the acceptor can be written a

_ Zys -
WDA—?ld:)=bﬂ”_=b"'=(§>vln_ |f|= W-f..(G).

50°sand g0’ 6aare the final and the initial states, respectively. The integral represents the
spectral overlap between the donor and the acceptor. The tefindO and™Q O are the
normal i zed shape of the donoro6és emission and

The above equation implies the enery transfer probability should drop to zero when the spectral

16



overlap vanishes2f]. The squarematrix element in the equation represents the distance

dependent energy transfer between the donor and acceptor.

| f there's a high energy mismatchH),theenengeen t h
transfer may be assisted by one or more phofisAccording to MiyakaweDexter theory

[2€], the probability of phonosssisted energy transfer is written as:

Wear ( ®E) par(O) iy Préééééééé. . (7).

&k is the i between the electronic levels of the donor and accépt@presents a parameter

that is determined by the strength of the electatince coupling and the nature of the phonon.

The crosgelaxation process in process (d), occurs through a diffusimregs between the
activatorsodé | evels when the | ev-quershingihtheo!l v e d

levels are different.

2.8 Downconversion (DC)

DC in general occurs when a phosphor material is excited with a short wavelength photon and
that the emission is then divided into two longer wavelength photcfsQurrently, this
process can refer to QC, quantum splitting, multiphoton emission or photon cascade emission
(PCE). Theoretically, the first evidence of DC vpaisposed by Dextepp] in 1950. The first
experimental evidence of DC process was shown by Piperas} ahid Somerdijk31] in 1974

for a YFRs:Pr?* system but not by using the Dektmodel. The DC process was first proposed

to minimize the energy loss ofQ SC due to lattice thermalization and thus enhancing its
efficiency [37]. The first DC couple was discovered for GE&EW* in 1999 through a twstep

energy transfer proces3d. The first experimental DC results for a SC was discovered for the
Th3*-Yb®" couple through cooperative energy transfer frorfi T Yb** that corresponded to

Dexterd6s model

Ingeneralthe DCprocessan occur in different ways by uti
as described in figure 7. A single QC process can occur in one ion through excitation to the
highest level of the ion that consists of more than two levels, see figure 7(a). Thssprase
investigated in a number of Ehions such as P, Ho®" and E?* through the absorption of

VUV, UV and VIS photons that were converted to NIR photons. The main problem of single

QC is the lack of high quantum yield through a combination of unwdd¥¢VIS and non

radiative emissions competing with the wanted NIR emissia@h The second type of DC

17



occurs through cros®laxation or resonant energy transfer between two different ions as
depicted in figures (b) to (e). Figuréb) shows the crogelaxation process between two ions
(process (1)) foll owed by the energy transfe
foll owed by the emission from ion . Figures

theonsebf a single energy transfer between w ar

i ons. Figure (e) represents the cooperative
then emission occ3gr from the ion pair [
(a) (b) © (@) (¢)
I T T Iy T
: : : ! NIR
b 0
A N 5
I e i o e B
sNIR NR| INR | INR | NIR NIR  «NIR NIR
A O B U S
IJ -l--L Il ll _4 ‘_--4
I n 1 1 I || I I m 1 1

Figure 7: Illustration of the NIR QC mechanisms adopted from §]. (a) Single ion QC
through absorption of one photon and emission of two photons, (b) to (d) resonant energy
transfer from donor to acceptor leading to NIR QC and (e) NIR QCthrough cooperative

energy transfer.

The efficiency of energy transfer can be obtained through investigations by using the steady
state measurement of tirmesolved spectroscop$4]. The energy transfer could be obtained

as afunction of the dopant decay time as:

- L hp-1® e Wo_uy A
b=ty F 12w @t? . é..(8)
tp =t ..t )+2t yeeééee. é. . (9).
| and— are the intensity and the decay time, respectiv@ly.d @ tepresents the acceptor
concentration and . .is the donor efficiency (usually taken as 1)][ Another procedure

can also be used to determine the quantum vyield. It is a process called the integrating sphere

18



[35]. The obtained efficiency through the integrating sphere process is usually measured

relevant to a known standard.

2.9 Downshifting (DS)

DS is a process that is very close to the DC process. Instead of converting the high absorbed
energy photon to two lower energy photons, it converts it to one low energy phgtohhle

simple explanation of the process is that the absorbed high energy photcadiabively

relaxes to a lower level and then radiativellaxes further. In terms of quantum efficiency it

will therefore not exceed unitgf]. The nonradiative relaxation process from the excited state

to the emitted state is known as a stoke shift. DS materials normally absorb imothe s
wavelength range of 300600 nm B6]. According tdliterature, the internal quantum efficiency

of a SC can be enhanced up to ~ 10 % with a DS layer. The enhancement will not exceed the
suggested ShockleQueisser limit. It iknown that the ideal DS material has a good external
guantum efficiency that is close to unity and a large stoke shift. The advantage of a DS layer is

that it also minimizes the lattice thermalization process in thes|5C [

2.10 Hostmaterial

|l norganic hostdéds crystal structures for pos
properties. Some of these properties are the laygadchemical and thermal stability. A pure

host can also act as an emitting material througlghtself [16]. Some hosts can also emit as

a result of defects or other functional groups sucti@$h, WO? 4 or MoO4? [16]. Large K

materials are considered a good choice for doping with impurities such3asoha or

transition metal ions o sons. Doping can result in electronic levels of the ions inside ghe E

that can act as luminescent centérs 16].

Fluoride hosts have been considered a good choice for many DC, DS and other optical
applications 37]. Fluoride materials however have low chemical stability comparing to other
systems such as oxides. Sucprablem can be overcome by merging the properties of the
fluorides and the oxides into the w&hown oxyfluoride materials. RE oxyfluorides have

attracted the attention for many applications due to intrinsic prope3tie®o] 40]. One of the

RE oxyfluoride hosts is YOF.

The crystal structure of the YOF host (stoichiometric) exhibits a rhombohedral structure with

a space group ®om(166)( a = 3. 797 , € = 18.89 ). The
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Y3*ion that is surrounded with 4 oxygen ions§j@nd 4 fluorine ions (;, see figure 8. The
coordination in the structure is in an arrangement of@pped trigonal antiprism withcé
Wyckoff positions and the symmetry offYas Gy [41]. On the other side, there are other
phases of YOF structures known as 4{stmichiometric structures. Theonceptof non
stoichiometric comes from the naguivalent number of ®and F ions inside the structure
and takes the form of \On.1Fn+2 (N = 5- 7) leading to structures likes®sF7, YsOsFs, and
Y70sF9 [42]. In contrastto the YOF structure these phases have orthorhombic structdfes [
During the phase transition and formation of YOF, Guang Ci@ignd his group have
explained how we can get different phases of stoichiometric andtommiometric YOF
starting from yttrium fluoride (¥s). Eloussifi et al. 44] have studied the decomposition of a
source of yttrium trifluoroacetate (Y(@EOO)) to form different phases of YOF accompanied

by releasing different gases.

¢
0
Q
Q
0
0 . '
)
fg '[ L‘c 0
0 p %

¢ b
b

» 0 C=D 2

Figure 8: Crystal structure of YOF [41].

Studies of YOF for possible applications have been carried on for many years. Huiif] He [
and his group have investigated a set of YO¥:&nd GdOF:E¥* for mid-IR fluorescence and
as laser material&ang Zhang 46] and his group have extended their studies to mofé Ln
ions (Lr** = TE*", EUY, Tm**, Dy?*, Ho*, Snt*) for field emission displays (FEDs). Fujihara
et al. 7] have also studied YOF dopedtiviPe* thin films with an intense green emission at
498 nm for UMlight emitting diode (LED) optoelectronic applications. Studies of otfter s
shells have also been done by Blasse and Bd]llfy doping with Bf* for UV emission ad

excitation.
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Chapter 3

Preparation method & Characterization techniques

This chapter gives a general overview on the preparation method used in this gitaphate
the high quality powders. A brief description and principle of operation of the characterization

techniques used in this study are also given.

3.1 Pyrolysis method

Pyrolysis is a terminology that describes the thermal decomposition of matee#sated
temperature in an inert gas or sometimes at ambient air. It has been widely used in synthesizing
high quality powders in nanometer scalg [The first evidence for thermal decomposition of

RE trifluoroacetate (JEOO) was dne by Rillings during his investigation on*REF* and

Sm** CRCOO to prepare LnfFand LnOF (Ln = PY, EF* and Sni*) by annealing in air and

in vacuum p]. Complexes of C#OOprecursors were also used to prepare pgtiormance

and high temperature superconductor coated layers for conductors and thin films using
chemical solution decompositiog-p]. Various studies were done on the decomposition of the

CRCOO precursor togg different high crystalline phases through single soug:8gk [

Eloussifi et al. §] have studied the process of decomposition of a source of commercial
Y(CFCOO}. During their investigtion on the decomposition processfferent phases
formed with increasing temperatures. Different gasses were released with increasing
temperatures as different phases formed. The decomposition included four stages. The first
stage was the dehydrationopess that was accompanied with a mass loss, and this stage
occurred at low temperatures (> 2M). The second stage was the formation of atFa low
temperature (~400C) t hat was accompanied with the re
gasses. The thirstage occurred during an increase in temperature and it involved the formation
of a midstructure known as nestoichiometric yttrium oxyfluoride. This misgtructure had an

Y nOn-1Fn+2 (N = 5- 7) form that lead to an eDsFg structure with an orthorhombidpse §].

The fourth stage resulted in the formation of stoichiometric YOF and occurred &€980

further increase in temperature will however result in the replacement of fluorine ions with
oxygen ions and therefore the decomposibf YOF into cubic yttrium oxide (XOs). Rare

earth CECOO can be synthesized by using metal oxides or metal carbonates. The starting
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oxides or carbonates react with trifluoroacetic acicc(fPFOH) when it is mixed with distilled
water. After evaporatioof the excess solvents the remaining powder can act as a precursor

that can decompose into different structures with annealiing .

For the purpose of t hi sO:meatwitha migtire o GFOADKH, wed v
and distilled water to form the Y(GEOO} starting precursor as in figure 1. Pyrolysis of the
prepared Y(CECOO} then resulted in the decomposition into orthorhombic ¥E low
temperature. Some compounds evaporated with increteimgerature such as (§FO)0O,

CO, and CQ, see the chemical reaction:
Y(CF3COO)sY Y3F (CFC0)20+CO+CQ. . . éé 1.

With a further increase in the temperature, more oxygen ions were introduced inside the YF
structure. This resulted in the decomposition ok Yo a nonstoichiometric structure of

yttrium oxyfluoride known as ¥OsFsg, with an orthorhombic structure. The rhombohedral YOF
structure therefore formed by incorporating more oxygen ions from aithatstructure during
increased temperatures. At hi gher temperatu
Y 20s.

We can therefore divide the pyrolysis of Y(@EOO) to different structures into five stages
[8]:

Dehydration.

Formation of YR as a stable intermediate.

Decomposition of YEto form a norstoichiometric yttrium oxyfluoride.

Formation of stoichiometric YOF.

=4 =4 =4 4 =

Decomposition of YOF into cubic 203. The complete transformation was
obtained at 1200 °C.
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0.005 mole of Y,0; dissolved in 5 ml distilled water

5 min stirring

Addition of 12.5 ml of CF;COOH

5 min stirring

h 4

Increasing temperature to 80 °C

45 min stirring

h 4

Y(CF;COO0); solid product after solvent evaporation

b 4

Grinding and annealing at 900 °C (5 °/min) in air for 2 hours

b 4

Grinding the obtained YOF and prepare for characterizations

Figure 1. Flow chart explaining the synthesis of YOF by using pyrolysis of

trifluoroacetate precursor.

3.2 X-ray diffraction (XRD)

3.2.1 Overview

XRD is a nondestructive technigue used to analyze and to determine crystal phases, grain sizes
and lattice parameters of teaals [L2]. Max Von Laue discovered in 1912 that a crystalline
substance can act as a thdémensional diffraction grating for-rays with wavelengths similar

to the spaces between planes of a crystal lattit;e §]. When incident monochromatierays

interact with the material, scattering ofays occur from the atoms of the material. This kind

of behavior is called diffractiorLp]. The scatred xrays can also experience constructive and
destructive interference. Almost 95 % of solid materials can be described as crystalline
materials {4]. The wavelengthof the xrays are normally between 0.00.23 nm, that is ver

close to the inteplanar spacing of most of the crystalline materials. The diffractiorras

in crystalline materials appears as individual peaks at certain angles that correspond te the inter

planar distanceslf]. The XRDpat ern can be described i n term

3.2.2 Braggo6s | aw

Braggdés | aw was named after the contribution

in 1913 [L3] . Braggbs | aw connected t-rAyswithihdifter act i o1
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atomic distances. When the sample is bombarded widyx of a specific wavelength at a
certain angle, intense reflectedays are produced when the wavelengths of the scattered x

rays interfere constructively. Constructive interfeeedtfracts the xays with an angle equal

to that of the incident beam, seeldigure 2.
nee = 2d sind ..ééééecééeéecécéecééeéce?2.

& i s t h eraywavelangthe chig thexntptanar space beeen crystal planes of atoms,

ions or molecules. The integer number, n, re

between the diffracted and transmitted xa y s . The value of 2d is

experimental measurement.

A C
Incident X-rays Diffracted X-rays
A’ A A (ol
A
A
6B %5
4
8|e
d
A
B’
d
Atomic-scale crystal lattice planes
A

Figure 2: Schema i ¢ di agram showing Bt3daggbs | aw, ado

A XRD pattern is obtained by a diffractometer. A typical diffractometer consista xfray

tube, a sample holder amah x-ray detector, see figure 3(a). In theay tube electrons are
emitted from a heated tungsten filament and accelerated by an electric potential to impinge on
a metal target. The interaction between the electrons and the metal target leads to thie emissi
of x-rays. Some of thesenays have a wavelength characteristic of the target and some have a
continuous distribution of wavelengths between 0.05 nm and 0.5LAmThis continuous
distribution contains multiple wavelength comats like Kyand Ke. Kgconsists of two parts,
Kuiand Ky 2 where K ithas a shorter wavelength and twice the intensitycof®pper is the

most frequently used material for single crystal diffraction with €aR.154 nm. Filtering of

the monochromatig-ray wavelengths by using a proper nickel filter for example, results in
the absorbance of the wavelengths bellow 0.154 nm, see figure 3(b). The filtered wavelengths
are focused towards t he s-myrspurce and/tha detecame an gl ¢

rotated with 2d angl es. The detector record:
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diffraction angle {2, 13]. Further correction of the obtained XRD results is done by correcting

the patterrwith respect to Ik

(a) (b) without filter With Nickel filter

Ka

: B
R
(:_2' -
Intensity (arb. units)

I

1

|

1

|

/ ; '

: ’ "

\ stage l’ '
\ ’ ! o

\ V4 ! =
N ’ i

1 1
12 14 1.6 1.8 1.2 1.4 1.6 1.8

Wavelength (A)

Figure 3: a) Schematic diagram showing different components of the diffractometer,

adopted from [16] and b) a spectra of copper radiation with and without a nickel filter
[12].

The crystallite size of the samples can be obtained by using the Scherer equation for the
broadening of the diffraction peakis7]. The broadening is a result from sample broadening as

well as the instrument broadening. It is usefuldeniify the nature of the broadening by
collecting the diffraction pattern from the line broadening of a standard material (e.g., silicon)

to be able to deter mi ne t he niisicertespandirg tottha | bro

diffraction peak oftte material and can be calculated by using the relation

()%= Om+ V0 > g™ e va»o Dé.-éié-{:é .. 3

bhk|=7A'..HT.‘(|éééé. .é. . ée. eéeée.eée. . 4.

b represents the peak broadening or full width at half maximum (FWHM) corresponding to

the diffracti on an gllrepresédntsdhe davaelengthtbeQuKyixmagti c es |
radiation (0.154 nm)) is the crystallite size in nanometer anegresents the shape factor for

spherical shapes and is equivalent to 08919]. All the XRD measurements of this study were

collected by using a Bruker D8 Advancefchittometer equipped with a copper an¢de- =

0.154 nm). It was operated at a voltage of 40 kV and a current of 40 mA.
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3.3 Scanning Electron Microscopy (SEM) and Cathodoluminescence (CL)

3.3.1 (SEM)

The SEM technique is used to study the morp
image usg electrons instead of light. SEM has various advantages such as a wide scan area

of the sampleds surface with good spatial re
principle of SEM is based on a beam of high energy electrons that are aeceéard focused

on the sample while passing through a combination of lenses and apertures in a column, see
figure 4. This generates a variety of signals from the surface of the specimen such as secondary
electrons, backscattered electrons (determineryistat structure and orientation of minerals),

x-rays, visible photons, Auger electrons, diffracted backscattered electrons andjh@aese

signals reveal information from the sample that includes topography (texture), mggpholo
(particle size and shape), chemical composition, crystalline structure and orientation of the
materials. The sample is placed on a holder in a vacuum chamber and both the column and the
chamber are evacuated by various pumping. SEM scanning areafroamganometers up to

a few microns depending on the type of study. Some SEM systems are also capable of doing
some element identification of samples by using Energy Dispersiag $pectroscopy2)].

Secondary electrons are ugedletermine the morphology and topography of the sample.

Electron Electron Gun

S

‘ S X-rays (EDS)
i _‘ﬂﬂergc 030 BSE.“'

ToTv
Scanner

electron beam

.

. .

] .

' SE .

‘ .

. g
Yea=?

¥ ‘\‘d\‘?L((SPARC)

Material

Secondary transmitted electrons
e (TEM, STEM, EELS)

specimen

Figure 4: Schematic diagram of a SEM system and the generation of different signals

after electron interaction [20, 21].
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Backscattered electronseamportant for showing the contrasts in composition for multiphase
samples 70, 22]. The SEM images for this study was recorded by using a JEOL759RIF
SEM system.

3.3.2CL

Emission of photons from tteurface of a material after irradiation of high energy electrons is
known as CL. These emitted photons cover a wide range of wavelengths in the UV, VIS and
NIR ranges. CL is mainly used to characterize the optical properties of materials in the
nanoscaleCL photons are a side product after irradiation of high energy electrons. In some
kinds of microscopy, a CL detector is attached to detect the emitted photons after irradiation
of high energy electrons. The recorded emission intensity is given as affurfati@ scanned
wavelengths. For a better response of the recorded emission, cooling of the sample stage may
be implied. The obtained emission of the sample gives intrinsic structural features of the sample
that correspond to each individual peak p3]. CL analysis in this study were done by using

the same JEOL JSMB800F SEM system equipped with a CL detector, Gatan Mono CL4. The
photons were detected inside the chamber and cooling of the chamberidhyilicpgen was

necessary.

3.4 X-ray Photoemission Spectroscopy (XPS)

XPS, also known as Electron Spectroscopy for Chemical Analysis (ESCA), is mainly used to
investigate the el ement al and chemical corm
development of XPS was in the mitl 9 6 0 &ai Sibgpahn and his research grouphat

University of Uppsala, Sweden4]. A full and detailed description of XPS can be found in

various textbooks and literatures studies-48]. When a solid material is irradiateditiv

photons having sufficient energy §§ photoelectrons will be released, based on the
photoelectric effect, having a kinetic energy given by [

//////////////

Ek=hgi Esi ¢ éééééééééeéeééeée. 5.

Ex is the kinetic energy of the released elent; E is the binding energy of the state where

the electrons eject fromarsdi s t he sampl ebés work function t
energy required to remove an electron from the matetigl. [The intensity of the
photoemission peaks (I(B can also be determined as a function of the binding energy through

[15):
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I(Ex)=DOShgi Esi¢)éeééeééeééeée. ée. 6.
DOS(E) is the density of states as a function of the binding energy. The photoemission
spectum therefore represents the energy distribution of the electron states in a solid, see figure
5. The sample and the analyzer are grounded together during the experimental procedure in
order to align their Fermi levels. It is then convenient to writarteasured kinetic energy in

respect to the Fermi energy levels &5:[

Ek=hgi Esiepé €6 é éecéeééecééeeceé. 7.
epl S the spectrometero6s work function. The bi
difference between thaitial and final states after the photoelectron left the atom. There is a
dependency of the energy level of the core electron to the chemical state of the atom. Important
information can therefore be obtained through understanding the XPS data and by
distinguishing between the initial and the final state effects. The photoemission is due to the
final state and its nature. A change in the oxidation states has an effect on the binding energies,
which increase with increasing oxidation state and vice vehsap;Id and f levels of the atoms

can split during the ionization process resultingig, jps2, /2, G2 fs2 and 2. The ratio of

splitting for each orbital is 1:2, 2:3 and 3:4 for p, d and f, respectigd]y [

00000 Li:ox
o O L, or 2s

Photon Photoelectron

O . Kor1ls

Figure 5: Schematic diagram of the production of a »xay photoelectron [24].

In this research study higlesolution XPS was obtained with a PHI 5000 Veyszbe system.

The samples were irradiat ematicWiKoxhrayheah e em di
1486.6 eV) generated by a 25 W, 15 kV electron beam, in arhidfinavacuum chamber (9 x

1010 Torr), that resulted in the ejection of phatiectrons. Some of these phatiectrons
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inelastically scattered through the sampleards the surface, while the rest of the electrons
escaped from the surface into the vacuum without energy 26s8(]. The ejected photo
electrons were collected by an electron analyzer that meatwedkinetic energy. The
analyzer produces spectra of intensity (number of ejected electron versus time) versus binding
energy (electron energy before leaving the atom). Each peak in the XPS spectrum corresponds
to a specific elemened, 30]. The pass energy was set to 23.5 eV giving an analyzer resolution
of O 0.5 eV.

A low energy Arf ion gun and low energy neutralizer electron gun were used to minimize
charging on the surface. Multipack version 8.2 sofémaas utilized to analyze the spectra to

identify the chemical compounds and their electronic states using Galestmtz fits.

3.5 Auger Electron Spectroscopy (AES)

AES is a phenomenon that was first introduced by Pierre Victor Auger in 1923 dising h
studies of electron inducedray excitation in a Wilson cloud chamber. He did experiments
and theoretical explanations of the mechanism that were reported in his doctoral thesis in 1926
[31]. Later in 1953, Launder explained thessibility of doing surface analysis by determining

the characteristics of Auger peaks. He successfully observed secondary electron emission
during electron irradiation of solids]], see figure 6. AES is an important surfacelygsia
technique that provides elemental information of the material. The Auger electrons have
relatively short inelastic mean free paths and the AES technique can detect all the elements
except H and He.

Emitted (Secondary) } Auger

Electron energy = AE - E, electron

Vacuum level — Auger
emission

Primary electron
energy = E
Py

X-ray

K X-ray
photon

/ emission

Scattered
primary electron
energy = E,— AE

Figure 6: Schematic diagrams explaining the ppduction of Auger electrons and of xray

emission, adopted from §2].
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The simplified description of the AES mechanism involves the removal of an electron from the
core level, K, through an incident primary electron. A second eleétom the upper leveliL

will relax to the K level to fill up this hole. The energy released during the relaxation will be
transferred to a third electron that will be released from the upper lgyedde figure 6. The

Auger el ectrosdvwenbylSneti c energy

,,,,,,

Ein =Exi1 A 1A -8. . 6666é. . 66éé¢é8,

where¢ is the work function of the analyzer. The notation, K, represents the initial state
whereas L and L3 are the final state transitions. According to Chuag d Jenkins
approximation an accurate expression of kinetic energy of the ejected Auger electron is given

by (Z+1) [32], where Z is the atomic number of a specific atom. This approach was based on

the assumption that the bindingezgy of all the electrons will increase the moment one
electron is removed. Thus, the properties are electrostatically similar to an atom that has an
atomic number greater by unity and this gives an expressipaZ]:

Ewn=A'i - A A '|'—7A'Eﬁ A';h £ é9.

The AES data of all the powder samples in this study and related SEM images were collected
using a PHI 700 Scanning Auger Nanoprobe with a 20 kV 1®esin voltage and current,
having a beam diameter of about 12 nm, in thigh vacuum at a pressure of 1.7 x*4Torr.

This high energy electron beam was focused on the sample surface through electric lenses and
caused the ejection of the Auger electroA<ylindrical mirror Auger analyzer was used to
detect the Auger electrons. The measured electrons were then displayed in a spectrum that
represented the intensity versus the kinetic energy of the emitted Auger electrons. Each peak

of the spectrum corrpend to an individual elemerij).

3.6 Photoluminescence (PL)

PL is a technique used to study the optical properties of a material based on its excitation and
emission. The optical properties depend on the electronic transiiensertain material or

ions (e.g. transition metals or lanthanide iors8)).[PL measurements can be divided into
steady state and timesolved PL measurements. The main difference between the two types
are based on the naturetbk study. The steady state measurements involve excitation and
emission spectra whereas tiresolved measurements obtain the decay cutves4]. In PL
measurements the intensity distribution is givea asction of the wavelength. The excitation
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spectrum is recorded while monitoring a certain emission. The emission spectrum is recorded

through exciting the material with the individual excitation wavelengths.

g Monochromator

Emission
Monochromator

Figure 7: Schematic diagram of the typicacomponents of spectrofluorometer.

Figure 7 shows the basic components of a PL spectrofluorometer. A beam of photons from a
light source passes through the first monochromater that selectively transmit a specific
excitation wavelength and is focused oe tiesired sample. The emitted light from the sample

is directed towards the emission monochromater and then directed to a photodetector. The
photodetector converts the emitted light to an analog electrical signal. This analog electrical
signal is then corerted into a digital signal by using analog to digital converters and further
processing is done by using computer software. The obtained spectrum will be shown in terms
of intensity of the emitted light (proportional to the electrical signal generateduastion of

the wavelength of the emitted light5] 34, 35].

PL measurements for all the prepared samples in this study was done bthedtainburgh
FLS980 instrument. For tHdetime measurements the system was equipped with an EPLED
257.4 nm excitation source or uF2 Microsecond Xe flash lamp source depending on the
measurementThe quantum yield measurements were done by using the same instrument

equipped with an integratirgphere.
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Chapter 4

Photoluminescence studies of a YOF phosphor synthesized by the pyrolysis
method

In this chapter PL studies of Prdoped YOF samples were investigated for SC applications.
Investigations were done to show that the intense excitation peak obtained at 250 nm was due to the 4f
5d band of P¥". These investigationsere done in order to contradict previous results regdyeother

authors that attributed the 250 nm excitation peak to a charge transfer (CT) batid of Pr

4.1 Introduction

The vast progress in the population and the demand for more energy with decreasing of
available energy resources opened up a large dietdsearch for a new energy source. The
energy resources that are being used for the last decades asneaable energy such as

fossil fuels, coal petroleum and natural gasses. These energy resources are of great importance
to us since they can produsignificant amounts of energy. One disadvantage is however that
they produce carbon dioxide that has a bad impact on the plgn&Clare considered to be a

good resource of energy production that has faced many obstacles|umpwniin order to

increase the energy efficiency. For-8icSC some of these obstacles are the loss of energy

through thermalization,-bB recombination and transpareney [

Singlejunction monocrystalline and polycrystalline Sitgyas currently account for about 95

% of the photovoltaic market. The &f this kind of semiconductors is 1.1 eV and this is equal

to the energy of a photon with a wavelength of about 110®hrAdcording to the Shockley

Qu e i snwdelthe theoretical maximum efficiency e6cSC, with an Eof 1.1 eV, is about

30 % [1]. This model is based on the principle of the balance between the incident and escaping

photons and extracted electronf [

The luminescence and spectroscopic properties of*aderis very dependent on the host. It
can result in red emission from thez level in Y203 [3], blue emission from th&Po level in

YFs3 [4] or greenemission from théP, to 3F and®H4 levels in YOF f). In all three cases the
emission occurred via transitions to thés ground state. The Prion has been studied for
various applications such as FED, laser devices, scintillator application and other

optoelectronic devices]. It also has very promising potential as a DC and an UC material,
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depending on the host, for S@pdications b, 7, 8]. The intrinsic properties and different
emitting energy levels in the UV, VIS and IR regions make th&idr a very suitable spectral

converter materiald] 10].

DC or QC is a mechanism where one high energy photon is converted into two low energy
photons. DC could result in energy efficiency above 100 % and it can reduce the thermalization
effect [L1]. The DC mechanism can occur through PCE from a single lanthanide ion or by
energy transfer through different lanthanide centersify] . In the 19706s the
first observed in Pt-doped YE with a quantum efficiency of about 140 % under the excitation

of 185 nm and up until now, QC had been reported in a variety*6tiBped fluorides and

several oxides?]. Highly efficient PCE for PY in the VIS region was reported in YBy Piper

et al. [L4], Sommerdijk et al.]5] and S. Kuck et al.1ff]. They have studied the luminescence

of P* in different fluoride host crystals including ¥,AKMgFs, LuFs, BaMgFk ard Prk.
Theydbve showed internal t heoretical guantum
200 nm between 1.2 and 1.6 by using the JO&t model. In spite of the high quantum
efficiency from a single Pt ion it cannot be used as lamp phosphors because the first step of

the photon cascade lies at about 400 nm and this is too far in the UV spectral ¥€gion [

Oxyfluoride materials show promising host potential since they combénm#n advantages

of oxides with fluorides, such as low phonon energy and low probability of multiphonon
guenching 17]. It is well known that the oxide materials are mechanically and chemically
stable and that they also have highopbn energies (larger than 500 “&nThe fluoride
materials however are chemically and mechanically unstable and they have lower phonon
energies 18, 19]. The phonon energy of YOF is equal to 400 aromparingto that of YR

that isx 350 cmt. In addition, the YOF is chemically and thermally more stable tharj20F

YOF also has a wide band gap7(2 eV) that makes it suitable as a host lattice for optical
applications 21]. YOF has a rhombohedral structure (space groum RL66)), where each
Y3*ion is surrounded by four End four G atoms with one available site of*that can be

occupied by the dopants]]

The luminesence of YOF doped with Prwas investigated as it is considered to be a

promising DC phosphor material for Si SC enhancement. There is no clear report on the
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possible luminescent mechanisms for the YOF:Phosphor and with this study the authors
aimedto better understand the behavior of th& RN in the YOF host.

4.2 Experimental

Pure YOFand P?* dopedYOF powder samples were prepared by the pyrolysis method with
CRCOO as precursor fromsanglesource as described in chapter 3, section 3.1. The doped
YOF: x mol % P#" (x = 0.07, 0.1, 0.2, 0.3, 0.4 and 0.5) samples were prepared by the same
method only by introducing praseodymium (lIl) oxidex®4) in the starting materials. An
additional samplevas also prepared by doping YOF with 1 mol % of cerium oxide §CeO

The structure of the prepared samples was characterized by XRD using a Bruker Advance D8
diffractometer (40 kV, 40 mA) with Cudx-rays = 0.154 nm). SEM images were taken by
using the JEOL JSM800F SEM. Higkresolution XPS was obtained with a PHI 5000 Versa
probe system as was described in chapter 3, sectioAlBmMeasurements were performed at
room temperaturePL, NIR emission andife time measurements were done by using the
Edinburgh FLS980 instrument.

4.3Results& Discussion

The crystal structure and phase formation were studied by using XRD. Figure 1(a) shows the
XRD patterns of the starting precursor, YECPBO), the standardata of Yk (space group
Pnma (62) (ICSD No. #8911)), YOF (ICSD No. 7-2100) and for the precursor annealed at
different temperatures. At 66C the precursor decomposed into crystalline orthorhombic YF
with small impurity peaks of orthorhombic yttrium oxyfluoridesQ4F7). At 700°C and 800

C, these small impurity peaks developed into YOF. Finally at’@@a pure rhombohedral
YOF structure (space groupoR (166))occurred without any noticeable imjtigs. The XRD
patterns have successfully showed the formation of the YOF structure starting from
Y(CRCOO3}. A further increase in the temperature will however result in small impurity peaks
of cubic Y20s. Figure 1(b) shows the XRD patterns of the stashd@®F pattern (ICSD No.
71-2100), the different samples of YOF: x mofRx = 0, 0.07, 0.1, 0.2, 0.3, 0.4 and 0.5) and
for the YOF: 1 mol % C¥ sample. There is a slight shift of the diffraction peaks of the doped
samples towards the lower angles dughéodifference of the ionic radii ¢Y=0.1019 nm, Bf

= 0.1126 nm and Cé& = 0.1143 nm). This confirmed that the*Pand Cé&* ions were

successfully incorporated into the host lattice.
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Figure 1: XRD patterns for the (a) Y(CF3sCOO)s precursor annealed at different
temperatures and (b) of the YOF: x mol % P#* (x =0, 0.07, 0.1, 0.2, 0.3, 0.4, and 0.5) and
the YOF: 1.0 mol % Cé* phosphors.

The schematic illustration for the crystal structure of the YOF host is shown in figuecB. E
Y3*ion is surrounded with four End four G ions that yields the 8 coordinatiorf™on. The

Y3* O*andFi ons6 coordination i n t he-cappedtrgoralur e
antiprism with6c Wyckoff positions with the symmetry ftire Y 3* cation as @, site symmetry

The crystal structure of YOF can be derived from the cubic calcium fluorite structure with a
slight trigonal distortion19, 22, 23).
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Figure 2: The schematic illustration for the crystal structure of the YOF host. Each ¥*
ion is surrounded with four F and four O% ions that yields the 8 coordination ¥+ ion.
The crystal structure was drawn using Vesta softwarezf].

The estimation of the crystallite size of the prepared powders was done by using the Debye
Scherer equation for the broadening of the diffraction pezksThe effect of broadening is a

result from instrument broadening as well assaple broadening. It is useful to identify the
nature of the broadening by collecting the diffraction pattern from the line broadening of a
standard material (e.g., Si) to be able to determine the instrumental broadening. The corrected
bnii is corresponihg to the diffraction peak of the material and can be calculated by using the

relation,

Brii = Dt vorg® e varon§Cagal - - 1

bru=—f 6666, . 666. 6666666, .2,
wherner,epor esents the peak broadening or FWHM
and miller indices hkl, represents the wavelength of Guif the xray radiation (1.54058),

D is the crystallite size in nanometer and k represents the shape fastanddcal shapes and
is equivalent to 0.92f, 27].

The crystallite sizes of the prepared samples that were calculated by using theSDiedngs

equation 2, for the diffraction peaks corresponding to théeMindices, is given in table 1.
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The variation of the crystallitesizessd e pi ct ed i n figure

pur

81.24 nm and it decreased with increasing doping concentration to 75.31, 73.32, 66.58, 65.22,

61.18 and 59.8 nm for treamples doped with 0.07, 0.1, 0.2, 0.3, 0.4 and 0.5 mol %*bf Pr
respectively. The decrease of the crystallite size with increasing doping concentrations

indicated a successful incorporation of'Rons into the ¥ sites of the host.
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Figure 3: The varation of the crystallite size with P#* concentrations calculated using
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Table 1: The calculated crystallite sizes of the prepared samples by using the Debye

Scherer equation.

Sample Crystallite size (nm) (x 1)
YOF: 0 mol % Pt 81
YOF: 0.07 mol % PY 75
YOF: 0.1 mol % Pt 73
YOF: 0.2 mol % Pt 67
YOF: 0.3 mol % Pt 65
YOF: 0.4 mol % PY 61
YOF: 0.5 mol % PY 60
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The surface morphology was investigated with SEM. precursor powder showed non

uniform morphologyof big particles and flakes, see figure 4(a). During thermal decomposition

at 600°C, figure 4(b), the morphology shows an agglomeration of small particles, < 100 nm.

At 700°C these small particles startednelt and agglomerate more to form bigger particles

with sizes > 100 nm, see figure 4(c). The morphology of the sample annealed@ B§are

4(d) shows an increase in particle agglomeration and melt into bigger particles with sizes > 500
nm. The samp@ annealed at 90, figure 4(e), shows an increase in bigger melted particles
having spherical and more longitudinal shapes with a width close to 500 nm and a length > 1
em. This change i n mor ph @§]dugng inwesigationselgneant ed b
the pyrolysis method of YOF:¥8, Ef* thin films and also by H. Eloussifi et ak9 during

studies of thermal decomposition of the YECPOgpr ecur sor . Theyobdve rep
particles catain small grains that are randomly oriented. Figure 5 shows the SEM images for

the doped samples of YOF3PrThere is no apparent change in the morphology except for a

slight variation ofthe g gl omer at ed particlebs sizes.
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Figure 4: SEM images of theYOF host annealed at different temperature for a) the
precursor powder, b) at 600°C, c) at 700°C, d) at 800°C and e) at 90¢°C.
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Figure 5: SEM images of YOF: P¢* for the samples doped with different concentrations
of Pr¥*ion, a) 0.07, b) 0.1, ¢) 0.2, d) 0.3, e) 0.4 and f) 0.5 mol %.

XPS has been used to study the surface composition of the high concentration YOF: 0.5 mol
% Pr*sample. All the XPS highesolution peaks were corrected for charge compensation in
respect tothe C 1s peak at 284.8 eV. The C contamination was ascribed to adventitious
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hydrocarbons on the surfac®]. Figure 6 shows the peak deconvolution of the a) Y 3d, b) O

1s, c¢) F 1s and d) Pr 3d peaks. The Y 3d peak, figure 6(eecdeconvoluted into two binding
energy peaks at 157.1 eV and 159.1 eV that are due to the spin orbit splitting intg.thed3d

32 peaks respectively. The O 1s peak, figure 6(b), shows two peaks at 529.1 eV and 531.4
eV. The F 1s peak shows one p@a684.9 eV (figure 6(c)) and the Pr 3d peak shows two sets

of peaks for the 3gb and 3d,. peaks due to the spin orbit splitting (figure 6(d)) at 933.4 eV
and 953.8 eV and at 929 eV and 949.4 eV respectively.

The 157.1 eV peak of Y 8d correspond well with other reported values for the ¥>3zbak

in the YOF structuredl, 32]. The peak of O 1s at 529.1 eV correspond to the oxygen peak in
the YOF structure and this was also reported zhkif et al. B3]. The second peak at 531.4

eV can be ascribed to hydroxyl or carbonate groggjs The F 1s peak at 684.9 eV is also in
correlation with reported data for the YOF structuzd.[The two sets of fitted peaks for the

Pr 3d peak correspond to two different oxidation states Bfdhd Pf*. The 933.4 eV and

953.8 eV peaksorrespond to the Pr ggland Pr 3¢l peaks of P¥ respectively and the other

pair at 929 eV anfl49.4 eV correspond to the Prs3@nd Pr 32 peaks of P¥. The separation
between the spin orbit splitting peaks is 20.4 eV. The obtained values for the Pr 3d peak are in
correlation with results obtained by Narula et af] [ Matsumura et al.3p] and Sarma et al.

[37]. It is also in correlation with results obtained for addro.35Y 0.0s02 system with the Pr

3d peak binding energies found at 933.9 and 953.5 eV féaRd at 929.5 and 949.8 eV for

Pr* [3€]. The presence of Prcould have an effect on the PL results. THe ins could have
formed during the synthesis process or during annealing wheré tloa©replaced the Fons

to formthe YOF structure. Schaefer et &l §nd A. Guzik et al.49] have ascribed a CT band

to hybridization of the Pr ion where one electron from the Pr ion is localized and the other
(delocalized) electron dengiis provided by the O 2p band through a P & 2p bond. The

Pr 3d2 and Pr 3gl2 split due to the final state configurations of th& 4{L-hole on the O 2p
valence band) level. The splitting could also arise from the coupling between the 3d hole and

the outer unpaired 4f electron.
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Figure 6: XPS highresolution peak fits for the a) Y 3d, b) O 1s, ¢) F 1s and d) Pr 3d peaks
in YOF: 0.5 mol % Pr3*,

XPS measurements were also done on the prepared precursg€Q@QEkdoped with 0.3 mol

% of PP*. Thesurvey scan consisted of all the main elements of the structure without any
contaminations (data not shown). All the XPS higholution peaks were also corrected for
charge compensation in respect to the C 1s peak at 284.8 eV. Thredogltion deconvated

peaks are shown in figure 7 for Y 3d, O 1s and F 1s. The Y 3d peak in figure 7(a) was
deconvoluted into two peaks at 158.6 eV for ¥§3dnd 160.7 eV for Y 3gb. The O 1s peak

was deconvoluted into five peaks at binding energies of 529 eV, 5338\, eV and 533.9

eV in figure 7(b). In figure 7(c) the F 1s peak was deconvoluted into three peaks with binding
energy at 684.5 eV, 686.1 eV and 687.7 eV. The Pr 3d peak could not be detected due to nature

of the amorphous gsrepared precursor.

a7



The birding energies of the Y 3d peak at 158.6 eV for ¥3% ~1.6 eV higher than our
recorded value for the YOF structure at 157 eV for ¥3dnd is ~ 0.5 eV lower than the
reported binding energy of ¥kt 159.1 eV for Y 3¢ [40]. We can therefore estimate that our
obtained binding energy for the Y 3d peak can be related to the yttrium ion iRGQTks.
Investigations on the deconvoluted F 1s peak revealed more information on the type of the
species within the materials. J.Hu 8t al. BZ] reported on two F 1s peaks with binding
energies at 687.7 eV andCkgrauptbatrepresentadaametdl h ey 0
CRCOObond and a O bond respectively. We can therefore correlate our obtéiged eV

and 687.7 eV peaks to the £24hd FO bonds in Y(CECOO)respectively. The third fluorine
component obtained at 686.1 eV can be ascribed t& &@ic bond according to Y.M. Shulga
etal,pl] . Theyove -Ewmpclhandtotkechatureoftree méaterial with the existence

of the carbon within it. Our sample is not strongly ionic since the true ionic bonds have binding
energies of E(F 1s) = 684 e\l 686 eV. According to our data theFCbond is therefore an
intemediate between an ionic bond and a covalent bond. The deconvoluted O 1s peak at 529
eV might be due to the formation of@ond on the surfacéf]. Whereas, the peak at 531 eV

can be ascribed to surface adsorbed oxygen specig®K [43], while the peak at 532.1 eV

was assigned to the oxygen peak in Y{CBO) which matched the reported value of 532.1

eV [32]. The higher binding energy peak at 533.9 eV is a representative mfytpen peak of

the heavily fluorinated material since we used@POHas a solvent. The acidfleiorinated

the Y(CRCOO}and formed volatile fluorgphosgene (COJF during annealing4[1].
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Figure 7: XPS highresolution peak fitsfor the a) Y 3d, b) O 1sand ¢) F 1s in Y(Ace)0.3

mol % Pr3*.

PL excitation and emission was done in order to investigate the possibility 5f@TPband

in our system. The PL excitation spectrum was recorded for the two emissions at 498 nm and
659 nm in figure 8(a) and (c) respectively. The excitation spectrum contains two different types
of transitions that correspond to a bandund 250 nm anid the 4#4f forbidden transition of

the P#* ion around 456 nm, 470 nm and 483 nm as depicted in the figures 8(b) and 8(d). The
4f-4f peaks correspond to tHels-2Pz, 3Ha-tls, 3Py and ®Ha-3Po transitions of the Pt ion,
respectively. From the excitation spectrum we can see that the band at 250 nm is located around
40 000 cmt which is lower than the Pr4f 1S state, which is usually around 46 700tim

different hosts44].
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The nature ofa CT band usually appears as an intense and broad peak in the absorption,
excitation and reflection spectrum as a result of spin and dipole allowed transitihns [
Fujihara et al.] reported on the positioof the CT band for YOF:P¥thin films synthesized

by the pyrolysis method. Theyodove reported 1t
there was also an intense green emission at 498 nm. The possible explanation for the occurrence
of the CT band g the transition of an electron from &Ron ligand in P+-0%, to the Pt ion

in PR*-O' [44]. T. Balaji et al. fi6] have done some fluorescence investigations dhdiped

YOF in order to exclude theossibility of relating the band at 250 nm @@ cm?) to the 4f
S5dbandof F¥i n YOF. Theyo6ve showed that the excit e
to the 4£5d transition of C¥. Dorenbos et al4[7, 48] have studied the spectral data for more

than 450 hosts doped with €and P#* and concluded that we can predict the position of the

41-5d level for any lanthanide ion doped in inorganic hosts based on the position ebthe 4f

band of C& when doped in the same host. He concluded that the difference between the 4f

5d levels of P¥ and of Cé" remained nearly constant (12 240750 cmb). A YOF:Cé*
sample was synthesized to confirm Balbdj i et
Pr* band. The excitation and emission spectra are shown in figure 8(e). The broad excitation
spectrum showed a maximum peak around 362 nm (27 624.3lawmd the broad emission
spectrum showed two main peaks around 385 nm and 404 nm. The exciatibat (362 nm

was assigned to the-8f transition of C& and the two emission peaks to the-5&s. and

2F7; transitions at 385 nm and 415 nm respectivédy. [These results contradicted the values
obtained by Balaji et al. Ehvalue of the Pt 4f-5d band in YOF:Pf can now be predicted to

be around 251 nm (27 624 .%8HdasedonbdexpitdtiOnresult8 9 8 6
for the Cé&* ion (figure 8(e).The excitation band at 250 nm in our system was therefore
attributed to the P¥ 4f-5d band. Previous interpretation of this 250 nm CT excitation band

was therefore incorrect and a new wellinded interpretation is giveithe 251 nm predicted

value is below the forbidde®o (46 700 cm?) level. For efficient PCE to occur, the-8d state

should be situated above ti® state. §, 14, 15, 16]. A.M. Srivastava$0] concludedhat when

the 4£5d level of the P ion doped in different hosts, appeared below the forbidSeievel,

it could resultto 46d'Y  4eimission. Emission from the-8tl levels are not always possible.

Fast norradiative relaxation could occur to therlbidden 444f transitions with narrow

emission from the intraonfigurational transitions.
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Figure 8: PL excitation of YOF: x mol % Pr3* (x = 0, 0.07, 0.1, 0.2, 0.3, 0.4 and 0.5)

monitored at a) 498 nm and c¢) 659 nm. b) and d) show the-4f excitation parts and e)

shows the excitation and emission of YOF: 1 mol % CGé
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Emission of the Pt ion in the YOF host consists of a combinatioradfantages from both

YFs and Y203 hosts [L7]. Figure 9(a) shows the PL emission for the YOB:Bhosphor doped

with different concentrations, recorded in the 48BD0 nm range upon 250 nm excitation. The
emission of the samples occurred using only the excitation band at 250 nm due to the low gain
emission from excitation using -4f excitation. Theemission spectrum originated from the
3PoY 2Has6and3PoY 3F234transitions and from the weak#d,Y 3His and®PoY He levels of

Pr¥* [24]. The dominant emission around 498 nm and 659 nm therefore corresponded to the
3PoY 3H4 and3PoY 3F: transitions of PY respectively, see figure 9(c). Figure 9(b) shows the
variation in intensity of the two dominating emissiofRtHa and®Po-*F,) as a function of

Pr** concentration. The presence of thesdfband below thé&, level however also occurred

in hosts as in ¥0s:Pr¥* [6] and SrAISiN7:Pr* [51] with emission also from the 4ff states of

Pr*,
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Figure 9: a) PL emission of YOF: x mol % P¢*(x =0, 0.07, 0.1, 0.2, 0.3, 0.4 and 0.5) under

250 nm excitation, b) the variation of 3@ and 3F emissions with PE* concentrations and

c) the schematic diagram of the possible luminescent transitions of Py based on P#*

transition in YF 3 [4].
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TheCommi ssion I nternational e

Pr** phosphor under excitation at 250 nm is shown in figure 10. The CIE coordinate was

obtained using the Edinburgh FS5 fluorometer. The coordiditde emitted phosphor are

situated in the blugreen region with values for xG:29584 and y ©.42989.

0.9
& YOF:0.3%Pr

0.6+
>
=
o

0.34

u | J L
0 0.2 0.4 0.6

CIEX

08

Figure 10: The plotted chromaticity coordinate for the YOF: 0.3 mol % P#* sample (the

i nset shows the fluorescence

The optimum intensity occurred at 0.3 mol % of*Psee figures 8(a) and (c). The decrease in

e mi «8500m)). o f

intensity after 0.3 mol % can be ascribed to concentratimmehing of the Pf ion [57].

Concentration quenching is a w&hown behavior for Pt doped inorganic hosts,[53.

Concentration quenching usually occurs at loW Boncentrations (maximum 0.4 mol %) due

to the unique properties of the*Penergy levels §4]. Concentration quenching can occur

through three main mechanisms, 1) mphionon relaxation to théD. level, 2) cross

relaxation betwen P#*-Pr* ion pairs and 3) energy transfer to the killer sifi&s §6]. For the

multi-phonon relaxation process to occur the equivalent number of phonons required to bridge

the energy gap between tP and'D: levels must be lower thanphonons, the primary

emission will then act as a-@xcitation mechanisntf]. It is well known that the phonon
energy of YOF is about 400 chj22] and that the energyag between thé&P, andD; levels
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are approximately 3794 cmThis implies that 9.5 phonons are required to bridge the energy
gap between them. The muyfthonon relaxation process can however be neglected as the
probability of the process to occur decesasvhen the phonon energy of the host decreases
[58]. The second possibility for concentration quenching of 3eemission is a cross
relaxation process. This possibility suggests that there areretagation channels and that
the D2 level can be populated through t€,°Ha] YHe,[D2] levels. These levels show
weak emissions at 614 nm and 692 nm and can also be found in other hosts like in
BaGad(MoOs)4 [59] and inKPb,Cls:Pr*[8]. The dominating emission in these hosts are from
the 3PoY 3H4,°F2 levels and these are the same levels as in our structure. The first cross
relaxation channel is where the electron relaxes to the fhdevel from the®Po level and
where a part of its energy is then transferred to the neighbor ion in the grourféistattD;

[60]. The population of théD; level can then yield the population of th&s and®Fs, 4levels

and quenching of thD; level therefore occurred through the crosisixation process with the
['D2,°H4  YGi, fFs 4 transitions p1]. We can therefore assume that concentration quenching

in our system occurred through the cross relaxation process.

In order to explain the type of interaction that is responsible for concentration quenching in our
system, it is necessary to calculate the critical distance between two activator ions. The critical
distance is the distance that control the type of theggneansfer between two activators.
According to Blasse et al6f], concentration quenching resulted from the radiative energy
transfer between two activators and can be expressed in terms of the critical concendration X
and carbe estimated using the following relation:

L ?L_ééé...ééééééééééé.s.
V is the volume of the host lattice and we assume that there is no change in the volume and
that it is equal to 235.88 [63]. Xc is thecritical concentration and N is the number of the ions
in the host that can be replaced by the dopant and it is equabjtd=01] the present work the
critical concentration was found to Be= 0 .003 and the critical distance wagn calculated
by using the above equation to be 2825 his value is different to the reported value o831
for a YOF:P#* thin film structure §] and this difference could be due to the nature of the
powder comparingtothethini | ms. According to Dexterds the
between activator ions at a distance of abobBt & is therefore useful to obtain the critical

distance between the activator ions since the exchange interaction is responsible for energy
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transfer of forbidden interactions. Above this value the interaction is related to multipolar
interaction p4]. According to our calculations of the critical distance, we can therefore
conclude that the type of interaction in our Y@R" structure is a multipolar interaction. The

third type of concentration quenching can therefore be neglected in our system, since the
critical distance is large and the transfer of energy to killer sites (one activator to another) would

not occur §5].

We can now further investigate what type of multipolar interaction is responsible for the non
radi ative energy transfer or conceindicakadt i on
that multipolar interactions were responsible for quenching of emission frortPgha D>

levels p6]. The strength or the type of the multipolar interaction (Q) can be determined from
the change of the emission intensity through éhation:

o E
%:'l‘ AT eée...eéééeéeéeéeé. 4.

C is the activator concentration, Q = 6, 8 or 10 for dipb®le, dipolequadrupole and

quadrupolquadr upol e i nteractions, respectively,

conditions fora given host material. This relation can be reduced for a high concentration

beyond the critical concentrationd)do yield the relation below

%:'—..Eééé. .. 6¢ééeééeéeéecé. éeéeé. 5.
A
ka i s a6768 and C ssrihe dopant concentration that is greater than the critical

distance. Figure 11 shows the plot of log(l/C) versus log(C), the value of the slope (that is equal
to-2.53566) and the estimated Q value is 7.6 which is close to 8. We can thereftict that

the quadrupokelipole interaction is responsible for the concentration quenching. The same
type of multipolar interactions between*Pions were also reported in other systems like in
YPO4:Pr*, where the quenching of th#®, emission was wke to the quadrupoidipole

interaction 9.
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Figure 11: The plot of log(l/C) versus log(C) in the YOF:P#* phosphor.

The prepared samples were also investigated for NIR emission. The NIR emission for the 0.3
mol % PE* doped sample is shown in figure 12(a). The NIR emission is very low compared to
the green emission (data not shown) and future investigations will be done in order to enhance
the NIR emission. The emission of the sample during excitation of 250 nm shutivsarrow

peaks in the range between 885 nm and 1120 nm that correspondedRe¥héGs (most
intense at 907 nm) and thB, Y 3Fs, °F4 transitions. J. Holsa2f] theoretically investigated

the emission of YOF:Bt and attributed the narrow emission of th&"Ryn due to the crystal

field splitting of the®Po-2, s, 1D2, 3F2-4 and®Has levels into 39 sutbevels (crystal field has 58
components). It is therefore appropriate to ascribe these narrow peaks tdefigimahe’Po

and!D; levels. This behavior of splitting of the NIR emission levels into narrow peaks was
also investigated by E. Cavali et 0] for a YAG:P#* system with an emission that originated
from theD; level to the®F..4 level. J. Cykigska et al. 71] explained the same behavior in a
K2PrCk powder with a dominant emission that originated fromPEaend?ls levels to the G,

level. Figure 12(b) shows the excitation of the sample monitored for the emission peak at 907
nm. The excitation spectrum contains the same broad band at 250 nm and it contaid$ the 4f

transitions of the Pt ion.

The NIR emission of YOF:Ptis within the effective response range for Si SC and revealed a
DS mechanism. DS is where a system absorbs a short wavelength photon (UV or blue) and
convert it to a long wavelength photon without increasing the number of pha@nég a
consequence, the quantum yield can therefore not be greater than HPOYWH:Pr* is

therefore an appropriate candidate to enhance the spectral response of Si SC.
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Figure 12: a) PL NIR emission of the doped sample with 0.3 mol %f Pr3* under
excitation of 250 nm and b) the excitation of the sample by monitoring the emission at
907 nm.

The fluorescence decay curves for the prepared Y&FsBmples were recorded under 250
nm excitation with a pulsed Xenon lamp. The emission of3mfeY 3H. transition was
monitored and is shown in figure 13. The decay curves show a cleaxponential curve
behavior which is consistent with the suggestess®relaxation process in our systefrhe
norrexponential decay curves were fitted using-exponential equation:

I(t) = Ao+ Aexp(t H)BAexp(t HlEéecéé. éééééb,
where I(t) is the PL intensity} and (b are emission decay times, and @nd A are their
relative weights42]. The calculated lifetimedlandbwer e depi cted in tabl e
According to literature the lifetimes of Pdoped materials are in the range of nanoseconds up
to 5% e£sli the present investigation the dec
for the 0.07 mol % doped concentration sample up to the 0.5 mol % doped sample. This is in
good agreement with previously reported values for decay lifetimésulated for
GGas012:PrP* [61] and LaAIG:Pr*[73].
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Figure 13: Emission decay curves of théPo Y 3Ha transition for the YOF:Pr 3+ doped

samples éx= 250 nm,8m = 498 nm).

Table 2: The calculatedifetimes for the prepared YOF:Pr3* samples.

350

Sample W (W ¢|0/ ¢
YOF: 0.07 mol % P¥ 23.25 30.68 | 26.9
YOF: 0.1 mol % PY 21.84 2793 |24.4
YOF: 0.2 mol % PY 19.12 27.25 | 24.6
YOF: 0.3 mol % PY 12.38 23.27 | 215
YOF: 0.4 mol % PY 10.45 23.10 |20.8
YOF: 0.5 mol % PY 6.74 20.16 16.7

4.4 Conclusion

The YOF:P# phosphor was successfully synthesized using the pyrolysis method with

trifluoroactate as precursor. XRD results showed a high crystallinity of the powder as

rhombohedral YOF (space groupom (166)) after annealing at 96C. XPS investigations

showed twasets of fitted peaks for the Pr 3d peak that correspond to two different oxidation

states for Pr 3d, Prand Pf*. PL results showed 4ff emission of F¥ under excitation of a

broad band around 250 nm. Thed4femission confirmed that Prions weresuccessfully

incorporated into the ¥ i ons 6

excitation band at 250 nm was ascribed to thBdfransition of P¥ based on PL excitation

and emission results obtained from a YOF:Gample. Th& OF:Ce** sample was specifically

positions of
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synthesized to confirm the existence of th&" Bf-5d level in order to contradict previous
investigations that attributed the 250 nm excitation band t6*a&CRrband. The optimum Pr
concentration for PL emission wascoeded for the sample doped with 0.3 % of*Ras
concentration quenching occurred at higher concentrations through cross relaxation processes.
The low intensity NIR emission of YOF:®ris within the effective response range for Si SC

and revealed a DS roleanism. YOF:PY is therefore an appropriate candidate to enhance the
spectral response of Si SC. The decay life times revealed the order of the life times in the range

of €es which is consi st ent doped tdteriatst Ties currente por t
investigations done on the YOF]Pphosphor material revealed a promising material for

optoelectronic applications such as forU¥D, SC and scintillatorss| 6, 7, 8, 9].

References

[1] H. Lian, Z. Hou, M. Shang, D. Geng, Y. Zhang and J. Lin, Energy, 57 (2013)Z8R)

[2] Q.Y.Zhang and X.Y. Huang, Prog. Mater. Sci. 55 (2010)-383/.

[3] D.Jia, X. Wang and W.M. Yen, P&iySolid State, 50(9) (2008) 1674676.

[4] F.Pelle, M. Dhaouadi, L. Michely, P. Aschehoug, A. Toncelli, S. VeramesM. Tonelli,
Chem. Chem. Phys. 13 (2011) 17458%460.

[5] S. Fujihara, S. Koji, Y. Kadota and T. Kimura, J. Am. Ceram. Soc. 87 (2004) 1652.

[6] A. Schaefer, S. Gevers, V. Zielasek, T. Schroeder,3 J. Falta, J. Wollschlager and M.
Baumer, the J. Chem. Phys. 134 (2011) 0547@84708.

[7] Y.Ji, J.Cao, Z. Zhu, J. Li, Y. Wang and C. Mater. Express, 1 (2011) 3.

[8] R.Balda, M. Voda, M. AlSalehand J. Fernandez, J. Lumin. 97 (2002) 1B@y .

[9] B. Zhou, L. Tao, Y. H. Tsang, W. Jin, and E. YBen Pun, Opt. Express, 20(4) (2012)
3803- 3813.

[10] T. Passuello, F. Piccinelli, M. Trevisani, M. Giarola, G. Mariotto, L. Marciniak, D.
Hreniak, M. Guzik, MFasoli, A. Vedda, V. Jary, M. Nikl, V. Causin, M. Bettinelli and
A. Speghini, J. Mater. Chem. 22 (2012) 10639649.

[11] X. Huang, S. Han, W. Huang and X. Liu, Chem. Soc. Rev. 42 (2013)20B

[12] A.M. Srivastava and S.J. Duclos, Chem. Phys. Lett. 275 (14887-)456.

[13] R.T. Wegh, E.V.D. van Loef and A. Meijerink, J. Lumin. 90 (2000) 1122.

[14] W.W. Piper, J.A. DelLuca, and F. S. Ham, J. Lumi(l$74) 344 348.

[15] J.L. Sommerdijk, A. Bril and A.W. de Jager, J. Lumir{1874) 341- 343.

59



[16] S. Kuck, I. Sokolska, MHenke, M. Doring and T. Scheffler, J. Lumin. 1QR3 (2003)
176-181.

[17] E. MartinezCastro, J. Garcigevillano, F. Cusso and M. Ocana, J. Alloy Compd. 619
(2015) 44- 51.

[18] R. Li, L. Li, W. Zi, J. Zhang, L. Liu, L. Zou and S. Gan, New J. Chem. 39 (2015} 115
121.

[19]Y. Zhang, D. Geng, X. Kang, M. Shang, Y. Wu, X. Li, H. Lian, Z. Cheng and J. Lin, Inorg.
Chem. 52 (2013) 1298612994.

[20] G. Chai, G. Dong, J. Qiu, Q. Zhang and Z. Yang, Sci. Rep. 3 (201B).1

[21] G. Shwetha, V. Kanchana and M.C. Valsakumar, J. Appis.Pt16 (2014) 1 9.

[22] Y. Zhang, X. Li, D. Geng, M. Shang, H. Lian, Z. Cheng and J. Lin, Cryst. Eng. Comm. 16
(2014) 2196 2204.

[23] J. HOIs&, E. Kestila, P. Ylha, E. Antiidancev, M. Lemaitrlaise, P. Porcher, P. Deren
and W. Strek, J. App. Spect. 62 (59%97- 705.

[24] K. Momma and F. Izumi, J. Appl. Crystallogi (2011) 1272 1276.

[25] V.D. Mote, J.S. Dargad and B.N. Dolk,Nanosci. Nanotechndl.(2013) 116 122.

[26] Y.T. Prabhu, K.V. Rao, V.S.S. Kumar and B.S. Kumari, World Journal of Nano Science
and Engneering, 4 (2014) 2128.

[27] T. Many K. Thandavan, S. Meriam Abdul Gani, C. San Wong and R. Md Nor, J
Nondestruct. Eval. 34 (2015)-14.

[28] Z. Li, L. Zheng, L. Zhang and L. Xiong, J. Lumin. 126 (2007) 4886.

[29] H. Eloussifi, J. Farjas, P. Roura, J. Camigs, Dammak, S. Ricart, T. Puig and X.
Obradors, J. Therm. Anal. Calorim. 108 (2012) 5896.

[30] R.E. Kroon, H.C. Swart, O.M. Ntwaeaborwa and H.A.A. Seed Ahmed, Physica B, 439
(2014) 83 87.

[31] L. Sun, J. Pan, X. Zhang, H. Wang, L. Liand Y. Yu, RSC Adv. 5320673 77681.

[32] J.H. Su, P.P. Joshi, V. Chintamaneni and S. M. Mukhopadhyay, Appl. Surf. Sci. 253
(2007) 4652 4658.

[33] M. Rizhkov, V.A. Gubanov and M.P. Bytzmah,Electron Spectrosc. Relat. Phends.
(1980) 227- 233.

[34] J.F. Moulder, W.F. Stickle, P.W.o080l and K.D. Bomben, Handbook of-rdy
Photoelectron Spectroscopy (Perkimer, Eden Prairie, MN, 1992).

[35] C.K. Narula, L.P. Haack, W. Chun, HW. Jen and G.W. Graham, J. Phys. Chem. B, 103
(1999) 3634 3639.

60



[36] Y. Matsumura, S. SugiyanandJ.B. Moffat, in:S.T. OyamandJ.W. Hightower (Eds.),
Catalytic Selective Oxidation, ACS Symposium Series, ACS, Washington, 1993, p. 326.

[37] D.D. Sarma and C.N.R. Rao, J. Electron Spectrosc. Relat. Phenom. 20 (1986) 25

[38] H. He, H.X. Dai, K.W. Wong and C.T. Au, Apglatal. AGen. 251 (2003) 6174.

[39] A. Guzik, E. Talik, A. Pajaczkowska, S. Turczynski and J. Kusz, MaterP8tand, 32(4)
(2014) 633 640.

[40] L. Pei, Z. Jiaqi, Z. Yuankun and H. Jiechiucl. Instrum. Methods Phys. Res, 807
(2013) 429 433.

[41] Y.M. Shulga T.C. Tien, C.C. Huang, S.C. Lo, V.E. Muradyan, N.V. Polyakova, Y.C.
Ling, R.O. Loutfy and A.P. Moravsky, J. Electron Spectrosc. Relat. Phenom. 160 (2007)
22 - 28.

[42]S . Bl omber g, M. J. Ho mann, J. Gustafson,
Liu, R.Chang, S. Matera, K. Reuter and E. Lundgren, Phys. Rev. Lett. 110 (2013) 117601
i 117606.

[43] X. Zhang,S. ChengW. Zhang,C. Zhang, N. E. Drewett, X. Wang, D. Wang, S. J. Yoo,
J-G. Kim and W. Zheng, Ind. Eng. Chem. Res. 56 (2017) 1104DP48.

[44] W. Wen, X. Yawen and Y. Jiangong, J. Chem. Pharm. Res. 6(11) (2014) 55%4.

[45] P. Dorenbos, J. Phys.: Condens. Matter, 15 (2003) 88434.

[46] T. Balaji and S. Buddhudu, Mater. Chem. Phys. 34 (1993} 31Q.

[47] P. Dorenbos, J. Lumin. 91 (2000) 15576.

[48] P. DorenbosPhys. Rev. B, 62 (2000) 156405649.

[49] S. Shen, Z. Xu, Q. Ma, J. Xia, Y. Shi, J. Xu and F. Ai, Appl. Mech. MateB3@®011)

631- 634.

[50] A. M. Srivastava, J. Lumin. 169 (2015) 44849.

[51] Z.J. Zhang, O.M.t. Kate, A. Delsing, P. Dorenbos, J.T. ZhadahdHintzen, J. Mater.
Chem. C, 2 (2014) 79527959.

[52] J.P. Zuniga, S.K. Gupta, M. Pokhrel and Y. Mao, New J. Chem. 42 (2018} 9382.

[53] G. Zhang, C. Liu, J. Wang, X. Kuang and Q. Su, J. Mater. Chem. 22 (2012) 2225.

[54] M.Y.A. Yagoub, H.C. Swart, P. 8gman and E. Coetsee, AIP Adv. 6 (2016) 025204
025213.

[55] Q.J. Chen, W.J. Zhang, X.Y. Huang, G.P. Dong, M.Y. Peng and Q.Y. Zhang, J. Alloys
Compd. 513 (2012) 139144

[56] J. Collins, M. Geen, M. Bettinelli and D. Bartolb,Lumin.B, 132(2012) 2626 2633.

61



[57]H.R. Shih, L.G. Teoh, H.Z. Lin, Y.J. Chen and Y.S. Chang, J. Electronic Mater. 43(4)
(2014) 10921 1096.

[58] M.Y.A. Yagoub, H.C. Swart and E. Coetsee, Opt. Mater. 42 (2015) 202.

[59] Y. Guan, T. Tsuboi, Y. Huang and W. Huang, Dalton Trans. 43 (20148)-3583.

[60] V. Naresh and B.S. Ham, J. Alloys Compé4(2016) 321- 330.

[61] R. Naccache, F. Vetrone, A. Speghini, M. Bettinelli and J. A. Capobianco, J. Phys. Chem.
C, 112 (2008) 77507756.

[62] G. Blasse, Philips Res. Rep. @) (1969) 131 144.

[63] T. Petzel, VMarx and B. Hormann, J. Alloys Compd. 200 (1993} 21.

[64] K.H. Lee, S.H. Park, H.S. Yoon, Y.l. Kim, H.G. Jang and W.B. Im, Opt. Express, 20(6)
(2012) 6248 6257.

[65] G. Blasse, Philips Res. Repts. 23 (1968) 3341.

[66] D.L. Dexter, J. Chem. Phys. 21 (1953583850.

[67] L.G. Van Uitert, J. Electrochem. Sdcl4 (1967) 1048 1053.

[68] L. Ozawa, Cathodoluminescence: Theory and Applications, (VCH, 1990).

[69] H. Chen, R. Lian, M. Yin, L. Lou, W. Zhang, S. Xia and J. C. Krupa, J. Phys.: Condens.
Matter. 13 (2001) 11541158

[70] E. Cavalli, L. Esposito, M. Bettinelli, A. Speghini, K.V. lvanovskikh, R.B. HugBesrie
and M. de Jong, Mater. Res. Express, 1 (2014) 045903.

[71]J. Cybinska, J. Legendziewicz, G. Boulon, A. Bensalah and G. Meyer, Opt. Mater. 28
(2006) 41- 52.

[72] R.T. WeghH. Donker, K.D. Oskam and A. Meijerink, Science, 283 (1999)-6&5.

[73] M. Mal i nows ki , M. Kaczkan, S. Turczyn@ski
-1007.

62



Chapter 5

Down-conversion of YOF: Pe*,Yb3" phosphor

This chapter reports on the Di@estigations of the YOF:PrYb** co-doped phosphor for SC
enhancement as well as the energy transfer mechanism. A new excitation band at 2&5 nm w
ascribed to a CT band of Yithat existed due to the transfer of electrons from th8®level

to the4f!3 level of YB**.

5.1 Introduction

In recent years, the field of SC enhancement drew a lot of attention due to the limited efficiency
produced by SC. Low energy photons that are not absorbed by the SC inhibits the generation
of e-h pairs and this iknown as suliband gap transparency][On the other side, the absorbed
photons with energies much higher than thefEhe SC result in supttaand gap photons that

loses their energy through heat and this is known as thermalitas®ifi]. The majority of

the loss in solar energy is therefore due to the thermalization process. This can be reduced by
using a suitable luminescent converter to convert the absorbed high energy photons, like UV

or blue, into two laver energy photons and this is called QC or DC.

The DC process can occur through a PCE process with energy transfer between a pair of
lanthanide ionsZ, 3]. The first evidence of the QC effect was observeRrihdoped YE with

a QE of about 140 % under the excitation of 185 nm. QC has since been reported in a variety
of Pr** doped fluorides and several oxidek Highly efficient PCE for PY" in the VIS region

was reported in Y&y Piper et al.4], Sommerdijk et al.§] and S. Kuck et al.§]. They have

studied the luminescence ofPin different fluoride hosts including ¥F KMgFs, LuFs,

BaMgF and PrEk. T heeslyo@ed internal theoretical quantum efficiemdth excitation
wavelengths below 200 nm between 1.2 and 1.6 by using theQfettdnodel. In spite of the

high quantum efficiencies from a singléHon it cannot be used as lamp phosphors because
the first step of the photon cascade lies at about 400 nm and this is too far in the UV spectral
region ).

A combination of LA™ ion pairs have been investigated in the form of REYb®*

(RE = PF*, TB**, Tm*") that showed a QC procesdth a high efficiency 7, 8]. SinceYb3®*

ions have a singl&; excited state around 10 000 énthe emission of Y& can efficiently
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be absorbed by-8i SC [L]. Absorption of the excitéon energy by the sensitizer ions yields
emission of two YB" activator ions §]. This process implies that the excited level of the
sensitizer must be twice the energy of theé*vibns and that there must be an intermediate
level with the same energy as for the®Yions. Applying P#* ions as sensitizer ions will allow
for the transfer of the excitation energy to the activator igJa$F" ions have been considered
good cedoping ions due to the suitability of the energy levels to th& Mins. The’P; level

of the P#* ions are situated around 20 000tamd the'G4 level around 10 000 ch1]. After
excitation thePr®* ion can transfer its energy from th&s Y 3Halevel to the’F72 Y 2Fs2 YD
level. Excitation to the Pfions and population of th#; manifolds, result in emission of two

NIR photons through two Y&ions.

This research study is an extensidéouar previous work done on the luminescence &fiens
in the YOF host. Investigation is therefore done on the suitability of the energy levels between
Pr**and YB" ions for possible DC.

5.2 Experimental

Pure YOFand P?" dopedYOF powder samples were prepared by the pyrolysis method with
CRCOO as precursor fromsanglesource as described in chapter 3, section 3.1. The doped
YOF: 0.3 mol % P¥, x mol % YB* (x = 1, 1.5, 2, 2.5, 3, 4, 5 and 6) samples were prepared
by the sam method with only introducing ytterbium (lll) oxide (3®s) in the starting

materials.

The structure of the prepared samples was characterized by XRD using a Bruker Advance D8
diffractometer (40 kV, 40 mA) with Cui«-rays = 0.154 nm). SEM images wetaken by

using the JEOL JSM800F SEM. High resolution XPS was obtained with a PHI 5000 Versa
probe system as was described in chapter 3, sectioAlBrdeasurements were performed at
room temperaturePL, NIR emission and decay time measurements \dere using the
Edinburgh FLS980 instrument.

5.3 Results& Discussion

Figurel shows the XRD results of the high concentration YOF: 0.3 mol*¥ &mol % Y5*
co-doped sample compared to the YOF: 0.3 mol %3$dngle doped and the pure host samples.
All the patterns showedl pure rhombohedral YOF structure (space groom RL66)),without
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any noticeable impuritiesifter annealing at around 960 in air atmospherf]. The sample
doped vith 0.3 mol % of Pt ions showed a shift in the diffraction peaks towards the lower
angles due to the difference in the ionic radii of ti&(9.1019 nm) and P¥(0.1126 nm) ions

as reported in our previous work on YOF:Hg]. This shift might be a caveat since we have
not used a crystal standard during the measuren@mtioping with YB* resulted in a further
shifting of the diffraction peaks towards the lower angles! {®h114 nm). We have to mention

there vereno additioral peaks even after 6 mol % of ¥tloping.

a) ——YOF: 0.3 mol % Pr*, 6 mol % Yb*]
J oo g
m o
b~ ——YOF: 0.3 mol % Pr
= —— YOF Host b)
a ——YOF: 0.3 mol % Pr**
8 L l A -
2 —— YOF Host 't
= =
g E
c &
1l 1 >
YOF 71-2100 0
@
gls o _w E
o|I° = \—2 ~
i"- 10 §§T SRE 2%
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Figure 1: XRD pattern of the host material, of YOF: 0.3 mol % P#* and of YOF: 0.3 mol
% Pr3*, 6 mol % Yb3* and b) the effect of doping on the diffraction peak of YOF

The morphology and the effectdifferent Y6*'i ons 6 concentrations on |
investigated by using SEM. Figure 2 represents the variation of the morphology with different
concentrations of Y3 ions. The morphology of the surface showed a variation of
agglomerategangulay melted particles. The increase in3boncentrations did not affect the
morphology.The authors previously reported the agglomeration and melting of the particles
during their investigations of the YOF¥phosphor §]. This was also reported & Li et al.

[10] during their investigations on the pyrolysis method of YOR*YBr" thin films. The same

behavior was also reported by Eloussifi et &l] jpon investigationsf the decomposition of

YOF into different structures.

65



Figure 2: SEM images representing the variation of the morphology of the YOF:Pt, x
Yb3* samples for x = (a) 1, (b) 1.5, (c) 2, (d) 2.5, (e) 3, (f) 4, (g) 5 and (h) 6 mol % of*Yb

XPS was used to investigate the compositional and elemental distribution of the YOF: 0.3 mol
% PE*, 6 mol % YIB* sample. All the fitted higliesolution peaks were corrected for charge
compensation to the C 1s peak around 284.8 eV. The presence of Qinatitan was due to
adventitious hydrocarbons on the surfagjefigure 3 shows the peak deconvolution of the (a)

Y 3d, (b) O 1s, (c) F 1s, (d) Pr 3d and (e) & (f) Yb 4d peaks. The Y 3d in fig. 3(a) was
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deconvoluted into two bindingnergy peaks at 157.1 eV and 159.1 eV terte due to the

spin orbit splitting into the 3g and 3d;> peaks, respectively. The O 1s peak shows two
deconvoluted peaks at 529.1 eV and 531.4 eV, see figure 3(b). The F 1s peak shows one peak
at 684.9 eV (fjure 3(c)) and the Pr 3d peak shows two pairs of peaks for theaid 3d

peaks due to the spin orbit splitting (figure 3(d)) at 933.4 eV and 953.8 eV and at 929 eV and
949.4 eV respectively. In figure 3(e), the deconvolution of the Yb 4d peak whsudti to
implement due to the overlapping with two wide peaks related to the Y 3d peak at 172.2 eV
and 199 eV. The only detected part of Yb 4d was the spin orbit splittirgoédk at around

185 eV, fitted in figure 3(f). The 4d peak was situatedside the wide peak at 199 eV.

The 157.1 eV peak of Y 3dcorresponded well with other reported values for the s> pdak

in the YOF structured] 12, 13]. The peak of O 1s at 529.1 e¥Asascribed to the oxygen peak

in the YOF structure and this was also reported for the YOF struéturd.[The second peak

at 531.4 eV was due to presence of hydroxyl or carbonate grot)p$tie F 1s peak at 684.9

eV correlated well with the reported data for the YOF structyr&4]. In our previous study

on YOF:P#*, we also reported on the presence of two oxidation states for thepeaBds

Pr** and P#*. Figure 3(d) therefore shows the 933.4 eV and 953.8 eV pleaksorresponded

to the Pr 3gizand Pr 3d2 peaks of P¥* and the other pair at 929 eV and 949.4 eV corresponded
to the Pr 3¢l2 and Pr 3gl2 peaks of Pt with a separation between each pair of about 20.4 eV.
The obtained binding energy values for the Pr 3d peaks were in correlation with results in
literature for Pt and P#* [9, 16-19]. The Pf* ions might have formed during the synthesis
process or annealing where thé& ©ns replaced the Fons to form the YOF structure. The
deconvolution of Yb 4¢h was reported in other systems at around 185 eV and this was well in
correlation with orr obtained value2p, 21].
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Figure 3: XPS highresolution peak fits for the (a) Y 3d, (b) O 1s, (c) F 1s, (d) Pr 3d peaks
and (e) & (f) Yb 4d full spectrum and its fit, respectively in YOF: 0.3 mol % P#*, 6 mol

% Yb3*,
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The PL studies on the prepared samples were done for the VIS and the IR regions.

5.3.1Visible (VIS) Emission

Figure 4 shows the VIS excitation spectrum of the prepared YOF: 0.3 mol*%x Pmol %

Yb®* samples as a function ofthe¥h ons® concentrations (x = 0,
obtained for emission at 498 ((a) and (b)) and 659 nm ((c) and (d)). The excitation spectra
consisted of two parts. The first part was a broad band centered at 250 nm that was ascribed to
the alowed 4£5d band of P¥ ions according to Saeed et &), [figures 4(a) and (c). The

second part was related to theddtransition of Pt ions that peaked around 456 nm, 470 nm

and 483 nm. These peaks corresponded toHaeY 3Pz, 3Ha Y e, 3P1 and®Hs Y 3Po

transitions of the Pt ion, respectively §], figures 4(b) and (d). Gdoping with YB* ions

gradually resulted in quenching of thé"Raxcitation with an increase in the ¥lzoncentration

from 1 mol% up to the 6 mol %.
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Figure 4: VIS 4f-5d PL excitation of YOF:Pr®*, Yb? for different concentrations of Yb3*

monitored at a) 498 nm and c) 659 nm emission, b) and d) shows theddexcitation.
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Figure 5(a) shows the VIS emission spectrum at différéit co-doping concentrations. The
emission of the samples consisting of muolirrow emission peaks that originated from
different levels of P¥ ions. The emission spectra were due tGCH& 3Hasecand®PoY °F234

transitions and from the weak#®, Y 3Hsand®Po Y 3Hs levels of P#*[9, 22]. The dominant

emission around 498 nm and 659 nm corresponded &®¢ie 3Hs and®Po Y °F: transitions

of PP*, respectivelyThe highest emission was recordedtfa singly doped sample with 0.3

mol % of P#*ions. As was the case for the excitation, an increase in tfec¥hbcentrations,

up to 6 mol %, also gradually quenched th& Bmission.This can be attributed to energy
transfer from the Ffi ons® energy *li enslos |eovet be F¥Fbgure
variation of the intensity of the dominad® Y 3H. emission as a function of Yb

concentration.

a) YOF: 0.3 mol % Pr*", x Yb** b) YOF: 0.3 mol % Pr*, x Yb*
——0 mol % Yb*
——1.0 mol % Yb**
P, H, —1.5mol % Yb™*
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——2.5mol % Yb*
——3.0 mol % Yb**
——4.0 mol % Yb*'
——5.0 mol % Yb**
6.0 mol % Yb*
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—=—"P-H,
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Figure 5: a) VIS PL emission of YOF: 0.3 mol % P#, x mol % Yb3* for different
concerirations of Yb3* ions under 250 nm excitation and b) the variation ofPo Y 3Ha

emission with Y** concentrations.

Investigation on the concentration quenching of th#& &mission can be referred to as non
radiative energy transfer fromPtoYb®*i n our system. From Dexter @
transfer expression of multipolar interactio

the type of the multipolar interaction through the relatizsZg]:

v

- s sz s £ sz 7z s 7 sz £ zr £ z £ £ sz £ r £ 7 7z z

t
Te Feeeee. eeéeeéeeéeecéeeéeeel.

Wheroand d are the qu & mthe abseack &ind the peesende efsYb of P r
C is the total concentrations offPand YI* and s is the type of the multipolar interaction and

takes the value 6, 8 and 10 for dipdipole, dipolequadrupole and quadrupedgiadrupole
interactions, respectodveanlalga be dxpressed ih fenoiche e n c i e s
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i nt e n atib, toils§25 6] Arplot of the two termssb Isand C2will determine the type of

the multipolar interaction as in figure 6. According to our fits done for the different values of s
(6, 8 and 10), the best fit was obtained with s = 6, figure 6(a). This allowed us to assign the
type of interaction to dipotéipole interaction. This type of interaction for thé'Prb3* system

has previously been reported by other researchers in various crystal syStetas2p)].
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5.3.2Infrared (IR) emission

IR characterization as done on the samples with different 3lwo-doping concentrations,
figure 7. The excitation spectra in figure 7(a) were recorded while monitoring the 907 nm
(according to our previous report) main IR*Remission §]. The excitation spectra in figure
7(b) were recorded fahe 971 nm main Y3 emission. The excitation spectra monitored at
907 nm emission consisted of the characterisfit éxcitation bands. It showed a broaebéf

band around 250 nm with smaller peaks at 456 nm, 470 nm and 483 nm due talthe 4f

transitins 9, 22]. The excitation spectra in figure 7(b) also consisted of theedRcitation
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bands as well as a new higher intensity band around 225 nm that overlapped withtihadPr

around 250 nm.

a) YOF: 0.3 mol % Pr**, x Yb** b) YOF: 0.3 mol % Pr**, x Yb**

= 41-5d ——0mol % Yb** . ——0mol % Yb*
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Figure 7: IR excitation of YOF:Pr3*, Yb? for different concentrations of Yb** monitored

at a) 907 nm and b) 971 nm emission.

The nature of the 225 nm band can be explained on the badiypdthesesThis band might

be due to (1) some impurity ions such a$'E2) reduction of YB" to Yb?*, (3) the absorption

of the YOF host, (4) the 4d band of YB* or (5) the presence of a ¥b- O CT band 0].

It is well known that both E&i and YI3* are considered as luminescent centers and have
emission characteristics of VIS emission with an excitation due to the #&nsition $1, 32).

To be able to confirm ourtlhypothesis, PL have been done in the B@DO nm VIS range.
Figure 8 shows the typical Pisible 4£4f emission recorded upon 225 nm excitatiad.[

No E?* or YB?* emission peaks were observ@tis confirmed that Eii and Y5+ ions were

not present in the system. We therefore excludedst@d 29 possibilities of our hypothesis.

Il n the p 9], ithere was moeemission obsemed thad WasP r
related to the YOF host. This emded the '8 possibility. Dorenbos et al3, 34] have

aut hor s o

suggested a model to predict the position of theddband of LA" ions based on experimental
studies of 450 different hosts depended on the posifitinect£5d band of C¥. Saeed et al.
[9] have done an investigation on the luminescence of YOFtGgredict the position of the
4f-5d band of P¥. The recorded 45d band of C¥ was found to exist around 362 nm (27 600
cmd). According to the Dorenbos model the difference between tae 4fand of C¥ and
Yb®* remained almost constant (38 000 + 750'%niThe predicted value for the-8t band of
Yb®* was therefore calculated to be at around 65 600 + 750(t&2 + 6 nm). Tk nature of
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the 225 nm band to be related to thédfband, the@possibility, was then also excluded. The
only possibility left was the CT band of ¥b

——YOF: 0.3 mol % Pr*, 6 mol % Yb®*

Intensity (arb. units)

=, TR
"n.': <« w1

oIt | [T o TR
& >0 @, |°m
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Figure 8: Visible PL emission of YOF: 0.3 mol % P#*, Yb3* upon excitation of 225 nm.

The energ of a CT band of a specified ion can be determined on the basis of the value of the

electronegativity of the ions. Jorgensen et @#] have introduced an empirical formula to
predict the position of the CT band as follow:

ECT = oft(m) - Gopt(X)] x 30000cm é é é é é . éééé. . 2.
E°Ti s t he ener g vyop(m)isthe dptcal Eektrobegativity, of tike anion x where
the el ectron i &{x)tsrthe optichlelectranehativity of thenieh metal. The
above equion can be rewritten in respect to the position of the CT band YfiEthe same
host as follow §0:

Evb-o= oft(BU) - Gopt(Yb)] x 30 000 cm* + Ecu-0é é € é é ( 3) .
Eevo and Bp-o are the CT energy of Bliand YB*, respectivelyGop( E U ) opéYh)dire the
optical electronegativities of Buand YB3, respectively. The optical electronegativities were
obtained from literature to be Eu= 1.377 and Y# = 1.415 6. The calculated CT band for
Yb3* was alout 41 200 + 3000 cth(243 + 25 nm). The estimated value with the given error
therefore allowed us to ascribe the band around 225 nm to be the CT barid Gh¥bresult
was also confirmed by our XPS results for the highestaped YOF: 0.3 mol % Pt 6 mol
% Yb*" sample. The XPS results did not show any existence 8t Yhe CT band at 225 nm
therefore exist due to transfer of an electron fronQf@ n i o A drlstal 2 fhe 4F orbital
of Yb%. It can be written as Ybi O [30]. The presence of the CT band of*Ylwas also
reported before by Wang et at(.
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IR emission was recorded for all the samples upon excitation of 250 nm as well as with 225
nm. Figure 9(a) shows the typil broadF7. Y 2Fs2Yb®*'i o mmigsion of the samples excited

with 250 nm with the main emission aroditl nm B7, 38]. The emission also contained sharp
emission peaks of Prthat corresponded to tABy Y 1Gsand'D. Y 3F.transitions at 907 nm

and 1074 nm, respectively, 39, 40]. During excitation of 225 nm the emission originated only
from the®Fs2 Y 2F72Yb3* transition, figure 9(h)This confirmed that the band at 225 nm was
more related to Y4 excitation. The optimum cedoping concentration of ¥ for the IR
emission was recorded for both excitations to be 2 mol %, see figure 9(c). The emission
drastically decreased beyond the 2 mol % 3Ykconcentration and was attributed to
concentration quenching for the ¥bemission B]. Quenching of YB" emission can be

explained by interactions that occurred between the neighboritigofis (41, 42, 43).
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Figure 9: IR emission of YOF:P#*, Yb? for different concentrations of Yb®* excited at a)

250 nm and b) 225 nm. ¢) The variation of IR emissions with Y¥bHconcentration.
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The florescence decay curves were recorded to extract more information on the energy transfer
process from Pf to Yb** ions for the VIS and the IR emissions. The decay curves of the
samples showed double and triple fexponential decay curves. Figui@dghows the recorded
VIS decay curves of théPy Y 3Hs (498 nm) transitions of Prions. The double and triple
nortexponential decay curves can be expressed as the following equédions [

I(t) = Ao+ Aexp(t HBAexp(t HlEéeéée. ¢éééé4

I(t) = Ao+ Aexp(t A) B Aexp(t b)H0Aexp(t H)B é. . é €5,
where I(t) is the PL intensity}, 2 add( are the emission decay times, ang A and A are
their relative weights4p]. According to literature, thifetimes of P#* doped materials are in
the range of nanosec on4afsinthepresent invesiigatian, the \MdSs e ¢ o n
decaytimesofthtPoY 3Hst r ansi ti on were in the 21.&4 to 7.
doped Pt concentration sample up to the 6 %°3Ylzo-doped sample. This is in good
agreement with previously reported values for decay lifetimes calcutatede >Po Y 3Hq4
emission 37, 38, 46, 47].
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Figure 10: The measured decay times of the Pr3Po Y 3H4 transition upon excitation of

250 nm and emission of 498 nm.

The energy transfer efficiencyu(xwevr) and the total efficiency between*Pand Y (koo

can be calculated from the theoretical expressions{:
W,
Worg Word | Noliegggse. 666. 6666

Wo gt Wo i gt

Cltr x%Yb =

dxwyb = Pd1l-durxwyb) +rrxg € €€ EEEEEET,
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where— owvb and—xeevb represents the decay time in absence and in the presenceof Yb
respec#awdlag the ghantum efficiency of Prand YB* and both of them were
normalized to unity where the noadiative relaxation was igned [44]. The obtained visible
decay times in the order of microseconds as well as the corresponding efficieadegsicted

in table 2.

Table 2: The obtained decay time ofPo Y 3H4 and the corresponding efficiencies

calculated using equations (6) & (7) as a function of Y& concentrations.

YOF: 0.3 mol % Pr3*, x mol % | U/ B/ G/ U/ | duxwyb % | dxwyb %
Yb3+
0 10.74| 22.87| ° 21.4
1 6.7 | 19 ' 15.87| 25.8 125.8
1.5 6.1 | 181 | 14.54 32 132
2 573 | 17.51| ° 13.38 37 137
2.5 5 |15.66| ° 11.72 45 145
3 4.66 | 16.86| 11.57 46 146
4 2.1 | 7.49 [ 19.23] 11.1 48 148
5 2.03 | 7.38 | 19.76| 10.8 50 150
6 198 | 6.25| 181 | 7.5 65 165

The decay times of the IR emission were also investigated foPRoth 1G4 and?Fs2 Y 2F7
transitions of PY and YIB*, respectively. The IR decay times were recorded under excitation
of 250 nm for Pt and 225 nm for Y#. The recorded decay times were depicted in figure
11(a) and (b) fofPo Y Gsand?Fs. Y 2F72 emissionsrespectively. The calculated IR decay
times of P#* and YI* were depicted in table 3 in respect to an increase #fédmcentrations

from O mol %up to 6 mol %. The decrease of the decay time of the 907 nm emission as a
function of YIP* indicated that nomadiative energy transfer occurred froni'Ro Yb**. This

lead to the quenching of the3PNIS emission. The decrease in the decay time of* Yb
indicated that energy transfer occurred between thé ighs. The recorded decay times for

both transitions were also reported for differeritPrb3* co-doped systemsf, 38, 46, 47].
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Figure 11: The measured decay times of &Po Y 1G4 (907 nm) and b)2Fs2 Y 2F7 (971

nm) transitions upon excitation of 250 nm and 225 nm, respectively.

Table 3: The obtained decay times of botBPo Y 3Has and 2Fs2 Y 2F72 transitions as a

function of Yb3* concentrations.

YOF: 0.3 mol % Pré*, xmol % Yb%* | U/ e s|{U/ ¢s
Y Gs | FspY e

0 85.1

1 80.8 686.4

15 79.3 617.5

2 71.6 507.5

2.5 70.5 447.6

3 69.7 388.6

4 66.1 290.6

5 63.8 204.1

6 52.5 161.5

The proposed energy level diagram and luminescent mechanism is therefore illustrated in
figure 12. Excitation of 225 nm to the CT band offYions relaxed nomadiatively to the 4f
5d band of P¥ that resulted in a further neadiative relaxation to théP level of P?".
Excitation of 250 nm to the 4d band P¥ also relaxed nomadiatively to the®Ps level.
Population of théPy level then resulted in Premission that corresponded to fife Y 3Ha
and®Po Y 3F transitions. Energy transfer then ocearfrom the’Po level of PF*to the YB*
levels through a twstep resonant energy transfer process that resulted iRsh¥ 2F72 IR

emission. The first step occurred through the creksxation mechanism according to thig|
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(PP + 2F72 (YD®)  3G4 (PPY) + 2Fs2 (Yb®)] process. The second step involved the de
excitation of the energy in tH&a level to the®Haground state. This resulted in the transfer of
energy to a second Ybion and occurred throughGs (Pr**) + 2F72 (Yb%)  SH4 (Pr3) +

2Fs2 (Yb*Y)]. Thistwo-stepresonant energy transfer process was applicable for both excitations
of 225 and 250 nmip]. Cooperative energy transfer cannot be neglected sinéBdlevel of

Pr** were situated at an energy approximately twice offse Yb3* level. The cooperative
process occurred through @ (PrP*) Y 2Fs;2 (Yb3*) + 2Fs2 (Yb®*)] process that resulted in
emission of two IR photons. Quenching of the emission at 1074 nm might have been due to the
crossrelaxation procegsSDz (PrP*) + 2F72 (Y3 Y 3F4 (PPY) + 2Fs2 (Yb®Y)], that favored 971

nm emission of Y& [48, 49]. Sufficient energyransfergherefore occurred from Prto Yb3*

ions.

Charge Transfer 15,
7 ~s
Y,  4f5d
i 2
Cooperative 3pl6s P1
0
p,
: -'"'-.®
2F -t G N %Fs12
52 - h v 16 \_7F
4 1 1 3 -
| O = s
T7/Quenching }----;HES___’]‘
2F,, 1 ] *Fu12
\ 4 3H4
Yb3* Pr3* Yb3*

Figure 12: Proposed energy level diagram for the YOF: P¥*, Yb3* phosphor.

5.4 Conclusion

The YOF:Pr, Yb phosphor ag successfully synthesized using the pyrolysis method with
CRCOO as precursor. XRD results showed a rhombohedral YOF structure (space group: R
(166)) after annealing at 99C. XPS peak deconvolutions showed the presence of bdth Pr
and Pt for the Pr3d peak. It also showed only the Yb 4d peak of*YWisible PL results
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showed 4#f emission of P¥ upon 250 nm excitation. The IR excitation showed the typical
Pr* 4f-5d band as well as the-4f transitions upon 907 nm emission of'PThe existencef

a new band at 225 nm during 971 nm emission &f Wias interpreted in respect to YOF e
Theoretical investigatiswere also done in order to determine the nature of the 225 nm band
and it was attributed to be a CT band of YR emission was due P£* and Y& transitions

upon excitation of 250 nm. Only emission due to thé"Ytansitions was detected during
excitation of 225 nm. Quenching of theé'PIR emission during excitation of 225 nm was due

to the crosselaxation fD2 (PP*) + 2F72 (Yb3") Y 3F4 (PP") + 2Fs2 (Yb3)] process that fauas

the 971 nm YB" emissionThe optimum YB* concentration for IR emission was recorded for
the sample caloped with 2 mol % of YH as concentration quenching occurred at higher
concentrations through cross relaxation processes. The obtained IR emission of YO Pr

was within the effective response range for Si SC. YOEN" is therefore an appropriate
candidate forSiSCeahnc ement . The decay ti mes were in

other reported values of PyYb®* doped materials.
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Chapter 6

Photoluminescence Studiesf Bi** Doped YOF Phosphor

PL investigations on Bf doped YOF was done in this chaptBi* is considered to be the
most promising ion for a variety of applications such as FEDs, white light emitting diodes and
NIR QC. Results obtained in this chapter showed that the Y&mRBosphor is therefore an
appropriate candidate for optoelectronic aggilons such as for WED, SC and scintillators

and that it can be applied as a sensitizer with oth&rians.

6.1 Introduction

YOF is considered to be a promising host for many lighting applications since it combines the
benefits of both ¥Oz and YR. Some of these benefits are its low phonon energy of ~400 cm

1 (compared to YE(350 cm') and Y203 (>500 cm?)), good optical transparency and high
chemical and thermal stability,[2]. YOF is also considereah excellent host for DC and UC
applications and has already been used in optoelectronic devices, SC, bioimaging, biodetection
andphotocatalysisd, 4]. YOF doped with LA* ions emits in various wavelength rasgeg.

the blue region if it is doped with thulium ions, the yellow region if doped witti Dys, the

green region if doped with Phions or the red region if doped with ions [5].

The electronic configuration of BiXe]4f*45d%<%p%) allows it to exist in different oxidation
states such as 0, 1+, 2+, 3+ and §+]. Bi®*is considered to be the most promising ion for a
variety of applications due to the high stability if complate the other oxidation stated.|
These applications include FEDs, white light emitting diodes and NIR QGdbped with
Ln®*ions P, 10]. Bi**doping in inorganic materials has sifitant applications as luminescent
materials. This is due to the unique optical properties that alldivt@iemit in different
wavelength ranges such as in the blue, yellow and UV ranges asiZnG@#D:.:Bi%*,
LasSbO:Bi®* and YBQ:Bi®*, respectively 1, 12, 13]. Bi®* emission is highly dependent on
the host lattice1[4]. The electronic structure of the free*Bion consists of different energy
levels with a grand statéS, and different excited states due to the tripies, éP1 and®P,) of
the excited configuration 6s6p together with one sirfglfter energyP;: state [L5, 16]. The
lowest excitation transitiotSo Y 3Py is strongly forbidden. Th&s Y 3P1 (A band) transition

becomes allowed due to the spin orbit coupling. ¥eY P, (B band) transition is also
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allowed due to the induced coupling with unsymmetrical lattice vibration modes. The high
energy'So Y !P: (C band) transition is an allowed electric dipole transition {8, 19]. Bi®*

can easily be doped into the YOF host to replace @M, due to the close ionic radius {Bi

= 0.117nm, Y3 = 0.1019nm, for coordination number)§20]. If Bi%* is doped in yttrium
compounds it replaces the®ions and can yield multiple emissions. Cavalli et al] [
investigated the utilizatioof the host material Y @® 1..)O4:Bi* with tuning emission ranges

from blue to yellow. They ascribed the ability to tune the emission to be dependent on the
composition and the excitation wavelengths. UV emission has been investigated in 8
coordinated gasmt hosts by Setlur and Srivastava][ They found UV emission bands that
originated from théP. and3P, levels to the'Syground state upon excitation to i Y 3P;

level. Chen Lei et al1fj] ascribed a UV emission to occur from either the excitation téRhe

or 3Py levels, from thé’Soground state with a strong emission when excitation occurred to the
3Py level comparing to emission due to excitatiodfRa Theyove al ssencexpl ai

of two Y3* sites for B#* to occupy.

Previous studies on the luminescence df Rin doped in oxyhalide materials like YOFBi

and YOCI:BF* were done by Blasse and Brill in 19684} They ascribed the nature of the
luminesence of these oxyhalides to emission that originated froniRhkevel to thelSo

ground state level for both hosts around 330 nm and 400 nm, respectively. They also reported
the absence of tH&, Y P excitation band due to the limitation of the instruments.

To the best of the authorsdéo knowledge? no sy
and specifically on Bf as a activator in the YOF system has been done.\ldristherefore

investigaed the luminescence of the YOPBphosphor with excitation to thé&P; level.

Clarification was also obtained on the existence of a MMCT band as it seems to be present in

most of the inorganic hosts doped witi'Bons 22, 23.

6.2 Experimental

Pure YOF and Bt doped YOF powder samples were prepared by the pyrolysis method with
trifluoroacetateas precursor from singlesource as described in chapter 3, sectionThé.
doped YOF: x mol % Bi (x = 0.2,0.3, 0.4, 0.5, 0.6 and 0.8) samples were prepared by the

same method with bismuth (ll) oxide added to the starting materials.
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The structure of the prepared samples was characterized by XRD using a Bruker Advance D8
diffractometer (40 kV, 40 mA) with Cui&-rays = 0.154 nm). SEM images were taken by
using the JEOL JSM800F SEM. High resolution XPS was obtained with a PHI 5000 Versa
probe system as was described in chapter 3, sectioAlBrdeasurements were performed at
room temperaturePL, NIR emssion and decay time measurements were done using the
Edinburgh FLS980 instrumenthe quantum yield measurements were done by using the same

instrument equippedith an integrating sphere.

6.3 Results& Discussion

The XRD patterns of the preparpdosphors showed the crystalline phase of YOF, see figure
1(a), with a rhombohedral structure (space groupni166)) [A. W. Mann, D. J. M. Bevan,

Acta Cryst. B26 (1970) 2129] as confirmed by a standard card file (ICSD Nal(Q). The
difference in thdonic radius of ¥* for coordination number 8 (0.1018n) and BF* (0.117

nm) [20] caused a slight shift in the peaks towards lower angles with increased doping
concentrations. This kind of behaviour was also reported during igagetis done on zinc
oxide doped with manganese for which it was reported that the shifting of the diffraction peaks
towards lower angles was attributed to compressive stress and expansion of the lattice
parameters4]. The schemat illustration for the crystal structure of the YOF host is shown

in figure 1(b). Each ¥ ion is surrounded with four Fand four @& ions that yields the 8
coordination for ¥* ions. The ¥*, O* and F ions are coordinated in the structure in an
arrangement of a fwapped trigonal antiprism withc Wyckoff positions with the symmetry

for theY3* cation as G, site symmetryThe crystal structure of YOF can be derived from the

fluorite cubic structure i a slight trigonal distortiorep, 26].
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Figure 1(a): XRD patterns for the YOF: x Bi** phosphors annealed at 900 °C and (lihe
schematic illustration for the crystal structure of the YOF host. The crystaktructure was

drawn by using Vesta software £7].

The estimation of the crystallite sizes of the prepared powders was done by using the Scherrer
equation for the broadening of the diffraction peak§.[The broadening of the diffraction

peaks can result from both instrumental broadening as well as sample broadening. Instrumental
broadening can be obtained by collecting the diffraction patterniheniihe broadening of a

standard material (e.g. Sisinglggcs t al ) . The ¢ o kjcereespendingliorthe a d e n i

diffraction peak at a specified hkl index of the material can then be calculated using
( rfn')2: OgF Vo > g™ G vapo Déa-é«{:é o1
This is related to the crystallite size according to the Scherrer equation

\ 2 2 2 2 2 s oz 2z oz 7z oz £ £ z

b eeée. . ééeé. éeeeeee. . 2,

wherner,epor esents the peak broadening or FWHM

Br =

and Miller indices hkl} represents theavelength of Cu KX-ray radiation (0.154m), D is
the crystallite size in nanometers and k represents the shape factor and is approx@fately O.

spherical shapef29, 30].

The crystallite sizes of the prepared phosphors were calculated by using Scherrer equation (2)

with the diffraction peaks and corresponding Miller indices and are giveable 1.The
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variation of the crystallite sizes is depicted in fig@rend decreaskfrom 81 nm for the host
down to 41 nm for the samples doped with 0.8 mol % &f.Bin increase in the doping
concentration resulted in the broadening of the FWHM of the XRD peaks, therefore the result
is a decrease in the crystallite size. This behavwmight be due to the increase in the lattice

strain caused by an increase in the dopant concentration.

Crystallite size (nm)

0 —
0.0 0.2

04 06 08 1.0

Bi’* Concentration (mole %)

Figure 2: The variation of the crystallite size with B#* concentrations.

Table 1: The crystallite sizes of the prepared samples obtainesirtgythe Scherrer equation.

Sample Crystallite size (nm) (= 1)
YOF: 0 mol % B#* 81
YOF: 0.2 mol % B¥* 72
YOF: 0.3 mol % Bf* 61
YOF: 0.4 mol % Bt* 56
YOF: 0.5 mol % Bt* 52
YOF: 0.6 mol % Bt* 46
YOF: 0.8 mol % Bt* 41
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The morphology of the prepared samples was investigated by using SEM and is shown in figure
3. The host sample showed an agglomeration of spherical small particles into bigger particles,
see figure3(a). Li et al. B1] reported thesame morphologyuring investigations done on
samples prepared using the pyrolysis method of YO®;Y&®" thin films. Eloussifi et al.32]
investigated thermal decomposition of the Y§CBO)X) precursor and the same kind of
morphology was reportediigures 3(b) to 3(g) show an increase in agglomeration of the

spherically shaped particles with an increase in the dopant concentration.

Figure 3: SEM i mages o fepatechbg thepyiolysisBethod,(a) @ h o s p h ¢
(b) 0.2, (c) 0.3, (d) 0.4, (€) 0.5, (f) 0.6 and (g) 0.8 mol %.
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AES studies and SEM images were also done on five different areas on the YOF: 5 rfiol % Bi
high concentration sample in order to clarify the identity of the smaller particles and bigger
agglomerabns.Figure 4(a) shows the SEM imagéh five different areas marked with a blue
pointer and figure 4(b) shows the corresponding AES spectra. All the areas clearly showed
AES peaks for Y, O, F and Bi. The AES peaks around 82 eV, 134 eV, 1606 eV, 1750 eV and
1827 eV were ascribed to Y. The C, fidaF peaks were situated at 277 eV, 514 eV and 658
eV, respectivelyd3]. The Bi peaks were located at 105 eV and 1894 eV. The presence of C
was attributed to contamination due to adventitious hydrocarbons and is considered to be a
common impurity in fluoride compounds3. With the AES results it was concluded that Bi

was homogeneously distributed on the surface of the sample.
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Figure 4 (a): SEM i mage of the Y OFpyrolysis mo | %
method indicating the different AES analysis areas (1), (2), (3), (4) and (5) and (b) the

corresponding AES spectra for each area.

XPS has been used to study the surface composition of a YOF: 5 md! BigBiconcentration

sample due to the fficulties of detecting Bi* at low concentrations. All the XPS high
resolution peaks were corrected for charge compensation in respect to the C 1s peak at 284.8
eV. The C contamination was ascribed to adventitious hydrocarbons on the stfacbd
high-resolution peaks were deconvoluted and analyzed with Multipak software v. 8.2. Figure

5 shows the peak deconvolution of the (a) Y 3d, (b) O 1s and (c) F 1s peaks. The Y 3d peak,
figure 5(a), can be deconvoluted into two main bigdenergy peaks of Y 3d at 157.1 eV and
159.1 eV that were due to the spin orbit splitting into the> 3ahd 3d2 peaks, respectively.

The energy ranges of the Y 3d and Bi 4f peaks overlap. Therefore, two additional pairs of peaks
were also fitted in the Y 3d peak range that corresponded to Bi 4f peaks. The Bi 4f peaks were
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situated at 158.7 eV and 164 eV for thetfpair and at 156.5 eV and 161.8 eV for the second
pair. The lowest binding energy peak in each pair was related tozthgpi#f orbit splitting
peak and the highest binding energy peak to thepHak. The O 1s peak, figure 5(b), shows
two peaks at#9.1 eV and 531.4 eV. The F 1s peak shows one peak at 685 eV (figure 5(c)).

The Y 3d2 peak at 157.1 eV correlated well with other reported values for the,Xp&dk in

the YOF structureds, 36]. The O B peak at 529.1 eV corresponded to the oxygen peak in the
YOF structure and this was also reported by Rizhkof e83gl. The second O 1s peak at 531.4
eV can be ascribed to hydroxyl or carbonate gro@gs The F 1s peak at 685 eV was also in
correlation with reported F 1s XPS data for the YOF structeirfe The two pairs of fitted
peaks for the Bi 4f peak corresponded to th¥ &nd Bi metal oxidation states. The 158.7 eV
and 164eV peakscorresponded to the Bi#fand Bi 4§, peaks of Bi*, respectively and the
other pair at 156.5 eV and 161.8 eV corresponded to the,Baatl Bi 4f,2 peaks of Bi metal

[39, 40]. The separatiobetween the spin orbit splitting peaks was 5.31 eV. The presence of the
Bi metal therefore is due to the segregation of Bn the surface of the material and its
reduction to Bi 9.
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Figure 5: High resolution XPS peaks offOF:5 mol % Bi** for the (a) Y 3d, (b) O 1s and
(c) F 1s peaks.
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The PL excitation and emission spectra were systematically studied for the prepared®YOF:Bi
phosphors in order to determine the luminescent natureéthBhe YOF host. The transition
band S Y P, 1S Y 3P and'S Y Piare known as the A, B and C bands. Excitation in
the BP* ion depends on the positions of the energy levels. In general, excitation can either be
to the3P: (A band) or to théP: (C band). ThéS Y °P. (B band) is notllowed due to the

absence of coupling with unsymmetrical lattice vibration motigsip, 19).

YOF: x Bi*

0 mol % Bi**

— 0.2 mol% Bi**
—0.3 mol % Bi*
——0.4 mol % Bi**
— 0.5 mol % Bi™
—0.6 mol % Bi**
—0.8 mol % Bi**

?Lem =314 nm

Intensity (arb. units)

220 240 260 280 300 320 340
Wavelength (nm)

Figure 6: PL excitation of YOF: xBi**( x = 0.2, 0.3, 0. 4,em®. 5,

314 nmemission.

The excitation spectrum consisted of one broad band cente26d amthat ranged fron240
i 300 nm see figure 6. Blasse and Brill4 have studied the luminescence of YOR!Biith
an excitation band &65nm and they ascribed it to the A band ofBiThe positions of the A
band in the UV range have also been investigated in other hésis][ Chen Lei et al. 13]
studied YBQ:Bi®* and reported on the A band situate@®®%nm. The broad peak &67 nm

in figure 7 can therefore be ascribed to the A band transition.
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YOF: x Bi*'

°p.-'s 0 mol % Bi*'

—0.2 mol% Bi**
— 0.3 mol % Bi*
—— 0.4 mol % Bi™*
——0.5 mol % Bi*'
— 0.6 mol % Bi**
—— 0.8 mol % Bi™

Intensity (arb. units)
Intensity (arb. units)

A= 267nm

280 300 320 340 360 380 400 420 440 460 01 02 03 04 05 06 07 0.8 0.9
Wavelength (nm) Concentration (mole %)
Figure 7: (a) PL emission of YOF: x B#* (x =0.2,0.3,0.4,0.5, 06 a@. 8 modk= %) ,
267 nm and (b) the variation of the 3P1 Y S emission as function of the Bi

concentration.

The emission spectra und&7 nmexcitation is shown in figure 7(a). A broad bandha 280

T 410 nmregion centered &14 nmwas observed. Blasse and Brill] also studied the
luminescence of Bf in Y>SOy with the presence of two excitation bands. They ascribed the
first excitation band to the gd of the excitation due to th& Y !P:transition and the second
band due to th&S, Y 3P transition at264 nmof Bi®*. They also reported a broad emission
band centered &10 nmwith a Stoke shift of about7 nm These results correlate well with
the emission band obtained in figure 7(a) and therefore the emission band ceriéredmat

can then also be attributed to tfa Y !Sptransition, with a Stokes shift of abotit nm This
transition was also reported in other systems such agBBO[13] and Y2Sn0O7:Bi®* [47)].

The emissiorintensity increased gradually with increasing"®iontent from 0.2 mol % up to

the optimum concentration of 0.4 mol %, then decreased as depicted in figure 7(b). This
behaviour is a welknown phenomenon in Bi doped inorganic hosts and is called
concentation quenching43], due to the excitation being transferred in the crystal te non
emitting defects (killer centres). The concentration quenching ¥f @nission varied in
different hosts, e.g. in Big(BOs)2:Bi®* it occurred forthe 0.1 mol %concentration sample

[44], for CaShOs:Bi®* at 0.75 mol % 45] and for CasAl10Zns0ss:Bi®* at 1 mol % fi6]. The

critical distance, R can be estimated in orderdonfirm the type of interaction responsible for
concentration quenching. The critical distance is the distance where the transfer probability is
equal to the inverse of the intrinsic lifetim&’]. Blasse et al.48] explained the behaviour of

the concentration quenching as a smadiative transfer of energy between two activator ions
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and that the critical distance can be obtained through the transfer probability. They also
reported that the critical distancan be obtained as a function of the critical concentratign, X

by using the following equatior§:

'l'l'—"' """"""
&L %rﬂ eeé. .. eeééeeeéeeée. 3,

where V is the volume of the host lattice unit cell and equal to 285.859 and N is the
number of ions in the host unit cell that can be replaced by the dopant and it is eqi8).to 6 [

In this procedure, it is assumed that the critical concentration equals the optimum caooentrat
corresponding to the maximum emission intensity. This is a rough approximation allowing to
get limited quantitative information. With the experimental value gftie critical distance

was then calculated to be 2.7 nfinis calculated value for theitical distance of Bi* was in

good agreement with other reported values suéhlasm for the CaAl10Zne0ss.Bi®* system

[44], 2.7 nm for the G#BOs)2:Bi** system §1] and2.1 nmfor Cas(BOs)sF:Bi®* [52]. It can be
concluded that the critical distance is affected by the crystal structure and different sites. The
existence of the migration of energy from one activator to another and eventually to killer
centres (eg. Impurity ion odefect)usually occurs at small distances between the dopant ions
[53]. Since the exchange interaction is active only for short interionic distances, it can be
proposed that the multipolar interaction is the dominant quenahéetanism in the YOF:Bi

system.

Further investigations can also be done on the type of multipolar interaction responsible for the
emission quenching based on a report of Van Uitert that was modified by Cizad4.[The
suggested equation was first modified to analyse rare earth ions and then it was extended for
other types of ions. The equation can be used to determine the strength of the multipolar
interaction from the change in the emission intensitit concentrationqs]. The strength of

the multipolar interaction (s) can be expressed as follows:

JF €eee...ecececeeceeeecee. 4.

C is the activator concentration, I/C is the intensity per activator concentration, s = 6, 8 or 10
for dipole-dipole (dd), dipolequadrupole (&) and quadrupotguadrupole (ef) interactions

respectivel vy, k and b ar edions foratgiegen host mdtesial. t h e

When the condition# |1 1 is satisfiedwhich will occur at high concentration), equation (4)

reduces to:
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%;féé...éééééééé.ééé.ééééé.S,
where k is a constant4, 56] and C is the dopant concentration greater than the critical
concentration. A plot of log(l/C) versus log(C) was obtained with a linear fit and is shown in
figure 8. The value of the slope&(6) corresponds fics/3 and was used tbtain the value for
s as 7.8 (close to 8) and the type of the multipolar interaction was then identified ag the d
i nteraction. Accor di-mdatteener@yemigtagon Wilsbe ¢nhaeced vy t h
with increasing concentration and lead toission quenching43. We suggest the same
assumption to occur in our system with mixing of the orbitals which might be 6s+6p"of Bi
The dq interaction was also identified during investigations in other systems doped With Bi
swch as the vanadate compounds (Y,Lu,Sc)BG* [57).

14
m=-2.60819
124
__10-
__O_ \
g 8
6=
4 v T v T v T v T v
-2.5 -2.4 -2.3 2.2 21 -2.0

log (C)
Figure 8: The plot of log(l/C) versus log(C) for the YOF:Bf* phosphor.

Depiction of excitation and emission peaks was done in figure 9 in order to extract more
information on the nature of the emission band. The depiction of the two bands was done in
the energy scale. In figure 9(a) the excitation peaked as a single brdadt @& nmwith

FWHM around31 nm The FWHM value was reported to be as largg2asmfor the excitation

of Bi®* [8]. Figure 9(b) shows the UV asymmetric emission band that pealdda atmwith

FWHM around36 nm
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Figure 9: (a) The excitation band of YOF: 0.4 mol % B#* monitoring the emission at314

nm and (b) the emission band excited witl267 nm.

The mechanism of the excitation of YOFFBtan be explained by estimating the position of

the MMCT band in respect to tH& Y °P1 A band transition. Systematic studies of the
existence of the MMCT band in the excitation spectrum &f Bas first done by Boutinaud

[58]. He proposed an empirical model to predict the position of the MMCT band in any host
dopedwith Bi®** based on experimental data of numerous hosts doped withioBs. He
collected structural properties from the Inorganic Crystal Structure Database and compiled the
shortest distancesHg) between the metal (M= Y3*ion)site and the catiosite for BF*. The
position of the MMCT band considering the met&t ¥an be predicted by the following
expression with an accuracy of 3000t(@6 nm)[59]:

. g AL
MMCT(Cm_l):kCNf[GCN(Bls-'-)'J’FﬂF_F.JJLD—»]éé. . 6.

CN = 8 is the coordination number ofth¢Bi on. CNa = 8 is the coord
metal ion to which CT occurreblc n 41 044 crtt [58] was a constant depending on the value

of CNan=1P%rdec Nz 1.34 values are the optical electronegativity for both the Y

and the Bi* ions respectivelyq7]. The constarit  is an adjustable parameter dependent on

CN and CNand reported bigoutinaud to be 1.15p]. The value of ¢hrris the corrected value

that accounted for the effect of anion relaxation subsequent®*tod8ping. The distance

between Bi* and the M*ions given by the separation of their sites in the host lattice is
therefore correcteby the difference of the Biand M™ crystal ionic radii (r). The expression

to obtain dorr, for the crystal radii, r (Bf) = 0.131 nm and for r (¥) = 0.1159 nm, wasceh =
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Arost+ = [r (Bi®*) T r (Y3")]. The value for dostwas obtained from litature to be 0.3102 nm

and corresponds to the experimental vahg &nd dor was then calculated to be 0.318 nm.
The MMCT band was then finally calculated to be situated at approxing&aebp0° 3000
cmit (274° 26 nm)

According to Amer and Boutinaud(], we can differentiate between the A band and the
MMCT band by predicting the position of the A band as well. Prediction of the A band is
dependent on the nephelauxetic ratio fadey #nd theposition is given through the relation
[60]:

Ea (X, cr?) = 23070 + 50051 exp{l) 6éeé6é6éeé. . 7,

he is the nephelauxetic ratio factor and for our system we estimated it as 0.819 based on the
experimental data for the yttrium oxyhalidéd][ Estimation of thene value was determined

with the constraints of the ligand type of thest; according to Jorgensof2] 63] the he
increases in the sequence of the ligand type (nephelauxetic series)@s¥Br > I > 0> >

S*. As an example, thies value for KaF, KCI, KBr and Kl is 049, 0.456, 0.494 and 0.629,
respectively. The ratio of the: value between each consecutive ligand in the nephelauxetic
series of the same metal in one group is almost comparable to the ratio of a metal in different
groups to the other metals with a stiglriation (e.g. ratio dfi““'//heF = 1.54 anche®"/h!

= 1.1). Applying this argument, allow us to estimide&alue for YOF. The obtainelt value

for YOF was based on this constrains and the difference for different ligand types as well as

the values of YOBrhe = 1.349) and YOCIHe = 1.229) with an estimated ratio ef—= 1.5,

since the ratide"©®"/he"°¢! = 1.1[61]. The estimated value fd% was difficult to calculate

since some required parameters were not presented (e.g. refractive index, dielectric coefficient
and average energy gap). The predicted value for the A band is about 35 300 + 3(P8m

° 26 nm)with a difference |EdBi®*") a(K)| of about 2200 crh (17 nm) The energy
difference |Gp(Bi®Y) MMC T iB about 1000 cth (7 nm) where Exp represents the
experimental excitation value. According to the energy difference between the experimental
excitation value and the roughly calculated values for both the A and MMCT bands, we can
therefore consider that the excitation is more likely todbe to the MMCT band. This
estimation is within the terms of the given error where MMCT = 36 500 + 300027 °

26 nn) and B = 35 300 + 3000 crh(283° 26 nn). This suggests that the MMCT band is

slightly laying above the A band. We could not detetither band in the excitation spectrum
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that might be ascribed to the A band. This motivated us to investigate more in depth the nature
of the emission. Considering the Stokes shift of the emission and the fact that MMCT emitters
have large stoke shift$(], we were able to resolve this by looking to the energy difference
IMMCT(Bi®*) AEX) ®@Stokes| which has been ®&Juggest e
According to this model, the maximum energy differencabmiut 4000 cm (32 nm)is related

to the A band emitter whereas, the minimum energy difference for MMCT is about 7500 cm

(52 nm) The calculated energy difference according to the previous equation is about 4400
cm! (35 nm)and this value is slightlybmve the 4000 crh(32 nm)limit and allows us to

consider that our system is intermediate between the A band emitters and the MMCT emitters.
On the basis of the Stokes shift value which is a characteristic of A band emitters, we can
consider our emissioto originate from the A band. This corresponded well with the model
suggested by Amer and Boutinaud. According to the two models of the excitation energy
differences |&(Bi®") a(X)| and |BEx(Bi®*) MMC I d@hd the Stokes shift expression
IMMCT(Bi*) H X) ®Stokes|, a final suggestion can
is slightly lying aboveA band. During the excitation process to both the MMCT and the A
band, the energy transferred a@diatively from the MMCT to the A band and consequently

the emission is only due to the A band. See figure 10 for the proposed energy level and

mechanism controlled the luminescence of YO®:Bi

MMCT
3P,
/7 3P,

IS0

Figure 10: Proposed energy level diagram and luminescent mechanism ofBiloped in
YOF.
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The fluorescence decayrves for the prepared YOFBisamples are depicted in figure 11.

The decay curves showed a clear+eaponential profile. This behaviour is consistent with the

multi-component of the Bt emission.The norexponential decay curves were fitted using a

bi-exponential equatioré{, 65:

I(t) = Ao+ Aexp(t £) W Aexp(t b E é € é é .

< U =2 +#0 OKAALG+HA2G)

where | (t) is

t he

PL

,,,,,

,,,,,

eeeee.

rrrrr

i nt e nGandythe emissith decayi s

times and A and A are their relative weights{]. The calculated lifetime&l and (3 were in

the order of microseconds and depicted in table 2. This is in good agreement with previously

reported values for decay lifetimes calculatéor CaAOs:Bi%*, Sn** [66] and
SnYs(SiOy)s02:Bi%*, EL** [67]. The lifetimes of Bi* doped materials were reported to be in

the range of nanoseconds up to microsecos@sThe ng ions is sensitive to the surrounding

ligands [L4] and any presence of defects in Hust will affect the position of both the ground

excited levelsqg]. Thus, we might suggest that the shortest decay time was related té'the Bi

ions locally perturbed by defects.

100004
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——0.3mol % Bi™
. ——0.4mol % Bi*
- ——0.5mol % Bi™"
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Figure 11: Decay curves of théP1 Y !So transition for the YOF:Bi 3* doped samplesdx

=267nm, a&m= 314 nm).
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Table 2: The calculated decay times for the prepared YOF:Bi samples

Sample o/ g W < U 3
YOF: 0.2 mol % Bt | 0.40 1.18 1.11
YOF: 0.3 mol % Bi* | 0.37 1.21 1.14
YOF: 0.4 mol % Bt | 0.34 1.17 1.09

YOF: 0.5 mol % Bi* 0.27 1.1 1
YOF: 0.6 mol % Bi* 0.26 1.1 0.97
YOF: 0.8 mol % Bi* 0.3 1.1 0.98

The fluorescence quant3u@4 nyol %)l peepared Sample fwast h e
measured using the FLS980 system equipped with the integrating sphere and is shown in figure

12 The absolute quantum yield NYGdthe mumbdeh e nun
of the absorbed photons¥) and carbe expressed as:

gD

T 6bééeébeeébbeé. 666666, 610.
The scatter and emission of the sample was recorded for the direct excitation régthod [
the absol ut epe@ uaa betwattenag:i el d ( d

doexc=TL =g 6 6é6é6éé6eéé. . 6666666611,

=i

withEg( &) t he emi ssi ona(reec drhde cefmitshsd osna m(patgeo,r dE ¢
is the scatter record of the referenceapl 8) t he scatter record of
depicted in figure 12 and the quam yield was found to be 60 %his quantum yieldvalue

is very suitable for sensitizer application with other luminescent ions through energy transfer

mechanisms.
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Quantum yield: 60%
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Figure 12: The measured quantum yield using the integrated sphere for the YOF: 0.4 mol
% Bi**s amp | e exs26AnM o

6.4 Conclusions

The YOF:BP* phosphor was successfully synthesized by using the pyrolysis method. XRD
results showed a high crystallinity of the powder, with a rhombohedral YOF structure (space
group: Rom (166)), after annealing at 960. The crystallite sizes as calculated bySicaerrer
equationdecreased from 81 to 41 nm withicreasing doping concentratioBEM images
showedan agglomeration of spherically shaped small particles into bigger psftictbe host
sample. The particles started to form bigggglomerated particles with an increase in the
dopant concentratiolAES results confirmed that Bi was homogeneously distributed on the
surface of the sample. Two pairs of peaks could be fitt¢detdXPS data for the Bi 4f peak.

The peaks were attributed to*Band Bi metal. PL studies revealed a broad UV emission band
centered aB14 nmthat originated from th&P, Y 1Sp A band with a symmetric excitation of

267 nmthat corresponded to th& Y 3P: A band of BF*. In order to explain the excitation

and emission mechanism, investigations and theoretical calculations were done to predict the
MMCT band. The MMCT excitation band was calculated to be situated at approxidately
500 + 3000 ¢t (274 + 26 nm)that was in the same range than the A band. The emission peak
at314 nmwas attributed to théP; Y 1Sy A band transition. During excitation to the MMCT
band and to both the A band levels, wradiative decay occurs from the MMCT to the emitting

%P1 level. The interconfigurational nature of the transition and the presence of defects could
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resultin the broadening of the excitation and emission peaks. The decay times obtained were
in the microsecond range and showed the presencé’afeBitres perturbed by nearby defects.

The measured quantum yield was measured to be 60 % by using the integrating sphere.
According to the PL investigations the YOPBphosphor is therefore an appropriate
candidate for optoelectronic applications suctioag)JV-LED, SC and scintillators, or to be

applied as a sensitizer with other’t.ions.
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Chapter 7

Infrared emission enhancement through Hé' co-doped YOF:Bi** Phosphor

In this chapter IR emission were enhanced thradgh co-doped Bi* doped YOF for SC
applications. PL studies were investigated for energy transfer possibilities for IR emission.
It was shown that the Bi-Ho** co-doped YOF phosphor is an appropriate candidate to enhance

the spectral response of Si SC.

7.1 Introduction

Bi3* has a [Xe}f*5d'%s’ electronic configuration that ensure it to be considered as one of the
most important luminescent ions due to the wide range of emission in the UV and VIS regions
[1, 2, 3, 4]. Bi®" is well known to have excited electronic levels responsible for different
emissions. It is characterized with three triplet energy levels know,a®: and®P, and one

high energy level known a#; with a'Sy ground stateq). Transitions from théS, ground

state to théP; and®P. excited states are forbidden but can become allowed due to spin orbit
coupling and to coupling with unsymmetrical lattice vibrational modesTfansitions to the

3Py excited level is strongly forbidden and #f level is a spin allowed transitiof][ Various
energy transfer investigations where the energy is transferred frdin tdidifferent
luminescent ions (Bf is utilized as a sensitizer for the emission) have already been done by
other authors4-8]. There are also various reports wher¥ Bénsitize other RE ions in different

systems such as oxides, phosphates, molybdates, vanadates, tungstates and msiichates |

Ho®" is considered as one of the bestdoping ions due to its wide spectral absorpti@re().

Ho" is characterized with a wealth of energy levels leading to many luminescent states due to
the complexity of the 4f energy level systens]. Malinowski et al. 1] explained hat HG*

can be utilized for different applications such as infrared lasers, medical applications and
remote sensi ristudidddé iagjaaDS ecwlopedlin. Y8*[doped YOF. The
system showed strong green emissiondda40 nm and two weak emissions in the red region
around 663 nm and 754 nm that were ascribed teRHES, Y Slg, °Fs Y °lg and®Fs, °S, Y

°l7 electronic transitions, respectively. Yang Zhang and his group have also studied the

luminescence of YOF:H& and they showed that the dominate green emission around 545 nm
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for the®S, Y °lgtransition was due to the 450 nm excitation that was ascribed g ¥he'F,

5Gg transition p3).

This research study is an extension of poevious work done on the luminescence of
YOF:Bi®*. Investigation is therefore done on the suitability of the energy levels betw&en Bi

and HG" ions for possible energy transfer and sensitization of the VIS and NIR emissions.

7.2 Experimental

Pure YOFand BP**, Ho** co-doped YOF powder samples were prepared by the pyrolysis
method with CECOO as precursor from single source. The pyrolysis method used was
reported in our reported work on®*Pdoped YOF $4]. The doped YOF: 0.4 mds Bi®*, x

Ho®*"(x = 0.8, 1.4, 2, 3, 4 and 5 mol %) samples were prepared by the same method with only
introducing holmium (l11) oxide (HgDs) in the starting materials, see chapter 3, section 3.1.

The structure of the prepared samples @regacterized by XRD using a Bruker Advance D8
diffractometer (40 kV, 40 mA) with Cui&-rays = 0.154 nm). SEM images were taken by
using the JEOL JSM800F SEM. High resolution XPS was obtained with a PHI 5000
Versaprobe system as was described inptehra3, section 3.4All measurements were
performed at room temperatufelL, NIR emission and decay time measurements were done
by using the Edinburgh FLS980 instrument.

7.3 Results & discussion

Figurel shows the XRD results of the high concentratiorFY @4 mol % Bi*, 5 mol % HG*
co-doped sample compared to the YOF: 0.4 mol % 8igle doped and the pure host samples.
All the patterns showeal pure rhombohedral YOF structure (space groom RL66)),without

any noticeable impuritiegifter annealing at around 980 in air atmospherf24]. The sample
doped with 0.4 mol % of Biions showed a shift in the diffraction peaks towards the lower
angles due to the difference in the ionic radii of tf€(9.1019 nm) ad Bi* (0.117 nm) ions,

as reported in our previous work on YOFRit was reported that the difference in the ionic
radii between Pt (0.1126 nm) and ¥ (0.1019 nm) resulted in a slight shift towards the lower
angles 4]. Co-doping with HG" resulted in no further shifting of the diffraction peaks3Ho
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(0.1015 nm). We have to mention there was no additional peaks even after 5 mol % of Ho

doping.

— YOF: 0.4 mol % Bi**, 5.0 mol % Ho®'

L A A i

——YOF: 0.4 mol % Bi*"

L 10 g |

——YOF: 2.0 mol % Ho*'

. l i |

] —— YOF Host

Intensity (arb. units)

. 1L . |

YOF 01-071-2100

20 25 30 35 40 45 50 55 60 65
20 (deg.)

0

Figure 1: XRD pattern of the host material, of YOF: 0.4 mol % B#* and of YOF: 0.4 mol
% Bi3*, 5 mol % Ho*".

Morphology investigations on the prepared samples with differefitiHo ns 6 concent r .
were done by using SEM. The variation of the morphology is depicted in figuré@e2.
morphology of the surface showed aigfion of agglomerated melted particles. The increase
in Ho** concentrations did not affect the morpholo@e authors previously reported the
agglomeration and melting of the particles during their investigations of the YOF:Pr
phosphor 24]. This was also reported & Li et al. 5] during their investigations on the
pyrolysis method of YOF:YH, Ef** thin films. The same behavior was also reported by

Eloussifi et al. 6] upon investigations of the decomposition of YOF into different structures.
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Figure 2: SEM images representing the variation of the morphology of the YOF: Bj,
Ho3* samples for (a) 0.8, (b) 1.4, (c) 2, (d) 3, (e) 4 and (f) 5 mol % of#o

Investigations on the surface elemental compositieredone on the high edoped sample
YOF: 0.4 mol % Bt*, 5 mol % HG&* by using XPS. A correction for charge compensation of
the highresolution peaks was done in respect to the C 1s peak at 284.8eetbrithminated

C on the surface was due to the adventitious hydrocarbofis Higure 3 shows the
deconvoluted peaks for (a) Y 3d, (b) O 1s and (c) F 1s. Deconvolution of the Y 3d peak in
figure 3(a) yielded two peaks due to thensprbit splitting at 157.1 eV and 159.1 eV that
corresponded to the ggland 3d,2> peaks, respectively. The energy ranges of Y 3d, Bi 4f and

Ho 4d peaks overlap. The Y 3d peak therefore also contained the peaks ascribed to the spin
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