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Abstract

ZnS:Mrf* is commercially used in field emission display€[) and biological imaging of
brain tumors. This study was done to determineldh@nescent mechanism of both bulk and
nano sized ZnS: M.

Luminescent zinc sulphate doped with manganese:f&mfS) nanoparticles were synthesized
via a chemical precipitation method. These nanapestwere embedded in an amorphous silica
(SiO,) matrix by a sol-gel process. The prepared nanposite materials were then crushed into
powders, sieved and annealed at 600 °C in air.mghology of the samples was determined
by scanning electron microscopy (SEM) and the chahtomposition was analyzed by energy
dispersive x-ray spectroscopy (EDS). The crystalcsire, morphology and particle sizes of
ZnS:Mrf* and SiGQ-ZnS:Mrf* nanoparticles were determined with x-ray diffrant{XRD) and
transmission electron spectroscopy (TEM). Bothdhbic zincblende crystal structure for ZnS
and the hexagonal wurtzite crystal structure foDZ4mere found. The particle sizes for the un-
annealed samples estimated from the XRD peaks lmadlTEM images were 2 — 4 nm in

diameter.

Absorption measurements were performed on the Zn&:Mamples. All the samples were
absorbing in the UV range between 280 - 340 nm. Jdred gap of the samples was obtained
from the absorption data and it was found to bet4012 eV. It is blue-shifted from that of bulk
particles by 0.4 eV. This blue-shift can be attrdolito quantum confinement effects in the
crystal. The mean patrticle radius was also obtafrad the absorption data and it was found to
be 1.5 £ 0.1 nm. This corresponds well to the v@higtained from XRD and TEM.

The ZnS:MA" and SiQ-ZnS:Mrf* powders were irradiated with a 325 nm (He-Cd)ras®l a
15W Xenon flash lamp for photoluminescence (PL) sneaments. Two emission peaks at 450
nm (blue) and 600 nm (orange) were observed. Th#agon peak was blue shifted from 340
nm to ~ 300 nm. This blue-shift can be attributedthie increase in the band gap of the
nanoparticles caused by quantum confinement effécfgroposed luminescent mechanism for
ZnS, ZnS:MA* and ZnO is discussed. The blue emission (450 scated with ZnS can be
attributed to the hole trapping and recombinatiath wlectrons by defect states (zinc or sulphur

vacancies) in ZnS. The orange emission at 600 nnmdoo particles can be attributed to the
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“T. —P°A; transitions of MA' ions. These transitions are explained in termshef Tanabe-
Sugano diagrams for the tevel, the Russell Saunders coupling scheme amd.itiand field
theory.®A; is the ground state of Mh while “T; is one of the excited states. For the annealed
samples a broad peak with a maximum at 550 nmriymeas observed. In the case of ZnO the

emission is due to hole capturing and recombinatiidih electrons by defect states.

Commercial ZnS:Mf" powder were subjected to 2keV electron beam irtadian a vacuum
chamber at a pressure of 1 X*IDorr for 24 hours. The cathodoluminescence (Ct8rigity was
measured with a S200/PC2000/USB2000/HR2000 speeterrand it showed an emission peak
at ~ 600 nm. This emission is attributed to the®A; transitions of MA" ions. Changes in the
chemical composition of the surface together whii ¢orresponding changes in the CL intensity
were investigated using Auger electron spectros¢®ms), the CL spectrometer and a residual
gas analyzer. The data showed a decrease in sudplducarbon on the surface of the sample,
while there was an increase in oxygen. The CL sitgndecreased simultaneously with the
decrease of the sulphur Auger peak-to-peak heidhs. may be due to the formation of volatile
SO and a non-luminescent ZnO or ZnS@yer on the surface according to the electron

stimulated surface chemical reaction (ESSCR) degi@u mechanism.

Keywords

ZnS:Mrf* nanoparticles, Photoluminescence, Absorption, Bgag, Cathodoluminescence,

Degradation, Luminescent mechanism
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Chapter 1

Introduction

1. Background

Nanotechnology is a field where phenomena on tbeniat and molecular levels are used to
provide structures and materials that can perf@skd that are not possible if the materials are
used in their macroscopic form. Nanotechnology peovide a significant improvement in the
optical, electrical, chemical, mechanical, etc.pemies of materials [1,2]. Research in the
different areas of nanotechnology is a rapidly gngwfield of science where the efforts of
physicist, chemists, materials scientists, engsaad biological scientists have merged [3]. This
interdisciplinary technology will provide a broathtfiorm for medicine, industry and the overall
economy [4]. This technology is expected to became of the biggest driving forces in the

research of material science in thé'2&ntury [3].

Nanotechnology, much like information technologies,expected to be embodied in many
products. Within 10 years half of all new productald be using nanotechnology. Among the
anticipated developments are improvements in comgutlata storage and communications. It
can provide renewable energy sources and watersfithat can remove contaminants, salts and
viruses. It can be used to treat cancer and ofkeasks. It can also offer protection to persons in
hazardous environments, by monitoring the physioldgvital signs of soldiers on the battle
field and camouflage that matches the changingitigiconditions and background [4]. Most of
the applications that are derived from nanomateaa still in an early state of development and

much work must still be done on this new field aesce.

Nanotechnology is formally defined by the USA NaabNanotechnology Initiative (USA-NNI)
as: “Nanotechnology is the understanding and cbndfo matter at dimensions between
approximately 1 and 100 nanometers, where uniqe@ghena enable novel applications” [5].
A nanometer (nm) is equal to 1/1,000,000,000th we-billionth of a meter (I& m). The
diameter of a hair (Figure 1(a)) is 40-50 x°1M wide, while a virus is 30-50 x fOm
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(Figure b)), carbon nanotubes (~1 nm in diameter) and DI®A (m). In thenanoscale,
common materials are exhibiting unusual propert&@sme of these properties include lo
melting points, faster chemical reactions and réataly lower resistance to electricity. Anott
interesting property of nanomaterials is that tiheteraction with light differs from that of bull
When the particle diameter is decreased the bapdEy) is blueshifted due to the quantu
confinement effect. CdSe quantum dot nanopart@fesan example of this phenomenon. T
emission color differs geending on their particle si(Figure 2) Nanoparticles also have a ve
large surface-to-volume ratiéigure3). This large fraction of surface ateralso contributes f

the different properties displayed by these nartopes

200 nm

& 5 SkW SEu
v 15kW m MD. TMV. 02. STEM. DF-BF

Figure 1: (a) SEM image of a human hair 6] and (b) SEM image of thelTobacco Mosaic
Virus (TMV) [7].

Figure 2: Top: Illumination with long wave UV and bottom: Ambient illumination.

Solutions are shown in order of increasing particleize 8].

12



Surface area increases while
total volume remains constant.

Figure 3: Schematic diagram of large surface-to-voime ratio [9].

The main focus of this study is on phosphors pedithat are in the nano-scale. A phosphor can
be defined as any material that will emit light whan external excitation source is applied. This
source can include photons, electrons, heat e&sé phosphors may either be in the powder or
thin film form. The phosphor materials are dopetmtionally with certain impurities to get the
desired wavelength. These phosphor powders andilitmi& are critical in the development and
also in the improvement of display technologies.aien size phosphor particles are needed for
high-resolution images. There is therefore a defrethe production and development of
phosphor nano particles with stronger emission nsitees. Phosphor particles that have
submicrometer size, narrow particle distributior apherical morphology give higher particle
packing densities than commercial products (@b in size) and are therefore effective in the

enhancement of luminescence efficiency [10].

ZnS is a wide band gap semiconductor with its bgegol at 340 nm (3.66 eV) [11]. ZnS shows
emission at 420 nm with excitation at 325 nm. WE&S is doped with Mf two emission
peaks at 420 nm and 590 nm are observed. The hiissien peak at 420 nm corresponds to
emission from the host, while the yellow-orangekpaef 590 nm corresponds to th€;-°A;
transition of MA* [12]. Doped semiconductor nanocrystals are regam®chew types of
luminescent materials. They have a wide range plicgions in displays, laser devices, sensors,

nonlinear optical devices and electronic devicés[E2]. ZnS has many applications including

13



efficient phosphors in flat-panel displays, photiteic devices, UV light emitting diodes, etc.
Mn?* doped ZnS nanoparticles have potential applicatioriield emission devices (FED) [13].

Generally, when the mean particle size of phosplsssnaller than 1-2m, there is a drop in
their luminescence efficiency. This is due to taet that surface defects become more important
with decreasing particle size and an increase ensilrface area. This can often lead to the
reduction of the emission intensity [10]. Howevéte emission intensity of the ;@3 Eu**
phosphor was increased by decreasing the parteddfrom 6um to 10 nm [10]. Yang et al [14]
also reported that when CdS:Mn is capped with Anfsults in better photostability of the
nanoparticles. Capping of ZnS:Kfmanoparticle phosphors with Si@as therefore applied to

minimize the surface effects and to improve theih@scent properties of these phosphors.

2. Problem statement

Phosphors with enhanced or new properties are ddedéhe development of new types of high
efficiency and high resolution displays. Monodigget crystalline fine particles of high
efficiency phosphor materials are the keys to tneetbpment of these devices. Phosphors must
have narrow size distribution, fine size, spheritarphology particles and nonaggregation to
display good luminescent characteristics [15]. Yabh@l [14] reported that submicron particle
sizes are required for high definition displaysmeaximize screen resolution and luminescence
efficiency. The commercial processes that are atlgran use to manufacture phosphors are
controlling the particle sizes by mechanical mglihis results in particles that are in the order
of 2 um. Nanoparticles, with sizes between 2 and 100aan,be synthesized to fulfill the size
requirement without mechanical milling of the powsleThese nano-sized phosphors are
displaying interesting properties such as ultra-fasombination time, an increase in the band

gap due to the decrease in particle size and hightgm efficiency for photoluminescence [16].

ZnS is of considerable interest as a phosphoruiminescent displays [13]. It has a wide band
gap of 3.66 eV and a small Bohr radius of 2.5 nimsTnakes it a good phosphor for display
devices and development of this phosphor can halage impact on the technology of the

future. Band gap determination of nanoparticle 2n8 photoluminescence (PL) studies will be
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performed on the nanoparticle powder phosphors.|Tdimnescent properties are compared for

applications in FEDs and other display devices.

Nanoparticles are modified with silica because layp a significant role in the quantum
confinement effect, surface passivation and cordver particle size [17]. When nanoparticles
are embedded into dielectric materials such asetand ceramics, the individual particles are
isolated by the dielectric material offering bettend stable quantum confinement. The
luminescence efficiency will also be increasedtry $urface modification as it provides capping
of undesired sites that are detrimental to lumiaeese intensity [18]. For appropriate fabrication
processes and applications, the importance of adatrstability in ZnS nanopatrticles is vital.
ZnS is easily converted into ZnO during annealingair. Even when there are only traces of
oxygen present, the surface of the ZnS will be eot@d into a ZnO layer which will reduce the
luminescence intensity significantly. When $i®© applied as a protective layer on the surface of
ZnS it could isolate the surface and enhance tleenwal stability to avoid the conversion of
ZnS into ZnO at high temperatures [17]. 8&DS is also reported to be more stable against

electron bombardment than uncoated ZnS [19].

3. Aim of this study

1. To synthesize ZnS:M nanoparticle phosphors using an inorganic metmatita embed
these phosphors in a Si@atrix using the sol-gel technique.

2. Determining the morphology of the samples with $daag Electron Microscopy (SEM)
and Transmission Electron Microscopy (TEM).

3. To determine the chemical composition of the samlg Energy Dispersive X-Ray
analysis (EDS).

4. Determining the crystal structure and particle simth X-Ray Diffraction (XRD) and
Transmission Electron Microscopy (TEM).

5. Measuring the absorption and transmittance of &mepées and determining the band gap
and patrticle sizes from this data.

6. To study the photoluminescence (PL) propertiesrd®:EIrf* and to evaluate the effects

of annealing and the capping with Si@h the PL intensity of the samples.
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7. To investigate the cathodoluminescence (CL) degi@uaof commercial ZnS:Mit
phosphor powders.

8. To formulate a luminescent mechanism for the emmisef ZnS, ZnS:Mf" and ZnO.

4. Layout of the thesis

Chapter lpresents the introduction and aim of this stutlis followed by the history and theory
of luminescence and phosphorscimapter 2 A brief description of the different applicationg
phosphors is also included. A summary of the défiércharacterization techniques are given in
chapter 3 This includes a description of the operation athe of the technique€hapter 4
describes the theory that is involved in the lummemt mechanism of ZnS and ZnS#nit
contains the description of the Russell Saundeuplow scheme, the Tanabe-Sugano diagrams
for a & ion and the ligand field theory. The synthesishmds and the structural and chemical
analysis of the phosphor samples by SEM, EDS, TEWM>XRD are given ichapter 5 Chapter

6 describes the luminescent properties of the sampldis includes the absorption and
transmittance data of the different samples as a®ltheir respective band gaps and particle
sizes. It shows the PL spectra of the different @amand the effect of annealing and SiO
capping on the luminescence intensity. The CL spetbf commercial ZnS: M is discussed
as well as the degradation of this phosphor andeffext of the electron stimulated surface
chemical reaction (ESSCR) mechanigthapter 7gives the luminescent mechanism of ZnS,
ZnS:Mrf* and ZnO. It shows how it corresponds to the Plcspethat were obtained from
different samples. Iohapter 8a summary of the thesis as well as future workpaesented.
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Chapter 2

Background information and applications of phosphos.

In this chapter background information about phosphand their properties is given. The
chapter starts with the history of phosphors argb ajives the terminology involved in
phosphors. A description of cathode ray tubes (GRilcpiid crystal displays (LCDs) and field
emission displays (FEDs) devices is given. The mhebd luminescence and the background of
the ZnS and Zns:Mi phosphor are discussed. The chapter concludes twithdifferent
applications of phosphors.

1. History of phosphors

The wordphosphorwas first invented in the early T7%entury and until today its meaning is
unchanged. Vincenzo Casciarolo of Bologna, Itabynid a heavy crystalline stone (Figure 1)
with a gloss at the foot of the volcano Monte Padefasciarolo was an alchemist interested in
the transformation of humbler materials into gadigd thought the stone, that he called “solar”,
was most suitable for the production of gold bytuer of its notable weight and content of
sulphur. He fired the stone in a charcoal oven @) intending to convert it into a noble
metal, but no metals were found. Instead he fohad the sintered stone was emitting red light
in the dark after exposure to sunlight. The ston&s vealled the “Bolognian Stone” or
“Litheophosphorus” and it became the first objedt sgientific study of the luminescent
phenomena. From what is now known as the Bolog§tone appears to have been barite
(BaSQ), with the fired product being BaS, which is a tht phosphor materials. Similar
findings were reported from many places in Eurofierahe first discovery, and these light

emitting stones were callgdhosphord1, 2].
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Figure 1: A piece of Bolognian Stone, BaS, (barite), with a maximum diameter of about
12 cm, found on Monte Paderno, Bologna. Part of thprivate collection of Aldo Roda 2].

Figure 2: An illustration showing the magic-alchemic phenomenon of the emission of ligl
(phosphorescence) achieved by calcination of the Bgnian Stone 2].

The credit for preparing therét phosphor should however to the Japanese. It is reported 1
they have prepared phosphorescent paint from sésashd (" century Chinese document (Sc
dynasty) describes this fact. It is concerning iatpay of the Emperor Tai Zong (93 998). In
his book: A History of Luminescenc3], Harvey cites a story of an interesting paintingt was

presented to the second emperor of the Song dynBstypainting showed a cow that appes
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during the day as eating grass outside a pen,tbuglat as resting within the n. When it was
shown to the court, none of the officials couldeofany interpretation for the phenomenon.
monk Zan Ning, however, said that the ink colour) that appeared only at night was mi
with drops from a (special kind of) pearl shell ¢he ink (or colouy that appeared only durir
the day was made by grinding a rock that had fdilem a volcano to the seashore. The m
claimed that the information about the ink comerfra book by Zhang XiaiFigure 3shows the
record of the cow’s pating. Harvey gives comments that the story ofltminous cow shoul
be given little serious consideration because ngtis known of any book left by the explo
Zhang Xian. Also, the author of the boXiang-Shan Ye-Luwen Ying who lived in the
century, was not noted for his veracity. It seerowédwver certain that the Japanese and Chi
knew of luminescent paint more than 1000 years argbthat the paint had some relations
with material found from a volcano and seashdlls Wwell known that sulphur that was obtain
from a volcano was one of the representative ezxdootm Japan to China at that time. In 1
John Canton from Europe prepared a phosphor frosteoghells that had reacted with sulp

[1, 4].
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Figure 3: A note concerning a luminous paint in the Chineséook Xiang-Shan Ye-Lu [1].
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2. Definition and terminology

The wordphosphormeans “light bearer” in Greek and it appears & @reek myths as the
personification of the morning star Venus [1]. Aopphor is any substance capable of absorbing
energy and re-emitting it in the form of visiblghi [5]. The wordphosphorescencevhich
means persisting light emission from a substanter #ie exciting radiation has ceased, was
derived from the worghosphor The wordfluorescencerefers to the light emission from a

substance during the time when it is exposed tdiegaadiation [1].

3. Physical processes taking place during luminesuoee.

Luminescence is defined as the phenomenon in wiiehelectronic state of a substance is
excited by some kind of external energy and thetaen energy is given off in the form of
light. The word light not only includes electromatjn waves in the visible region of 400 to 700
nm, but also those in the neighbouring region aih leads, i.e. the near ultra-violet and the near-
infrared regions (Figure 4) [1]. Luminescence midid into fluorescence and phosphorescence
according to the duration time of the after-glow.

_ 400nm 5D!flnm _ O0nm  FO0AM
Liltra wiolet Wisible Light Infrared

Figure 4: The spectrum of visible light [6].

3.1 Fluorescence

When a molecule absorbs UV radiation it gets egcitem a vibrational level in the electronic

ground state to one of the many vibrational lewelshe electronic excited state. This excited
state is usually the first excited singlet statgFe 5). Once a molecule arrives at the lowest
vibrational level of an excited singlet state,ahao a number of things, one of which is to return
to the ground state by photon emission. This peegalled fluorescence. The lifetime of an
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excited singlet state is approximately®1® 10’ seconds and therefore the decay time of

fluorescence is of the same order of magnitude [7].

1D
I

ground excited excited
singlet state singlet state triplet state

Figure 5: The ground and excited state of a molecel[8].

3.2 Phosphorescence

Phosphorescence results when a molecule gets @xoitéhe triplet state (Figure 5). It loses
energy by emission of a photon. A radiative traositbetween the lowest triplet state and the
ground state takes place and this type of emiss®ncalled phosphorescence. As
phosphorescence originates from the lowest trgikge, it will have a decay time approximately
equal to the lifetime of the triplet state. Thigefime is approximately IDto 10 seconds.

Phosphorescence is therefore often characterize@nbyfterglow that is not observed for

fluorescence.

3.3 Radiationless transitions

A molecule can also undergo some radiationlesssittans. These processes are called the
radiationless transfer of energy. These processeexplained in Figure 6. There are three
processes that can occur, namely vibrational rélaxaintersystem crossing and internal
conversation. When a molecule returns to the @eitrground state non-radiatively, the excess
energy is converted to vibrational energytdrnal conversiopand the molecule is placed in an
extremely high vibrational level of the electrogimund state. The excess vibrational energy is
lost by collision with other moleculesibrational relaxation. The spin of an excited electron
can be reversed and this leaves the molecule iexaried triplet state. This is then called

intersystem crossingrhe triplet state is in a lower electronic enetgn that of the excited
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singlet state. The probabilityat this will happe is increased if the vibrational levels of the
two states overlap.

Lowest excited
singlet state

i Cround Lowest excited
roun triplet stat
electronic state E== et see
4 :_:’L —_ 1. Absorption
= = 1 4 5 2. Fluorescence
E 2. Phosphorescence
w

4, Yihrational relaxation
1 5. Intersystern crossing
B. Internal conversion

4 4 ¥ ¥

— Processes involing phatons
.~ Radiationless transitions

Figure 6: Possible physical processefollowing the absorption of a photon by

molecule [8].

4. Types of light emission

Light is a form of energy. Another form of energysh besupplied in order to create ligt
There are two common ways for this to occur, inesednce and luminescer

4.1 Incandescence

Incandescence is light comifigm heat energy. Something will begin to glow whem heat i
to a high enough energy. Whmetal heated in a flame or an electric stoves hdmgins tc
glow “red hot”, that is incandescence. When theysten filament of an ordinary incandesce
light bulb is heated still Hter, it glows brightly “white ot” by the same means. The sun .

stars glow by incandescencg.[®he different types of incandescence are shaovFigure 7.
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Figure 7: Different types of incandescence [10, 112].

4.2 Luminescence

Luminescence is the so called “cold light”, ligloineing from other sources of energy, which can
take place at normal and lower temperatures. Indastence, some energy source kicks an
electron of an atom out of its ground or lowestrggestate into an excited or higher energy state.
The electron then gives back the energy in the fofrtight so it can fall back to its ground state.

There are several varieties of luminescence, eanfed according to what the source of energy

is, or what the trigger for the luminescence is [9]

4.2.1 Fluorescence

Fluorescence is a luminescence mostly found agpacab phenomenon in cold bodies, in which
the molecular absorption of a photon triggers thassion of a photon with a longer (less
energetic) wavelength. The energy difference betvike absorbed and emitted photons ends up
as vibrations, heat or molecular rotations. Somegirthe absorbed photon is in the ultraviolet
range and the emitted light is in the visible rafitf®). Fluorescence is seen in fluorescent lights,
amusement park and movie special effects, anddatieess of rubies in sunlight, “day-glo or
neon” colours and in emission nebulae seen wittstepes in the night sky. Bleaches enhance
their whitening power with the addition of a whiteorescent material. Figure 8 shows different

types of fluorescence.
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Figure 8: Different fluorescent materials includingfluorescent minerals [13], fluorescent
bulbs [14] and a neon sign [15].

4.2.2 Phosphorescence

Phosphorescence is a specific type of photolumerescthat is related to fluorescence. Unlike
fluorescence, the absorbed radiation is not imntelgiae-emitted in a phosphorescent material.
The slower time scales associated with the re-éomsare due to forbidden energy state
transitions in quantum mechanics. Because thessitins occur less often in certain materials,
absorbed radiation can be re-emitted at a lowensity for up to several hours. In simple terms,
phosphorescence is a process in which energy adasbnba substance is released slowly in the
form of light. In some cases this is the mechanised for “glow-in-the-dark” materials which
are “charged” when exposed to light. The phospluemsmaterials that are used for these
materials absorb the energy and then “store” itafdwnger time as the processes required to re-

emit the light occur less often [16]. Figure 9 skadifferent types of phosphorescent materials.
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Figure 9: Different types of phosphorescence. (a) Aylow-in-the-dark” statue of an eagle,
(b) aluminate phosphorescent pigments in the darkrad (c) phosphorescent powder under
visible light, ultraviolet light and total darkness [16].

4.2 .3 Electroluminescence

Electroluminescence is an electrical and opticanomenon where a material will emit light in
response to a strong electric field, or to an @lecurrent that is passed through it. It is theufe

of the radiative recombination of electrons andekah a material (usually a semiconductor).
The excited electrons will release their energyplstons (light). Prior to recombination, the
holes and electrons are separated. This can d&éharresult of doping of the material to form a
p-n junction (as in semiconductor electroluminescdavices such as LEDs), or through
excitation by the impact of high-energy electramat is accelerated by a strong electric field (as
with the phosphors in electroluminescent displayddme examples of electroluminescent
materials include powder ZnS doped with Cu or A film ZnS doped with Mn, natural blue
diamond (diamond with boron as dopant), IlI-V sesniductors such as InP, GaAs and GaN and
inorganic semiconductors such as [Ru(BBYjPFRs)., where bpy is 2,2-bipyridine. The
backlights used in liquid crystal displays are pewpghosphor-based electroluminescent panels.
These panels provide a gentle, even illuminatiothéoentire display while they are consuming
relatively little power. This makes them convenidot battery-operated devices such as
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wristwatches, computer controlled thermostats amgeps. Their gentle green-cyan glow seen

everywhere in the technological world [17]. Fig&shows different LCD devices.
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Figure 10: Different LCD devices [18, 19, 20].

4.2.4 Bioluminescence

Bioluminescence is defined as the production andssan of light by a living organism
resulting from a chemical reaction during which rolheal energy is converted into light energy.
Its name is a hybrid word, originating from the ibalumen “light” and the Greekbios for
“living”. In most instances adenosine triphosph@€P) is involved. The chemical reaction that
takes place can occur either inside or outside c#leé Bioluminescence occurs in marine
vertebrates and invertebrates, as well as micrarasgs and terrestrial animals. Ninety percent
of deep-sea marine life is estimated to producduivimescence in some form. Most light-
emission by marine life belongs in the green ang light spectrum but some species emit red,
infrared and even yellow bioluminescence. Landuiohescence is less widely distributed, but
they display a larger variety of colours. The Hestwn forms of land bioluminescence are
fireflies and glow worms. Other insects, insecvda, annelids, arachnids and even species of
fungi have been noted to possess bioluminescehtie{21]. Figure 11 and Figure 12 show

forms of marine and land bioluminescence.
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Figure 11: Marine bioluminescence. (afequorea Victoria is a bioluminescent jellyfish [22],
(b) Tomopteris is a genus of maringlanktonic polychaetes. These species emit light when
disturbed [23] and (c) Image of bioluminescent redide event of 2005 at a beach in
Carlsbad California showing brilliantly glowing crashing waves containing billions of

Lingulodinium polyedrum dinoflagellates. [21].
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Figure 12: Land bioluminescence: (a) Jack o'lanterrmushroom is an orange to red gill
mushroom notable for its bioluminescent propertieslt is very poisonous [24], (b) Female of
Lampyris noctiluca [21], (c) the railroad worm (Phrixothrix) is quite distinct for having two
different colours of luminescent organs. Like a tiy insect Christmas tree, their head glows
red, while their body glows green [22] and (d) Firfly (species unknown) with and without

flash [21].

4.2.5 Chemiluminescence

Chemiluminescence (also called chemoluminescerscé)e emission of light (luminescence)
together with a limited emission of heat, resultirgn a chemical reaction. Given reactants X

and Y, with an excited intermediate Z,
[X] +[Y] — [Z] — [Products] + light

For example, if [X] is luminol and [Y] is hydrogeseroxide in the presence of a suitable catalyst

we have:
luminol + H,O, — 3-APA[Z] — 3-APA + light

where 3-APA is 3-aminophthalate and 3-APA[Z] is éxeited state fluorescing as it decays to a
lower energy level. The decay of the excited dfAjd¢o a lower energy level is responsible for
the emission of light. In theory, one photon ofhtigghould be given off for each molecule of
reactant, or in other words Avogadro's number aftphs per mole. In actual practice, non-
enzymatic reactions seldom exceed 1% quantum efitgi. An example of chemiluminescence
is the luminol test, where forensic investigatoss luminol to detect trace elements of blood left
at a crime scene, as it reacts with the iron foumdhaemoglobin (Figure 13). When
chemiluminescence takes place in living organisini, called bioluminescence. A light stick

emits a form of light by chemiluminescence [25]g{iie 13).
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Figure 13: Different types of chemiluminescence:dint sticks [26, 27] and a luminol test

done on a bloody shoe print [28].

4.2.6 Thermoluminescence

Thermoluminescence is also a form of luminesceAbsorbed light is re-emitted upon heating.
Some minerals such as fluorite store energy wheosed to ultraviolet radiation. This energy is
released in the form of light when the mineral eated (Figure 14). The received radiation will
be directly proportional to the amount of lightttkall be given off. Buried objects (e.g. pottery)
that have been heated in the past can be datedebymaluminescence dating, since the dose
received from radioactive elements in the soilntosrays etc is proportional to age (Figure 15).
Thermoluminescent dosimeters make use of this phenon. The radiation dose received by a
chip of suitable material that is carried aroundéyerson or placed with an object can be

measured in this way [29].

Figure 14: Chlorophane exhibiting thermoluminescene when heated [30].
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Figure 15: Thermoluminescence dating can determinthe age of antiquities [31].

4.2.7 Other types of luminescencid2]

* Electrochemiluminescence — luminescence by anretdatmical reaction.
» Crystalloluminescence — luminescence produced dgumystallization.
» Cathodoluminescence — where a beam of electronaat®jpn a luminescent material
such as a phosphor.
* Mechanoluminescence — luminescence resulting frogn rmechanical action on a
solid.
o0 Triboluminescence — luminescence generated whedsbona material are
broken when that material is scratched, crushedluyed.
o Fractoluminescence — luminescence generated whattshie certain crystals
are broken by fractures.
0 Piezoluminescence — luminescence produced by thienaof pressure on
certain solids.
* Radioluminescence — luminescence produced in ari@aby the bombardment of
ionising radiation.
* Sonoluminescence — luminescence from imploding lmsbim a liquid when excited

by sound.
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Figure 16 shows the different types of other luragece.

Figure 16: Different types of luminescence: (a) radluminescence - a gaseous tritium light
source [33], (b) mechanoluminescence - N-acetyl&nanilic acid crystals crushed between
two transparent windows [34], (c) triboluminescence- wintergreen lifesaver candy are
generating light during chewing because the chemithonds are tear apart [35] and (d)
sonoluminescence — light emitted from collapsing gébubbles in a liquid generated by

ultrasound [36].

5. Applications of phosphors

The applications of phosphors can be classifiedslight sources represented by fluorescent
lamps; (2) display devices represented by cathe@getubes, flat panel displays and field
emission displays; (3) detector systems represdmyextray screens and scintillators; and (4)

other simple applications, such as luminous paiiits long persistent phosphorescence [1].
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5.1 Fluorescent lamps

Phosphors make the fluorescent lamp work. A flumraslamp is a very efficient generator of
ultraviolet energy at a wavelength of mostly 254 and sometimes at 185 nm. The fluorescent
lamp phosphors will absorb the ultraviolet radiataind they will convert it into visible light. In
the lamp industry when there is referred to thentight” it also includes the near infrared and
ultraviolet regions. A very fine powder form of thaosphor is applied as a uniform coating onto

the inside surface of the lamp tube (Figure 1&ulteng in a very effective light source.

Inside a

Fluorescent " Starter Phosphor
Lamp N Switch Coating

Glass
Tube

™ Electrode
B Argon

Inert Gas

. L]
Mercury AC SUPPLY

BZ001 HowStulfWorks

Gas

Figure 17: The inside of a fluorescent lamp [37].

The phosphor used for coating must be a powdeintplify the application to the inside of the

tube. The phosphor powder is made into a paint ihéhen applied to the top inside of the
vertical lamp tube and drained in a manner so dsrto a very uniform coating. The phosphor
coating is then dried and heated to near the nggttoint of the glass. This is done to burn off the
organic components of the paint. To improve theeatle properties of the phosphors binders,
usually borates or very fine aluminium oxide mayaleed to the paint. It also prevents chipping
of the coating. Table 1 shows some of the phospheed in fluorescent lamps. These available
phosphors can be blended to produce white lightci@a halophosphate is the dominant

phosphor in the lamp industry [5].
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Table 1: Some phosphors used in fluorescent lamps.

Name Formula Activator; Emission Colour
Zinc Silicate ZiSiOy Mn Green

Zinc Beryllium Silicate | (Zn, BeBiO, Mn Orange
Cadmium Silicate CaO:Si0 Pb, Mn Salmon
Cadmium Borate CdOB®; Mn Pink
Calcium Tungstate Cawpo Pb Blue
Magnesium Tungstate MgW,O Self Blue
Calcium Halophosphate| @&POy)s(F,Cl)2 | Sb, Mn White

5.2 Display devices

Emissive displays are electronic devices that weadhe conversion of electrical energy to
luminous energy as a function of the real imageaigrhese emissive displays can be converted
into three major categories, namely projection;saffeen and direct-view. A projection display
is an electronic device that utilizes a viewingeser that is separate from the optical source. An
off-screen display is a device where the imagets/iewed on a screen. A direct-view display is
a device where the image is generated in the imateegiroximity of the viewing screen. Direct
view displays are classified into cathode ray tuf@RTs) and flat panel displays (FPDs) [16].
CRTs have been the dominant display technologynfany years, but the need for lower power

consumption and portability opened the door for neshnology.

5.2.1 Cathode ray tubes (CRTS)

A CRT consists out of a vacuum tube containing kcteon gun (cathode) and a phosphor
coated screen (Figure 18). The cathode is a hdééedent and is the source of the electron
beam. Electrons pour off the filament and intowheuum where they get attracted by an anode.

The electrons are then focussed and acceleratedrdothe screen by a focussing and
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accelerating anode. Copper windings are wrappeadhdrthe tube and they act as steering coils.
These coils create magnetic fields inside the taih@ these magnetic fields steers the beam
toward the screen. By varying the voltages in thiéscthe electron beam can be positioned at
any point on the screen. When the electron beakestthe phosphor coated screen, a tiny bright
visible spot is created on the screen. An imadgerimed when the beam is rastered across the
screen. Colour CRTs have three electron guns, @nesach primary colour. CRTs are used in
oscilloscopes, television and computer monitors @aldr targets. Typical values of cathode to
anode distance range between 25 to 100 cm. CRTgeayebulky and when bigger screens are

required the length of the tube must increase489,

Cathode Ray Tube

Picture tube ——,
Electron guns

Figure 18: The basic components of a CRT used inléxisions and computers [41].

5.2.2 Flat panel displays (FPDs)

Flat panel displays encompass a growing numbeedfrologies enabling video displays that
are much thinner and lighter than traditional teden and video displays that use cathode ray
tubes. They are usually less than 100 mm thick. &=REjuire a small amount of power to
accelerate the electrons from the cathode to thdearmThey are defined as ideal displays because
they are thin, have an even surface and low volumbigh resolution and contrast and are
lightweight. They are used in many modern portaleieices such as laptops, cellular phones and

digital cameras [42].
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Some examples of FPDs are:
* Plasma display panels (PDPs)
e Liquid crystal displays (LCDs)
*  Organic light-emitting diode displays (OLEDS)
* Light-emitting diode display (LED)
* Electroluminescent displays (ELDs)
»  Surface-conduction electron-emitter displays (SED
* Field emission displays (FEDs) (also called Nenussive displays (NEDs))

Figure 19 — Figure 21 show some of the FPDs tleawaailable.
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Figure 19: Schematic diagram of a plasma display aha plasma television [43].
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Figure 21: Schematic diagram of an OLED display [4pand an OLED television [47].

5.2.3 Field emission displays (FEDSs)

Some believe field emission display (FED) technglagll be the biggest threat to LCD's
dominance in the emissive panel display arena.aft & low cost of manufacturing and is
generally energy efficient since they are elecatisidevices that require no heat or energy when
they are off. They have superior optical charasties and won't age like current OLEDs. It has
the emissive capabilities of CRTs while it is kegpperfect focus since it's a fixed pixel display
like and LCD. FEDs is capitalising on the well-ddished cathode-anode-phosphor technology
built into CRTs and is using this in combinationttwithe dot matrix cellular construction of
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LCDs. FEDs are using tiny "mini tubes” for eachgbpinstead of using a single bulky tube like
CRTs. The display can also be built in approxinyatieé same size as an LCD screen. Each blue,
green and red sub-pixel is effectively a miniatumeuum tube. Where the CRT uses a single gun
for all pixels, a FED pixel cell has thousands lbarp cathode points, or microtips, at its rear.
Materials such as molybdenum are used to make thesetips, from which electrons can be
pulled very easily by a voltage difference, tolkstrblue, green and red phosphors at the front of

the cell [48]. Figure 22 shows a schematic diagofa FED display as well as a FED television.
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Figure 22: Schematic diagram of a FED display [49%nd a FED television [50].

5.3 X-ray screens and scintillators

Since the discovery of x-rays in 1895 by Wilhelmn@ad Roentgen, there was a need to find
materials efficient in converting x-rays to visiblight. Simple photographic film was soon
replaced by CaWw®powder and ZnS-based powders that are used wadkdyt Scintillation
detectors consist of a scintillator (or phosphoatenial followed by an optical relay element and
a photo detector (Figure 23 (a)). Wide band gaperas$ are used to convert x-rays into UV/
visible photons. The entire scintillation conversican be divided into three processes:
conversion, transport and lastly luminescence. ddmersion process involves an interaction of
a high-energy photon with the material lattice. 8Agesult many electrons and holes are grated
and thermalized in the conduction and valence haDdsng the transport stage these charge

carriers will migrate through the lattice. Theirpboare at trapping levels within the material’s
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forbidden gap will delay migration. Energy lossege do nonradiative recombination may also
occur. Finally, the luminescence stage involvesatae recombination of the electron and hole
trapped at the luminescence centre. There is a vadety of materials investigated and used for
x-ray detection. A summary of these materials arergin Table 2 [51].

Table 2: Summary of characteristics of selectedsphor materials [51].

Phosphor Decay time Efficiency Emission max. Afterglow
(ns) (%) (hm)
ZnS:Ag 3.9 17-20 450 Very high
CawQg, 6.1 5 420 Very low
GdO,S:Th 7.3 13-16 540 Very low
Gd,0O,S:Pr,Ce,F 7.3 8-10 490 Very low
LaOBr:Tb 6.3 19-20 425 Low
YTaOs:Nb 7.5 11 410 Low
LuOs:Eu 9.4 ~8 611 Medium
SrHfOz:.Ce 7.7 2-4 390 Not reported

The main applications of scintillators are medicadaging, general flaw detection, high
resolution 2D imaging and radio astronomy [51].ntedical imaging it can be used for many
applications ranging from intra-oral radiographydanammography to chest radiography [52].
In astronomy thin layers of phosphors are usedtbigh resolution, soft x-ray imaging. Figure
(b) shows a dual phosphor Alpha/Beta Scintillatahvibuilt in sample holder for simultaneous

alpha/beta radiation sample counting.
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Figure 23: (a) Schematic diagram of a scintillatorywhich converts incoming x-rays into
visible light [52] and (b) a dual phosphor Alpha/Béa Scintillator with built in sample
holder for simultaneous alpha/beta radiation sampleounting [53].

5.4 Other applications

5.4.1 “Glow-in-the-dark” materials

Phosphors, and especially long afterglow phosphHmase many applications as “glow-in-the-
dark” materials. This range from luminescent pairgsotective clothing, signs and house
numbers.

5.4.1.1 Luminescent paints

Luminescent paints are used for a wide varietypyliaations. The main application of these
paints is to illuminate things so that it can b&hle in the dark. Cars can be painted so that they
are visible on the open road, road signs and strpethe road can be painted so that they are

visible and even hospitals and police stationshmpainted with luminescent paints so that they
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are easily visible in places with poor lightingg&ie 24 shows a Smart car that is painted with

green phosphor paint and some of these paintdfereht colours.

Figure 24: A Smart car painted with luminescent pant and some of these paints in
different colours [54, 55].

5.4.1.2 Clothing

These days it is very important to be seen in i dvhen you are jogging or walking in the

streets. Wearing light coloured clothes can halp wearing clothes that can glow in the dark are
the best option. Some of the clothes that are abailat the moment include bright green

luminescent t-shirts and shoes (Figure 25).
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Figure 25: Luminescent t-shirt and shoes [56, 57].

5.4.1.3 Signs and house numbers

Another important use of luminescent materialisige it as signs and house numbers. During
the daytime signs can easily been seen, but in pglot conditions or darkness, it is very
difficult to seen these signs. If the signs andseonumbers could “glow-in-the-dark” it would be
very easy to find them. In an emergency situatidrene you need to find the exit, escape route
or fire extinguisher, it would be much easier iuyoould find the sign pointing to it. Emergency
services, like paramedics, police and security cmgs, can also get to a call out faster if the
house number were properly illuminated. Figure Béws some luminescent signs and house
numbers and Figure 27 shows a homemade sign dagsist a polymer mixed with long
afterglow phosphor powder. The sign is white duting day, but glows bright green during the
night.
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Figure 27: A homemade sign that glows bright greeduring the night.

5.4.1.4 Other applications.

Some of the other applications of long afterglovegthors include luminescent toilet seats and
door handles, luminescent balls and bikes and anksuent rope. All these applications help
with safety and ensure that objects can be usedglarpower failure or in poor light conditions.
Figure 28 shows some of these objects.

Figure 28: Some other applications of long aftergle phosphors [60, 61, 62, 63, 64].
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5.4.2 Biological labelling

Quantum dots are used for bioimaging or biologiedlelling of cells. Quantum dots offer
several enhancements over fluorescent dyes thatypreally used for biological labelling.
Organic dyes can exhibit a low quantum yield ogbtness, because of molecular interactions
with themselves, each other and the solvent. Amdthetation is the loss of fluorescence that
occurs when dye molecules react irreversibly wabheother and the solvent, producing a non-
fluorescent product. This process is known as gieéxhing. Quantum dots have a reduced
photobleaching effect and can therefore exhibittiooilwus fluorescence over a period of time.
This makes quantum dots useful as biosensors,laellabelling andin vivo and in vitro

fluorescent detection [65].

Without QDs |  With QDs

(a)

Figure 29: Silicon carbide quantum dots for fluoresence imaging of living cells [66].

Figure 29 shows chemically inert, biocompatibléceih carbide quantum dots for fluorescence
imaging of living cells. SiC quantum dots have ganadvance since all quantum dots used for

imaging so far were toxic to cells [66].
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Figure 30: Cell labelling with quantum dots [67].

Figure 30 shows cell labelling with quantum dotd dlustration of quantum dot photostability,
compared with the dye Alexa 488. In the upper parteke actin fibers are stained green with the
dye and the nucleus is stained red with quanturs. dothe lower panel, the labelling is reversed
[67].

Figure 31: Quantum dots bound to leukaemia cells [.

Figure 31 shows quantum dots bound to immunogl&biantibodies attach to the surface of

leukaemia cells, demonstrating a possible usedlo@ical tagging [68].

Delivery of imaging and therapeutic agents to th&rbis highly important for diagnosis and
therapy of many brain diseases such as brain tuisnélawever, the delivery to these agents to
the brain is often restricted by the blood-braindiea (BBB). This is a tight junction of

endothelial cells that regulates the exchange bétamces between brain and blood. The cell
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membrane is another natural barrier that also eatmict transport of these agents. A method to
overcome the cellular membrane barrier is provitdgdthe use of membrane translocation
peptides such as the TAT peptide. TAT (a cell patiey peptide)-conjugated CdS:Mn/ZnS
guantum dots (Qdots), intra-arterially deliveredataat brain, rapidly (within a few minutes)
labelled the brain tissue without manipulating B#B. The Qdot loading was sufficiently high
so that it allowed a gross fluorescent visualizabbthe whole rat brain using a low power hand-
held UV lamp (Figure 32 and Figure 33). From hisgatal data it can be clearly seen that TAT-
conjugated Qdots migrated beyond the endotheliflline and reached the brain parenchyma.
Qdots without TAT were not able to label the bragsue confirming the fact that TAT peptide

was necessary to overcome the BBB [69].

. .

(2)

Infusian Pump

(c) (d)

Figure 32: Gross views of a rat brain labelled withiT AT-conjugated quantum dots; (a) and

(b) represent dorsal views and (c) represents corahsection. Pink colour (left side in (a,c)

and right side in (b)) originates primarily from quantum dot fluorescence and background
blue colour (right side in (a,c) and left side inlf)) is due to the combination of UV
excitation, auto fluorescence, and scattering ligst No filters were used for gross

visualization of rat brain. (d) Schematic representation of the surgical procade [69].
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Figure 33: Branchesof right middle cerebral artery: Transmission (left) and fluorescence
(middle) images of a cross section of rat brain (ngmification x 40). The artery was imagec
by TAT-conjugated CdS:Mn/ZnS quantum dots (right) 70].

Outermaost shell

Manoparticle core

Intermediate shell

Figure 34: Schematic representation of a typical cor-shell nanopatrticle design. In som:
cases, the nanoparticle core is protected just bysangle shell (i.e., there is nintermediate
shell structure) [71].
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Figure 35:Fluorescence (left) and transmission (right) imagesf human lung cancer (A549)
cells incubated with 200 nm size folate-conjugateftliorescein isothiocyanate (FITC) doped

silica nanoparticles [71].

Semiconductor quantum dots have been extensivelg t targeting cancer cells. Quantum
dots are between 2 and 8 nm in size (Figure 34¢yThave a broad absorption band with a
narrow and symmetric emission band and they tylyiemhit in the visible to NIR spectral range.

Quantum dot emission is due to a radiative recoatlmn of an exciton (an electron-hole pair),

which is characterized by a long lifetime (>10 leg)ding to the emission of a photon in a narrow
and symmetric energy band. In comparison to trawkili fluorescent molecules (fluorophores) or
fluorescent proteins (e.g., GFP), quantum dots Is®weral attractive optical features that are
desirable for long-term, multi-target, and highbnsitive bioimaging applications (Figure 35)

[71].

6. Types of phosphors

Phosphors are classified according to the tramstihat take places when it is irradiated with
either photons or electrons. The one group inclydesphors where the transition occurs in the
band gap and the other group includes phosphorsevitensitions are localized in luminescent
centres such as rare-earth elements. These areecefe as band gap and intra-atomic transitions

respectively [16].
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6.1Band gap transition phosphor:

A typical semiconductor consists out of a valenaadband a conduction band. Tenergy gap
between the bands is referred to as the bandFigure 36). The loweenergy state or valen:
band is occupied by electrons originating from hlbuwhectrons of atoms. The higher ene
bands or conduction bands are not occupied byreletThe reason whyhese unoccupie
states are calledonduction banc is due to the fact that an electron in this band nsosk freely
mobile if it is excited from the valence bi: by some method: for example, by absorption of |
guanta. In contrast, eleohs in the valence band cannot be mobile becanisetwo electron:
(spin up and spin down) can occupy an electromitesElectrons in the valence band must t
empty states in order for them to move freely wharelectric field is applieAfter an electron
is excited to the conduction band, a hthat remains in the valence babehaves as if it was

mobile particle with a positive chai [1].

Unfilled Conduction
bands / band

—— Band gap

\ WValence

Filled band
bands

Figure 36. The different bands of a semiconductor72].

Figure 36shows a model of band gap transitions in a phosgbaitation occurs due to ener
transfer from the incident, high energy, partictesthe electrons in the valence band. le
transferred energy is high enough the electronsegeited to the higher energy levels
conduction band. Free electrons and free holes@regenerated in the valence and conduc
bands respectively. If the crystal is perfect, free from lattie defects and impurities, the fr

electrons and holes can recombine directly and photons ((a) irFigure 3°). The energy of
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these photons is equal to the band gap of the saehictor. Localized energy levels or impurity
levels are created in a crystal by the presencactivator impurities, incidental impurities and
lattice defects. This provides effective recomhboratpaths for the free electrons and holes as
represented by (b), (c) and (d) in Figure 37. fjhle transition between a free electron in the
conduction band and a hole trapped by an accepiet.|l(c) Represents a transition between an
electron in a deep donor level and a free holdvénvialence band and (d) represent a transition
between a donor and acceptor level. A number oflaatent processes in the ZnS:Ag,Cl (blue)
ZnS:Cu,Al,Au (green) and ZnS:Mn (orange) phosploaur according to (d) [16].

[ Conduction band (with free electrons) ]
Impurity levels
(a) ® | © | @ ™
N AN R -
\ 4
[ Valence band (with free holes) ]

Figure 37: Model of band gap transitions in a phosipor [38].

6.2 Intra-atomic transition phosphors

Characteristic luminescence occurs by doping tree ladtice with either transition (3d) or rare-
earth (4f) metal ions (impurities) that substittlie host lattice cations. When a moving particle
(electron or photon) collides with an atom an etacttin the inner shell will be excited to a
higher energy level. The electron relaxes to iigioal energy level and the extra energy is

released in the form of a photon (Figure 38).

51



t Light

HowStul 'Warks

1. A collision with a moving particle
excites the atom.
2. This causes an electron to jump to
a higher energy level.
3. The electron falls back to its
original energy level, releasing the Light

f in the f f a light
;;;foﬁhergy in the form of a lig Photon

Figure 38: Schematic diagram of how an atom emitsght [73].

Rare-earth ions from €eto Yb** (atomic numbers 58 - 70) have partially filleobitals with
energy levels characteristic to each ion and showariety of luminescent properties around the
visible region. Many of these ions are used asnesgent ions in phosphors. The levels are not
much affected by the environment, becauseldctrons are shielded from external electriciel
by the outer Ssand 58 electrons. This is in strong contrast with thesition metal ions, whose
3d electrons, that is located in the outer shell,heavily affected by the environment or crystal
field [1]. Figure 39 shows an energy level diagraiuminescent transitions within Eu The
diagram shows that absorbed excitation (high enetggtrons) induces transitions to higlter
levels whereupon non-radiative transitions to’g(J = 0, 1, 2, 3) states occur. This is followed
by radiative transitions to the ground state. Tgpmhosphors used in CRTs and FEDs consist of
a host matrix doped with activators such as the-earths (8 and transition metals @3 [74].
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Figure 39: Intra-atomic luminescent transitions inEu*" ions [38].

7.2ZnS

ZnS type phosphors are presently very importan€R3 phosphors. These phosphors have a
long history, dating back about 130 years. At titerhational Conference on Luminescence held
in 1966 in Budapest, presentation titled “The Centof the Discovery of Luminescent Zinc
Sulfide” was given, in which the history of lumimesit ZnS was discussed. In 1866, a young
French chemist, Théodore Sidot, succeeded in ggpwimy ZnS crystals by a sublimation
method. Although his original purpose was to stadpstal growth, the crystals grown exhibited
phosphorescence in the dark. The experiments vegeated, the observations confirmed and a
note to the Academy of Science of Paris was predefithis note was published by Becquerel.
These phosphorescent ZnS (zinc-blende) crystale wWwareafter called Sidot’s blende. From
present knowledge, one can conclude that Sidot'sdd contained a small quantity of copper as

an impurity responsible for the phosphorescence [1]

Zinc sulfide is a trimorphous mineral consistingsphalerite, wurtzite and matraite.
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7.1 Sphalerite

The mineral sphalerite is the chief ore of zinacdhsists largely of zinc sulphide in crystalline
form, but almost always contains variable iron. Whige iron content is sufficiently high it is an
opaque black variety, marmatite. It is usually foun association with pyrite, galena and other
sulphides along with dolomite, calcite and fluariéghe mineral will crystallize in the cubic
crystal system. In the crystal structure, zinc smighur atoms are tetrahedrally coordinated. This
structure is closely related to the structure @intbnd (Figure 40). The hexagonal analogue is
known as the wurtzite structure. The lattice camistar zinc sulfide in the zinc-blende crystal
structure is 0.596 nm, calculated from geometryiané radii of 0.074 nm (zinc) and 0.184 nm
(sulfide). It forms ABCABD layers. Its colour is wally yellow, brown or grey to grey-black,
and it may be shiny or dull (Figure 41). Some efdharacteristic is that it has a yellow to light
brown streak, a hardness of 3.5 - 4 and a speagiéivity of 3.9 - 4.1. The refractive index of

sphalerite is 2.37. Some specimens of sphalerta@lao fluorescent in ultraviolet light [75].

Figure 40: Zinc blende crystal structure [76] and etrahedral arrangement [77].
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Figure 41: Different types of sphalerite [76, 79,5, 80].

7.2 Wurtzite

Wurtzite is a zinc sulfide mineral, a less freqieencountered mineral form of sphalerite. Its
crystal structure is called the hexagonal wurtengstal structure, to which it lends its name
(Figure 42). This structure is a member of the heral crystal system and consists of
tetrahedrally coordinated zinc and sulphur atonas #ne stacked in an ABABAB pattern. The
unit cell parameters of wurtzite ase= b = 3.81 A andc = 6.23 A. Its colour ranges from
brownish black, orange brown, reddish brown to bl@igure 43). It can be characterized by a
hardness of 3.5 — 4, a light brown streak and aipegravity of 4.0 [81]. It occurs in
hydrothermal deposits associated with sphalerit@jcopyrite, pyrite, barite and marcasite. It
was first described for an occurrence in Pribramedd Republic in 1861 and named after the
French chemist Charles-Adolphe Wurtz [82].
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Figure 43 Different types of wurtzite [84, 85, 86].
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7.3 Matraite

Matraite is the rarest form of zinc sulfide. It kmbexagonal crystal structure, a hardness of 3.5 -
4, a yellow white streak and a brownish yellow ewl@~igure 44). It was named after the Matra

Mountains in Hungary [87].

Figure 44: Matraite [84].
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Chapter 3

Theory of characterization techniques.

The powders that were investigated in this studyewsharacterized using scanning electron
microscopy (SEM), energy dispersive x-ray spectpgc (EDS), transmission electron

microscopy (TEM), x-ray diffraction (XRD), UV-Vispgctroscopy, photoluminescence (PL),
cathodoluminescence (CL), Auger electron spectmsc@ES) and residual gas analyses
(RGA). The theory of these characterization techegjcan be found in this chapter. It also gives

the experimental setup and layout of the methodd t@ characterization.

1. Scanning electron microscopy (SEM)

1.1 Theory

Scanning electron microscopy (SEM) is used to iosf®e topographies of specimens at very
high magnifications (Figure 1). The magnificatiaanayo to more than 300 0000 x. During SEM

analysis, a beam of electrons is focussed on avspoine of the specimen. The electron beam
has energies that range from a few keV to 50 ka¥/itis focussed by two condenser lenses into
a beam with a very fine spot size. This beam thess@s through the objective lens, where pairs
of coils deflect the beam either linearly or inaster fashion over a rectangular area of the
sample surface (Figure 2). When the primary elecb®am strikes the surface of the sample it is
scattered by atoms in the sample. Through thistestay events, the primary beam spreads
effectively and fills a teardrop-shaped volume (ffegg3), know as the interaction volume, and

this extends about 1 toibn into the surface. Secondary electrons are emiitted interactions

in this region, they are then detected, convexet\toltage and amplified to produce an image.

More than one type of signal can be produced by $#8Ml they include secondary electrons,
back-scattered electrons (BSESs), characteristiays;rcathodoluminescence, specimen current
and transmitted electrons. Specialized detect@sequired for the detection of these signals and

they are not usually all present on a single mafiih
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Figure 1: SEM micrograph of pollen [1].

The SEM and EDSystem used in this study is showrFigure 4.
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Figure 2. Schematic diagram of a typical scanning electromicroscope [2]
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Figure 3: Electrons produced in SEM [3].

Figure 4: SEM system at the Centre for Microscopy aUFS.

2. Energy dispersive x-ray spectroscopy (EDS)

2.1 Theory

The chemical composition of the synthesized powdesed in this research study was
determined by EDS analysis. EDS is an analyticrtiegte and is used for elemental analysis or

chemical composition of a sample. When a samplmmbarded with electrons it can emit x-
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rays, which can be analysed. By measuring the sitienlistribution and energy of trx-ray
signal generated by a focussed electron beam inmgran a sample, the chemical analysic
the sample can be obtained. The source of therefebeam is the electron gun of a scant

electron microscope.

To stimulate a measurable response frcspecimen, an electron or photon beam is aimed ¢
into the sample to be characterized. At rest, amawithin the sample contains ground stat:
“unexcited” electrons, situated in probability deehround the nucleus. The incident be
however, excite an electron in an inner shell, prompting its &@pec and resulting in th
formation of a hole within the atom’s electronicusture. An electron from an outer, hig-
energy shell then fills the hol&igure £), and the excess energy is released i form of an x-
ray (Figure 6). The release o-rays creates spectral lines that are highly smetifiindividual

elements; thus, by analyzitige »ray emission data the sample in questian be characterid

3].
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Figure 6: Characteristic x-ray radiation [5].
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An EDSspectrum is given as the output of EDS analysis (Figure 7lhis spectrum is a plot «
how frequently an xay is received for each energy level and it iegiin counts per secd. It
normally displays peaks that correspond to enezgglé from which the most-rays have been

received. Each peak characteristi of an element.

T [Si022ZnS un 011
i [Peak]

[Counts]
L

.
Znla
:

..............................................................

]
Lka

[Eelr]

Figure 7: Example of an EDS spectrum of Si:ZnS nano phosphors

3. Transmission electronmicroscopy (TEM)

3.1 Theory

Transmission electron microscopy is a microscomhrigue whereby a beam of electron:
transmitted through a very thin sample and intémgawith the sample as it passes through.
interaction of the electrons transmittthrough the sample is forming an image. This imac
magnified and then focussed onto a fluorescenesape it can be detected by a CCD can

The imaging capability of TEMs has a significanttygher resolution than that of lig
microscopes, becausaf the small de Broglie wavelength of electrons.eTinstrument i

therefore enabled to examine fine de- even as small as a single layer of atoms. TEM ¢sl
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in a range of scientific fields as a major analysisthod, in both biological and physical
sciences. Applications of TEM are in material scesnpollution and semiconductor research,

virology, and cancer research.

The operation of the TEM requires an ultra highuam and a high voltage (300 kV). The
electrons are emitted by a source and then itcssed and magnified by a set of magnetic lenses
(Figure 8). The imaged that is formed is eithevamon a fluorescent screen or on a monitor and
it is printed on photographic film. The resolutipower is usually restrained by the technique
with which the preparation was achieved and thelitguaf the lens system. Today's
transmission electron microscopes offer resolutigmgo 0.1nm at 300kV and probe diameters

up to 0.34nm.

TEM exploits three different interactions of el@ctr beam-specimen; unscattered electrons
(transmitted beam), elastically scattered electi@iffracted beam) and inelastically scattered
electrons. Different types of images are obtaime@EM, using the apertures properly as well as
the different types of electrons. As a result, rdiffion patterns are shown because of the
scattered electrons. If the unscattered beam ésteel, we obtain the Bright Field Image. Dark

Field Images are attained if diffracted beams atected by the objective aperture [6]. Figure 8
shows a schematic diagram of the layout of a typld&M and Figure 9 shows the sample

holders that are used in TEMSs.
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Figure 8: Schematic diagram of a TEM [7].

3 mm.

Figure 9: TEM sample support mesh “grid”, with ultr amicrotomy sections [8].
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Figure 10 shows the TEM at the Centre for MicroscapUFS.

Figure 10: TEM system at the Centre for Microscopyat UFS.

4. X-ray diffraction (XRD)

4.1 Crystal structure

Solid matter consists out of two types of mater@ahorphous and crystalline. In an amorphous
sample the atoms are arranged in a random waylgsitaiwhat we find in a liquid). Glasses are
an example of amorphous materials. In a crystallem@ple the atoms are arranged in a regular
or ordered pattern and there is a smallest volusraent that, by repetition in three dimensions,
can describe the crystal (just like a brick walh ¢ described by the shape and orientation of a
single brick). This smallest volume element isadla unit cell. The dimensions of this unit cell
can be described by three axes namely: a, b and tha angles between the axis @rf andy.

A schematic diagram of the unit cell is given iguie 11.
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Figure 11: A unit cell from a three dimensional lattice [9].

About 95% of all solid materials can be describedcgystalline. When -rays interact with
crystallinesubstance a diffraction pattern is formed. Thiggwatoia pure substance is theref
acting asa fingerprint of that substance. The powder ditiacmethod is used for identificatic

and characterization of polycrystalline prs.

When an electrors placed in an alternating electromagnetic fiélayill oscillate with the sam
frequency as the field. The electrons around amatall start to oscillate with the san
frequency as the incoming beam when -ray beam hits the atom. Destructive iference will
be found in ahost al the directions, thai, the combining waves is out of phase and therk
be no resultant enerdgaving the sample. The atoms a crystal are however arranged in
ordered way andonstructive interference withereforeoccur in a very few directions. The
waves will be in phase and there will be well defin-ray beams leaving the sample at vari
directions. A diffracted beam may be therefore dbed as a beam composed of a large nur

of scattered rays mutlareinforcing one anothe

This model is very complex to handle mathematicalty it is preferred to talk abou-ray
reflections from a series of parallel planes inglte crystal. The Miller indices h, k, | define 1
orientation and interplanar spacings of these glafike a xis of the unit cell will be cut into
sections, the b axis into k sections and the c e | sections by a given set of planes v

indices h, k, I. When the planes are parallel éodbrresponding axis it is indicated by a z
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4.2 Bragg’s Law

Bragg's law is the basis of XRD analysis. With th&w it is possible to make accurate
guantifications of experimental results in the deieation of crystal structures. The law was
derived by English physicist Sir W.H. Bragg and $ios Sir W.L. Bragg in 1913. It was used to
explain why the cleavage faces of crystals appeaefiect x-ray beams at certain angles of

incidence.

A B
Figure 12: Deriving Bragg's law using the reflectiom geometry and applying trigopnometry.
[10].

The lattice planes in the simple crystal in Figlipeare separated by a distance d. Bragg’s law is

given by
nA =2dsinéd (1)

The angle between the transmitted and diffractenisewill always be equal tdDecause of
the geometry of the Bragg's condition. This angén de obtained readily in experimental
situations and the results of x-ray diffraction #nerefore given in terms o021t is however
very important to remember that the angle thatsedun the Bragg’s equation must correspond
to the angle between the incident radiation andlifieacting plane, i.e0 [10].
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5. UV-Vis spectroscopy

5.1 Theory

Several processes are possible when a samplemaslatied by the application of an external
electromagnetic radiation source. The radiation foarexample be reflected or scattered. What
is important is that some of the radiation can bsogbed and promote some of the sample into
the excited state (Figure 13). In absorption spsctpy the amount of light that is absorbed is
measured as a function of wavelength. Both qualgaand quantitative information can be

obtained from the sample using this method.

Every molecular species is capable of absorbing oen characteristic frequencies of
electromagnetic radiation. In this process enesgiyansferred to the molecule and results in a
decrease in the intensity of the electromagnefitateon that is incident on the sample. The
radiation is thus attenuated because of absorplibe. Beer-Lambert law or just Beer’'s law
(absorption law) is quantitatively giving how theneaunt of attenuation depends on the
concentration of the absorbing molecule as weltha@spath length over which the absorption
occurs. When light traverses through a medium doatains an absorbing analyte, intensity
decreases will occur when the analyte becomes eskciFor a sample with a certain
concentration, the longer the path length of tgatlilength of the medium through which the
light passes), the more absorbers will be in thé pad the greater the attenuation. Also, for a
given path length, the higher the concentratiothefabsorbers the stronger the attenuation of the
light beam.
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Absorbing
solution of
concentration ¢

Figure 13: Attenuation of a beam of radiation by anabsorbing solution. The larger arrow
on the incident beam signifies a higher radiant poer than is transmitted by the solution.

The path length of the solution is, and the concentration isc [11].

Figure 13 is a schematic diagram showing the adiigom of a parallel beam of monochromatic
radiation passing through an absorbing solutiothicknessh centimetres and a concentration of
c moles per litre. The interactions between the @hetand absorbing particles cause the radiant
power of the beam to decrease frBpto P. The fraction of incident radiation transmittedthg
solution is the transmittancE of the solution, as shown in equation 2. Trangmde is often

expressed as a percentage called the percent ittarsra.
T=— (2)

The absorbancé@ of a solution is translated to the transmittanteilogarithmic manner, as
shown in equation 3. When the absorbance of aisnluhcreases the transmittance will

decrease.

A=-logT
3)

P
=log—=2
Ip
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5.2 Beer’s Law

Absorbance is directly proportional to the concatndn of the absorbing speciesand to the

path lengthb of the absorbing medium, according to Beer’s [ahis is expressed by equation 4.
P
A=log—2
7P (4)
=abc

with a a proportionally constant called the absorptiviisorbance is a unit less quantity so the
units of the absorptivity must cancel the unitbandc. If b has the units of cm aradhave the
units of g L}, then absorptivity must have the units of t@n. Whenb is expressed in cm and
the concentration in moles per litre, the propordidity is called the molar absorptivity and is
given the special symbal, Thus

A=¢bc (5)

wheree has the units of L mdlemi*[11].

5.3 Tauc’s relation

The band gap of the powder samples can be detetmisiag Tauc’s relation [12]. This is a
direct relation between the measured energy anddane gap. Figure 14 shows a schematic

diagram of the absorption process that takes plaaalouble beam UV-Vis spectrophotometer.
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—_— —_ |
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Figure 14: Schematic diagram of the absorption proess.

In Figure 14 the intensity of the beam that is mead after it had passed through the reference
is referred to a$, and the measured intensity of the beam passiogighrthe sample is The
relation betweeth andlg is given by equation 6

| =1 gl (6)

wherea is the absorption coefficient,is the concentration ands the path length of the cuvette

(10 mm in this case). Equation 6 can be rewrittethis form
(7)

By taken logs on both sides of equation 7 it cancbeitten as

lOQ(II_J =-axt (8)

and by making the subject of the formula a relation for the apson coefficient can be found

in terms of known parameters. This relation is giweequation 9

78



(9)

The absorbance that is measured with the equiprsedual toitlog (ITOJ . It is also equal to
X

the absorption coefficient, so the absorption coieiiit is therefore equal to the measured

absorbance and can be used directly in Tauc’'sgalatithout any conversion.

Tauc’s relation [12] is given by

(a'hl/):(hl/—Eg)n

(10)
(a'hl/)]/n = (hv— Eg)

wherea is the absorption coefficienhy is the photon energy arig, is the band gap of the
material.n indicates the type of transition. The valuendior allowed direct, allowed indirect,

forbidden direct and forbidden indirect transitioase 1/2, 2, 3 2, and [13, 14]. When

(ahv)yn =0 then 0=hv-E, and this means thla = E,. From this it can be seen that by

extrapolating the linear portion of the graph andkimg (ahv)]/n =0 the band gap of the

material can be obtained.

Absorption and percentage transmittance measuremesne performed on the powders using a
Shimadzu UV-1700 PharmaSpec UV-Vis spectrophotontBtgure 15).
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Figure 15: The Shimadzu UV-1700 PharmaSpec UV-Vigsectrophotometer.

6. Photoluminescence spectroscopy (PL)

6.1 Theory

Photoluminescence is a non-destructive, contacttethod of probing the electron structure of
materials. Photo-excitation occurs when light ieclied onto a sample and it gets absorbed and
imparts excess energy into the material. One ofmangs this excess energy can be dissipated by
the sample is through the emissions of light. Tgrigcess is called luminescence. When the
luminescence is accompanied by photo-excitatiois italled photoluminescence (Figure 16).
Various important material properties give a dinmgasure of the spectral content and intensity
of this photoluminescence.

Electrons within the material moving into permigsitexcited states are caused by photo-
excitation. Excess energy is released when thesgrehs return to their equilibrium states, and
this may include the emission of light (radiativ@gess) or a non-radiative process (Figure 16).
The energy of the emitted light relates to theeddéhce in the energy levels between the two
electron states that is involved in the transiti@tween the excited and equilibrium state. The

relative contribution of the radiative processdkated to the quantity of the emitted light.
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Figure 16: Ey is the band gap energy. On the left a high enerdgser photon kicks an
electron from its orbit. The electron loses some engy until it reaches the bottom of the
conduction band. Two possible transitions are showan the right hand diagram. On the

left the electron combines immediately with a holen the valence band, emitting a photon of
energy Eg. On the right it gets stuck in a 'mid-gajpstate (impurity level) emitting a lower
energy photon [15].

Photoluminescence can be used in many differensway

6.1.1 Determination of the band gap.

The most common radiative transition in semiconoltscts between states in the conduction and
valence bands, with the energy difference betwbeset bands being known as the band gap.
When working with new compound semiconductors tleeemnination of the band gap is

particularly useful.

6.1.2 Detection of impurity levels and defects.

Localized defect levels are also involved in radattransitions in semiconductors. Specific
defects can be identified by using the photolungease energy associated with these levels and

their concentration can be determined by the amouphotoluminescence.

81



6.1.3 Mechanisms of recombination.

Recombination or the return of electrons to thquikbrium state, can involve both radiative and
non-radiative processes. The dominant recombingironess directly relates to the amount of
photoluminescence and its dependence on the ldvehato-excitation and temperature. The
understanding of the underlying physics of the nelgimation mechanism is greatly assisted by

the analysis of the photoluminescence [16].

The PL measurements were done using either a 325&@d (26mW) laser as an excitation

source (Figure 17 and Figure 18) or a Cary Eclihgeescence spectrophotometer (Figure 19).

Figure 17: PL system at NMMU with a 325 nm HeCd (281W) laser as an excitation source.
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Figure 18: Schematic diagram of the PL system at NMU.

Figure 19: Cary Eclipse fluorescence spectrophotorter.

7. Cathodoluminescence (CL)

7.1 Theory

Cathodoluminescence is an electrical and opticahpmenon where an electron gun generates a
beam of electrons and this beam then impact onmankscent material such as a phosphor,
causing it to emit visible light. The screen ofetevision is the most common example (Figure
20).
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Figure 20: The inside of a television or computercseen. 1-3 shows the cathode ray tube
(CRT) and 4 and 5 shows the phosphor coated screftv].

Cathodoluminescence occurs when a high energyretebeam impinges on a semiconductor,
which will excite electrons from the valence bandhe conduction band, leaving a hole in the
valence band. With electron-hole recombinatiorsipossible for a photon to be emitted. The
energy (colour) of the photon and the probabilitgtta photon and not a phonon will be emitted
depends on the material, its defect states andtypuAny non-metallic material or

semiconductors can be examined in this case. Ahigicussed electron beam impinges on a
sample and the sample emits light from a localiemesh. An optical system (such as an elliptical
mirror) collects this light. A fiber optic will trasfer the light out of the microscope, where itl wil

be separated by a monochromator and then detegteglotomultiplier tube.

Direct band gap semiconductors are most easily eahby this technique, but indirect band
gap semiconductors such as silicon also emit wexadds of light, and can be examined as well.
In the case of a semiconductor specimen, the cathiihescence energy is equivalent to the

energy gap between the valence and conduction (bamdl gap) [18].

CL data were collected for 24 hr with a S200/PC20@B2000/HR2000 spectrometer type
using OOI Base 32 computer software. Figure 21 shilve whole system (ESCA system) that
can record a CL, AES and RGA spectrum simultangousl|
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Figure 21: The ESCA system.

8. Auger electron spectroscopy (AES)

8.1 Theory

Auger electron spectroscopy (AES) is a surfaceygioal technique and it can determine the
chemical composition of the surface layers of aganmAn electron beam excites the sample and
the beam can be focussed into a fine probe. TheAeifect is an electronic process at the heart
of AES resulting from the intra- and interstatengidions of electrons in an excited atom. When
an atom is probed by an electron beam (energy r2keg - 50keV), an electron from the core is
removed leaving behind a hole (the ionization stepigure 22). An outer shell electron then
fills the core hole (the relaxation step in Fig@®. The electron that moves to the lower energy
level (core state) loses an amount of energy thatjual to the difference in orbital energies. The
energy that is lost can either appear as an xdnayom or it can be transferred to another electron
which is then ejected from the atom (step 3 in F@gR2). This ejected electron is called the
Auger electron. This electron then moves throughsibiid and looses some of its energy through
inelastic collision with bound electron in the solif the Auger electron is however released
sufficiently close to the surface, it can escapedirface with little or no loss in energy and can

be detected by an electron spectrometer.
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Figure 22: Schematic diagram of the Auger effect [].

The characteristic kinetic energyx(w) of the ejected electron is (Figure 23):
Eov =B~ R - (11)

where K, E_ and g, are the energies of the respective shells. Thetikienergy of the ejected
electron is independent of the mechanism of initiale formation. The type of element
determines the energies of the different orbitalsells) of the atom. The composition of the
surface of a sample can therefore be determine@ piobability of the emission of a
characteristic Auger electron from a lighter eletrisrigher than for heavy elements, because in
heavy elements the electrons in the 1s shell are tightly bound to the nucleus, and the AES
technique is therefore more sensitive to the lightements. AES must be performed under ultra
high vacuum (UHV) conditions (pressures of°1010%° Torr) to prevent gasses from absorbing
and scattering the very low energy Auger electramg to prevent the formation of a thin “gas

layer” on the surface of the specimen degradindytioal performance [20].
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Figure 23: Diagram showing the characteristic kinat energy of the ejected electron [21].

The AES spectra were recorded in an ultrahigh viac(luHV) chamber with a PHI Model 549
system (Figure 21).

9. Residual gas analysis (RGA)

9.1 Theory

Residual gas analysis is used to identify the gads® are present in vacuum environments. In
this study RGA was used to determine the diffekentl of gas species present in the vacuum
environment during AES and CL measurements. Rekighs analysers operate by creating a
beam of ions from samples of the gas being analy8ad results in a mixture of ions and they
are then separated into individual species thrabgin charge-to-mass ratios. A typical RGA has
three major parts: ionizer, mass analyser and meteatior. The output spectrum of an RGA
shows the relative intensities of the various geses that are present. This output is known as

a mass spectrum or mass scan.

The molecules of the analysed gas are turned omte by an ionizer through electron impact
ionization. An electron beam is used to strike ¢fas atoms to ionize them. A hot emission
filament generates this ionizing electron beam iansl extracted by means of an electric field.
Reactive gasses like oxygen can easily destroyhttiigilament and that is why RGA’s operate

at pressures of less that“Uorr.
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The mass analyser distinguishes the ions from #éisefpm each other in terms of their masses.
Various mass separation techniques exist, but gmsranalysers used in RGAs usually employ
the RF quadrupole (Figure 24). This quadrupolefbas cylindrical rods that are provided with
combinations of DC and AC voltages of varying freqay. For a given applied frequency only
ions that possess the right mass-to-charge ratiaeach the ion collector. For the detection of
ions at less sensitive ranges a Faraday cup mawsbd, but for ion detection at higher

sensitivities, an electron multiplier is required.

Faraday Cup

|

Mass Separated
lon Beam

lonizer

Figure 24: Schematic diagram of a RF quadrupole [Z2

The mass spectra are usually represented as andttag mass-to-charge ratio on the x-axis and
the relative intensities on the y-axis (Figure Z9)e peaks that are exhibited by a mass spectrum
must be interpreted properly since these can bagaimiis in certain cases, such as when two
different molecules exhibit the same mass. By kmgwiow the two different molecules with the
same mass would dissociate into smaller fragmentferent mass-to-charge ratios (known as

cracking patterns) allows for absolute identifioatbf the gas.

In the semiconductor industry, RGA is used in idgimg vapours, gases, or residues for the
purpose of finding leaks in vacuum systems andiefitmg contaminants that causes process

problems or product failures [23].
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Figure 25: Example of a RGA mass spectrum [24].

RGA was performed to determine the volatile gascigseduring electron bombardment of a
sample, by using the Anavac-2 mass analyser (Fgflire
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Chapter 4

Luminescent mechanism of ZnS:MA*

In this chapter the luminescent mechanism of Zn$Nindiscussed. An explanation of thia-

®A; transition of MA" is given as well as an explanation of the termvslired. The role of the
Tanabe-Sugano diagrams in explaining the termshiedois given as well as how the Russell-
Saunders coupling scheme and the Ligand field thean explain the Tanabe Sugano diagrams.
By using the energy dispersion and configuratimoardinate model the blue and red shift in the

excitation and emission spectra of ZnS and Zn$'Mre explained.

1. Introduction

When ZnS is doped with Mfiorange emission is observed. This orange emissidoe to the
“T1-°A; transition of MA*. These transitions were explained in terms of Ta@abe-Sugano

diagrams for the® level and the Ligand field theory by differenteaschers [1-5].

2. Orgel (Correlation) diagrams

Orgel diagrams shows the energies of all possésteg for a given d electron configuration as a
function of the ligand field splitting [6]. It shows the energy levels of both high spatahedral
and tetrahedral transition metal ions. It only shdahe spin allowed transitions [7]. The left and
right sides of the diagram represents two extreifiks.left hand side is for a free ion (no field)
and LS coupling determines the energies of thegemmicrostates. The right hand side is for a
coordinate ion (ligand field) and the ligand fidlitting determines the energy of the terms or

microstates.
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Figure 1: a) Orgel diagram for complexes with D grand terms and b) Orgel diagram for

complexes with F and P ground terms [8].

In Figure 1 (a) the Orgel diagram for a complexhwid ground terms is shown. Only one
electronic transition is expected and its energyesponds directly to i, d® tetrahedral and
d*, d® octahedral complexes are covered on the left Isifel and on the right hand sidé d°
tetrahedral and, d® octahedral. Figure 1 (b) shows the diagram for mlexes with F ground
terms. Three electronic transitions are expected Rnmay not correspond directly to the

transition energyd?®, d’ tetrahedral and®, d® octahedral complexes are covered on the left hand
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side andt®, o tetrahedral and?® and high spird’ octahedral complexes are covered on the right

hand side.

3. Tanabe-Sugano diagram for a d5 ion

The Orgel diagrams lack some features necessamyrdatical quantitative use. Calculations of
electronic state energies as a function of ligaeldl fstrength are available and this can be used
for quantitative fitting of observed spectra. Tamadnd Sugano has taken these results and
compiled the Tanabe-Sugano diagrams [3] and theysed to interpret spectra for ions of all
types, fromd® to d®. The Tanabe-Sugano diagrams are a modified fdrtheoOrgel diagrams
and they are able to predict the transition enerfpe both low spin (strong field) and high spin
(weak field) complexes , as well as for both splaveed and spin forbidden transitions. The
energy of the electronic states is expressell/Bgy-axis) and this is plotted against the ligand
field strength4 /B (x-axis).E is the term energyB is the Racah parameter ands the ligand
field splitting energy.

The Racah parameter can be explained as followswBé¢n you have a multi-electron atom,
there exists some electrostatic repulsion betwkesget electrons. This repulsion is not the same
for each atom and varies from atom to atom, demgndn the orbitals they occupy and the
number and spin of the electrons. The three paesat B and C, which are known as the
Racah parameters, express the total repulsion at@n. Giulio Racah first described them in
1942 [10]. They can be obtained empirically frons-gphase spectroscopic studies of atoms. In
transition-metal chemistry they are often useddscdbe the repulsion energy associated with an
electronic term. Sinc€ = 4B, terms with energies that depend on ®#ndC can be plotted on

the same diagrams.

The zero energy of the diagrams is always takeheground state term (lowest term) therefore
the energy is a relative energy with respect toglamund state. Some diagrams are therefore
discontinuous (see* —d’) when the ground term is changed [11]. This happemen the ligand

field becomes strong enough to favour electronipair
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Energy

State 2

State 1

Changing parameter

Figure 2: Illustration of the noncrossing rule: This rule states that if two states of the same

symmetry are likely to cross with the change of agrameter (thin lines), they will avoid

crossing and will mix together (thick lines) [11]

Curved lines are observed for both the Orgel anthba-Sugano diagrams. This is due to mixing

of terms of the same symmetry type. These stateg thte noncrossing rule which states that if

the increasing ligand field causes two weak fielanis of the same symmetry to approach, they

will bend apart from each (Figure 2) other and db eross. They will mix generating a lower

and higher energy state.

Mn has 25 electrons. The electron configurationMaris [12]:

1%, 287, 2p° 3%, 3p°, 457, 3d° or [Ar]4s’,3d°

Mn?* has 23 electrons. The electron configuration fof Ms:

1s%,25%,2p°,35%,3p°, 3d° or [Ar],3d”

3d

3p U 1L 1L
3s |1}

2p U1 1)
2s |1

1s | 1]

d° configuration
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Figure 3: Aufbau diagram of Mn?*,

From the electron figuration and the Aufbau diagfrMn®* (Figure 3) it can be seen that fn
has ad® configuration and is thereforeddion. The Tanabe-Sugano diagram fa’on can thus

be used to describe the states and terms 6f.Mn

4 4

80

E/B

0 10 20 30 40 50

A /B

1]

Figure 4: The Tanabe-Sugano diagram for a@° ion [13].

As is the case for the Orgel diagrams, the Tanalyga$ diagrams (Figure 4) have also two
extremes. The left side can be described by dis®uSaunders coupling scheme and the right

side by the Ligand field theory.
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4. Russell-Saunders or LS coupling scheme.
4.1 Quantum numbers

4.1.1 Principle quantum number (n)

This number largely determines the size and enefrdjye orbitals. Electrons in an atom reside in
shells and these shells are characterized by myartvalue of n. n =1, 2, 3... The main shells
are labelled as follow: K (n = 1), L (n = 2), M£n3), etc (Figure 5).

M, 32

M, 18
L. g

K, 2

Figure 5: Diagram of the shells of an atom [14].

4.1.2 Azimuthal or Orbital quantum number (1)

This number determines the shape of the orbitaé &lectrons in each shell can occupy an
orbital and these orbitals are described by thétarguantum number) | = 0, 1, 2, 3, ...,
(n - 1). The orbitals are traditionally termed sdpf, etc.
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4.1.3 Magnetic quantum number ()

m, is a subset of and describes orbitals orientation in space. totes the available energy
levels within the subshells (Figure 6). The allowatues of m=1,1-1,1-2, ... 1,0, -1, ... , K
-2), -(-1),1.

Table 1 gives the relationship between the diffeqgrantum numbers for each orbital.

Table 1:Relationship between quantum numbers.

Orbital | Values Number of values fori m
S l=0,m=0 1

P =1, m=-1,0,1 3

D =2, m=-2,-1,0, +1, +2 5

F =3, m=-3,-2,-1,0, +1, +2, +3 7

G =4, m=-4,-3,-2,-1,0, +1, +2, +3, +4 9

// Px

z
_i

s subshell A V _¥ Py
[
P

p subshell
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d subshell

Figure 6: Diagram of the s, p and d subshells [15].

4.1.4 Spin quantum number (ng)

ms is the fourth quantum number and it indicatesdhentation of the spin axis of an electron.

The Pauli Exclusion Principle states that “no tiectons in the same atom can have identical
values for all four of their quantum numbers.” Tmeans that only two electrons can occupy a
subshell of an orbital and these electrons muse fegposite spins (up and down spins). The

value of myis either +%2 or -¥2 (Figure 7).
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—— —
mg = +3 mg = -

Figure 7: Schematic diagram illustrating the orienation of the spin of an electron. Because
of the spin the electron can be treated as a tiny agnet [16].

4.2 Coupling types

In the case of Russell-Saunders coupling threestgpeteractions can occur:

* Spin-spin coupling or coupling of spin momenta.
» Orbit-orbit coupling or coupling of orbital angularomenta.

» Spin-orbit coupling or coupling of spin and orbigéedgular momenta.

4.2.1 Spin-spin coupling (S)

The resultant spin quantum number of a systematftins is S. Electrons in the same orbital
can only have two relative orientations: spinningopposite direction and spinning in the same
direction. The spins can be added vectorially &edrésultant lies in the same straight line as the
component vectors. The spins also combine vechpiimla many electron atom. When there is

an even number of electrons S takes on an integraber and for an odd number of electrons it
takes on a half integral valuB.s the resultant spin angular momentum vectoritisdrelated to

the quantum number S by the expression
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s=./(s(s+1))n (1)

where S =tl5.

oo (0T

(2)
_ fs/
=V9 h
and the z component (Figured)the spin angular momentum 17]:
S =% 2h (3)

Figure 8: Diagram showing the different components of the spiangular momentum |17].

4.2.2 Orbit-orbit coupling (L)

A vector can represent the orbital angular momentamad the resultant angularrbital
momentum is a vectocombination of the angular momentum of all occupdehitals in the
atom. In a two electron atom each electron occuprbdal has its own angular momentum,
it is also affected by the other occupied orbitgular momentum, because they are col
together by electrostatic forces between the @astand the nucleus and between the elec
them self. The angular momentums therefore act @amh other, and cause precession ar
the direction of the resultant angular momentFigure 9). This @mains constant in magnitu

and direction by the principle of conservation nofjalar momentum. L is the resultant ang:
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momentum of the whole occupied orbital systém.the vector quantity for a single electron and

it is expressed by
1= (10 +2))n (4)
and for many electrons:
L=(L(L+1))n (5)

where L is the quantum number of the resultanttarangular momentuml, the angular
momentum vector, makes a constant angle with tfeetibn ofL, therefore precession of each
orbital angular momentum takes place about thectiine of L in space. It does not precess if
one of the individual’s is already parallel t&.. For an s orbital = 0 (see orbital quantum
number). The angular momentum of two p orbitals @ambine in one of three wayis:= 0,1 or

2| (Figure 10).

Figure 9: Coupling of orbital angular momenta (Rediawn from reference [18], p89).
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Figure 10: Vectorial combination of orbital angular momenta, showing three possible

values for L (Redrawn from reference [18], p89).

4.2.3 Spin-orbit coupling (J)

For a single electron it is clear that the couplafigts spin and orbital angular momenta must be
by means of their magnetic field, because themoiglectrostatic coupling between them. The
coupling between spin and orbital angular momeastaherefore magnetic. The coupling of
angular momenta in an atom can theoretically berded by either the Russell-Saunders (LS)

coupling or the jj coupling.

4.3 Russell-Saunders (LS) coupling

The resultant spin angular momentuB) s given by the electrostatically coupled sepasain
angular momenta. The resultant orbital angular nmdome () is given by the electrostatically
coupled separate orbital angular momesandL are coupled magnetically. When they are
combined vectorially they give the resultant angai@mentum of the atod This is related to

the quantum numberby the expression:
I=J(3(3+1))n (6)

J=(L-9,L-S+1),...,L+S-1), L+9. From these values dfis can be clearly seen why
this form of coupling is called LS coupling. Thipgdies, in general, to the lighter elements
(Figure 11).
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precession off
andS aboutJ

Figure 11: Russell-Saunders (LS) coupling. (Redrawfrom reference [18], p90).

4.4 jj coupling

For each electron the spin and orbital angular nmaome are coupled magnetically together and
this gives the resultant angular momentum of tleetednj (Figure 12). This is related to the

guantum number j by the expression:
j=y(i(i+1)n 7)

Magnetically combination of all thges gives the resultant angular momentum of the atdm (
This method of coupling applies to the heavy elesm@rhere the electrostatic coupling between

the electrons is small.
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precession of
ands aboutj

Figure 12: Coupling of | and s for a single electno. (Redrawn from reference [18], p91).

L and S precess round J in the case of the RuSaalders coupling. The separate j's precess
round J in the case of jj coupling (Figure 13). Omrection and magnitude of J remains constant
in both cases.

Figure 13: jj coupling. j1 and j, precess around J (Redrawn from reference [18], p91

4.5 Term symbols

The arrangement of electrons is represented byetime symbol. This symbol shows how the
electrons in ad" configuration are distributed among the 5 d otbitalheir electronic
arrangements will differ in energy depending on él&ent to with thel electrons interact (e.g.

suffer coulombic repulsions) [19]. The term symisadlefined as
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25+1
L, ®)

The values of5, L andJ are determined as follows:

*S

S is the total spin of an atom and it is the vecdom of the spin angular momenta of the
individual electrons [20]

S=2m, 9)

ms = +%% if it is spin up and = -¥% if it is spin down (Figure 7).2+ 1 is the multiplicity of an

atom and this is the total spin of an atom. Theeslfor & + 1 are:
S= 0 12 1 32 2 5/2 ...
2S+1= 1 2 3 4 5 6 ...

The value of 8 + 1 shows the multiplicity of the atom. Fd82 1 = 1 it is a singlet, for@+ 1 =

3 atriplet and for 8+ 1 = 6 a sextet.

L

L is the total orbital angular momentum and it ie trector sum of the individual orbital
momenta of the electrons [20]

L =2m (10)

By analogue with the notatiorssp, d, ... for the orbitals with = 0, 1, 2, ..., the total angular

momenta is denoted by the upper-case equivalents:
L= 0 1 2 3 4..

S PDF G
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*J

The total spin-orbit angular momentum is denoted Kgquation 6). The quantum number J can

take the following valuesi(-S), (L-S+ 1), ..., L +S-1), L +9. For the different values of
L andSthe values fod can be: 0, 1, 2 ... or 1/2, 3/2, 5/2 ... There a®{2 possible values of

Jfor S<L and (2L + 1) values afforL > S

Term symbol for the ground state

The ground state refers to free ions. In this eeseare looking at free transition metal ions (no

ligands). Hund’s rules must be obeyed in this arder

1. The ground state has a maxim@nvalue; that is the maximum number of unpaired

electrons.

2. It has a maximunk value (assuming rule 1 is already obeyed).

3. It has a minimum) if the shell is less than half full and maximunif the shell is more

than half full.

Table 2: Ground terms for the free ionibf

d" 2 1 0 -1 -2 S | Ground
Term
d [ 1 12| “D
S 1| F
| 1 1 1 32| °F
ottt 2 | D
ettt 52 | °S
R 2 | D
S I T R R I 32| °F
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Lttt 2|12 D

Table 2 gives the values of the ground terms ferftee ions ofi". The terms are determined as

follow:

» Sis the sum of the unpaired electrons each usivajwe of 1/2 { = +1/2,| = -1/2 andf|
=0).FordS=0+0+1/2+1/2+1/2=23/2

« The value oL is the sum of the labels for each column. For &(2 x 2) + (1 x 2) +0 -1
-2=3

« The ground term fords thereforéF

4.6 Microstates

Each atom or ion has its own unique set of quamtumbers. For example: The configuration of
a2fgionisn=21=1m=-1,0, 1; m=+1/2. Many configurations can fit that description.
These configurations are called microstates ang ktiae different energies because of their

inter-electronic repulsions. The number of micrtestas given by [21]

N

W =
Nt nt...n!

(11)

whereN! is the total number of electrons in the outerlsk@aldn is the number of electrons.

I

The number of microstates for the hydrogen atoTl—i'sl—l =2
. 6!

The number of microstates for the carbon ato% =15

|
The number of microstates for odaconfiguration isgllTO%l =120
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|
The number of microstates for odaconfiguration is% =252

From this we can see that the number of microsiatesase for more complex atoms and ions.
The different terms for each atom are ion can lierdened from the microstates. To do this a

certain stepwise method is used (the method isaengd for a Carboatom [8]):

1. DefineS=M=2m(S,S-1,...0,...-9ndL =M, = Zm (-L,...0, ...+L) [19].
2. Determine the possible valuesM{ andM; for the specific atom or ion.

For a Carbon atom: n= 1
= 1
ms=  +1/2
m= -1,0,+1
M= -1,0,1

M= -2,-1,0,1,2

3. Each microstate is described by using the notgtiori, m *) where + meansy= +1/2
and — meaney = -1/2 [22].

4. Draw a table oM, vs Mg and fill in the microstates (a Carbon atom hagriérostates
(Table 3)).
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Table 3: Microstates for a carbon atom.

Ms
-1 0 1
+2 11
10
+1| 10 10"
10
NN

M
-1 1
1A' 0
1| -10 170
-1 0"
-2 171

5. The terms are determined by looking at the valdiéd, 0

* The largestM, value is +2, so L = 2 which is a D term. The nplitity is
determined by the value ®.. In this caseMs = 0, so 2S + 1 = 1. The term is
therefore'D.

* The nextM, value is +1, so L = 1 which is a P termMs = 0,+1, so 2S + 1 = 3.
The term is thereforéP.

e The remainingV}, value is 0, so L = 0 whichisa S terMs=0,s02S + 1 = 1.
The term is thereforts.

6. The number of coulombs is an indication of the spuitiplicity.
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Ms

-1 0 1
+2 X
+1 X X X X

M| -1 X X X X

The blue block shows tI*'D term.
The red block shows th® term.
The green block shows t'S term.

This method of determining the microstates candsz dor any atom or ion. Table 4 the term

symbols that were determined from the microstatestiie f--p> and d-d° configurations ar

given.

Table 4:Terms symbols for the different configuratio23].

Configuration Terms

p1= pj p

P2 p! 3p 1D 13
p’ 13, 2p. 2D

dh, &’ D

d*, d® °P,°F, 15, D, G

d®, d P, D, D, *F, *G, *H. “P, *F

d!, d° 15,18, 'D, 'D, 'F, 1G, 'G, ', °P, °P, °D, °F, °F, *G, *H, "D
&’ 8, °P,°D, *D, *D, *F, *F, *G, *G, *MH, °1, *P, D, 'F, 1G, °S
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5. Ligand field theory

The Ligand field theory describes the orbital agement, bonding and other characteristic
coordination complexes. It is the representatiothefapplication of molecular orbital theory
transition metal complexes. A transition metal lome s, three p and five d orbitals. Th
orbitals have appropriate energy to form bonds wighnds. The geometry of the comp
(octahedral, tetrahedral, square planar) plays carble in Ligand fieldtheory and mos
explanations are given for octahedral complexegs&hcomplexes have six ligands, which

bond to a metal centr&igure 19).

Figure 14: Diagram showing the 6 ligands (L) of an octahedratomplex bonded to a meta
centre (M) [24].

A ligand is an ion, atom or molecule that is bontle@ central metal. It generally involves -
formal donation of one or more of its electr. Two types of bonding can take place nanwe
andrn bonding (Figure 15 anigure 1¢).

Bonding
- PQ + OQ: - OCDI
2pz sz "szz
Anti-bonding
: D@+ DA—: — oo™
N RS e NS — . W
2p; 2pz O 2,
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Figure 15: Diagram showing thees and = bonds for p orbitals [25].

Ethene

Figure 16: Diagram showing thee and = bonds in ethene 26].

The crystalstructure of ZnS is zinc blende. The zinc blendeacstire consists of tetrahed

structures that are bonded togetlFigure 17. Also, Zn and Mn have their valence electr
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occupying the d orbital. From here on we will ofitgus on tetrahedral symmetry and splitting
of the d orbitals and how the Ligand field theoppkes to it.
i
| &
| T
?

=

Figure 17: Zinc blende crystal structure [27] and étrahedral arrangement [28]

Figure 18 shows the five different d orbitalg;, dl,, di,, d and @ . -, and the combination of

all five.
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When it is a free ion, the energy of all five thibitals will be the same, but when the ion is
bonded to ligands there is a splitting in energpni- Figure 19 it can be seen for theahd d-.
yorbitals that the ligand neatly fits in between thkitals. There is no overlap of the orbitals and
the ligand and these two orbitals are at a lowerggnthan that of a free ion. In the case of the
dyy, d,; and @, orbitals the ligands and orbitals overlap caushrgm to be at a higher energy
than that of a free ion.

Figure 19: Tetrahedral sigma overlap for the d orbials of transition metals [30].

When a ligand field is applied, the five d orbitafsa free ion or atom splits up into the doubly
degenerategeand triply degenerategtsets (Figure 20). The symbols that are assignebetse
orbitals are as follows: for a singly degenerateital the symbol used is either a or b, for a

doubly degenerate orbital it is e and for a triggggenerate orbital it is t [12].
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Figure 20: Energy splitting of the d orbitals in aligand field.

When a ligand is applied to an ion or atom the gdbstate term symbol is split in its presence.
There is no effect on its spin and the multiplioiill therefore remain the same. The term will
be split in the same way as atomic orbitals. T&ldgves a correlation between the free ion terms

and their terms in the presence of a ligand field.

Table 5:Correlation between atomic and ligand field ter&,s20].

Atomic term | Ligand field components
S Ag

P Tig

D Tog+ B

F Tig+ Tog + Agg

G Aigt Eg+ Tigt Tag

H Eg+2 X Tyg+ Ty

| Argt Aggt+ Byt Tig+ Tag

An A term is singly degenerate, an E term doublgeserate and a T term triply degenerate [12,

19]. The subscripts 1 and 2 are used to distingogttveen states that have the same degeneracy.
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The subscriptg andu are used for molecules that have a centre of syrgngeshows states
whose wave functions are even (from the Gerrgaradg and u shows states whose wave

functions are unevemigeradeg, with respect to inversion through the centreyohmetry.

Just as the d orbitals of an atom is split by fhygliaation of a ligand field into§ and g orbitals,
so is a D term split into axJ and g term. In a tetrahedral or octahedral complex thergy of
the b4 set of orbitals is always lower than that of theet of orbitals. When a D term is split by
a ligand field, the Eterm is the ground term in some complexes andharacomplexes thex§

term is lower.

For A and E terms there is no orbital angular manr@n i.e. L = 0, but a T term describes an
electronic configuration with orbital angular morhem, i.e. L = 1. The ground state term
symbol can be predicted by considering whetherobmre have orbital angular momentum for a

particular electronic configuration. Let’s considiee d configuration (Figure 21) [19]:

&

Figure 21: d" electronic configuration.

The b4 set (dy, tk; and gy orbitals) is degenerated and has the same shapleese orbitals are
able to rotate into one another. If the one orbibéhtes into another and there is an electron in
that orbital, it will result in that electron roiag around the nucleus. This electron would have
orbital angular momentum associated with it. Thentsymbol is’D for a free d atom. This D
term symbol will split up int&ng andzEg, when a ligand field is applied. An E term doe$ no
have orbital angular momentum, while a T term hases and therefore we havéT,, ground
term. A d configuration has 4A,, ground term and a“chas a’Ey ground term [19]. This

method of working out the terms symbols only appteehigh spin complexes.
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6. Band theory[31]

A crystal consists of a periodic configuration ¢dras and this is called the crystal lattice. If we
look at the electronic states in these crystalscaresee that in an isolated state, the electrbns o
the atoms exist in discrete energy levels and tbenia wave functions characterize the states of
these bound electrons. Because of the overlapskatthe electronic wave functions belonging
to different atoms, their discrete energy leveld thave finite spectral width in the condensed
state. This is due to the fact that electrons cagoime itinerant between atoms, and they then
finally fall into delocalized electronic states whiis called electronic energy bands and these
bands also obey the symmetry of the crystals. &sdhenergy bands, the states with lower
energies are occupied by electrons originating flmoand electrons of atoms and are called
valence bands. Electrons originating from boundted@s of atoms occupy the states with lower
energy of these energy bands, and these stateslégd valence bands. Energy bands having
higher energies are unoccupied and are called otiodubands. Usually there is no electronic
state between the top of the valence band and dtienb of the conduction band in materials
having crystal symmetry (rock-salt, zinc blendenartzite structures), and this region is called
the band gap. The conduction band is called lile iecause of the fact that an electron that is
excited from the valence band, for example by giigor of light quanta, to the conduction band
is almost freely mobile. Only two electrons (spim and spin down) can occupy an electronic
state and electrons in valence bands can therefmréde mobile, because of this fundamental
property of electrons. When an electric field iplegd it is necessary for electrons in the valence
band to have empty states in order for them to ni@ady. A hole remains in the valence band
when an electron is excited to the conduction band, this hole behaves as if it was a mobile
particle with a positive charge and is called aitpas hole. A schematic description of these

excitations is given in Figure 22 and Figure 23.
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Figure 22: The energy states for a single particlas a function of the wave vectoK in a

direct band gap semiconductor. (Redrawn from referace [31] p23)
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Figure 23: Schematic description of the excitationf32].

Bulk semiconductor Nanoparticle
CB CB

Ey Nanoparticle
E, Bulk [ ]
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VB VB
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Figure 24: Energy dispersion for (a) the bulk semienductor case compared to that of (b)

the Nanopatrticle case [33].

A band gap separates the energy bands for electodsholes. In a semiconductor, the
dispersion relations for the energy of electrond hales are parabolic at first approximation.
Only for electrons (holes) occupying the levelst tha at the bottom (top) of the conduction
(valence) band does this approximation holds taseh parabola represents a quasi-continuous
set of electron (hole) states along a given dioecin k-space. An energy gap JBulk) separates
the lowest unoccupied energy band and the highestpied energy band, as shown in Figure
24. For a bulk semiconductor this band gap canedrgn a fraction of an eV up to a few eV
[33]. It might be expected that the energy diserselations are still parabolic in a nanoparticle.
Only discrete energy levels can exist in a nanopartso each of the original parabolic bands of
the bulk case is now fragmented into an ensembl@onfts. Quantum confinement has a
remarkable effect on the nanoparticles. The mordiged the charge carriers are the larger the
separation between the individual bands and itlalads to a greater zero-point energy [33]. The

band gap of nanoparticles is therefore blue shifted
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This can also be seen from the Brus equation [34]
DB, = By pousey ~ Eq oy = | 177/ 20417 | [ 1.86% £ 1] (12)

where Eg is the band gapy is the reduced electron-hole effective masss the dielectric
constant and is the crystalline radius. From this equationaib ®e seen that if the radius of the

particle gets smaller, the band gap gets largerafgan 12 a).

1
A, (12 a)

7. Configurational coordinate model[31, 35].

The configurational coordinate model is used tacdles optical properties, such as the effect of
lattice vibrations and the shape of the absorpdioth emission bands. This model represents the
total energy of a luminescent centre as a funabiotine distance between an impurity atom and
the first nearest neighbour. The configurationalrdinate Q) is the distance that characterize
the interactions between an atom and its firstestareighbour. The two curves (Figure 25) are

the ground stat&Jy and the excited statde of the dopant ion and are given by the following

relations.
2
Ug = Kg% (13)
2
Ue:Ke@+U0 (14)

whereKy andKe are the force constants of the chemical b@pgis the interatomic distance at
the equilibrium of the ground state abd is the total energy & = Qo,. The model can explain

several factors qualitatively. These are:

1. Stokes Law: the fact that the absorption energyy imost cases higher than that of the
emission energy. The Stoke’s shift refers to thergyndifference between the two.
2. The emission and absorption band widths, theirshapd temperature dependence.

3. The thermal quenching of luminescence — only qaialié explanation.
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Figure 25: Schematic illustration of the configurational coodinate model. The broken lines

AB and CD indicate the absorption and emission ofdht, respectively 31].

The luminescent centre will undergo a transitioonfrA to B to the excited stalUe during
irradiation or excitation (absorption of energyhelsystem is now in a higher vibrational s
and will therefore relax to the more stable confagion C. The excess energy will be dissips:
to the lattice in the form of heat. Light will benitted by the luminescent centrhrough a
transition from C to D and it will again be in tigeound stateU,. The state is still in a high
vibrational level in the ground state and it willnge to its minimum energy position throug!
nonradiative transion from D to A, completing the cycle. When theotwurves intersect
electron in the excited state can cross over ttegsaction at E, assisted by thermal energy,

can reach the ground state through a nonradiatwsition.
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Chapter 5

Preparation of ZnS:Mn** and Si0O,-ZnS:Mn“* nano particle
phosphors and structural and chemical analysis ofhiese phosphors.

1. Introduction

Significant progress has been made in recent yrpaas attempt to understand the fundamental
concepts of synthesizing ZnS:RnThe different chemical processes include thegsbprocess,
chemical precipitation method, micro-emulsion metharecipitation in a solid polymer matrix,
the liquid-solid-solution (LSS) technique, the flmethod, inorganic synthesis method, colloidal
chemical method, the competitive reaction chemistgthod, coprecipitation reaction method
[1-8]. Different starting materials were used iesh methods. The sources of Zions include
Zn(NGg),-6H0, Zn(CHCOO)-2H,0, ZnSQ-7H,0 or ZnCh. CH;CSNH, NH,CSNH;
C,HsOSH, HS or NaS could be used as the source 8fi@hs. MnCh or Mn(CH,COO), was
used for the Mfi" doping ions. Three common solvents were used éndifferent synthesis
techniques namely de-ionized water, methanol areth Some of the methods suggest adding a
stabilizer to stabilize the nano particles formeuting the reaction and to control their growth
[8]. Some of these stabilizers aremethacrylic acid (MA), hydroxypropyl cellulose (BPand
polyvinylpyroledone (PVP). In some of the technisiuenly ZnS:MA* were synthesized, but
others used a capping or coating agent. Thesesagmhide tetramethoxysilane (TMOS), $iO
3-methacryloxypropyl trimethoxysilane (MPTS), adarylacid (AA) and polyvinyal alcohol
(PVA). The use of these capping and coating agesnte protect the nano particles that had

formed and to enhance the luminescence of theserialat

This chapter presents an overview of the synthesi&nS:Mrf* and SiQ-ZnS:Mrf* nano
phosphors, with different concentrations of ¥riThe samples were characterized with scanning
electron microscopy (SEM), energy dispersive xgpgctroscopy (EDS), transmission electron

microscopy (TEM) and x-ray diffraction (XRD).
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2. Experimental

2.1 Preparation of ZnS:Mr* nano particles

ZnS:Mrf* sols were prepared by using the chemical pretipitanethod described by Lu et al.
[2]. The synthesis was carried out using Zn{CBO0)-2H,0, Mn(CH;COO), and NaS as
starting materials. Zn(G&€00)-2H,0 and Mn(CHCOO), were dissolved in ethanol with
stirring at 150°C. A 1:1 ethanol to deionized watelution of NaS was added to the Znand
Mn?* solution drop by drop with vigorous stirring at°@5 The resulting white precipitate was
centrifuged and washed using a mixture of toluerek ethanol in 2:1 volume ratio. The washed
ZnS:Mrf* precipitate was divided into two parts. One passvdried at 120°C for two hours,
ground using pestle and mortar and finally anneate®00°C for two hours. The other part was
dispersed in ethanol for mixing with SIOA flow diagram describing the preparation of

ZnS:Mrf* is shown in Figure 1 and Figure 2.

Synthesis of ZnS:Mrf* sols.

Add to Reduce temp to 125 °C ‘-
Stir until dissolved

Stir
Add drop fo;tl h
Add to Spr until wis.e yvhile 75 °C
: dissolved stirring
vigorously at

125°C
\ 4
Disperse in _ Wash with 2:1
EtOH " toluene + EtOH

Figure 1: A flow diagram for the preparation of ZnS:Mn ?* sols.
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Synthesis of ZnS:Mrf* powders.

ZnS:Mn?* sols

Dry for 2h at 120
°C and grind.

Fine white A | for 2h at
nneal 10r a
[ . J 600 °C in
\ 4 A\ 4

Un-annealed
atmosphere.

Yellow/Brown
powder
(Final product)

White powder
(Final product)

Figure 2: A flow diagram for the preparation of ZnS:Mn #* powders.

2.2 Preparation of SiQ-ZnS:Mn?* nano particles

SiO; sols were prepared by using the method descripédhlwaeaborwa et al. [9], by mixing 10
g of tetraethylorthosilicate (TEOS) with 14 ml ofidnized water, 8 ml of ethanol and 5 ml of
0.15 M HNQ (catalyst). The mixture was stirred at room terapee for 1 hour until a
transparent solution formed. The ZnS#sol dispersed in ethanol was added to the, SifD
drop by drop with vigorous stirring at room tempgara. The mixture was stirred for 24 hours
until a gel formed. The gels were dried in air@m temperature for 3 days. The resulting white
solids were then ground and sieved to get a fingewpowder, which was also annealed at
600°C for two hours. The concentration of Min ZnS:Mrf* and SiQ-ZnS:Mrf* was varied

from 2 — 20 mol%. The synthesis process is illusttan Figure 3.

129



Sifting Grinding

Figure 3: The synthesis process of S§ZnS:Mn %",
3. Results and discussions

3.1 Scanning electron microscopy (SEM) results.

The SEM images were taken with a Shimadzu SSX5%80eaCentre for microscopy (CCEM) at
the University of the Free State, to determinesiindace morphology. An accelerating voltage of
5kV was used. A secondary electron detector wad. UseJEM 7500F field emission scanning
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electron microscope (FESEM) at the CSIR, with acebrating voltage of 25kV, was used
record the 100000 x magnification image of z

3.1.1Commercially available ZnS:Mn** phosphor powders

AccV Probe Mag f————] 1um
5.00kV 3.0  x24000

Figure 4: a) SEM image of the ZnS:Mn2+ commercial poders taken with an accelerating
voltage of 5kV and a manification of 1000x andb) the same surface area with .

magnification of 24000x.

Figure 4shows the SEM image of the cmercially available phosph@owders. Fror Figure 4,
it can beseen that the phosphor powders wslightly agglomerated. At higher magnification
can be seen that no nano particles exists andalihthie particles arnon-uniform in shape. Th
particles are single crystalacdidon’t consists of subunit:
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3.1.2 Synthesized Zn&nd ZnS:Mn?*

AccV  Probe Mag k= 500nm Mag Det = 500o0m
5.00kY 3.0 40000 % 40000 SE

Figure 5: SEM image of the synthesized Znand ZnS:Mn?* powders taken withan
accelerating voltage of 5 kV(a) ZnS a a magnification of 1000x andlf) the same surface
area with a maghnification of 40000x, showing the me particles. (c) ZnS:Mn?** at a
magnification of 2000x and(d) the same surface area with a magnification of 400x,

showing the nano particles.

Figure 5shows the SEM image of synthesized :and ZnS:MA* nano particles. Fro Figure 5,
it can be seen that tiparticles weréighly agglomerated. At higher magnification, it be seen
that nano particles formdahite circles in Figure 5. The averageatrticle size is 1C- 200 nm.
Because SEM can often only determine the particke&f secondary particles, it is assumed
the secondary particles of Zm®id ZnS:MF?* consist of primary particlehat are in the range

3 nm, as estimated by Schetseequation.
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3.1.3 Synthesized Si©®ZnS

O

@

Mag Det F=————1 500nm
40000 SE

Figure 6. a) SEM image of the synthesized Si:ZnS powders taken with an acceleratin:
voltage of 5 kV and amagnification of 2000x andb) the same surface area with .

magnification of 40000x, showing the nano particles.

Figure 6 shows th&EM image of synthesized $,:ZnS particles. Fronfrigure € a, it can be
seen that big Si€¥nS particles had formed showing a glass like stine with somefracture
lines on the left side of the paite. Smaller particles that arginging to the bicparticle are also
observed At higher magnification, it can be seen thatse small particles consists an
agglomeration of nano particléahite circles in Figure 6b)The average particle si.of these

agglomerated particles is 10@60C nm.
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AccV | Riobe ——i: uin { Act wobe . Mag WD Dol
500kv 30 %4000 N 3 y 30 %4000 16 SE

‘ AccY Probe Mag WiEsDel
.00kY 3.0 x 4000 168, SE

UAccV s Probe. « Mag, WD Det | F——7—1 20um
&, (B0ORV . 30 x1200° 15 SE

Si0,:ZnS un-annealed 1200 SiO»:ZnS 600°C 1200
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AcoV  Probe Mag “wD Det b1 20um
500kv 3.0 %1200 16 "SE

AccY Probe
5.00kY 3.0 =x1000 17 SE

ZnS:Mn?* 20 mol% un- annealed 1200

& §
€

¥
ARV Probe
siooky . B &
) &

ZnS:Mn?* 20 mol% un- annealed 4000 ZnS:Mn?* 20 mol% 600°C 4000

Figure 7. SEM images of different synthesized powas taken with an acceleratin¢ voltage
of 5 kV.

Figure 7shows the SEM images of different synthesized posviFigure 7(a) shows the SEI
image of ZnS powderannealed at 600°. Big particles had formed with some sma
structures, that are in the range pum, can be seen on these particles. The smaluctures are
most likely agglomerated secondary partic Figure 7(b) shows the SEM image of annea
SiO,. It can be seen that gléike particles had formed wi some smaller particles that ¢
clinging to the surface of the big particléFigure 7 (c)shows the SEM image of -annealed
SiOxMn?* and (d) show the SEM imac of annealed Si©Mn?*. No change was observed in f

morphology with the addition of N** to the SiQ. Big particles had again formed with so
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smaller patrticles clingi to it. Thestructures that were observed frahese smaller particle
could bedue to crushing of the sampleFigure 7(e) and (f) show the SEM images of-
annealed and annealed SZnS. Both thesesamplesconsist out of big particlewith some
smaller particleshat can be seen on the surface of the big pai. Annealing 0iSiO,:ZnS did
not change the surface morpholofFigure (g), (h), (i) and (j) show ¢hSEM images of (-
annealed and annealed ZnS?* 20 mol%. The urannealed sample’s surface morphol
corresponds to that of the 2 moof Mn?* sampleThe patrticles are also agglomerated and 1
likely consist out of smaller secondary particlése mophology of the annealed sample shc
a drastic change from that of the-annealed sample. Spherisaituctures had formed that are
5 um in diameter. At 1200x magnification it candsen that the powder again consists ot
big particles, but these gimtes are composed out of thesphericalstructures. Thesspherical
structures are clearly visible at 4000x magnifizat

100nm JEOL 10/29/2008
X 100,000 25.0kV TED SEM WD 6mm  12:04:47

Figure 8: FESEM image ofsynthesize(ZnS. The accelerating voltage is 25 kV and th
magnification is 100000 x.
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Figure 8shows the FESEM image synthesized&nS nano particles. A cluster of agglomere
particles can clearly be seéplack circles in Figure .. At higher magnifications it would k
possible to see thalhese agglomerated particles cor out of sméer particles thamust be ~

100 nm or smaller in size.

_

>

secondary particle

primary particles

Figure 9: Schematic diagram showing the secondary and primarparticles [10].

Particles can consist out of two units. It can lsngle unit like a single crystal or it may cor:
of subunits [10]. FronFigure 9 it can be seen that the individual subunits are ghmary
particles and agglomerates of these subunits argoyi paticles are called secondary particl
By doing SEM measurements, only the size of thersgary particles can be determin10].

For crystalline raterials like ZnS the size of the primary partickzs be estimates by t
amount of line broadening of theray line, by performing darkield imaging Figure 10(a)) by
transmission electron microscopy (TEM) or from itastimaging Figure 1((b)) by high-

resolution transmission electron microscopy (HRTE
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Figure 10: a) TEM dark field image of CdS nanosphegs [11] and b) HRTEM Lattice
Image of CdSe Rods [12].

3.2 EDS results

EDS spectra were obtained with an x-ray spectranstached to a Shimadzu SSX550 at the
Centre for microscopy (CCEM) at the University betFree State, to determine the chemical

composition of the samples. An accelerating voliafigeskV was used.
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Figure 11: EDS spectra for a) un-annealed and b) arealed ZnS. The accelerating voltage
was 15 kV.

Figure 11 shows the EDS spectra for un-annealedaandaled ZnS. The un-annealed sample
was coated with an Au coating of ~ 10nm to prevenarging. Figure 11 shows peaks
corresponding to Zn, S, O, Au, and C, depictingdharacteristic chemical composition of the
synthesized ZnS nano particles. The C peak isageritamination of the sample or it is coming
from the carbon tape on which the samples were teduffhe Au peak is due to coating. XRD
data indicates that for the un-annealed samplelynZ@mS had formed, with a small amount of
ZnO present in the sample and for the annealed Isam@inly ZnO had formed, with a small

amount of ZnS present in the sample. The presehZe® as well as ZnO is confirmed by the
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Zn, S and O peaks. Table 1 shows the weight %entiifferent elements that were present. The
relative O concentration increased during annealiwhile the relative S concentration
decreased. From this we can conclude that the anafwnO in the annealed sample is much

higher than that of the un-annealed sample.

The determination of the concentration of the défé elements in the samples is only relative. It
is limited to the spot that was analyzed and isantstie representation of the whole sample. The
samples that were coated with Au are showing aivel@Au concentration of ~ 25%. The
thickness of the Au coating is in the order of 1@, nvhile the sample is more tham thick. It

can therefore be seen that the concentrationsadra tnue representation of the concentration of
elements in the samples. Some elements are als® seositive to the EDS detector than others

and can therefore not be compared directly.

Table 1: Listed EDS results for the un-annealedamtkaled ZnS samples.

Weight %
C O Zn S Au
ZnS un-annealed 10 15 34 16 25
ZnS 600 °C 3 27 69 1 -

Zn

A |

Counts per second
?

oo L LA

Energy (KeV)
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Figure 12: EDS spectrum of commercially available BS:Mn?* phosphor powders. The

accelerating voltage is 15 kV.

Figure 12 shows the EDS spectrum of commercialgilale ZnS:MA* phosphor powders. Zn,

S, O, Mn, Au, and C peaks are present. The veryl $lhpeak is an indication that almost no
ZnO was formed during sample preparation. The Zd 8npeaks depict the characteristic
chemical composition of the commercial phosphoe Tbncentration of dopants is normally too
small to detect with EDS, but in this case a srviil peak is observed suggesting that the

amount of Mn present in the commercial phosphbigh (> 5 wt %).
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Figure 13: EDS spectra for a) un-annealed and b) arealed ZnS:Mrf* doped with 2 mol%

Zn

of Mn%. The accelerating voltage was 15 kV.
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Figure 13 shows the EDS spectra of un-annealedaandaled ZnS:M#i doped with 2 mol%
Mn?*. The presence of both ZnS and ZnO in the sample®nfirmed with the Zn, S and O
peaks. Small C and Au peaks are also present. Hialnle 2 it can be seen that the relative
concentration of O is much higher for the anneal@uhple, indicating that ZnS was oxidized to

ZnO during the annealing process.

Table 2: Listed EDS results for the un-annealedatealed ZnS:Mti samples.

Weight %
C O Zn S Au
ZnS:Mrf* un-annealed 3 8 55 7 27
ZnS:Mrf* 600 °C 3 33 59 5 -
50
Zn (a)
40
g
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2 :
£ 201
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Figure 14 a): EDS spectrum for un-annealed ZnS:Mfi" doped with 20 mol% of Mn?*. The

accelerating voltage was 15 kV.
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Figure 14 b): EDS spectrum for annealed ZnS:Mf" doped with 20 mol% of Mré*. The
accelerating voltage was 15 kV.

Figure 14 shows the EDS spectra of un-annealed sam#aled ZnS:Mid 20 mol%. The
presence of ZnS and ZnO in the samples is confifoyetie Zn, S and O peaks. Due to the high
concentration of Mfi (20 mol%), a small Mn peak is visible in the specErom Table 3 it can
be seen that for the un-annealed sample the w&bgtit Mn was 1% and in the annealed sample

the amount of Mn was too small to detect.

Table 3: Listed EDS results for the un-annealedamtkaled ZnS: M 20 mol% samples.

Weight %

C O Zn S Mn

ZnS:Mrf* 20 mol% un-annealed 15 26 44 14 1

ZnS:Mrf* 20 mol% 600 °C 9 33 55 3 0
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Figure 15: EDS spectrum of annealed Si© The accelerating voltage is 15 kV.

The observed peaks in Figure 15 confirm that timepsa consists of Sipwith the presence of a

small amount of carbon contamination which is daethe carbon tape the samples were
mounted on.
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Figure 16 a): EDS spectrum for un-annealed Si@Mn %" doped with 10 mol% of Mr**. The
accelerating voltage is was kV.
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Figure 16 b): EDS spectrum for annealed Si@Mn ** doped with 10 mol% of M. The

accelerating voltage was 15 kV.

Figure 16 shows the EDS spectra of un-annealecdanealed Si@Mn?* 10 mol%. The samples

consist of SiQ as the observed Si and O peaks confirm with smadles of MA" ions as
depicted in the spectra.
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Figure 17 a): EDS spectrum for un-annealed Si©@ZnS. The accelerating voltage
was 15 kV.
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Figure 17 b): EDS spectrum for annealed Si@ZnS. The accelerating voltage is 15 kV.

Figure 17 shows the EDS spectra of un-annealedanéaled Si@ZnS. The presence of ZnS is
confirmed with the Zn and S peaks while the presasfcSiQ is confirmed with the Si and O
peaks.

3.3 TEM results

The particle size and crystal structure of the Isgsized ZnS powders were determined with
TEM using a JEM 2100F TEM at the University of Bret and a Phillips CM100 at the CCEM.

The ZnS samples were prepared as described inose2til. The prepared samples were
dispersed in ethanol. 3mm Holey carbon copper gmeise dipped into the ethanol mixture and

the grids were allowed to dry. The TEM measurememt® then taken.
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Figure 18: HRTEM image of synthesized ZnS nano particles with avage particle size of

2 — 4 nm in diameter.

Figure 18shows the HRTEM image of synthesized ZnS nanogbesti I shows a agglomeratic
of nano patrticles. The average particle size estimiated the HRTEM image was ‘- 4 nm in
diameter, which is consistent with the particlessalculated from the XRD da
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Figure 20: Electron diffraction pattern showing theZnS zinc blende structure.
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Figure 19 and 20 show the electron diffractiongratiof ZnS. The diffraction pattern consists of
a central halo, with concentric broad rings arouindn Figure 19 the rings correspond to
reflections from the (1 00), (00 2), (101),qR), (110), (103)and (1 1 2) planes and in
Figure 20 the rings correspond to reflections friwa (1 1 1), (2 2 0) and (3 1 1) planes. This
confirms that both the hexagonal wurtzite and thieic zinc blende crystallographic structures

of ZnS nano particles are present.

3.4 XRD results

The crystal structure and particle size were detexch with XRD, using a Siemens
Diffractometer D5000 equipped with a Culéource § = 1.504 A). All the powder samples

were sieved to obtain an average secondary pasimdeof 212um.
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Figure 21: XRD spectra of commercially available Z&:Mn?* particles and synthesized
ZnS:Mn?* particles (x 50).

The XRD spectra for commercial micron-size and Isgsized nano-size ZnS:Kfnparticles are
shown in Figure 21. The sharp peaks of the commlgpairticles show that it is highly crystalline
and the particles are in the micron size. The thiifeaction peaks positions corresponds to the
lattice planes of (1 1 1), (2 2 0) and (3 1 1) rhatg the zinc blende (sphalerite) ZnS crystal
structure (JCPDS 5-566). For the synthesized pestisroadening of the peaks are observed, due
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to smaller particle sizes. Strain factors as welbeoadening due to the instrument could also
contribute to the broadening of the peaks. The XRern of the synthesized nano ZnS%Vn
particles resembles that of the commercial pagidi#éanganese impurities did not contribute to
any additional diffraction peaks and it indicatbattthe MA* ions were well dispersed in the

ZnS matrix [13] and their concentration was rekaiMow.
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Figure 22:a) XRD spectra of un-annealed and annealed ZnS ar) peak positions of ZnS

and ZnO for the annealed sample.
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In Figure 22 the difference between the un-anneafet annealed samples are shown. For the
un-annealed sample the diffraction peaks are braadh is an indication of smaller particle
sizes. The average particle size of the ZnS namicles were estimated from the broadened
XRD peak using Scherrer’s equation [14]:

kA
Bcos? (1)

wheret is the mean patrticle sizkjs Scherrer's constant ~ 0Bthe wavelength of the x-ray8,
is the angle of diffraction an® is the half peak width at full maximum of the peafter

correcting for peak broadening which is causedhleydiffractometer. B can be represented as

B?=BZ, - B’ @)

obs

whereB?sis the measured peak width aBdis the peak broadening due to the instrument [15].

By making use of the (1 1 0) peak the averagegearize was calculated as 3 £ 1 nm.

In Figure 22 (b) the diffraction peaks corresptmdhe lattice planes of (1 0 0), (0 0 2), (1 0 1),
(002),(110),(103)and (11 2) (JCPDS 5-684) are consistent with the hexagonal wurtzite
crystal structure of ZnO. Some diffraction peaksZwiS blende were also detected in the
spectrum. This indicates that during annealing ze@acted with oxygen in the atmosphere and
ZnO was formed. For the annealed sample ther@@srawing of the peaks. The average particle

size was calculated as ~ 50 nm. Similar observatizgre reported in ref [16].
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Figure 23: XRD spectra of a) un-annealed and b) arealed ZnS:Mrf™.

In Figure 23 the XRD spectra for the (a) un-anretaled (b) annealed samples are shown. The
un-annealed samples are showing no change in thle pesition with a change in the Kin
concentration. The crystal structure of all the gke® is consistent with the zinc blende structure
of ZnS. The average particle size for the un-areteZhS:MiA* samples were calculated as 3 + 1

nm from Scherrer's equation. For the annealed sesniilere is again no change in the peak
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positions with an increase in the Krconcentration. The diffraction peaks corresponadiniy

to that of the wurtzite crystal structure of ZnQut Isome peaks of the zinc blende ZnS crystal
structure are also observed. It can also be sesrnthth annealed samples are more crystalline
than the un-annealed samples. The average paizeavas calculated as ~ 50 nm.
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Figure 24: XRD spectra of un-annealed and annealesiO,.

The spectra in Figure 24 show a broad diffractiealkpfor both the un-annealed and annealed
SiO, samples. This broad peak is due to the high anomiplscattering background from the
SiO,. A slight shift in the spectrum of the annealethgke is observed. Impurities might have

been introduced to the Si@atrix during the annealing process causing tlsened shift.
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Figure 25: XRD spectra of un-annealed and annealesiO,:ZnS.

Figure 25 shows the XRD spectra for un-annealed amtkaled Si@ZnS. Small diffraction
peaks corresponding to the diffraction planes 0% Zme detected around 48° and 56° for both
samples. The (111) peak of ZnS is also observeldtir samples. This peak is sitting inside the

high amorphous scattering background of the, Sn@trix.
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Figure 26: XRD spectra of un-annealed and anneale®iO,:Mn 2",
In Figure 26 the XRD spectra for un-annealed andeated Si@Mn** is shown. The only
diffraction peak that is detected is the broad guhous peak from the SjGnatrix (Figure 25).

Manganese impurities did not contribute to diffractpeaks or shifts in the peak position and it
indicates that the Ml ions were well dispersed in the Sifatrix [13] and their concentration

was relatively low.
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Figure 27: XRD spectra of a) un-annealed and b) arealed SiQ-ZnS:Mn?*,

Figure 27 shows the XRD spectra for un-annealed amrealed Si®ZnS:Mrf*. For the un-
annealed samples the diffraction peaks of ZnS arlg be seen indicating that the ZnS#n
particles were not well dispersed through the,Si@trix. The broad peak between 20° and 30°
is a combination of the broadened ZnS diffractieakpand the amorphous Siatrix peak. No
change in the peak position is observed with a ghan the MA* concentration. For the
annealed samples small diffraction peaks that sseaated with ZnS and ZnO are detected. The

156



broad peak between 20° and 30° is a combinatioimeforoadened ZnS/ZnO diffraction peak

and the amorphous Si@natrix peak.

4. Conclusion

From the SEM results it can be seen that the sgizbe ZnS and ZnS: M consist of secondary
particles that were agglomerated to form biggetigdas. The average size of the secondary
particles was 100 - 200 nm. The commercial ZnS"Mrowder shows micron size particles with
slight agglomeration. All the samples that cont8i®, show glass like structures. With the
addition of Mrf* to the SiQ, needle like structures were formed. The anneZte®:Mrf* 20
mol% sample shows some spherical structures. T¢@seres are again agglomerated secondary
particles. The FESEM image confirms that the plsicwere agglomerated and that the
secondary particles were in the order of 100 nsize.

All the EDS results show that the desired sampées formed. The results also confirmed that
for the un-annealed samples the amount of ZnS vghehthan that of ZnO. In the case of the
annealed samples ZnS were oxidized to ZnO duringeaimg. For the low doping
concentrations of Mii no Mn peak was observed. For the high doping aumagons (10 and 20
mol%) a small Mn peak was observed. C was preseatl ithe samples. This is due to either
contamination or the presence of the carbon tapeitch the samples were mounted.

The TEM results show that the primary ZnS partglgize is ~ 2 - 4 nm. It shows an
agglomeration of nano particles. The electron ddfion pattern of ZnS confirmed that both the

cubic zinc blende and the hexagonal wurtzite chHggjeaphic structures were present.

The XRD results confirmed that for the un-anneaauhples cubic zinc blende ZnS had formed.
There was also a broadening in the peaks indicaidgcrease in the particle size. The average
particle size was calculated using Scherrer’'s eguatnd it was found to be 3 + 1 nm. For the
annealed samples both cubic zinc blende ZnS andgoeal wurtzite ZnO had formed. This is
an indication that during annealing the samplesteghwith oxygen in the air to form ZnO. The
peaks narrowed and the average particle size isede®m ~50 nm. With the addition of Rirto

the ZnS, there was no change in the position ofptheks. The manganese impurities therefore
did not contribute to any additional diffractiongks or shifts in the peak position. This is an
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indication that the Mfi ions were well dispersed in the ZnS matrix [13d athat their
concentration was relatively low. A broad amorphpesk belonging to the SjOnatrix was

observed in the samples containing SiO
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Chapter 6

Luminescent properties of ZnS:Mrf* and SiO,-ZnS:Mn*?"*
nanoparticle phosphors.

The luminescent properties of ZnS:Mrand SiQ-ZnS:Mrf* are discussed in this chapter. It
starts with the absorption and transmittance ofdifferent samples and then shows how Tauc’s
relation was used to calculate the band gap ofdifierent samples. This is followed by the
photoluminescence (PL) data for the different saspind it finishes off with the Auger electron
spectroscopy (AES) and residual gas analysis (R@s#ta of the different samples and the
degradation study and cathodoluminescence (CLpmincercial ZnS:MA'".

1. Absorption

The absorption measurement was performed on thedgrswusing a Shimadzu UV-1700
PharmaSpec UV-Vis spectrophotometer. The powders first dispersed in ethanol and placed
in a quartz cuvette. The absorption characteristiese measured after the powders were

dissolved. Ethanol was used as the reference sample
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Figure 1: Absorption spectra of the un-annealed an@nnealed ZnS.

Figure 1 shows the absorption spectra of the ueaed and annealed ZnS. The characteristic
absorption peak due to ZnS nanoparticles appeareimavelength range 220-340 nm and this
peak’s position reflects the band gap of the malteffior the un-annealed ZnS an absorption peak
appears at around 300 nm. This peak is blue-shifted the absorption edge of bulk ZnS (345
nm) [1]. For the annealed sample the absorptioe sthyts at ~250 nm.
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Figure 2: Absorption spectrum of commercial ZnS:Mrf™.
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Figure 2 shows the absorption spectrum of commieZeig:Mr’*. Two peaks are observed for
the absorption spectrum. One at 345 nm and ther athe at 275 nm. The peak at 345 nm
corresponds to absorption over the band gap (-8W§6and the one at 275 nm can be assigned
to an excitonic transition and proves the existesfcnS [2]. There is no shift in the peak from
the absorption edge of bulk ZnS, confirming that plarticle size of the commercial phosphor is

in theum range.

1.3 Synthesized ZnS:MA" (un-annealed)
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Figure 3: Absorption spectra of un-annealed ZnS:MA* with different concentrations of

Mn 2

Figure 3 shows the absorption spectra of un-andeahS:Mrf*. A broad peak is observed at
312 nm for all the different samples. This peaklise-shifted from the absorption edge of bulk
ZnS (345 nm). This blue-shift is due to quantumficement effects. From Figure 4 it can also

be seen that there is no regular trend in the ghisarintensity for the different mol% samples.
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Figure 4: Graph of mol% Mn ?* as a function of absorption intensity for ur-annealed
ZnS:Mn?",

1.4 Synthesized ZnS:MA" (annealed)
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Figure 5: Absorption spectra of annealed ZnS:M*".

Figure 5shows the absorption spectra of annealed Zn?*. A broad peak is observed at ~Z
nm for all the samples. Thigeak is due to excitonic transitic [2] and proves the existence
ZnS in the samples. This peak is I-shifted from both the absorption edge of bulk ZB8Y
nm) and bulk ZnO (387 nm). This shift is due to mpuan confinement effectFrom Figure 6 it
can again be seen that there is no regular trentieémnabsorption intensities of the differ

samplesThese results correspc with that of the un-annealed samples.
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Figure 7: Absorption spectra of un-annealed and anealed SiQ.

Figure 7 shows the absorption spectra of un-andeatel annealed SO The un-annealed
sample shows an absorption edge at ~260 nm, wh#eannealed sample shows abroad
absorption peak at ~275 nm. The absorption of thannealed sample is higher than that of the

annealed sample.
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1.6 Synthesized SigMn?**
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Figure 8: Absorption spectra of un-annealed and anealed SiQ:Mn 2",

Figure 8 shows the absorption spectra of un-andesid annealed SMn?®*. The un-annealed
sample shows a broad absorption peak ~275 nm, winlgeak could be observed for the
annealed sample. The addition of Moauses the absorption edge of the un-annealedesamp
red-shift with 50 nm.
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1.7 Synthesized SiQZnS
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Figure 9: Absorption spectra of un-annealed and anealed SiQ:ZnS.

Figure 9 shows the absorption spectra of un-andesid annealed SKZnS. The un-annealed
sample shows a broad absorption peak at 300 nns. i§hdue to the presence of ZnS nano
particles in the Si@matrix. The peak is blue-shifted from that of buWkS (345 nm). The
annealed sample shows a broadened peak at arolndr@7 This peak is due to excitonic

transitions and proves the existence of ZnS pasditi the Si@matrix.
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1.8 Synthesized Si®ZnS:Mn?* (un-annealed)
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Figure 10: Absorption spectra of un-annealed Si@ ZnS:Mn?*.

Figure 10 shows the absorption spectra of un-arde®iQ-ZnS:Mrf*. All the samples show a
broad peak at around 275 nm. The 2 mol% sampleak e overshadowed by the 7 mol%
sample. This broad absorption peak is due to excittvansitions and proves the presence of
ZnS in the samples. This peak is blue-shifted fthenabsorption edge of bulk ZnS (345 nm). It

is due to quantum confinement effects. The 20 msd¥aple has the highest absorption intensity

(Figure 11). 0.60] .
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Figure 11: Graph of mol% Mn?* as a function of absorption intensity for un-anneked
SiO-ZnS:Mn?",
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1.9 Synthesized Si@ZnS:Mn?** (annealed)
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Figure 12: Absorption spectra of annealed Si@ZnS:Mn?*,

Figure 12 shows the absorption spectra of annegi@dznS:Mrf*. All the samples are showing

a broad absorption peak at ~270 nm. The 2 — 7 nsal¥tple’s peak are overshadowed by the 10
and 20 mol % sample’s peaks. The absorption paakislae-shifted from that of bulk ZnS (345)
and bulk ZnO (387 nm). This is due to quantum cwerfient effects. Figure 13 is showing how
the absorption intensity is varying with Kfrconcentration. The 20 mol% sample has the highest
absorption intensity of all the samples.
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Figure 13: Graph of mol% Mn?* as a function of absorption intensity for annealed
Si0,-ZnS:Mn?".
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2. Band gap determination

2.1 Determination of the band gap of the commerciand synthesized samples.

Tauc’s relation was used to determine the bandof#ipe synthesized powders. The value

%, because ZnS is a direct band gap material Hg.lihear part of the graph was extrapolated to

(ahv)'" =0 to determine the bandgap.

2.1.1 Commercial ZnS:Mrf*
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Figure 14: Band gap determination of commercial ZnSvin #*,

From Figure 14 it can be seen that the band gapmimercial ZnS:Mfi was determined as 3.7
+ 0.2 eV. This corresponds well to the theoretiaug of 3.66 eV [11]. It is also an indication

that the particle size of the commercial phospheresn theum range.
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2.1.2 Un-annealed ZnS
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Figure 15: Band gap determination of un-annealed Z8.

From Figure 15 it was determined that the bandajam-annealed ZnS is 4+10.2 eV. There is
a blue shift in the band gap of 0.44 eV from thabak ZnS (3.66 eV). This is an indication that

the particle size had decreased to nm range.
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2.1.3 Annealed ZnS
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Figure 16: Band gap determination of annealed ZnS.

Figure 16 shows that the band gap of annealed Zd8termined as 380.2 eV. There is a blue
shift of 0.19 eV from that of bulk ZnS. From the RResult it could be seen that the particle
sizes of the annealed ZnS are bigger than thosieeafin-annealed sample and the blue shift in

the band gap is therefore also smaller.
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2.16.4 Un-annealed ZnS:MA*
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Figure 17: (a-e) band gap determination of differenmol% of un-annealed ZnS:Mn?*.
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Figurel7 a-e shows the band gap of the differeri%mad un-annealed ZnS:Mh The values of
the band gaps are listed in Table 1. It can be #e@nwith the addition of Ml to the ZnS
matrix the band gap increases slightly from 4.1t@\.2 eV. In the 20 mol% samples there was
an even bigger increase in the band gap to 4.3BM.increase of the band gap is an indication

that the particle size decreased even more frotrofHaulk ZnS.

Table 1: Band gaps of different mol% of un-anneale8:Mrf*,

mol% Band gap

2 42 +0.2eV

5 42+0.2eV

7 42+0.2eV

10 42+0.2eV

20 4.3+0.2eV
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2.1.5 Annealed ZnS:MA*
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Figure 18: (a-e) band gap determination of differenmol% of annealed ZnS:Mn*".
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Figure 18 a-e shows the band gap of the differesi#of annealed ZnS:Mt. The values are

tabulated in Table 2. From the XRD and EDS resultan be seen that mostly ZnO had formed
during annealing. The 2 and 5 mol% samples havand lgap that more or less corresponds to
that of bulk ZnS (3.66 eV). In the case of the @, dd 20 mol% samples, the band gap
correspond to that of bulk ZnO (3.2 eV) [11]. Frtme XRD results it could also been seen that
the patrticle size increased with annealing andheeefore expect no or a slight blue shift in the

band gap of the annealed samples.

Table 2: Band gaps of different mol% of anneale® Er?".

mol% Band gap

2 3.6x0.2eV

5 3.7£0.2eV

7 3.1+0.2eV

10 3.1+ 0.2eV

20 3.2+0.2eV

3. Particle size

When the sizes of the nanoparticles become comigatabthe Bohr excitonic radiusd), a

guantum confinement effect is expected from theseqgbes. The Bohr [4] radius is given by
3, =47En’ [ Ym+1m|/é (6)

wheree¢ is the dielectric constant, amd.* and my* are the effective masses of electrons and
holes, respectively. Using the values«of 8.76, m* = 0.34 my and my* = 0.23n, [5] the

excitonic Bohr radius of ZnS is found to be 2.5nm.
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The radius of the particles can be calculated ugiad@rus equation [6]:
DEq = By pousey = Eq ooy =| 1277/ 2ur* |~ 1.8/ 1] (7)

where4Eg is the blue shift of the band gapis the reduced electron-hole effective massraisd
the crystallite radius. In the case of ZnS the malkies of all the materials parameters are known
[11]. For nanopatrticles, this results in a relati@mtween the particle radiusin nanometers, and
the band gag, in electron volts. This relation [7] is given by

r(E) _0.32- 2.9/E - 3.4¢

2(3.50-E) ©)

Table 3: Calculated particle radius of the différen-annealed samples.

Sample Particle radius )
ZnS 1.6 +£0.5nm
ZnS:Mrf* 2 mol% 1.5+ 0.5 nm
ZnS:Mrf* 5 mol% 1.5+ 0.5 nm
ZnS:Mrf* 7 mol% 1.5+ 0.5 nm
ZnS:Mrf* 10 mol% 1.5+ 0.5 nm
ZnS:Mrf* 20 mol% 1.4 £0.5 nm

The radii of the particles correspond well to tbatthe Bohr excitonic radius of ZnS. The
values (Table 3) were comparable to the partidessobtained from the XRD and TEM results.
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4. Photoluminescence

The PL spectra for the different samples were talng a 325 nm HeCd (26mW) laser as an
excitation source and a Cary Eclipse spectrophaemagjuipped with a 15W Xenon flash lamp
that flashes at a rate of 80 flashes per secorfdamitaverage pulse width of 218. The effect of

the Mrf* concentration, addition of Si@nd annealing at 600 °C were investigated.

4.1 Commercial ZnS:Mr??
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Figure 19: PL spectrum of commercially available ZnS:Mrf".

Figure 19 shows the PL spectrum of commerciallyilalle ZnS:Mr*, collected with a 325 nm
He/Cd laser. The spectrum has a broad peak witlwanmum at 595 nm which corresponds to

the characteristi€T, — °A; transition of MA" ions [8]. A peak at 450 nm associated with band

gap emission of ZnS were not observed in this case.
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4.2 Synthesized ZnS
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Figure 20: PL spectra of un-annealed and annealed ZnS.
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Figure 21:Excitation spectra of bulk and nano ZnS for 600 nnemission.

Figure 20 shows the PL spectra of un-annealed andaded ZnS, collected with a 325 nm

He/Cd laser. The un-annealed sample has a peakOahih, which corresponds to band gap
emission of ZnS. This emission is in the blue ragad is characteristic of ZnS. The annealed
sample shows a broad peak with its maximum at ~r8B0This peak is a combination of the

450 nm ZnS peak and a peak which is associateddeficts emission from ZnO. Because the
intensity of the ZnO emission is higher than thlaZwS, it is another clear indication that ZnO

had formed during the annealing process.
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Figure 21 shows the excitation spectra for bulk aado ZnS, collected with a Cary Eclipse
spectrophotometer equipped with a Xenon lamp. Kedation peak for nano ZnS is observed at
~ 310 nm, which corresponds well to the data olethiinom the absorption spectra for nano ZnS
(303 nm). The peak for bulk ZnS has a maximum 846 nm. This corresponds well to the
peaks observed by Murase et al [9]. It can clebdyseen from this data that there was a blue
shift in the peak position for the nano ZnS. Thaseaof this shift will be discussed in detail in

chapter 7.

4.3 Synthesized ZnS:MA" (un-annealed)
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Figure 22: PL spectra of un-annealed ZnS:MA*.
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Peak intensity (arb units)
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Figure 23: Gaussian function showing the peak intensity as aifiction of concentrations for
a) the 450 nm peak and b) the 600 nm peak.

In Figure 22 the emission spectra of the un-andeateS:Mrf* with different concentrations of
Mn?* ions are shown. The spectra were collected usiB@5anm He/Cd laser. Two peaks are
observed at 450 and 600 nm. The 450 nm peak coamdsgo excitonic emission of ZnS and the
600 nm peak corresponds to the characteri$tic—> °A; transition of MA* ions [8]. There was
an intensity increase with an increase in“Meoncentration from 2 - 7 mol% and a decreased in
intensity for the 10 and 20 mol% Knhconcentrations (Figure 23 a and b). The decreafi i
intensity at higher concentrations can be ascribexmncentration quenching effects [10].
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Figure 24:Emission spectrum of bulk and nano ZnS:MA" at 325 nm excitation.
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Figure 24 shows the emission spectra of bulk amd @aS:Mrf*, collected with a Cary Eclipse
spectrophotometer equipped with a Xenon lamp. Témk dor bulk ZnS:Mf' is observed at
590 nm and that of nano ZnS:Kfiis observed at 600 nm. It can clearly be seen tfimdata

that there was a red shift of 10 nm in the pealktiposfor the nano ZnS:Mi. The reason for

this shift is explained in detail in chapter 7.

4.4 Synthesized ZnS:Mf" (annealed 600°C 2h)
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Figure 25:PL spectra of annealed ZnS:MA".

Figure 25 shows the emission spectra for the andezhS:MA*. The spectra were collected
using a 325 nm He/Cd laser. A broad emission pgakserved with its maximum at ~ 550 nm.
These emission spectra are again a combinationeod$0 nm ZnS peak and a peak that can be
associated with defects emission of ZnO [11]. Tikisa further confirmation that ZnO was
formed during the annealing process. The maximumniinsity was obtained when ZnS was
doped with 10 mol% of Mt and the least intensity was observed from the 8@cMn?* co-
doping.
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4.5 Synthesized Si®
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Figure 26: PL spectra of un-annealed and annealed SiO

In Figure 26 the PL emission spectra, collectedhwit325 nm He/Cd laser, of the as prepared
and annealed SiCare shown. The main emission peak for both sanwéesstable at ~450 nm.
A shoulder was observed at ~525 nm from the asape€jpsample and it was red shifted to ~550
nm in the annealed sample. These emissions areiatesb with either structural defects or

charge transfer between Si and O atoms [12].
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4.6 Synthesized SiQZnS
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Figure 27: PL spectra of un-annealed and annealed@,:ZnS.

In Figure 27 the emission spectra for the un-amtkand annealed samples of SKDS are
shown. These spectra were collected using a 325 efGd laser. For the un-annealed sample
the main emission peak is at ~450 nm. This peakesponds to both the 450 nm peak of ZnS
and SiQ (Figure 20 and Figure 26). A shoulder was obseateeb25 nm, which corresponds to
the one observed in Figure 26. The observed emissi@s green, indicating a mixture of
emission from ZnS and SyOThe annealed sample has a broad emission peak~#4&0 nm -
600 nm. This peak is a mixture of the main Spg@ak at ~450 nm, the blue-shifted shoulder at ~
550 nm, the 450 nm emission peak of ZnS and them®Cmission peak of ZnO. From the
XRD and EDS data in chapter 5, it can be seenthigtsample is a mixture of Si0ZnS and
Zn0O, so the resulting emission is the mixture efttree.
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4.7 Synthesized Si@ZnS:Mn?* (un-annealed)
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Figure 28: PL spectra of un-annealed Si@ZnS:Mn?".

0.020

0.0187
0.0 16_'
0.0141
0.0 12_'
0.0107
0.0081
0.0067

0.0041

Peak intensity (arb units)
| ]
| ]

0.0021

0.0007

U7 127 147 To"™ 187 A0"™ NMZT™ NgT™ Ne™ ng" 0

Concentration (% Mn)

Figure 29: Gaussian function showing the peak intesity as a function of concentrations for
the 600 nm peak.

Figure 28 shows the PL emission spectra of,S168:Mrf*, collected using a 325 nm He/Cd
laser. The main emission peak was again obsetvédOanm and it may be associated with the
characteristic'T; — °A; transition of MA* ions. A small peak similar to the ZnS band gap

emission was also detected at 450 nm. PL intemsity maximized for the 10 mol% Mhand it
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was quenched when the concentration was increas2d mol%, probably due to concentration
guenching effects again [10]. The intensity of hé& and 7 mol% were almost the same (Figure
29).

4.8 Synthesized Si@ZnS:Mn?* (annealed 600°C 2h)
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Figure 30: PL spectra of annealed Si®ZnS:Mn?".

In Figure 30 the emission spectra observed forem#fit concentration of M in
SiO»-ZnS:Mrf*. These spectra were collected using a 325 nm dHif&r. For the 2, 5 and 20
mol% samples two peaks were observed — one at @#b@nal a broad peak at 550 nm. The peak
at 450 nm is most probably associated with bandegajssion from ZnS. It can however also
correspond to the SiOpeak in Figure 26. The peak at 550 nm can be lextrio defects
emission of ZnO, which was most probably formea@ assult of a chemical reaction between Zn
and O atoms during annealing of the sample [12}. tike 7 mol% sample a broad emission peak
is observed, but it is believed that this peak atsusists of a combination of ZnS, Si@nd ZnO
emission peaks. For the 10 mol% sample the emigssaks are suppressed due to the high
intensity of the peaks coming from the other saspfepeak at ~ 600 nm is observed. This peak

is also present in the 20 mol % sample. This psdeiieved to be coming from Kfhemission.
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5. Auger electron spectroscopy (AES) and cathodolumescence (CL).

The AES spectra were recorded in an ultra high mac(@UHV) chamber using a PHI Model
549. A 2keV electron beam, with a beam current®fiA and a beam size of 220n was used.
RGA was performed to determine the volatile gaigseduring electron bombardment of the
sample. An Anavac-2 mass analyzer was used to meet®IRGA. The CL data were collected
for 24 hr with a S200/PC2000/USB2000/HR2000 speotter type using OOl Base 32

computer software.

5.1 Auger spectra
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Figure 31: AES spectrum of commercial ZnS:MA".

Figure 31 shows the AES spectrum of commercial BimS®. Peaks are observed at 152 eV, 273
eV, 503 eV, 920 eV and 994 eV. The 152 and 994 edkp correspond to the elements sulphur
and zinc, coming from the ZnS matrix. No peaks rfftanganese were observed at 589 eV,
indicating that the amount of Mn on the surface W@lew the AES detection limit. The 273 eV
peak corresponds to carbon and the 503 eV peakygea. The C peak is an indication of
contamination from adventitious carbon and the &kps an indication that some ZnO is present
on the surface. The peak at 920 eV is coming fieencopper sample holder.
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Figure 32: AES spectrum of synthesized ZnS: M.

Figure 32 shows the AES spectrum of synthesizedMn%. The peaks at 152 eV and 994 eV
are associated with the sulphur and zinc peakshef 2nS matrix. The peak at 589 eV
corresponds to manganese. This peak might be prdeerto the segregation of the Mn to the
surface of the sample. The small carbon peak ate373s an indication that there was less
contamination from adventitious carbon. The lasgggen peak at 503 eV is an indication that

ZnO is present on the surface. The peak at 928 eMe to the copper sample holder.
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Figure 33: AES spectrum of synthesized Si&ZnS:Mn?".
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Figure 33 shows the AES spectrum of synthesized-Zi(3:Mrf*. Peaks at 92 eV, 152 eV, 503
eV and 994 eV are observed. The 152 eV and 994eslspare an indication that sulphur and
zinc are present on the surface and this is dtleetpresence of ZnS. However, the concentration
of the S and Zn peaks is very low, indicating thamall concentration of ZnS is present on the
surface. The peak at 92 eV is associated withosilend the one at 503 eV with oxygen. These
two peaks are due to the presence of,QiDthe surface. Because of the low concentratfon o
ZnS on the surface it is assumed that the, Pidtially encapsulates the ZnS:fnNo carbon
peak was observed and the absence of this peakstsgfat there was no contamination from

adventitious carbon.

5.2 Residual gas analysis (RGA) spectra.

RGA was used to determine the residual gases irvdbaum system. A RGA spectrum was

recorded with the electron beam either switchedrowff.
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Figure 34: RGA spectra of commercial ZnS:Mr".

Figure 34 shows the RGA spectra of commercial Zn8*Maken at base pressure of 1 x°10
Torr when the beam was off and after a few minwtigls the beam on. Residual gasses such as
H,, CH;, HO, CO, GH4 and CQ were present. The amount of,HCH;, H,O and GH4
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decreased when the beam was switched on, whilgnioeint of CO and CQOncreased when the
beam was switched on. This change in the gassesésto electron beam induced surface
chemical reactions. The increase in the carbonagwing gasses can be attributed to the fact that
carbon is leaving the surface of the sample unigetren beam bombardment in the form of CO
and CQ.

. Hl Beamon
Beam off

1 H20

Relative I ntensity (arb units)

30 40 50 60 70
Atomic Mass Unit

Figure 35: RGA spectra of synthesized ZnS:Mff.

Figure 35 shows the RGA spectra of synthesized Mn%: taken at base pressure of 1 x°10
Torr when the beam was off and after a few minwiigs the beam on. Residual gasses such as
H,, CH,, H,O, CO, Q, CsH4, CO, and SQ are present. The amount of all the gasses, exggpt
increases when the beam is switched on. The irerisaattributed to electron beam induced
surface chemical reactions. The increase in BQlue to the fact that sulphur is leaving the
surface under electron bombardment and it is negetith the oxygen, which is also leaving the

surface, to form S©
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Figure 36: RGA graph of synthesized Si@ZnS:Mn?*".

Figure 36 shows the RGA spectra of synthesized,-Zit3:Mrf* taken at base pressure of
1 x 108 Torr when the beam was off and after a few minutiés the beam on. Residual gasses
such as KB H,O, CO, GH4 and CQ are present. The amount of,HOH and GH, decreased

when the beam was switched on, while the amou@®fand CQ stayed the same. Almost no

SO, was detected.
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5.3 Degradation of commercial ZnS:MA*
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Figure 37: The CL intensity of commercial ZnS:Mrf* powder and APPHs of C, O, S and

Zn as a function of electron dose during degradation at a base pese of 1 x 1¢ Torr.

Figure 37 shows the Auger peak-to-peak heights #gYRof C, O, S and Zn and the CL
intensity as a function of electron dose duringredgtion at 1 x 18 Torr. The graph depicts the
electron stimulated surface chemical reaction (BSS@echanism [13]. The Auger peak of C
immediately started to decrease exponentially wthensurface was exposed to electron beam.
The C on the surface of commercial ZnSis from adventitious atmospheric contamination
[14]. Initially the Auger peak of S increased. Tiesdue to the removal of C from the surface.
The S then started to decrease exponentially, vihgeO increased after most of the C was
removed from the surface. The Zn peak increaseginaly before stabilizing for the duration

of the experiment.

The ESSCR mechanism for ZnS states that the C aack $educed and O increases on the
surface [15]. The reduction of S and C are dueeotption by formation of volatile SGnd
COx [16]. The increase in O is due to the formatidZO or ZnSQ on the surface. The initial
step is the core level ionization of the Zn atom®ugh the interatomic Auger cross transition
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stimulated by the electron beam. This leaves thto® with a net positive charge surrounded by
positive metal ions. This occurs simultaneouslyhwiite electron beam dissociation of ©
reactive O species. As soon as the adventitious C is depfetedl the surface as volatile GO
compounds, S is then released as,3th an apparent accumulation of O that formsriba-
luminescent ZnO or ZnSQayer [17]. Figure 38 shows the ESSCR mechanisrnthisformation

of ZnO and Figure 39 shows the mechanism for tinedtion of ZnSQ. The formation of the
different gas layers is attributed to the differgat species present in the vacuum system during

degradation [18].

Figure 40 shows the CL spectra of commercial Zn$Nvefore degradation, after 3 hours and
after degradation at 1 x £0Torr. When examining the CL intensity as a functiaf electron
dose in Figure 40, we can see that there was fal imcrease in the CL intensity. This increase
is due to the removal of the carbon layer on tiéasa. After approximately three hours, when
all the carbon is removed from the surface, their@énsity reaches a maximum. The ZnS#n
then starts to degrade according to the ESSCR mirhaA non-luminescent ZnO or Zn$0O
layer starts to form on the surface accountingtlier decrease in the CL intensity. Because the
experiment was performed in vacuum and not in aygem atmosphere, the CL intensity of
ZnS:Mrf* did not decreased to 0, but stabilized after 110

ELECTRON (0 OXYGEN

SULFHUR

. ZINC

ZnS

Q000000000000

Figure 38: The ESSCR mechanism for the formation of ZnO [18].
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Figure 39: The mechanism for the formation of ZnSQ@[18].
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Figure 40: CL spectra of commercial ZnS:Mrf* before degradation, after 3 hours and after

degradation at 1 x 1¢° Torr.
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6. Conclusion

Absorption measurements were performed on the smmig determine their fundamental
absorption peaks and edges. For un-annealed Zréb#weption peak is at 300 nm. This peak is
blue-shifted from the absorption edge of bulk Z885 nm). By using Tauc’s relation the band
gap of synthesized ZnS was determined as ~ 4.1eM).Z his is a blue-shift in the band gap of
0.44 +0.2 eV from that of bulk ZnS (3.66 eV). Femumercial ZnS:Mf" two absorption peaks
were observed. One at 345 nm and the other at 87V5The peak at 345 nm corresponds to
absorption over the band gap (3.66 eV) and theabr®’5 nm can be assigned to an excitonic
transition that proves the existence of ZnS. Thedbgap was determined as 3.7 0.2 eV and
there is almost no shift from that of bulk ZnS aonfng that the particle size of the commercial
phosphor is in themm range. For un-annealed ZnS:¥man absorption peak at 312 nm was
observed. This is again a blue-shift from that olkkZnS. For the annealed samples a peak at
270 nm were observed. This peak is due to excitiartsitions and proves the existence of ZnS
in the samples. For the un-annealed SI0S:Mrf* samples a broad absorption peak at 275 nm
were observed. This is again an indication that &nfresent in the samples. For the annealed
SiO»-ZnS:Mrf* samples the absorption peak was observed at the pasition, indicating that
annealing of the samples did not changed their rabea. The radii of the un-annealed
ZnS:Mrf* samples were determined with the Brus equatioe. &lerage particle radius was ~

1.5 nm, corresponding to XRD and TEM results.

One PL peak at 595 nm was observed for the comale#iS:Mrf* sample. This peak
corresponds to th&;-°A; transition of MA*. For the un-annealed ZnS sample a peak at 450 nm
was observed. This peak corresponds to band gapsiemion ZnS. In the case of the un-
annealed ZnS:M#i samples the two peaks were again observed, buMifié peak showed a
red-shift of 5 nm to 600 nm. This is due to therguan confinement of the samples. For the un-
annealed Si®@ZnS:Mrf* samples these two peaks were also observed. Ecarthealed ZnS
sample a broad peak at 550 nm were observed. Elais gorresponds to defect emission from
ZnO. This is an indication that the ZnS was coreitio ZnO during annealing. Un-annealed
SiO, has two peaks at 450 nm and 525 nm and anneal®ch8s two peaks at 450 nm and 550
nm. These emissions are associated with eithectstal defects or charge transfer between Si

and O atoms. The PL emission for annealed SiQ-ZnS:Mrf* shows two peaks: one at
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450 nm and one at 550 nm. The 450 nm correspontie 450 nm peak of SgOand the 550 nm

peak can be ascribed to defect emission from ZnO.

S, C, O and Zn peaks were observed for the AEStrspeamf commercial ZnS:Mii. No Mn
peak was observed because the amount of Mn onutfece was below the AES detection limit.
For the synthesized ZnS:¥hsample the same peaks were observed. For syreéHeSif)-
ZnS:Mrf* Si, S, O and Zn peaks were observed. RGA analysisowing that k)l H,O, O, OH,
CO, O, CiHs, CO, and SQ gasses are present in the system. Degradatidmeoddmmercial
ZnS:Mrf* sample was according to the ESSCR mechanism. a6 decreased while the O
peak increased. The C peak also decreased. Theadedn the S and C peak is due to desorption
by formation of volatile SQand CQ. The increase in O is due to the formation of ZmO

ZnSQ, on the surface.
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Chapter 7

Luminescent mechanism of ZnS, ZnS:MA" and ZnO.

This chapter presents the luminescent mechanisEn®f ZnS: MA* and ZnO. The excitation
mechanism of ZnS bulk and nano semiconductors #&eusked in part 1. The ZnS and
ZnS:Mrf* emission mechanism is discussed in part 2, whiet 8 shows the emission
mechanism of bulk and nano zZnS:Mraccording to the configuration coordinate modéie T

luminescent mechanism of ZnO is briefly explainetha end of the chapter.

1. Luminescent mechanism of ZnS and ZnS:Mi
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ZnS:Mn 2+emission
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Figure 1: Schematic diagram of the proposed luminescent mechanisshZnS and
ZnS:Mn?*. The diagram consists of three parts. Part 1 shows the energy pégsion for a
bulk semiconductor and a nanoparticle. This is the classical metiand it is in k-space. Part
2 shows the band structure. The configurational coordinate model fdvin?* is shown in
part 3. This again is in k-space. The diagram is not drawn tecale.

Figure 1 shows possible transitions that could leathe orange emission from the frons.
These transitions were explained in terms of Tar@iogano diagrams for the tevel and the
Ligand field theory by different researchers [1-8.is known that MA" has a d electron
structure with a tetrahedral symmetry. When dopd ZnS, it occupies the sites of’Zn The
ground state of M is ®A1(°S) and the first excited state’8. Under tetrahedral symmetry, the
excited stated can be split intd,, “T», “A; and“E multiplets whose energies are listed in a
report by McClure [4]. The d electron states @& Mrf* ion acts as efficient luminescent centers
while interacting strongly with the host crystaksp electronic states at which the external

electronic states is normally directed [5].
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(Figure 6).

Figure lis divided into 3 parts. Part 1 describes the akoih mechanism of bulk and nano Z
1.1 Partl

(Figure 2. Part 2 describes the emission meism of ZnS and ZnS:Mf (Figure 3. In part 3
the configurational coordinate model is used tocdee the emission mechanism of ZnS%*

Part 1 gives the excitation mechanism for bulk aado ZnS semiconductc
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Figure 2: Excitation mechanism of bulk and nano Zn¢g

The energy dispersion for a bulk semiconductor amanopatrticle is described in r6]. In the
case of a nanoparticle the band cEg) is blue shifted. The band gap for bulk ZnS is&/(340

nm) [7] and from the UMAs spectra in chaptel the band gap for ZnS nanoparticles in this «

is determined as 4.1 eV (303 nm). The insert (iFigure 2shows the excitation spectra of bi
and nanopatrticles of ZnS. This cesponds to excitation over the band gap. A hotzdated ir

the valence band by the incident photon and thetrele is excited over the band gap to
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conduction band. In the case of a bulk particleghergy of this excitation is 3.6 eV and for a

nanoparticle it is 4.1 eV. The excitation energyafanopatrticle is therefore blue shifted.

1.2 Part 2
Part 2 gives the emission mechanism of ZnS andMn¥:
?
- & cB
I
b4 = . A2
- 9 Shalowtaps - WAT 1 " _

Zn** vacancies

2T eV

- S vacancies - -
O T 1
R
ZnS:Mn2t

ZnsS
Figure 3: Emission mechanism of ZnS and ZnS:Mf.

The excited electron immediately transfers to thallew traps (dashed line in Figure 3). This
shallow trap-state is delocalized over the entaeatrystals, because of the quite small effective
mass of the electron. Because the hole has a nmigkarteffective mass it will initially remain in
the valence band and will be trapped on a longee tcale [8]. Emission spectra of ZnS#n
(chapter 6) show that the interaction between Zm® Mrf* resulted in two emissions peaks at
450 (minor) and 600 nm (major). The minor peak% nm (blue emission) can be attributed to
the hole trapping and recombination with electropslefect states (zinc or sulphur vacancies) in
ZnS. The orange emission at 600 nm for nanopasticd® be attributed o, —°A; transitions
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of Mn?* ions. For the process denoted by A, two possitlies for this emission are possible.
For Al, an excited electron in the conduction beanl relax to the vacancy level and then to the
“T1 level of Mrf* non-radiatively, followed by radiative transitiom the ground staté4;) via
recombination with a hole trapped in the groundestal'he radiative transition is accompanied
by orange emission of photons at 600 nm. Sinceothege emission at 600 nm is more intense
than the blue (violet) emission at 450 nm, thisgasgs that non-radiative relaxation to ffie
level of Mrf* was faster than hole capture and recombination @figctrons by defects states of
ZnS. For A2, an excited electron in the conducband can first relaxes non-radiatively to the
“T:1 level of Mrf* and finally to the®A; level emitting photons in the orange range of the

spectrum in the process.

1.3 Part3

The emission peak of nano-sized ZnS*fMwas observed to be red shifted by 10 nm fromdhat
the bulk spectrum. So far, there have been manyrtepbout the origin of this red shift in the
emission. Cruz et al. [9] reported that the redt shight be caused by a large density of surface
states in the nanopatrticles, or by strong elegoonon coupling in the nanoparticles. They also
report that it might be possible that the size-dejeat crystal field effect is responsible for this
red shift. Li et al. [10] reported that the redfsimay come from the quantum confinement effect
in nanoparticles which leads to a change of thetahfield surrounding the M ions. The
Phosphor Handbook [11] reports for Mphosphors that “...When a metal ion occupies tairer
position in a crystal, the crystal field strengtmatt affects the ion increases as the space
containing the ion becomes smaller, ... For in@eas the field, the transition energy between

the 4T1 and 6AL1 levels is predicted to decreasé (eHonger wavelengths)...”

From these reports it can be seen that a chantfeiorystal field will most likely cause a red
shift in the emission of nanoparticles. The quantamfinement effect (that arises from the very
small particle sizes), will change the crystaldieFrom XRD data it can also be seen that the

bulk sample is much more crystalline than the neamaples.

It can therefore be concluded that a change inctlgstal field would cause a change in the

parabola offset in the configurational coordinatgdam. The offset is given by
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AQ=Q-Q (1)
whereQ is the equilibrium distance of the excited sta@, is the equilibrium distance of the
ground state andQ is the parabola offset (Figure 4). The configunaél coordinate diagram
also describes the Stokes’ shift (difference inogtison and emission energy) [11]. From Figure
5 it can be seen that when there is a displacebenteen the potential wells of the ground and

excited states, there will be a difference in thek8s’ shift. The parabola offset will therefore

also increase.

e
‘%'
g
ABS EM
® Qo >

Figure 4: Configurational coordinate model showing the parabolaffset (AQ) [12].
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Figure 5: Displacement of potential wells [13].
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Figure 6: Emission mechanism of bulk and nano ZnS:Mfi according to the

configurational coordinate model.
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For part 3 the configurational coordinate model Km®* [14, 15] is used. The same process
occurs as in A, but the difference between the siomsof the bulk and nanoparticles is shown.
The insert (b) in Figure 6 shows the emission spefor bulk and nanoparticles of ZnS:fin
For bulk particles there is only a slight offsetdie parabola of the exited state. An electron
relaxes non-radiatively from the conduction banth&'T; state. This electron then relaxes non-
radiatively to the bottom of thl; state. The excess energy will be released indtra bf heat
to the lattice. The electron will then recombineghaa trapped hole in the ground stat&,f and
orange emission of photons at 590 nm takes placéhd case of nano particles the parabola
offset is greater than that of bulk particles. Témme process of electron relaxation and

recombination will occur, but in this case emissid®00 nm takes place.

2. Luminescent mechanism of ZnO
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Figure 7: Luminescent mechanism of ZnO [11]

As shown in Figure 7, green emission at 550 nm frén© is due to hole capture and

recombination with electrons by defect states xggagned extensively elsewhere [16, 17]
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3. Conclusion

The term symbols of th&l; —°A; transitions of MA* can be explained by the Tanabe-Sugano
diagrams for a Hconfiguration. The terms on the left hand sidehef Tanabe-Sugano diagrams
can be explained by the Russell-Saunders couptingmse and the terms on the right hand side
with Ligand field theory. The proposed mechanisnZ® and ZnS:Mf is described according

to the band theory and the configurational coort@gimaodel. The origin of the blue emission of
ZnS and the orange emission of ZnS%Mis described according to the proposed luminescent

mechanism.
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Chapter 8

Conclusion and future work

This chapter contains the overall conclusion of bsults obtained from ZnS, zZnS:Kfnand

Si0-ZnS:Mrf* as well as future work regarding this researctystu

1. Conclusion

This thesis reports on the preparation of ZnS"Miia a chemical precipitation method and the
incorporation of these nanoparticles into a Sim@atrix using the sol-gel method. It also reports
on the surface morphology and chemical compositiba, crystal structure and particle size,
absorption properties and band gap, photoluminescproperties and cathodoluminescence and
the degradation of these prepared nanoparticles.domparing the effect of annealing on the
different properties of the samples with those mfamnealed samples. An extensive explanation

of the proposed luminescent mechanism of ZnS, Zn$:&hd ZnO is also included.

Luminescent ZnS:Mii and SiQ-ZnS:Mrf* particles were successfully synthesized. The un-
annealed ZnS:M# nanoparticles sizes was in the order of 3 nm, evtlie annealed samples
sizes was ~50 nm. X-ray diffraction and electroffraiction confirmed that both cubic ZnS and
hexagonal ZnO formed during the synthesis prodéssmder XRD peaks widths were observed
for the ZnS:MA" nanoparticles and this is due to size effects.n@t& composition analysis

confirmed the presence of ZnS in the Siatrix.

Absorption measurements showed that the samplesbamgbing in the UV ranging from 280 —
340 nm. It also confirms that there was a bluetshithe band gap of ~ 0.4 — 0.5 eV for the
synthesized nanoparticles from that of bulk pagtclThis is due to quantum confinement
effects. The particles radii were in the order & Adm corresponding to the particle size obtained
from XRD. For the annealed samples the band gapaes to that of bulk ZnO indicating that

ZnO had formed during the annealing process.
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The PL results show two peaks for the un-anneadadpte: one at 450 nm and the other at
600 nm. The 450 nm peak is associated with ZnSseomiswhile the 600 nm peak is associated
with the *T1-°A; transition of MA*. The 7 mol% sample showed the highest intensity.tke
annealed samples a broad peak is observed withatmum at 550 nm. This peak is coming
from defect emission of ZnO. The samples were cdppih SiQ to see if there is any
enhancement in their intensity. For the un-anneakedples the two peaks at 450 nm and 600
nm were again observed, but the intensity was nhokr than that of the un-capped samples.
The highest intensity was observed for the 10 msthple. It can be concluded that the SiO
did not enhance the luminescence intensity, bufidt not influence the peak shapes and
positions. The annealed Si@nS:Mrf* samples have two main peaks at 450 nm and 550 nm.
These emission peaks are associated with eitheststal defects or charge transfer between the
Siand O atoms. ZnO defect emission can also dan&ito the 550 nm peak.

AES analysis confirms that Zn, S, O and C are mprtese the surface of the ZnS:Kfrsamples.
The Zn and S peaks are from the ZnS matrix an€tpeak is due to contamination. The O peak
is an indication that some ZnO had formed on théasa. AES on the SKZnS:Mrf* sample
showed a big O peak, while small Si, S and Zn pea&se observed. Degradation of the
commercial ZnS:Mfi” sample showed a decrease in the S and C peakke thki O peak
increased. The reduction of S and C are due torpigsio by formation of volatile SQand CQ.
The increase in O is due to the formation of Zn(ZpBQ, on the surface. There is an initial
increase in the CL intensity and this is due to teoval of C from the surface. The CL
intensity then decreases because a non-luminegoénbr ZnSQ layer is formed on the surface

according to the ESSCR degradation model.

A proposed luminescent mechanism for ZnS, Zn$*Mand ZnO was discussed. The blue
emission (450 nm) associated with ZnS can be at&ibto the hole trapping and recombination
with electrons by defect states (zinc or sulphuwavaies) in ZnS. The orange emission at 600
nm for nano particles can be attributed"f@ —°A; transitions of MA" ions. These transitions
are explained in terms of the Tanabe-Sugano diagyfamthe d level, the Russell Saunders

coupling scheme and the Ligand field the8Ay is the ground state of M while “T; is one of
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the excited states. In the case of ZnO emissiauésto hole capture and recombination with

electrons by defect states.

2. Future work:

1.

Research should be done on different synthesisnigebs. With the current synthesis
technique ZnO is also formed in the process. Thaffecting the PL intensity as well as the
crystal structure. A technique should be found thdioth fast, cheap and that is producing

high quality, pure ZnS.

Only five different doping concentrations of Kinbetween 2 and 20 % were studied.
Research on a greater range of concentrations gHmeildone, especially for very low
concentrations between 0 and 2 %. Inductively cedighlasma atomic emission spectra
(ICP-AES should also be done on the samples to check dapant concentration is staying

the same after the synthesis process or if it ¢sedesing to a lower concentration.

In this study only two temperatures were invesgdatamely room temperature (un-annealed
samples) and 600°C (annealed samples). Further wamkinclude annealing the samples
from 50°C up to 1000°C. Because ZnO had formed winensamples were annealed at
600°C in air, different ambient gasses can be tsguevent the formation of ZnO. Studies

can also include an investigation to see at whapegature the ZnS is converted into ZnO
when annealing in air. By doing XRD on these samsglenealed at different temperatures,

the effect temperature has on the stress and staialso be studied.

Absorption was only measured for dried samples weae dissolved in ethanol. The band
gap was therefore also only calculated for driemhdas. Further studies can be done on
samples that are still in solution before and afteshing of the samples to see if washing

and drying of the samples will affect the band gap.

Samples can be left in solution and the PL and ratiso spectra can be recorded over a
period of time. This will study the effect of agimgn the PL intensity, absorption spectra,
band gap and particle size of the samples.
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6.

It is reported that the band gap of materials inidrease with a decrease in particle size. This
blue shift in the band gap is due to quantum cenfient effects. A study can be conducted
to see what the effect of reaction time and tentpegas on the particle size and band gap of

the prepared samples.

No information is currently available on the distriion of the MA* in the ZnS matrix. For
this study uniform distribution was assumed. Byndoglemental mapping the distribution of
the dopant in the matrix can be determent to seei#f uniformly distributed. When the
ZnS:Mrf* is mixed with SiQ it is assumed that the SiQvill form a protective coating
around the ZnS:Mfi. By doing elemental mapping on these types of $esrthe assumption

can be confirmed.

It would be ideal to prepare a phosphor that cait f#=am ~400 nm (blue) to ~600 nm (red).
This can be achieved by using different dopantsc®goping ZnS with Mn, Cl, Au, Ag, Al
and Cu it can result in emission peaks ranging f898 nm to 600 nm. By doing this a
phosphor can be created that is emitting in the,lljueen and red region resulting in a white

phosphor.
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