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Abstract

This thesis presents studies on the synthesis tstal@nd optical characterization
of rare-earth doped tungstates and binary oxidegstars. Photoluminescence (PL) and
low-voltage cathodoluminescence (CL) are used toeshgate these promising

phosphors for use in field emission display.

The imperfection performance of sulfide-base phosphtas motivated us to
investigate the more chemically and physically Istaixide-based phosphors. In our
work, a variety of properties of the phosphors wararacterized by X-ray diffraction,
field emission scanning electron microscopy, trassian electron microscopy, Fourier

transform infrared spectra, low-voltage CL, PL gmeand lifetime.

In our work, the luminescent properties of Bawiased and ZnWgbased
phosphors were investigated. Rare-earth ions*'(EWb**, Tm®") doped BawW@
phosphors were prepared by a polyol-mediated met&pterical morphology of the
scheelite-structured particles was observed. Witgted by ultra-violet (UV) light or
low-voltage electron beam, red, green and blue siotis were observed in EuTbh*
and Tm* doped phosphors, respectively. These emissionsatiributed to the
characteristic intraconfigurationa #ansitions in Etf, Tb*" and Tni*. Among them, the
luminance of BaWw@ Tb** was as high as 4866 cd/umder excitation of electron beam
(4.5 kV). The investigation on the chromaticity B&WQ,: Tm** indicated that it had

extremely high color purity (97%) and showed itsgmbial as a promising blue-emitting

phosphor. For the Bl doped Baw@ very high intensity ratio ofD, - 'F, and

°D, - 'F, transitions (R-value) indicates that*®ions may locate at a crystallographic
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site without inversion symmetry.

Wolframite nanostructural ZnW/Gand ZnWQ: EU** were synthesized by refluxing
in a water solution and followed by annealing dtedent temperatures. Different colors

of emission were observed from the Zn\Wased phosphors. Blue-green CL emission
of the annealed ZnWQis attributed to the highly emissiv&/OZ” ion complex.
As-synthesized and annealed ZnW@u** phosphors exhibit red and white emissions,
respectively. The dynamic of emissions betw&e@." ion complex and Elli ions with

increasing annealing temperature were discussed.

Luminescence of binary oxides was also studiedimwork. A urea precipitation
method was used to synthesize nanostructuray:ZR€"* (RE=Eu, Tb, Tm) phosphors.
The characteristic red-green-blue (RGB) emissionb@frare earth ions were observed
in the PL spectrum. Comparing to Baw®&u**, ZrO,: EW** phosphor has a relatively
small R-value, which indicates that Eipns may be distorted slightly and occupy a site
without inversion symmetry. Similar result was abeel in the CL spectrum. Regarding
the Tnt* doped ZrQ®, both emissions from defects of zrénd Tni* ions was observed;
however, such emission was observed in CL. Intiesnission in ZnO was also studied
via PL and CL. Different morphologies of ZnO pdeg were synthesized by a
hydrothermal method. Defect-related emission of Zn® particles as a function of

crystal size and morphology was discussed.
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Chapter 1  Introduction

Luminescent material, also called a phosphor, bagedo our daily life for over one
hundred year since the invention of cathode-ray.tdkery time when you switch on the
fluorescent lighting, watch the TV and computeescy, you may realize how important it
is. Nowadays, the development of luminescent naehas entered a new stage, not
only due to its various applications, such as digmolid-state lighting and bio-makers,
but also seeking for smaller size and characteristorphology of high efficient

phosphor.

The phosphors considered here are the visible-ightrating components in
emissive, full color displays. They typically corgar an inert host lattice and an optically
active impurity, called activator. Rare-earth dopesampounds have been highly
considered as phosphors in lamps and display dedige to their sharp and intensively
luminescent-f transitions. The rare-earth phosphor was firsttyoiduced in color TV in
1965. The discovery of sharp peak in the area 6fréh was found in YVQ EU*". Its

historical significance was immense.

Field Emission Display (FED), which is basicallyilbon the idea of cathode-ray
tube, has been recognized as one of the most prgriiat panel displays (FPD) to
compete with liquid-crystal display (LCD) due te guperior image quality, fast response
time, a wider view angle and greater temperaturgehan LCD:* FED phosphor is one
of the main issues for FED research. The developraéiigh resolution and high

efficient FED has created a need for optical phosptvith enhanced properties.

LI HIU LING 1
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1.1 Fundamental mechanism of luminescence

Generally, luminescence of phosphors involves twocgsses: excitation and
emission. Many types of energy can excite the phmrsphExcitation by means of
energetic electrons is cathodoluminescence (CL)tdRiminescence (PL) occurs when
excited by photon (often ultra-violet), electrolumascence (EL) is excited by an electric
voltage, chemiluminescence is excited by the enefgychemical reaction, and so on.

The process of emission is a release of energyeifiarm of photon.

Excitation Emission Excitation Emission
\\ = /' \II‘ %\ v -
_,--"""--FF-FF //; \ .
~ O\ \\X &
r(ﬁ\] \\\ - \"ﬁ. \, AL |
S o P { W - ET s = |
o A o) O
e - s oo
| u)rafﬁ,:: _— Heat Y i |
~— ) (A) 3
S = ) F = _,.—o-"'"-'f- H_:____- . =5

Figure 1.1. Schematic diagram showing (a) direditation of the activator and (b)

indirect excitation followed by energy transferrfréhe sensitizer or host to the activator.

The basic luminescence mechanisms in luminescetérseare illustrated in Figure
1.1. In the host lattice with activator, the actoras directly excited by incoming energy;
the electron on it absorbs energy and is raised &xcited state. The excited state returns
to the ground state by emission of radiation. Aidgpexample of direct excitation is
Y,Os: EU**. As shown in Figure 1.2, the excitation spectrirthe EG* emission at 610

nm in Y03 EW*. It shows the luminescence output at 610 nm asnatibn of the
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exciting wavelength. Directly exciting on the ¥tions, including the O-Eu charge
transfer band at 260 nm and the sharp line ofdsiditions as shown, luminescence from

Eu’* can be observed.

As shown in Figure 1.1, another type of lumineseepmocess is through energy
transfer from host lattice or sensitizer to thavator. It can be observed in rare-earth
doped YVQ, where excitation on the vanadate group can resuilhe characteristic
emission of rare-earth ion%? This is mostly observed if X-ray or electron beismsed

as an excitation source.

1000000
O-EuCT

800000+
=
S
£ 600000+
)
e
Q
=
L LR f-f transitions
1
o

200000

0 i : i . M\M\_M JVL

200 250 300 350 400 450 500
Wavelength (nm)

Figure 1.2. Excitation spectrum of Bemission at 610 nm in, 05 EU".

1.1.1 Radiative transition

There are several possibilities of returning to treund state. The observed

emission from a luminescent center is a processetfrning to the ground state

LI HIU LING 3
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radiatively. Figure 1.3 shows the configurationablinate diagram in a broad band
emission. Assumption is made on an offset betwieeparabolas of the ground state and
the excited state. Upon excitation, the electroexsited in a broad optical band and
brought in a high vibrational level of the excitgdte. The center thereafter relaxes to the
lowest vibrational level of the excited state andegup the excess energy to the
surroundings. This relaxation usually occurs nomatacely. From the lowest vibrational
level of the excited state, the electron returngh ground state by means of photon
emission. Therefore, the difference in energy betwihe maximum of the excitation

band and that of the emission band is found. Tiffisrdnce is called the Stokes shift.

F 3
E
Exe.| |7
E
i §
1.\ '},r
'\\E o
R R

Figure 1.3. Configurational coordinate diagram Inrainescent center.
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1.1.2 Nonradiative transition

The energy absorbed by the luminescent materialshwit not emitted as radiation
is dissipated to the crystal lattice. It is crud@lsuppress those radiationless processes
which compete with the radiation process. In otdenderstand the physical processes
of nonradiative transitions in an isolated lumiredc center, the configurational
coordinate diagrams are presented in Figure 1.Bigare 1.4(a), there is a Stokes shift
between the ground state and the excited statereltveed-excited-state may reach the
crossing of the parabolas if the temperature ik bigpugh. Via the crossing, it is possible
for electrons to return to the ground state in@radiative manner. The energy is given up

as heat to the lattice during the process.

v

(a) (c)

Figure 1.4. Configurational coordinate diagram espnting nonradiative transitions.

In Figure 1.4(b), the parabolas of ground state exwited state are parallel. If the
energy difference is equal to or less than 4-5githe higher vibrational frequency of the

surrounding, it can simultaneously excite a fewhkegergy vibrations, and therefore, is
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lost for the radiation of phonons. This is calledltiiphonon emission.

In a three-parabola diagram as shown in Figurec),.4goth radiative and
nonradiative processes are possible. The paraliabpkas (solid lines) from the same
configuration are crossed by a third parabola patgd from a different configuration.
The transition from the ground state to the lowesited state (solid line) is optically
forbidden, but it is allowed to transit to the upp&cited state (dash line). Excitation to
the transition allowed parabola then relaxes tordiaxed excited state of the second

excited parabola. Thereafter, emission occurs ftom

1.2 Some luminescent centers and recombination trarions

The ground state configuration of trivalent rarete@ns is 4f ", where the Hishell
is incompletely filled. The optically active eleatrs in this inner shell are well shielded
from the surrounding interactions by’55p° close outermost shells. The influence of host
lattice on the optical transitions within thdf" configuration is small. The
intraconfigurational f-f transitions yield, thereégrsharp line emissions in the spectra. If
the rare-earth ion occupies a crystallographic it inversion symmetry, the electric
dipole transitions are strongly forbidden by thetyaselection rule. When occupying a
site without inversion symmetry, the presented enesomponents of the crystal-field
allows the parity rule violation. Forced electrigoalie transition occurs in thdf"
intraconfiguration. Within the standard theory, fHetransitions observed in rare-earth

doped materials can be written as a sum of twindistontributions as showf,
r = rMD + rED (1)

where the electric quadrupole and higher multimaietributions are neglected,,, is

LI HIU LING 6
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the first-order contribution of magnetic-dipolegin. ., represents the electric dipole
transition that is forced by Judd-Ofelt theory. S lineory is allowed to describe the
radiative properties of rare-earth ions in a variet different host materials and to

calculate the intensity of each radiative transitiothe rare-earth ion5™°
1.2.1 Trivalent europium ion (EX)

One of the potential uses of Ewloped crystalline structure is as a red phospsror f

display applications. The characteristic emissians the red spectral area are

corresponding to transitions from the excited le¥®], to the 'F, (J=0,1,2,3,4,5,6)
levels of the #i° configuration. There are multipléF, sub-levels, which is due to the

spin-orbit interaction occurring in thé dlectrons. In addition tGD, , the emission from

°D, and °D, can also be observed in the green and blue speagian. However, the
emission from these two excited levels depend&aliy upon the host lattice, specific on

the highest available vibrational frequeney, () of the surroundings of Bliions. The
energy difference betweetD, and °D, is about 1750 cih For the host lattice with

loweru such as 560 cMmin Y,Os: EU*, all emission can be observed. Since the

max ?

probability of having multi-phonon relaxation frofD, to °D, is lower. However, for

those with higheu such as borates (1200 ¢nand silicates (950 cm), the

max !

nonradiative process dominates and the emissiamr®acainly from the’D, level.
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Figure 1.5. Energy level diagram illustrating tyaditransitions of EXI.

The °D,-'F, emissions in Eli ion are very suitable to survey the probabilités

these transitions. If the Buion occupied a site in the crystal lattice witlveérsion
symmetry, like BaTi@ Eu** and Ce@ EU**, they can only occur as magnetic-dipole

transitions which obey the selection rudd =0,+1 (but J=0 to J=0 forbidden) or as

vibronic electric-dipole transitiors:** The electric dipole transitions are strictly
forbidden by parity selection rule. Therefore, thagnetic-dipole emissiofD, - 'F,

dominates. If there is no inversion symmetry atstte of the Et{ ion, the perturbation
caused by the crystal-field can mix opposite-pasiptes into the4 f " -configurational
levels. The forced electric transitions are noww#d and appear as sharp lines in the

spectra. Some transitions, viz. those wiffd =0+ , 2are hypersensitive forced

electric-dipole emission, which indeed is domingtin
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1.2.2  Trivalent terbium ion (TH)

Tb** ion has been spotlighted due to its bright greemssion under UV light

excitation, which is attributed to the transitio®, - 'J, . In general, these transitions of
Tb** ions exhibit a green light emission independenthefhost matrix® Also, there is a
considerable contribution to the emission in theeblrom the higher levelD,. The

intensity ratio of the emission fromD, to that from °D, depends mainly on the

concentration of TH ion. Multi-phonon relaxation froniD, to °D, is improbable to

occur in view of the large energy gap (5500 3min general, when the doping

concentration is low (<1 mol%), the transition®, - 'J, are dominating afD, - "J,
(376 nm), °D,-"J. (418 nm), °D,-"J, (440 nm), °D,-"J, (460 nm) and

°D,-~'J, (476 nm). The exception is those host lattices hwitarge

highest-vibrational-energy. In YBQthe highest borate frequency is about 1200' cm
which is in favor of multi-phonon relaxation, thine higher-level emission fromD, is

quenched even the doping concentration is as low.hamol%** When the doping
concentration is high (>1 mol%), The following csa®laxation between Tbions may

occur:

Tb(°D;) + Th('F;) — Tb(*D,) +Tb("Fy,) (2)

The higher-energy level emission froByis quenched in favor of the lower-energy

level emission from°D,, . Therefore, the spectrum is dominated by the geeeissions at
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D,-"J, (490 nm),’D, - "'J; (543 nm),’D, - "'J, (587 nm) and’D, - 'J, (623

nm). When exciting an electron to thef® level, the °D,/°D, ratio is usually

determined by the cross-relaxation.

5|::|‘1

s
[ R )

Figure 1.6. Energy level diagram illustrating tyaditransitions of T#.

In addition to the TH concentration, two additional factors should ats®
considered for determining the ratio oD, to °D, intensity. One is the temperature
dependence of cross-relaxation rate. Higher tenyreraesults in faster cross-relaxation,
thus smaller value ofD,/°D,. Another factor is the energy position of thé '5d"

level relative to4f® levels, which can be discussed in terms of thefigorational
coordinate model. In this model, the potential euof 4f '5d* can be drawn just like

the charge-transfer-state. If the minimum of4fé5d* curve is fairly low in energy and
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the Frank-Condon shift is fairly large, there ipa@ssibility that an electron excited to
the4f’5d" level can relax directly to thé®,, by passing théD,level and thus

producing only D, luminescence.

1.2.3 Trivalent thulium ion (Tn¥)

Tm™

Figure 1.7. Energy level diagram illustrating tyaditransitions of Tri.

Tm®" ion has been reported as an infrared-to-visiblearpversion phosphor when
sensitized by Y¥, such as YE Tm®*, Yb*. Blue emission is observed, which is
attributed to the transitionG, - *H,. When it is doped in various oxide host materials,
blue emission is observed while excited by UV lightelectron beam, which is mostly
attributed to the'D, - °F, and 'G, - °H, transitions. The transitions that may be

involved in Tn?* ion are shown in the energy level diagram of*Tion as shown in

Figure 1.7.
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1.2.4 Semiconductor

The luminescent centers described above are siate recombination whereas
those in semiconductors are usually band edge feicaton. The conduction band and
valence band of semiconductors are separated éyexgy gap fFof a few eV. Excitation
occurs by exciting electrons to the empty condudbiand leaving holes in the completely
filled valence band. Emission occurs by the electiole recombination. Usually
recombination occurs close to or at defects inctlystal lattice. Phenomenologically, it
has been the practice to distinguish edge emig¢simission close to the energy) End

deep-center emission (emission at energy consiyel@ber than E).

T e
E’17 g B, e

_ (2l (b} (©) (d) (6}

ES
LE, E,
- [} (=]
/

E, ?

Figure 1.8. Various recombination transitions ims®nductors including luminescence
transitions (a) between conduction and valence dyaftdd) from or to near-band edge
states (D-h and e-A types), (e) from donor to atgDAP).

Edge emission is due to exciton recombination flmmo near-band edge states.
Usually this emission is due to bound excitons, hen exciton of which either the
electron or the hole is trapped at an imperfectiorthe lattice. Bound excitons are
extrinsic transitions and are related to dopantdefects. In theory, excitons could be

bound to neutral or charged donors and acceptotsigh-quality bulk ZnO substrates,
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the neutral shadow donor-bound-exciton (DBE) ofteminates because of the presence
of donors due to unintentional (or doped) impusited/or shallow donor-like defects. In
samples containing acceptors, the acceptor-bouaitibex (ABE) is observed. The
recombination of bound excitons typically givesris sharp lines with a photon energy
characteristic to each defect. Many sharp DBE aB& Aines were reported in narrow
energy range from 3.348 to 3.374 eV in ZIiMonor-acceptor pair emission is another
type of recombination that is usually observedamgonductor. A well-known example
is ZnS: Al, where zinc vacancy is the donor ang,Ad the acceptor. The recombination
emission of the donor-acceptor pair exhibits blueission. There are some other
transitions considered for radiative recombinationsa semiconductor which are

illustrated in Figure 1.8.

1.3 Excitation mechanism

A good understanding of the luminescence mechamdgti and PL is essential to
the characterization of the phosphors. Generaiyetnission spectrum of PL is similar to
that of CL indicating that both CL and PL are gexted at the same luminescent centers in
crystals. However, the excitation mechanisms oflin@nescent centers differ between

PL and CL.

In PL, the absorption/excitation in wide band gaptenials may occur in the
activator itself or in the host lattice and parthansfer the energy to the activator
depending upon the photon energy and the relats#ipning of the energy levels of the
activator within the forbidden band gap or optieahdow of the host. In energy
dissipation process, oscillator strengths in prymphoton, inelastic interaction and

efficiency of energy transfer from the excited stlvels to the emitting center are the
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main factors to determine the efficiency of phosph®he host sensitized luminescence
may occur through non-radiative or radiative exuite@nergy transfer to the luminescent
center. The luminescent center is sequentiallyteddy capturing free charge carriers, in
general thermalized by impact mechanism and phoslexation. This is a well-known
charge transfer mechanism. In general, the geoerafi PL is restricted in the surface

volume within 0.1 m depth from the surface of individual phosphottipke.*®

On the other hand, the luminescent centers of Elpeedominantly excited by the
recombination of pairs of electrons and holes (EHa) are generated in the crystal by
incident electron beams. Under irradiation by etats, the incident electrons penetrate
in the crystal and are scattered via the collisigth lattice ions. The penetration depth
depends on the accelerating voltage and lattiedf.itth the scattering volume, the
activators may be directly or indirectly excitedthg incident electrons. In case of direct
excitation, the number of excited activators ispmmional to the molar fraction of the
activator in the host. In case of indirect exctatithe incident electrons generate EHs by
collision with lattice ions. These generated EHsxdbdirectly recombine at the lattices
and become mobile carriers in the materials. Thbilm&Hs move out of the scattering
volume and recombine at activators in entire volusheéhe particles. Therefore, the
effective volume of excitation is much larger théme scattering volume. The

recombination of EHs dominates the CL inten&ity.

1.4  Field Emission Display (FED)

1.4.1 Development of FED

Since the invention of cathode-ray tube (CRT) byl kardinand Braun in 1897,

living standard of human being has been improvedrm®ans of visual image and
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communication. It nowadays has been gradually cepldy flat panel displays (FPD).
FPDs have come to dominate nearly every segmetiteoflisplay marketplace. FPDs
feature a flat surface and a thickness generally/tlean 4 inches. There are many types of
FPDs, such as liquid crystal display (LCD), plasdiaplay panel (PDP), organic
light-emitting diode displays (OLED), light-emitgrdiode display (LED). Among these
displays, LCD is a dominating product. Howeveydal LCD still has a few drawbacks
in comparison to some other display technologi€3D& produce crisp images only in
their native resolution. In different kinds of higlefinition television (HDTV), blurs are
resulted from attempting to run LCD panels at native resolutions. Backlight is
needed for LCD due to its non-self-emissive systi@refore, poor contrast and power
consuming are resulted. Therefore, developmentheird-PD technologies, such as FED,

which can draw all the advantages from other FR&®imes more and more significant.

In 1968, C. A. Spindt at the Stanford Researchituitst (SRI) had an idea of
fabricating a flat display using microscopic molglbbdm cones singly or in arrays. In
1987, the SRI team was funded to develop a fulbrcalisplay and was able to
demonstrate the first color FED. Thereafter, sdvemmpanies, such as Pixtech,
Candecent, Samsung and Sony also have a hand my. spins off to demonstrate
prototype 19.2-inch FED field-emission display aispay 2007. However, the

development of FED has slowed down due to severaheercialization problems.

FED harnesses the same light-generating mechansnCRI. Electrons are
accelerating to the phosphor coated screen, wherexcited phosphors emit visible light.
Unlike CRT, the electron source in FED is nano-@pemitter. More than 10 thousand

spindt type emitters are used for each pixel. Relt low-voltage (e.g., 0.5~10 kV in
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FED vs. 15-30 kV in CRT) is sequentially requirddue to this light-generating
mechanism, high image quality, such as excellentrast, can be achieved. In addition,
the system allows a line-sequential impulse di@aupled with FED phosphors featuring
a short decay time, light can be emitted during/ guart of one frame time, which can
display high-speed motion with absolutely no bRED can also offer a wider viewing

angle, higher tolerance to temperature and radiakian LCD.

The development of FED is still facing display campnts (cathode plate and
anode plate) and high-vacuum packaging problemshéanode plate, the bright CRT
phosphors are usually used. However, the impepedbormance of the CRT phosphors
under low-voltage excitation has prompted the nesean high efficiency low-voltage

phosphors for FED.
1.4.2 Status of FED phosphors

The phosphor used in the first-generation monochtmn#ED is ZnO: Zn, which
was fabricated through combustion of Zn in the @ygnvironment by R. E. Shrader and
H. W. Leverenz in 1947 Under irradiation of 1 kV electron beam, the lumis
efficiency can reach 13.5 Im/W, and 10.7 Im/W ab 50'°® They are the highest values

that had been reported for oxide phosphor exciyeeldctron lower than 1 kV.

In the second-generation of FED, traditional CRBgghors are introduced. They
are mostly ZnS and rare-earth doped oxysulfidesxates, which have high efficiency
under high-voltage excitation but low efficiencyden low-voltage. However, the narrow
vacuum gap between anode and cathode plates indaBnly allowed low-voltage

operation. For keeping high luminance at low vadtaligh current density is needed.
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Degradation occurs in sulfide-based phosphors, as@nsS: Cu*’ Y,0,S: Eu*,?° under
this operation condition, which limits their apg@imon in FEDs. The origin of the
degradation of luminescent efficiency of ZnS-bagpbdsphors was found to be the
formation of S, ZnO layer on the surface of phospltlue to electron stimulated surface

chemical reaction (ESSCR}:*

The oxide-based phosphor, such a®©y Eu**, Y,SiOs: Tb** and Y.SiOs: Ce**
seems to be a better option compared to sulfideebphosphot*?® However, they are
usually insulator, which have poor conductivityrfaae charging occurs while electrons
outside an insulator surface are tightly boundhe positive charge (left holes after
ejection of secondary electrons) that developedéihe surface volume of the crystal by
electron bombardment®A positive field created may attract true secondglsctrons
which do not re-enter the crystal due to insuffitienergy. This results in decreasing of
CL since the negative charge may act as a baorigretincoming low energy electrofts.
The detailed studies of this surface charging &ffecoxides have been done by Feng et

al?" and Seager et &F.

In order to improve the properties of the FED plmsp, several things can be done.
In the first way, surface modification of the powgbdhnosphors can be used to slow or
eliminate luminescent and morphological degradatiomcrease conductivity of oxide
phosphors, hence improve CL efficiency at low vpétss Actually, whether the coating of
phosphors can be beneficial or detrimental to phosperformance, several research
groups have drawn different conclusions. The resgorted by Evans et @.showed
that ZnO coated on Sr&&: Eu, Pr and ZnCdS: Cu,Al did not improve, andamse case

degrade, luminescence due to a non-continuous cgurémating. However, other
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researchers had more success in the coating omplpbrogowders. In studies of
MgO-coated ZnS: Ag and 40s-, Al,Os- and SiQ-coated ¥SiOs: Ce”, Lee et af°
found that the CL efficiency was improved for mgsif them but IpOs-coated ¥SiOs:
Ce**. Kominami et al. also reported an increase inhtrigss of 150s-mixed and coated

ZnS: Ag,Cl phosphor powdet->?

Another alternative method to improve the luminesee properties of FED
phosphors is by direct synthesis of phosphors veimerical morphology. This
morphology has advantages of good packing densdyav optical scattering properties.
As the phosphors fabricated by traditional solatesimethod are required to downsize by
grinding. This process may cause destruction optrécle surface and hence affect the
luminous efficiency. Therefore, alternative synteesutes, such as spray pyrolysig?
precipitation method>3® Pechini sol-gel methotl;** combustion methd@**and polyol
method?*® should be considered. Since nano- to sub-microa & phosphor particles
can be easily produced by these methods. Highemtum efficiencies have been
reported from nano-sized versus micro-sized phaspablow voltages. Gyeong et al.
found that 100 nm GdY-0s: EU*", Li* phosphor was brighter than 400~600 nm one
under irradiation of low-voltage (<1 kV), but wass$ bright under high-voltage
irradiation (>1 kV)** Y,0s: EU** nanocrystals with size of 70-100 nm having 50%hkig
efficiency than the bulk at 1 kV accelerating vgltavas also reported by Wakefield et al.
> From the point of view of particle size, thin filphosphors do not have this kind of
problem. Also, comparing to powder phosphors, theye superior adhesion properties,
high image resolution, good heat resistance, ratlagggassing, and long-term stability.
But it should be noted that the luminous efficientyhin-film phosphors are much lower

than that of powder phosphdts.
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Finally, a selection of appropriate phosphor comnmaisuis also important to the
performance of FED. Though most of the oxide phosphhave relatively poor
conductivity compared with sulfide phosphors, taeg chemically and thermally stable.
Jing from Peking University suggested that whemnglnto account the luminescence
properties and conductivity, the oxyanions with raypiate band gap should be

considered.

1.5 Motivation of this thesis work

Finding solutions to the present problems of FEDgpiors discussed above has
motivated us to investigate promising suitable phoss in terms of morphology, particle
size, composition and stoichiometry for operationow-voltage cathodoluminescence.
Instead of traditional solid state method, a vardadtliquid-phase synthesis methods will
be introduced in the project, where direct synthedi nano- to sub-micron phosphor
particles can be achieved. The low-voltage cathodolescence instrument and
fluorescence spectrometer in our laboratory will Us2d to characterize the optical

properties of the phosphors suitable for FED apgbo.

1.6  Scope of the present study

The main objective of the present research is teh®gize and characterize some

rare-earth doped oxides and to study their potemgaas phosphors in FED applications.

The thesis consists of five chapters. Introductio@hapter 1 gives an overview of
luminescent mechanism. The development and statuSE® phosphors are also

discussed.
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In Chapter 2, the instruments that have been usetfaracterize the phosphors in

our laboratory are introduced.

In Chapter 3, two kinds of tungsten oxide phosplaoesdiscussed. One is rare-earth
ions (EJ*, Tb**, Tm®") doped Baw@ and the other is Bliions doped ZnW@ With
photoluminescence and low-voltage cathodolumineskzemmeasurements, the
luminescence spectra and performance of the phosplsuch as Commission
internationale de I'éclairage (CIE) chromaticitglar purity, of the red-green-blue (RGB)

BaWO,—based phosphors and ZnW®&u** phosphor are characterized and discussed.

Chapter 4 presents two kinds of binary oxide phosphSpectral studies on the
zirconia phosphors are presented firstly. For lyirmide ZnO, the effects of crystal size

and morphology of the ZnO particle on its defectssion are discussed.

Conclusion and suggestions for future work are gimeChapter 5.
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Chapter 2  Characterization of Luminescence

The techniques for luminescent characterizatia@iphosphors in our project will
be introduced in this chapter, including photoluesicence and low-voltage

cathodoluminescence.

2.1  Steady-state and time-resolved PL system

Fluorescence spectroscopy is the technique theted to measure PL spectrum in
our project. It involves two types of measuremeimgluding steady-state and
time-resolved fluorescence spectroscopy. Figurst2ols the fluorescence spectrometer

in our laboratory. It is model FLSP920 of Edinbutgktrument.

Figure 2.1. Picture showing the fluorescence spewter in our laboratory.
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Microsecond flashlamp LGN L L E LY

Red sensitive PMT

Nanosecond flashlamp NIR PMT
Excitation
monochromator Emission

monochromator

InGahs detactor Versatile sample chamber

Figure 2.2. Schematic diagram illustrating the feszence spectrometer.

The schematic diagram of the system is shown iargig.2, which consists of the

following parts:

Continuous xenon arc lamp equipped with ozone generating lamp plexvi
excitation source with spectral range 200-2600 nm.

Red sensitive PMTusing single photon counting technique can detpettral
range from 200 to 870 nm.

NIR PMT operated at approximately -8C to respond to the spectral range
300-1700 nm.

InSb detector with cut-off wavelengths up to 5500 nm is used dtwady state
application.

Microsecond flashlamp emits short, typically a fems, high irradiance optical
pulses.

Nanosecond flashlampoperates with a hydrogen or nitrogen gas fill tovjide

sub-nanosecond optical pulses over the VUV to Nl&#al range.

The spectrometer equips with Xe arc lamp and red BViused to measure the
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excitation and emission spectra from UV to visiateroom temperature. While in the
spectrometer equipped with microsecond flashlamp nanosecond flashlamp,

fluorescence lifetime can be measured. The veessdiinple chamber allows the insertion
of an external chamber for low-temperature measenénThere is also a hole at the front
side for inserting a picosecond pulsed diode I€SEL 375, 980, etc.), which provides a

high power laser for spectral and time-resolvedsusament.

For the spectral measurement, it is necessary dosehan excitation wavelength
while measuring the emission spectrum. The exonatmonochromator thus only allows
the selected wavelength to the entrance slit. Bgrimg a filter between the sample and
detector and choosing an appropriate measured ,réingeemission spectrum can be
obtained. While measuring the excitation spectrin® dominating emission wavelength
should be monitored. Through scanning the seleetege of excitation wavelength, the
emission monochromator only allows the selectedssiom wavelength to reach the
detector and count the intensity. The intensityhis response of the emission to the
simultaneous excitation. Therefore, it shows intgngs. excitation wavelength in the

excitation spectrum.

2.2 Low-voltage CL system

The CL properties including CL spectrum, luminaacel luminous efficiency are
measured based on the low-voltage CL system asrshmokigure 2.3. Details are shown
in the schematic diagram in Figure 2.4. In our gtwdReliotron Il CL instrument was
modified for a lower voltage measurement (as lovi.2skV) since the original design
is for relatively high voltage (5-15 kV). Insteaflamnventional filament type of hot

cathode, cold cathode electron gun is used, wkittelid at the negative high voltage. A

LI HIU LING 23



QE Chapter 2 Characterization of Luminescence

THE HONG KONG POLYTECHNIC UNIVERSITY

discharge is created within the electron gun argddischarge is made up of positive ions
and electrons. The electrons are attracted towtaelanode and a portion of them pass
through a hole in the anode, through the focus ewmitl into the chamber. In order to
achieve this discharge, the chamber should be pdimipen to a certain valve. A leaded
glass window is mounted on the top of the chambich allows the emission to pass

through and be detected by the fiber optic speatem

Figure 2.3. Picture showing the low-voltage CLin8stent in our laboratory.

Fiber optic
spectrometer

Electron beam

To vacuum pump Valve Window
IDT y-stage
| I—I - ] ] movement High voltage
supply

b
5

X-stage N Electron gun

movement sample holder

Figure 2.4. Schematic diagram of low-voltage catthathinescence instrument.

The energy of electrons can be adjusted by tuiagotltage. It can be varied from
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1.2 kV to 15 kV. While increasing the voltage, marelecules are discharged; therefore,
the current will be increased as well. During measent, in order to keep the current
constant, the pressure should be tuned while thtage is changed. In addition, the
discharged current has a linear relationship with giressure while the voltage is kept

constant.

While equipped with a miniature fiber optic speateier (USB 4000, Ocean
Optics), which couples a 3648-element linear CCiayadetector, a high resolution (0.2
nm) spectrum with range of 350 — 1100 nm can besared. Lower resolution (2 nm) of
spectrum can also measured by a PR-650 Spectrags@m (380-780 nm). It can also

measure the luminance and CIE chromaticity directly

LI HIU LING 25



QE Chapter 3 Tungstate-based Phosphors

THE HONG KONG POLYTECHNIC UNIVERSITY
Chapter 3  Tungstate-based Phosphors

Tungstate phosphors belong to a group of so-cakdfdactivated phosphors. Pure
crystals of tungstates generate bright intrinsimihescence under UV excitation. The
luminescence originates from the intrinsic radinectransition within the tungstate
group WQ? or WQs® ion complex according to their structural discrepa*®>? Metal
tungstates are regarded as semiconductors thoustofitbem have very large band gap.
They can be divided into two groups with differengstal structures: scheelites for large
divalent cations (CaWwg BawQ, SrwQ, and PbW@) and wolframites for small
divalent cations (MgW@ ZnWQ, CdWQ, etc.)>*** Crystallography studies of
tungstates showed that the octahedral#V€omplex in wolframite tungstate has an
asymmetric shape with short, medium and long W-€adices, which is different from
the equal W-O bonds of tetrahedral WOcomplex in scheelite tungstates. Their
structural discrepancy results in major differenckthe luminescence properties of the
crystals. In this chapter, the optical propertiesace-earth (Eu, Th, Tm) doped scheelite
BaWQ, and Eu doped wolframite ZnWQvill be presented and discussed. The results
show that the coordination environment of the lugstent center has a significant effect

on the spectral position and structure of the lwesaence band.

3.1 Rare-earth doped BawQ

3.1.1 Introduction

Earlier studies on the rare-earth doped scheelitgstates by Van Uitert were
mostly focus on the study of the dependences ointleasity of emission of rare-earth
ions upon the host-structure cation valence, radarsd ionization potential in

compositions. The luminescence intensity Mf,,;Na,,,Eu,,,WO, decreased with an
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increase of cation radius on going from?’Bto SF* to C&*.>>° However, the doping
concentration in this result was too low to dragoaclusion on the luminescence trend of
the phosphors doped ions with high concentratimaddition, at higher concentration
of Eu in scheeliteM_,, Li,Eu MoO,, the brightness was found to approach nearly the

same value for all alkaline earth iorft’

(a)

'--..g_. Ba
® w

®-

Figure 3.1. Crystal structure of (a) scheelite tRa&VQ, and (b) wolframite type ZnWPQ

Scheelite-phase BaW@rystal has been intensively reported on its appbn in
Raman-shift laser owing to its Raman-active prapsrf™® It is also important in
electro-optical industry due to its emission ofédbluminescence, which originates from
the tetrahedral ion complex WOgroup. The central W metal ion is coordinateddayrf
O” ions in tetrahedral symmetry T However, the reports and characterization on the
optical properties of rare-earth doped Bayw&e limited, possibly due to the poor
luminescence of BaWfat room temperature compared with other schetiitgstates,

such as Cawg Srwaq,. &

Due to the very compact nature of the structutargstates, interstitial of REions
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in the tungstate lattice are eliminated from coesition. Substitution of K1 from 2/3
RE®** cause predominately REvacancy combinations in two adjacentMites with the
second RE' somewhat further away (at random) without it compensation of charge.
The compound REWQ,); is formed and appears likely that it is a distortiof the

scheelite structure permitted by ordering of theavey®*®

In this chapter, spherical BaWRE®*" (RE= Eu, Th, Tm) phosphors were prepared
by a polyol-mediated method. The optical propembethe materials were characterized
by photoluminescence and low-voltage cathodolunceese. The luminescence spectra
showed the characteristic emissions of the rar#reans in both CL and PL. Good
luminescence performance, such as high luminanBaWQ,: Tb**, high color purity in

BawO,: Tm®*, was found and discussed.
3.1.2 Experiment

Polycrystalline Baw@®: RE*" (RE = Eu, Tb and Tm) phosphors were prepared by
the polyol method. Firstly, 0.2 mol/L of RE(NJ2 solution was made by dissolving the
rare-earth oxides (99.99 %) in a defined amouB98b nitric acid, respectively. Defined
amounts of RE(Ng)s solution and Ba(Ng), powder (99.0 %) were dissolved in 50 ml
diethylene glycol (DEG) by heating to 140. Under vigorous stirring, 5 ml dissolved
NaoWO, « 2H,0 (99.5 %) solution was added. Suspensions wersefdrimmediately.
Thereafter, the solution was rapidly heated to AB@nd kept for 3 hours. The resultant
precipitations were separated from the solvent lograrifugation. The obtained white
powders were washed twice by dispersing in ethanolfollowed by centrifugation. The

powders were dried in air at 8C.
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The crystal structural characterization and phdsatification of the powders were
carried out using a Bruker D8 X-ray diffractometi@ruker D8 Advance) operating at 40
kV and 40 mA with Cu ki radiation. The particle size and morphology of Ba\yMRE®*
was characterized by FE-SEM (JEOL-JSM 6335F) an TEEOL 2010). The CL
properties of phosphors were characterized by aifreddRELIOTRON III CL
instrument equipped with a PR-650 Spectrascan ray$880-780 nm) and an Ocean
Optics UBS4000 charge coupled device spectrome3db-1043 nm). The room
temperature PL lifetime, excitation and emissioecsfa were obtained with a FLS920P
Edinburgh Analytical Instruments apparatus equippeth a uF900H high energy

microsecond flashlamp and a 450 W xenon lamp, ctisedy.

3.1.3 Results and discussion
3.1.3.1 Improved Performance of Spherical BawO,: Tb*" Phosphors for Field

Emission Displays

(c)

(b)

Intensity (a.u.)

(112)

(a)

(312)

(224)

— (004)
— (200)
| (204)

1 (220)
L (116)

L S| UL
20 30 40 50 60

20 (degree)

~ f3168)

Figure 3.2. XRD patterns of (a) standard diffractpattern of tetragonal BaW@CPDS
#85-0588) (b) as-prepared and (c) 98D post-annealed BaWd@b** phosphors
(secondary phase was marked by *').
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XRD analysis was used to determine the crystat&ira and phase of the phosphors.

A standard card of BaWs shown in Figure 3.2(a) for reference. Figu{l3.shows
the XRD pattern of as-prepared BaWQb phosphors. The result suggested that all
diffraction peaks could be assigned to the tetrafjsnheelite phase (a = 0.561 nm, c
=1.271 nm) of BaW® with space group Ma (JCPDS card No. 85-0588), which
indicated that samples prepared by the polyol nietiaere well-crystallized at
temperatures as low as 160 °C. For the sample @thaa900°C as shown in Figure
3.2(c), the crystallinity is obviously improved anike full width at half-maximum
becomes smaller. However, a secondary phas€\WIkhy)s, is also formed, which can be
found from the additional peaks located at 283.3, 47.2 and 49.4 (marked).
Substitution of B& from 2/3 TH* occurs and causes predominately* Nmcancy
combinations in two adjacent Basites with the second Thsomewhat further away (at
random) without Nafor compensation of charge. Therefore, the com@dtn(WO,);
is formed and appears likely that it is a distartad the scheelite structure permitted by

ordering of the vacancy.

The FE-SEM images as shown in Figure3.3 illusttaéemorphology and patrticle
size of the as-prepared sample. In general, sgigracticles of Baw@Tb** are evenly
distributed without aggregation as shown in Figdu®(a). The particle-size distribution
histogram is plotted based on the magnified imagehawn in the inset of Figure 3.3(b).
The images indicate that the particles with an ayersize of around 100 nm have been
synthesized. The spherical character of the pastid predominantly attributed to the
chelating agent DEG. While the reactants are mixesherous nuclei of BaWare
formed. With sufficient heating and duration of ¢gan, the product grows on the

existing nuclei to some extent until its surfaceasered with a layer of DEG. As a result,
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prohibited. In Figure 3.3(c), the SEM image andegponding particle-size distribution
histogram of annealed powders show that the pastiate basically spherical with an
average size of 220 nm. In general, the post-aadgsrticles may grow up individually

and/or agglomerate with nearby particles to forlarger particle.

30KV X15000° 1am  WD39mm

=1
2.
2"l
&nl
="
g w
5 {
&

°5 T te 10 neTETER
Particle size (nm)

30KV X40000 100nm WD 3.9mm

Percentage (%)

Particle size (nm)

30KV X¥33000 100nm WD 87mm

Figure 3.3. FE-SEM images of (a) low-magnificatiorage of as-prepared phosphors; (b)
high-magnification image of as-prepared phosph¢c$; post-annealed BaWdb®*
powders. Inset shows patrticle size distributiondgigam of corresponding area.
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Figure 3.4. FTIR spectra of (a) as-prepared anggb)-annealed BaWTb*" powders.

A change in the amount of DEG in the particles efnd after heat-treatment can
be evidenced by using Fourier transform infrarediFf measurement. Figure 3.4 shows
the IR spectra of the as-prepared and post-anneaiegle. The absorption peaks at 3390,
2968, and 2904 cthcorresponding to DEG and the peaks at 1330-180breferring to
the functional group of organic compound in Fig®d(a) were found to decrease
significantly after annealing as shown in Figu(B). The IR absorption at 830 and 925

cm’ in both spectra are assigned to Bay#@d Th(WO,); phonons, respectively.

The morphology and microstructure of the as-prepasmples have been further
studied by TEM as shown in Figure 3.5. Figure 3.5f@ws a bright-field (BF) image of
the polycrystalline powders. In consistence with&EM image in Figure 3.3, particles in
the TEM image are largely dispersed and demonst&raeherical shape with 100 nm

average particle size. The selected-area electiftraation (SAED) pattern (inset of
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Figure 3.4(a)) shows distinct rings correspondimghie (112), (200), (204), (220) and
(116) planes of BaWg The crystallinity of the as-prepared powder canshkudied
further using high-resolution TEM. Lattice fringes shown in Figure 3.5(b) are

corresponded to the stable (112) plane.

d =0.336 nm
{112)

Figure 3.5. (a) TEM BF image. The inset is SAEDtgrat (b) HRTEM image of
as-prepared spherical Bawab®* phosphors.
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PL excitation and emission spectra of annealed BaWB'"* are shown in Figure
3.6. The excitation spectrum has been obtained knitoring the emission
corresponding toD4 — 'Fs transition at 544 nm. Only an intense broad bambserved in
the range of 210-270 nm, which is assigned4fd® —4f ’5d* transition of TH". The
emission spectrum as shown is similar to the Clctspm with a variety of sharp line

emissions corresponding t0; — 'F; and®D, — 'F; transitions of TH".

236 nm 544 nm

Excitation Emission
A= 544 nm A= 236 nm

Intensity (a.u.)

oo

200 300 400 500 600 700
Wavelength (nm)

Figure 3.6. Room temperature PL excitation and siovisspectra of annealed Bawtb**

phosphors.
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Figure 3.7. PL decay curve (scatter) of promineamdition of TB* in annealed Bawp
Tb** phosphors and double-exponential fitting curves()i

The plotting of decay curve f3D, — 'Fs transition as shown in Figure 3.7 reveals a

double-exponential decay cur?k:
I — Ae(—t/l'l) + Aze(—t/l'z) (3)

wherer, andr,are the fast and slow components of the luminedidetime, respectively.

A; andA; are fitting parameters. The average lifetimg {s evaluated by:

t=(AT + ATZ)/(AT, + AT,) (4)

According the fitting function, the results are=0.046 ms,7,=0.98 ms and
7 =0.82 ms. In general, this double exponential decagve is due to the cross

relaxation behavior between Tbions and are strongly affected by the *Tb

concentratior§> %’
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Figure 3.8. CL spectra of as-prepared (dash lim&) annealed (solid line) spherical
BaWQ,:Tb** phosphors.

To examine the feasibility of the as-synthesizedvgers as FED phosphors,
low-voltage CL spectra of both as-prepared and aedeBaWQ:Th** powders are
measured as shown in Figure 3.8. These spectrae@veobtained at room temperature
using an excitation voltage of 2.5 kV. The CL spaetxhibit emission lines at 380, 413,
437, 458, 490, 545, 586, 620, and 650 nm, whiclaaseciated with characteristic line
emissions of TH due to electronic transitions Ws —'F; (J = 6, 5, 4, 3) antDs —'F; (J
=6, 5, 4, 3, 2). The main peak of emission istedat 545 nm; therefore, green light is
observed. In principle, théransition within the # shell of Tb** is shielded from
environmental effects by the outer-shell electrdigese originally forbidden transitions
become allowed due to the surrounding crystal fieldxing the selection rule. Therefore,
narrow and sharp line emissions correspondingdset-4f transitions are observed in

the spectra. From the two spectra in Figure 3.8,can see that the CL of the annealed
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powder is much intense in comparison with thathef &s-prepared powder. It suggests
that the CL intensity increases with an increaserygétallinity as well as crystal size. In

addition, an increase in CL of the annealed sammpigg be attributed to the escape of
DEG layer after annealing. DEG as a chelating ageay be left on the surface even
inside the particles, which acts as a dead lay@&caoses ineffective energy absorption of

the host lattice.

The dominant wavelength and color purity compaedhe 1931 CIE Standard
SourceC (illuminant C = (0.3101, 0.3162)) for the phosphor are determiinech the
spectrum in Figure 3.8. The dominant wavelengta odlor is the single monochromatic
wavelength of the spectrum whose chromaticity ishensame straight line as the sample
point (xs, Ys) and the illuminant pointx(, y;). The color purity is the weighted average of
the &, y) coordinate relative to the coordinate of thenilnant and the coordinate of the

dominant wavelength

_Jx -x)?

VO =% +(vs - i)

+

_ 2
2

Color purity

where kg, Yq) is the color coordinate of the dominant wavelangirom the measured
spectra, dominant wavelength and color purity aenél to be 549.5 nm and 74 %,

respectively.
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Figure 3.9. Integrated CL intensities as a funcidn(a) accelerating voltage and (b)
current density of electron beam.

The integrated emissive intensity is plotted asrefion of accelerating voltage and
current density of electron beam. As shown in FegiB(a), CL intensity of the annealed
phosphor increases linearly with the applied curdemsity at a constant voltage of 4 kV.
No saturation is observed up to 3@% cm?, which is beneficial to FED. Figure 3.9(b)
shows the dependence of CL intensity on accelgraiittage varying between 1.5 kV
and 4 kV at a constant current density of ZA0cm?. The CL intensity of Baw@Tb**
increases with increasing accelerating voltageckwhidicates that CL saturation has not

been reached up to 4 kV excitation.

On the basis of Bethe’s theory of electron stoppoger, the electron penetration

depth R) can be expressed as:

R(A) = 25Q(A/ pZ"%)E" (6)

wheren=1.2/(1-0.2910g;0Z) and is applicable to electron energy of 1-10 kel energy

in keV, p the bulk density,A and Z are molecular weight and atomic number
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respectively? According to Equation (6), the electron penetratepths of Baw@Tb**
are 6.5, 12.1, 20.2, 31.6 and 46.8 nm at accabgrabltage of 2.5, 3.0, 3.5, 4.0, and 4.5
KV, respectively. The increasing penetration deptitn an accelerating voltage would
excite more luminescence centers; therefore, dyn@agar increase of CL intensity with

an increase of applied voltage is observed in F@(b).

3.0
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Figure 3.10. Voltage dependence of luminance afidiegfcy of annealed Bawrb*

powder.

Figure 3.10 shows the luminance and efficiencyhefdnnealed Bawrb*" as a
function of accelerating voltag@/ith increasing accelerating voltaffem 2.5 to 4.5 kV
while keeping the beam current at 0.5 mA, the lange increases from 435 to 4866
cd/nf. Accordingly, an improvement of the luminous dffiicy is made from 1.25 to
2.61 Im/W. It has also been found that the luminance of therepared phosphors
increases significantly from 141 to 4866 cd/after annealing. Compared to other

reports on TH-doped oxide phosphors, the value of 1000 édan3 kV and 86
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LA/ cm? reported here is much higher than 171 édam3 kV and 5QA for YAG:Th
powder prepared by combustion synthesis and artheats500C % and 0.70 Im/W at 5
kV and 57uA/ cm? for ZnAl,O4: Tb prepared by spray pyrolysis and annealed @0 16
°C.”° Though the performance of our phosphors is imptosempared to other oxide
phosphors, they are still not comparable to thdseoonmercial sulfide-based CRT
phosphors. We have measured CL performance of Zn®isphors (Shanghai
Yuelong New Materials Co.) using same CL systemdd&yrd kV of excitation, the
observed 9.19 Im/W luminous efficiency of ZnS:Cualimost four times higher than 2.31
Im/W of our prepared BawOTb**. However, oxide phosphors are expected to be more
chemically and thermally stable, and there is miesls corrosive gas emission under
electron bombardment in comparison with sulfide poands. These excellent properties

are very important for the fabrication of FED.
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3.1.3.2 Photoluminescent and low-voltage cathodoluminescent blue-emitting

BaWO,: 7m** phosphors with high color purity

Tm*" ion doped into various complicated oxide-basedshesch as LaAlGE,
YInGe,O; and LaGa®@ have been reported as blue-emitting phosphorsepsisg
excellent optical properties, such as high colontpuappropriate lifetime, and color
rendering properties, which is preferable for FEED."? It implies that the excellent
properties of Tm-activated phosphors are seledtivthe specific host. Ti ion has
complicated energy levels and various possiblesttiams because of a strong deviation
from R-S coupling in thef4configuration. Therefore, the excitation stateof" ion
may relax via various paths, giving rise to ultcdet, visible, and infrared emission with

moderate intensit{? In general, the characteristic emission from*Tion in the visible

region can be dominated either by transiti@, - °F, (453 nm) or'G, - *H, (474 nm)

depending on the host lattice. For some host &ttithe emission of Tthion can even be
hindered by the self-emissive hé&tin this part, cathodoluminescence (CL) and

photoluminescence (PL) of BaWOrm®* phosphor are reported.

The X-ray diffraction patterns (XRD) of as-prepasst post-annealed BaW.0
mol% Tnt* samples are presented in Figure 3.11. For theemped sample, as shown
in Figure 3.11(a), the result suggests that affratition peaks could be assigned to
tetragonal scheelite phase (a = 0.561 nm, ¢ =In&")lof BawQ with space group ia
(see the JCPDS card No. 85-0588), which indicdtasgamples prepared by the polyol
method have been well crystallized at temperatsiieva as 150 °C. After post-annealing
at a series of temperatures (600-1000 °C), somié@ual peaks located at 29.05, 34.65,

47.72, 49.7 and 58.66 appear (marked by *' in tigeires) and become sharper and
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sharper as the increasing of annealing temperahaeases, which indicates the
formation of secondary phase, thulium tungstate,{V@s). This secondary phase has
been found when as low as 1 mol% of*Tiis doped (not shown) due to the segregation

of rare earth ions. The change in composition afigound is described as below:

y —2X

Ba® + yTm® +WO?™ — [Bay_,,Tm, @, WK O,) + TmWO,  (7)

Apart from Tm(WO.)s, which formed stoichiometrically with vacancieg in
BaWQ, host while synthesizing, TsWOg is formed after annealing. Smaller full width
half maximum (FWHM) and sharper diffraction peaksBaWO, and the secondary

phase indicate that crystallinity of this compounad improved.
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Figure 3.11. XRD patterns of as-synthesized and1@D °C post-annealed BaWdm®*
phosphors.
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Figure 3.12. The change in lattice strain with ating temperature.

According to the XRD results in Figure 3.11, thiti¢e strain at each temperature is

estimated from Williamson-Hall plofs,using the equation:

09\ , 4(ad)sine

= + =
Brow =Bz *Baran tcos®  dcosO

(8)

where 8., is the total FWHM of the diffraction peak$, the diffraction anglesA
the wavelength of incident x-ray, the crystal size and\d is the difference of thd

spacing corresponding to a typical peak. A ploi®f,, cosfd against4sing yields the
crystal size from the intercept value, and stralAagrq from the slope. As shown in Figure
3.12, the lattice strain shows a minimum value GiX°€. We predict that below 900 °C,
the particles involved compound dBay, 5, Tm,,», {W}O,) and those involved

TmWO, crystallized individually. Therefore, the lattistrain in the crystal obtained

becomes smaller. After annealing at no lower tHah €, the agglomeration of particles

occurrs. The particles involvefBa,,_,, Tm,, ¢, {W}O,) agglomerate and merge with
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those involvedTmWO,. Due to the lattice mismatch along crystalline ribaries, the

strain increases again.

X37,000 100nm_ WD 9.0mm

FE_SEM

(e)

N £ .
SEI 30kV  X8,000 um WD 9.8mm FE_: SEI 3.0kv  X9,000 Tum WD 9.6mm

Figure 3.13. SEM images of (a) as-synthesized &Afj 600-1000 °C post-annealed
BaWQ,: Tm** phosphors.

Figure 3.13 shows the SEM images for the samplegiomed in Figure 3.11. The

particles grow up after annealing. But the morphgloan only be kept as spherical up to
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800 °C, it becomes irregular and increases in siamiptly at higher annealing
temperatures (900 and 1000 °C). It is generallymthat regular morphology enhance
luminescence by reducing scattering of light erditteom the phosphors. For the

irregular one, it has opposite effect.

Figure 3.14 presents the PL excitation and emissjmectra of 800C-annealed
BaWO,: Tm**. The strongest characteristic emissions of Tion in visible regions are
mostly reported at around 453 nm. Therefore, byitoang the emission at 453 nm, the

excitation spectrum is obtained as shown in FiQutd(a). A sharp peak with FWHM of

6 nm locates at 359 nm is observed. This peaksigmsd to the transitioil, - 'D,,

which is a direct excitation of THion from ground state t®, . The excited Trif ion in
BaWQ, immediately exhibits a strong blue emission at AB8with FWHM of 6 nm.
This lower energy of emission is correspondindttansition oD, - °F, . As observed,

in the entire region of the spectrum, other trams# (pointed by arrows) are very weak.
According to CIE 1931 standard observer, CIE chrositg coordinates based on this PL
spectrum are (0.1556, 0.0316) with a dominant wength of 455 nm and 97 % color
purity. This result is comparable to those repoftsaAlGe,0; :Tm** and SrHfQ : Tm**
which have excellent chromaticity’® In addition, the fluorescence decay of transition
'D, - °F, at 453 nmis shown (Inset figure). The lifetimelétermined as 12 from the
double exponential fitting function, which in thense order of magnitude as the previous

reports’?
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Figure 3.14. Spectra of room temperature PL exeitadtnd emissions in blue (a) and
red-to-near IR (b) of annealed Baw@m®* phosphor. The inset in (a) shows the lifetime

1 3
profile of transitionD2 = Fa.
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It is well-known that many of Stark components bé&°H,ground state can be

populated at room temperature and excited to a highber of excited levels, such as

'D,,'G,, °F;, and °H,. Therefore, the dynamics of excitation and de+eticin

become complicated. For the same wavelength of stonisit can be attributed to
different transition in case of different excitatiorhe PL spectra presented here can be
used to distinguish these transitions. The exomaspectrum as shown in Figure 3.14(b)
reveals that the emission at 650 nm can be deeskfiitm both the excitation at 359 nm,
472 nm and 638 nm. The emission spectra under tihese excitations were plotted
together for comparison. We only present the emmsspectra in range of 600-850 nm
since the measurement of emission at 472 nm whiéetcexcited at 472 nm is impossible
in our experiment due to the limitation of instrumhelhe emission bands at 650 nm and
800 nm appear in both spectra. By this way, itasdifficult to identify the transitions
involved due to the different shape and slighttsifithese emission bands on the spectra.
For a thorough understanding of the dynamics afsiteons involved, a schematic

diagram of energy levels of Tfin BawQ; is presented in Figure 3.15. The dash line
with arrow shows the transitid@, - °H, it has not been observed in our experiment, but

it exists. The dotted line with two-headed arrovegants the residual multi-phonon
non-radiative relaxation. This may occur by the dianeous emission of several
phonons which conserves energy of the transitiBngh multi-phonon processes arise
from the interaction of the electronic levels oé tRE" with the vibration of the host

lattice.’
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Figure 3.15Energy level diagrams illustrating transitions im*f" ions.
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Figure 3.16. CL spectrum of post-annealed BaWi@*" under an excitation of electron
beam (3 kV). Inset shows the CL picture of the afea sample.

The optical property of Baw@rm** is further studied by the low-voltage
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cathodoluminescence. The CL spectrum of 800 °CaadeBaWQ:Tm*" under an
excitation at 3 kV electron beam is shown in FigBuks. All the emissions discussed in
the previous PL spectra can be seen in the speciriuenefore, we can simply think that
while excited by the accelerating electrons, tloigd state is populated to all the excited
states through charge transfer and followed by pheassisted relaxation. Therefore, all
the f-f transitions assigned in Figure 3.15 sholbéd involved in this CL spectrum.
Although thef-f transition is by nature electric dipole forbiddey Laporte’s selection
rule, the crystal field surrounding the Thion relaxes it so that forced dipole transition is
resulted. In scheelite BaW@®tructure, the T ion replaces a Baion and occupies the
strongly distorted dodecahedral site. Such sitksl@accenter of symmetry; therefore, the
dipole transition of Trii ion is enhanced. As shown, this spectrum is doraéhhy the
blue emission at 453 nm and 474 nm. Therefore,ep tdue emission is observed. In
addition, the near IR emission at 800 nm is alsdtpihigh in the CL spectrunthis is
because this near IR emission can be benefited ditmer excitation that illustrated FRigure

3.15
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Figure 3.17. CIE chromaticity coordinates of BaywOm®* and other phosphors reported
in the literatures according to their CL spectraeTegion outlined by red dash line is
magnified on the right upper corner.

The CIE chromaticity coordinates of this blue CLigsion was measured by a
Spectrascan system with a resolution of 2 nm. Hta i@ plotted on the CIE chromaticity
diagram as shown in Figure 3.17. Based on thetrgbaldominant wavelength and color
purity compared to CIE standard source C [illumir@ars (0.3101, 0.3162)] are obtained.
The Tn?* doped Baw@ phosphor shows an excellent chromaticity of (08,420383)
with a dominant wavelength of 460 nm and 97% obcplrity. These values are superior
to those reported in Tfhdoped or Et doped phosphors when excited by CR. For those
Tm** doped phosphors, such asOgTm®* (0.158, 0.15)° BaBsOsCl:Tm*" (0.172,
0.088)'? and LaGa@0.01Tn?" (0.1552, 0.0635° though the characteristic emission of
Tm®* are dominated by thB, - °F, transition, the integrated intensity at the blegion

is not as high as that in our sample. Thosé" EBu C€* doped phosphors, such as
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BaBsOyCl:EU** (0.171, 0.029%° BayMgAl 1001 7EL?* (0.147, 0.067§! and Y,SiOs:Ce**

(0.2087, 0.154%§ exhibit blue emission band due &l — 4f transitions of the RE ions.

In Figure 3.18, the CL emission spectra of the daspnder different annealing
treatments are shown in the visible and near-IRore(inset), respectively. Inconsistent

change in CL intensity of visible and near-IR enamss is observed. This near-IR
emission is mostly ascribed to the transifidn - *H, at 795 nm. It shows an increasing

trend with an increase of annealing temperatures iBhwhat we expected as the general
crystallinity of the samples was improved aftereailmg at higher temperature. However,
the visible emissions as shown in Figure 3.18 gidifferent change in intensity. The
highest intensity appears at 800 °C-annealed saritptiecreases continuously with

increasing of annealing temperature.

25000

60000 1ooow g
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Figure 3.18. Visible CL spectra and near-IR CL $eof post-annealed samples (inset).
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Here, two kinds of possibility to explain this imhogeneous change in intensity are
suggested. One is due to the morphology of pasticlkeange from regular to irregular
when annealing temperature is increased to higiaer 800 °C. The irregular morphology
may cause the scattering of light. As on each eamisgeak, we have calculated the
percentage of intensity reduction of 900 °C and)l@annealed samples with respect to
the 800 °C-annealed sample. It shows that the perge decreases with increasing
wavelength. As we all know, the degree of scatteohlight depends on wavelength.
Shorter wavelength can be scattered more seriotgy the longer wavelength.
Therefore, we may observe a reduction in blue aamisbut an increase in near IR
emission when increasing the annealing temperatufégher than 800 °C. The other
suggestion is that this change in intensity mayrddated to the lattice strain in the
structure. As shown in Figure 3.12, they have oppahanges. Smaller lattice strain in
the structure may probably provide a better envirent for Tni* ion and enhance the

luminescence.
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3.1.3.3 Spectral study on the luminescence of BaWO,: Eu®*

The structural and phase formation of BayvB** is almost the same as those of
the other rare-earth doped BaW®hich has been discussed previously. In this part,
different concentration of Bliions were doped into Bawanocrystals. Bloody red
luminescence was observed while they were excitbdreby a broad range of UV light
or electron beam. In the following, we will focus investigating the luminescence

spectra of PL and CL.

Figure 3.19 presents the PL spectrum of 10 mol% &oped Baw@while excited
by 474 nm blue light. Similar spectrum has beerioled when excited by UV light but
with lower intensity in which sharp emission linesrresponding to characteristic

emission of EU ions have been found. Most of the emissions aréuaied to the
transitions °D, - 'F, (J=0,1,2,3,4). As observed, the emission spectsutoininated by
the peak at 615 nm. It means that thd"Ean may occupy a site in Baw@ttice without
inversion symmetry. The hypersensitive transitioi, - 'F, and®D, - 'F, become
much more intensive than the transitions to ddevels. The splitting of the emission

peaks at each transition is due to the splittinthefStark componeh, .
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Figure 3.19. PL spectrum of BaW@u*" excited by a blue light (474 nm).

Figure 3.20. PLE spectrum of BaW@&u** by considering emission at 615 nm.
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By monitoring the highest emission peak at 615 tiva,excitation spectrum of 10
mol% EU* doped BaWQ@has been obtained as shown in Figure 3.20. A bivaad and
some sharp peaks distributed over a wide range lesagth from UV to blue light are

observed. Those spectral lines in the UV and blgbkt lare corresponding to the

4f° intraconfigurational transitions, such as,-°D,, 'F,-°L,, 'F,-°L,,
'F, - °D, and "F, - °D, . While Ei* ions is directly excited from the ground stdte,
to these excited states, non-radaiative relaxatitmsthe lower °D, level are

predominated, and followed by radiative relaxati@msition to the’F,. The emission

spectra are identical while excited by either orfetle excitation sources. The
non-Gaussian broad band indicates that there avekimds of charge transfer (CT)
excitations occurring there. The one with shortav&ength is due to charge transfer
from oxygen to tungsten in the&/O;~ tetrahedron; the longer one is charge transfen fro
oxygen to Eu. In order to examine their difference® took the emission spectra

according to the selective excitation at 247, 27®464 nm. As shown in Figure 3.21, the

spectra are divided into three sections in ordeoliserve the transition3D, - 'F,,

°D, - 'F,and °D, - 'F, individually. For comparison, the 247 and 276 mnxuied

emission spectra are magnified by 30. As obsenvedl sections, the differences in shape
and position of peaks are found on the 247 nm-eada@pectra compared with the other
two. It indicates that the 276 and 464 nm-excitedkssions are originated from the same
kind of luminescent center but excited via diffdrerethods. The excitation at 276 nm is
through O-Eu charge transfer, and the excitation4&4 nm is through4f®

intraconfigurational transition. But both of theme #hrough direct excitation of Elions.
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However, the excitation at 247 nm is different. Exeitation to the host latticé\O;")
may cause energy transfer from the lattice td'Bans and results in the characteristic

emission of Et ions. In addition, the emissions presented inisect are assigned to

transition °D, - 'F, , which is a magnetic dipole transition, while thensition
°D, - 'F, in section 2 is electric dipole transition. Théoaf the integrated intensities,

R, of °D, - 'F, to °D, - 'F, transition is considered to be indicative of tegrametry

of the average coordination polyhedron of thé'fion and is denoted by:

— I (5Do - 7F2)

B I (SDo - 7F1) (9)

The R-value for the 247, 276 and 464 nm-excitedtspdave been determined to
be 66+ 01, 74+ 0.land 93% 0.1, respectively. From these results, we suggestdd th
464 nm blue light can mostly excited the surfacethsd particles, where the local
environment of EY ions is more distorted. Therefore, the R-value banvery high.
While the particles are excited by 247 and 276 tive,E4* ions located at the inner

lattice are excited, where the local environmem¢ss distorted.
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Figure 3.21. PL spectra of BaW@U** under different excitations.

Figure 3.22 presents the CL spectrum of 10 mol%wf doped Baw@under an
excitation of 4 kV electron beam. Besides thosessions from °D, levels, the
emissions from°D, is also observable but relatively weak. As thergyalifference

between®D, and °D, levels is around 1750 ¢and the highest vibrational frequency

in tungstate is 750-950 ¢ The non-radiative relaxation froftD, to °D, level of

Eu** ions in BawQ is preferable but not effective. Therefore, pargaliative emission
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from °D, can be observed. Compared with the PL spectrueerhission peaks in CL
spectrum is relatively broad due to the surge eatfrelectron beam. The R-value
obtained from this CL spectrum 83+ 0, Wwhich indicates that higher number ofEu
ions at or near the surface have been excitedesult of high surface-to-volume ratio in
the nanocrystalline BaWOELW*. From the spectrum as show, the CIE chromatisity i
calculated as (0.6504, 0.3348) with a color pwit®8% at dominant wavelength of 608

nm.

5
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Figure 3.22. CL spectrum of 10 mol% ¥doped Baw@nanocrystal.

In our experiment, different concentration (5, 18, 20 and 25 mol%) of Bliions
were doped into BaWp In general, the CL spectra are similar. The ddpeoe of
luminescent intensity on the concentration wasistud he highest luminescent intensity
was found in the 10 mol% Eludoped Baw@and then decreased and fluctuated at 15, 20
and 25 mol%. In general, this quench in intensiihvincreasing concentration of Eu

ion is ascribed to cross-relaxation amond‘Hons.
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Figure 3.23. Concentration quenching behavior 6f Bn luminescence of BaWCEL*.

Figure 3.24 presents the changes of CL intensitly edrrent density. While BawW©
Eu®" has been excited by 3 kV electron beam, the luscierece saturation is observed.
The saturation could be due either to ground stepdetion at high current density, or to
non-radiative Auger processes. While BayBu*" is excited by 4.5 kV electron beam,
the CL intensity increases linearly with the cutreensity up to 150uA/cm?, no

saturation has been observed.
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Figure 3.24. The dependence of CL intensity onesurdensity of (a) 3 kV and (b) 4.5 kV

electron beam.

As shown in Figure 3.25, the luminescence intenisityeases with accelerating
voltage while current density is kept at 1@A4/cm®. Higher accelerating voltage means
higher energy of electron beam has been acceletatdte phosphor particles and can

penetrate deeper. Therefore, more luminescentrsecde be excited.
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Figure 3.25. The dependence of CL intensity onlacating voltage while current density
is kept at 104LA/ cm?.
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3.2 ZnWOgbased Phosphors

3.2.1 Introduction

Inorganic functional material, ZnWOhas been widely investigated because of its

potential applications in various fields, such astpnics>>%4

magnetic propertie®;
photocatalysi§’®° sensors? etc. As a luminescent material, Zn\Wid a self-activating
phosphor and can exhibit a broad blue-green enmigsiad under ultraviolet light, X-ray,
or y-ray excitation. It has been considered as a pliagisptical material due to some
advantageous properties including high light yidlijh average refractive index, high
X-ray absorption coefficient, short decay time, lafterglow to luminescence, high
chemical stability, and non-toxicifyy:** Pure and metal ions (Fe, Mo, Cr, Li, Ca, Ni, Co,
Dy, Er) doped ZnW@®single crystals are prospective scintillating miate for y -ray,

2B decay and dark matter detectors, X-ray medicabgpaphs, and tunable laser systems.
Recently, some researchers have synthesized Zniilf@s, xerogels, nanoparticles,
nanorods, and polycrystalline ZnWCEW" and investigated their photoluminescence

properties. However, there is very limited literatuo investigate the luminescent

properties of ZnW@based materials under the excitation of low-vadtapctron beams.

Most of the doped and undoped ZnWe&ingle crystals have been grown by a
traditional Czochralski technique. ZnW-®ased films, bulk powders, and nanocrystals
can be prepared by many methods, such as spralygigrasolid-state methods, reverse
micelle systems, hydrothermal routes, the molteit szethod, etc. In general,
luminescence intensity can be strengthened by éingeat high temperature, but it is
difficult to keep the morphology of luminescent eradls at the same time. The

as-prepared materials obtained from the solutiothats (e.g., a hydrothermal route,
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reverse micelle method) may have good morphology dispersibility, but their
luminescence intensity is relatively low. Thesehpems prompted us to combine the
solution method with the following annealing treatmh In this paper, ZnWfQand
ZnWO,: EU** particles were prepared by the refluxing methaditaen annealed in air at
different temperatures. The obtained samples weaeacterized by XRD, FE-SEM, and
low-voltage CL. It is interesting to find that th@w-voltage luminescent properties of
these tungstate phosphors can be tuned by the glopiEU* ions and the following
annealing treatment. The energy transfer from af\fPoup to Ed" ions is inefficient in
ZnWO;,: EU** phosphors annealed at 500°C or above; therefoeeCt spectra of these
samples are composed of blue-green and red ensssirs exhibiting strong white light

under the excitation of low-voltage electron beams.
3.2.2 Experiment

ZnWO, and ZnWQ:EU** particles were prepared by refluxing in a watduton
followed by annealing at different temperaturespicglly, 1.50 g of polyethylene glycol
(PEG), (average molecular weight = 6000), zincatéhexahydrate [Zn(Ng-6H,0, 98
%], and Eu(NQ); (totally in 8 mmol, the doping concentration of’Ewvaried from 1 to
10 mol %) were dissolved in 50 mL of distilled watie obtain a transparent solution. The
above solution was heated to boil and then mixel amother 50 mL of a water solution
containing 8 mmol sodium tungstate dehydrate,\Wa4-2H,0, 99.5 %) under stirring.
The mixture continued to heat to boiling and redldxat a boiling state for 3 h. The
temperature of the boiling mixture was about 9€5After the suspension was cooled to
room temperature, the solid was separated by begdtion. In order to remove residual

PEG, the solid was resuspended three times inlelistivater and centrifuged again.
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Finally, the solid was dried at 90 °C for 12 h, gradts of the as-prepared samples were
annealed at a desired temperature for 2 h, witkirggrrate of 5 °@nin. They were then

characterized by XRD, SEM and CL.

3.2.3 Results and discussion
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Figure 3.26.XRD patterns of ZnWQ (b, c, e, g) and ZNWEEL (d, f, h) particles

annealed at different temperatures and the starddedfor ZnWQ powders (a, JCPDS

card no. 15-0774).

The crystal structure determination and phase ifileation of ZnWQ, and ZnWQ:
EU** particles were investigated by XRD. As shown igufe 3.26, XRD patterns of
ZnWOs (b, ¢, e, g) and ZnWOEW" (d, f, h) particles annealed at different tempees

and the standard data for Zn\Wa@re presentedhe XRD patterns indicate that the
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as-prepared and low-temperature (<3@) annealed ZnW®and ZnWQ: EU** are
amorphous structures. The diffraction peaks oftatlse ZnWQ, appear on the sample
annealed at 400 °C, and their intensities increafeincreasing annealing temperatures.
The position of the diffraction peaks of ZnWénd ZnWQ: EU** particles are basically

in agreement with the sanmartinite structure kndwom bulk ZnWQ, which is
monoclinic phase with space grow, (P2/c) and lattice parameteas= 0.4691 nmb =

0.572 nmc = 0.4925 nm, andG = 90.64°. Inthis structure, each W is surrounded by
four nearest oxygen ions artvo more distant ones in approximately octahedral
coordination tdorm a WQ®™ molecular complex. The relative broad diffractizeaks of
ZnWO;,: EU** particles compared with those BfiWO, particles reveal that the average
crystalline size othe former is smaller than the latter. This indésathat the doping of
Eu® ions in ZnWQ lattice can restrain the growth of ZnW®@rystalgrains to some

extend.

Figure 3.27 shows the FE-SEM images of ZnyME)** particles without annealing
(a) and annealed at (b) 500, (c) 700, and (d) 9DOAS shown in Figure 3.27(a), the
as-prepared ZnWHEU" particles are spherical with size of around 28 REG plays an
important role similar to that of diethylene glyanlpolyol media, that is, PEG may be
used as a stabilizer and could bind to the sudéatiee nanocrystal to limit its growth. As
shown in Figures 3.27(b) and (c), the morphology aspersibility of the sample
annealed at 500 and 700 °C are basically retaieeckpt that the particle sizes are
increased to 35 and 56 nm, respectively. At 900tR€,ZnWQ: EL** sample becomes

irregular in morphology and the particle size isreased abruptly to 230-500 nm.
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Figure 3.27FE-SEM images of ZnWQEU*" particles (a) without annealing and annealed
at (b) 500, (c) 700, and (d) 900 °C.

Under the excitation of a low-voltage electron beara obvious emission was
observed for those as-prepared and low-temper@td® °C) annealed ZnWOperhaps
due to the amorphous phase of ZnyW@hen the annealing temperatures were increased
to 500°C, a blue-green emission was observed. dlwerbltage CL spectrum in Figure
3.28 shows an emission band center at 500 nm. &arthealing temperature is further
increased to 700 and 900 °C, the emission becormes amd more intense. The spectra

as shown reveal a continuously increase in CL sitgnvith annealing temperature.
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Figure 3.28CL spectra of ZnWQparticles annealed at different temperatures.
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Figure 3.29. Gaussian function fitted spectrum ¥\, by four deconvoluted emission
bands.
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The asymmetry shape of the emission band sugdetZnWQ has a composite

structure. Figure 3.29 presents the emission b&rD® °C-annealed ZnWg@and the
spectrum fitted by Gaussian function. The broadssion band has shoulders in both blue
and red regions, which indicates that it is coesistf more than one emission band.
Using a Gaussian function, the CL spectra can berd®luted into four emission bands:
two strong emissions peaked at 496 and 535 nmvemd/eak emissions at about 447 and
579 nm. These emission peaks are all resulted fremV/Q®" complex. According to

von Oosterhout’s molecular orbital model for theabedral W@ complex, the most

probable scenario for emission implies transititimat start from two’T,, levels and
terminate at'A; level®*®*The long wavelength emissions are suggested tdt fesm

allowing the parity forbidden transition from thewler-lying T,, levels tolAgl level

due to lowering of the site symmetry caused bydéfrmation of W@~ octahedron.
But Wand® suggests that the yellow emission is due to theombination of

electron—hole pairs localized at oxygen-atom-defitiungstate ions.

Figure 3.30 shows the CL spectra of ZnWEU** particles annealed at different
temperatures. When the annealing temperature iswbdD0 °C, the ZnW@ Eu**
particles have the amorphous structure. Thereforly, characteristic emission of Eu
ions is observed in the CL spectra, which is coradad the characteristic line emissions
arising from theDy — 'F; (J =1, 2, 3, 4) transitions of the doping ions. Amahgm,
the electronic dipole transition 8Dy — 'F, at 614 nm is dominant. For the Zn\WO
Eu®* samples annealed at 500, 700, and 900 °C, thep€ttra include two parts: the
broad emission band peaked at ~500 nm originatiomg the intrinsic W@~ complex,

and the line emissions of the doped®Hons. The combination of these two emissions
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forms a bright white luminescence. Dai et al. ththle emissions for Eii ions are
contributed by both the charge transfer froM @ EU* and the energy transfer from°W
ions to EG" ions in ZnWQ: EU** nanocrystals prepared by the hydrothermal method.
ZnWO,: EU** particles synthesized by our procedure exhibitaad emission band and
line emission of EY ions as long as the formation of ZnW@W** crystallite. The
presence of a broad emission band is due to teeeféisient energy transfers from%V
ions to EG" ions in ZnWQ: EU** particles prepared by refluxing as compared to the
hydrothermal method. Therefore, the emission of Eans may be mainly attributed to
the charge-transfer transition froni @o Eu** ions. The inefficient energy transfer can be
used to adjust the luminescent properties and blgedesign the synthesis route of
white-light phosphors. From the values of the chabaity coordinates (CIE) parameters
listed in Table I, it can be seen that the Zn\dd ZnWQ: EU** particles annealed at
700 °C and the as-prepared ZnWeu*" particles emitted strong blue-green, white, and
red light, respectively, under the excitation dba-voltage electron beam. Figure 3.31

gives the chromaticity coordinates of these thrammes in the CIE chromaticity

diagram.
ZnWO, ZnWO,;: Eu®
Annealing Annealing Without
at 700 °C at 700 °C annealing
Chromaticity X 0.1968 0.2678 0.5994
coordinates y 0.1971 0.2150 0.3585

Luminance (cd/nf) 1143 195 36
Luminance

1.26 0.22 0.04

efficiencies (Im/W)

Table 1. CIE parameters, luminance, and efficiencie of ZnWQ,, the as-prepared and
annealed ZnwWQ,. Eu* particles. For luminance measurement, the excitatin
voltage and current density were 4.0 kV and 651A/ cm?, respectively.
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Figure 3.30CL spectra of ZnW@ EU** particles annealed at different temperatures.

Figure 3.31. CIE chromaticity diagram showing theoenaticity points of 700°C annealed
(1) ZnWQ,, (3) ZnWQ;: EU** and (2) the as-prepared Zn\W@EU**.
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Chapter 4 Luminescence of Some Binary Oxides

Binary oxides have relatively simple structure tki@nternary oxides. In this chapter,
we discuss the luminescence properties of someybmades for FED application. They

are rare-earth doped zirconia (Zj@nd zinc oxide (ZnO).

4.1  Luminescence of rare-earth doped Zr©

4.1.1 Introduction

Zirconia-based materials are some of the most wisteidied phosphor due to their
excellent technological properties such as chenaocal thermal stability, mechanical
strength and wear resistance as well as its goeexcehange properti€s.The cubic
ZrO, with high oxygen conductivity has been applietligh temperature solid oxide fuel
cells and as industrial catalyst oxygen sen¥bAs a phosphor, ZrHhas a very small
stretching frequency (phonon energy: 470¢nwhen compared with other host
materials’’ In a host with lower phonon energy, the numbet #re probability of
radiative transitions of substituted rare-earthsianthin the host is higher. Thus, it has
increased our interest to investigate the lumineseeproperties of rare-earth doped

ZrO,.

The phase transformation behavior in doped zircan@mplex. It can adopt three

different crystalline structures. They are the cugtiucture with the fluorite type~d 3m)
at high temperatures (~237Q), the tetragonal structureP4,/nmc) at intermediate
temperatures (~117%C), and the monoclinic structuré®®, /c) at low temperature¥.
The two high-temperature phases are more valuabléhé technological applications

comparing to the room-temperature monoclinic phaserefore, the incorporation of
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divalent or trivalent cationic species into zirargéan probably stabilize cubic and
tetragonal zirconia at room temperature. However ahosphor, the monoclinic phase
has less symmetric lattice than tetragonal phak&wean enhance the transitions in the

rare-earth ions.
4.1.2 Experiment

Nanocrystalline rare-earth doped Znfdere prepared by a urea precipitation method.
Defined amount of ZrO(N¢), and RE(NQ)3; (Zr/RE=10/1 by weight) was prepared to a
concentration of 10 g/liter by adding de-ionizedevaThe solution was heated at@5
under stirring, and 3.0 g of urea was added. Tliere®.2 g of urea was added in every
30 mins to keep constant of urea concentration. dénvecentration of precipitation
increased with time. In this way, heating was awrgd for 4 hours. The as-form powder
was obtained after centrifugation and drying iroaen (80°C). Followed by annealing at
700°C for 2 h, the structure and phase of the oxidedeswas confirmed by XRD. The
morphology and size of particle were characterizgd FE-SEM. Spectroscopic

characterizations on PL and CL of the zirconia phoss were also carried out.

4.1.3 Results and Discussion

Figure 4.1 shows the X-ray diffraction pattern @0z Eu**. In previous studies,
Gutzov et al. found that tetragonal phase candigesait 456C annealed Zr® 0.01EG"
and the monoclinic phase formed immediately whem dhnealed temperature was
increased. Zhang et al. also found that instead-@fO,, t-ZrO, became dominant when
the content of Tr{ is more than 2%. However, Ninjbadgar et al. asctithe facile

synthesized Zr@ Eu** nanopartilces in their work to cubic fluorite daisstructure. In
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our work, similar diffraction pattern was observatso the crystal size was estimated to
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be 15 nm from the diffraction pattern. Further istgation is acquired to confirm

whether it is tetragonal or cubic phase.
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Figure 4.1. X-ray diffraction pattern for nanocgjléihe ZrQ,: 0.1E4".

As shown in Figure 4.2, the SEM image reveals @ °C-annealed Zr@ Eu**

particles. The particles are very small leadingaggregation seriously. The size of

particles was estimated from the dispersive regimhhas an average value of 30 nm.

FY

SEI 50kY  X25,000 1um WD 14.9mm

Figure 4.2. SEM image of nanocrystalline ZrO.1EJ".
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The excitation and emission spectra of ZID1EJ" are presented in Figure 4.3. By
considering the most characteristic emission of Bt 606 nm, the excitation spectrum
has been obtained. A main broad-band centeredBat®4and plus some minor emission
peaks can be observed. This excitation band isedabg the charge transfer from an
oxygen D orbital to an empty f4orbital of Ed*. The other weak peaks are the
intraconfigurationaf-f transitions from ground state to the excited staf¢hile exciting
ZrO,: EU** by the selecting wavelengths of 248, 395 and 465there is no significant
difference between the emission spectra. As shawithé emission spectrum, the

emission peaks at 580, 591.5, 606, 650 and 714@wcoaresponding to the characteristic

transitions°D, - 'F,, °D, -~ 'F,, °D, - 'F,, °D, - 'F;, and °D, - 'F,, respectively.
Though the forced electric dipole transitiéB, — 'F, is the highest; the relative strong

magnetic dipole transitioriD, - ‘F, leads to an R-value of 1.8 only. The magnetic

dipole transition occurs when Ewccupies a site with or without inversion symmetry

However, the occurrence of forced dipole transjtiespecially the hypersensitive

transition °D, - ’F,, is resulted from the asymmetry environment of'ETiherefore, it

shows that Etf probably occupied a site in ZsQattice with small deviation from
inversion symmetry aD, . The CL spectrum excited by 3 kV electron bearshasvn in
Figure 4.4 also presents the similar result adPthepectra. However, while excited by
higher accelerating voltage, the emission from é@iganergy level’D, can also be

observed.
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Figure 4.3. Excitation and emission spectra of naystalline ZrQ: EU*".
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Figure 4.4. CL spectra of nanocrystalline Zr&u** while excited by 3 kV and 4.5 kV

electron beam.

S

of

Typical PL excitation and emission spectra of ‘Tdoped zirconia are presented in

Figure 4.5. The excitation spectrum shows an etkaitdand in the range of 230-330

originating from the4f® - 4f75d* transition of TB" ions. The excitation of ZrOTb**

nm

by 249 nm UV light exhibits four characteristicdiemissions of T at 488.5, 542.5,

585, and 621 nm. They are corresponding to thesitians °D, - 'F,, °D, - 'F,,
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°D, - 'F, and °D, - 'F,, respectively. No emission from higher energy le¥®, has

been observed. Similar spectrum has also beemebitan CL as shown in Figure 4.6, but

the highest emission red shifts from 542.5 nm td &M. The position of the other

emission does not change.
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Figure 4.5. Excitation and emission spectra of naystalline ZrQ: Tb*.
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Figure 4.6. CL spectrum of nanocrystalline ZrDb™.
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For Tnt* doped ZrQ phosphor, the luminescence becomes relatively waak
observed PLE and PL spectra in Figure 4.7, thegityis much lower compared to Eu

and TH* doped ZrQ. Regarding the emission of Ffrat 452 nm, the PLE spectrum is
shown. The peak at 360 nm is ascribed to the tiansiH, - 'D, of Tm** ions. By
selecting this excitation wavelength, the emissspectrum has been obtained. The
spectrum consists of a broad emission band and siomemissions on it. The line

emissions at 452 nm are surely ascribed to theacteistic transition'D, - °F, of

Tm®* ions. The broad emission band is probably resutmah the defect emission of

ZrOs,
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Figure 4.7. Excitation and emission spectra of ngystalline ZrQ: Tm*".
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4.2  Intrinsic emissions in ZnO with different morphologies

4.2.1 Introduction

ZnO is a well-known semiconductor with a wide bayag of 3.37 eV, which is of
great interest for optoelectronic applications tuis unique optical propertiés® High
guality ZnO typically exhibits one emission peaktie UV region. Unavoidably, zinc
and oxygen vacancies, interstitials and antisitie8nO are possible point defects that
may exist while synthesis or post-annealed undésrdnt gaseous environments. The
luminescences of the UV and defect emission haen lextensively studied. Single
crystal of ZnO mostly exhibits a near-band-edge semn due to excitonic
recombinatiort’®*%? However, the assignment of the exciton bound eithelonor or
acceptor in ZnO is still controversial. Besidesiextc emissions, two-electron satellite
transitions, donor-acceptor pair (DAP) transitiamsl longitudinal optical (LO) phonon
replicas could also be observed in the lower pérthe energy spectruff’'*103
Polycrystalline ZnO powder typically emits one oon@ bands in visible spectral range
which is attributed to defect emission. The origfrthe defect emission is still not fully
clear. Predictions from first-principle calculat®about the formation of point defects in
ZnO reveal that oxygen vacanciespfMand zinc vacancies ) should dominate in
Zn-rich and O-rich conditions, respectivé:'°*Based on experimental studies, various
hypotheses have been proposed on the green, yafildwrange-red emission. In which
green defect emission is the most controversial @everal hypotheses have been
proposed, such as Btype recombination (transition between singly mma oxygen

6-109
)

vacancy and photoexcited hol& e-A-type recombination (transition of an electron

from the conduction band to doubly ionized oxygerancies or zinc antisité}!*°

112

donor-acceptor transitioh; intracenter transition (two states 9f ),"**and zinc vacancy
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3atc. More convincing evidences have indicated thiatdefect emission is related to

the surface condition. Apart from the green emissibe defects responsible for the
yellow emission are not located on the surface iandostly attributed to the oxygen
interstitial***** For the defect emission in orange-red, many hygssh have been
proposed, such as oxygen interstitial defects, zinterstitial and surface

dislocation!'-118

4.2.2 Experiment

In this chapter, nanostructured ZnO particles hdoeen fabricated by a
hydrothermal method. By controlling the molar rasfoZn** and OH ™ in the reactant
solution, samples Z1, Z2, Z3 and Z4 with differembrphologies were fabricated. The
phase of these ZnO particles has been confirmedRiy and the morphologies were
investigated by FE-SEM. The luminescence spectraPbfand CL on different

morphological ZnO have been discussed.

Molar ratioZn* : OH ~

Z1 1:2
Z2 1:4
Z3 1:5
Z4 1:8

Table Il. Molar ratio @ *" and OH ~in different samples.

LI HIU LING 79



QE Chapter 4 Luminescence of Some Binary Oxides

THE HONG KONG POLYTECHNIC UNIVERSITY

4.2.3 Results and discussion
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Figure 4.8. X-ray diffraction pattern of ZnO paltis (a)-(d): Z1-Z4.

The XRD patterns of all samples are presentedgnrgi4.8. All of the diffraction
peaks on the curves can match the standard datahifexagonal ZnO wurtzite structure
(JCPDS 36-1451). No additional peak for other phageund, which demonstrates that
these ZnO samples have high phase purity. In additiom the FWHM and intensity of
the diffraction peaks, the crystal size of eachpganwas estimated via Williamson-Hall
plot. It was found that Z1, Z2, Z3 and Z4 have talsize of 48.6, 36.1, 41.7 and 42.7 nm,

respectively.

Figure 4.9. Crystal structure of wurtzite ZnO.
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Figure 4.10 presents the SEM images of Z1, Z2, @8 a4 before and after
annealing, which shows that they have a large rdiffee in morphology. As shown in
Figure 4.10(a) and (b), the as-prepared ZnO pestich Z1 mostly have spherical
morphology with size of 140 nm. After annealinge tmorphology of the patrticles is
retained but the size is increased to 180 nm. laz&hown in Figure 4.10(c) and (d), the
ZnO patrticles become pieces of square plate withrless of 50 nm. After annealing, the
particles agglomerate and become irregular. Thepa#B as shown in Figure 4.10(e)
presents the pieces of irregular plate of ZnO wbtickbone. Most of them are
agglomerated. In general, the thickness of theplst 100 nm, which is larger than Z2. A
major change in morphology occurs in Z4. In Figdr&0(g) and (h), it shows a full
version of flower-like ZnO particles. Each flower ¢onstructed by agglomeration of
sub-micron rods pointing out to all directionsisltnoticed that flower-like particles are

occasionally found in Z3.
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Figure 4.10. SEM images of (a,c,e,g) as preparddtad,f,h) 700C-annealed Z1, Z2, Z3
and Z4.
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The PL spectra of as-prepared Z1, Z2, Z3 and Z#exkby 375 nm of UV laser are
presented in Figure 4.11. All of them exhibit orargmission. It shows that even they
have different morphology, similar emission speetra observed. The broad emission
bands are centered at 587, 589, 588 and 592 nidlfoZ2, Z3 and Z4, respectively.

Sample Z3 has the lowest emission intensity bub@2lthe highest.
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Figure 4.11. PL spectra of ZnO particles Z1, Z2aB8 Z4 while excited by 375 nm of UV
laser.

Same emission trend in visible range has been wé$en the 3.5 kV excited CL
spectra as shown in Figure 4.12. However, the U&ion shows different luminescent
trend. Since the intensity of UV emission is mosibed to indicate the quality of ZnO.
Though Z4 shows the highest defect emission, theebhission is the lowest. It indicates
that Z4 has the poorest quality. In general, inresult, it shows that the quality of ZnO
decreases with increasing alkalinity. In additioed shift of the emission bands is

observed in CL compared with the PL spectra. Thisecause electron beam can excite
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into the deeper region of particle. As a resultrendefect emission from the bulk is

exhibited.
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Figure 4.12. CL spectra of ZnO particles Z1, Z2, 81 Z4 while excited by 3.5 kV
electron beam.
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Figure 4.13. PL spectra of annealed samples Z1ZZ2nd Z4 while excited by 375 nm of
UV laser.
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The PL spectra of annealed ZnO patrticles are showigure 4.13. The intensity of
spectra is normalized to 1 for comparison. It sholet green and red emissions are
coexisted and contributing equally in the spectrdz As shown in the SEM images of
the annealed samples, in which the particle siZ2a$ smallest, especially the thickness.
This can promote the formation of defects on thdase of the thinnest side and
contribute to the green defect emission. For thHeerosamples, the green emission
decreases with increasing size of particles. IneggnZ3 has larger particles than Z1
since large flower-like particles also exist in @Bile homogeneous spherical particles
are found in Z1. For the red emission in all samplas probably due to the formation of
same kind of defect during synthesis and annealeagment. Actually, the intensity of
the four samples is in the ordér; >1,,>1,,>1,,. It reflects the sequence of

crystallinity of the samples.

Normalized CL Intensity

0.0+

L T T T T T T T T T T
450 500 550 600 650 700 750
Wavelength (nm)

Figure 4.14. CL spectra of annealed samples Z1ZZ2nd Z4 while excited by 3.5 kV
electron beam.
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As shown in the CL spectra in Figure 4.14, moregrand yellow emissions in each
spectrum can be observed. This is probably dubdceexkcitation nature of the electron
beam. The energetic electrons firstly create edadtole pairs on the exposed particles.
Recombination partially occurs at the defects whedeetron hole pairs created. While
some electron hole pairs may be mobile in the gaegiand recombine outside the
scattered volume of the particles. More defectdalnty from the surface or the bulk
exhibit emission. The order of intensity in the rfousamples is
actually:1,, >1,,>1,, >1,,. Unlike in PL, Z3 has higher intensity than Z4.réle
scattering of light probably should be consideriedesZ4 can scatter the defect emission

more seriously due to its flower-like morphology.
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Chapter 5 Conclusions and suggestions for future

work

51 Conclusions

The present research is on the investigation oicalpproperties of rare-earth
doped tungstate and some binary oxide phosphots tvé aim of evaluating their

potential in FED applications.

Polyol-mediated method has been used to synthesieesarth (TH, Tm**, EU*")
ions doped BaW@spherical particles. Characteristic green, blwkrad emissions have
been observed in B Tb**, and Tni* doped phosphors, respectively, while excited by

UV light or low-voltage electron beams. These emniss are peaked dominantly at 615,

545, and 453 nm and are attributed to charactetistisitions from TH (°D, - 'F, and
°D, - 'F, transitions), Tm" (*D, - °F, and ‘G, - *Htransitions) and Eli (°D, - 'F,

transitions). Luminance of BawOTb* is found to be as high as 4866 cé/umder
excitation of electron beam (4.5 kV). No luminarsaguration is found up to 4 kV, 130
HA/cm? of excitation. The color purity of blue-emittingaB/O,; Tm** is as high as 97%
in PL and CL measurements. High color purity iwdtaind in the EXf doped BaWQ@as
well due to the large R-value. This R-value alstidates that EU ions may locate at a

crystallographic site without inversion symmetry.

Blue-green, red, white emissions are observed me giImWQ, as-prepared and

post-annealed ZnWOEL** nanophosphors while excited by low-voltage electreams.

Unlike WO?Z ion complex in Baw@ WO?™ ion complex in both pure and Euwoped
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ZnWO, phosphors exhibits intrinsic emission. For thesysthesized ZnW@ Eu**, the
crystallinity of ZnWQ is not good enough to exhibit the intrinsic enuossitherefore,

only characteristic red emission from’Eions has been found.

Spectral studies on the rare-earth doped,Zr@nostructures show a relative by
small R-value in Zr@ Eu** and indicate that Bliions may occupy a slightly distorted
site without inversion symmetry. Regarding the *Trdoped ZrQ, not in CL but PL
spectrum, both emissions from defects of Ze@dd Tni* ions have been observed.
Intrinsic emissions in ZnO particles with differanbrphologies have also been carried
out. In our results, the quality of ZnO is foundicrease with increasing alkalinity in the
reactant solution. Yellow and orange red emissians found dominating in the
as-prepared and annealed ZnO samples, respecflVedge defect emissions related to

the crystal size and morphology of ZnO particles b@en discussed.

5.2  Suggestions for future work

In this project, the CL properties of powder phasghhave been characterized by
the modified CL system only. The actual performaotthe powder phosphors in FED
should be further studied. The following are somggestions for future research which

may be regarded as an extension of the present work

As BaWQ-based phosphors have shown its promising opticgbgsties in our
work, it is worth to conduct further study on thdfrstly, optimization of the synthesis of
polyol-mediated BaW@based phosphors is needed. This process may apttime size,
morphologies, and crystallinity of the phosphortigdgs for improving their optical

properties. In the future work, the investigationtbe luminance saturation condition and
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luminous efficiency of the phosphors at differectelerating voltages will be conducted.

In order to characterize the CL performance ofghesphors in the FED device, we
will fabricate a simple device. By collaborationthiother research teams in our
department, a simple device with a CNT grown caghaedohosphor-deposited ITO glass
as anode, and an assembly process using CRTdlimgenethod can be fabricated. Very
low-voltage operation under a steady vacuum camdliti this device can be achieved. It

is ideal for the low-voltage CL measurement.

Other minor work on improving our measurement soauggested. The powder
phosphors in this work are mostly tightly pressed sample holder or as a tablet for CL
measurement; otherwise, the powders may contamihatehamber of CL instrument.
But it is not a good method for this measurememhélow pressure condition. Thus this
preparation work can be improved by electrophordgiposition of the sample powders
on an ITO glass. Therefore, the ITO glass withia thyer of densely packed powder
phosphors can be directly put into the chamber bfiStrument without worry of

contamination.

Generally, a few tens volt of negative voltagessdito bias the screen and carousel
to prevent collection of secondary electrons oagirg from the walls of the stainless
steel vacuum chamber. But this has not been impieadan our work. Under a certain
value of excitation voltage, a net measured curasr function of sample bias voltage
with modifications for preventing bombardment fr@econdary electrons is measured.
From the plot, the bias voltage at that accelegatoltage can be obtained by leveling off
the current. Therefore, for our low-voltage CL msbent, the voltage for collection of

secondary electrons according to different accefeyaoltages should be measured and
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applied on as a negatively bias voltage.

Since luminescent properties and conductivity efghosphors should be taken into
account for FED application. The oxyanions-baseenedt such as gallate, indium oxide
with appropriate band gap are suggested to be ttenfal phosphors for FED
application. In our future work, more effort wilkebput on searching for this kind of

materials for FED application.
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