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ABSTRACT

The film phosphors were prepared by thermal—diffusion
reactions between quartz substrate and film materials which are
spin—coated. Silicate—based film phosphors (Zn,Si0sMn**  and
BaSi,Os:Eu®") using a quartz (SiO,) substrate and film materials
(ZnO:Mn and BaO:Eu) are synthesized in this thesis. Their optical
properties were investigated with annealing conditions and dopant
(Mn and Eu) concentrations. From X-ray diffraction (XRD) analysis
and scanning electron microscope (SEM), we confirmed that film
phosphors on substrate were successfully formed-and revealed the
following characteristics.

The Zn,SiOs:Mn®" film phosphor (thickness = 1um)' became
textured along several special hexagonal directions [(113), (223),
(333) crystal plane] and their chemical compositions were
continuously graded at the  interface. The brightest Zn»Si0Mn?
film (Mn/Zn = 5 at.%) showed a photoluminescent brightness as
high as 65 % and 40-% compared with~a commercial Zn,SiO4:
Mn?* phosphor powder screen at the same weigh excited by 254
nm UV lamp and 147 nm VUV, respectively and it has short decay
time of 4.4 ms, and maximum absolute transparency of 70%.

The Zn,SiO4sMn®* phosphor shell (5 um) coated on SiO,

powder (100~200 um) showed a short decay time (tio% = 7.3 ms)



compared to that of a powder phosphor (ti0 = 12 ms)
synthesized through a conventional method at same Mn?*
concentration.

The BaSi,0s:EU* film phosphor (thickness = 800 nm)
revealed some preferred—orientation crystalline [(110), (111), (204)
crystal plane]. The BaSi,Os:Eu®" thin—film phosphor (Eu/Ba = 11
at.%) showed bright green emission and it has a high transparency

of 75 %.

Keywords : Film phosphor, transparency
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1. INTRODUCTION

Phosphors are composed of a wide—band gap host crystal
and a luminescent center called an activator, i.e., a small amount
of intentionally added impurity atoms distributed in  host

crystal[1-2].

Excitation

| | | | Visible Emission
) =g
\o e
‘H H
|

H

Figure 1. Schematic structure of host crystal (H) and activator (A)' in host

H

|
H
|
crystal.

Figure 1 'shows schematic system of a phosphor. The
luminescence processes in.such a system are as follows: Excitation
sources such as photon, accelerated electron, electric field are
absorbed by the activator, raising it to an excited state. The
excited state returns to the ground state by emission of radiation

as seen in figure 2.



excited state y
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absorption

A 4

ground state

Figure 2. Schematic energy level of the activator.

Phosphors have been used for a means of displaying of
information since the invention of the cathode-ray tube (CRT) by
Braun in 1897 [3]. The most signigicant-—advances in phosphor
technology came with the advent of color television. White
brightness  efficiency of phosphor screens - also . improved
significantly: 15 Im/W in 1951 to over 35 Im/W in 1979, as a
results of new phosphor formulations “and improved screening
techniques [4-5].

There has been interest in the development. of film
phosphors for flat panel . displays. Film phosphors have several
advantages such as long=term: stability, ~high -image resolution,
thermal stability, good heat resistance, and superior adhesion to
the substrate compared to powder phosphors[6-8].

In this thesis, bright and transparent film phosphor

(Zn,Si04:Mn*" and BaSi,Os:Eu®*) using a simple method through



thermally diffused reaction between quartz (SiO,) substrate and
spin—coated thin film materials (ZnO:Mn and BaO:Eu) on quartz
(SiO,) substrate. Formed film phosphors through this method show
dense, low density of pore and grain—boundary in appearance.
They have unique crystalline structure with some preferred crystal
orientations. Optical properties could be affected by these factors.
In addition, luminescence properties Zn,SiO.:Mn*" phosphor shell on
surface of SiO, powder were investigated.

Chapter 2 and 3 will provide a theory of luminescence and
survey of recent research- development for film phosphor with
7Zn,Si0:Mn**,  BaSi,Os:Eu”* phosphors, respectively. “Experimental
procedures for film phosphors and phosphor shell will be presented
in chapter 4. | The results and discussion of Zn,Si04Mn?,
Zn;Si04:Mn”" phosphor shel and IBaSiz0s:Eu®" film phosphors are
presented in chapter 5. Chapter 6 provides a summary of this

study.



2. THEORY

Atomic transitions are influenced by the host lattice material,
because they are localized radiative events between atomic states
associated with the Iluminescent center. Atomic transitions depends
primarily on the electronic states involved in the transition. Here we will
discuss how the host material interacts with the luminescent center, and
discuss specifically how the transition energy depends on the local
environment : symmetry, bond length and molecular orbital overlap [9].
Also we will discuss the optimum concentration of a host and the energy
transfer mechanism from the-excited center to another center.

2.1. Symmetry

The symmetry is associated with the specific lattice position of
the luminescent center. When introduced into a pseudo-ionic solid, a
transition metal or rare earth'ion substitutes for a cation site. Therefore,
one is interested in how the nearest—neighbour anions are arranged with
respect to the cation site. In- addition, it/ is important to understand the
shape and symmetry of “the electron orbitals involved -in the radiative
transition. For transition metal ions, d—d-intrashell transitions occur, and
in rare earth ions, both 4f-5d intershell and 4f-4f intrashell transitions
occur[10].

The electronic configurations of transition metal ions are

straightforward in that the d-orbitals are the outer orbitals, and are



unshielded by any other electron orbital. By examining the electron
configuration of the lanthanide rare earths series, it can easily be shown
that the 4f levels are shielded by the 5s and 5p electrons, and are
subsequently unaffected by the host lattice.

The shape and symmetry of the d-orbitals have essentially five

orientations: the 4., d4,. and 4, have the same distribution, and the

vz’

d . and 4 .. have unique distributions. The energy level position

associated with each orientation depends on how the neighbouring
anions are situated. Each orbital orientation has an energy associated
with it which is dependent on the orbital-ligand interaction. If one
assumes that the anions are simply point charges, thenthe relative
energy positions for each orbital orientation. can be  estimated. For

octahedral symmetry, the d fal and ¢4 _, lobes point directly at the
anions and the ¢, 4,,. and 4_, lobes point between anion. Because
the anion interaction is stronger for d ,:L and 4 _. lobes versus the
d. d,,, and 4 lobes,‘and d o and ¢4 _, have a higher energy
than the 4,,., 4, and g oOrientations. A-similar argument can be

applied to the tetrahedral symmetry which demonstrates that for this

arrangement, the 4, . 4, and 4, have a higher energy relative to
d o_ e and 4 _., orientations. Simple geometric considerations show that

the d—opital crystal field splitting (Dg) of the tetrahedral symmetry is 4/9



the magnitude of the octahedral splitting (Da(Tq) = 4/9 Dq(On) [11].
Figure 3 shows the d-orbital splitting for both the octahedral and

tetrahedral symmetry.

Free ion
d.z2 y2s d,2
.'ql"' !I'E"
d-orbitals
4/9 Dg
:y’ ‘-
de22,d,2
Octahedral Tetrahedral

Figure 3. d-orbital splitting for the octahedral and tetrahedral symmetry.

2.2. Bond length
The atomic energy level of “the luminescent center are dependent
on the bond length of the host material. The bond length dependence of
the d-orbital splitting can be easily understood by approximating the ions
as point charges and considering the electric field. Applying this same

logic to ions in a solid, as the bond length decrease between anions



and cations, the crystall field in the solid increases. Conversely, when
the bond length increases, the crystal field decreases and atomic states
become more like the free ion case. Also it is possible to consider how
the energy levels of rare earth ions are affected by the host lattice bond

length.

The results of the point charge model can be used to
demonstrate how the bond length modifies or splits the d-orbitals. This
model represents anions with point charges, and takes into account the
radial nature of the d-orbital wavefunction. The point charge model
applied to d-orbital splitting -results in the simple algebraic expression

[12]:

where Dqg is the energy level separation, z is the charge or valence of
the anion, e is the chargeof an electron, r is the radius of the d
wavefunction, and a is the bond length. Eq.(1) clearly shows that when
a radiative transition involves an outer d-orbital (3d or 5d), the emission
color can vary depending on the lattice spacing of the host material. The
influence that the bond distance has on the splitting is demonstrated in

Figure 4.



Freeion r=r, r<r

O

Figure 4. d—orbital splitting for bond length.

2.3. Molecular orbital overlap

The cation and ‘an ion properties of the host lattice influences
atomic radiative transitions. These effects are not as intuitive as the
symmetry and bond “length.. effects because they. is related with
cation—anion molecular orbital. (MQ) overlap. -The -degree of the MO
overlap in a solid depends on the bonding type (ionic vs. covalent); if
the bonding is primarily ionic then the MO overlap is small, and if the
bonding is primarily covalent then the MO overlap is large. An estimation

of the fraction of covalency (f.) for a given bond is expressed by [13]:



fo= expl(—0.25)AEN '] (2)

where AEN is difference in the anion and cation electronegativities. Eq.
(2) demonstrates that the bonding between two ions is a function of how
strong each ion binds its outer electrons. For elemental semiconductors
(i.,e. Si and Ge) where AEN is zero, these solids are characterized as
having perfectly covalent bonds, and valence electrons are shared
between neighbouring atoms. When the AEN increases for IlI-V and [I-VI
materials, their bonding becomes more ionic because the anion has a
stronger attraction for electrons versus the cation.

In the free ion - state, there are obviously no MO interactions and
if spin—orbit interactions are ignored, all the d-—orbitals are degenerate
with respect to energy. However, when these orbitals interact with nearest
neighbour anions, the d-orbitals hybridize due to electron cloud
interactions. This effect is called the nephelauxetic effect which literally
translated means electron cloud expanding[2]. When a transition metal or
rare earth ion is surrounded Dy a.host lattice, -the normal electron orbital
distributions are perturbed and new -energy states are produced. The
orbital interactions create lower energy bonding states and higher energy
antibonding states through hybridization. As the MO overlap increases for
more covalent solids, the energy position of the bonding states and

antibonding states shifts to lower energy. While the bonding states and

_9_



antibonding states may shift by different amounts, if the details of the
ground state and the excited state are known one can predict how
different host materials (more ionic or more covalent) will change the
radiative transition energy of a luminescent center.

2.4. Activator concentration guenching

There is always an optimum activator concentration, but the exact
number of sites will vary from host to host[14]. The optimum
concentration of one host as a function of the plurality of localized
phonon modes will different from other host lattice. This is because the
emission intensity( lem) is directly proportional to the-number of activator
centers(Na), and is an‘inversely exponential function of the number of
guenching centers(Ng). These quenching centers may be nearest neighbor
activator sites which dissipate energy by direct exchange, or they may be
distant sites accessible by resonant exchange mechanisms. This effect is
illustrated in figure 5. Initially the emission intensity is linearly proportional
to the number of emitting activator sites(Na) and di/dx is a constant
value.

At quenching point, the density of these sites becomes too large
and the overall emission intensity falls exponentially as concentration
increases. The reason is that the original nearest neighbors become
quenching sites because of direct exchange coupling for the virtual

photon exchange mechanism. Thus, if the number of activator sites

_10_



increase beyond a specific point, the energy dissipation mechanisms
become dominant. The optimum activator concentration is a function of
the nature of the activator and the nature of the host is not easily

predicted or calculated. It is usually experimentally determined.

<
LI
I‘l-

-
n B
)

+— Optimum

Emission intensity

Activator Concentration

Figure 5. Optimum intensity ‘with activator concentrations.

2.5. Energy Transfer
The possibility to return—to the -ground state is considered by
energy transfer from the excited center (S°) to another center (A):
ST+A—> SH+A
If A" emits light after energy transfer from S" to A", S is said to be a

sensitizer of A. However, if A" may also decay nonradiatively, A is said

_11_



to be a quencher. S and A are separated in a solid by distance R. The
energy level schemes are also given in figure 6. An asterisk(") indicates
the excited state. Let us assume that the distance R is so short that the
centers S and A have a non-vanishing interaction with each other. If S
is in the excited state and A in the ground state, the relaxed excited
state of S may transfer its energy to A. Energy transfer can only occur if
the energy differences between the ground and excited states of S and
A are equal i.e., resonance condition, and if a suitable interaction
between both systems exists. The interaction may be either an exchange
interaction if we have wave function overlap or an-electric or magnetic
multipolar interaction.

The resonance condition.~Can be “tested by considering the
spectral overlap of the 'S emission and the A absorption spectra. The

Dexter result looks as follows[12]:

Psa= 2/h|<S AIH s4lS ", A1 [ (B)g 2 (E)dE  (3)

The integral presents the spectral overlap between ga(E) and gs(E) being
the normalized optical line shape function of center A and S. Eqg. (3)

shows that the transfer rate Psa vanishes for vanishing spectral overlap.

_12_



1A >

S BT 1A >

g5(E)
ga(E)

/

E —»

Figure 6. Energy transfer between the centers S and A.at a distance R.
The spectral overlap is illustrated at the bottom.

The matrix element(Hsa) represents the interaction Hamiltonian between
the initial state |S*, A > and the final state |S, A*x >. The distance
dependence of the transfer rate depends on the type of interaction. For

electric multipolar interaction the distance dependence is given by R (n

_13_



= 6, 8,... for electric—dipole electric—dipole interaction, electric—dipole
electric—quadrupole interaction,... respectively). For exchange interaction
the distance dependence is exponential, since exchange interaction
requires wave function overlap. A high transfer rate, i.e., a high value of

Psa, requires a considerable amount as follows :

(1) resonance, i.e., the S emission band should overlap spectrally the A
absorption band.

(2) interaction of the multipole—multipole type or of the exchange type.

The critical distance for energy transfer (R.) is defined as the
distance for which Psa equals Psy7i.e., if Stand A are separated by a
distance R., the 'transfer rate equals the radiative rate. For R > Rc
radiative emission from S prevails, for R < R. energy transfer from S to
A dominates.

If the optical. transitions of S and A are allowed electric—dipole
transitions with a considerable spectral overlap,-Rs may be some 30 A.
If these transitions are forbidden;-exchange interaction for the transfer
occurs. This restricts the value of R. to some 5-8 A. Assuming that the
interaction is of the electric—dipolar type, Eq. (3) together with Psa (Re) =

Ps vields for R. the following expression:

_14_



RS=3%10"%/,E ' [g5(E) g (E) dE (4)

Here fa presents the oscillator strength of the optical absorption transition
on A, E the energy of maximum spectral overlap. Eqg. (4) makes it
possible to calculate Rc from spectral data. In addition, Energy transfer
from a broad—band emitter to a line absorber is only possible for nearest
neighbours in the crystal lattice, and transfer from a line emitter to a
band absorber proceeds over fairly long distances.

The shape of the decay curve-is-characteristic of the energy
transfer processes[2]. A compound of a rare earth ion S contains some
ions A, which are able to trap the migrating excitation energy of S by SA
transfer.

(a) If excitation into S is followed by emission from the same S ion,
or if excitation into S is followed after some migration by emission from

S only, the decay is described by
I'=_foekpl +9 1) (5)

where |y is the emission intensity at time t = 0, i.e., immediately after the
pulse, and r is the radiative rate.

(b) If some SA transfer occurs but no SS transfer at all, the S decay

_15_



is given by

I= 1 exp(rt— Ct3'™) (6)

where C is a parameter containing the A concentration and the SA
interaction strength, and n ( > 6) depends on the nature of the
multipolar interaction.

The decay immediately after the pulses faster than in the absence
of A. This represents the decay of S ions which do not have A ions in
the surroundings.

(c) If Pss >> Psa, the decay rate is exponential and fast as

following:

1= IoeXD(Tf_ C AP SA t) (7)

(d) If Pss << Psyand dealing with diffusion—limited energy

migration, the decay curve-for t =¢c0 can-be described by

I=1,exp(rt— 11.404C ,C YD %" ¢) (8)

if the sublattice of S ions is three dimensional. C is a parameter

_16_



describing the SA interaction and D is the diffusion constant of the
migrating excitation energy. For lower dimensions non—exponential decays
are to be expected. Figure 7 shows some of these decay curves. The
temperature dependence of Pss is very complicated. Due to
inhomogeneous broadening, the S ions are not exactly resonant, but their
energy levels show very small mismatches. At room temperature, the
lines are broadened and phonons are available, so that these
mismatches do not hamper the energy migration. However, at very low
temperatures they hamper the energy migration, or make it even
impossible.

For identical ions, one—phonon assisted processes. are not of
much importance. Two—phonon assisted proeesses have a much higher
probability. One of these (a two-site nonresonant process) vyields a T
dependence. Another (a one-—Site resonant process), which uses a higher
energy level gives an exp(—AE/KT) dependence, where AE is the energy

difference between the level concerned and the higher level.

_17_



In(emision intensity)

Decay time

Figure 7. Several possibilities for the decay curve of the excited S
ion. Curve 1: no SS transfer; curve 2: rapid SS migration; curve' 3:
intermediate case.
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3. LITERATURE REVIEW
3-1. FILM PHOSPHORS

Film phosphors have several advantage compared to powder
phosphors such as reduced outgassing, superior adhesion, high
image  resolution, good heat resistance, and long—term
stability[6—8]. However, film phosphors have poor luminance
compared to powder phosphors because of their low external
qguantum efficiency (ne). The external quantum efficiency is related
to the internal quantum efficiency (nn) and the fraction of light
escaping (light extractionefficiency) the film phosphor (Nesc)[6,

15].

Nex=Nin - Nesc

The poor' light extraction efficiency (nes) of film phosphors
is associated with factors.such as (i) internal reflection at interface
between media with different refractive -indices, (i) absorption of
generated light by substrate materials[16]. Figure 8 shows

propagation of generated light in film phosphor.

_19_



Air (ng)

Phosphor (n,)

Substrate (n,)

Figure 8. Propagation of light generated in film phosphor.

When light generated in film phosphor reaches the interface having

some angle 04, the light is refracted according to Snell's law [17]

Np * SINB1 = Np - SiNB2

where n, and no are the refractive index for each media and 0y is
the incident angle and 0, is refraction angle of light at the
interface. Let the light pass from a denser medium (higher
refractive index : np) to a rarer medium (lower refractive index :
no). As the angle of incidence is gradually made larger, the angle

of refraction becomes bent toward the interface. The incident light

_20_



is not refracted but is tangent to the surface and sin6, becomes
unity. This incident angle is the limiting angle of refraction at the
interface called the critical angle (B.) for total internal reflection.
Total internal reflection cause poor light extraction efficiency in film
phosphors, therefore, methods for enhancement of extraction
efficiency in film luminescent materials have been studied by many
researchers[6,8,15,18-30]. Some significant improvements of
extraction efficiency have been made by modifying the shape and
morphology of the surface of film phosphors[6,8,15,18-28]. Chao
et al. have also reported-that the improved —efficiency of film
phosphor that results from introducing a metal array onto the film
phosphor is due to surface plasmon coupling[29,30].

The internal quantum efficiency (Nn) depends on crystallinity
of film phosphors[31-33]. Pores and grain boundaries of film
phosphor are luminescent Killer for radiation at the luminescent
center. Therefore, high quality film having low density of pores and
grain boundaries is required for_enhancement of internal quantum
efficiency in film phosphors.

Film phosphors can be fabricated using various techniques,
including sputtering deposition[34,35], pulsed laser deposition[16],
atomic layer deposition[36] and chemical vapor deposition[37].

However, these methods require expensive and complicated
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equipment need to vacuum techniques. One of the simple methods
for film phosphors is solution—based spin—coating technique.
Spin—coating technique is done in air atmosphere, thus have simple
and inexpensive process compared to other vacuum method.

In this thesis, we prepared film phosphor (Zn,Si0sMn** and
BaSi,0s:Eu®") using a simple method through thermally diffused
reaction between quartz (SiO,) substrate and spin—coated thin film
materials (ZnO:Mn and BaO:Eu) on quartz (SiO,) substrate. We
have focused on relation between crystalline structure and optical
properties of our film phosphors. We have—also studied on

luminescent properties” of Zn,Si0.:Mn** phosphor shell.

3-2. Zn,Si04:Mn?" phosphor

Zinc silicate is wellimite crystal structure which have Zn-0,
Si—O bonding and networked by oxygen as seen in figure 9 [38].
The host matrix for many rare earth and transition metal dopant
ions for the efficient - luminescence. This..hostt system has the
chemical stability and semi—conducting —properties[39,40]. A
prominent green emission color has been reported on Zn,Si04:Mn?*
phopsphors[40, 41]. Zn,SiO.:Mn* is widely used in display devices
such as plasma display panels (PDPs), vacuum fluorescence

displays (VFDs), electroluminescence device (ELD) and cathode ray
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tubes (CRTs)[1,42,43]. It is well know that Zn’" and Mn?* ions
have similar oxidation states and their radii being similar and
therefore Mn?" ions could be well distributed as the substitutions of
Zn?* in the Zn,SiOs host matrix and hence encouraging a strong
green emission band at 525 nm due to the *T,-®A; transition of the

Mn®* ions[40, 44].

Figure 9. Crystal structure of Zn,SiO4.
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3-3. BaSi,Os:Eu*" phosphor
Barium silicate is sanbornite crystal structure which have
Ba-0, Si—-O bonding and networked by oxygen as seen in figure
10 [45]. Eu® ions could be well distributed as the substitutions of
Ba®" in the BaSi,Os host matrix and hence encouraging a green
emission band at 508 nm due to the f-d transition of the Eu**

ions[46—-48].

Figure 10. Crystal structure of BaSi:Os.
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4. EXPERIMENTAL PROCEDURES

4.1. Zn,Si0sMn?* FILM PHOSPHOR

1 M sol-gel solution of ZnO:Mn was prepared for spin
coating using the following procedure. Zinc acetate dehydrate
[Zn(CH3C00),2H,0] was  first  dissolved in isopropanol
[ (CH3),CHOH ]-monoethanolamine (MEA;H,NCH,CH,OH) solution at
room temperature. The molar ratio of MEA to zinc acetate was kept
at 1.0. The resulting solution was stirred at 50 °C to obtain a clear
homogeneous solution. Subsequently, manganese acetate
tetrahydrate [Mn(CH3COQO)4H,0O] was added to the solution and
stired at 50 °C for .2 hr. Mn concentration was varied to 1, 3, 5,
7. 9 mol % with respect to Zn. The Zn-;Mn,O films were deposited
by spin coating on quartz substrates (3000 rpm for 20 s). The
films were dried at 300 °C for 10 min in air ambient to eliminate
the solvent and organic residue. The same spin coating procedures
were repeated five times. Finally, the films were post annealed at
1000, 1050, 1100, and 1200-°C for 3 h7in air ambient so as to
crystallize phosphor films. The crystallinity of obtained films was
identified by X-ray diffraction (XRD) analysis using a Rigaku D/MAX
2500 with Cu Ka radiation. The cross—sectional images and surface

morphologies were obtained by conventional scanning electron
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microscopy (FE-SEM, JSM-6700F). The photoluminescence (PL)
was measured in the transmission mode at room temperature using
a 254 nm lamp (Vilber Lourmat VL—6 LC, 12 W) as the excitation
source and a PR-650 SpectraScan spectroradiometer as the
detector. The photoluminescence excitation (PLE) spectrum and
decay curves were obtained using a Hitachi F4500 fluorescence
spectrometer. Optical transmittance was measured using a
UV-visible spectrometer (Hitachi U3000). To compare PL brightness
between our film and a commercial powder phosphor, the same
quantity of powder phosphor as the film (3 mg/em?) was used for

screen printing.

4.2. Zn,SiOsMn*" PHOSPHOR SHELL

Manganese doped zinc silicate (Zn,Si04:Mn*") phosphor layer
on SiO, powder were prepared following procedure. Starting
materials were ZnO (Ardrich), MnO (Ardrich), and SiO. powder
(100~200 um, Ardrich). Blended raw materials were annealed at
1150°C for 7hrs in sealed vacuum (107 Torr) quartz tube. For
complete reaction of ZnO, MnO and SiO, powder on SiO, powder
surface, mol ratio of SiO, to ZnO was fixed at 2 mole %. Mn
concentration was varied to 1, 3, 5, 7, 9 mol % with respect to

Zn. The crystallinity of obtained phosphor films were identified by
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X-ray diffraction (XRD) analysis using a Rigaku D/MAX 2500 with
Cu Ka radiation. The cross—sectional images and surface
morphology were obtained by conventional scanning electron
microscopy (FE-SEM, JSM-6700F). The photoluminescence (PL),
photoluminescence exitation (PLE), and decay curves were obtained
using a Hitachi F4500 fluorescence spectrometer. Electron spin
resonance (ESR) spectra were recorded at room temperature using
a JEOL-JES PX2300 ESR spectrometer operating in the X-band
frequency (9.4GHz)

4.3. BaSi,0s:Eu** FILM PHOSPHOR

0.5 M sol-gel solution .of Ba;Eux© was prepared for spin
coating using = the  following procedure. Barium  ‘acetate
[Ba(CH3CO0O),] was dissolved in 2—methoxyethanol and acetic acid
solution at 60 ‘C. The solution was stirred at 60 °C to obtain a
clear homogeneous: solution. Subsequently, europium acetatehydrate
[Eu(CH3COO)H,0] was-added “to the solutionrand stirred at 60 °C
for 2 hrs. Eu concentration was varied to-1, 3, 5, 7, 9, 11, 13,
15 mol % with respect to Zn. The Baj—EuO thin—films were
deposited by spin coating on quartz substrates (3000 rpm for 20
s). The films were dried at 300 °C for 10 min in air ambient to

eliminate the solvent and organic residue. The same spin coating
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procedures were repeated 10 times. Finally, the fiims were
annealed at 1000, 1050, 1100, 1150 °C for bhrs and at 1100 °C
for 1, 2, 5, 7 hrs in Hy (56 %) /No (95 %) atmosphere. The
crystallinity of obtained films were identified by X-ray diffraction
(XRD) analysis using a Rigaku D/MAX 2500 with Cu Ka radiation.
The cross—sectional images and surface morphologies were
obtained by conventional scanning electron microscopy (FE-SEM,
JSM-6700F). The photoluminescence (PL) and photoluminescence
excitation (PLE) spectra were obtained using PR—650 and Hitachi
FA500 fluorescence spectrometer. Optical transmittance was
measured using a UV-visible spectrometer (Hitachi W3000). The
vacuum ultraviolet (VUV) spectrum obtained. under vacuum ultraviolet

(146 nm) by deuterium lamp.

_28_



5. RESULTS AND DISCUSSION

5.1. Zn;Si0s:Mn** FILM PHOSPHOR
Figure 11 shows formation procedure of Zn,Si0.Mn* film
phosphor. Figure 12 shows cross—section SEM images as a

function of annealing temperature.

s 32;3‘ i0; :Mn
Spin-coated )
Zno:M g 3 oS
SR UDDE;DEEIE,D%]
Guartz substrate (Si0.) Quartz substrate (Si0.)

‘ Heat treatment ’

7n,5i0;
i Thermal diffusion

Znsi and reaction

Quartz substrate (Si0.)

Figure 11. Schematic of formation procedure of Zn,SiO.:Mn?* film phosphor.

Figure 12(a) -shows. that spin—coated -ZnO:Mn film has
particle size of 50 nm and_small particles stack up from quartz
substrate to about thickness of 800 nm with a clear interface
between the quartz substrate and the ZnO film. Its shape shows
coarse—grained and large particle due to agglomeration of small

particles through dry process for elimination of organic residual
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after spin—coating. After annealing, dense and non—porous
Zn,Si0sMn?" film was formed with 1000 nm-thickness, which is
caused by thermal—diffusion reaction between spin—coated ZnO:Mn
film and SiO, of quartz substrate. The interface of the formed
Zn,Si0sMn** film and the quartz substrate shows superior adhesion
as seen in figure 12(d). With increasing annealing temperature,
thickness of Zn,SiOsMn*  film slightly increases and the film
becomes free of pores or grain boundaries, its interface becomes
less distinct, and the average thickness increases up to 1000 nm
for the film annealed at 1100 °C shown in figure 12(d). It should
be noted that the thickness of the film annealed at 1200 °C [figure
12(e)] is markedly reduced, ~which ‘ean be explained by a
pronounced sublimation of ZnO at a critical temperature of 1200
°Cl49].

Figure 13 shows the top—-view SEM images of films with
increasing annealing temperature. The as—grown film (a) consists of
ellipsoidal particles about~ 100..nm in size: As the annealing
temperature increases, the surface appears -gradually denser while
the grains grow from 100 up to 2000 nm for the film (e) annealed

at 1200 °C.
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Figure 12. Cross—section SEM images of Zn;Si04:Mn?* film phosphoras a
function of annealing temperature: (a) as—grown, (b) 1000 C, (c) 1050
‘C, (d) 1100 C, (e) 1200 C.
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Spm " Eectron Image 1

Figure 13. Top-view SEM images of Zn,Si0sMn?* film phosphor as
a function of annealing temperature: (a) as—grown, (b) 1000 °C, (c)
1050 C, (d) 1100 C, (e) 1200 C.



Figure 14 shows the XRD patterns of the samples annealed

at different temperatures.

(410)

(d)

(c)

ZnO (002)

(b)

XRD Intensity (arb. unit)

20 (degree)
Figure 14. XRD patterns of Zn;Si0Mn?"  film phosphor as' a function of

annealing temperature:“.(a) as—grown, (b) 1000 C, (c) 1050 C, (d) 1100 °C,
(e) 1200 C.

No diffraction peak is found in the as—=grown film (a), indicating
that the spin—coated ZnO film on quartz glass is amorphous. In
figure 14(b), for the film annealed at 1000 °C, only a single
diffraction peak is observed at 20 = 34.5 °, which corresponds to

the (002) plane of the hexagonal ZnO crystal structure [Joint
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Committee on Powder Diffraction Standards (JCPDS) 79-0205].
Three dominant diffraction peaks are observed as the annealing
temperature increases to 1050 °C, as shown in figure 14(c). These
three peaks are found at 26 = 31.5, 38.8, and 48.9 °,
corresponding to the (113), (223), and (333) planes of the Zn»SiO,
crystal in the hexagonal structure vertically along the c—axis with
rhombohedral symmetry (JCPDS 37-1485). As the annealing
temperature increases, ZnO-related (002) peak intensity significantly
decreases, whereas Zn,SiO4—related peak intensity gradually
increases. Sample (c) annealed at 1050 °C contains both phases
of ZnO and Zn,SiO4, while samples (d) and (e) annealed above
1050 °C consist of a single phase of Zn:SiO4. This shows that a
higher temperature is more effective in thermally diffusing the
as—grown ZnO:Mn and quartz—based SiO,, and in inducing a
Zn,Si0.Mn?* crystallization. "It is noted that Zn,SiOsMn*" crystals
exhibit (113)—, (223)—-, and (333)—-textured crystallizations, even
though several polycrystals are usually _expected to form on
amorphous quartz. Here, we define _a parameter to describe the
degree of (113) texture in the films given by

I(113)
I(113) + 1(410)

f:
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here 1(113) is the (113) peak intensity, and 1(410) is the strongest
(410) peak intensity in JCPDS file # 37—-1485. For polycrystalline
powders based on JCPDS file # 37-1485, 1(113) = 1.55 X 1(410)
and f= 0.53. For a completely (113)—textured Zn,SiO4 film, 1(410) =
O and f = 1. Normally, 0.53 < f < 1 represents a partially
(113)—textured film. For higher annealing temperatures, the Zn,SiO4
films become more textured, and f approaches unity; f = 0.66 at
1050 °C, f = 0.79 at 1100 C, and f = 0.92 at 1200 °C.
Amorphous quartz consists of a statistical distribution of hexagonal
rings formed by SiO, tetrahedra and oxygen atoms in which only a
few of such rings .are regular[50]. It is well known that the
incorporation of metallic elements such. as Zn  and ‘Mn into
amorphous quartz promotes the crystallization into a periodic
distribution of hexagonal rings[51]. At lower temperatures, the
interdiffusion of Zn and Si ions causes the phase transition from
both amorphous ZnO and SiO, hosts to a common .hexagonal
structure. With the prolongation-of thermal diffusion, Zn and Si ions
can replace what so that Zn;Si0a MR crystals are formed along
the hexagonal directions where the misfit stress between hexagonal
/nO and hexagonal-like SiO, is lower than those along other
directions.

Figure 15 shows the concentration depth profiles of Zn and
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Si in the thickest sample (annealed at 1100 °C) measured by

energy dispersive X-ray spectroscopy (EDX) during SEM.
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Figure 15. Concentration depth profiles of Zn and Si in Zn,SiO4<Mn?" film
phosphor.

Within the substrate, Si concentration is found to increase away
with distance from the film/substrate interface whereas Zn content
decreases, indicating the continuous grading of the interface

chemical composition. This further confirms the mechanism of the
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thermal interdiffusion of Zn and Si ions. Furthermore, the
interdiffused Zn ions consume only a stoichiometric ratio (2:1) of
SiO, so as to achieve only stoichiometric Zn,Si0sMn** crystals
embedded the unreacted SiO, host. The calculated Si/Zn profile is
indicative of the amount of unreacted SiO; surrounding Zn,SiO4
crystals.  Within the resulting 7n,Si04:Mn** region, the Zn
concentration peaks near the film/substrate interface with a wide
spread across the 1000 nm thickness.

Figure 16 shows the transmittance spectrum of the 1100
°C—annealed sample in the visible wavelength range. Transmittances
ranging from 50% .at a wavelength of 450nm to 70% at a
wavelength 620 nm were achieved. Generally, the transparency of a
ceramicis limited by light / scattering from grains boundaries or
pores, and by back optical reflection at the film—substrate
interface[52]. The textured grain growth in our films is expected to
result in a lower \number._of grain boundaries, and hence less
scattering or absorption.at such-grain boundaries: Furthermore, the
continuous grading of the interface chemical composition of our
films as shown in figure 15 is expected to improve the refractive
index matching between the Zn,SiO.Mn®" phosphor film and the
substrate at the interface, thus further reducing the degree of back

optical reflection.

_37_



~
(3,

Transmittance (%)
3 & 8 & 3o

N
a
1

N
o

4(I)0 . 4I50 . 5(I)0 . 5I50 . 6(I)0 . 6%0 : 7(I)0 : 7%0
Wavelength (nm)

Figure 16. Transmittance spectrum of Zn2Si04Mn?* film phosphor.

Figure 17 “shows the PL decay curves of the /samples
annealed at various ‘temperatures. Zn,Si04:Mn?* phosphor is known
to have a relatively slow decay—-on the order-of milliseconds owing
to the spin—forbidden “T;=°A; transition of Mn** ions. There are two
possible PL decay processes: a slow one arising from isolated
Mn?" ions and a fast one from Mn?* pairs, depending on both

Mn?" concentration and annealing temperature.
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Figure 17. Decay /curves of Zn,SiOsMn?* film phosphor as' a function of
annealing temperature: (a) 1000,°C, (b) 1050 C, (c) 1100 C, (d) 1200 C.

A faster decay is expected . with increasing Mn“" . concentration
owing to the pairing of Mn?* ions, while annealing ~at higher
temperatures can reduce. the probability. of M2t pair formation as a
result of the higher rate of thermal-diffusion[53,54]. Therefore, the
PL decay is generally expected to be slower for higher temperature
annealed sample. However, our samples show the opposite trend
as measured decay time actually decreases: from Ti0%s = 11.5 ms

for the 1050 °C-annealed sample to 4.4 ms for the 1100
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‘C—annealed sample, and to 1.3 ms for the 1200 °C-annealed
sample. Importantly, the decay time of the brightest sample (4.4
ms, annealed at 1100 °C) was much shorter than that of powder
phosphor (t10% = 13.3 ms) that was doped with Mn?* to the same
concentration to avoid any effect due to Mn?*  concentration. The
4.4 ms decay time is smaller than the 12.5 ms decay time
obtained from the other films deposited by pulse—laser deposition
and then annealed at the same temperature[55]. The shortening of
decay time in our samples can be explained in terms of the
anisotropic textured crystal structure. It is reported that decay time
is a function of the parity selection rule, which~.is strongly
dependent on the local structure environment[1,14]. The ‘symmetry
of Mn?" ions in our textured phosphor film may be lower than the
regular tetrahedral symmetry of Mn?" ions in a polycrystalline host
lattice; therefore,' it may induce an asymmetric crystal on Mn®" ions
that relaxes the spin—selection rule and enhances the. transition
probability, thus decreasing "decay time... This® interpretation is
supported by the strong correlation _between-the degree of texture,
f, and the inverse of decay time, v, as a function of annealing
temperature, as shown in the figure 18: as annealing temperature

1

increases, T consistently increases together with f.

_40_



1.0+
0.8

0.6 ]
0.4+ \ :
0.2 ]
2.0=—m——7—— =
1.5 JInverse decay tlme (ms ) m

/

/

1.0 ]
0.5 // ]
_ < _

PL |ntenS|ty (a u. )

0.0 +-———

117 Thickness (um) ]
1.0 "\ 1
0.97 / )
0.8 = — .
1-0 . T T T S T d T T 1

0.8{Texture degree (a.u.)
0.6
0.4-
0.2 = ]

0 200 400 600 800 10001200
Temperature (°C)
Figure 18. PL intensity, inverse decay time (1_1),
thickness, and " texture “degree (f) of Zn,SiOs:Mn?*
film phosphors ~as. a function of annealing
temperature.

Figure 19 shows the PL spectra excited at 254 nm from the

samples with increasing annealing

temperature,

and

the PLE

spectrum monitored at 526 nm for the 1100 °C-annealed sample

shown in figure 20.
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Figure 19. PL spectra of Zn,Si0aMn?* film phosphor as a function of annealing
temperature: (a) as—grown (b) 1000 C, (c) 1050 ‘C, (d) 1100 C, (e) 1200 C.

The PL and PLE spectra show typical charaGteristics of Mn**

ions in the Zn,SiOs host «lattice. As -annealing temperature
increases, the PL emission is significantly enhanced and reaches a
maximum at 1100 °C before rapidly decreasing for the sample
annealed at 1200 °C. In general, the PL intensity of phosphor films

is determined by their surface roughness: the higher the surface
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roughness, the higher the out coupling efficiency and PL intensity.
However, the theory of this surface effect of PL intensity is limited
to the case of surface roughness lower than 200 nm[6].
Therefore, it can not explain the PL enhancement of our films,

which have micron—sized grains.
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Figure 20. PLE spectrum of Zn;SiO.Mn?* film phosphor-annealed at 1100 °C.
In our films, we can explain the behaviour of the PL

intensity changes in terms of the changes in texture degree, decay

time, and film thickness as seen in figure 18. A higher annealing
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temperature improves the crystallinity as well as the texture degree
of the films. This enhanced texture degree changes the local
environment of Mn®" ions, resulting in a shorter decay time, i.e., an
increased transition probability. The observed PL intensity changes
are thus consistent with the changes in inverse decay time and
texture degree. For the sample annealed at 1200 °C, a pronounced
sublimation at the top of the ZnO film occurs, leading to a marked
reduction in the amount of Zn,SiOsMn** crystals formed. As a
result in the case of sample annealed at 1200 °C, although
changes in the texture degree and inverse decay-time are expected
to enhance PL emission, such sublimation has a stronger adverse
effect on PL intensity. This .high vaporization of ZnO' can be
prevented by a appropriate high—pressure ambient gas, and thus
the decreases in thickness and PL intensity can be limited.
However this would be the subject of a separate study.

Figure 21 shows XRD patterns of (223) crystal’ plane in
Zn,Si0.Mn*" film as a“function-of Mn concentration. Peak position
of (223) plane shift to low angle as increasing Mn?* concentration.
It is due to the lattice expansion caused by substitution of slightly

large Mn®*(0.80A) ions in small Zn®*(0.74A) site.
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Figure 21. XRD patterns of (223) crystal plane of Zn,SiO.:Mn®" film phosphor as
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a function of Mn® concentration.

Figure 22 shows PL speectra of Zn,Si04:Mn?* film phosphor
compared to commercial powder phosphor excited:by 254 nm with
increasing Mn** concentration. Maximum PL intensity is appeared at
5 mol % Mn®" in Zn,Si0;Mn®* film which shows 65 % brightness
compared to commercial powder phosphor. And it shows green
emission peaking at 526 nm due to atomic transition from T, to

°A; in d-orbital of Mn?" ions. Concentration quenching starting
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pointis 7 mol % Mn®*" and PL peak position shift from 519 nm to
526 nm with increasing Mn®* concentration in Zn,SiO4:Mn?* as seen

in normalized PL spectra of figure 23.
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Figure 22. PL spectra of Zn;SiosEMn% film phosphor as-a function Mn?*
concentration: (a) Mn/Zn = 1 %, () _Mn/Zn"= 3 %, (c) Mn/Zn = 5 %, (d)
Mn/Zn = 7 %, (e) Mn/Zn = 9 %.
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Figure 23. Normalized PL spectra of Zn>Si04:Mn?* film phosphor, as a function
Mn®* concentration: (@) Mn/Zn = 1 %, (b) Mn/Zn = 3 %, (c) Mn/Zn = 5 %, (d)
Mn/Zn = 7 %, (e) Mn/Zn =9 %.

We investigated the. decay time of Zn,SiOAEMN? film as a
function of Mn?* concentration: Figure 24 ‘shows decay curves on
Mn** concentration in Zn,SiO4:Mn?". Decay time decreases from 20
ms to 0.5 ms with an increase in the Mn?" concentration as seen

in figure 24.
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Figure 24. Decay curves of ZmeSiOsMn®* film phosphor as a function Mn**
concentration: (a) Mn/Zn = 1 %, (b) Mn/Znl = 3 %, (c) Mn/Zn =5 %, (d)
Mn/Zn = 7 %, (e) Mn/Zn =9 %.

These red—shift-of .emission peak and short:decay time with
increasing Mn?* concentration “have been explained that Mn—Mn
exchange interaction or Mn-Mn pairing[40,44]. Generally, decay
time of our film samples is short compared to powder phosphor
reported by other researchers[44,56]. These behaviors can be

explained by morphology and unique crystalline of formed
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Zn,Si0sMn* film  on quartz. Dense and closely packed shape
(figure 12, 13) of our film in limited area can give stress to Mn®*
ions. This stress have directional properties caused by unique
crystalline having some preferred crystal plane as seen in figure
14. In addition, as increasing the Mn?* concentration large—size
Mn?* ions gradually expand the lattice size of Zn»SiO. crystal when
Zn®" site substituted with Mn®* ions. We assume that expansion of
lattice size is processed to restore its original lattice condition, at
this moment, give stress to Mn®" ions that is self-induced stress of

Mn?" ions as seen in figure 25.

Lattice expansion

I

Figure 25. Schematic of position of Mn?* in Zn,SiOs4 crystal of Zn,SiOs:Mn**
film phosphor.

This stress increases with increase of Mn®" concentration in
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Zn,Si0.Mn?* film. Also, symmetry of the surrounding of Mn®* ions
is lower due to unique crystalline of our film. All these factors can
influence the transition of Mn®" ions in Zn,SiO.:Mn*" film. This give
rise to short decay time and red shift of emission of Mn®" ions with
increasing Mn®* ions concentration in Zn,SiOsMn*".

Figure 26 shows PL intensity of 7Zn,Si04:Mn** film phosphor

excited by VUV (146 nm) with increasing the Mn concentration.
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Figure 26. PL intensity Zn;Si0sMn?* film phosphor excited by 146 nm VUV.
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PL intensity was decrease as increase of Mn?" concentration.
Difference of Mn?* quenching concentration on excitation energy is
considered by different energy transfer process[57]. Figure 27

shows VUV excitation spectrum.

PLE Intensity (arb. unit)

150 2000 250 300
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Figure 27. VUV excitation spectrum_of 7n>Si04aMN?* film phosphor.

This shows that our film sample effectively absorbed in VUV region
from 132 nm to 190 nm related SiOs and ZnO4 cluster and

excitation band from 200nm to 275nm is due to the charge transfer
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transition of Mn®" in Zn,SiO4 host. Considering decay time of film
sample, 5 mol %—Mn doped film sample was selected as best
sample in order to compare commercial powder product under VUV.
lts luminescence intensity was 40% brightness compared to that of

commercial powder product shown in figure 28.
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Figure 28. PL spectra of Zn,Si0.Mn?* film phosphor and commercial powder
phosphor excited by 146 nm VUV.

These excellent luminance properties can be explained by

morphology and unique crystalline of our film samples. Dense and
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closely packed shape of our film reduce luminescence Kkiller such
as pores, grain boundaries and effectively absorb excitation
wavelength. In addition, directed crystalline reduce boundaries
between grains. These factors affect optical properties of our film
phosphor. Figure 29 shows photograph of our Zn,Si04sMn?* film

phosphor grown on 1—-inch quartz substrate under daylight lamp.

Figure 29. Photograph of Zn,Si0.Mn?t film phosphor under day light lamp.
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5.2. Zn;SiOs:Mn** PHOSPHOR SHELL
Figure 30 shows top—-view and cross—section scanning
electron microscope (SEM) images of Zn,SiO.:Mn*" phosphor shell

on surface of SiO, powder having 100 um particle size.

o SEM HV: 15,00 kY
Det: BSE

2 A [ - = 10 12 14 16 1& 20
wll Scale 3031 cts Cursor: 0.000 |

Figure 30. (a) Top—view and (b) cross—section SEM images of
Zn,Si04:Mn?* phosphor shell on SiO, powder and EDS spectrum.
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Zn,Si04:Mn? phosphor shell has 2~5 um size and it has thickness
of 5 um with densely packed shape. Zn,Si0s:Mn?* phosphor shell
formed to limited area of SiO, powder shape.

Figure 31 shows XRD patterns of SiO, powder and
7n»Si04:Mn** phosphor shell on SiO, powder.

(101)

(a) SiO,
(b) Zn,SiO4 shell on SiO,

XRD Intensity (arb.unit)

s 8 P 5
./L.zg% A N e B A (EZ.
g s lssg &8 ¢
X B ) EUJ (a)
20 30 ; 40 ' 50

20 (degree)
Figure 31. XRD patterns of (a)SiOs-and (b) Zn,SiO4Mn** phosphor shell on
SiOs.

Diffraction peaks belong to hexagonal SiO. crystal and wellimite

Zn,Si04 crystal well matched with JCPDS 79-1910 and 37-1485,
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respectively. It means that Zn,SiO.:Mn?* phosphor shell successfully
formed on SiO, powder surface through thermal diffusion and
reaction between ZnO, MnO and SiO, powder as appear by SEM
images in figure 30. Figure 32 shows XRD peaks of (101) plane of

hexagonal SiO, crystal.

(a) SiO,
(b) Zn_SiO, shell on SiO,

XRD Intensity (arb. unit)

26.25 ' 26.50 ' 26.75 ' 27.00
20 (degree)

Figure 32. XRD peak of=SiOs—(101)+ crystal. plane of (a) SiO, and (b)
Zn,Si04:Mn?* phosphor shell on SiO,.

Peak position of SiO,—(101) plane is shifted to large angle. It
means lattice contraction of SiO, crystal. It can be explained that

lattice space of ZnO (dpoz = 2.5938 A) is smaller than that of
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SiO, (dgony = 3.3438 A) therefore, lattice matching between ZnO
and SiO, occur for formation of stable Zn,SiO4 crystal (dgiz =
2.8350 A). Figure 33 shows XRD peak of (113) plane with

increasing Mn* concentration in Zn,SiO.:Mn?" crystal.

—
™
-
-
~—

Mn/Zn = 9%
Mn/Zn =7%
Mn/Zn = 5%

Mn/Zn = 3%

Mn/Zn =1%

XRD Intensity (arb. unit)

31.2 ' 31.6 ' 32.0

20 (degree)
Figure 33. XRD peak of (113)-crystal-plane of Zn;Si0.Mn?"phosphor shell on
Si0, as a function of Mn®" concentration.

Peak position of (113) plane shift to low angle as increasing Mn?*
concentration. It is due to the lattice expansion caused by

substitution of slightly large Mn?" (0.80A) ions in small Zn®*
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(0.74A)site.
Figure 34 shows PL spectra of formed Zn,Si0sMn**

phosphor shell as function of Mn®* concentration.

: — 0,
c Ja . =254 (a) Mn/Zn = 1%
5 107 "exe.m 500 (b) Mn/Zn = 3%
g \ (c) Mn/Zn = 5%
) \ (d) Mn/Zn = 7%
> @-— (€) Mn/Zn = 9%
2 \
c \
Q
- (.54
= (e)
-
o
©
Q
N
©
€ 0.0
(o)
Z , , . . |
500 525 550

Wavelength (nm)

Figure 34. Normalized PL. spectra of Zn;Si04Mn?* phosphor' shell“on SiO, as a
function of Mn** concentration.

PL spectra show green emission due to atomic transition from *T;
to °A; in d-orbital of Mn?" ions. Emission peak position of
Zn,Si0.:Mn** phosphor shell shift from 521nm to 526 nm with

increasing Mn?* concentration in Zn,SiO.:Mn?". It can be explained
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that crystal field strength increase with increasing Mn?"

concentration as appear ESR spectra of figure 35.

(@) Mn/Zn = 1%
(b) Mn/Zn = 3%
(c) Mn/Zn = 5%
(d) Mn/Zn = 7%
(e) Mn/Zn = 9%

-
o
1

& o o
(3, ] o [$; ]
[ [ [

ESR Intensity (arb. unit)
o

1
-
a

3000 / 3500 ' 4000
Magnetic field (Gauss)

Figure 35. ESR spectra of Zn;Si0aMn?* phosphor shell on SiO, as a function of
Mn?* concentration.

From ESR spectra, ¢ factor increase  with increasing Mn?*

concentration shown in figure 36.
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1.985+

1.980-
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19704 H

1% 3% 5% 7% 9%
Mn/Zn (at. %)

Figure 36. g factor of Zn,SiO.:Mn”* phosphor shell on SiO, as a function of
Mn?* concentration.

Increasing g factor- means increase of crystal field strength as

following expression[58].

8A (fr.Ion)

g= 2.0023— o’ X

Where o is the coefficient giving the mixing of orbitals dy-* and
ds of metal ion with the ligand, Aw.on) iS the spin—orbit coupling

constant for the free ion and A is crystal field.
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Therefore red shift of PL with increasing Mn?* ions concentration
due to increase of crystal field according to the Tanabe—-Sugano
diagram[2].

Figure 37 shows decay curve of Zn,Si0s:Mn?* phosphor shell

as function of Mn?" concentration.

Aexc. = 254 nm (a) Mn/Zn = 1%
Aem. =925 nm (b) Mn/Zn = 3%
(c) Mn/Zn = 5%
(d) Mn/Zn = 7%
(e) Mn/Zn = 9%

PL Intensity (arb. unit)

0 ' 5 " 10 15 . 20
Time (ms)

Figure 37. Decay curves of Zn»SiO.:Mn?t phosphor 'shell on SiO, as a function of
Mn?* concentration.

Decay time decreases from 20 ms to 2.8 ms with an increase in
the Mn** concentration. This short decay time with increasing Mn®*

concentration have been explained that Mn—-Mn exchange
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interaction or Mn—-Mn pairing[40,44]. Generally, decay time of
Zn,Si04:Mn* phosphor shell is short compared to conventional
powder phosphor reported by other researchers[44,56]. These
behaviors can be explained by morphology of formed Zn,Si04Mn*
phosphor shell on SiO, powder. Dense and closely packed shape
of Zn,Si04:Mn** phosphor shell in limited area can give stress to
Mn?" ions. This stress affects forbidden transition of Mn® ions in

7Zn»Si0,:Mn*" and give rise to short decay time due to relaxation of

forbidden transition of Mn®" ions.
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Aexc.= 254 nm (a) Znq 9Si04:0.1Mn phosphor shell
1.004 (b) Zn4 9Si04:0.1Mn phosphor powder
;-‘ 1ol (a) g factor = 1.986
. = (b) g factor =1.989
s 075 ;
Eﬁ >
o 0.50- g
: E 0.5
2 m 4.0
E 0.25 “1 2000 3000 40'00 5000
= Magnetic field (Gauss)
o
0.004

475 500 525 550 575 600 625 650 675
Wavelength (nm)

Figure 38. PL spectra of (a) Zn,SiOx:Mn?* phosphor shell on SiO, and (b)

conventional synthesized Zn;Si0aMn?* phosphor powder at the same Mn®*

concentration (Mn/Zn =5 %). The inset shows ESR spectra.

Figure 38 shows®PL and ESR spectra of Zn,SiOsMn**
phosphor shell and conventional synthesized Zn,Si0s:Mn?* phosphor
powder at same Mn** concentration. PL peak position of phosphor
shell shift to red compared to phosphor powder. It means that
crystal field strength of phosphor shell increase compared to

phosphor powder according to the Tanabe-Sugano diagram.
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However, g factor of phosphor shell lower than that of phosphor
powder as seen in ESR spectra of figure 38. Thus red shift of
phosphor shell can not be explained by crystal field. This behavior
can be explained local stress of Mn?* due to the lattice strain.
Figure 39 show XRD patterns of Zn,Si04:Mn* phosphor shell and
Zn,Si0sMn* phosphor powder at same Mn*" concentration. XRD
peak position of phosphor shell shift to low angle compared to
phosphor powder. It means that phosphor shell have expansion
and distortion directed to (113) plane and give stress to localized
Mn?* ions. Figure 40 and 41 show decay curves.and PLE spectra
of Zn,Si0.:Mn*" phosphor shell and  Zn,SiO.:Mn*" phosphor powder
at same Mn?* concentration. Decay time of phosphor shell (7.3 ms)
is shorter than that of phosphor powder (12 ms). This behavior can
be explained that phosphor shell have local stress and this/ stress
affects transition' of Mn®" ions. PLE spectra show direct evidence
of relaxation of Mn?* transition in phosphor shell, which reveal that
signals of forbidden transition—in- Mn®" ions s significantly higher

than that of phosphor powder.
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Py (a) Zn1_.9Si04:0.1Mn phosphor shell

-'E (b) Zn1_.9Si04:0.1Mn phosphor powder

3 Q

g S

b NS

ﬂg (a)

2 (b)
31 32 33 34

20 (degree)
Figure 39. XRD patterns of (a) Zm»SiOs:Mn®" phosphor shell on SiOz and (b)

conventional synthesized Zn;SiQaMn?* phosphor powder at the same Mn?*
concentration (Mn/Zn =5 %).

Especially, the excitation intensity is shown in near UV region
(350~375 nm) and-. blde-_region (420~470 nm), Zn,SiOsMn?*
phosphor shell on SiO, powder can be applied to green component
for white—=LED using near UV and blue LED chip as well as display

devices.
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(a) Zn1.9Si04:0.1Mn phosphor shell
(b) Zn1.9Si04:0.1Mn phosphor powder

1.0

}\.exc_ =254 nm
)\.em_ =525 nm

PL Intensity (arb. unit)

0.0- 110% LW e

0 5 10 15 20
Time (ms)
Figure 40. Decay curves of (a) Zn;SiOsMn?* phosphor shell on SiO, and (b)

conventional synthesized Zn;Si0aMn?* phosphor powder at the same Mn?*
concentration (Mn/Zn =5 %).
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(a) Zn1.9Si04:0.1Mn phosphor shell
(b) Zn1.9Si04:0.1Mn phosphor powder

4 4 4

- 4

Al EC G Tz(4 G)
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PLE Intensity (arb. unit)

200 250 300 350 400 ~ 450 - 500
Wavelength (nm)

Figure 41. PLE spectra of (a) /Zn,SiOsMn?* phosphor shell on SiO, and (b)
conventional synthesized Zn;Si04Mn?* phosphor powder at the same Mn?*
concentration (Mn/Zn =5 %).
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5.3. BaSi,0s:Eu”* FILM PHOSPHOR
Figure 42 shows the formation procedure of BaSi,0s:Eu®*
thin—film phosphor and scanning electron microscope (SEM) images
of spin—coated Bai,Eu0 thin—fim and formed BaSi,OsEu*"

thin—film phosphor on SiO, substrate after annealing.

-
- ~,

Annealing : Ba, % BaSi,0; : Eu?* thin-film
]

Spin-coated BaO:Eu i
/ % ‘ 1Yy g Quartz(i0,)

Quartz(5i0,) S

Thermal leu5|nn and

reaction l

0KV X50000 100nm WD 9.6mm

Figure 42. Schematic of formation procedure of BaSi,Os:Eu®* thin—film
phosphor and cross—section SEM “images of (a) as—grown (b) annealed
film.

SEM images present that spin—coated Baj—Eu,O thin—film has 300
nm thickness with rough shape and formed BaSi,0s:Eu®" thin—film
phosphor has 800 nm thickness with smooth and densely packed
shape. Also, interface of thin—film and substrate is not clear in

formed BaSi,Os:Eu®* thin—film phosphor while that of spin—coated

_68_



Bai_EuOthin—film is clear. It is due to the diffusion reaction
between thin—film and substrate at interface.
Figure 43 shows XRD patterns of BaSi,Os:Eu®"  thin—film

phosphor as a function of annealing temperature.

— BaSi,0, (JCPDS # 71-1441)
:'é' | Si0, (JCPDS # 71-0785)

5

2 (d)1150 °C
g e
2 (c)1100 °C
‘g (£)1050 °C
ey (a)1000 °C
g as-grown

20 30 40 50 60 70

20 (degree)
Figure 43. XRD patterns. of BaSiOs:Eu®* thin—film phosphor as a function of

annealing temperature fixed- annealing™ time (5 r) ‘and Eu®" concentration
(Eu/Ba = 11 %).

Abroad peak around 26 = 21° which is from amorphous SiO,
substrate. All annealed sample well matched with BaSi,Os crystal

(JCPDS file 71-1441) which means that between spin—coated
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BaEuO thin—fiim and SiO, substrate successfully reacted during
annealing and BaSigOgiEu2+ thin—film formed on SiO, substrate as
seen in SEM images of figure 42. And they have some preferred
crystalline which is revealed (110), (111), (204) crystal plane.
Increasing the annealing temperature peak intensity of (204) crystal
plane is dominantly increased and reveal (111) crystal plane at
1100, 1150 °C annealed sample. Also, (101) peak related
cristobalite phase appears at 1150 °C annealed sample. It is due
to the transition from amorphous SiO. substrate to crystallized SiO,
with increasing annealing temperature.

Figure 44 shows PL spectra of BaSi:0Os:Eu®" thin—film
phosphor excited by 365 nm UWV-lamp ‘as.a function of annealing
temperature. All 'sample broad—green emission peaking at 510 nm
which is originated from the 5d-4f transition of Eu®" ions due to
the strong coupling of 5d' electrons with the host lattice. With
increasing annealing temperature, PL intensities are significantly
increased and then maximized at 1100 °C. Enhancement of PL with
increasing annealing temperature can  be- explained crystalline
character. From XRD patterns of figure 43 peak intensity of (204)
plane of BaSi,Os:Eu** thin—film is significantly increased with
increasing annealing temperature. It means that PL properties of

BaSi,Os:Eu®" thin—film are deeply related (204) crystal plane. Up to
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1050 °C, crystallization of (204) crystal plan is poor and begin to
appear (204) crystal plane at 1100 and 1150 °C annealed sample

as seen in XRD patterns of figure 43.

(a) 1000 °C
(c) (b) 1050 °C
(c) 1100 °C
(d) 1150 °C

PL Intensity (arb. unit)

500 600 700

Wavelength (nm)

Figure 44. PL spectra of BaSi,Os:Eu** thin—film phosphor as “a function of
annealing temperature fixed annealing time (5 hr) and Eu®* concentration (Eu/Ba
=11 %).

PL properties Involving these crystalline character indicate that Eu®*

ions are selectively occupied and activated in (204) crystal plan of
BaSi,Os crystal. PL intensity of sample annealed at 1150 °C slightly

decrease. It is due to the phase impurity (cristobalite) acting
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luminescence Killer.
Figure 45 shows XRD patterns of BaSi,Os:Eu®" thin—film as
a function of annealing time fixed at annealing temperature of 1100

°C.

o £ g BaSi,O, (JCPDS # 71-1441)

‘e j’ {Quartz (JCPDS # 71-0785)

=

.g M M S (d)7h

\J g o Ay g, Wbl ot “

j= (b)3h

g (a)1h
I ' L} % I r I b I = I

20 30 40 50 60 70

20 (degree)

Figure 45. XRD patterns ~of BaSix0s:Eu®* thin—film phosphor. as .-a function of
annealing time fixed annealing. temperature’ (11007 °C)_ and Eu** concentration
(Eu/Ba = 11 %).

As increase of annealing time peak intensity of (204) crystal plane
gradually increases and then significantly decreases in sample

annealed for 7 hrs. In addition, XRD patterns revealed that (101)
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crystal plane of cristobalite appear (3 hrs, 7 hrs annealed samples)
and disappear (1 hr, 5 hrs annealed samples), it can be explained
that cristobalite formed from amorphous SiO, react with Ba;—EuO
thin—film during the annealing. These two components, i.e.
Bai«Eu,O and SiO, are competitively consumed. In other words,
sample annealed for 1 hr has complete reaction between Bai—Eu,O
and crystallized SiO. (cristobalite) and sample annealed for 3hrs
remain extra cristobalite after reaction between Ba;EuO and
crystallized SiO, (cristobalite). Also, samples annealed for 5, 7 hrs
can be explained by these procedures.

Figure 46 shows PL spectra of BaSiOs:Eu’" thin—film
phosphors excited by 365 nm _UWV-lamp as. a function of annealing
time fixed at annealing temperature of 1100 °C. PL intensity of
BaSi,0s:Eu®" thin—film phosphors gradually increase with increasing
annealing time and then decrease in 7 hrs annealed sample. It can
be explained that crystallinity of (204) crystal plane of BaSi:Os
crystal is enhanced with increasing the annealing: time. Crystallinity
of (204) crystal plane of sample annealed for 7 hrs abruptly
decrease as seen in XRD patterns of figure 45. As seen in figure
46, PL intensity of sample annealed for 7 hrs significantly decrease

caused by poor crystallinity of Eu®" activated (204)—-crystal plane.
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(c) (a) 1hr
(b) 3hr
(c) 5hr
(d) 7hr

(d)

PL Intensity (arb. unit)

600 | 650 700
Wavelength (nm)

Figure 46. PL spectra of BaSisOs:Eu®" thin—film phosphor as' a function of

450 500 550

annealing time fixed annealing [temperature (1100 ‘C) and Eu®* concentration
(Eu/Ba = 11 %).

Figure 47 and figure 48 show XRD patterns and PL spectra
of BaSi,Os:Eu®" thin=film" phosphors as..a function of Eu®"
concentration fixed at annealing-condition. XRD patterns reveal that
Eu®* ions affect growing BaSi,Os crystal. As increase of Eu**
concentration peak intensity of (204) crystal plane inreases and
then decreases at Eu” concentration of 15 mol %. Also, PL

intensity increases with increasing the Eu®" concentration and then
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decreases at Eu”" concentration of 15 mol %. This PL properties
agree well with crystallinity of (204) crystal plane as seen in XRD

patterns of figure 48.

| € y BaSi,O_ (JCPDS # 71-1441)

(arb. unit)
T |
> =—(204)
3

(d)Eu/Ba = 15%

(c)Eu/Ba = 11%

y— ﬂ (b)Eu/Ba = 7%

(a)Eu/Ba = 3%

XRD Intensi

20 30 | 40 50 60 70
20 (degree)

Figure 47. XRD patterns of BaSi,0s:Eu* thin—film phosphor as a function of
Eu® concentration fixed. annealing temperature (1100 °C) and time (5.hr).
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(c) (a) Eu/Ba = 3%
(b) Eu/Ba = 7%
(c) Eu/Ba=11%
(d) Eu/Ba = 15%

PL Intensity (arb. unit)

(a)
450 500 550
Wavelength (nm)

Figure 48. PL spectra: of BaSi,Os:Eu”" thin—film phosphor as a function of Eut

600 650 . 700

concentration fixed annealing temperature (1100 °C) and time (5 hrs).

PLE spectrum of BaSi,0s:Eu®"  thin—film phosphor shows
reasonable excitation in near UV region as seen in-figure 49. Thus
BaSi,Os:Eu”"thin—film phosphor-has applicability of ‘green component
for white LED using near UV.

Figure 50 shows photograph of our bright-transparence
BaSi,0s:Eu®* thin—film phosphor on quartz substrate excited by 365
nm UV lamp under day light lamp. These excellent luminance

properties can be explained by morphology and unique crystalline
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of BaSi,0s:Eu®"  thin—film phosphor. Dense and closely packed
shape of film reduce Iluminescence Killer such as pores, grain

boundaries and effectively absorb excitation wavelength.

PLE Intensity (arb. unit)

200 250 | 300 . 350 400
Wavelength (nm)

Figure 49. PLE spectra of BaSi,Os:Eu? thin—film phosphor annealed at 1100 °C
for 5 hrs.

In addition, directed crystalline-reduce boundaries between grains.
These factors affect optical properties of thin—film phosphor.
Generally, the transparency of a ceramics is limited by light

scattering from grain boundaries or pores[52].
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365 nm lamp off 365 nm lamp on

Figure 50. Photograph of BaSi,0s:Eu®*  thin—film phosphor
under day light lamp.
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Figure 51. Transmittance spectrum of BaSi;Os:Eu* thin—film phosphor.
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Transmittances of BaSigO5:Eu2+ thin—film phosphor revealed
75 % at visible wave length range as seen in figure 51. It is due

to reduction of scattering by reducing grain boundaries and pores.
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6. CONCLUSIONS

Our studies on super bright—transparent film phosphors can

be summarized as followings.

(1) anSiO4:|\/In2+ phosphor films on quartz glass substrates
were fabricated by the thermal diffusion of 800—nm-thick ZnO:Mn
films, spreading out to a depth of about 1000 nm at 1100 °C. The
inverse of decay time from Mn®** showed the same increasing trend
as the degree of texture as a function of annealing temperature.
The brightest Zn,SiOs:Mn? film (Mn/Zn = 5 at.%) resulted from
annealing at 1100 °C and exhibited a PL brightness of 65% and
40 % excited by 254 nm and 147 nm compared with a
commercially available Zn,SiO4#Mn** phospher powder, respectively.
A maximum transparency of 70%, and a very short decay time of t
10 = 4.4 ms. These excellent properties can be attributed to the
unique textured structure and continuous grading of the interface
chemical composition. Although the sample annealed at 1200 °C
showed the best properties inzterms: of itexture degree and inverse
decay time, its PL intensity is much too low for practical use owing
to the pronounced sublimation of ZnO:Mn at the surface. If this
vaporization can be prevented using an appropriate high—pressure

ambient gas, it is considered that a higher PL intensity can be
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achieved for the sample annealed at 1200 °C than for the brightest
sample annealed at 1100 °C.

(2)  Zn,Si0s:Mn** phosphor layer successfully formed on
surface of SiO, powder through thermal—diffusion reaction between
SiO, powder and Zni—xMn,O powder. Formed 7n,Si04:Mn*" phosphor
layer showed short decay time (tio% = 7.3 ms) compared to that of
phosphor powder (ti0% = 12 ms) at same Mn?" concentration
(Mn/Zn = 5 %). From excitation spectrum, we confirmed that
forbidden transiton of Mn*" ions was relaxed. It is can be
explained local stress of Mn®" ions due to the-lattice strain and
distortion.

(3) BaSi,Os:Eu* thin—film phosphors were grown on quartz
substrate using 'simple method through thermal-diffusion reaction
between quartz substrate and spin—coated BaO:Eu thin—film (300
nm) on quartz substrate. BaSi,Os:Eu?* thin—film (800 nm) phosphors
formed on quartz. revealed preferred crystalline [(110), (111),
(204)—crystal plane] as.well as.dense and. closely packed shape.
These unique structure and—morphology —profoundly linked to
luminescent and optical properties. Transmittances of BaSi,Os:Eu?’
thin—film phosphor revealed 75 % at visible wave length range. In
addition, Eu®" ions affect growing the BaSi,Os crystal and have

activated preferred crystal plane [(204)-crystal plane] in BaSi,Os
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crystal.
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