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Abstract Pulse laser deposition was used to obtain
nanocrystalline red-emitting Y,O5:Eu®" thin-film phosphors.
X-ray diffraction measurements show that the un-annealed
thin film was amorphous, while those annealed were crys-
talline. At lower annealing temperature of 600-700 °C, cubic
bixbyite Y,05:Eu®" was formed. As the annealing tempera-
tures were increased to 800 °C, hexagonal phase emerged.
The average crystallite size of the film was 64 nm. Photolu-
minescence measurement indicates intense red emission
around 612 nm due to the SDO - 7F2 transition. Scanning
electron microscopy indicated that agglomerates of non-
crystalline particles with spherical shapes were present for the
un-annealed films. After annealing at high temperature, finer
morphology was revealed. Atomic force microscopy further
confirmed the formation of new morphology at the higher
annealing temperatures. UV—Vis measurement indicated a
band gap in the range of 4.6-4.8 eV. It was concluded that the
annealing temperature played an important role in the lumi-
nescence intensity and crystallinity of these films.

1 Introduction
In an early development of low-voltage cathodolumines-

cent (CL) phosphors for applications in field emission
display (FED) devices, the cathode-ray tube (CRT)
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phosphors have readily been tested as candidates. In the
case of the red phosphor materials, unfortunately, Y,O,.
S:Eu’" which is used as the red primary colour in the CRT
has known to be degraded under electron bombardments
with high current densities and the sulphur containing
volatile gases escaping from the surface under electron
bombardment contaminate the cold cathodes, resulting in a
fatal damage to FED devices [1]. The oxide-based thin-film
phosphors are highly attractive in the use of the FED
devices because of the advantages such as higher lateral
resolution from smaller grains, better thermal and
mechanical stability, and reduced outgassing over con-
ventional powder phosphors [2]. Among the oxide phos-
phors, Y,O5:Eu’" is currently one of the leading red
phosphor materials for FEDs [3]. Y203:Eu3+ films have
been grown using various deposition techniques [4—6].
However, because of its high melting point of about
2400 °C, Y,05:Eu’" thin films require a post-annealing
process at high temperatures above 1000 °C to crystallize
the deposits [7-10]. Therefore, the high-temperature pro-
cess is inevitable in order to obtain high efficient and bright
Y,05:Eu*" thin-film phosphors and Y,O5:Eu®" films had
been grown only on the heat-resistant substrates such as Si
wafers [11, 12], Ni-based alloys [13] and sapphire plates
[14, 15]. However, annealing at high temperature is defi-
nitely a concern for the fabrication of the current FED
devices which adapt low-temperature glass substrates. By
replacing the rastered electron beams in the CRT with an
array of cathodes, FEDs promise to be significantly thinner
and lighter have higher brightness, better power efficiency
and viewing angle, and operate over a large temperature
range as compared to liquid crystal displays (LCDs) [16—
18]. While the cathode array enables FEDs, the light from
this emissive display comes from the phosphor anode.
Phosphor anodes are currently powders screened onto glass

@ Springer
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plates using a variety of techniques including elec-
trophoretic, dusting and slurry methods [19]. The slurry
method is the most common method, in which phosphor
powder is mixed with photosensitive chemicals and is
patterned using photolithography techniques. For operating
voltages greater than 2 kV, the screen is back coated with a
thin layer of aluminium which acts as an optical reflector as
well as a charge dissipater [20-22]. At operating voltage
below 2 kV, the electron penetration depth is so small that
the screens are left un-coated [23-25]. Even though powder
phosphors are very efficient, the particle size may limit
resolution of the display. Thin films are an alternative to
powder phosphors and have both advantages and disad-
vantages as compared to powders [26]. Pulse laser depo-
sition (PLD) offers many advantages over other film
deposition techniques such as chemical vapour deposition
(CVD) or physical vapour deposition (PVD). Unlike the
CVD process in which complicated precursors are used as
starting materials, PLD uses a pre-pressed solid target from
which the thin-film structure is deposited by the laser
ablation process. The film growth rate can be easily con-
trolled by varying the laser parameters, background gas
composition and pressure, substrate to target distance, etc.
The main feature of the PLD method is the excellent sto-
ichiometric transfer from the complex inorganic targets to
the films, and the homogeneity and uniformity over the
designated depositing areas [27]. A suitable phosphor must
be efficiently excited by the given wavelength of the LED
and must emit high luminance at a good portion of visible
electromagnetic spectrum. The Eu**-doped Y,0; material
offers many advantages over other phosphor materials as a
candidate for red-emitting applications due to its charac-
teristic energy levels [28].

The intention of the present research is to investigate
whether modifying the surface of deposited thin-film
phosphors by annealing at different temperatures would
result in increased efficiency. We therefore report on the
study of the annealing temperature on pulsed laser depos-
ited thin films, the consequent crystalline and surface
morphology structures, and photoluminescence (PL) char-
acteristics of Y,O3:Eu®" thin films.

2 Experimental details
2.1 Powder synthesis

Y,05:Eu nanocrystals were synthesized using the sol-
combustion route. The method of synthesis essentially
comprises of mixing the precursors in appropriate stoi-
chiometric ratios, followed by firing in an air tube furnace
at a temperature of 400 °C. The white foamy product was
then grounded and left to dry in an enclosed oven for 24 h.

@ Springer

2.2 Pulsed laser deposition (PLD)

The Si (100) wafers used as substrate were first chemically
cleaned. The phosphor was pressed with binders to prepare
a pellet that was used as an ablation target. The deposition
chamber was evacuated to a base pressure of 8 x 107°
mtorr. The Lambda Physic 248-nm KrF excimer laser was
used to ablate the phosphor pellet in a constant 20 mtorr O,
atmospheres. A Baratron Direct (Gas Independent) Pres-
sure/Vacuum capacitance Manometer (1.33 x 1072 mtorr)
was used for the high-pressure measurements. The laser
energy density, number of pulses and laser frequency were
set to 0.74 J/cmz, 12,000 and 10 Hz, respectively. The
substrate temperature was fixed at 300 °C, and the target to
substrate distance was 6 cm. The ablated area was 1 cm?.
The films were then annealed at the temperatures of 600,
700, 800 and 900 °C.

2.3 Characterization

The Shimadzu Superscan SSX-550 system was used to
collect the scanning electron microscopy (SEM) micro-
graphs. Atomic force microscopy (AFM) micrographs were
obtained from the Shimadzu SPM-9600 model. X-ray
diffraction (XRD) data were collected by using a SIE-
MENS D5000 diffractometer using CuKa radiation of
A = 1.5405 nm. PL excitation and emission spectra were
recorded using a Cary Eclipse fluorescence spectropho-
tometer (Model: LS 55) with a built-in xenon lamp and a
grating to select a suitable wavelength for excitation. The
excitation wavelength was 209 nm, and the slit width was
10 nm. The afterglow curves for the films were also
obtained with the Cary Eclipse spectrophotometer.

3 Results and discussions
3.1 Structural and morphological analysis
3.1.1 X-ray diffraction analysis (XRD)

XRD data were analysed for the identification of phase and
crystallite size. Figure 1 shows the X-ray diffraction pat-
terns of the un-annealed and thin films annealed at the
temperature of 600-900 °C for 2 h. The un-annealed thin
film was amorphous, while those annealed were crystalline.
Two different phases were obtained at low and high
annealing temperatures. The thin film annealed at lower
temperatures were indexed to cubic bixbyite phase [space
group Ia-3(206)] with average lattice constant a = 10.60 A
which is in good agreement with the standard value for
bulk cubic Y,O5 (JCPDS No. 72-0927). At low annealing
temperature (600-700 °C), there are mainly two diffraction
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Fig. 1 X-ray diffraction pattern of un-annealed and annealed Y,O;:
Eu*" thin film deposited on a (100) Si substrate after firing at
temperatures between 600 and 900 °C in air for 2 h

peaks at 2 theta values of 29.4 and 44.3. It can be clearly
seen that by increasing the annealing temperature to
800 °C more peaks emerged at 2 theta values of 29.4, 33.0,
44.5, 47.8, 54.6, 56.3 and 62.0. This seven diffraction
peaks indexed to hexagonal structure of Y,O; are in
agreement with data from JCPDS card No. 24-1424 with
average lattice constants a = 3.779 and ¢ = 6.590. The
thin film annealed at 900 °C also revealed two peaks at 2
theta values of 29.4 and 44.5 similar to the peaks annealed
at 600 and 700 °C, indicating same phase of cubic. This
change in the structure when the annealing temperature is
increased to 800 °C could be due to reduction in the lattice
stress. The films annealed at 600, 700 and 900 °C have
large lattice stress, while the stress of film at 800 °C is
small. The role of crystal field change in the formation of a
new phase should not be neglected as well. The broadening
of the peaks in both the phases suggests small particle size.
No other impurities peaks have been found which means
that dopant ion completely occupies the Y,0O3 host lattice.
Also, the ionic radii of Y>* (0.90A) and Eu* (0.89 A) are
very close, and hence, it is possible to substitute Y3* with
Eu’" jons.

Figure 2 shows the role of annealing temperature on
crystallite sizes and lattice parameters. A slight increase in
the crystallite size and a decrease in lattice parameters are
established by means of X-ray diffraction analysis for a
series of thin films annealed at temperatures between 600
and 900 °C.

Further, it is marked that as the sample is annealed at
higher temperatures the FWHM (full width at half maxi-
mum) of the diffraction peaks decreased and peaks became
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Fig. 2 Crystallite sizes and lattice parameters as a function of
temperature

sharper. This suggest for an increase in the crystalline size
of the annealed sample. To confirm this, crystalline size of
both samples was calculated using the Scherrer formula
[29].

094

" PBcosO

where D is crystallite size, 1 is the wavelength of incident
X-ray [Cuk (1.54056)], fp is the FWHM and 6 is the
diffraction angle for (hkl) plane. To calculate crystallite
size, three most intense peaks (29.24°, 32.91° and 44.51°)
were selected. The FWHM of these peaks were taken by
their Gaussian peak fitting. The average crystallite size for
the annealed films calculated through aforementioned
procedure comes out to be 64 nm. The lattice parameters
and crystallite sizes are shown in Table 1.

3.1.2 Scanning electron microscopy (SEM)

The morphologies of the nanostructures of the Y,0: Eu®"
thin films were studied by the SEM patterns and are pre-
sented in Fig. 3. It shows that the obtained films are
composed of particles which are nearly spherical in shape.
SEM micrograph shows the aggregated nature of the sec-
ondary particles which were made up of the agglomeration
of many primary particles. The films which were un-an-
nealed and those annealed at lower temperatures appeared
with the same morphology and crystalline sizes. At higher
annealing temperature, the morphology of the film changed
drastically to finer one probably due to change in the
structure as also revealed by XRD.

@ Springer
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Table 1 Showing lattice
parameters and crystalline sizes
of Y,05: Eu** thin films

Annealing temp. (°C)

Lattice parameters

Hexagonal phase

a

C

Cubic phase

a

Crystallite size (nm)

Un-annealed
600
700
800
900

3.712
3.790
3.796
3.815

6.575

10.603

70
6.630 10.625 67
6.645 10.647 62
6.649 10.654 58

Fig. 3 SEM micrographs of

(a) un-annealed and annealed
samples, (b) 600, (c) 800 and
(d) 900 °C

3.1.3 Atomic force microscopy

Figure 4 shows the AFM images of the Y,Os: Eu’" thin
films (a) un-annealed, (b) annealed at 600 °C and (c) an-
nealed at 900 °C in an open-air furnace. The images were
obtained in contacting mode taken over a scale of
5 x 5 um?® Better crystal gain can be obtained by
annealing at different temperatures, and the surface with
different features can also be observed. The crystal grains
of Y,05:Eu’" film annealed at higher temperature is more
even, and the grain size is lesser than that of un-annealed
sample. The uneven grains are distributed on the surface of
Y,05:Eu*" un-annealed film, large 72 nm and small
40 nm.

@ Springer

3.2 Optical properties

The UV-visible reflectance spectra of the as prepared
samples are illustrated in Fig. 5. The spectra of all the
samples show good optical quality in the visible range due
to the complete reflectance in the 200—400 nm range. It
clearly indicates that the percentage reflectance is signifi-
cantly affected by the annealing temperature. The materials
also reflect significantly in the UV region as compared to
visible region. From the graph, Fig. 5, the material reflects
between 320 and 350 nm depending on the annealing
temperatures. Except for the thin film annealed at 900 °C,
the wavelength of the films increased with increasing
annealing temperature. Furthermore, absorption bands
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Fig. 4 3D height AFM images done in contact mode for the thin films a un-annealed, b annealed at 600 and ¢ annealed at 900 °C
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Fig. 5 Diffuse reflectance measurements for un-annealed and those
annealed at different temperatures for Y203:Eu®" thin films

corresponding to the forbidden 4f—4f transitions are usually
weak and therefore not detected [30].

Figure 6 shows graph of [F(R) * hv]* versus hv for the
un-annealed and thin films annealed at various

0.25
—— Unannealed
——600°C
0.20 { —700°C
——800°C
——900°C
N
= 0.15
L
I
x
L 0.10 -
0.05
0.00

hv (eV)

Fig. 6 Graph of F[(R) * hv]? as a function of band gap energy
temperatures. In order to calculate the band gap of the

films, the following Kubelka—Munk equation was used;

F(Ry) = (1 —Ry)*/2Rs = K/S (1)
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where R, = Rgample/Rreferences: K 1s absorption coefficient
and S is scattering coefficient.

On the other hand, the bang gap E, and absorption
coefficient o of direct band gap semiconductor are related
through the well-known Tauc relation:

ahv = Cy(hv — Eg)'? 2)

where hv is the photo-energy and C; is proportionality
constant. When the material scatters in a perfectly manner,
the absorption coefficient K becomes equal to 2o (K = 2a).
Considering the scattering coefficient S as constant with
respect to wavelength, and using Eqgs. (1) and (2), the
following expression can be written as:

[F(Rs) % hv)*= Cs(hv — Eg) (3)

By plotting [F(R) * hv]* against hv and fit the linear region
with a line and extend it to the energy axis, then one can
easily obtain E, by extrapolating the linear regions to
[F(Roo)hv]2 = 0. The arrows in the figure indicate these
extrapolations for the un-annealed and the thin films
annealed at different temperatures. E, is the band gap at
n = 2 for direct transitions. From the figure, the band gap
of Y,0s5: Eu’" was found to be in the range of 2.9-4.3 eV.
It can be seen clearly that the band gap energy of the Y,03
decreases linearly with increasing temperature. The pres-
ences of two or more slopes suggest that the samples have
some impurities.

3.3 Photoluminescence
3.3.1 Excitation spectra

Figure 7 gives the PL excitation spectra of the Y,O5:Eu®"
thin films for un-annealed and those films annealed at
temperatures between 600 and 900 °C. These spectra
consist of several excitation bands which are ascribed to
different transitions. In the excitation spectrum monitored
by “Dy—'F, transition of Eu*" at 612 nm for Y,O:Eu®"
thin films, the broad band with a maximum at 209 nm
originates from the excitation of the oxygen-to-europium
(027 - Eu3+) charge transfer band (CTB) and some very
weak peaks in the longer-wavelength region of 300 nm are
ascribed to the f — ftransitions of the Eu*" ions. The band
located at 234 nm is due to host absorption band.

3.3.2 Emission spectra

Figure 8 shows the emission spectra of un-annealed and
films annealed between 600 and 900 °C. The emission
spectra were recorded at excitation wavelength of 209 nm.
The decrease in the PL intensity with the increase in
annealing temperature can be attributed to rougher surfaces
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Fig. 7 Excitation spectrum of Y,05: Eu*" thin films for un-annealed
and those annealed at 600, 700 and 800 °C

1000

Emission s 7 —— Unannealed
-—DF, | —600°%
800 -] ——700°C
——800°C
——900°C
~ 600 ]
3
8
2
® 400
c 3
2
£
200 - ;
D,-F,
N . A

T T T T T T T T T T T T T
450 500 550 600 650 700 750 800
Wavelength (nm)

Fig. 8 Emission spectrum of Y,0s: Eu*" thin films for un-annealed
and those annealed at 600, 700, 800 and 900 °C

and improved optical properties of larger crystallite sizes
for as-deposited film. It is well known that rough surfaces
increase the probability of light emission from the surface
by limiting the chances of total internal reflection at the
film—substrate interface [31]. This relative decrease in the
PL intensity with the annealing temperature suggests the
decrease in the grains which plays a major role in
increasing defect densities. Similar behaviour was
observed by Mckittrick et al. [32], in their study of char-
acterization of photoluminescent (Y;_,Eu,),05 thin films
prepared by metallorganic chemical vapour deposition. The
most intense peaks appearing at 612 nm are recorded for
the un-annealed and films annealed at lower temperatures
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of 600 and 700 °C. At higher annealing temperature of
800 °C, this peak is tremendously quenched possibly due
to structural change. At annealing temperature of 900 °C,
all these peaks are quenched, but the peak appearing at
612 nm is red-shifted and enhanced which is a confirma-
tion of formation of a new phase. Also, this peak is pre-
dominant at 588- and 715-nm wavelengths. This
phenomenon can be explained by the fact that the 209-nm
radiation excites the Eu’" ions from ground state to the
higher excited state 3 D0—7F2 and quickly relaxes to 3 D0—7F4
level by emitting non-radiative transition. The strong red
emission band centred at 612 nm corresponds to the
hypersensitive transition *Dog—'F,. Another feeble yellow
emission band at 588 nm corresponds to *Dy—'F, transi-
tion, which is less sensitive to the host. The reason behind
observing the intense red emission from Y,O5:Eu*" can be
understood by considering the structure of Y,03. The
coordinate number of Y,Oj; is six and forms cubic bixbyite
structure with two different sites (C, and Sg) for RE ions
substitution. The C, is a low symmetry site without an
inversion centre, whereas C, is a high symmetry site hav-
ing an inversion centre. When Eu’" is located at a low
symmetry (C,), the red emission is dominant, whereas the
yellow emission is dominant when Eu®" is located at high
symmetry (Sg) [33, 34]. In the present case, red emission is
dominant suggesting that the location of Eu’' is more
favourable at C, site. As the C, site does not have an
inversion centre, electric dipole transition from Eu*" ions
attached to this site is more favourable than the magnetic
dipole transitions. The similarity of the ionic radii of Eu>"
and Y>7 ions allows the easy substitution of Y jons with
Eu’" ions at C, sites giving rise to intense red emission in
the un-annealed and films annealed at lower temperatures
[35].

Figure 9 represents the chromaticity coordinates of the
PL spectra for the samples (a) un-annealed and those
annealed at (b) 600, (¢) 700, (d) 800 and (e) 900 °C, which
are determined using the CIE (International Commission
on Illumination) Coordinate Calculator software. Accord-
ing to the software, the position of the colour coordinates
lie well in the red and orange region. The detailed analysis
of the phosphor finds its suitability in making the red/or-
ange producing phosphor for display applications and light
emitting diodes.

3.3.3 Decay curve

Figure 10 shows the decay characteristics of the thin films
un-annealed and those annealed at temperatures between
600 and 900 °C. The films which are un-annealed and
those annealed at lower temperatures have the highest
initial intensities. This is also consistent with the PL
spectra shown in Fig. 8. The films were characterized by
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Fig. 9 CIE coordinates for samples that were un-annealed and those
annealed at various temperatures
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Fig. 10 Showing decay characteristics of Y,05: Eu’* phosphor thin
films for un-annealed and films annealed at 600, 700, 800 and 900 °C

the fast and medium decays characteristics, since they are
indicative of the different rates of decay for the films. The
decay curves were fitted according to Eq. (4) and gave the
decay constants listed in Table 2.

I=A exp(—t/11) + Azexp (—t/12) (4)

where [ is phosphorescence intensity, A; and A, are con-
stants, ¢ is time and 7, and 7, are decay constants, deciding
the decay rate for rapid and slow exponentially decay
components, respectively. The fitting results of parameters
7, and 7, are listed in Table 2.
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Table 2 Results for the fitted decay curves of the un-annealed and
films annealed at different temperatures

Temperature Un- 600 700 800 900
(°C) annealed

Components

Fast (1;) 0.5896 0.5524 0.5275 0.5165 0.4962

Medium (t7) 0.8564 0.8124 0.7856 0.7522 0.7050

Two components, namely fast and slow, are responsible
for the luminescence properties of the as-synthesized
phosphor. A trend can be observed (Table 2) that the decay
constants of the phosphors decrease gradually with the
increasing annealing temperature.

4 Conclusion

Highly luminescent red nanophosphors of Eu®"-doped
Y,0; were fabricated by using PLD. XRD confirmed that
the un-annealed thin films were amorphous. The annealed
films reveal cubic phase when annealed at 600, 700 and
900 °C but hexagonal phase at 800 °C. The average
crystallite size of the films after annealing was 64 nm.
SEM images show similar morphology for the un-an-
nealed and films annealed at lower temperatures which
changed at higher temperature. AFM shows that the
crystal grains of Y,0;:Eu’" films annealed at higher
temperature are uniform and the grain size is smaller than
that of un-annealed sample. PL shows that the most
intense red luminescence corresponding to *Dy—'F, tran-
sition of Eu" appearing at 612 nm is recorded for the un-
annealed and films annealed at lower temperatures of 600
and 700 °C. At higher annealing temperature of 800 °C,
this peak is tremendously quenched possibly due to
structural change. At annealing temperature of 900 °C, all
these peaks are quenched, but the peak appearing at
612 nm is red-shifted and enhanced. Also, this peak is
predominant at 588- and 715-nm wavelengths. The
decrease in the PL intensity with the increase in annealing
temperature can be attributed to rougher surfaces and
improved optical properties of larger crystallite sizes for
un-annealed film. UV-Vis measurement indicated a band
gap in the range of 2.9-4.3 eV. This provides a general
deposition method for rare-earth-doped oxide nanocrystals

with potential applications such as high-definition
displays.
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