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a b s t r a c t

Nanostructured Eu2O3 doped Barium tungstate (BaWO4) crystallites are successfully synthesized using
pulsed laser deposition (PLD) technique. The influence of different Eu2O3 doping concentrations (1,2,3 &
5 wt.%) on the structural, surface morphological and optical properties are systematically studied using
XRD, micro-Raman, SEM, AFM, UV–vis and photoluminescence spectroscopy. All the films are polycrys-
eywords:
anostructured barium tungstate thin films
uropium oxide
ulsed laser deposition
all–Williamson plot
icro-Raman

talline with tetragonal scheelite structure. The vibrational analysis of the atoms in BaWO4 is studied by
micro-Raman spectra using factor group analysis. The surface morphological analysis by SEM and AFM
reveals the presence of fine nanoparticles with distinct grain boundaries in all the films. The band gap
energy variation in the Eu2O3 doped BaWO4 films is in accordance with the variation of the sizes of nano
particles in the films. The films with higher Eu3+ doping concentrations (≥2 wt.%) show a PL emission
peak centered around 614 nm when excited at 394 nm which can be attributed to the 5D0 → 7F2 (0–2)
L emission transition of Eu3+ ion.

. Introduction

Scheelite-structured tungstates are renowned for their excel-
ent optical, structural properties and potential applications in the
elds of scintillant arithmometer, X-ray gain screen, luminescence,
nd displays. Tetragonal scheelite structured ceramic oxides like
aWO4 and CaWO4, either doped or substituted by rare-earth
lements, are important optical materials. They have attracted
uch attention because of their practical applications such as laser

ost materials in quantum electronics and scintillators in medi-
al devices [1–4]. Moreover, because the attenuation constant of
aWO4 lies in the range from microseconds to nanoseconds, it

s also a potential and especially essential material for designing
ll-solid state lasers that can emit radiation in a specific spec-
ral region. Photoluminescence study of different crystalline metal
xide ceramics doped mainly with rare earth ions such as Eu3+, Er3+,
d3+ etc., revealed a considerable potential of these materials in
ptoelectronic applications [5,6]. These compounds can be widely

sed as phosphors in cathode-ray tubes, field emission, vacuum
uorescent and electroluminescent displays as well as scintilla-
ors in X-ray and positron emission tomography [5–9]. The optical
roperties of trivalent rare-earth ions (RE3+) in tungstate materi-
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als with scheelite structure have been widely investigated [10–13],
especially due to their attractive third order nonlinear dielectric
susceptibilities [14,15]. Diverse techniques have been developed to
synthesize BaWO4 crystallites such as polymeric precursor method,
precipitation method, molten salt method, super molecule tem-
plate method, micro-emulsion method etc. [16]. In the present
paper, pulsed laser deposition technique is used to synthesize
Eu2O3 doped BaWO4 crystallites with good crystalline morphol-
ogy. To the best of our knowledge, no such studies on pulsed laser
ablated Eu2O3 doped BaWO4 crystallites have ever been reported.

2. Experimental details

Eu2O3 (1,2,3 & 5 wt.%) doped BaWO4 thin films are prepared
using pulsed laser deposition (PLD) technique. The deposition of
the films is performed inside a stainless steel vacuum chamber
using a Q-switched Nd: YAG laser (Spectra Physics, Quanta – Ray
INDI – series) with 200 mJ of laser energy from a frequency doubled
532 nm radiation having pulse width 7 ns and repetition frequency
10 Hz. The sintered pellet (having 11 mm diameter and 3 mm thick-
ness) used for the laser ablation is prepared from commercially

available BaWO4 and europium oxide (Sigma Aldrich, purity 99.9%)
powders. The deposition of the films is done using laser energy
of 140 mJ for duration of 20 min on quartz substrates (fixed at an
on-axis distance of 6 cm from the target). The target is rotated
with constant speed of 33 rpm to avoid pitting of the target and

dx.doi.org/10.1016/j.jallcom.2010.11.061
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Fig. 1. The XRD pattern of undoped BaWO4 film post-annealed at TANN = 800 ◦C.

o ensure uniform ablation. The ablated films are post-annealed at
temperature 800 ◦C for 4 h. The BaWO4 films with different Eu3+

oncentrations viz., 1%, 2%, 3% and 5% are designated as BWEu-1,
WEu-2, BWEu-3 and BWEu-5 respectively.

The crystalline structure and crystallographic orientation of
nnealed films are characterized by XRD measurements [XPERT
RO Diffractometer] using CuK� radiation of 0.15405 nm wave-
ength. Surface morphology and particle size distribution of the
lms are investigated by Scanning Electron Microscope [JEOL
600]. The surface morphology at a nanometer scale is investi-
ated using atomic force microscope (AFM) [Digital Instruments
anoscope E, Si3N4 100 � cantilever, 0.58 N/m force constant] mea-

urements in contact mode. The rms surface roughness and grain
ize are obtained from a scan area of 5 �m × 5 �m. The thickness
f the films is measured using a Dektak 6 M Stylus profiler. Micro
aman spectra of the films are recorded using Labram-HR 800 spec-
rometer equipped with excitation source having laser radiation
t a wavelength of 488 nm from an argon ion laser. Optical trans-
ission and reflectance spectra of the films are recorded using

ASCO V 550 UV–vis–NIR double beam spectrophotometer in the
egion 190–900 nm. Room temperature photoluminescence spec-
ra of the films are recorded at an excitation wavelength 394 nm
sing Horiba Jobin Yvon Flourolog 111 modular spectroflurometer
quipped with a 450 W xenon lamp and Hamatsu R928-28 photo-
ultiplier.

. Results and discussion

.1. XRD analysis

Figs. 1 and 2 show the GIXRD patterns of the undoped and
u3+ doped BaWO4 films annealed at TANN = 800 ◦C respectively.
he undoped BaWO4 film shows two peaks corresponding to (1 1 2)

nd (0 0 4) reflection planes of tetragonal scheelite with preferred
rientation along 〈0 0 4〉 direction. Besides (1 1 2) and (0 0 4) reflec-
ion planes, all the doped films exhibit additional reflection planes
orresponding to tetragonal scheelite structure of BaWO4 (JCPDS
ard no. 26-194) with preferred orientation in 〈1 1 2〉 direction. It is

able 1
attice parameters, unit cell volume, particle size and micro strain of undoped and Eu2O3

Eu2O3 doping
concentration
(wt.%)

Thickness of
the films (nm)

Lattice parameters Unit
volum

a (Å) c (Å)

0 215 5.60 12.62 396
1 320 5.62 12.77 403.0
2 280 5.62 12.76 403.0
3 250 5.618 12.73 401.7
5 235 5.60 12.72 399.0
2θ (degree)

Fig. 2. The XRD patterns of Eu2O3 doped BaWO4 films post-annealed at
TANN = 800 ◦C.

observed that the intensity of the peaks from all planes enhances on
increasing Eu2O3 doping concentration up to 3% and thereafter the
intensity of XRD peaks decreases. This indicates that moderate dop-
ing of Eu2O3 (3 wt.%) increases the crystallinity and Eu2O3 doped
film is more crystalline than other films. The absence of any Eu2O3
peaks in the XRD patterns of the films indicates that europium is
well dissolved in BaWO4 lattice. The lattice parameters of tetrago-
nal scheelite system are calculated using the following equation.

sin2 �h k l =
(

�2

4a2

)
(h2 + k2) +

(
�2

4c2

)
l2 (1)

where a and c are the lattice constants and h, k and l are the Miller
indices, � the X-ray wavelength and �h k l, half the diffraction angle
of the peak. For BaWO4 in bulk form with tetragonal scheelite struc-
ture, the reported values of the lattice parameters a and c are 5.61 Å
and 12.72 Å respectively and the unit cell volume V is 400 Å3 [17].
The calculated values of the lattice parameters and unit cell vol-
ume (Table 1) are matching with the reported values, confirming
the tetragonal scheelite phase in these films. The unit cell volume
in the films decreases with increase in Eu2O3 doping concentration.

The average size of crystallites in the films is determined using
the following Debye Scherrer’s equation, [18]
Dh k l = 0.9 �

ˇh k l cos (�h k l)
(2)

where � is the X-ray wavelength, �h k l is the Bragg diffraction angle
and ˇh k l is the full width at half- maximum (FWHM) in radian of

doped BaWO4 films.

cell
e (Å)3

Crystallite size
from Scherrer
formula (nm)

Crystallite size
from W–H plot
(nm)

Lattice strain
(× 10 −3)

33 – –
6 60 64 2.4
2 47 52 10.0
8 37 45 32.0
0 42 45 1.0
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Fig. 3. Williamson–Hall plots of Eu2O3

he main peak in the X-ray diffraction pattern. The particle sizes
re found to be 33, 60, 47, 37 and 42 nm for the undoped, BWEu-
, BWEu-2, BWEu-3 and BWEu-5 films respectively, which confirm
he presence of nanocrystallites in the films prepared in the present
ork. Thus the crystallite sizes of the films show definite variation
ith Eu2O3 doping concentration.

The internal stress, strain, lattice distortion or defects can
roaden the XRD peaks, so that the mean size of the crystallites
stimated using the Debye–Scherrer formula can be smaller than
he actual value. The effect of crystallite size induced broadening
nd strain induced broadening in the full widths at half maxi-
um (FWHM) of XRD peak can be studied using Williamson–Hall
ethod [19]. The lattice strain and crystallite size are calculated

rom Willamson–Hall plots drawn by using the relation,

cos � = k�

D′ + 2� sin � (3)

here ˇ is the FWHM of the XRD peak, � is half the angle of diffrac-
ion corresponding to the peak, k is a constant which can be taken
s 0.9, D′ is the size of the strain free crystallite and � is the lattice
train. The sin � vs. ˇ cos � plot is a straight line whose intercept
n the ˇ cos � axis gives the value of k�/D′ and its slope gives the
attice strain (Fig. 3). The calculated values of size of the crystallites

nd strain in the films are given in Table 1. The size of the crystal-
ites calculated from Williamson–Hall plot differs appreciably from
he corresponding values calculated from Debye–Scherrer equation
nd this indicates the presence of considerable lattice strain in the
lms.
BaWO4 films post-annealed at 800 ◦C.

3.2. Morphological analysis by SEM and AFM

Figs. 4 and 5 represents the SEM and AFM micrographs of Eu2O3
doped BaWO4 films post-annealed at 800 ◦C. All the films exhibit
the presence of fine nanoparticles with distinct grain boundaries.
The SEM pictures of BWEu-1 and BWEu-5 films show agglomera-
tion of grains forming clusters of different sizes. The BWEu-2 and
BWEu-3 films show densely packed grains of different sizes with
well-defined grain boundaries. The AFM images also present the
same morphology as observed from the SEM macrographs. The AFM
of BWEu-1 film displays non-uniform distribution of grains of dif-
ferent sizes whereas BWEu-2 film presents distribution of grains
of bigger size with lot of porosity. The morphology of BWEu-3 film
consists of a dense distribution of grains of smaller and bigger sizes.
The AFM image of BWEu-5 film presents a dense distribution of
grains with dominance of bigger grains. Thus the films with Eu2O3
doping concentration 2 and 3 wt.% show better surface morphology
and grain distribution, compared to others. The root mean square
surface roughness of the films is found using the WSxM software
of Nanotec Electronica S.L. [20] and all the doped films show high
values of rms surface roughness (Table 2).

3.3. UV–vis spectra
Fig. 6 represents the optical transmission spectra of undoped
and Eu2O3 doped BaWO4 films. The average optical transmittances
of the films in the wavelength range 350–900 nm is calculated and
are given in Table 2. The undoped film shows a very high transmit-
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Fig. 4. The SEM images of Eu2O3 doped BaWO4 films post-anneale

ance of ∼82.5% whereas the doped films show only relatively lower
alues of transmittance. Among the Eu2O3 doped films, BWEu-3
hows the highest value for the optical transmittance (∼58.3%).
he XRD analysis shows that this film has the highest crystallinity
ompared to other films. The sharp decrease in the transmittance
round the wavelength ∼250 nm observed for all the films is due
o the absorption edge of BaWO4.

The transmittance spectral data obtained for the films are used
o calculate the absorption coefficient, ˛ at different wavelengths
sing the relation [21]

=
log

[
1/T

]
t

(4)

here t is the thickness of the film and T is the transmittance of
he film. For the parabolic band structure, the relation between
he absorption coefficient (˛) and the band gap energy Eg of the

aterial can be estimated from the following relation [22,23]
˛h�)1/n = A(h� − Eg)n (5)

here A is band edge constant, � is the transition frequency and
he exponent n characterizes the nature of band transition. The
alues 1/2 and 3/2 for n correspond to direct allowed and direct

able 2
ptical properties of undoped and Eu2O3 doped BaWO4 films.

Eu2O3 doping
concentration (wt.%)

Thickness of films
(nm)

Root mean squar
roughness (nm)

0 215 7
1 320 28
2 280 66
3 250 32
5 235 34
NN = 800 ◦C (i) BWEu-1, (ii) BWEu-2, (iii) BWEu-3 and (iv) BWEu-5.

forbidden transitions and 2 and 3 correspond to indirect allowed
and indirect forbidden transitions respectively [24]. The band gap
energy Eg can be obtained from extrapolation of the straight-line
portion of the (˛h�)1/n vs. h� plot to position h� = 0 (Tauc plot).
The intercept on the h� = 0 axis directly gives the band gap energy
Eg in eV. It is observed that for all the film, the best straight
line is obtained for n = 1/2 which is expected for direct allowed
transition. There are reports suggesting direct and indirect band
gap nature for tungstates [25,26]. However, Lacomba-Perales et al.
[27] have established the direct band gap nature for transitions in
BaWO4.

The band gap values are found to be 5.70, 5.23, 5.33, 5.66
and 5.62 eV (Table 2) for the un-doped and the BWEu-1, BWEu-
2, BWEu-3 and BWEu-5 films respectively. For the undoped film,
the size of the crystallite is 33 nm and it shows the highest opti-
cal band gap energy of 5.70 eV. Usually for the doped films, the
band gap energy will be higher compared to the undoped films

due to B–M shift. In the present case all the doped films show
band gap energy lower than that of the undoped film and can-
not be ascribed to B–M shift. The particle size calculation based
on XRD analysis shows that all the doped films have crystallites
whose size greater than that of the undoped film. BWEu-3 film

e surface Average optical transmittance
in the range 350–900 nm (%)

Band gap energy
(eV)

82.5 5.70
25.7 5.23
49.8 5.33
58.3 5.66
42.8 5.62
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Fig. 5. The AFM images of Eu2O3 doped BaWO4 films post-annealed at TANN = 800 ◦C, (i) BWEu-1, (ii) BWEu-2, (iii) BWEu-3 and (iv) BWEu-5.

Table 3
Correlation of intra-vibration of WO4

2− ion in BaWO4.

Free ion                            Site                                          Factor
Symmetry Symmetry   . group

γ B.ν=Zf vib νvib Td correlation      S4 Cς aς correlation      C4h Cς aς
Ag 1      2

2 1 A1 A 1 2+2 Bg 1      3

Eg 2      2

4 2 E B 1     2+4 Au 1      3

Bu 1      2

12 6 F2                                                   E 2      4 Eu 2      2
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ig. 6. Optical transmittance of laser ablated BaWO4 films annealed at TANN = 800 ◦C
s a function of Eu2O3 doping concentration.

aving the lowest size of the crystallite (∼37 nm) among the doped
lms possesses band gap energy 5.66 eV which is close to the value
f band gap energy of the undoped film. BWEu-1 film having the
ighest size of the crystallite (∼60 nm) possesses the lowest value
f band gap energy 5.23 eV. It is expected that, as the particle size
ncreases, band gap energy decreases due to quantum confinement.

hus the variations of the values of band gap energy in these films
re in accordance with the variation of the size of the crystallites
Fig. 7).

Fig. 8. Raman spectra of laser ablated Eu2O3 dop
Fig. 7. Variation of Crystallite size and band gap energy of laser ablated BaWO4 films
as a function of Eu2O3 doping concentration.

3.4. Micro-Raman analysis

BaWO4 crystallizes in tetragonal system with space group I41/a
and factor group C4h with two formula unit per Bravais cell. Two
Ba atoms and two WO4

2− ions occupy the S4 site. Optical phonon
modes of BaWO4 crystal are calculated by correlation method
developed by Fateley et al. [28]. Excluding the three acoustic modes,
the 33 optical modes in BaWO4 among the various factor group
species are described as:
� = 3Ag(R) + 5Bg(R) + 5Eg(R) + 4Au(IR) + 3Bu + 4Eu(IR) (6)

Out of these, Ag, Bg and Eg modes are Raman active and Au

and Eu modes are IR active where as Bu modes are inactive in

ed BaWO4 films annealed at TANN = 800 ◦C.
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Table 4
Micro-Raman spectral analysis of Eu2O3 doped BaWO4 films.

Raman spectral data

BWEu-1 (cm−1) BWEu-2 (cm−1) BWEu-3 (cm−1) BWEu-5 (cm−1) Assignments

�1-WO4
2−

924 v s 924 v s 924 v s 925 v s
832 m 830 m 830 m 832 m �3-WO4

2−

793 m 794 m 794 m 795 m
602 w, br – – –
497 w, br 497 w, br – –
438 w, br �4-WO4

2−

404 w, br
348 w 353 w 353 w 355 w �2-WO4

2−

332 m 345 m 343 m 344 w
331 s 332 s 332 s

w
w

v

b
W
(
c

i
s
d
t
(

189
153 m 150 w 150

s – very strong, s – strong, m – medium, w – weak, br – broad.

oth IR and Raman spectra. The distribution of internal modes of
O4

2− ion is shown in Table 3. The correlation diagram for WO4 ion
Table 3) maps out the site splitting and factor group splitting in the
rystal.

Weinstock et al., have assigned the internal modes of WO4
2− ion

n aqueous solutions in the following way [29], the non-degenerate

ymmetric stretching mode �1 (A1) ∼ (931 ± 1) cm−1, the doubly
egenerate symmetric bending mode �2 (E) ∼ (325 ± 2) cm−1and
he triply degenerate asymmetric stretching mode �3
F2) ∼ (838 ± 4) cm−1. They have not observed the �4 modes.

Fig. 9. PL emission spectra of Eu2O3 doped B
151 w Lattice modes

But Liegeois-Duyckaerts et al. [30] assigned the triply degenerate
asymmetric stretching mode �4 (F3) around 353 cm−1.

Fig. 8 represents the Raman spectra of Eu2O3 doped BaWO4
films. Spectral data obtained for various films and their assignments
are given in Table 4. The Raman bands in all films except BWEu-1 are
sharp and intense whereas most of the Raman bands in the Raman

spectrum of BWEu-1 are broad and less intense. This indicates that
BWEu-1 film is less crystalline than other films. The most intense
band observed in the Raman spectra of Eu2O3 doped BaWO4 films
around 924 cm−1 is assigned to non-degenerate stretching mode �1

aWO4 films annealed at TANN = 800 ◦C.
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A1) of WO4
2− ion. The sharpness and intensity of the �1 mode can

e an indication of the crystallinity of film. Among the Eu2O3 doped
aWO4 films, BWEu-3 film shows the highest intensity for the �1
ode. This observation supports earlier inference drawn from the
RD data that BWEu-3 film is more crystalline than other films. The

riply degenerate asymmetric stretching mode �3 (F2) appears in
he micro-Raman spectra of the films with partial lifting of degen-
racy. This mode appears as two medium intense bands around
94 and 832 cm−1. Apart from lifting the degeneracy, additional
plitting has been observed for the doubly degenerate symmetric
ending mode �2 (E) of WO4

2− ion in the Raman spectra of all the
lms.

.5. Photoluminescence (PL) studies

The PL emission of Eu3+doped scheelite materials (AWO4 type)
ainly depend on excitation wavelength. These materials are

nown for their scintillating property i.e. they are able to con-
ert energy of absorbed high energy photon or particle into a
umber of UV or visible photons [31]. When they act as host
aterials for Eu3+ ion, two emissions spectrum is possible for the

amples that is, (i) when the excitation is fixed in the tungstate
roup (275–300 nm) and (ii) when the excitation is fixed directly
n the Eu3+ ion (394 nm). Emission related to Eu3+ ions in these
wo cases are different. When excited by radiation of wavelength
n the range 275–300 nm, Eu3+ ions give PL emission due to the
ransition 5D0 → 7F1 (0–1) centered at 584 nm resulting from the
igh symmetric site occupancy of Eu3+ ion. When excited by radia-
ion of wavelength 394 nm, the PL emission is due to the transition
D0 → 7F2 (0–2) transition centered at 614 nm due to occupation
f Eu3+ ions in at least one site with low symmetry [31–33]. The
L intensity is larger in the second case compared to the first case.
ig. 9 shows the PL spectra of the Eu2O3 doped BaWO4 films when
xcited with a radiation of wavelength 394 nm. The as-deposited
nd 1 wt.% Eu2O3 doped BaWO4 films show no PL emission. But the
lms at higher Eu3+ doping concentrations show a PL emission peak
entered around 614 nm and can be attributed to the 5D0 → 7F2
0–2) transition of Eu3+ ion as explained earlier. The intensity of the
L emission is found to be higher for 3 wt.% Eu2O3 doped BaWO4
lms.

. Conclusion

The XRD patterns of the Eu2O3 doped BaWO4 films show poly-
rystalline with tetragonal scheelite structure. In the undoped
aWO4 film, 〈0 0 4〉 is the preferred orientation of growth of crys-
allites where as in the Eu2O3 doped BaWO4 films, 〈1 1 2〉 is the
referred orientation. The XRD analysis shows that moderate dop-

ng of Eu2O3 increases the crystallinity and 3 wt.% Eu2O3 doped
lm is more crystalline than other films. SEM analysis reveals that
he films with Eu2O3 doping concentration 2 and 3 wt.% show bet-
er surface morphology and grain distribution compared to other

lms. AFM analysis shows that all the doped films show high val-
es of rms surface roughness. The band gap energy variation in the
u2O3 doped BaWO4 films is not in accordance with B–M shift and
he band gap energy in the doped films is less compared to that of
he undoped film. The enhanced intensity and sharpness of differ-

[

[

[

mpounds 509 (2011) 2745–2752

ent Raman modes in the Raman spectrum of 3 wt.% Eu2O3 doped
BaWO4 film supports earlier inference drawn from the XRD data
that BWEu-3 film is more crystalline than other films. The films
with higher Eu doping concentrations (≥2 wt.%) show a PL emis-
sion peak centered around 614 nm when excited at 394 nm and
may be due to the 5D0 → 7F2 (0–2) transition of Eu3+ ion.
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