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ABSTRACT: Scheelite-structure tungstates with unique
structural features and excellent luminescence possess
promising applications, such as light-emitting diodes
(LEDs), scintillators, and displays. The controllable growth
of high quality and uniform composition thin films mounted
on cheap substrates is a key factor to realize the above
commercial applications, however, which is also a big
challenge due to the difficult stress release stemming from
intrinsic lattice mismatches. Here, we employed the simple
and composition-controlled polymer-assisted deposition
(PAD) method to successfully obtain a series of high quality
and well-proportioned BaWO:Eu** (BWOE) thin films with

red emission. Screening out the unbound freedom metal ions by poly(ether imide) (PEI) and ethylene diamine tetraacetic acid
(EDTA), the firmly bound metal ions (Ba**, W®" and Eu®*) in polymer solution were applied to accurately control the chemical
composition and effectively governed the release of stress during the growth process of BWOE thin films. Furthermore, XRD,
SEM and EDS mapping detections evidently authenticated the quasi-single crystallinity, uniform morphology and well-
distributed composition of as-grown thin films. Additionally, excited by 250 nm light, these thin films could efficiently produce
the red emission, peaked at around 612 nm originated from the D, — ’F, transition of Eu*". Moreover, the optimal doping
concentration of thin films was confirmed to be 9% and corresponding Commission International de I'Eclairage (CIE)
chromaticity coordinate was (0.618, 0.365), which evidently implied the excellent color rending index. Therefore, this work
highlights the rather superior PAD method to prepare uniform and high-quality BWOE thin films, which can be expanded
toward the other photoelectric devices including white lighted-emitting diodes, scintillators, displays, and photoelectric

detectors.

B INTRODUCTION

As we know, the scheelite-structure tungstates with the unique
structural features, excellent luminescence and other superior
photoelectric properties present lots of potentially applicative
prospects, such as light-emitting diodes (LEDs), scintillation
detectors, and displays."”” As a fascinating group of inorganic-
functional materials, tungstates have attracted special attention
because of their excellent chemical stability, high average
refractive index and high X-ray absorption coeficient.’
Generally, the scheelite-type tungstates with C,;, point group
symmetry structure are MWO, (M = Ca, Sr, Ba, Pb), whose
M** is surrounded by the adjacent eight oxygen ions
constituting the aberrant cube, while W is located in the
center of tetrahedron of O~ coming into being the WO,*"
group.” Because of the unique structural features and the
presence of allowed O*” to WO transition, tungstates are
regarded as the efficient host materials for luminescence
systems. Besides, the entire visible spectrum decomposed in
blue, green, and red components can be obtained due to the
self-luminescence of scheelite-type tungstates.” Assigned to
ligand-to-metal charge transfer (LMCT) transitions in the
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near-UV region, the self-emission intensity is too weak
compared with commercialized luminescent materials.>’
Thus, it is urgent to introduce a luminescent center to
enhance the emission intensity for the effective promotion of
the practical lighting applications. Especially, owing to their
high monochromaticity, long lifetime, high energy efficiency,
and low resistance, rare earth (RE)-doped tungstates have
been proven to be excellent luminescence materials.”® As the
luminescent center ions, the rare-earth ions, such as Sm®',
Tb*', Er’*, Eu*, and Pr, are usually doped into tungstates
with different microstructures.” "> For instance, Liao et al.
reported the microspheric CaWO,:Tb** green-phosphor
originating from the *D, — "F transition of Tb** by regulating
the RE ion-doped concentrations."” Singh’s group synthesized
the red lighting BaWO,:Eu®" nanophosphors by mechanical
activation, and researched the optical properties from energy
transfer dynamics and time-resolved photoluminescence.’
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Figure 1. Schematic illustration for the preparation procedure of BWOE thin films. (a) The ultrafiltration model of preparation precursor. (b)
Schematic illustration of the main processing steps. (c) SEM image of thin films under the optimum condition.

Koshy et al. studied the Eu-doped BaWO, thin films on
structure and PL performance by pulsed laser deposition
(PLD) technique.'* However, the aforementioned phosphor
powders cannot catch up with the luminescent thin films in
some respects, such as low resistance, high uniformity, easy to
be mounted on cheap substrates, mechanical stability, and
superior resolution.'>"®

Except for the above advantages of thin films, however, the
introduction of RE ions increase the precise controlling
problem of the multimetal elements. Moreover, the intrinsic
and extrinsic stress release problems will directly lead to
microstructural alteration, stratified and low-quality lumines-
cent thin films during the growth and cooling processes, even
seriously effecting the durability as well as the optical
properties.'” The above two kinds of stress are mainly
generated by the accumulating effect of defects during
deposition and the lattice mismatch or different thermal
expansion coefficients between films and substrate materials,
respectively.'”'® Aiming at the stress of epitaxial Vanadium—
Hydrogen (V—H) thin films, Gemma et al. researched discrete
stress release cases via the rearrangement of pre-existing
defects.'® Also, Guerain et al. investigated the contribution of
both destructive and nondestructive processes to stress release
phenomena in @-Cr,0; oxide thin films.”” Even though they
achieved some improvements, the challenging requirement of
multimetal controllability and the stress release were yet to be
fulfilled effectively. In this regard, a simple PAD technique
touches down researchers minds. This method could not only
precisely control the distribution of multimetal elements by
binding the target ions with polymers, but also reduce the
effect of stress release on film quality by arranging the bound
ions to deposit in order.”’ Relying on the covalent bonding of
polymers with metal ions, this method of preparing the
solution has several advantages compared with traditional
preparation methods, including (i) the long-term stability even
storing several months, (ii) the ability to coat large areas, (iii)
the growth of high quality and homogeneous epitaxial films,
and (iv) suitable for almost all metal ions based on the
viscosity.”> "

In this paper, we demonstrate a sequence high-quality and
uniform distribution quasi-single crystallinity BOWE thin films,
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which is directly grown on the monocrystalline silicon
substrates by the simple PAD method. The metal ions
bound by PEI and EDTA were arranged on the substrate
surface in order and stress release can be effectively controlled
during the growth and cooling procedure of thin films.
Furthermore, XRD, SEM, and EDS mapping detections
evidently authenticated the quasi-single crystallinity, uniform
morphology, and well-distributed composition of as-grown
thin films. Additionally, the red emission spectrum peaked at
around 612 nm, attributed to the D, — ’F, transition of Eu**,
could be effectively excited by the excitation light of 255 nm.
Comparing the luminescence properties of different doping
concentrations of Eu’*, the concentration quench occurred at
9% in this BOWE thin films. Besides, the decay lifetime,
annealing temperature and time are studied in detail. The CIE
chromaticity coordinate is found to be (0.618, 0.365),
indicating the excellent luminescence properties. Moreover,
the as-prepared BWOE thin films not only emphasize the
importance of PAD technique to obtain superior thin films, but
also can be applied to other photoelectric devices.

B EXPERIMENTAL SECTION

Materials. All of the chemicals were directly used as received
without further purification, including poly(ether imide) (PEIL
99.99%, Aldrich), ethylene diamine tetraacetic acid (EDTA, 99.99%,
Aladdin), europium chloride (EuCly, 99.99%, Aladdin), barium
nitrate (BaNOs, AR, Keshi), and chlorinated tungsten (WCl,, AR,
Keshi).

Preparation of Precursor Solution and Thin Films. A series of
Eu**-doped BWO thin films were synthesized by PAD method. A
total of 1 g PEI was dissolved in 40 mL of deionized water with
continuous stirring at room temperature, and then 1 g EDTA was
added slowly into the solution. After dissolved completely, 1 g
Ba(NO,), was further dissolved into the obtained solution until the
metal ions were bound effectively by PEI and EDTA. At this time, the
as-prepared chelate solution was transferred into an ultrafiltration cup
and filtered three times under the aegis of N,. In the same way, W®
and Eu®* precursors were prepared, respectively. The ionic
concentration, as-prepared precursors with 18.6364, 16.4767, and
13.523 g/L for Ba*", W®, and Eu®, respectively. Ba**, W®*, and Eu®*
precursors were mixed with a certain stoichiometric proportion of
Ba?*/W®/Eu** = 1:1:¢, which kept the equal mole ratio of barium to
tungsten and changed the mole concentration of Eu’* (¢ =0, 1, 3, 5,
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Figure 2. Structure characterization of BWOE thin films. (a) The drawn schematic view of BaWO, crystal structure, (b) XRD patterns of BWO
thin films with different Eu** doped concentration (¢ = 0—13%), and (c) annealing temperature.

7, 9, 11, and 13%). The as-prepared precursor solution was spin-
coated onto silicon substrate at 2000 rpm for 30 s, respectively, then
annealed with different temperature to induce cross-linking.
According to the need of film thickness, several precursor layers
were coated on the silicon substrates.

Characterization. The ion concentrations of as-prepared
precursors were detected by inductively coupled plasma-atomic
emission spectroscopy (ICP). The crystal structural characterization
and phase identification of the samples were carried out by the X Pert
Pro (Holland) X-ray diffract meter with Cu Kal radiation (1 =
0.15406 nm) from S° to 60°. Surface morphology and particle size
distribution of the thin films were investigated by a FEI QUANTA
FEG 250 scanning electron microscope (SEM) and energy-dispersive
X-ray spectroscopy (EDX, S4800), respectively. The photolumines-
cence spectra, excitation spectra and decay times were examined by
FLS980 (Edinburgh Instruments) spectrometer with a 450 W xenon
lamp at room temperature.

B RESULTS AND DISCUSSION

PEI and EDTA were elaborately chosen as the chelating agent
to bind target metal ions and the corresponding filtration-
model schematic illustration of as-prepared precursor was
obviously shown in Figure la. During the preparation of
precursors, EDTA not only actively bound the metal ions to
ensure a homogeneous distribution, but also offered the
combination of hydrogen bonding and electrostatic attraction
with PEL>"**** The firm-bound metal ions by PEI and EDTA
could not got through the filter membrane while the other
unbound metal ions and some small organic molecules would
be percolated under the pressure of N, So, we obtained the
uniform as-prepared precursor including firmly bound metal
ions (Ba**, W, Eu*"). And then, as the processes shown in
Figure 1b, a series of high quality and well-proportioned
BWOE thin films were prepared with different conditions.
According to the atomic concatenate forms and structure
data of BWO,”®*” the drawn schematic view of BWO model
showed in Figure 2a. When the Eu’' ions were doped into
BWO, the Eu** would occupy the position of Ba>*. Because
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EuWO, and BaWO, had the same crystal structure, which
caused that Eu®" could replace the Ba>* and formed the high-
efficiency luminescent center.”® And uncertain distortion came
into being around the octahedron, which is attributed to the
different atomic radius between Ba?* and Eu®". First, the effect
of different doping concentrations on crystal structural under
fixed 6 layers were studied. The effect of Eu**doped
concentrations (0—13%) on the XRD patterns of the thin
films shown in Figure 2b. It could be seen that the high
crystallinity of the samples were demonstrated by the strong
diffraction peaks, and that all the peaks matched well with the
standard data of scheelite phase BWO (JCPDS card No. 43—
0646). The main diffraction peaks at 28.054°, 58.017° as well
as the negligible peak at 26.450° corresponding to (004),
(008), and (112) plane, respectively, obviously demonstrated
the quasi—sin%le crystal BWOE thin films grown along the main
plane (00k).””** Such high quality thin films on common
substrate with intrinsic lattice mismatches mainly attributed to
the effective stress release of polymer firm-binding metal
3132 On the other hand, there are no traces of additional
peaks from other phases including the RE ions. The unalloyed
and doped thin films have the same diffraction directions,
which indicates that the Eu** ions have been doped into the
host lattice of BWO effectively.’”” Besides, the doping
concentration at 9% has the strongest diffraction intensity,
which laterally means the best crystallinity at 9%. In order to
improve the growth conditions of BWOE thin films, we also
studied the XRD of BWOE thin films annealed at different
temperature. Figure 2¢ confirms that the same diffraction peaks
are revealed at 26.450°, 28.054°, and 58.017° with different
temperature, which is consistent with the results of Figure 2b.
However, as we can see, there are several peaks missing
compared with the JCPDS. The main reason for this
phenomenon is that preferred growth orientations on the
(100) silicon substrate, which are dominated by the total free
energy variation during the growth process, and the
minimization of the surface, interface, and strain energies

ions.
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Figure 3. SEM images of BWOE thin films with different layers and annealing temperature: (a, b), (e, f), (i, j) 6 layers and (¢, d), (g, h), (k1) 12

layers for 700, 800, and 900 °C, severally.

Figure 4. Elemental mapping of BWOE thin films at ¢ = 9%.

between different oriented grains controlled the driving force
of the thin film grains growth. Therefore, under the control of
macromolecular assistance and driving force, the epitaxial film
grew along the favorable crystal surface, thus obtaining the
BWOE films with the type of quasi-single crystal.

In order to get insight into the microstructure of as-grown
thin films, SEM measurement was employed to study the
microgrowth mechanism with different synthesized temper-
ature and layers. Fixed the concentration of Eu** at 9%, BWOE
thin films with selected 6 layers and 12 layers were prepared at
the annealing temperature of 700—900 °C and the
corresponding SEM images were shown in Figure 3. The
microscopy of BWOE thin films with 700 °C looks like some
irregular sheets. With the increase of the annealing temper-
ature, the average size of the BWOE gradually increases and
their profile progressively become clear. The corresponding
average size at 800 and 900 °C are about 0.41 and 0.46 ym,
respectively. Moreover, the best crystallinity and homogeneity
are reflected for 800 °C. The higher annealing temperature
usually attributed to higher mobility of growth species on the
substrate surface, which explained why the compactness with
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higher temperature could not catch up with that of 700 °C.**
When the amount of layer increased to 12 layers, the additional
layers of precursor solution filled in the porous structure and
improved the compactness of thin films. As shown in Figure
3¢,d,gh k], the tightness of all the samples were enhanced and
the profiles became clear with the average size 0.23, 0.62, and
0.69 um for 700—900 °C, respectively. Furthermore, as shown
in Figure 4, the EDS-mapping of the BWOE thin film evidently
presents that the elements evenly disperse in the films, which
reveals that the PAD method can effectively control the
homogeneity of multielements thin films.

For the in-depth analysis of luminescent behavior, we made
a comprehensive study of emission spectra of as-prepared
BWOE thin films with various Eu**-doped concentration from
0% to 13%. As shown in Figure Sa, the red emission spectra
with the similar shapes should mainly ascribe to the intrinsic
4f—4f (°D, — ’F,) transition of doped Eu®" ions.”’**’
Furthermore, the emission peaks at 578, 592, 612, 654, and
702 nm are assigned to *Dy — "Fy, *Dy = "F,, °Dy = 'F,, °D,
— 7Fy, and °D, — "F, transitions of Eu®', respectively. Among
them, the ascendant red emission at 612 nm shows up a good
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Figure 5. Luminescent properties of prepared BWOE thin films. (a) The emission spectra of BWOE thin films with different concentration of Eu**
monitored at 250 nm. (b) The intensity comparison of Eu** doped BWOE concentration ranging from 0 to 13%. (c) Excitation spectra of as-
prepared thin films monitored at 250 nm and corresponding PL intensity comparison of peak values in the inset. (d) Emission spectra with
different excitation wavelength (1., = 225—280 nm). (e) Emission spectra of BWOE thin films annealed at 700—900 °C. (f) The influence of

annealing time on the luminescence properties.

color rendering index comparing with BWO powders doped
with Eu®* prepared by the solid state reaction and soft
chemistry method.”>*” As far as we know, the electric dipole
transition gives rise to the Dy — F, line.*® The position of
Eu’* in BWO has an effect on the luminescence intensity of the
SDy = ’F, (612 nm) electronic transition. Moreover, its
intensity dramatically increase when the luminescence center
Eu* take up a low-symmetry local site which introduces a
strong electric field to drive the transition.>>** However, the
Dy — F, transition caused by the magnetic dipole transition
is corresponding to a site of inversion symmetry. Hence, as
stated above, the Eu®" ions in our work locate at a site of
noninversion symmetry and then emit red luminescence.
Besides, it was found that the luminescence intensity
gradually increased with increasing the Eu®" concentration
from 1%, and then it reached a maximum as the Eu®*
concentration at 9% composition, as exhibited in Figure Sa,b.
However, the luminescence intensity started to decrease with
further increasing the concentration. This kind of unique
luminescent intensity changing trend of first increased and
then decreased with the increase of doping concentration, is
intrinsically attributed to the concentration quenching.*’
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Specifically, with the low concentration ranging from 1% to
9%, the average distance of Eu®* ions were large enough to
avoid the interaction of the nearby Eu** ions.*"** In this case,
the Eu’* doped into the host crystal of BWO could effectively
come into being the luminescence center. Nevertheless, when
the doped concentration surpasses the extremity, the
deformation force of lattice distortion would gradually become
too weak to stimulate the electron to get through the valence
band and enter the stable metastable state of the forbidden
band.*® Thus, luminescence intensity steadily decreased. In
addition, the optimum quenching concentration was corre-
sponding to the optimum property and the critical distance
between the nearest Eu®* ions. It was perfectly consistent with
the Figure 2b. With the increase of Eu** doping concentration,
the shorter distance of Eu** and the easier formation of crystal
defect made the nonradiation transition chance augment.”" So
the decreased number of photons reduced the luminescence
performance.

The excitation spectra of BWOE thin films were collected by
pumping the emission wavelength at 612 nm, shown in Figure
Sc. The excitation spectra with a broad charge transfer (CT)
banded from 224 to 284 nm was broke at 9—300 k in vertical
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Table 1. Comparisons of BWOE Thin Films Prepared by PAD and Previous Reports

materials method microstructure
BWO film CE nonuniform
BWOE powder nonuniform
BWOE film PLD nonuniform
BWOE film RFMS uniform
BWOE film PAD uniform

temp time fwhm ref
RT >80 nm 43
700 °C 4h >15 nm 26
800 °C 4 h 14
1500 °C Sh <10 nm 16
800 °C 2h 15 nm this work

Figure 6. (a) Energy transition mechanism of Eu®* in BaWO, matrix. (b) Decay curves of thin films with different doped concentrations, (c)
average decay time trace, and (d) CIE diagram of thin films monitored at 612 nm.

coordinates and had a maximum intensity at 232 nm and some
characteristic excitation peaks. These peaks could be attributed
to the intraconfigurational (f—f) transitions of Eu*', as shown
at 318 nm (’F, — *H;), 362 nm ("F, — D,), 380 nm ("F, —
SL,), 392 nm ("Fy = °Lg), 412 nm (’F, = °D,), and 462 nm
("F, = °D,).” However, these excitation transitions could not
obtain the most efficient luminescence properties, except for
the excitation wavelength at 250 nm in the UV region. The
inset of Figure Sc was the photoluminescence (PL) intensities
comparison of 250 nm with other characteristic excitation
peaks. With the excited wavelength increased from 250 to 462
nm, the luminescent properties decreased and then improved,
which demonstrated that 250 nm was the best excitation
transition. To consolidate the result, we further discussed the
effect of the CT region on optical properties. The emission
spectrum excited by 225 to 280 nm was shown in Figure 5d.
The intensity of the curves with the same shapes rapidly
increased with increasing the wavelength of excitation light
source and had a maximum intensity pumped by 250 nm.
More importantly, these peaks of emission spectra excited by a
series of various light did not any slightly shift, which evidently
revealed the complete validness of the above excited light.
For the systematical investigation on the effect of annealing
temperature and time on the luminescent properties, we
employed the BWOE thin films with fixing Eu*'-doped
concentration at 9%. As displayed in Figure Se, it was easily
found that the maximum PL intensity was obtained at 800 °C,
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which was 5.44X and 1.54X than that of 700 and 900 °C,
respectively. Additionally, we further studied the impact of
annealing time on luminescence properties from 0.5 to 6 h at
the fixed annealing temperature of 800 °C. It was obviously
shown that the PL intensity appeared at a peak value at 2 h in
Figure 5f and the inset. We speculated that the reaction time
might be too short to accomplish the nucleation completely,
which led to the inferior optical performance. Unfortunately,
when the annealing time was too long, the increasing particle
size reduced due to the boundary scattering, so the PL
intensity slightly decreased. However, it is interesting to note
that the as-prepared BWOE thin films by PAD method have
special advantages over by other methods in uniformity,
synthesis temperature, and annealing time. To point it out,
herein the comparison is presented from the materials,
synthetic method, microstructure, annealing temperature,
heat treatment time, and PL spectrum full width at half-
maximum (fwhm), as shown in Table 1. Here, CE, PLD,
REMS, and PAD stand for the cell electrochemical, pulsed
laser deposition, radio frequency magnetron sputtering, and
polymer-assisted deposition technique, respectively.

For a deep insight into the luminescent mechanism of as-
grown BWOE thin films, Figure 6a clearly schematizes the
energy transition process between BWO and Eu’*. As a result,
the thin films could be excited to excitation state by the CT
energy transition of WO,>” group. When the thin films were
excited, the excited electrons of WO,*” group could move
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from the ground 2p states of O®” to excitation Sd states of
W™ At the same time, the holes broke away from the
constraint of O*~ and entered into the valence band. When the
recombination of holes and electrons occurred, the induced
CT transferred the energy to Eu®, which induced the
characteristic emission from °D, to "F/(] = 0, 1, 2, 3, 4),
then the red emission of Eu** generated.28

Besides, we investigated the decay lifetimes of BWOE thin
films for revealing the luminescent dynamics with 4., = 250 nm
and A, 612 nm, shown in Figure 6b. The double
exponential decay eq 1 was made to fit the decay behavior:

(1
)

Equation 2 was used for calculating the average lifetime.
While in eq 1, I was the PL intensity; A; and A, were the
constants; 7, and 7, were the rapid decay and slow decay
components, respectively. On the basis of eqs 1 and 2, the
fitting results of 7}, 7,, A}, A,, and 7* are listed in Figure 6c and
Table 2. The average decay times were calculated to be 5.22,

I=Ale—t/z'1 +A2€_t/fz

T= (AlTl2 + Azfzz)/(Aﬂl + A,1,)

Table 2. Decay Lifetimes of BWOE Thin Films

samples 7 7 A, A, 7 (ms)
c=3% 4.76 573.52 1325.03 110.41 5.22
c=5% 4.90 552.17 1203.34 126.16 5.09
c=9% 62.15 586.12 227.59 98.63 4.83
c=13% 13.17 602.54 689.54 54.65 4.75

5.09, 4.83, and 4.75 ms for BWOE samples with different
doping concentrations (c = 3%, 5%, 9%, 13%, respectively),
presenting a decrease trend for gradually raising the
concentration of Eu’* due to the concentration quenching
mentioned above and fluorescence resonance energy transfer
(FRET).45 It is an important factor for Eu®* locating at or near
the surface of BWO during the FRET process. Because when
the concentration of Eu®* increased, the energy immigration or
interaction strengthens and the number of effectively doped
ions into the crystal decreased. In addition, the nonequivalent
substitutions would produce positive charge defects in order to
keep charge balance, which led to nonradiative relaxation and
then reduced the decay times.*®

To investigate the color properties of BWOE thin films
under 250 nm excitation, the CIE in 1931 was used for explore
its color rending index. As shown in Figure 6d, it is found that
the color coordinates of BWOE are calculated to be (0.618,
0.365) and its inset of Figure 6d shows the red emission of thin
films excited by the rectangular UV light, which possesses
excellent red color rendering index and a potential applications
for LEDs.

B CONCLUSIONS

In summary, the red lighting BaWO:Eu.** (¢ = 0—13%) thin
films with high-quality are synthesized by the PAD method to
effectively address the difficult problem of the multimetal
controllability and the harsh effect of stress release on film
quality. PEI as well as EDTA are proved to bind the metal ions
and precisely control the uniform distribution of elements.
Moreover, the XRD, SEM and EDS mapping results reflect the
quasi-single crystallinity, the superior morphology and
homogeneity of thin films. Additionally, the emission spectra
of as-prepared thin films is composed of a sharp PL peak at 612

8505

nm with an full width at half-maximum about 13 nm, produced
by the D, — ’F, transition of Eu’* ions. Furthermore, the
optimal doping concentration of Eu’" is authenticated to be
9%. The optimal preparation condition are 800 °C for 2 h and
the corresponding CIE chromaticity coordinates (0.618,
0.365) that sheds light on promising application for white
light. Besides, the energy transition mechanism of Eu®* in
BaWOQO, matrix and luminescence kinetics are discussed in
detail. This work highlights the rather superior PAD technique
to prepare uniform and high-quality BaWO,:Eu*" thin films.
We believe that this kind of unique high quality quasi-single
crystallinity thin films will be a promising functional materials
for the w-LEDs for solid state light, scintillators, displays, and
photoelectric detectors.
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