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Single crystalline nano thin phosphor films of (NagsRo5)MoO,:Ln** (R = La, Gd), (Ln** = Eu, Th, Dy,
Yb/Er) have been deposited on the quartz substrates by pulsed laser deposition (PLD) technique. In this
work, we clearly explained the target preparation, pre-deposition cleaning of substrates using the piranha
cleaning, and optimized growth conditions of thin films. The deposition was carried out using an
Nd-YAG laser (A = 1064 nm) in an ultra-high vacuum (UHV) with an oxygen back pressure of 300

mTorr at different substrate temperature. To examine the crystal structure, 3D surface topography and
film thickness, the as-deposited samples were characterized by X-ray diffraction (XRD), atomic force
microscope (AFM), scanning electron microscope (SEM), respectively. The thin phosphor films possess
scheelite tetragonal crystal structure with the space group 14;/a. The down-conversion luminescence
properties of Eu®*, Th**, Dy** doped (NagsRo5)MoO, phosphor films were studied in detail. Under 980
nm NIR laser excitation, the Yb**/Er®* doped (NagsRo5)MoO, thin films show intense up-converted green
emission identified at 524 nm due to the transition from the populated 2H,15 level to “lys ground level of
erbium ion. The fluorescence decay time for the major transitions in (NagsRo5)M0O, when doped with
Eu®* CDy—"F,), Tb®* (*D4—"Fs), Dy** (*Fepn— ®Higp) and YB3 /Er** (Hyyo—*l15,) are determined and to
ensure the color richness, CIE color coordinates were also calculated. The obtained results suggesting that

the potential (Na0'5R0.5)MOO4:Ln3+ thin phosphor films can serve as an excellent material for

electro/cathodo-luminescence and display applications.

1. Introduction

The growth of high quality single crystalline ceramic thin films
with improved physical and chemical properties have been
received accelerating interest due to colossal scientific and
technological applications in electronic and optoelectronic
devices.2® Numerous well-known thin film techniques includes
chemical bath deposition, sputtering, polymerization method,
electro deposition, metal-organic chemical vapor deposition,
molecular beam epitaxy, pulsed laser deposition (PLD), are
widely used to prepare variety of thin film materials such as
molybdates,* tungstates,® vanadates,® and fluorides,” etc. Among
all, PLD is a versatile technique to fabricate multicomponent thin
film materials in which raster scanning of high energy pulsed
laser ablates the target material and produces the plasma plume.3®
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Fig. S1-S6, Table S1. See DOI: 10.1039/b000000x

45 The hyperthermal reaction between ablated ions/molecules in the
plume with the background gas results in scattering, expansion of
angular spreading of the plume and then the number of eroded
species trying to move towards the substrates'®. The mean free
path of the ablated plume particles in the background gas is

s0 strongly depends on the pressure and type of the gas used.’® Then,
highly forward directed plasma plume reach the substrates with
specific kinetic energy which deposits it as a thin film on the
substrates and distributed over wider areas.!® For the growth of
complex thin film materials, the stoichiometry of the target

ss material is preserved in the thin film which is the main advantage
of the PLD technique. The PLD is a rapid, most simple technique
and it has several important features which includes excited
oxidizing species, instant deposition, high deposition rate,
environmentally clean, small target size, deposition in inert or

s high pressure gas, and provides better crystalline films, etc.
McKittrick et al synthesized Y,Os:Eu®* thin phosphor films
deposited using metallorganic chemical vapor deposition
(MOCVD) at 600°C for 8 h.'! The results suggesting that the
emission intensity of Y,Oz:Eu®* film is increases with increasing

es the post-deposition annealing treatment at 850°C for 24 h. Li et al
fabricated (Sr,Ba),SiO4:Eu?* thin phosphor film using magnetron
sputtering and found that the emission intensity reaches
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maximum at a post-deposition annealing to 1000°C.*? To avoid
the aforesaid drawbacks, PLD is an alternative technique used for
multi-component coating and extremely cutthroat in controlling
the thickness of the film, despite the intricacy of crystal chemistry
in comparison to the other film growth methods.

To obtain good quality thin films with enhanced physical and
chemical properties, it is necessary to investigate the key factors
that were influences the film thickness, growth rate and surface
morphology and its properties. In general, thin film growth per
laser pulse depends strongly on the distance between the target
and substrate, pressure of background gas, type of substrate,
deposition temperature, size of the laser spot, wavelength and
energy density of the laser pulse.® Nowadays, laser rastering
system attached into PLD technique has been used to fabricate a
homogeneous and large scale thin film.™ In the application point
of view, aforesaid reasons make the PLD technique become
unique and most suitable for the growth and fabrication of good
quality micro/nano thin films for complex ceramic materials.

Rare earth activated metal molybdates and tungstates with
scheelite crystalline phase have gained colossal interest and
considered as an important class of phosphor material owing to
their brilliant optical properties, high thermal conductivity,
adequate stability in higher temperature and vacuum. These
properties explain their significance to the applications in the area
of flat-panel displays,*** electroluminescence displays,®® field
emission displays,® solar cell,}” white LEDs!® etc. The
compound (NagsLags)MoO,; (NLM) and (NapsGdgs)MoO,
(NGM) possess a scheelite crystalline phase in which trivalent
lanthanum, gadolinium ions and monovalent sodium ions are
arbitrarily distributed in dodecahedral positions of the tetrahedral
symmetry.’*?° The molybdenum metal ion is situated at the
centre of the tetrahedral site and each Mo®* ion is surrounded by
four equivalent oxygen atoms at the corners of the tetrahedra
(Td). In the MoO,? tetrahedra, interatomic distances between the
Mo and O atoms is equal to the sum of their ionic radii and do not
depend on the composition of dodecahedral site.?* Further, the
important characteristic of scheelite crystals is high possibility of
electrodipole inter-Stark transitions of rare-earth ions in these
crystals leads to higher luminescence intensity and high optical
absorption bands.?* In order to achieve a novel red, green, yellow
emitting thin phosphor films with proper Commission
Internationale de L’Eclairage (CIE) chromaticity coordinates,
Eu®*, Tb®*, and Dy*" ions are the best choice to be an activator
ions in any host for DC luminescence applications. Similarly,
Yb** (sensitizer) Er** (activator) are used as a good luminescence
centres for upconversion process.’ The advantage of
(NagsRo5)M00Q, crystal structure doped with lanthanide ions Ln®
(Ln = Eu, Th, Dy, Yb/Er) used as laser materials,?! in which Na*,
R*/Ln®*" are randomly distributed in the dodecahedral sites
occupy the same crystallographic locations results in broadening
of absorption bands and Iuminescence of Ln* is caused by
crystal field non-uniformity.?

To the best of our knowledge, the growth of (NagsRy5)M00O,
(R = La, Gd) doped with Ln** (Ln = Eu, Tb, Dy, Yb/Er) thin
phosphor films by laser ablation of ceramic target in an oxygen
atmosphere and their luminescence properties have not yet been
reported. For the first time, we report on the growth of nano thin
phosphor films of (NagsRo5)M0oO,:Ln®" fabricated on the quartz

substrate by PLD technique. Herein, we clearly demonstrated the
60 preparation of target, pre-deposition cleaning of substrates and
procedure to synthesize the thin phosphor films. The as-
synthesized nano thin phosphor films were characterized by X-
ray diffraction pattern (XRD), atomic force microscopy (AFM),
scanning electron microscope (SEM), and energy dispersive X-
es ray analysis (EDX). Further, the up-conversion and down-
conversion  luminescence  properties of Ln®*  doped
(NapsRo5)M00O, thin phosphor films were investigated. The
Commission  Internationale ~ del’Eclairage  (CIE)  color
chromaticity co-ordinates, fluorescence decay time and the
70 photometric parameters have also been calculated and discussed.

2. Experimental Details

The NaO,5Ro,5(MoO4):Ln3+ (R = La, Gd and Ln = Eu, Th, Dy,
Yb/Er) nano thin phosphor films were successfully deposited
onto the quartz substrates by using the PLD technique at a

75 substrate temperature of 600°C with an ambient oxygen partial
pressure of 300 m Torr. Fig. 1 (a-i) shows the photographs of
various experimental steps involved for the growth of thin films
and are described as follows.

so Fig. 1 Photograph of various experimental procedures demonstrated (a)
pelletized ceramic target, (b) annealed target, (c), substrate cleaning, (d)
loading of target, (e) substrates loading, (f) removal of impurities in UHV
chamber (glow discharge), (g) laser ablation, (h) ablated target, (i) as-
deposited thin films.

e 2.1.1 Target preparation

In order to prepare robust and highly dense ceramic target for
laser ablation, stoichiometric amounts of starting materials such
as Na,COs, La,03, M0O;3, and Ln,O; (Ln = Eu, Tb, Dy, Yb, Er)
were grounded in an agate mortar pestle for 2 h. The doping

%0 concentrations of Ln" were optimized in our previous work?? and
kept at constant (0.08 M) for all the Ln®" ions. Then the powder
mixture was pressed and pelletized into a disk at a pressure of 6
tons without using any binders. To remove the volatile impurities,
avoid pores and cracks, promote densification, and to facilitate

o atomic diffusion throughout the target,'® the as-prepared pellet
was annealed at 900°C for 3 hrs. The strong and dense pellets
with 2.2 cm diameter and 0.4 cm thickness are obtained and used
as a target for laser ablation.
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2.1.2. Pre-deposition cleaning of substrates

The thin films were grown on 1 cm x 1cm quartz substrates
(with 0.7 mm thickness) that were cut from the same quartz
wafer. Prior to the deposition, each piece of substrates was

s chemically cleaned using the piranha cleaning procedure.?2* The
pre-deposition cleaning of substrates is as follows.
(i) First, all the substrates were immersed into a piranha solution
(H,S04:H,0,=3:1 ratio) at 80-90 °C for 30 minutes. After cooled
to the room temperature, the substrates were then rinsed in double
10 distilled (DD) water.
(ii) Followed by dipping in HF:H,O (1:50 ratio) mixture solution
for 30 sec at room temperature and rinsed with DD water.
(iii) Finally, dipping in H,O:HCI:H,0, (6:1:1) mixture solution at
80-90°C for 30 minutes and rinsed with DD water and then dried.

152.1.3 Growth of NagsRos(MoO,):Ln* (Ln = Eu, Tb, Dy,
Yb/Er) nano thin phosphor films

The Nao_r,Lao_r,(MoO4):Ln3+ nano thin films were fabricated on to
the quartz substrates and the deposition was carried out in an
ultra-high vacuum (UHV) unit along with Nd-YAG laser
20 fundamental (A = 1064 nm) was used during the ablation process.
After cleaning the substrates by aforesaid piranha cleaning
procedure, the substrates and targets were mounted on the
respective holders using a silver paste (to ensure good contact)
into the UHV chamber. In order to clean the vacuum chamber
25 prior to the deposition, high plasma current (DC current) has been
applied to remove the unwanted impurities by glow discharge.
Subsequently, to create UHV, the chamber was primarily
evacuated to a pressure of 5 x 10°® mbar. Next, the chamber was
backfilled with ambient oxygen (99.99%) partial pressure of 300
s mTorr. Further, to achieve high quality thin films, the substrates
(attached with substrate holder) were thermally annealed and
maintained at a temperature of 300 to 600°C. In order to ensure
the uniformity of ablation and plasma plume, the target material
was connected to a rotating head so as to enable homogeneous
35 laser ablation on the surface of the target. The distance between
the quartz substrate and ceramic target were kept at 45 mm space.
The target was ablated using the laser output approximately 200
mJ/pulse operated at a repetition rate of 10 Hz with the pulse
duration of 6 ns. The ablated species interact with background
«0 gas and directed forwardly towards the quartz substrates. After
the deposition of thin phosphor films, the UHV chamber was
allowed to cool down to room temperature. Similar kind of
experimental procedure was repeated for NagsGdys(MoOy)
sample doped with Eu®*, Tb®*, Dy** and Yb*/Er** respectively
45 by keeping all the parameters constant.

2.2. Characterization

The Philips X’Pert PRO unit from PANalytical’s
diffractometer were used to record the XRD patterns and
performed with Cu Ko radiation (A=0.15406 nm), scanning rate

s0 of 0.05° 5!, The elemental analysis and the surface morphology
of the as-deposited thin films were inspected using scanning

electron microscope (SEM JEOL JSM-840). The surface
topography of the thin phosphor films was examined using
atomic force microscopy (NTEGRA PRIMA-NTMDT, Ireland).

ss Down conversion luminescence properties and fluorescence
decay time of the thin phosphor films were investigated using
Agilent Cary Eclipse spectrophotometer (G9800AA) operated
with a 150 W Xenon lamp as the excitation source. Up-
conversion luminescence and the corresponding lifetime values

s (980 nm laser excitation from an optical parametric oscillator) are
analyzed using a combination of a 0.25 m monochromator (CS-
260; Oriel, Rochester, NY), photomultiplier tube (70680; Oriel,
Stratford, CT), lock-in amplifier, and oscilloscope.

3. Results and discussion

& 3.1 Powder X-ray diffraction analysis and morphological
investigations
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Fig. 2 XRD patterns of pulsed laser deposited (a) (NaosLaos)MoO,, (b)
70 (NagsGdes)MoO, doped with Ln* (Ln = Eu, Th, Dy, Yb/Er) thin
phosphor films, respectively.

The phase and crystalline nature of the

purity
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(NagsRo5)M0O4Ln** (R = La, Gd and Ln = Eu®, Tb*, Dy*,
Yb**/Er**) thin phosphor films were analyzed using X-ray
diffraction patterns (XRD) that were shown in Fig. 2 (a, b). The
XRD patterns elucidates that the as-prepared thin films were
crystallizes in the scheelite crystal structure (space group 14,/a).
The crystal structure of (NaO,E,RO,E,)MoO4:Ln3+ is isostructural to
the CawO, scheelite tetragonal structure in which Na® and
R*/Ln®" atoms replace the Ca?* sitess and occupy the
dodecahedral sites in the tetrahedral symmetry.!®%°? In the
centre of the tetrahedra, Mo®* atoms are occupying W®" locations
forming isolated [MoO,]* group when surrounded with four
equivalent O% atoms which are located at the four apex angles.?®
The degree of tetrahedral distortion is given by the equation,?

N = @ (0-M-0)

@

Ar0-M-0)

The Na* and R®*/Ln*" atoms are bonded and coordinated with
oxygen atoms in the dodecahedral sites (CN = 4+4) by two sets of
bond distance.?® The molybdenum atom is in a slightly distorted
tetrahedral oxygen coordination (MoO,) with identical Mo-O
bond distances (CN = 4).8 Such a distorted dodecahedron
influences the homogeneity of the crystal field around the
optically active ions, inducing a considerable enhancement in the
intensity of the absorption and emission spectrum.??*?7 The
degree of dodecahedral distortion is given by

K = dl(Na,R—O) @

d2(Na,R—O)

Kuzmicheva et al. reported that, since the ionic radius of
lanthanum (r., = 1.17 A) is higher than gadolinium (rgg = 1.05
A), the lattice parameters were increased for NLM than NGM,
which results in the size of the dodecahedral site increases.?%%
Hence, the dodecahedral site in NLM is distorted in higher degree
rather than NGM.2% The indexed peaks in the XRD patterns are
consistent with the Joint Committee on Powder Diffraction
Standards (JCPDS) and matches well with 79-2243 and 25-0828
of scheelite tetragonal (NagsLags)MoO, and (NagsGdys)MoQy,
respectively. No other impurity peaks were detected in the XRD
pattern, vindicating good quality thin films were successfully
synthesized and exhibits single crystalline nature. The doping of
Ln®* (Eu, Tb, Dy, Yb/Er) successfully replaces the R®* (La, Gd)
and does not alter the crystal structure of the host. The Fig. S2
and Fig. S3 shows the EDX spectra which confirms the existence
of respective elements in Ln*" doped (NagsR5)M0oO, thin film
samples.

As a representative result, Fig. 3 (a, b) shows the low and high
magnification SEM image of the (NagsLags)MoO4Eu®" thin
phosphor film grown at 600°C with 300 mTorr. The as-deposited
phosphor film consists of homogeneous, highly ordered circular
grains with well-defined boundaries with an average grain size
vary approximately between 225 nm to 250 nm. The
corresponding cross-sectional view of the SEM image suggesting
that the average thickness of the thin phosphor films are found to
be nearly 275 nm covering the entire surface area of the substrate
(Fig. 3c). Using AFM technique the surface topography,
roughness and line profile of the as-grown thin phosphor films

55

60

65

70

were investigated. Fig. 4 (a, b) shows the 3D AFM images of
(NagsLags)MoO, doped with Eu®* and Yb¥*/Er** thin films,
respectively and the scan was performed on 4x4 pm? area. From
the AFM images, it is observed that the as-deposited thin films
appeared to be of smooth surface and the particles are
homogeneously distributed, less agglomerative. However, a few
grains in the thin film are appeared to be larger size (~ 500 nm)
and this is due to increased ablation rate of the target by laser
beam which deposits more species on the substrate. At 300
mTorr, the average roughness and root mean square of the as-
grown thin films were measured to be 25.85 nm, 28.32 nm and
3444 nm, 3975 nm for Eu** and Yb*/Er* doped
(NagsLags)MoQ,, respectively. Fig. 5a shows the 2D surface
topography and the corresponding cross sectional line profile
were measured at three different points along the white line
indicated on the image (Fig. 5 (b-d)).

Fig. 3 (a) Low magnification, (b) high magnification, (c) cross-sectional,
SEM image of the as-deposited (Nag_sLao,s)MoO4:Eu3* thin films.
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3.2 Down conversion luminescence properties of laser ablated
(NagsRo5)M0O:.Ln* (R = La**, Gd* and Ln = Eu®, Tb*,
Dy**) thin phosphor films

The photoluminescence excitation spectra of Ln®" doped NLM
s and NGM phosphors have been well investigated and reported in
our earlier work.1*20?2 practically, the thin film with lower
crystallinity gives weak luminescence intensity. In order to
improve the crystalline nature of the samples, the phosphor films
were synthesized at different substrate temperature (300 to
10 600°C) with fixed oxygen pressure (300 mTorr). From Fig. 6, it is
observed that the substrate temperature increases from 300°C to
600°C, the luminescence intensity of (NagsLag.5)MoO,:Eu* thin

15 Fig. 4 Representative 3D surface topography of the pulsed laser deposited
(NagsLags)MoO, doped with (a) Eu®, (b) Yb¥/Er* thin films,
respectively.

film is also increased due to improved crystalline nature of the
thin films. The XRD patterns of (NaolsLaols)MoOL,:Eue’+ thin films
20 shown in Fig. S1 supports improved crystalline nature of films
when the deposition temperature is increases to 600°C which play
a crucial role in increasing the luminescence properties. Fig. 7a
shows the photoluminescence  emission  spectra  of
(Na{)_sLa{)_S)MOO4:Eu3+ thin film excited at 394 nm UV
s irradiation. It is well-known that, Eu® has the 4f° electronic

configuration with "F, ground state in which the major emission
lines are originated from populated °Dy level to ’F; ground levels
(3=0,1,2 3, 4) and the major lines are *Dy—'F; (due to
magnetic dipole transition), °Dy—'F, (due to electric dipole
2 transition).2>?2% Upon excitation, the PL emission spectra of
(NagsLags)MoO,:Eu®* consists of four peaks noticed at 588 nm,
614 nm, 651 nm and 698 nm are attributed to the transitions of
’Dy—"F1, *Do—'Fy, °Dy—'Fs, *Dog—'F4, EU** ion, respectively.
Among all the emission peaks, the electric dipole transition
3 °Dg—'F» is hypersensitive and much stronger than the other peaks
which are necessary to improve the color purity of the red
phosphor. According to the selection rule, narrow peak observed

o)

um

S @

o

Fig. 5 (a) 2D surface scan image of the (NagsLags)MoO4:Eu®* thin film.
The corresponding vertical cross sectional line profile taken at (a) 1160
nm, (b) 1960 nm, (c) 2750 nm, in 4x4 um? scan area, respectively.

(@)

Intensity (a.u.)

360 3&0 460 45‘0 5c'|o 5&0 560
Temperature (°C)
4 Fig. 6 Emission intensity of (NagslLags)MoO4Eu*" as a function of
different substrate temperature.

at 614 nm corresponding to the transition *Dy—'F; is due to the
shielding effect of 4f electrons by 5s and 5p electrons in the
outermost shells of Eu®* %% The transition °Dy—'F; (orange
s light) or the transition °Dy—'F, (red light) strongly relies on the
local symmetry of Eu®* ions; i.e., when the Eu®* ions occupy the
inversion center sites, the transition °Dy—'F; should be
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predominant, and when the Eu®" ions occupy the lower symmetry
sites, the transition *Do—'F, should be predominant.?2%2 In the
case of (NalO,sLao,S)MoO4:Eu3+ scheelite tetragonal structure, the
dominance of °D,—'F, transition vindicates that Eu®* ions were

s located at sites without inversion symmetry (Cz, symmetry). The
ratio of integrated emission intensities of the two transitions
°Dy—'F; and °Dy—'F, is called as the asymmetry ratio which
determines the degree of distortion from the inversion symmetry
of Eu®" ions.3® The R/O ratio values calculated for NLM, NGM

ware found to be 4.89, 4.81, respectively, showing that the
hypersensitive electric dipole transition dominates with magnetic
dipole transition.

(c) o Sy oy”

4 6
Fo3 ,"Hisp

Intensity (a.u.)

Intensity (a.u.)

Iy

Intensity (a.u.)

550 575 660 625 séu 675 760 725
Wavelength (nm)
15 Fig. 7 Down-conversion luminescence spectra of (NagsLaos)MoO, doped
with (@) Eu®, (b) Tb*, (c) Dy* thin phosphor films, respectively
deposited at 600°C with 300 mTorr pressure.

The Tb% ion has the electronic configuration 4f% with Fg
ground state. Under 294 nm ultraviolet excitation, Tb®* doped
20 samples show the characteristic transitions from populated °D,
level to ’F; ground levels (J = 6, 5, 4, 3). Fig. 7b shows the PL
emission spectra of Th3* doped (NagsLags)MoOy thin phosphor
films, exhibits four emission bands observed at 489 nm, 543 nm,
587 nm, and 621 nm and are assigned for the transitions
5 °Dy—'Fs, °Dy—'Fs, °Dy—'Fs, °Dy—'F3 of Tb* ions,
respectively.’®2%3* Generally, the luminescence intensity of the
transition °D,—Fs is much higher than the other transitions. The
intensity and peak position of °D,—'Fs transition, strongly
influenced by the symmetry at the metal ion site and nature of
2 bonding with coordinating ligand.3* The green emission peak is
instigated due to characteristic 4f electrons of Th®" ions centered
at 543 nm which corresponds to magnetic dipole allowed
transition °D,—'Fs which is unaffected by the site symmetry of
Th** ion. The hypersensitive and most intense °D,—Fs transition
s satisfies the selection rule AJ= +1 and much stronger than other
transition with AJ =3, 4, 6 (electric dipole transitions).35
The Dy** ion has also chosen to be an activator which has the
electronic configuration of 4f° with SHygp ground state. In
general, the blue emission is originated from the transition
10 *Fg/p—®Hys. Whereas the yellow emission is originated from the
hypersensitive transition 4Fop, —®Hiap belongs to a forced electric
dipole transition allowed only Dy** ions occupy non-inversion

symmetry.* The transition “Fg, —%Hy3/, can be influenced by the
surrounding chemical environment of Dy** ions®®?° But, the
ss intensity ratio between the blue band and yellow band varies with
respect to the hosts. Becerro et al. reported that for Dy** doped
GdPO, the transition *Fgp— ®Hisp was predominant when
compared with *Fep— %Hyz.5 But in the case of molybdates, it is
reported that the intensity of yellow band originated due to
s0 *Fgo— °Hygp transition is high when compared with the blue
band due to the transition *Fg— ®Hisp.2®?° Fig. 7c shows the
emission spectra of Dy** doped (NapsLags)MoO, thin phosphor
films excited at 390 nm and the corresponding emission is
originated due to the transition from the populated “Fy, levels to

ssthe °H, (J= 15/2,

13/2) ground levels of Dy* ions,

respectively.’®?° The integral intensity of the blue band observed
at 482 nm is higher than that of the yellow band (hypersensitive
to the chemical environment) noticed at 569 nm which figure out
the information on the site occupancy of Dy*' in the scheelite
60 tetragonal (NagsRo5)M00Q;, crystal structure. Further, Fig. 8 (a-c)

shows

the photoluminescence properties

of Ln* doped

(Nag 5Gdg 5)Mo0Q;, thin film samples were investigated. The down

conversion  luminescence
(Nao'5Gdo'5)MOO4 are

properties  of
similar  to

Ln**  doped

that  those  of

65 (NagsLags)MoO,Ln® and does not show any remarkable
variation with respect to peak position. However, the luminescent
intensities Ln>* doped NLM are slightly higher than that of NGM.
Kuzmicheva et al. explained that, due to difference in ionic radius
(rLa>req) the degree of dodecahedral distortion in NLM higher

70 than NGM and.?*?® Such a distorted dodecahedron influences the
homogeneity of the crystal field around the optically active ions,
inducing a slight improvement in the emission intensity of NLM

than NGM.26:28
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75 Fig. 8 Down-conversion PL graph of (a) Eu®" (b) Tb*, (c) Dy** doped
(Nao 5Gdo.5)MoO, thin films deposited at 600°C with 300 mTorr pressure.

3.3 Up-conversion luminescence properties of pulsed laser
deposited (NagsRo5)MoO,:YB*Er* (R = La*, Gd*) thin

phosphor films

s Fig. 9a illustrates the up-conversion luminescence spectra of
pulsed laser deposited (NagsRos5)M0O,4:Yb/Er thin phosphor
films. The presence of intense up-converted emission lines in the
green region accompanied with weak emission in the red region
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which are mainly originated due to the transitions of Er** ion.
Under 980 nm laser excitation, the emission spectra consists of
three characteristic up-converted lines observed in the visible
region at 524 nm, 550 nm, 653 nm which are assigned for the
stransitions  “Higp—*lisn,  *Ssp—'lisp,  and  *Fop—lisp,
respectively implies a strong ground state absorption of Er®* ion.
The emission spectra are ruled by an intense up-converted green
emission noticed at 524 nm due to the transition from the
populated 2Hyy;, levels to *lis, ground levels of Er** ijon. The
10 hypersensitive transition 2Hy;,—"l15, is much stronger than the
other transitions.

— b)
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4, 4,
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Fig. 9 (a) Up-conversion luminescence spectra of Yb*/Er* doped
15 (NagsRos)MoO,, (b, ¢) Luminescence decay profile of Hip—*liss
transition in Yb*/Er* doped NLM and NGM, respectively, (d) their
corresponding CIE diagram.

Under 980 nm infrared laser excitation on Yb/Er doped
(NapsRo5)Mo0O, thin films, Yb®" ions are initially excited from
2F,, level to the 2Fsp, level via well known ground state
absorption process.”® Also, the laser excitation populates the
electrons from the *lys;, ground level to the *Iyy, level of Er*
ions. Then, the excited ?Fs;, level of ytterbium ions promotes
more energy to the populated *ly, level of Er** through the
energy transfer process.2’ Consequently, the *Fy, level of Er®" is
excited from 1,3, of Er** through the excited state absorption
process and then relaxed non-radiatively into the 2Hiy;, level.
Next, 2Hyy, and *Sgp levels in Er** ion are partly decays non-
radiatively into Sy, and *Fgy, levels, respectively. At last, 2Hyyp,
4S5, and *Fgy, levels radiatively depopulated in the *l3s ground
level by emitting intense up-converted visible light photons with
a wavelength of 524 nm, 550 nm, and 653 nm, respectively. The
integrated up-conversion emission intensity ratio of the
transitions  2Hyip—lsp (green) to  *Sgpo—*lisn  (red) for
3 (NagsLags)MoO4:Yb/Er is found to be 3.453 whereas
(Nag5Gdy 5)M0O,:Yb/Er is determined to be 3.421. Wang and
coworkers described that the distribution of Er®* ions on the

o

S

o

=)

G

surface is of a larger fraction than that of inside the nanometre
scale particles.® Therefore, the interaction among the Er®" ion
and its neighboring crystal lattice becomes poor caused by
isotropic coordination of Er®* ions with higher symmetry results
in the transition 2Hy;p—*lisp much stronger than the other
transitions.? The concentration quenching effect, dependence of
pump power density, energy transfer process, and near-infra red
emission properties of Yb/Er doped (NaysRos)MoO,; (R=Gd)
were elaborately discussed in our earlier investigations.?® The
upconversion luminescence mechanism explains that the energy
is successfully transferred from the Yb®* (sensitizer) to the Er®*
(activator). In the case of Yb/Er doped NLM and NGM, shape
and position of the peaks are almost similar and does not show
any remarkable variation in the up-conversion luminescence
spectra. Hence, the Yb/Er ions doped samples shows their strong
up-conversion luminescence irrespective of the NLM, NGM
crystal structures.

3.4 Decay-time and color coordinates measurements

The luminescence decay curves of Ln® doped (NagsRg5)Mo0O,
were fitted well with the single exponential function and is given

by
I1=1,exp [_tj ©)
T

where |y is the luminous intensity at time t = 0, t is the time after
excitation, and the decay life time is indicated as t. Fig. S4 (a-c)
shows the PL decay profile of major emission lines in Eu®*, Tb*,
and Dy**, doped with (NagsRq5)MoO, thin phosphor films and
the corresponding values are summarized in table S1. Fig. 9b and
Fig. 9c shows the decay time profile for the transition
2H10—*1155 in YB3*/Er®* doped (NagsRos5)MoO; thin films and
the values are determined to be 8.5 s (for R = La) and 8.1 s (for
R = Gd). The color chromaticity coordinates are estimated using
the commission of Internationale del’Eclairage (CIE) 1931 color
matching functions.? Fig. S5, Fig. S6 shows the CIE plot of Eu®*,
Th®" and Dy*" doped (NagsRo5)M0oO, thin films. Under 980 nm
NIR excitation, the color chromaticity coordinates of Yb%'/Er**
doped (NagsLags)MoO,, and (NagsGdys)MoO, were calculated
and found to be x=0.184 , y=0.779 and x=0.183 , y=0.776,
respectively and the corresponding CIE diagram is shown in Fig.
9d. Further, the photometric properties of the as-synthesized thin
films such as color rendering index, color correlated temperature,
and luminous efficacy of radiation were calculated and provided
in table S1. The presence of strong up/down-conversion
luminescent intensity indicates the good crystalline nature of
nano sized phosphor films. The novel (NagsRo5)M0O4:Ln** nano
thin phosphor films could serve as an excellent material for
electroluminescence devices, flat-panel display applications and
other opto-electronic applications.
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4. Conclusions

In summary, we synthesized the nano-sized single crystalline
(NagsRo5)M004:Ln** (R* = La, Gd), (Ln*" = Eu, Tb, Dy, Yb/Er)
ceramic thin phosphor films deposited on quartz substrates by
pulsed laser deposition technique using Nd-YAG laser source in
an ultra-high vacuum. The clear demonstrations of the various
experimental steps involving the growth of thin film have been
discussed. The XRD analysis reveals that the as-deposited
(NapsRo5)MoO,:Ln®" films posses scheelite tetragonal crystal
structure in which molybdenum ions are located in the centers of
the tetrahedra and R®/Ln** atoms occupy the dodecahedral
positions in the tetrahedral symmetry. The presents of all the
elements in Ln*" doped (NapsRos)MoO, thin phosphor films
were confirmed by EDX analysis. The 3D surface topography,
grain size distribution, roughness and rms value are investigated
by AFM technique. The SEM image clearly depicts that the
average thickness of the thin films was determined to be 275 nm.
The down-conversion photoluminescence properties of the thin
phosphor film were investigated in detail. Under optical
excitation, Eu®, Tb®** and Dy*" doped samples show their
characteristic luminescence in red, green, yellow region due to
the transitions *Do—'F,, *Ds—'Fs, *Fop— ®Hizp, respectively.
Upon 980 nm NIR laser pumping, Yb*/Er** doped
(NagsRg5)M0oQ, thin films exhibits strong green due to the
hypersensitive transition 2Hy,—*li5, noticed at 524 nm. The
CIE color chromaticity coordinates, fluorescence decay time and
other photometric parameters of Ln** doped (Nag sRgs)MoO; thin
films were estimated. The current results suggest that the
deposition of high quality single crystalline phosphor thin films
could serve as a superb material for electro/cathodo-luminescence
devices, display applications and other solid-state lighting
appliances.
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