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LiCazMg2V3012:Sm3+ phosphors have been prepared by solid state method and analysed by X-ray diffraction,
EDX-elemental mapping, UV-VIS-NIR spectroscopy, photoluminescence (PL) and temperature dependent pho-
toluminescence (TDPL). The absorption spectra analysis using Judd-Ofelt theory provides the intensity param-
eters and manifest the covalent nature of Sm-O bond. The PL spectra monitored at 338 nm excitation exhibits
emission peaks of Sm>* at 567, 617 and 651 nm in addition to the broad band emission of LiCayMg2V3012 host.
The Commision Internationale deL’Eclairage (CIE) coordinates, correlated color temperature (CCT) and color
rendering index (CRI) values elucidate the efficient yellow emission of phosphors. The radiative parameters are
evaluated and have outrageous branching ratio and cross section that aids in visible laser applications. The
optical thermometry of phosphor is carried out by utilizing FIR method through selecting spectral modes ®Hs,/
V0%, ®Hy/»/VO} and ®Hyo/ VO3. The mode ®Hg/»/ VO3 have higher absolute sensitivity (S,) and relative
sensitivity (S,) values of 0.4418 K~! and 1.6079% K. The temperature resolution of modes are 0.1633, 0.1677
and 0.1563 K respectively. The thermochromic study reveals the high chromaticity shift (As = 0.1869) of
phosphor and the S,(x) and S,(x) values evaluated based on CIE coordinates are 0.0011 K™! and 0.2407% K
respectively. The PL and TDPL characteristics of prepared phosphor suggest that it have multifunctional appli-
cation in the fields of lasers, thermo-sensors, thermochromic displays and LEDs.

1. Introduction

The precise measurement of temperature is essential in daily life as it
have crucial role in the fields of agriculture production, industrial
manufacture, medical diagnosis and scientific research [1-4]. The de-
mand for non-contact optical thermometers has upsurge after the
outburst of Covid-19 pandemic in 2019 [5]. The non-contact optical
thermometers have advantages over other methods owing to its efficient
determination of temperature in harsh, fast-moving and corrosive en-
vironments [2]. Furthermore, non-contact optical thermometers exhibit
fast response, high accuracy and marked sensitivity that aids in optimum
evaluation of temperature [12].

The detection of temperature is realized through temperature sen-
sitive parameters such as emission intensity, Commision Internationale
deL’Eclairage coordinates, flourescence intensity ratio, flourescence
lifetime and excitation intensity ratio [1 6,7]. Among them, the ther-
mometers based on fluorescence intensity ratio (FIR) is more adaptable
due to their inherent advantages [2 7-11]. In FIR method the thermally
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coupled energy level (TCEL) emissions from rare earth elements Nd, Ho,
Er etc. are utilized to analyze the thermo sensing properties [12,13].
However, the constant energy difference of thermally coupled levels
limits their sensitivity. Along with this, the inverse dependence of
relative sensitivity (S;) on square of temperature constraints tempera-
ture measurement at high temperatures [2,14]. To overcome this, re-
searchers developed FIR thermometer based on dual luminescent
centers [15,16]. Rare earth activated fluorescent materials exhibit dual
luminescent centers and have higher S, and S, values than those based
on TCELs [1,14,17].

It is noteworthy that the selection of host material has significant role
in luminescence characteristics of rare earth (RE) activated systems.
Vanadate is a versatile material which exhibit intense emission in visible
region and strong absorption in UV region. On doping vanadate host
with rare earth ions, the phonon assisted energy transfer from vanadate
group to rare earth ion occurs. Also, the emission from both vanadate
host and rare earth ion appears simultaneously [18]. Thus, rare earth
activated vanadate system can be efficiently employed for the
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Fig. 1. (a) PXRD of Li(]azMgZV?,Olz:xSmpr phosphors and (b) Crystal structure of LiCay;MgaV3012.

estimation of fluorescence intensity ratio [12]. Literature review shows attentention and is need of the time.

very few reports regarding fluorescence intensity ratio and sensitivity In this present study, LiCapMg,V3012 host is selected for the doping
measurments using different spectral modes. The spectral mode selec- of rare earth element samarium. The LiCagMg2V3012 has green emission
tion is a convenient method to obtain ultra high sensitivity [12]. Hence, and introducing orange-red emission of samarium into host results in
optical thermometry studies based on spectral mode selection need more tunable emission [12]. As far as we know there are no reports regarding
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Fig. 2. SEM images of LiCa;Mg;V30,:0.07Sm>* phosphor at (a) low magnification (b) high magnification (c) EDX spectra and (d) elemental mapping.
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the optical and luminescence properties of Sm>* doped LiCa;Mg,V3012
phosphors. Herein, we synthesized novel LiCazMg2V3012:Srn3Jr phos-
phors via solid state method. Their structural and optical properties are
studied in detail. The radiative parameters are assessed through Judd-
Ofelt theory. The thermo sensing activity is analysed by FIR method
through spectral mode selection between VO3 and Sm®' emission. The
thermochromics properties of phosphors on the basis of CIE coordinates
are discussed.

2. Experimental
2.1. Synthesis method

A series of LiCazMg2V3012:Sm3+ (x =0, 0.01, 0.03, 0.05, 0.07 and
0.1) phosphors were synthesized by solid-state reaction route. The
stoichiometric amounts of CaCOjz (Sigma Aldrich) Li;COs; (Sigma
Aldrich), (MgCO3)4 eMg (OH)2-5H20 (Sigma Aldrich), V05 (Sigma
Aldrich) and SmyO3 (Sigma Aldrich) were accurately weighed and
mixed using an agate mortar for two hours in acetone medium. They
were then transferred into alumina crucibles and calcined at 800°C for 3
h. The calcined products were furnace cooled to room temperature and
then ground for further characterizations.

2.2. Characterization

The crystal phase of phosphors was identified by powder X-ray
diffractometer (D8 Advanced Bruker) with Ni-filtered Cu-Ka (1 =
1.5406 A). The morphology and elemental composition of the phosphor
were studied using energy dispersive X-ray spectrometer (Carl Zeiss EVO
18 Research). The UV-Vis-NIR absorption spectra and diffuse reflec-
tance spectra of phosphors were measured using Agilent Cary-5000
UV-Vis-NIR spectrophotometer with integrating sphere attachment.
The photoluminescence excitation, emission and decay lifetime of the
phosphors were analyzed using Horiba Jobin Yvon Flourolog III. The
quantum efficiency and temperature dependent PL spectrum of the
phosphor were studied by EDINBURGH FLS 1000 Fluorescence Spec-
trometer. The CIE, CCT and CRI values were calculated from emission
spectra using color calculator software (OSRAM SYLVANIA).

3. Results and discussion
3.1. Crystal structure

The powder X-ray diffraction analysis (PXRD) is used to examine the
structure and phase purity of prepared phosphors. The PXRD pattern of
LiCalegZVgOlz:xSmB+ (x=0,0.01,0.03,0.05, 0.07 and 0.1) phosphors,
as well as the ICDD card of isostructural CasLiMgV30O;2 (ICDD no.
00-24-1212) are depicted in Fig. 1 (a). The patterns are well indexed to
cubic garnet structure with Ia-3d (230) space group. When the Sm®*
content is elevated to 5 mol%, some impurity peaks are detected at
24.24° and 32.73° corresponding to the SmVO4 phase (ICDD no. 00-17-
0876) [19]. The phase fraction of 7 mol% and 10 mol% of Sm3* doped
LiCayMg,V3012 phosphors are estimated based on emission intensity
and found to be 1.99% and 2.10% respectively. The appearance of im-
purity peaks manifests the solubility limitation of Sm®' ijon in
LiCayMg,V3015 host [20].

The ionic radius of Sm®* (1.079 A) is very close to Ca®* (1.12 A) and
hence the Sm®* ions are intended to replace the Ca®" ion [6]. The radius
percentage difference (D;) between the doped ion and replaced ion can
be calculated using the expression given by Pires and Davlos and it
should be less than 30%. The D, value is determined by Eq. (1) [15]:
D, = 100% x Xty ~ Racw 6]

m(C.N)

where C.N is the coordination number, RycnyandRgcn) are the ionic
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Table 1

EDX spectra analysis of LiCa;Mg,V3012:0.07Sm>* phosphor.
Element Energy (KeV) Atomic %
Ca 3.69 14.10
Mg 1.25 15.37
\4 4.96 19.02
(0] 0.52 50.94
Sm 5.85 0.56

radii of replaced ion and dopant ion respectively. For coordination
number 8, the D, values between the cations and Sm>* ion are 3.66%,
41.97%, 49.86% and 199% for Ca*, Li*, Mg?" and V°* respectively. It
is evident that the Sm®" ion can simply substitute Ca%* cation.

Fig. 1(b) shows the simulated crystal structure of LiCagMgsyV3O12
based on the generated crystallographic information file (CIF). The
lattice parameters of cubic garnet (Ia-3d space group) LiCasMgaV3012
phosphorarea=b =c=12.3967 A, a = = y = 90° and Z = 8. The Ca>*
ions and one Mg2+ ion both occupies the [CaOg/MgOs] 8-fold dodeca-
hedron. The Li* ion and other Mg?* are in 6-fold octahedron. The sites of
V>* surround four oxygen to form tetrahedron unit [21].

The scanning electron microscope (SEM) images of
LiCazMg2V3012:O.O7Sm3+ phosphor at different magnifications are
shown in Fig. 2 (a) & (b). The particle size of phosphor ranges from 2 to
8 um.

The elemental composition of the phosphor is determined by EDX
analysis as shown in Fig. 2 (¢). The distribution displays the character-
istic energy peaks of Ca, Mg, V, O and Sm3" present in
LiC.'sleg2V3012:O.O7Sm3+ phosphor. As Li have lighter molar mass, it is
undetectable in EDX spectra. The energy values and atomic percentage
of constituent elements are presented in Table 1. Since, the presence of
Li is undetectable, the cation ratio of Ca/Mg/V is used to verify the
atomic percentage of the compound. The cation ratio of Ca/Mg/V based
on atomic percentage is 2.01:2.19:2.71 and is close to the theoretical
cation ratio 2:2:3.

It is obvious that the EDX spectra confirms the elemental composi-
tion of phosphor [18]. Fig. 2 (d) shows the elemental mapping of
LiCagMg2V3012:O.O7Sm3+ phosphor. The elemental mapping reveals the
uniform distribution of constituent elements on the outer surface of
phosphor. The light and dark areas in the image manifests the uneven
height of phosphor powder during the test. The individual color dia-
grams exhibit the spots of opposite elements presented in different
colors against a dark background. The overall uniform distribution of
the elements validates the effective incorporation of Sm>* ion into
LiCayMg,V301 5 host.

3.2. Optical properties

The UV-Visible-NIR spectra of LiCazMg2V3012:xSm3+ (x = 0.01,
0.03, 0.05, 0.07 and 0.1) phosphors are shown in Fig. 3 (a). The inset of
Fig. 3(a) shows the UV-Visible-NIR spectra of LiCagMg,V301 host. The
broad band UV absorption spectrum is due to the charge transfer tran-
sition of 0>~ — V°*. The sharp peaks present in the visible and NIR re-
gion at wavelength of 467, 476, 480, 954, 1095, 1262, 1413, 1538, 1583
and 1944 nm are ascribed to the absorption transitions of Sm®* from
®Hs,, ground level to *I13/2, *T11/2, *Mis/2, ®F11/2, ®Fo/2, °F7,2, °Fs o, °Fa,
2, 5F, ,2 and %Hy3 /o respectively [22] In order to understand the bonding
behaviour of Sm®* ion, the nephelauxetic ratio () and the bonding
parameter (5) can be calculated using the following equations [23,24]:

Y (2)

where v, and v, are the band positions of LiCazMg2V3012:Sm3+ host and

aqueous solution in em™?.



R. Raji et al. Journal of Photochemistry & Photobiology, A: Chemistry 453 (2024) 115680
(@)
1.0 0.8 LiCa,Mg,V,;0,,:0.01Sm*"
- o 7 ——LiCa,Mg,V,0,, | LiCa,Mg,V,0,,:0.03Sm*
g 06 LiCa,Mg,V;0,,:0.055m**
0 8 i 2 05 LiCa,Mg,V,0,,:0.07Sm**
- S 04 LiCa,Mg,V;0,,:0.1Sm*
5] @
: g 0.3
s 0.64 02
h 0.1 T T
4 500 1000 1500
2 0.4- Wavelength (nm)
T T T T
Wavelength (nm)
(b)
| LiCa,Mg,V;0,,:0.1Sm**
1 1 1 1
LiCa,Mg,V;0,,:0.07Sm**
o~
—
£
(&) f f f f
; LiCa,Mg,V;0,,:0.05Sm*"
)
o
~
>3 1 1 1 1
-g LiCa,Mg,V,0,,:0.03Sm**
=’
1 1 1 1
[=—LiCa,Mg,V;0,,:0.01Sm**
1 1 1 1
= LiCa,Mg,V,0,,
1 1 1 I/
1.5 2.0 25 3.0 3.5 4.0
hv (eV)
Fig. 3. (a) UV-Vis-NIR spectra (b) DRS spectra and (c) Tauc plot of LiCazMg2V3012:xSm3+ phosphors.
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5 = 3 x 100 3) (ahw)" = A(hv — E;) (C))

where § is the average nephelauxetic ratio. The calculated values of
nephelauxetic ratio and bonding parameter are tabulated in Table 2. The
positive value of & implies covalent nature of Sm>' ion in
LiCayMg,V301 5 host.

The bandgap energy (E,) of phosphors is obtained by applying Tauc
analysis. The plot of (ahv)? versus photon energy (h v) is shown in Fig. 3
(b). The energy gap (E,) is evaluated using the expression [20]:

where hv is the photon energy, « is the absorption coefficient, A is the
absorption constant and n = 2 for direct transition.

The band gap energy of LiCazMg2V3012:xSm3+ (x =0, 0.01, 0.03,
0.05, 0.07 and 0.1) phosphors are observed to be 3.36, 3.39, 3.40, 3.41,
3.43 and 3.44 eV. As the dopant concentration increases the bandgap
energy also broaden, this can be described by Burstein Moss effect. On
doping, the donor electrons occupies the bottom level of conduction
band, as a consequence of this the Fermi levels shifts towards the
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Table 2

Nephelauxetic ratio and bonding parameter of LiCa;Mg;V3012:Sm>* phosphor.
SL.No. Hs,/p — ve (cm-1) Vg (cm-1) Vi
1 s 21,413 21,600 0.9913
2 112 21,008 21,100 0.9956
3 4M15/2 20,833 20,800 1.0015
4 SFi1/2 10,482 10,500 0.9982
5 Fg/y 9132 9200 0.9926
6 6F7/2 7923 8000 0.9903
7 Fs/2 7077 7100 0.9967
8 SF3/5 6501 6630 0.9805
9 OF, /5 6317 6400 0.9870
10 SHis/n 5144 5000 1.0288
B = 0.9962, 5§ = 0.0038 (covalent bonding)

Table 3

Comparison table of bandgap values.
Compound Bandgap (eV) Ref.
LiCazMgV30;2 3.46 [18]
LiCa3ZnV30,2 3.40 [18]
CasLiMgV30;5:Eu®" 3.50 [20]
LiCa;Mg,V30,:Dy>" 3.42 [26]

conduction band. The partial filling of conduction band thus blocks the
lower levels and broadens the bandgap of phosphor. The photon exci-
tation energy of phosphors is 3.66 eV (338 nm) and is greater than the
bandgap energy of phosphors. The intense emission in phosphors can be
produced by the effective excitation energy that is greater than the
bandgap energy. Also, the band gap values are comparable to other
vanadate garnet phosphors which shows efficient emission (Table 3).
The relation connecting bandgap energy and refractive index is given by
Dimithrov-Sakka relation and is expressed as follows [23,24]:

=1—4/== 5)

where, n corresponds to the refractive index and E, is the bandgap en-
ergy. The refractive index values of LiCazMg2V3012:XSm3Jr (x = 0.01,
0.03, 0.05, 0.07 and 0.1) phosphors are 2.2993, 2.2969, 2.2946, 2.2900
and 2.2877 respectively. The calculated values of refractive index are
employed for the calculation of Judd-Ofelt intensity parameters.

The Judd-Ofelt (J-O) theory is an effective tool to analyse the radi-
ative transitions of rare earth ions in various coordination environments.
The analysis is also used to examine the site symmetry and bond cova-
lency between metal ion and ligand. The J-O analysis depends on the
accurate measurements based on integrated absorption cross-section.
The line strength using the integrated absorption cross section is given
by [25]:

3he(2J + 1) 3\°
Soneas :W <m> /G(ﬂ)d/l (6)

where J is the total angular momentum of initial state, 4 is the mean

Table 4
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Table 5
J-O intensity parameters 25, €4, £ and spectroscopic quality factor (y) of
phosphors.

Sm3* Judd-Ofelt intensity parameters b
concentration - B -
(mol%) -2?)2(210 ;?)4 (>;10 ”2?)6 (>;10
cm?) cm*) cm®)
0.01 3.6175 3.1585 3.1118 1.0150
0.03 4.2113 3.9709 3.7029 1.0723
0.05 4.8520 4.6083 4.1653 1.1063
0.07 5.6124 5.3183 4.7606 1.1171
0.1 7.2392 6.5501 5.3858 1.2161
Table 6

Comparison of Q,, 24, 26 and y values of phosphor with previously reported
materials.

Phosphor Q5(x10° Q4 (x10° Q6 (x10° Ref.
2ocm2) ZﬂcmZ) 2ocmz)
LaOCL:Sm** 0.4081 0.4842 0.615 [31]
SKBL:Sm>* glass 2.81 3.05 1.52 [34]
Srg5Cag sTiO5:Sm>" 0.5077 0.3206 0.2411 [33]
ZPAB: Sm®" glass 2.36 4.84 2.51 [35]
LagSm,(MoOy4)s 1.1441 0.0523 0.0522 [22]
LiCa;Mg,V30,2: 7.2392 6.5501 5.3858 Present
xSm>* work

wavelength of a particular absorption transition, n corresponds to the
refractive index of host material and [ o(4)dA is the value of integrated
absorption cross-section. The absorption cross-section o(4) is evaluated
using the relation:

| 2303*A
TN

a(2) (7)
where A is the absorbance, t is the thickness of sample and is taken as 1
mm and N corresponds to the Sm>" ion concentration/cm®. The line
strength of electric dipole transition between initial |(S,L)J) and final

|(S,L)J) state can be obtained by J-O theory using following expression:

(8

S =Y QS DIUP|(S, L)) |

A=2,4,6

where ||U¥| is the doubly reduced matrix elements of unit tensor
operator with rank 1 = 2,4,6. The values of ||[U%| are obtained from
literature reported by Carnall et al [27]. The Judd-Ofelt parameters £,
Q4 and Qg are determined by using least square fitting between
measured and calculated line strength [25]. Table 4 shows the values of
measured line strength (Speqs), calculated line strength (S.y) and root
mean square deviation (o) of LiCagMgQVgOlg:xSms+ (x =0, 0.01, 0.03,
0.05, 0.07 and 0.1) phosphors. The lower value of ¢ signifies better
fitting between Speqs and S¢q values and further, it confirms the validity
of J-O parameters.

The estimated values of J-O intensity parameters Q,, Q4, Q¢ and
spectroscopic quality factor (y) of phosphors are tabulated in Table 5.

Values of measured line strength (x10~2° cm?), calculated line strength (x10~2° cm?) and root mean square deviation (x10~2° em?) of LiCayMg,V3012:xSm>* (x =
0.01, 0.03, 0.05, 0.07 and 0.1) phosphors.

SHs/5 — 0.01Sm** 0.03Sm>* 0.05Sm>* 0.07Sm>* 0.1Sm>"
Smeas Seal Smeas Scal Smeas Scal Smeas Scal Smeas Scal

6F11/2 0.653 0.162 0.710 0.193 0.783 0.217 1.172 0.248 1.296 0.281
Fg/s 1.314 1.127 1.475 1.345 1.750 1.516 1.892 1.734 2.255 1.973
Fy/s 1.592 1.799 2.006 2.171 2.210 2.463 2.587 2.823 2.926 3.271
6F5/2 1.132 1.017 1.329 1.267 1.517 1.469 1.738 1.696 2.194 2.100
F3/5 0.891 0.953 1.162 1.149 1.447 1.329 1.667 1.535 2.041 1.938
F1/s 0.729 0.701 0.797 0.816 0.846 0.940 0.985 1.088 1.312 1.403
c + 0.319 +0.311 + 0.357 + 0.529 +0.611
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Fig. 4. (a) Excitation spectrum (b) emission spectrum and (c) excitation and emission process in VO3 group.

The J-O parameters follows the trend @, > @4 > Q4 in Sm>* doped
LiCayMgyV3015. The higher value of €, signifies higher asymmetry of
Sm3* site in LiCayMgyV3012 host lattice and the covalency of Sm-O
bonds. The covalency of Sm-O bond is in agreement with the bonding
parameter calculations. The £4 and Q4 parameters are long range pa-
rameters that depend on bulk properties of material such as viscosity,
rigidity, basicity and dielectric constant [28,29]. A comparison of Q2,, 24
and Q2 values with reported Sm>" doped materials is given in Table 6
and the higher Q, value of present system manifests higher degree of
covalency. The spectroscopic quality factor (y) of phosphors is calcu-
lated using following equation [30]:

794

)(*Q*G (C)]

For all concentrations of Sm>* the y value is greater than one and is
comparable with previously reported materials LaOCl:Sm3*[31],
LBZnFSm [32], SrgsCagsTiOs:Sm>*[33], which implies the practical
application of phosphor in optical devices.

3.3. Luminescence properties

To understand the intrinsic luminescence properties of the
LiCayMg,V3012 host, the PLE and PL spectra are recorded and are shown
in Fig. 4(a) and (b) respectively. The excitation spectra monitored at
513 nm consists of broad band spectra (i.e., 300-380 nm) centred at 345
nm. The spectra can be deconvoluted into two peaks at 3.69 eV (336 nm)
and 3.49 eV (356 nm) using Gaussian function. The peaks at 336 and
356 nm corresponding to the transitions 1A; »!T5 and 'A;— Ty are
ascribed to the charge transfer transitions of VO3 group. The PL spectra
of LiCayMg,V3015 phosphor recorded at 345 nm consists of broad band
emission spectra having central wavelength of 513 nm. The
LiCagMg,V3012 host has green emission and the emission spectra can be
decomposed into two bands by Gaussian function. The deconvoluted
sub-bands at 2.55 eV (487 nm) and 2.34 eV (531 nm) are attributed to
the 3T, —1A; and 3T; —'A; transitions of VO%’ group [12]. The excita-
tion and emission process in VO3 group is depicted in Fig. 4 (c).

The luminescence properties of LiCasMgsV3012:xSm>" phosphors
are explored in detail and are shown in Fig. 5(a) and (b) respectively.
The PLE spectrum recorded at 651 nm exhibits broad band spectra and
one sharp peak. The intense broad band spectra ascribed to the
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Fig. 5. (a) Excitation and (b) emission of LiCazMg2V3012:0.07Sm3+ phosphor (c) energy transfer and (d) emission of LiCazMg2V3012:XSm3Jr (x=0,0.01, 0.03, 0.05,

0.07 and 0.1) phosphors.

transition of VO3 group and the narrow peak at 405 nm (°Hs 2—*F7 )
originated from the 4f-4f transitions of Sm®" ion. The PL spectra of
LiCazMgZV3012:0.OISmSJr phosphor monitored at 338 nm exhibits
narrow peaks in addition to the broad band emission of VO3 group. The
peaks at 567, 617 and 651 nm arising from the intra-4f orbital transition
of Sm®* ion from 4G5/2—>6H5/2, 4G5/2—>6H7/2 and 4G5/2—>6H9/2 respec-
tively. The photoluminescence results imply that the excitation energy
can efficiently transferred from VO3 group to the Sm>* ion [5]. The
energy level diagram showing the energy transfer process between VO3

and Sm3* is shown in Fig. 5(c).

To analyse the optimum dopant concentration of Sm”" ion in
LiCayMg,V3015 host, a series of LiCazMg2V3012:xSm3+ (x = 0, 0.01,
0.03, 0.05, 0.07 and 0.1) phosphors are prepared and the corresponding
emission spectra at an excitation wavelength of 338 nm is shown in
Fig. 5(d). It is observed that all phosphors have identical emission
spectra except variation in emission intensity. As the concentration of
Sm>" ion increases, the intensity of emission from VO3 group decreased
and for Sm®" ion the emission initially increases up to 7 mol% and then

3+
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Fig. 6. (a) dipole-dipole (b) dipole-quadrupole and (c) quadrupole-quadrupole interaction mechanism.

decreases. The decrease in emission intensity is due to the concentration
quenching effect [5]. In order to determine the concentration quenching
mechanism, the critical distance (R,) is estimated by Blasse relation as
follows [21]:

v\
k=2 (4;zx N) an

where unit cell volume V = 1933.7829 10\3, critical concentration X, =
0.07 and number units N = 8. The critical distance R, is found to be
18.7562 A. The electric multipolar interaction is responsible for the
concentration quenching in LiCazMg2V3012:Sm3+ as the critical dis-
tance is greater than 5 A. The nature of multipolar interaction is eval-
uated by the equation [36]:

2= an

where 7y is the intrinsic lifetime, 7 is the life time at different concen-
tration of Sm>*, C is the samarium ion concentration and 6 = 6, 8, 10.
The interaction is dipole-dipole, dipole-quadrupole or quad-
rupole—-quadrupole based on 6 values 6, 8 or 10. The different interac-
tion mechanisms are displayed in Fig. 6(a)-(c) and the goodness of fit
suggest that the concentration quenching is caused by dipole-dipole
interaction [36].

The radiative parameters are estimated by incorporating Judd-Ofelt
intensity parameters to the emission spectra. The radiative transition
probability (Ag) from excited state J to lower state J is given by [25]:

64n*
3hA% (21 + 1)

n(n? +2)*

9 Sed +I13Smd

(12)

Apysy) = AcatApa =

where A.s and Apq are the electric and magnetic dipole transition
probability respectively. The electric dipole line strength (S.q) and
magnetic dipole strength (S;,q) are evaluated by following expressions:

Sa=¢ > Ql((s.IuY|(s,L)T) [ (13)
=246
Sma = H3((S, LML + 28||(S,L)J) [; (14) wherey; = ;I The total

radiative transition probability 3~ Ag(J—J) is determined by taking sum
of radiative transition probability of each transition of Sm°>". The
reciprocal of total radiative transition probability gives the radiative life
time (7,4). In accordance with transition probability (Ag), the radiative
life time (7,49) and branching ratio () are calculated using equations:

1

" S aT=d) o

 AR(T-D)
S SREEY) (o

Table 7
Radiative parameters of LiCazMg2V3012:xSm3+ phosphors.
Concentration  Radiative properties  “Gs, ‘Gs, 4Gs,
2—°Hs/2 2—°Hy/2 2—°Ho /2

0.01Sm>* 2p(nm) 567 617 651
Ap(s™H 73.23 419.89 401.76
Sr (Radiative) 0.08183 0.4692 0.4489
Pr (Experimental) 0.2570 0.2740 0.4689
e (x10%2cm?) 0.8044 10.42 11.873
Ge X Adgy (x10°28 1.89 1.52 1.81
cm®)
e X Trag (x102° cm?  0.8993 11.64 13.27
s)

0.03Sm>* Jp(nm) 567 617 651
Ar(s™h 78.87 503.46 478.37
Sr (Radiative) 0.07435 0.4746 0.4509
fr (Experimental) 0.2344 0.2928 0.4726
0. (x10%2cm?) 0.7563 13.38 31.53
Ge X Adggp (x10°28 2.04 1.83 2.15
cm3)
e X Trag (x10% em?  0.7129 12.61 29.72
s)

0.05Sm** Jp(nm) 567 617 651
AR (™D 83.76 568.12 549.15
Sr (Radiative) 0.0697 0.4730 0.4572
Pr (Experimental) 0.2196 0.2918 0.4884
e (x10%%cm?) 0.6681 15.08 35.87
e X Mgy (x10728 2.17 2.07 2.48
cm3)
e X Trag (x10% cm?  0.5562 12.55 29.8653
s)

0.07Sm>* 2p(nm) 567 617 651
Ar(s™H 88.95 642.21 629.01
pr (Radiative) 0.0653 0.4721 0.4624
Pr (Experimental) 0.2044 0.2780 0.5175
e (x10%2cm?) 0.6585 17.03 40.57
Ge X Adgr (x10°28 2.31 2.34 2.84
cm®)
e X Trag (x102° cm?  0.4839 12.51 29.81
s)

0.1Sm*' Jp(nm) 567 617 651
Ar(s™h 99.42 750.40 787.25
Sr (Radiative) 0.0607 0.4583 0.4808
Pr (Experimental) 0.2289 0.3012 0.4697
0 (x10%2cm?) 0.6850 17.434 51.516
Ge X Adggp (x10°28 2.5923 2.7434 3.5670
cm3)
e X Trag (x10%° ecm?  0.4185 10.6521 31.4762
s)

The stimulated emission cross-section is determined by the expression
[24]:

 IpAr(T =)

== 7 1
Oe 81Cn? A}Leff ( 7)
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Fig. 7. CIE coordinates of LiCazMgzvg,Olz:xSm3+ phosphors.
Table 8 Table 9
CIE, CRI and CCT values of LiCa;Mg,V35012:xSm>" phosphors. Texps Trad and I values of LiCa;MgaV30q 2:xSm>*phosphors.
Sm>* (mol%) CIE CRI CCT Parameters 0.01Sm** 0.03Sm** 0.05Sm** 0.07Sm** 0.1Sm**
0 (0.2832,0.4372) 57 6974 Trad (MS) 1.1180 0.9427 0.8326 0.7350 0.6110
1 (0.4044,0.4568) 81 3957 Toxp (MS) 0.8969 0.7443 0.6158 0.4794 0.3434

3 (0.4126,0.4599) 81 3821 n 80.29 78.95 73.96 74.31 62.74

5 (0.4210,0.4629) 80 3691

7 (0.4292,0.4656) 82 3567

10 (0.4307,0.4685) 79 3560 5000 K and is a warm light source. The internal quantum efficiency of
optimum concentraion phosphor LiCagMg2V3012:O.O7Sm3+ is evaluated
with respect to BaSO4 refernce and is found to be 43.17% which is
higher than the quauntum efficiency of LiCag,ZnV3012:Sm3Jr (36.1 %)

—— LiCa,Mg,V;0,,:0.01Sm* [5], LiCasMgsV3012:Dy>t (31.40%) [26], LiCapSrMgVsOqg:Eut
—— LiCa,Mg,V,0,,:0.03Sm*" (39.3%) [38] and Ca3LiZnV30;2:Eu®" (40.19%) phosphors [39]. Thus

; LiCa,Mg,V;0,,:0.05Sm** zhe .phospl(lio]iE(]:;in[ZgJutilized for the development of indoor lighting

| . . 34 evices an S .

g L!Ca2M92V3012.0-07Sl‘;\+ The decay curve analysis of phosphors is performed (1,,=338 nm

-"&; LiCa,Mg,V;0,,:0.1Sm andle, = 651 nm) and is shown in Fig. 8. The curves can be well fitted by

g mono exponential function, as defined below [36]:

e

£ I(t) = A*exp(—t/7) 19)

o))

3 where I(t) is the luminescence intensity at time t, A is the weight factor
and 7 is the luminescence life time. The lifetime of phosphors are eval-
uated to be 1.1180, 0.9427, 0.8326, 0.7350 and 0.6110 ms respectively.
The lifetime decreases with increase in Sm®' concentration and is
attributed to the non-radiative energy transfer [36]. The radiative life-

T T T T T T T T T

10
Time (ms)

Fig. 8. Decay curve analysis of LiCagMg2V3012:xSm3+phosphors.

where 1, is the value of peak wavelength and Al is the effective
wavelength. The various radiative parameters of LiCazMg2V3012:xSm3+
phosphors are consolidated in Table 7, where 6. x Alef and 6, x 7R
values represent gain band width and optical gain respectively. Among
the phosphors, the 4G5 /2—>6H9/2 transition of LiCazMg2V3,012:0.07Sm3+
phosphor have admirable properties of branching ratio (> 0.5), emis-
sion cross-section and optical gain. Thus, the synthesized phosphor is an
apt candidate for lasing action [28,37].

The CIE color coordinates of phosphors monitored at an excitation
wavelength of 338 nm is shown in Fig. 7. The color of phosphor shifts
from green to yellow region with increase in Sm>" concentration. The
CIE color coordinates, correlated color temperature (CCT) and color
rendering index (CRI) values are tabulated in Table 8. The Sm3+ doped
phosphors have excellent CRI values (above 75) and exhibits admirable
color appearance [23]. The CCT value of doped phosphors is less than

10

time of phosphors calculated from Judd-Ofelt analysis is 0.8969, 0.7443,
0.6158, 0.4794 and 0.3434 ms respectively. The discrepancy between
experimental lifetime (z.y,) and radiative lifetime (z,,4) is due to non-
radiative relaxation process. The intrinsic quantum efficiency (I]) is
calculated from experimental to radiative lifetime using equation [41]:

n ="« 100%

Trad

(20)

The values of 7.y, 7;.¢ and I] are tabulated in Table 9. The phosphors
have high quantum efficiency compared to other Sm®* doped phosphors
Sry oBag oBs012:0.55m>t (66.38%) [28], Sro 5Cag sTiOs:Sm>* (16.38%)
[33] and Sm50,S (73.2%) [41].

3.4. Thermo sensor application

The thermal response of LiCagMg2V3012:O.O7Sm3+ phosphor is
explored to test the possible application in non-contact optical ther-
mometry. The temperature dependent emission spectra of
LiCazMg2V3012:O.O7Sm3+ phosphor in heating up and cooling down
process from 80 K to 500 K are represented in Fig. 9(a) & (b) respec-
tively. As the temperature increases the PL emission intensity shows a
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Fig. 9. FIR plot of LiCa;Mg;V301:0.07Sm>* phosphor in (a) heating up and
(b) cooling down process and (c¢) Arrhenius plot.
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Fig. 10. The temperature dependent emission intensities of Sm>* ion at (a)
567 nm (*Gs,2—°Hs,2) (b) 617 nm (*Gs,2—°Hy,2) and (c¢) 651 nm (*Gs,»,—°Hg,
2) with respect to VO3 group.

downward tendency due to the thermal quenching effect. From Fig. 9(a)
it can be seen that the emission intensity of VO3 group decreased
sharply, while the Sm>* shows moderate decrease in emission intensity
with temperature. The relationship between PL emission intensity and
temperature is given by Struck and Fonger theory and can be expressed
as follows [5,13]:

Iy

=3 + Aexp(—AE/kT) (21
where I and I are PL emission intensity at monitored temperature (T)
and initial temperature respectively, AE refers to the activation energy, k
represents the Boltzmann constant and A is a constant. Fig. 9(c) shows
the Arrhenius plot of 1/kT against In(Iy /I; —1), for VO3 group and Sm>*
(4G5/2—>6HJ — 5/2, 7/2, 9/2)- The linear fitting of data points gives the
activation energy responsible for thermal quenching and are estimated
to be 0.4056, 0.2623, 0.2439 and 0.2243 eV respectively [5]. Since, the
vo§ group and Sm>t shows diverse thermal response, the FIR values
also show strong dependence to temperature. The FIR expression of
Sm>* ions to the VO3 group can be given by the equation [13,18]:

1 Ino s 1 +Ayp-exp(—AE - /kT
FIR = S _ 205w’ voy e vy /K7) ~ B+ Cexp(—E/kT)
1V03 107‘/0; 1 +A5mu exp(—AESmu /kT)

(22)

where B, C and E are constants related to the Ip, A and AE of Sm>* ions to
the VO3 group. Fig. 10(a)-(c) shows the temperature dependent emis-
sion intensities of Sm>" ion at 567 nm (*Gs/;—%Hs,2), 617 nm (*Gs,
2—>6H7/2) and 651 (4G5/2—>6H9/2) nm with respect to voy group. The
diverse thermal response is utilized for the estimation of FIR values. The
temperature dependent FIR values of 4G5 /2—>6H ;3 J=5/2,7/2,9/2)
transition of Sm®* to VO3 group are displayed in Fig. 11(a)-(c). The plot
can be well fitted by Eq. (23) and the obtained values of B, C and E/k are
listed in Table 10.

For each experimentally observed FIR value, the theoretical tem-
perature of the sample can be determined using following equation [13]:
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Fig. 11. The temperature dependent FIR plots of (a) “Gs/2—°Hs,/2/ VO35 (b) *Gs,2—°H;,/2/ VO3 and (¢) *Gs,2—C°Hg 2/ VO3 combinations.

Table 10
Fitting curve values of B, C and E/k.
FIR B c E/k
4Gs/a—°Hs 2/ VOF 1.3813 18575.05 3661.50
4Gs/a—°Hy 2/ VOF 1.5997 15204.77 3232.48
4Gs/2—®Ho 2/ VOF 1.8251 24419.03 3294.34
1 E
(23)

T=lme—mFR=8) *

The parameters in above equation have same meaning as described in
Eq. (22). For each temperature, the difference between theoretical and
experimental values are determined. From the differences the average
value is calculated. The average difference between the theoretical and
observed temperatures for 4Gs /2—>6H5/2/ Vo3, 4Gy /2—>6H7/2/ VO3 and
4Gs,/2—®Hg o/ VO3 are + 0.82, = 0.90 and + 3.66 K respectively.

To get deeper insight into practical application of phosphor in
thermal sensing, their absolute sensitivity (S,) and relative sensitivity
(S;) are analysed. The S, and S, values are estimated by the following
expressions [13,18]:

Sa = MR _Cexp(—E/KT) x (E/kT?) (24)

1 d(FIR)
FIR dT

Cexp(—E/kT) o E

S, = 100% x = 00 G Cexp(—EJkT) " kT

kT? 25)

12

The temperature dependence of S, and S, of LiCaZMgZVg,Ol2:0.07Srn3+
phosphor for the combinations 6H5 2/ VO%’, 6H7/2/ VO:O’{ and 6H9/2/ VO?{
is shown in Fig. 12(a)—-(c) respectively. It is noteworthy that all of the S,
values increase with rise in temperature and reaches maximum value at
500 K. The maximum S, values for the combinations ®Hs 2/ Vo3, °H; 2/
VO3 and ®Hyg,5/ VO3 are observed to be 0.1791, 0.3055 and 0.4418 K~!
respectively. The S, values exhibit a different tendency with tempera-
ture, at first S, increases, reaches a maximum value and then decreases
with rise in temperature. For the combinations 6H5 2/ VO:”;', 6H7/2/ VO?{
and 6H9/2/ VO%’ the maximum S, values are 1.4481% K~ ! at 441.56 K,
1.5092% K ! at 400 K and 1.6079% K ! at 395.31 K respectively. The S,
and S, values of LiCagMgaV301 2:O.O7Srn3+ phosphor can be aptly tuned
through adopting combinations 6H5/2/ voy, 6H7/2/ VO3 and 6H9/2/
VO3S [12]. As compared to the S, and S, values of reported Sm3* doped
materials (Table 11), the present system have efficient sensitivity in
different modes of measurement. Thus, spectral mode selection is a
reliable and convenient method to modulate optical thermometric
characteristics of Sm>" doped LiCayMg;V3012 phosphor.

The thermal repeatability of the sample is further checked by eval-
uating the temperature dependence of FIR in heating and cooling pro-
cess. Fig. 13(a) shows cycling test of LiCagMgZVgOl2:0.07Sr11.3+
phosphor in ®Hg/»/ VO3 combination to analyse the thermal stability. It
is evident from the figure that the phosphor has good thermal repeat-
ability and are highly reproducible.

In addition, temperature resolution (5T) of the phosphor can be
calculated using expression [42]:
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Fig. 12. The S, and S; plots of (a) 6Hs/z/ VO3 (b) 6H7/2/ VO3 and (c) 6Hg/z/ VO3 combinations.
Table 11 (a)
Comparative study of S, and S, values of Sm®>* doped materials.
Material Temperature Sa-max Sr-max Ref. 40
range (K) KV (%K) ; B
P , 35/ —9@— Heating ¢ —9— Cooling
LazNbOy:Sm 303-483 0.05379 1.60 (303 [43]
(483 K) K) 301 ?\
CayLaNbOg:Sm>* 313-573 - 0.23 (353  [44]
asLal 6:Sm! o 25| 9 \
(65-X)Te0y-20ZnF,- 300-725 0.0031 - [45] © 20 \
12Pb0-3Nby0s- (700 K) i
xSmy03 15
YVO4:Sm** 299-466 0.00094 0.36 (466  [46] 104
K)
CayNaMg,V30:2:Sm>"  303-503 0.0164 1.889 [15] 51
(503 K) (463 K) 0
SrB407:Sm** 300-723 - 216 (500  [47] : : : : ‘ ‘ ; ;
K) 0 100 200 300 400 500 400 300 200 100 0
LiCa3ZnV30;2:Sm>" 303-463 0.25(463 1.8 (412 [5] Temperature (K)
K) K)
LiCazMg2V3012:Sm3+ 80-500 0.1791 1.4481 Present )
(500 K) (441.56K)  work
0.3055 1.5092
(500 K) (400 K) 4.0 (~m—3T 651 nm
0.4418 1.6079 3.5 ®-5T 617 nm
(500 K) (395.31K) 3.0 5T 567 nm
2.5 .‘
=204 \
1 6FIR © & h’
T = ——— 1
S, FIR (26) 15
1.0
where SFIR is the standard deviation of FIR in 3 consecutive cycles. 0.5 L"-‘-‘;L,,“
Fig. 13(b) displays the calculated values of 5T with respect to temper- 0.0+ -

ature for 6H5/2/ voy, 6H7/2/ VO3 and 6H9/2/ VO3 combinations. The
minimum ST of different spectral modes are 0.1633, 0.1677 and 0.1563
K respectively at 500 K. The phosphor has high temperature resolution
in all spectral modes.

13

0 100 200 300 400 500
Temperature (K)
Fig. 13. (a) Cycling test of LiCa;Mg,V3015:0.07Sm>" phosphor and (b) 6T with

respect to temperature for ®Hso/ VO3S, ®Hy/ VO3 and ®Hgn/ VOF
combinations.
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Fig. 14. (a) Temperature dependent CIE coordinates (b) CIE x-coordinate versus temperature and (c) Sq(x) and S, (x) of LiCa;Mg,V3012:0.07Sm>" phosphor.

3.5. Thermochromic properties

Based on the diverse thermal response of VO3 group and Sm>* ion,
the emission color of LiCa;MgyV3012:0.07Sm>" phosphor can also vary
with temperature. Fig. 14(a) shows the temperature dependent CIE
coordinates of LiCazMg2V3012:0.07Srn3+ phosphor under 338 nm
excitation. The CIE coordinates of phosphor change from yellow to red
as temperature rises from 300 K to 500 K. The color coordinate change
can be evaluated by chromaticity shifts (As), as shown below [44]:

85 =/l = )+ 4y =70+ Oy = w0’ @)
where t = 4x/(3 —2x + 12y),v = 9y/(3—2x+12y) and w = 1-u — v,u,
and v, are the chromaticity color coordinates in uv uniform color space
at 300 K, u/m and v;n are the chromaticity coordinates at 500 K and x and
y are the values of CIE color coordinates. The As of
LiCazMgZV3012:0.07Sm3Jr phosphor is calculated to be 0.1869 and is
higher than the chromaticity shifts of C53GdGegOg:Er3+ (0.183),
Zn,GeO4:Mn?*/Eu®™ (0.052) [48], KSr4B3O0q: Ce3*/Eu®* (0.1652) [49]
and LU3A15012:C63+/MH4+ (0.153) [50]. The higher value of As implies
better color discrimination of the phosphor in high temperature envi-
ronment. The present phosphor system find application in safety sign
marking in high temperature conditions.

14

Fig. 14 (b) reveals that the CIE x-coordinate of phosphor is sensitive
to temperature and this relationship can be used to detect temperature.
The plot can be well fitted by the following equation [6]:

x=Cy+CT+CT* + CT? (28)
where Cy, C1, C2 and Cs are coefficients. The S, (x) and S.(x) value can be
further derived from Egs. (25) and (26) by using x-function Eq. (29) in
the place of FIR (Fig. 14(c)). The maximum value of S,(x) and S,(x) are
0.0011 K~! (371 K) and 0.2407% K ! (391 K) respectively.

4. Conclusions

A novel Sm>* doped LiCay;MgsV3012 phosphors have been synthe-
sized by solid state method. The PXRD study confirms the cubic phase
(Ia-3d) of phosphor. The nephelauxetic ratio and bonding parameter
estimated from UV-VIS-NIR absorption spectra demonstrates the cova-
lence of Sm in LiCazMg,V3015 host. The J-O parameters calculated from
absorption spectra exhibit 2, > Q4 > Q4 tendency, which further con-
firms the covalence of bond. The PL spectra of Sm3* doped
LiCayMgyV3012 phosphors monitored at 338 nm exhibit emissions of
both VO%’ (513 nm) and Sm3* (567, 617 and 651 nm). The emission
shows concentration quenching at 7 mol% and is due to the dipole-di-
pole interaction. The radiative parameters are estimated from emission
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spectra and the higher branching ratio, quantum efficiency, emission
cross section and optical gain elucidates the lasing application of
phosphors. The CIE, CCT and CRI values indicate that the phosphors can
be employed to develop LEDs and display devices. The temperature
dependent PL spectra of phosphor analysed by FIR method shows that
using spectral mode selection ultra-high sensitive thermo sensors can be
developed. For the combinations 6H5/2/ Vo3, °Hy Y4 VO§ and 6H9/2/
VO3 the S, values are evaluated to be 0.1791, 0.3055 and 0.4418 K
respectively and the S, values are found to be 1.4481, 1.5092 and
1.6079% K ! respectively. The phosphors also possess high temperature
resolution in each spectral mode. The thermochromic properties shows
better chromaticity shift (As = 0.1869) and the color changes from
yellow to red region (300-500 K). This implies the safety sign marking
application of phosphor. The CIE coordinates used for the determination
of sensitivity displays S,(x) and S,(x) values 0.0011 K~ ! and 0.2407%
K respectively. Hence, the above results suggest that present phosphor
is an apt candidate for multifunctional applications.
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