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Introduction

Structural, thermal, and optical spectroscopic
studies of Sm>*-doped Ba,ZnSi,O; phosphors
for optical thermometry applications

Tejas,? A. Princy,” S. Masilla Moses Kennedy,® Vikash Mishra,® M. I. Sayyed,
Taha A. Hanafy® and Sudha D. Kamath (2 *?

Samarium-doped BayZnSi, O, orange red-emitting phosphors for novel applications in temperature
measurement were prepared by a solid-state synthesis method. A Ba,ZnSi,O; akermanite-structured
Sm>* phosphor was allocated to the C2/c space group and monoclinic system. Using FTIR, identification
of different bonds with their vibrational modes has been done. Stimulated at 403 nm, the as-prepared
phosphors show yellow (560 nm), orange (600 and 645 nm), and red (705 nm) emissions, which were
also used to maximize the dopant concentration. Sm>* ions may be uniformly dispersed throughout the
Ba,ZnSi,O; matrix, and Sm** consists of irregular microparticles. Optical energy bandgap values for
Ba,ZnSi,O; and 0.4 mol%Sm>* (~3.33 eV and ~3.40 eV) reveal the formation of faulty energy levels in
the band gap. Sm** quenching at an appropriate concentration of 0.4 mol%, with a critical distance of
approximately 44.33 A, and a 6 value of 3.93, almost equal to 4, was found to be indicative of the
dipole—dipole type of electric multipolar interaction. Excellent thermal stability of the PL peaks was
observed in Ba,ZnSi,07:0.4%Sm**. A novel dual-model thermometry approach based on an adjusted
Boltzmann population distribution and an exponential function would be put forward. The BayZn-
Si,0,:5m>* phosphor exhibited relative sensitivities of 2.02% K! based on modified Boltzmann popula-
tion distribution through the FIR strategy and temperature-dependent lifetime was also employed to
calculate relative sensitivities of 3.25% K~ based on exponential function. In light of these experimental
results, the produced Sm** doped Ba»ZnSi,O, phosphors can thus be a promising choice for UV-
excitable warm lighting systems and non-contact optical thermometry measurements.

mechanical temperature sensors, which measure temperature
based on material expansion and contraction, has limited the

In this modern era of digitalization and industrialization, several
environmental factors such as pressure, humidity, and tempera-
ture affect the environment.' Temperature is one such parameter
that needs to be detected and controlled to have a healthy
environment. In everyday life, and in chemistry, medicine, the
military, and other sectors, temperature sensors are often
utilized.>™ Electro-mechanical temperature sensors, thermocou-
ple sensors, and optical temperature sensors are the three cate-
gories of temperature sensors.®® The contact type of electro-
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range of applications. Because of their simplicity, usability, and
broad measurement range, thermocouples are frequently utilized
as temperature sensors. Nevertheless, thermocouples frequently
experience limited sensitivity and interference from the surround-
ing environment. In recent times, optical temperature sensors
have gained significant attention due to their advantages over
traditional thermometers. These advantages include fast response
times, high sensitivity, non-invasive detection, anti-electro-
magnetic interference, and the ability to measure the local
microenvironment’s temperature distribution.”'® Optical tem-
perature sensing technology can be explored by manifesting
different optical information such as luminescence intensity,""
lifetime,"® band shift, bandwidth,"* and polarization.**

To obtain highly precise and good sensing optical thermo-
meters it is necessary to have a chemically, thermally,
and optically stable luminescent material that is preferential.
Phosphors are one such material that intrigued researchers’
interest for several applications including optical thermometry.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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These inorganic materials consist of two distinct compositions,
the host and activator. Selecting a suitable host is a key factor in
having stable material at high temperatures, different chemical
environments, and high pressures. Among different host sys-
tems, alkaline earth silicates have recently attracted attention
from material scientists due to their outstanding properties.
A,BSi,05 (A = Ca, Ba, Sr; B = Mg, Zn) generally has akermanite-
based structures but it does not belong to the melilite groups of
sorosilicate.'® Trivalent lanthanide ions are unique and attractive
due to their remarkable luminescence properties, which include
sharp emission lines and high lumen equivalent.'® Samarium
exhibits visible and near-infrared fluorescence, and its energy level
structure is complicated, with ground °H; and °F; multiplets and
an excited *Gs, level. Sm*" ions are efficiently emitted in associa-
tion with the intra-4f shell transition. As a result, Sm*" ions
frequently have a significant impact on how materials glow.'”'®
Until now, a lot of scholars have delved into and examined the
characteristics of A,BSi,O, (A = Ca, Ba, Sr; B = Mg, Zn) phosphor
hosts. Among the phosphors that have been reported are
Ca,MgSi,0,,"° Ca,MgSi,0,:Eu*",*° Ca,MgSi,0,:Eu*",Dy*"*' Ca,-
MgSi,0,:Eu*",** Sr,MgSi,0,:Eu*",Dy*",** Sr,MgSi,0,:Tb** Eu*"**
Ba,MgSi,0,:Eu”"/Eu’",”®  Ba,MgSi,0,:5m>"Bi**,*® Ca,ZnSi,0,:
Sm**”” Ca,ZnSi,0,:Pr’’, A (A = Li*, Na*, K"),”® Ca,ZnSi,0,:Dy**,*
Ca,ZnSi,0,:Eu’® /AP * Sr,ZnSi,0,:Mn**,*! and Sr,ZnSi,0,:Dy*".*>
Y. Patel et al. synthesized Dy** doped Ba,ZnSi,O, phosphors and
studied their optical properties for solid-state lighting applications
at room temperature, finding an optimum concentration of
0.2 mol%. The PL study also demonstrates low color purity values
and CIE color coordinate positions to promote the emission of
white light, with CCT values falling in the cool range. The double
exponent approximation provided a good match for the afterglow
decay curve and estimates of the fast and slow decay lifetimes
were found."” S. Chandraker et al found the PL optimum
concentration to be 1.5 mol%. TL glow curve revealed a composite
composition and a maximum intensity at 300 °C. The TL response
rate rises linearly with increasing UV exposure, and the order of
kinetics was first order. They found that for traps at increasing
temperatures, the trap depth increases.®® Z. Yang et al. studied
Ce*, Tb** doped Ba,ZnSi,O, phosphors and their color-tuning
properties for lighting applications. They found that in the co-
doped samples, an effective energy transfer occurs from Ce®" to
Tb** through a non-radiative mechanism, leading to increased
green emission from them. When exposed to UV radiation, the
color of the particles can change from blue to green, resulting
from an increase in Tb*" concentrations from 0.00 to 0.06 with a
fixed Ce®" concentration of 0.02.> D. Shengzhi and his coworkers
synthesized tricolour emitting triply doped Ba,ZnSi,O;:-
Ce* ,Eu’* Eu®>" phosphors using a solid-state reaction method
and studied their energy transfer techniques. They concluded
that under UV excitation, energy would pass from Eu** — Eu®*
via Ce** upon excitation by near-UV light. As a consequence, the
concentration of Eu®" and Ce** could be adjusted to modify the
relative strength of red, green, and blue emissions.>® Notably,
studies on Sm** doped Ba,ZnSi,0, at different concentrations and
its structural, optical, and thermal properties have remained
unexplored in the mentioned papers.
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Therefore, in the current study, Ba,ZnSi,0,:xSm*" (x = 0.2,
0.4, 0.6, 0.8, and 1.0 mol%) were synthesized utilizing the solid-
state reaction technique. Various characterization approaches
were used with the profound purpose of researching and
integrating the optical, thermal, structural, and morphological
features. We have thoroughly analyzed the TDPL and room-
temperature photoluminescence (PL) spectra. We also looked
at the nonradiative cross-relaxation mechanism, energy trans-
fer, thermal stability, and temperature-dependent photolumi-
nescence properties of the phosphor for non-contact optical
thermometry applications.

Experimental details
Synthesis process

The solid-state reaction method was used to synthesize a Ba(,_j-
ZnSi,0,:xSm>" (x = 0.2, 0.4, 0.6, 0.8 and 1 mol%) series. BaCO;
(MolyChem, 99%), ZnO (Alfa-Aesar, 99%), SiO, (Sigma-Aldrich,
99%), and Sm,0; (MolyChem, 99.9%) were used as raw materials.
Appropriate amounts of raw materials were weighed on an
electronic balance, transferred to a mortar and pestle and finely
ground for 1 hour with a few drops of ethanol to attain homo-
geneity. After grinding for 1 hour, the mixture was transferred to
an alumina crucible which was kept in a muffle furnace for
heating at 1200 °C for 6 hours at a heating rate of 5 °C min™"
in an oxygen environment. Later the sample was naturally cooled
to room temperature, further ground and subjected to different
characterization studies. Balanced chemical equations which were
used to attain stoichiometry are given below.

2Ba2(1,AV)CO3 + 27Zn0O + 4Si05 + xSm, 05
A 3
— 2Bay(;_y)ZnSi;07:xSm*" + 4CO, + (§> x0»

Characterization techniques

The examination of the crystal structure of the prepared speci-
men was conducted through X-ray diffraction (XRD) utilizing
nickel-filtered Cu-Ka radiation (1 = 1.540 A) within the 26 range
spanning from 20° to 80°. Data collection was carried out
employing a Rigaku Mini Flex 600, 5th Gen X-ray diffracto-
meter. The determination of the lattice parameters was accom-
plished utilizing the FullProf suite software. An analysis of the
morphology and elemental composition of the sample was
performed using scanning electron microscopy (SEM) coupled
with energy-dispersive X-ray spectroscopy (EDS) on a ZEISS EVO
MA18 SEM equipped with an Oxford X-act detector. The inves-
tigation of the optical properties of the material was under-
taken through diffuse reflectance spectroscopy (DRS) utilizing a
PerkinElmer Lambda 950 spectrometer. To identify the func-
tional groups and chemical bonds present in the sample,
Fourier Transform Infrared (FTIR) spectroscopy was conducted
employing a Shimadzu spectrometer. Photoluminescence exci-
tation (PLE) and emission (PL) spectra were acquired through
the utilization of a Jasco FP-8500 spectrofluorometer employing
a xenon flash lamp for excitation purposes. Analysis of thermal
characteristics was carried out utilizing a PerkinElmer TGA

Mater. Adv., 2024, 5, 9756-9773 | 9757
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4000 thermogravimetric analyzer (TGA) to examine the thermal
stability and decomposition patterns of the specimen. Investi-
gation into the temperature-dependent optical properties of the
material was performed by measuring temperature-dependent
photoluminescence spectra using an Agilent Cary Eclipse
fluorescence spectrophotometer integrated with a heating unit.

Results and discussion

XRD analysis

The XRD patterns of the synthesized Ba, ,ZnSi,0,:xSm>"
(x = 0.2, 0.4, 0.6, 0.8, and 1.0 mol%) phosphors are displayed
in Fig. 1. All diffraction peaks show that the Sm®" ions were
effectively doped into the Ba,ZnSi,O, host, similar to those of
the standard JCPDS card PDF #28-0846.3¢

The XRD patterns of the synthesized phosphors show good
agreement with the reference pattern, confirming the for-
mation of the desired phase. However, a small shift in the
XRD peaks towards higher angles is observed upon doping
Sm>" ions into the Ba>" sites of the host lattice. This shift can be
attributed to the difference in ionic radii between Sm** (1.07 A)
and Ba®" (1.35 A), which causes lattice distortion and a slight
contraction of the unit cell. In order to fathom the slight shift
in the XRD pattern we calculate allowed radius percentage (Dg)
values, by which we can attribute the possible substitution of
dopants in the host sites. The permissible relative error in the
dopant radius for a successful substitution is predetermined,
and the Dg number represents this limit. If the calculated Dy
value falls below the threshold, typically set at 30%, the dopant
ion will replace the host ion.*” Radius difference percentage Dy
can be calculated using the formula®®

e _ |RICN) = Ry(CN)
R R (CN)

x 100 (1)

where the dopant’s ionic radius is R,, and the host cation’s
ionic radius is R;. The coordination number for an ion is CN.
We have calculated Dy values for various combinations by using

a) |
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Fig. 1 (a)-(e) Powder XRD patterns of Bag_,ZnSi,O7:xSm** (x = 0.1, 0.2,
0.4, 0.6, 0.8, 1.0 mol%) phosphors. (f) Reference pattern of Ba,ZnSi>Oy.
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the atomic radii of the dopant and host ions. Table 1 displays
the outcomes of these calculations.

The data make it apparent that the Dy values for Sm** and
Ba>* varied from 15.67% to 49.82%. However, the values for
Zn** and Sm*" varied from 18.88% to 92.79%. Thus, it can be
inferred that the remarkably low Dy values allow for the efficient
substitution of Sm** with an atomic radius of 1.07 A for Ba*" with
an atomic radius of 1.35 A. The crystallite size was calculated
using a size-strain plot using the equation given below®®

e 0.94)

dy 0)’==
(Briadka cos 0) 1 + D

dii” By ©0S 0 2)

where f is the FWHM corresponding to the peak at Bragg’s angle
0 and dp is the lattice distance between the (% k ) planes. The
slope of the linear fit of the (Buudni cos 0) versus (dpx Buiicos 0)
plot indicates the size of the crystallite. The crystallite sizes for the
phosphors are found to be 20.9, 44.0, 37.5, 32.4, 35.6, and 32.9 nm
respectively. The size-strain curve is shown in Fig. 2(a)-(f). The
average strain was found to be 0.0084.

To comprehend the crystal structure, we perform Rietveld
refinement on the Ba,ZnSi,0,:xSm>" (x = 0.4 mol%) phosphor.
The convergence of the refinement was seen at Ry, = 11.2%,
R, = 14.1%, and 7* = 1.68, suggesting a clear introduction of
Sm’" ions into the host lattice. The refined parameters are as
follows: with a = 8.5013 A, b = 10.8150 A, and ¢ = 8.5082 A, we
have o = y = 90°, f = 111.01°. Fig. 3 displays the Rietveld
refinement of the optimum phosphor. Ba,ZnSi,0, is a mono-
clinic compound with a space group of C2/c which is in line
with previous reported works." Fig. 4 shows the 2D structure of
the Sm*" doped Ba,ZnSi,0, phosphor in visual appearances.

FTIR studies

The molecular vibrations were identified by employing Fourier
Transform Infrared (FTIR) Spectroscopy. The synthesized sam-
ple’s transmittance was measured as a function of wavenum-
bers, and the wavenumbers that corresponded to various
vibrations were determined and are listed in Table 2. Fig. 5
displays the FTIR spectra of the undoped and Sm*" doped
Ba,ZnSi,0; phosphors. The FTIR spectra provided the wave-
numbers for the Ba-O stretching, Si-O asymmetric stretching,
Zn-O stretching, and SiO, bending. Corresponding to the XRD
data, the existence of identical functional groups in all the
samples was confirmed and the saturated region in the spectra

Table 1 The relative error between the dopant's radius and the host ions

Host CN R, Dopant CN R, Dgr
Ba** 6 1.35 Sm* 6 0.95 29.62
Ba*" 6 1.35 Sm** 8 1.07 15.67
Ba*" 8 1.42 Sm** 6 0.95 49.82
Ba** 8 1.42 sm* 8 1.07 24.64
Zn** 6 0.74 Sm** 6 0.95 28.37
Zn* 6 0.74 Sm* 8 1.07 92.79
Zn** 8 0.9 Sm** 6 0.95 20.83
zZn** 8 0.9 Sm** 8 1.07 18.88
si** 6 0.4 sm* 6 0.95 137.5
si*t 6 0.4 Sm** 8 1.07 256.66

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a)-(f) Size—strain plot for the prepared phosphors for crystallite size determination.
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Fig. 3 Rietveld refinement plot of Ba,_,ZnSi,O7:xSM>* (x = 0.4 mol%)
phosphors.

around 800-1030 cm ' was found in both the pristine and
doped samples even after repeated trials.

Photoluminescence studies

We thereafter conduct photoluminescence investigations to
optimize the concentration of Sm** in the derived Ba,ZnSi,0,
matrix and investigate its optical characteristics. Fixing the
emission wavelength at 600 nm, Fig. 6 shows the photolumi-
nescence excitation spectrum of 0.4 mol% of Sm>" doped
Ba,ZnSi,0 phosphor at normal temperature.

In the spectra, we observe 7 excitation peaks at 344 nm,
360 nm, 374 nm, 403 nm, 424 nm, 460 nm, and 475 nm
corresponding to the transition from the ground energy level

© 2024 The Author(s). Published by the Royal Society of Chemistry

Fig. 4 Pictorial representation of Sm** doped Ba,ZnSi»O, phosphor.

Table 2 Different vibrational modes of the Sm** doped Ba,ZnSi,O,
phosphor

Wavenumber (cm ™) Vibrational modes

450 Ba-O stretching®®

510 Si-O vibrations™*

547 Si-O-Si bending™*

633 Ba-O vibrations*®

822 Zn-O stretching”?

1437 Si-O vibrations™"

1600 Si-O-Si bond stretching®!
1795 Si-Si stretching®*

°Hsjp to "Hop, Dipy, Py, "Pa, °Pspp, 'Lizp, and Ly,
respectively.*>** Out of all the peaks that could be identified,
the excitation peak with the highest intensity was found at
403 nm. It originated from the Sm>" ion’s transition from °Hs,
to “P;,. As a result, to get the emission spectra of each

Mater. Adv,, 2024, 5, 9756-9773 | 9759
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Fig. 5 FTIR spectrum of Ba,_,ZnSi,O7:xSm>*(x = 0, 0.4 mol%) phosphors.

synthesized phosphor, we selected 403 nm as the excitation
wavelength. Fig. 7(a) manifests the emission spectra of the
0.4 mol% Sm>" doped Ba,ZnSi,0, phosphor when excited at
403 nm. The emission spectra comprise four different peaks
centered at 560, 600, 645, and 705 nm corresponding to
the transitions “Gs, — °Hsp, *Gs, = ®Hop, *Gsp — °Hop,
and *Gs), — °Hyy), respectively.”® The emission intensity that is
the strongest is attributed to the *Gs;, — ®Hs,, transition, which
is located at 600 nm and meets the AJ = +1 selection criteria. It
is established that the electric dipole transitions only follow the
selection rule of AJ < 6 when Jor J/ =0 and AJ = 2, 4, 6
otherwise, the magnetic dipole transitions follow the selection
rule of AJ = 0 and +1.***” Transition *Gs;, — °H5/2 is
an allowed transition for a magnetic dipole (MD), transition
“Gsj, — ®Hy, is a partially forced and partially magnetic electric—
dipole (ED) transition, and transition *Gs;, — °Hoy, is a pure ED
transition that is allowed and sensitive to the crystal field.*® The
degree of asymmetry increases with the strength of the ED

[ 0.4mol% Sm** doped Ba,ZnS$i,0,

Apmi = 600nm

Emi

Intensity (a.u)

350 400 450 500
Wavelength (nm)

Fig. 6 PL excitation spectra of 0.4 mol% Sm** doped Ba,ZnSi,O; phos-
phor at 600 nm emission wavelength.
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transition. The symmetry of the local environment of the trivalent
4f ions has often been measured using the intensity ratio of ED to
MD transitions.”” The current study found that the Sm®" ion
exhibited a stronger ‘Gs, — °Hs, MD transition than the
*Gs;, — °Hojp, ED transition, suggesting that the Sm®" ions
were more symmetric in the host matrix. We are aware that
greater distortion from the inversion symmetry results from
higher intensity ratio values. However, the obtained values were
found to be within the range of 1.1-1.4 as shown in Fig. 7(b),
indicating that Ba,ZnSi,0; exhibits no change from its original
symmetry.>°

The transition in the emission spectra corresponding to
“Gs;, — °Hgp, centered at 600 nm, has the highest intensity
and is hence the main cause of the phosphor’s reddish-orange
emission. Furthermore, it is evident that the emission intensity
achieves its peak at a Sm>" concentration of 0.4 mol%. After
0.4 mol% of Sm®', the emission intensity decreases due to
concentration quenching. Therefore, 0.4 mol% is considered to
be the optimum Sm*" concentration for the Ba,ZnSi,0, host.
The concentration quenching can be explained using the
energy transfer process arising from the cross-relaxation (CR)
between Sm>" ion pairs and the energy level diagram of Sm**
ions as indicated in Fig. 8(a) and (b). Four energy transfer (ET)
routes are available for a potential CR between two Sm>" ions in
Ba,ZnSi,O,: CR1, CR2, CR3, and CR4.°"> These channels
comprise two associated transitions with close proximate ener-
gies, as depicted in Fig. 8(b). These channels are given by

CR1: 4Gs/z - 6Fs/z ~ 6Hs/z - 6F11/2
CR2: 'G5, — °F7 & *Hspp > °Fop
CR3: “Gsj, — °Fopp & *Hspp > °Fypp

4 6 6 6
CR4: "Gsy = "Frip ® "Hspp = "Fspp

One of the two main causes of nonradiative energy transfer
is exchange interaction or multipole-multipole interaction.
We calculate the critical distance (R.) in order to determine
which is more dominating. Critical distance indicates the
distance at which the chances of radiation emission and energy
transfer are equal. In the event where nonradiative energy
transfer occurred between two distinct atoms, the essential
distance was determined using,

R =0.63 x 1028%[ﬁ(E)FA(E)dE (3)

where Q, is the absorption cross-section, f;(E) and F,(E) repre-
sent the normalized shape of the emission band of the sensi-
tizer and the absorption band of the activator, respectively.
Nonradiative ET takes place between comparable atoms and is
one of the specific examples of exchange interaction. At this
time, it is possible to determine the critical distance due to
exchange interaction using the equation given below,>*

VARLE
R.=2 4
¢ {4nch} 4)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Ba,ZnSi,O7:xSm>* (x = 0.2, 0.4, 0.6, 0.8 and 1 mol%) phosphors.
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where Vis the volume of the unit cell, N is the number of cations
per unit cell, and x. is the ideal concentration of activator ions.
Following analysis of the refining data, the findings were made
as N = 4, x. = 0.004, and V = 730.225 A®. For the present system,
the predicted critical energy transfer distance is 44.33 A.

Since R, is a distance greater than 5 A, the multipole-multipole
interaction was primarily responsible for the energy transfer. As
before, dipole-dipole (d-d), dipole-quadrupole (d-q), and quadru-
pole-quadrupole (q—q) interactions are subcategories of multipole—
multipole interactions. Using Dexter’s plot, the type of multipolar
interaction may be ascertained. Dexter’s hypothesis is given by,>

log (é) = —%log x+A4 (5)

© 2024 The Author(s). Published by the Royal Society of Chemistry

where A is the constant and Q is the type of interaction that takes
place between the rare earth ions. The electric dipole-dipole (d-d),
dipole-quadrupole (d-q), and quadrupole-quadrupole (q-q) inter-
actions, respectively, are the source of the interactions if Q = 6, 8,
and 10.>°

The Dexter plot for the phosphor with a slope of 1.31 is seen in
Fig. 9(a). As a result, it was shown that 6 = 3.93. Given that 0 was
near 4, it was possible to deduce that a dipole-dipole interaction
was responsible for the nonradiative energy transfer from one
excited ion to another ion. Another thing to keep in mind is that
when the dopant ion Sm®" is substituted for Ba** in the host
lattice, an imbalance in charges occurs, leading to a net positive
charge at the point of substitution. Ba** will cause defects
(vacancies) in the charge balance, distorting the host lattice. These
flaws lower the photoluminescence intensity by producing
electron-capturing centers. Therefore, for the host lattice,>

2[SmO]* + [v;;aolz] — 2[SmOp]*+[V5,011]

Complex Complex

(6)

where [SmO»|** is the donor, [V;;aolz} is the acceptor.

Complex

X 5 !

[VBaolz] C‘)mplex+ Cexcited — [VBaOIZ] complex (7)
’ N "

{VBaOn] + €excited — [VBHOIZ] (8)

complex complex

The lattice charge’s neutrality before excitation by 403 nm is
represented by eqn (6). Eqn (7) and (8) relate to electron self-
trapping following excitation by 403 nm radiation. Eqn (1)
indicates that in the sample Ba,ZnSi,0,:0.4 mol% Sm>*', the
barium vacancy is created, and two samarium atoms replace
one barium atom. Hence, the two-fold barium vacancy created
in the sample of Ba,ZnSi,0,:0.4 mol% Sm>*, compared to Ba,Zn-
$i,0,:0.2 mol% Sm*', results in the double self-trapping. Conse-
quently, the energy transfer mechanism involving cross-relaxation

Mater. Adv., 2024, 5, 9756-9773 | 9761
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Fig. 9 (a) Dexter plot for the phosphors that were produced and (b) illustrates the concentration of Sm>* alters emission intensity.

between the neighbouring Sm®" ions and energy transfer between
Sm** ions and barium vacancies causes a considerable decrease
in photoluminescence intensity.””°® As seen in Fig. 10, A further
explanation for emission intensity is the energy transfer between
Sm®" and Ba®* vacancies.

The most common approach for characterizing and expres-
sing color that is produced by phosphor material is the Com-
mission Internationale de I'Eclairage (CIE) system. Fig. 11
displays the CIE chromatic diagram of synthesized Ba, ,Zn-
Si,0,:xSm*" (x = 0.2, 0.4, 0.6, 0.8, and 1.0 mol%) phosphor at
excitation wavelength at 403 nm, which is derived from emis-
sion spectra. These CIE coordinates were calculated using these
equations,””

R ©)
X+ Y+Z
Y
= 10
YT Xyv+z (10)

Using these CIE coordinates we have calculated Colour-
correlated temperature (CCT) values by approximating McCamy’s

equation,®>®!
CCT = —449n° + 352n> — 6823.3n + 5520.33 (11)
# #
Sm*— sm* | | Ve S
* *

G —_—

H
600nm 600nm

* > Cross relaxation

# - Barium vacancy

- PL emission

Fig. 10 Energy transfer mechanism Sm*" to Ba®* vacancy.
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where n represents the inverse slope line and is computed as
(xp — xo)
(vp = 10)
phosphor are represented by (x,, y,) and the epicenter of
convergence is represented by (xo, yo) = (0.332, 0.186). To
compute Aq, a line connecting (x;,, yp) and (xo, yo) will be drawn.
It is then extended to a point on the edge of the diagram after
that. The wavelength that matches the coordinates of the
perimeter is called 44. With the use of all these findings, we
can use the formula to determine color purity.®

n= where the chromatic coordinates of the prepared

VG = x0) (7 — 30)”

CP. =
\/(Xd — x0)+(va — y0)’

x 100

(12)

Table 3 presents the CCT, /4, and C.P. values for the Sm**
doped Ba,ZnSi, 0, phosphors. The phosphor is seen to have a
C.P. of about 100% and CCT values that are in the range of
1416-1491 K, suggesting that it might be a good option for the
production of warm light.®®

CIE 1931

CIE y coordinates

00 01 02 03 04 05 06 07 08 09 1.0
CIE x coordinates

Fig. 11 CIE chromaticity coordinates of Ba,_,ZnSi,Q7:xSm>* (x = 0.2, 0.4,
0.6, 0.8 and 1.0 mol%) phosphors.
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Table 3 CIE chromaticity coordinates (xp, yp), dominant wavelength (1y),
color purity (C.P.), and CCT values for Bay_,ZnSiO7:xSm** (x = 0.2, 0.4,
0.6, 0.8 and 1.0 mol%)

3+

Sm

concentrations Ad C.P. CCT
(mol%) (*p, ¥p) (xa, ya) (om) (%) ()
0.2 (0.5965, 0.4030) (0.3592, 0.5460) 593.8 100.0 1491
0.4 (0.6017, 0.3976) (0.3665, 0.5449) 594.8 100.0 1439
0.6 (0.6033, 0.3963) (0.3685, 0.5447) 595.1 100.0 1426
0.8 (0.6021, 0.3973) (0.3669, 0.5448) 594.9 100.0 1436
1.0 (0.6042, 0.3951) (0.3699, 0.5443) 595.3 100.0 1416

Surface morphology

Next, the optimized phosphor’s morphological characteristics
were examined using a scanning electron microscope (SEM).
Fig. 12(a)-(h) shows the elemental mapping for energy disper-
sive Xray (EDX) and SEM images for Ba,_,ZnSi,O,:xSm>" (x =
0.4 mol%). The even distribution of every element in a chosen
region is verified by EDX. The SEM photos clearly show that the
synthesized phosphor particles had uneven shapes which
caused the grains to aggregate into an agglomerated structure.
This characteristic is inherent in the morphology of phosphors
made by the high-temperature solid-state technique.®*

UV-vis-NIR spectra analysis

The reflection and absorbance spectra are shown in Fig. 13(A).
Due to spin and parity-allowed ligand (O*>") to metal charge
transfer (CT) transitions by the Sm*" ions in the Ba,ZnSi,0,
host, the shorter wavelength range displays broadband. Sm**
ion 4f-4f transitions are linked to the absorption peaks at

Bala1l

View Article Online
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around 400 nm. The spectrum demonstrates the transitions
®Hs/, — °Fop, ®Hs)» — °F5)5, and ®Hs, — °Fs), are attributed to
the wide peaks at about 1078, 1218, and 1392 nm,
respectively.®>®® The band gap of the samples was calculated
using Tauc’s equation,®”

[FR)RST" = A(RS — Ey) (13)

where F(R) is a Kubelka-Munk function, 4 is a proportional
constant, E, is the optical band gap value, and n = 2 for an

indirect transition or n = 3 for a direct transition,®”

« (1-R)?
F(R)=<="55— (14)
As seen in Fig. 13(B), the predicted E, values for pure host
matrix are about 3.33 eV and for 0.4 mol% Sm*" ion doped
Ba,ZnSi,0; were found to be 3.40 eV, respectively. On doping
there is a slight increase in the energy band gap.

Moreover, we may use the Dimithrov-Sakka equation to find
the material’s refractive index,®®

n?—1 E,

where n is the material’s refractive index and E, is its optical
energy band gap. Refractive indices were determined to be 5.35
for undoped Ba,ZnSi,0, and 5.27 for Ba,ZnSi,0, doped with
0.4 mol% Sm>".

Understanding the kind of Sm*'~ligand bond found in the
produced phosphors is possible by calculating the values of the
bonding parameter () and nephelauxetic ratio (ff). One may

SiKa1

Spectrum 1

Fig. 12 (a)-(e) Elemental mapping (f) EDAX spectra (g) and (h) SEM images at different magnifications of Ba,_,ZnSi;O7:xSm>* (x = 0.4 mol%) phosphor.
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Fig. 13 (A) (a) and (b) Reflectance and absorption band spectra. (B) Tauc plot for Ba,_,ZnSi,O7:xSm>*(x = 0.4 mol%) phosphors.

find the nephelauxetic ratio by utilizing,*

9
== 16
=3 (16)
where 9. and 9, are the wave numbers for a certain Sm>"
transition in the host and aqueous solution, respectively. One
may use an equation to calculate the bonding parameter (5),°
|7
0=— 4
B
where f8 is the average nephelauxetic ratio value. The specific
kind of Sm*'-ligand bond is classified as ionic when § is
negative and as covalent when § is positive.”” The band assign-
ments, nephelauxetic ratio (f), and bonding parameter (J) for
the system are listed in Table 4. Since the bonding value was
discovered to be —1.6264, § < 0. Due to the negative value of the
bonding parameter, the Sm**-ligand bonds are ionic in nature.

x 100

(17)

Thermo-gravimetry analysis

The study focused on the thermal stability of an optimized
Ba,_,ZnSi,0,:xSm>" (x = 0.4 mol%) phosphor. The produced
phosphor exhibits good thermal stability at high temperatures
(up to 600 °C), according to the results. Fig. 14 illustrates that
not much mass loss was seen. A small amount of mass loss is
emphasized in the inset figure.

Lifetime measurements studies

We determine the lifetimes of Ba, ,ZnSi,0,:xSm>"* (0.2 mol% <
x < 1 mol%) by measuring their decay curves at room tempera-
ture. The results are displayed in Fig. 15(a). With 403 nm excita-
tion wavelength, and 600 nm emission wavelength the
measurement has been made. All decay curves were fitted using

Table 4 Band transitions, nephelauxetic ratio (), and bonding parameter
§ for the 0.4 mol% Sm>* phosphors in Ba,ZnSi,O;

SL. no Transitions 9e (em™) Ha (em™) B

1 ®Hy, — °Fos 9233 9136 1.0107
2 ®Hs;, — °Fyp 8151 7977 1.0218
3 ®Hs;, — °Fsp 7253 7131 1.0171
B 1.0165
9764 | Mater. Adv, 2024, 5, 9756-9773

the single - exponential function, which is given as ref. 71 and 72,

1) = Io + exp(—f) (18)
where I, and I(¢) are the luminescence intensities at times 0 and ¢,
respectively, and 7 is the decay time.

The decay time values of Ba,ZnSi,0,:xSm>" (x = 0.2, 0.4, 0.6,
0.8 and 1 mol%) phosphors are 2.133, 1.966, 1.962, 1.849 and
1.838 ms respectively.”® The variation of decay time with
different concentrations was shown in Fig. 15(b).

Temperature-dependent optical studies

Fig. 16(a) shows the Ba,_,ZnSi,0,:xSm*" (x = 0.4 mol%) phos-
phor with variable-temperature fluorescence spectra in the
303-483 K range. It is clearly visible that the emission of
Sm>" ions is evident with different temperatures. All the emis-
sion peaks that we observed at room temperature were
observed at high temperatures, but the intensity counts were
decreased by about 30-40% compared to room temperature.
At 560, 600, 645, and 705 nm, distinct emission was seen, which
corresponded to the transitions *Gs;, — ®Hsjs, *Gs, — ®Hyp,

101

Ba,ZnSi,0,: 0.4 mol% Sm*'
100

99

98
[C_1Ba,ZnSi,0,:0.4mol% Sm**

97

Weight loss (%)

96

95

100 200 300 400 500 600

Temperature (°C)

94

T T T T T
100 200 300 400 500 600

Temperature (°C)

Fig. 14 Ba,_,ZnSi,O; TGA curve:xSm>* (x = 0.4 mol%) phosphors, with an
inset graph that displays mass loss on a magnified scale.
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“Gs;y — °Hop, and *Gsj, — °Hyyp, in that order.”*”” Fig. 16(b)
clearly shows the decrease in the normalized emission intensity
at elevated temperatures. Even at higher temperatures, the
position of the peaks remained as such compared to room
temperature.

The quenching of intensity at elevated temperature can be
described using a configurational coordination model as shown
in Fig. 16(c). At 403 nm excitation, the electron excites to the excited
state from the ground state. Since the electrons are not stable at
higher energy levels for longer periods, they eventually try to lose
their energy by making a transition from higher energy to lower
energy level. Here, we can get strong red emission due to the
transition from higher energy to ground state followed by a large
number of electrons traveling through a non-radiative transition
from the lowest point of the *Gs, energy level to the ground state.
Due to the strong phonon-electron interaction, it is possible that
the excited state electrons passed the activation energy (E,) (Route 1)
and entered the CTB directly (Route 2). When electrons follow route
3, they eventually arrive in their ground state and radiate heat. The
thermal quenching temperature () of the Ba,ZnSi,O,:Sm*>" phos-
phor may thus be used to assess its thermal stability. The term
“quenching temperature” refers to the temperature at which the
photoluminescence emission emits half of its initial intensity.”® The
Boltzmann sigmoidal fit plot, which is used to calculate the thermal
quenching temperature (7o), is shown in Fig. 16(d). The Boltzmann
sigmoidal fitting function is given by ref. 77,

A — A>

(T-1q)
1+e dT

I(T) = 4> + (19)

I(T) is the normalized emission intensity at a given temperature.
A; and A, represent the starting and ultimate emission intensity
levels, respectively. Since we standardized the emission intensity
value in this instance between 1 and 0, A; = 1, A, = 0. Ty, is the
sigmoid’s center, while dT displays its fluctuation.”® From the fitted
plot, the quenching temperature was found to be 367 £ 5 K, which
represented it has good thermal stability.

Fig. 17 displays the FWHM variation of TDPL emission
peaks with temperature for the Ba,ZnSi,0,:Sm>" (x = 0.4 mol%)

Ba,ZnSi,0,: 0.2 mol% Sm™’|
Ba,ZnSi,0,: 0.4 mol% Sm*'|
Ba,ZnSi,0,: 0.6 mol% Sm*"|
Ba,ZnSi,0,: 0.8 mol% Sm*|
Ba,ZnSi,0,: 1.0 mol% Sm*|
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phosphor. It is evident that the FWHM of the emission
increased gradually for 562 nm, 600 nm, and 646 nm emission.
A small emission peak at 706 nm decreases at first and then
increases due to interactions of RE-RE ions in the host. The
FWHM of the emission spectrum increases due to a strong
interaction between the thermally active phonons and the
thermally activated luminescent core. At high temperatures,
the electron-phonon interaction becomes more noticeable due
to an increase in the phonon population density.”® Mathema-
tically, an increase in FWHM is given by,

I'(T) =v8In2 x hiw x Scoth(h—w) (20)

2kT

where 7w represents the effective phonon energy, I'(T) indicates
the temperature-dependent FWHM, and k and S stand for the
Boltzmann and Huang-Rhys parameters, respectively.’® The
intensity ratios of anti-Stokes peaks to Stokes peaks (I,/I)
followed the Boltzmann-type distribution function, which con-
tributed to the difference in thermal behavior provided by,**

L hiw
7 Cexp (_ﬁ)

where T is the absolute temperature and C is the proportion-
ality constant. One potential technique for thermal sensing is
to use the variation in the intensity of the anti-Stokes emission
line concerning the Stokes emission line. Eqn (21) may be taken
as natural logarithmic,®*>%

(21)

I, hiw

In (1—5> =In(C) — T

where I, and I; are 562 and 600,706 nm, respectively. The
fluctuation of loge(Ise2/Ts00) Vs. 1/T and log.(Isex/I706) are seen in
Fig. 18(a) and (b) respectively. After doing a linear fit on the graph,
—94 .41

(22)

I
log, 22 — 0.94 —
06

¢l

with Ziw/k = 94.41 K was found to be the

best match. It was found that the fitted value of phonon energy o

—1.84 with Ao/

I
was 65.61 cm™ . Similarly, for logelsﬁ =-0.26 —
600

k = 91.84 K was discovered to be the ideal fit. It was discovered
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Fig. 15 (a) The decay curves (b) variation of decay time for Ba,ZnSi,O;:xSm** (x = 0.2, 0.4, 0.6, 0.8 and 1 mol%) phosphors.
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Fig. 17 Changes in FWHM of emission peaks at various temperatures for
Bas_,ZnSi>;O7:xSm>* (x = 0.4 mol%) phosphors.

that 63.83 cm ™' was the fitting value of phonon energy. These
findings suggested that temperature sensing may also be
accomplished with the optimized phosphor due to the lowest
phonon energy.

The activation energy, or AE, is the energy difference
between the ground state and the lowest excited state. Electrons

9766 | Mater. Adv, 2024, 5, 9756-9773

in lower excited levels will be thermally aroused to higher
energy states if the phosphor receives more thermal energy
than AE. Then, in order to get back to the ground state, they
will pass via the crossover points between the excited and
ground states.?* The thermal stability of the phosphor will rise
along with the magnitude of AE as non-radiative relaxation
rises with temperature. One may define activation energy by
applying the Arrhenius equation, which is provided by,

[ — (23)

AE
14+ Cexp (—k—T)

where intensities at lower and higher temperatures are
denoted, respectively, by I and I,. The symbols AE, k, and C
represent the activation energy, Boltzmann constant, and con-
stant, respectively. We took natural logs on both sides of
eqn (23) to simplify it and get AE,

In(fo/I) — 1] =InC — % (24)

In Fig. 18(c) we have calculated the activation energy which was
found to be 0.359 eV for 600 nm respectively. To more clearly
see the distinction between the luminous thermal quenching
trend of different emissions of Sm** as a function of tempera-
ture is displayed in Fig. 18(d).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Thermal sensing studies

Fluorescence intensity ratio method (FIR). Exploring the
temperature dependence of FIR between two different emis-
sions of Sm®" is essential to further understand the tempera-
ture sensing behavior of the Ba,ZnSi,0,:xSm** (x = 0.4 mol%)
phosphor. The link between temperature and integrated PL
intensity of the Sm*" anti-Stokes peak (I,,) and Stokes peak (I)
may be expressed using the Struck and Fonger hypothesis.®®
The relative population of the thermally related energy levels
follows the Boltzmann distribution law. The Boltzmann dis-
tribution of thermally linked energy levels and temperature
affects emission intensities. The following expression can be
used to express the relationship between temperature and PL
intensity of the excited rare earth ions,?"%®
Ias ﬂ
FIR = T AeksT + B

N

(25)

where kg is the Boltzmann constant, B is an offset parameter,
AE is the activation energy required to move an electron from
its emission state to the quenching state, and A is the propor-
tional parameter. The experimental data and the fitting out-
comes derived from the above equation represent the actual
points and lines, respectively. Fig. 19(a) shows the variation of
FIR of (Is00/I562) intensities concerning temperature and we can
observe it is decreased at elevated temperatures from 303-
483 K. Additionally, Fig. 19(b) illustrates the change in the
FIR of (I796/I56>) intensities with temperature. It also decreased

© 2024 The Author(s). Published by the Royal Society of Chemistry

monotonically with temperature. Both the plots were fitted with
eqn (25) which is given by,
1.4174
26
) o

FIR <@> =0.7960 — 0.7221 x exp (ﬂ) (27)
Isey T

I
FIR <ﬁ) = —478.2552 + 479.6813 x exp(
562

It is crucial to look into the sensing sensitivity of Ba,Zn-
Si,0,:Sm>* phosphor for temperature sensing to learn more
about temperature sensitivity. The performance of the tempera-
ture sensors may be assessed using two important parameters:
relative sensitivity (Sg) and absolute sensitivity (S,). The Sg and
Sa, which are the relative and absolute changes in the FIR in
response to temperature fluctuations, may be obtained using

the following equation.?®*°
#

1 OFIR AeksT —AE
Sr = 100% X |=—= ‘ =——F X 5 (28)

FIR 0T AcksT 4 B kT

OFIR|  =AE  _AE
= = AeksT 2

Sa a7 eksT x e (29)

The values of absolute and relative sensitivity at different
temperatures for (Ispo/Isez) and (Iyoe/Issz) are measured and
shown in Fig. 19(c) and (d) respectively. The absolute and
relative sensitivity decreased monotonically for higher
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SA and SR for l706//562-

temperatures. For (Iso0/ls562), the maximum relative sensitivity
was found to be 2.02% K~' at 303 K and S, as 0.074 K™* at
303 K. Similarly for other transition (I;0¢/Is62), the maximum
relative sensitivity was found to be 1.98% K ' at 303 K and S, as
0.0045 K ' at 303 K. Since the intensity counts are less for
706 nm compared to 600 nm the sensitivities also decreased
which also revealed that sensitivity is directly in line with
intensity of emission. Table 4 lists a few bright thermometers
based on Sm*" doped phosphors that have been previously
discussed. It is demonstrated that the Ba,ZnSi,0,:Sm>" (x = 0.4
mol%) phosphor has a rather high Sy value. The Ba,Zn-
Si,0,:Sm®" phosphor may therefore be employed in optical
thermometry and show good optical thermometric performance.

Fluorescence lifetime method. We also obtained measure-
ments of the Ba,ZnSi,0,:Sm>" decay curves at 600 nm emission
when excited at 403 nm over the temperature range of 303-
483 K as shown in Fig. 20(a). The decay curves are found to be
well-fitted to the single exponential decay equation given
below,’**?

1(1) = Iy + exp (—é) (30)
where I, and [(¢) are the luminescence intensities at times 0 and ¢,
respectively, and 7 is the decay time. The decay of Ba,ZnSi,0,:Sm>*
for different temperatures fits very well in eqn (30). At 303, 323,
343, 363, 383, 403, 423, 443, 463, and 483 K, the decay lifetimes are
found to be 1.56, 1.57, 1.58, 1.59, 1.60, 1.61, 1.62, 1.64, 1.66, and
1.69 ms. It is evident from Fig. 20(b) that temperature has a
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significant impact on the emission decay characteristics of Ba,Zn-
Si,0-:Sm>*. Under stimulation with 403 nm, the lifespan slightly
increases from 1.569 ms at 303 K to 1.692 ms at 483 K. Moreover,
the thermal-quenching activation energy of Sm*" is found to be
2045.169 cm™ ' Using equations given below, which resemble the
FIR-based method, can be used to compute the absolute sensitivity
Sadifetime aNd the relative sensitivity Sgjifeime based on the emission
lifespan of Sm*", respectively.®***

or , \ AE
Sa = a7 = (t—1 TO)kBTz (31)

1] 07 AE
SR—;a—T X 100—(1 —Tfo)mx 100 (32)

Based on the Sm*" emission lifetime, Fig. 20(c) displays the
absolute sensitivity Sa.ifetime and the relative sensitivity Sg.ifetime-
The basic trend for both S jifetime aNd Sraifetime 1S different in this
case. Relative sensitivity decreased as we increased the tempera-
ture providing a maximum relative sensitivity of 3.25% K ' at
303 K, but absolute sensitivity initially decreased up to 343 K,
later reached the maximum of 0.0167 K" at 363 K and started to
decrease up to high temperature. Thus, the highest values of
Satifetime ANd Sgifetime are determined to be 0.0167 K~* at 363 K
and 3.25% K™ ' at 303 K respectively. The lifetime-based value of
Sk is higher than the FIR-based Sy value when the relative
sensitivity values based on lifetime and FIR are compared. This
is because the Sm** emission in the FIR-based system varies very
little. Temperature-related changes in emission intensity cause a

© 2024 The Author(s). Published by the Royal Society of Chemistry
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absolute sensitivity S, based on the emission lifetime of Sm>*.

little shift, but they have minimal effect on the FIR. Table 5
shows that the values of Sz based on both lifetime and FIR are
better than prior findings.

Conclusion

Ba,ZnSi,0,:Sm*" phosphors with varying doping concentrations
were successfully synthesized using the high-temperature solid-
state reaction method. XRD patterns and refinements confirmed
the satisfied phase purity and unaltered monoclinic crystal struc-
ture with the C2/c space group after Sm®" doping. The phosphor

Table 5 Temperature-sensitive properties based on RE-doped lumines-
cent materials

Temperature Sg.max
Materials range (K) (%K') Mode Ref.
Ca,LaNbOg:Sm** 313-573 0.23 FIR 95
YVO,:Sm** 299-466 0.31 FIR 96
YNbO,:Sm** 303-773 0.43 FIR 97
SrMoO,:Sm** 273-573 0.60 FIR 98
Ca;LiMgV;04,:5m*" 303-483 1.600 FIR 99
SI,YF,:Tm>" 303-663 1.16 FLT 100
CaGdMgSbOg:Mn**/Sm**  298-575 1.23 FLT 91
BaGd,0,:Bi*"/Sm** 293-473 1.66 FLT 101
S1,V,0,:5Sm** 38-298 3.12 FLT 102
Lu,MoOg4:Sm>* 273-483 4.9 FLT 103
Ba,ZnSi,05:Sm>" 303-483 2.02 FIR  This work
3.25 FLT

© 2024 The Author(s). Published by the Royal Society of Chemistry

(a) Temperature-dependent lifetime spectra (b) inverse of lifetime of Sm*" emission versus 1/temperature (c) the relative sensitivity Sg and

emits orangish-red light at 600 nm under UV excitation, and
the optimal Sm** dopant concentration was determined to be
x = 0.004 mol. The photoluminescent emission spectra show red
and yellow emissions corresponding to the *Gs/, — °Hss, *Gsp —
®H.),, “Gs, — °Hyp, and “Gs, — °Hyy), transitions of Sm’*.
Concentration quenching was observed due to dipole-dipole
interaction, as investigated using the Dexter theory. The opti-
mized phosphor’s CIE chromaticity coordinates and CCT value
were found to be (0.6017, 0.3976) and 1439 K respectively with
100% color purity. The optical band gap was determined to be
3.40 eV. FTIR spectra confirmed the various Ba-O, Zn-O, and Si-O
vibrational modes and the absence of additional phases during
phosphor preparation. The phosphor exhibited excellent thermal
stability up to 600 °C and a 30% drop in emission intensity
compared to ambient temperature at high temperatures.
The activation energy and phonon energy were calculated to be
0.359 eV and 63.83 cm™ ', respectively. The quenching tempera-
ture was found to be 367 K. The Ba,ZnSi,0,:0.004Sm>* phosphor
demonstrated excellent temperature sensing performance using
the FIR strategy of Iso0/Ise, With a maximum relative sensitivity
(Sg) value of 2.02% K" at 303 K. The fluorescence lifetime of Sm**
luminescence (Agyei = 403 nm, Agmy,; = 600 nm) slowly increased
with increasing temperature, suggesting its suitability for lifetime-
based luminous thermometry with a maximum Sy value of
3.25% K" at 303 K. This dual-mode optical temperature sensing
approach, based on both FIR and variable lifetime, is a novel
design concept presented for the first time in this study.
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The optimized phosphor’s good thermal stability, high activation
energy, and excellent thermal sensing abilities make it a promis-
ing candidate for practical applications in optical temperature
detection.
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