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ARTICLE INFO ABSTRACT

Highly thermally stable Er®*/Tm®*/Yb®* tri-doped bismuth lanthanum tungstate phosphors were prepared by
high temperature solid-state reaction method. The structural and morphological properties of the prepared
phosphors were analysed by X-ray diffraction (XRD), Raman spectroscopy and Scanning electron microscopy
(SEM) coupled with energy dispersion spectrum (EDS). Visible upconversion (UC) luminescence was measured
by exciting the phosphors with 980 nm laser radiation. The dependence of the UC intensity of each emission band
of Er®* and Tm3" ions as a function of temperature in the range from 30 to 300 K was monitored. Fluorescence
intensity ratios (FIR) of thermally coupled levels (TCL) and non-thermally coupled levels (NTCL) were analysed
and verified with appropriate theoretical validation. The absolute (Sa) and relative sensitivities (Sg) were esti-
mated and compared with the reported systems. In the present case of BiLaWOg: Er>*/Tm>*/Yb%*, S (0.43 %
K1) related to TCL of Er®* UG is found to have maximum sensitivity compared to any of the NTCL combinations
at 300 K. From this study we inferred that the Sg values estimated from NTCL are smaller than that of TCL
involved in BLW: Er®*/Tm®'/Yb3" phosphor. The temperature dependent CIE color coordinates were also
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evaluated in the cryogenic temperature region.

1. Introduction

Luminescence based thermal sensing is one such kind of technique
with modern light-based application apart from the well known direct
display applications such as phosphors, scintillators, photocatalysishtt
ps://pubs.rsc.org/en/content/articlehtml/2021/tc/d1tc03202j - cit7
and others [1-5]. Luminescence based thermometry has enormous po-
tential in in vitro and in vivo bio-imaging, medical treatment, in the
fields of temperature distribution and maintenance of vast surface areas,
electronics, aviation, space research, etc [6-8].

The requirements for optimized luminescent thermometers are due
to their thermal sensitivity in the range of temperatures to be examined
besides their accuracy, repeatability and stability of the material in the
ambiance of measurement. Depending on the measurement conditions,
the range of operating temperature is defined. Hence, few phosphors
with good sensitivities are not enough for the entire ranges and appli-
cations due to diverse environmental conditions. A wide range of
phosphors with varied physical, chemical, and even mechanical
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properties with excellent sensitivities in the desired temperatures ranges
are the urgent need.

Aurivillius perovskite family with a general formula Aj,.1B,O3p1 (A-
12-coordinted and B-6-co-ordinated cations) are well known for their
applications in photocatalysis, ferroelectric random-access memories
and photoluminescent applications [9,10]. Staking of alternative
perovskite and fluorite-like layer favours inducing inherent electric
field, which helps in electron-hole pair separation. These kind of com-
pounds exhibit temperature-induced unusual reversible phase trans-
formation and in this case from RT-orthorhombic phase to
HT-monoclinic phase. The simplest member is Bi,WOg, hybridization
of Bi 6s and O 2p states in valence band that play a crucial role in shifting
of absorption edge towards the visible region. In addition, rare earth
(RE) substitution in Bi cationic sites results in the different distribution
in conduction band, thus making polymorphs interesting.

Energy level abundancy in RE>" ions leads to emanate excellent
luminescence in a vast region from ultraviolet to visible to near infrared
regions. Temperature sensing can be done in many ways using
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luminescence. Basically, divided into three main mechanisms such as (i)
spectral (that rely on emission/absorption/excitation line shifts or line
widths), (ii) spectral intensity (that rely on the intensity of emission or
ratio of emission lines/peaks) and (iii) temporal (that rely on decay/rise
time analysis) [11]. The spectral methods require high-resolution in-
struments while the temporal methods consume too much time for the
sensing of accurate temperature. Hence, the mechanism that is feasibly
adapted for a wide range of applications could be the spectral intensity
method where the ratio of emission lines/peaks is monitored cautiously
and systematically. The spectral intensity method which is commonly
known as luminescence intensity ratio (LIR) or fluorescence intensity
ratio (FIR) technique could be approached in different ways. The most
common FIR techniques which uses thermally coupled levels (TCL),
where two levels considered to be thermally coupled when they have an
energy difference between 200 and 2000 cm ™! [12,13]. Dependence of
Boltzmann’s distribution of energy levels in the excited states is the key
working principle in this technique [14]. Next is the ratio of
non-thermally coupled levels (NTCL) technique that considers two
levels, which are thermally not coupled. Any two emission peaks of
active ion/ions whose initial emitting levels’ energy difference is more
than 2000 cm ! could be used in this technique [15]. One of the other
techniques is Valley to Peak ratio (VPR) where the ratio of emission
band’s peak height and valley between the band with its adjacent could
be monitored [16]. Optical thermal sensitivity in the visible region find
potential applications in the safety markers. Moreover, sensors at
cryogenic temperatures lack high sensitivity, which limits the applica-
tion in energy and cryogenic research [17]. Tri-doped phosphors with
selective lanthanide doping are widely studied owing to their colour
tunability upon excitation under different wavelengths, pump power
and temperatures [18-21 and references there in].

Taking the advantages of Aurivillius perovskite family and visible
(blue, green and red) luminescence of Er®t and Tm®" and FIR, in this
work, we have synthesized Ln®" co-doped and tridoped BiLaWOg
phosphor by solid-state reaction method and demonstrated diverse
fluorescence intensity ratiometric thermometers based on Er®" and
Tm>" ions using TCL and NTCL at cryogenic temperatures in the range
30-300 K upon 980 nm excitation.

2. Experimental details

For the preparation of pure and RE>* doped BiLaWOg phosphor
material, a high-temperature solid-state reaction method has been
adopted. Stoichiometric amounts of Bi;O3, LazO3, WO3, Ln,O3 oxides
(Ln = La%", Er®*, Tm®" and Yb®*) were purchased and taken in an agate
mortar, mixed thoroughly in acetone for homogenous grinding and
sintered at 1000 °C for 3 h. BiLag.xy-nWOg: x Er*"-y Tm>™ z Yb3T,
(where x =1.0, y = 2.0 and z = 10, in mol%) is abbreviated as BLW: Er/
Tm/Yb and the same composition characterised for FIR based on TCL
and NTCL at cryogenic temperatures.

Phase purity and crystal structure were characterized by the X-ray
diffraction method with Philips Analytical X pert Pro analyzer equipped
with Cu-Ka radiation (A = 1.54178 A). The morphology of prepared
powders was investigated by carbon coating using a scanning electron
microscope (SEM) (TESCAN VEGA3 instrument) equipped with Energy
Dispersive X-ray analysis (EDS). Raman spectrum was collected on
Horiba HR 800 spectrometer in reflection geometry mode by exciting
the sample with blue (442 nm) laser and using 50 x magnification with a
resolution of at least 7 cm L. The Fourier transform infrared-attenuated
total reflection (FTIR-ATR) spectra were collected in a BX spectrometer
(PerkinElmer, Waltham, MA, USA), coupled with a single horizontal
Golden gate ATR cell (Specac®, London, UK), using 64 scans at a reso-
lution of 4 cm ™. Optical absorption and diffuse reflectance spectra were
measured using Jasco V-560 spectrophotometer coupled with an inte-
grating sphere, within the wavelength region 250-850 nm.

High-resolution UC luminescence spectra with varying temperatures
were recorded using a Spex 1704 monochromator coupled with a
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Hamamatsu R928 photomultiplier tube with a resolution of ~0.01 nm
by exciting the samples with an NIR (980 nm) laser. PL was measured at
temperatures between 30 and 300 K sensed with thermocouple of + 2 K
error using a closed-cycle helium cryostat consisting of APD Cryogenic
closed-cycle helium system having two-stage cryogenic refrigerator DE-
204SL with water-cooled helium compressor, based on the Gif-
ford-McMahon cycle.

3. Results and discussion
3.1. Structural and morphological studies

The phase identification of prepared undoped and tri-doped BLW
phosphors’ was evaluated by XRD technique and the pattern are shown
in Fig. 1(a). All diffraction peaks were well in accordance with the
standard ICDD: 00-033-0203 pattern and possessed a monoclinic phase
with the space group P2/a. Doping of rare-earths (Er>*/Tm>*/Yb%") in
place of La®" induced shift of diffraction peaks towards higher 20 angles
as shown in the inset of Fig. 1(a). Based on Bragg’s equation 2dsin = n,
when the ions of smaller ionic radii, (Er3+, Tm3" and Yb®H) occupy the
position of larger ionic radius (La®") ion in the matrix, the crystal plane
spacing decreases and hence the diffraction peaks shift towards larger
angle. The crystallite size (D) was calculated using Debye-Scherrer
equation:

.z
" Pcosb

@

where f is the full width at half maximum of the pure diffraction profile
in radians, k is a constant (0.9), 6 is the diffraction angle. The estimated
average crystallite size is in the range of 60-85 nm. The calculated lat-
tice parameters and unit cell volume are (monoclinic phase a =y = 90°):
a=16.484 A b=7.7124, c = 8249 A, p = 101.91, V = 1025.99 x
1073 m®anda =16.397 A, b =7.682 A, c = 8.239 A, p = 101.94, V =
1015.44 x 10~%° m® for BLW and BLW:Er/Yb,/Tm, respectively.

Fig. 1 (b & c) illustrate the well-resolved normalized Raman and
FTIR- ATR spectra of undoped and tri-doped BLW phosphors. High en-
ergy phonon peak was found to be around 897 cm™!, which is the
characteristic nature of the asymmetric stretching vibrational mode of
WOg (Apical O). From previous observations, it has been concluded that
the position of this peak is RE sensitive. The peak position is associated
with the ionic radius of RE3™ taking the position of Bi®" in Bi;WOg [22,
2.3]. Other intense peaks in the region 600-800 cm ! are associated with
symmetric stretching and asymmetric stretching vibrations of WOg
(Apical O) and WOg (Equatorial O) bands [23]. Relative intensities of
these two bands are observed as Er/Tm/Yb occupies La position in the
BLW matrix. The bands in between 200 and 600 cm ™! were originated
from bending modes of WOg octahedra and coupled with bending,
stretching bands of bismuth-oxygen polyhedra. In this region, no addi-
tional changes were observed upon doping.

As observed in Fig. 1 (c), the FTIR-ATR spectra consist of several
bands within 1000 and 400 cm™!. Overlapped high intense bands
centered at 655 and 734 cm ™ are ascribed to W—-O-W bending modes
and stretching modes are in the region 850-950 cm™! [24-26]. The
remaining bands in 400-550 cm ™! lower wavenumber region are the
resultant of (Bi, La)-O bending modes of BiOg.

Diffuse reflectance spectra (DRS) of undoped and tri-doped BLW
phosphors are shown in Fig. 1 (d). In both the cases broadband in the
lower wavelength region (200-475 nm) is originated as a result of La-O
charge transfer band (CTB), Bi®** (}Sy—°>P;) and ligand to metal charge
transfer transition (LMCT) of W-O. While Er®* (*I;5 /2 — ’Hy, /2 “Iis /o —
4F9/2, 4115/2 id 419/2) and TIl'l3Jr (3H6—>3F2,3 & 3H6—>3F4) Sharp absorption
transitions are observed in visible and IR regions. The absorption edge is
shifted towards a higher wavelength region when the BLW matrix is
doped with Ln®" ions and is associated with dopant and host ionic radii
difference and chemical nature of the dopant ions. Corresponding
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Fig. 1. (a)XRD (Inset shows the enlarged XRD portion of high intense peaks), (b) Raman, (c) FTIR-ATR and (d) DRS patterns of BLW & BLE:Er/Tm/Yb phosphors.

bandgap values are calculated using the Tauc and Davis-Mott plot [23,
27] and are in the range of approximately 2.2 eV.

Fig. 2(a) depicts SEM micrograph along with particle size distribu-
tion (inset). Particles are found to be spherical in shape while their mean
particle size is estimated to be ~500 nm. Energy dispersion spectrum
(EDS) and elemental distribution mapping of BLW phosphor are shown
in Fig. 2 (b). The constituents of phosphor material are found to be
homogeneously distributed throughout the sample without any
elemental segregation.

3.2. Upconversion photoluminescence

Fig. 3(a) presents the room temperature visible UC-PL of BLW:Er/Yb,
BLW:Tm/Yb and BLW:Er/Tm/Yb phosphors by exciting at 980 nm laser
radiation. The spectra composed of emission bands in blue, green, red
and far-red regions that are the combinations of UC emissions from both
Tm3* and Er®" ions. The emission bands centered at 475, and 700 nm
were assigned to 1G4—>3H6, and 3F3—>3H6 transitions of the Tm>* ions,
respectively. On the other hand, the emission bands centered at 525 and
540 nm (Green) were assigned to 2H11/2, 433/2 - 4115/2 transitions of
Er3t. But, the emission band centered around 650 nm (red) is regarded
as a combination of two transitions 4F9/2 - 5 /o and 1G4—°F, from

4 ,. w
n ® o
sadaa b g benatoaaloaa o toaalay

n

>
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@

Fig. 2. (a) SEM, particle size distribution diagram (inset) (b) EDS and elemental mapping of W°*, La®>* and Bi®>* ions in BGW phosphor.
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Fig. 3. (a) Visible room temperature upconversion and (b) Partial energy level diagram of BLW:Er/Tm/Yb phosphor excited with 980 nm laser radiation (power =

450 mW and spot size about 4 mm?).

Er’* and Tm>" ions which was also observed from the emission spectra
of BLW:Er/Yb and BLW:Tm/Yb as shown Fig. 3(a). (Note that the similar
procedure has been followed for the preparation of BLW:Ery1/Yb; and
BLW:Tmgy/Yby¢ phosphors as that of BLW: Er/Tm/Yb). Further, the
splitting of these emission bands are realized from the crystal field effect.
Among all dopant ions, while exciting with the NIR (980 nm) laser, b3+
ion always acts as a sensitizer and transfer the energy to other RE>* jons
namely Er®* and Tm3". The energy transfer from Yb%* to Er®*/Tm3*
and pumping of electrons to the excited states leads to upconversion
(visible) emission from the latter ions. Fig. 3(b) depicts the partial en-
ergy level diagram presenting the detailed UC mechanisms involved in
the tri-doped BLW: Er/Tm/Yb phosphor. The emission of 475 nm and
650 nm from Tm>* evolved by the three photon process. The emission of
540 nm (Er®"), 650 nm (Er®") and 700 nm (Tm>") emission is found to
be a two photon process. Also noted that the intensity of red emission
enhanced than that of the blue/green emission from Tm3"/Er3" as the
concentration of Tm®* or Er®* or Yb®* are relatively high in BLW. And
hence, not only the energy transfer from Yb>* ions to Er®* and Tm>*, but
also some of the other energy transfers and back transfers among Er’*
and Tm®' ions are expected which leads to cross-relaxations and
quenching with increase of temperatures or concentrations of the active
ions. The mechanism underlying in upconversion process of tri-doped
materials was well explored in the literature [28-34].

1.8 /,
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3.3. Temperature dependent upconversion

The UC spectra with change in the sample temperature have been
recorded for BLW: Er/Tm/Yb with in the temperature range of 30 and
300 K. The UC spectra were normalized with reference at 700 nm for the
sake of convenience and has been presented in Fig. 4(a). Significant
changes were observed in the emission intensities of different UC bands
from both Er®* and Tm3" ions. None of the emission peaks has a con-
current thermal behaviour with that of the others as it should be un-
derstood that all the peaks have a different origin (starting state) either it
is of different or of the same activator ion. The changes in the intensity of
different peaks in the UC emission spectra of BLW:Er/Tm/Yb has been
plotted as a function of temperature and is shown in Fig. 4(b). The
dependence of intensity on temperature could be related to the modified
Arrhenius equation [35-37].

Iy

144 exp (;f;) @

I(T)

= ‘:—’I’f = Ratio of non-
radiative and radiative transition probabilities, E, being the activation
energy of thermal quenching and kj is the Boltzmann’s constant. All the
intensity trends (dots) of the five UC bands have been well fitted (solid

line) with Eq. (2) as shown in Fig. 4(b).

where I is the emission intensity at T = 0 K, A
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. = 475 nm
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Fig. 4. Temperature dependent upconversion (a) spectra in the region 450-730 nm and (b) intensity trends of various peaks in BLW:Er/Tm/Yb phosphor when

excited with 980 nm radiation.
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3.4. Thermal sensitivities

The emission bands as discussed above are represented by the peak
central wavelengths namely 475, 525, 545, 650 and 700 nm, for the
transitions 1G4 — 3H6 (Tm3+), 2H11/2 — 4115/2 (EI'3+), 453/2 - 4115/2
(Er*"), *Fo/2 — “lis/2 (Er*") + 1G4 — *F4 (Tm*") and *F3 — *He (Tm>"),
respectively. Fig. 6(a—d) represent different combinations of the FIRs.
Fig. 5(a) presents FIR related to TCL of Er’* emission peaks Isos5/Is45.
Fig. 5(b) and (c) presents FIR related to NTCL of Er’*emission peaks
Is25/T650 and Igs0/Is45 nm of Er®* and Iyo/I475 nm of Tm>*, respectively.
Fig. 5(d) presents the Intensity ratio of different NTCL levels each from
different activator (Er®*/Tm>") ions.

FIR of TCL pertaining to Er>* ions in BLW:Er/Tm/Yb phosphor could
be related to Eq. (3) which is a consequence of Boltzmann’s distribution
law as the two energy levels ’Hy; ,2 and 453 /2 are close to each other and
occupation of ions at 2Hy, ,2 at any particular temperature will have a
portion influenced by population of ions at S3/ and hence the ratio
could be as follows [13,38-40].

I —AE
FIR(TCL) = ;ﬁ =A + Bexp (ﬁ) 3)
545 B

where Is55 nm and Isso nm are the UC band intensities of the two green
emissions, A is a constant, AE is the energy gap between the 2Hy, /2 and
483 /2 levels, Kp is the Boltzmann constant, and T is the absolute
temperature.

The absolute sensitivity (S,) which is defined as the rate of change in
the FIR in response to the variation in temperature. Hence the S4 of the
TCL can be expressed as

KT (€3]

d BAE —AE
SA(TCL) =7 (FIR) = K77 ©P

To allow the comparison of sensitivities of different materials, rela-
tive sensitivity has been derived by the following relation

1.30
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1 d AE

) = FIR 4T (FIR) = K72

In the case of NTCL, FIR cannot be treated with Eq. (3) as the two

states involved are not related through the Boltzmann’s law. Hence

considering the intensity trends of Eq. (2) for the two transitions, the FIR

of NTCL can be derived and simplified by the Taylor expansion method,
as follows [34,35].

Sg(TCL )

Ioy
—AE
1+A; exp TTI

FIR(NTCL) =

—AE
:A+Bexp<kT> (6)

I
02 B

1445 exp (—;;Ef)

where A, B and —AE are constants dependent on Ioy, Iog, A1, Ag, AE; and
AE,. In this case, the sensitivities Sp and Sg thus can be written as

dFIR AE _AE
SA(NTCL)=|——| =B AL .
n(VTen) ‘ dr kRTzex”< k,,T) %)
AE —AE
1 dFIR B 2% exp(+25)
Sr(NTCL) = ’— E 1009 =T AT ®
FIR dT A+ Bop (%>
B

The FIRs thus calculated and presented in Fig. 5(a-d) are systemat-
ically fitted with Eq. (3) for Er®* TCL in Fig. 5 (a) and Eq. (6) for the
remaining sets of NTCL of Er>*, Tm>" and Er®*/Tm>" combinations as
shown in Fig. 5(b-d), respectively. It is to be noted that Eq. (6) considers
the energy transfer and back transfer among the activator ions which
also affects the sensitivities. Table 1 presents the complete fitting pa-
rameters related to the FIR of TCL and NTCL fittings using Egs. (3) and
(6). It could be noted that the FIR of NTCL pertaining to the peaks 650
nm and 545 nm presented in Fig. 5 (b) could not be fit with Eq. (6). This
may be due to the involvement of Er®* (*Fo/5 — “I15/2) and Tm®* (1G4 —
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Fig. 5. Fluorescence intensity ratios of (a) TCL of Er>*, (b) NTCL of Er**, (¢) NTCL of Tm**and (d) NTCL of Er>*/Tm>" ions in BLW:Er/Tm/Yb phosphor upcon-

version emission bands at different temperatures.
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Table 1
Fitting parameters A, B and AE/AE of different FIRs pertaining to different
combinations of transitions

FIR type FIR Ratio combination innm A B AE/AE
TCL (Er) 525/545 0.998 0.885 267.19
NTCL (Erl) 525/650 0.299 0.464 402.56
NTCL (Tm) 700/475 15.029  98.651 213.59
NTCL (Er/Tm)-1 525/475 4.657 7.880 217.09
NTCL (Er/Tm)-2  545/475 4.612 2.714 142.59
NTCL (Er/Tm)-3  650/475 15.263  9.499 124.16
NTCL (Er/Tm)-4  700/525 3.135 7.644 151.95
NTCL (Er/Tm)-5  700/545 3.189 13.259  193.84
NTCL (Er/Tm)-6  700/650 0.967 4.052 206.56

%F,4) UC transitions which have more complicated order of intensity
compared to the other transitions.

Based on the fitting parameters and using Egs. (4) and (5) for TCL
and Egs. (7) and (8) for NTCL, Sy and Sg have been calculated and
presented in Fig. 6 (a and b) for the FIR related to TCL and Fig. 6(c and d)
for the FIRs related to NTCL in this study. It is noted that the Sy values of
all the FIRs (Fig. 6(a and c)) increases to a certain temperature and
decreases gradually. The maximum values of Sy of all the FIRs tend to be
between 100 K and 150 K. Among all the S values, the FIR(Is45/I700) has
the highest value of 0.17 K™! at 140 K.

Regarding the Sg values, the trends of Sg of NTCL (Fit. 6(d)) were also
observed to be similar to that of S (Fig. 6(c)). The Sg was increased till a
certain threshold temperature and then decreased. The Sy values were
found to be maximum below 100 K for all the NTCL FIRs. Whereas the Sg
of TCL (Fig. 6(b)) is found to be exponentially decreasing and it has the
maximum compared to all the NTCL combinations also. Though NTCL
has been expected to have Sg values greater than TCL, that phenomenon
has not been realized in the present case due to the energy transfer be-
tween the two activator ions (Er®* and Tm®") and the back transfer as
predicted elsewhere [34].
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Table 2 presents the FIRs drawn from TCL and NTCL of different
matrices doped with selective Lanthanide ions, transitions involved
therein and also the respective Sg at 300 K. The Sg values estimated from
NTCL are smaller than that of TCL involved in BLW: Er/Tm/Yb phosphor
and maybe due to the energy transfers or complications in the estimation
of the energy transfer mechanisms in the material thus quenching the
luminescence or UC behaviour and sensing less effectively. The present
studied BLW: Er/Tm/Yb with two activator ions and a sensitizer ion has
also shown a better sensitivity at room temperature than the reported
tri-doped materials with TCL with emission lines in visible range [41,
42].

While Table 2 presents the Sg values of different UC materials at 300
K based on FIR, Table 3 presents a comprehensive comparison of both
the TCL and NTCL sensitivities of different materials in the cryogenic
temperature ranges [15,45-56]. There were very few reports on the
cryogenic temperature ranges due to the complexity of the experimental
design. But the applications of this kind of optical sensors are very
essential with increasing sensor applications in these temperature re-
gions. The emitting centres in Table 3 are not limited to the emission
centres of the present work, rather they are compared with the most
recent literature at low temperatures with emission in the visible region.
Sensitivities of FIR based on TCL and NTCL are compared indepen-
dently. Regarding FIR based on TCL, in the present work, the maximum
values of Sp and Sy are achieved at 30 K and 190 K, respectively. The
sensitivities in different works widely depend on the characteristics of
the host, selection of dopants and the range of temperature. Stream-
lining different host materials for comparison is of utmost importance.
In Table 3, it could be observed that different materials have maximum
sensitivities at different temperatures. For example, YbNbO4:Er®t has
maximum S, at 220 K, Nag sBig sTiO3:Ho®>"/Yb®* has maximum S and
Sgr, both at 167 K and TeOz-PbC12-W03:Er3+ glass has a maximum Sy at
100 K. Also, the trend of each Sp and Sg curve depends on the respective
host-dopant combinations. While comparing with different materials,
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Fig. 6. Absolute (Sp) and relative (Sg) sensitivities of (a,b) TCL and (c,d) NTCL FIRs of BLW:Er/Tm/Yb phosphor excited at 980 nm as a function of temperature.
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Table 2
Relative sensitivities (Sg % K1) of different compositions at 300 K.
Host Ions Transitions Ratio, Sk Reference
A (nm) (%
K
BLW Er*t/ 2Hy1/5 — sz 525/ 0.43  This work
Tm**/ (Er*")/*S3/2 > “isp 545
Yb3+ (Er3+)
L 525/ 0.19
(Er*")/(*Fo/2 —» i, 650
2 (Er*) + 1G4 — °F4
(Tm*>"))
3F; — 3He 700/ 0.24
(Tm®*)/'G4 - °He 475
(Tm*")
2Hy1/0 = “Iisja 525/ 0.13
(Er®")/'G4 — Hy 475
(Tm*")
4S5/ = is/n 545/ 0.05
(Er*")/'Gy — *He 475
(Tm*")
(*Fo/2 = is /2 650/ 0.05
(Er®) + 1G4 — 3Fy 475
(Tm>"))/'G4 > *Hs
(Tm**)
3F; - °He 700/ 0.13
(Tm3")/?Hy1 /2 — 525
*Lis 2 (Er*H)
3F; - %He 700/ 0.19
(Tm3;)/453/2 - s, 545
2 (Er’7)
3F3 - %Hg (Tm®*)/ 700/ 0.20
(*Foyp > “Tis/2 650
(Ert) + 1G4 - %4
(Tm*%))
BazY40o Er*t/ 2Hy1/0 = “Iisja 537/ 0.78  [19]
Tm3/ (Er*")/'Gy — Hs 482
Yb3+ (Trn3+)
BasY,40q Er*t/ 1G4 - °He 482/ 0.21  [19]
Tm3t/ (Tm3)/%S3,, — *1s, 560
yb3* 2 (Er*)
Y503 Ho®*/ 1G4 — °He 541/ 0.01  [41]
™m*/  (Tm®")/°F; - °Ig 490
Yb3+ (H03+)
Bi.g1M00Og Er*t/ 3Fy3 — °He (Tm>") 700/ 559  [42]
Tm*'/  2Hiye — “Lsse 525
Yb3* (Er*)
p'Gda(MoOy);  Er**/ *Fa—He 700/ 3.3 [431
Tm®*t/  (Tm®")/*Hs—>Hs 800
Y-b3+ (Tm3+)
Cawo4 Er3+/ 2H11/2(Er3+)/483/ 531/ 1.34  [44]
Yb3+/  2(Er3+) 553
Li+/
Nb5+

the present material BLW: Er/Tm/Yb has a better Sy and Sy at its
maximum points.

While coming to the FIR based on NTCL, there exist different
mathematical interpretations researchers use to interpret the FIR of
different emission bands of the same spectrum. Hence the Sy and Sg
could be entirely of different trends and sometimes could have constant
values in the entire temperature range [15,45-56] in the studies
depending on the mathematical interpretation. However, in the present
work, BLW:Er/Tm/Yb achieved maximum S, and Sg at 150 and 110 K,
respectively. Overall, the BLW:Er/Tm/Yb has interesting sensitivities in
the visible region at the cryogenic temperatures compared to other re-
ported systems in the literature.

Repeatability is one of the important aspects to be considered while
choosing sensing materials. Fig. 7 depicts the plot of FIR of BLW:Er/Tm/
Yb phosphor with the heating and cooling the sample for a couple of
cycles. The FIR and sensitivities showed excellent reversibility and sta-
bility ( < 4%) based on the FIR curves. The FIR curves in the cooling and
heating of first cycle almost resembles the second cycle within the range
of temperatures studies (30-300 °C) without any degradation or

Ceramics International 48 (2022) 31344-31353

Table 3
Temperature sensing characteristics of the FIR based on TCL and NTCL methods
in different lanthanide doped materials.

Composition Temperature Maximum Sensitivity Reference
range (K) SAKD)  Sp (%KD
FIR based on TCL
BLW:Er/Tm/Yb 30-300 0.0012 @ 42.7 @ 30 Present
190 K K work
SLA:Er/Yb0.1 15-300 0.024 @ 283@15K  [15]
300 K
YbNbO:Er*™ 100-280 0.0071 @ - [45]
220 K
YOF:Pr®* 90-300 0.00567 @ 9.4 @ 90K  [46]
380 K
LaF3Pr?" (Cpr =20 80-320 0.017 @ 3.1@80K  [47]
%) 320 K
Nag sBio sTiO3: 167-377 0.009 @ 6.14 @ [48]
Ho®>/Yb*t 167 K 167 K
CSMS:Eu?*/Tb3*+ 77-280 0.047 @ 0.6 @ 280 [49]
280 K K
TeO,-PbCl,-WOs: 100-300 0.0005 @ - [50]
Er** 100 k
FIR based on NTCL
BLW:Er/Tm/Yb 30-300 0.1737 @ 0.7278 at Present
(NTCL) 150 K 110K work
SrsMoOg:Eu®t/ 15-300 0.0029 @ 0.262 @ [51]
Tb3* 300 K 15K
CaF,:Eu®"/Tb>+ 21-300 - 0.4 [52]
(constant)
Gdy(MoOy)s: Eu®t/  80-450 - 0.52 @ [53]
Tb3* 300 K
LNO:Er**/Yb**+ 14-300 0.172 @ 548 @14K  [54]
210 K
YTiYb:Ho>*/ 100-300 0.057 @ - [55]
30Zn%t 300
YTiYb:Ho>*/ 100-300 0.0046 @ - [55]
20Zn*" 260
Y,05:Er®t/Yb3+ 150-300 - 1.57 [56]

(constant)

deviations. Thus, the material BLW:Er/Tm/Yb phosphor tends to exhibit
constant sensitivity in the cryogenic temperature range with minimum
deviation and good repeatability.

3.5. CIE coordinates at cryogenic temperatures

Fig. 8 shows the temperature dependent variation in CIE coordinates
of the tri-doped BLW:Er/Tm/Yb in the range 30-300 K. A significant
color change from greenish yellow to yellow with increase in tempera-
ture can be seen in the CIE graph. But the considerable resolution in xy
values starting from 90 K. And the values calculated were relatively
similar to that of Philips-hue- color values [57].

4. Conclusions

Aurivillius family perovskite bismuth lanthanum tungstate (BLW)
doped with two activators (Er>* and Tm3") and a sensitizer (Yb>*) that
are well known for their upconversion efficiencies were prepared and
characterized. The structural and morphological results indicate the
formation of pure phase material without any impure phases. Upcon-
version (UC) spectra of the tri-doped BLW show five significant UC
bands, two individually from two activator ions and one as a convoluted
UC band with contribution from both Er®t and Tm®* ions. The tem-
perature dependence of the integrated intensity of UC bands follow the
modified Arrhenius equation and the ratios were thus theoretically fit
accordingly. One thermally coupled (TCL) related FIR has been identi-
fied in E1‘3+ UC related to 2H11/2 - 4115/2/453/2 - 4115/2 which has been
fit through Boltzmann’s distribution law and all the other FIRs are non-
thermally coupled (NTCL). Totally eight NTCL FIRs (one for each acti-
vator ion and six for the combination) have been fit using modified
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Fig. 7. Fluorescence intensity ratio for the integrated intensities of peaks at 525 nm/545 nm in BLW:Er/Tm/Yb phosphor materials as a function of temperature in

repeated cycles in the temperature range 30-300 °C.

B BLWE mYb(30K) dempeenes x y

B BLW-ErTmYb(50K) X)

B BLW-EMmYb(70K)

B BLW-ErTmYb(90K) 30 0.3586 0.5811

BLW:ErTmY b(120K)

B BLWETmYb(150K) 50 0.3391 0.5958

B BLW:ErTmYb(180K)

B BLW:ErTmYb(220K) 70 0.3413 0.5944

B BLW:ErTmYb(260K) 50 T T

- 35¢ E
120 03348 0.6055
150 0.352 0.5852
180 0.3587 0.5782
220 03674 0.5698
260 0.3893 0.5643
300 0.4032 0.5467

Fig. 8. CIE chromaticity diagram with color coordinates of BLW: ErTm/Yb as a function of temperature in the range 30-300 K (Table show the respective x,y values).
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Arrhenius equation. In the present study it has been found that in the tri-
doped BLW phosphor material, TCL based FIR of Er’* (0.43 % K1)
achieved the highest relative sensitivity at 300 K compared to NTCL
based FIR while energy transfer and quenching mechanisms among the
activator ions making the NTCL based FIR less sensitive. Repeatability of
the TCL based FIR was also checked and it showed minimum deviation
from one cycle to that other proving the materials ability for practical
purposes in cryogenic temperature range.
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