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1. Introduction

High-sensitivity optical thermometer based on the
luminescence of divalent and trivalent thulium
ions in CaAl,0,:.Tm?*/3>* operating in cryogenic
and high temperature rangest

Rajashree Panda,i® Mitrabhanu Behera,#* Mahesha Hegde,® R. Arun Kumar, (2 *2°
Gunasekaran Venugopal,© Przemystaw Wozny,? Kevin Soler-Carracedo® and
Marcin Runowski®

Blue-emitting calcium dialuminate (CaAl;O;) phosphor doped with thulium ions was prepared via
a microwave-assisted combustion synthesis route for the first time, and a phosphor-in-glass (P-i-G)
structure was fabricated. The samples crystallized in the monoclinic structure were validated
through the powder X-ray diffraction studies. A wide bandgap of 4.60 eV was observed in the
CaAl, O Tm3* phosphor. Upon excitation at 359 nm, the Ca(l_X)Al407:O.O3Tm3+ sample generated a
bright blue emission around 459 nm that was ascribed to the D, — 3F,4 transition of Tm®*. The
temperature-dependent measurements (—180 to 300 °C) revealed the presence of Tm?>* ions as a
broad-band emission centered around 500 nm at cryogenic temperatures. The unusual enhancement
in the signal intensity of Tm>" with varying temperature could be beneficial for general lighting
technology and LED devices. Owing to the diverse thermal quenching rates and thermalization
processes of Tm?* and Tm>* emissions, we were able to develop a highly sensitive, multi-parameter
(ratiometric) luminescent thermometer that operated in the cryogenic to high temperature range.
The highest relative sensitivity (nearly 2% K™!) was achieved for the 448/500 nm luminescence
intensity ratio, which was associated with the Stark components of 4f-4f emission of Tm** and d-f
emission of Tm?*.

Phosphor materials are potentially involved in developing several
lighting devices, such as fluorescent lamps, phosphor-converted

Luminescence, which is the phenomena of conversion of energy
into light upon excitation with different types of luminescent
sources, has led to the development of diverse phosphor materials.
Advancements in developing high-quality luminescent materials
have gained much attention for utilization in various fields owing
to their unique characteristics, such as improved luminescence
efficiency, enhanced thermal stability, and cost-effective operation.*
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white light emitting diodes (pc-wLEDSs), displays, optical thermo-
metry, and self-reference optical thermometers.>® Rare earth
(RE)-doped phosphors are commonly employed in solid-state
lighting technologies to fabricate high-energy, efficient, durable,
environment-friendly, sustainable and human-centric sustain-
able lighting sources. Another extensively investigated area for
RE-doped phosphor applications is luminescence thermometry,
which is a technique that enables remote detection of tempera-
ture by monitoring thermal evolution of the selected spectro-
scopic parameters.

The mostly used approach to produce white light is by
amalgamating blue LED with yellow phosphor. However, this
approach faces some drawbacks such as low color rendering
index (CRI) and high correlated color temperature (CCT). Moreover,
the blue component present in the white light generated via this
approach affects the human body clock and poses an increased risk
for diseases, such as damages to the endocrine system, sleep
disorders and eye diseases.'>> In order to avoid the above-
mentioned issues, the near UV (nUV)-driven wLEDs (ie. n-UV

This journal is © The Royal Society of Chemistry 2025
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LED chips with red-, green- and blue-emitting phosphor-based
wLEDSs) can act as an efficient alternative.

LEDs are expected to be fabricated using luminescent mate-
rials with better thermal stabilities. Temperature-dependent
photoluminescence analysis are performed to confirm the
fitness of phosphor materials in several applications. Thermal
stability is a property related to the chemical composition and
crystal structure rigidity of inorganic phosphors in the tem-
perature range of interest.'®'* An increase in the operating
temperature affects the PL intensity of several phosphor mate-
rials. This phenomenon can be termed as ‘thermal quenching’,
which occurs due to an increase in the number of non-radiative
relaxations. Therefore, researchers are interested in developing
phosphor materials that aid in mitigating the emission losses
with the enhancements in operation temperatures. The anti-
thermal quenching mechanism results in the delay of positive
thermal quenching, zero thermal quenching, or abnormal
quenching.’>'® If the emission peak has a combination of
any two thermal quenching mechanisms, it can be utilized
for several applications. There is a high demand to prepare
blue-emitting phosphor materials that meet the criterion of
high thermal stability, a longer life-span and excellent lumi-
nous efficiency to achieve sustainable luminescent materials.

It is crucial to choose efficient host and activator combina-
tions to develop luminescence material. RE ions can serve as
potential candidate activators, due to their 4f-4f and 4f-5d
transition. Owing to the numerous applications in visible and
infrared regions, the evolution of thulium-based phosphor mate-
rial holds significant importance. For developing blue-emitting
phosphor materials, it is necessary to explore new dopant ions. In
this context, Tm*" ion can be chosen as a suitable activator ion
due to its spectroscopic advantages, simplest energy level and
efficient blue emission in the visible region. Thulium ion possess
several emissions corresponding to transitions such as 'D, — 3F,,
D, - 3Py, 15 —» *H, and 'G, — *H,."”

The host plays an important role in realizing an efficient
phosphor material through the establishment of a wide band-
gap, high optical transparency, and excellent lumen output.
Among the host materials available for the RE doped phosphor
material, calcium dialuminate holds significant interest due to
its excellent properties. Calcium dialuminate crystallizes in
monoclinic structure having a C2/c space group. Calcium
dialuminate (CaAl,0,) has two crystallographic sites: Ca and
Al. The calcium site is surrounded by five oxygen atoms.
Aluminum has two inequivalent sites connected with four
oxygen atoms and forms an AlO, tetrahedral structure. The
Tm?*" ions seem to occupy one six-coordinated Ca site of the
three available sites in monoclinic CaAl,O-. In the monoclinic
CaAl,O; structure, there are two six coordinated sites available
with an average Ca-O distance of 2.40 A and one nine coordi-
nated site available with an average Ca-O distance of 2.58 A.
The six-coordinate site Ca-O average distance is shorter for
Tm?** compared with the nine-coordinated site Ca-O average
distance. This prefers the substitution of Tm** in the nine-
coordinated Ca®" site. For coordination number six and nine,
the sum of the ionic radii of Tm*" and O*>~ are 2.43 and 2.49 A,
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respectively. This declares the probable occupation of Tm** in a
nine-coordinated Ca site. In case of Tm®*, the sum of the ionic
radii of Tm*" and O®~ are 2.28 and 2.45 A for six and nine
coordinated sites, respectively. This supports the substitution
of Tm*" in the six-coordinated Ca>" site in CaAl,O,.

Phosphor-in-glass (P-i-G) structures have become a feasible
and efficient alternative for lighting applications and have
evolved as an effective technology. Owing to the difficulties faced
in P-i-S, the P-i-G structure has some limelight.'® The phosphors
that are integrated in P-i-G structures will function as a down
converter that will absorb the energy of lower wavelength and
emit in higher wavelength and the glass matrix offers thermal
and mechanical stabilities to the phosphor material, enabling it
to preserve the luminescence properties of the phosphor mate-
rial and it possesses high transparency.'®*°

As temperature is the most important physical parameter,
its constant and online control is critical, leading to the growing
interest in luminescence thermometry, i.e. non-invasive and
rapid detection of temperature.*** Inorganic materials doped
with various lanthanide (Ln) ions are the most commonly
applied in optical temperature sensing owing to their unique
electronic structure, thermalization of states and multicolor
emission.>® The following Ln ions are typically used for lumines-
cence thermometry: Nd**, Pr**, Er** and Tm®". This is because
they have thermally coupled levels (excited states) separated with
a smaller energy difference with AE = 200-2000 cm ™" and hence,
this property of temperature-dependent luminescence intensity
ratio (LIR) is convenient for temperature detection.”’ However,
the inherent drawback in this approach is their limited relative
sensitivity to AE, as well as issues with calibration within
extreme temperature ranges (beyond Boltzmann’s law).>*?®

Here, we address these issues and develop a novel strategy
for temperature detection based on simultaneous emission
of the rarely observed Tm>" ions combined with PL of Tm*".
Since there is no literature data pertaining to the synthesis
of Tm**-doped CaAl,O, phosphor, this motivated us to prepare
an efficient blue emitting phosphor material through the
microwave-assisted combustion route, and the fabrication of
a P-i-G structure based on phosphor. The structural, vibra-
tional, morphology and spectroscopic characteristics analysis
were explored and reported in a systematic manner to under-
stand the efficiency of the material for the lighting application.
Temperature-dependent PL analysis (—180 to 300 °C) was
performed to explore the thermal stability and temperature
sensing performance of the material. We developed a novel
ratiometric luminescent thermometer operating from a cryo-
genic to high temperature range with high sensitivity, reaching
almost 2% K ' thanks to diverse thermal quenching rates
and thermalization processes of Tm** and Tm®" emissions.
This was possible by applying the 448/500 nm luminescence
intensity ratio associated with the Stark component of Tm**
4f-4f emission and d-f emission of Tm?*. Moreover, the unu-
sual enhancement in the signal intensity with temperature may
be very beneficial in the potential utilization of the obtained
phosphors in LED devices, as well as in general lighting
technology.
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2. Experimental strategy

2.1. Synthesis of phosphor and fabrication of P-i-G material

2.1.1. Precursors required for the preparation of phosphor
materials. Precursors such as calcium nitrate (Ca(NOs),),
aluminum nitrate (Al(NOj3);), thulium oxide (Tm,0;), urea and
nitric acid were taken as starting materials. Nitric acid was used
for the conversion of thulium oxide to thulium nitrate. All the
chemicals were of high purity. In the process, the metal nitrates
act as oxidizing agents. Fuel such as urea acts as a reducing
agent that facilitates the combustion reaction. The precursors
were taken in stoichiometric proportion to help the yield of the
desirable phosphor materials homogenously. The following
reaction was used to prepare nano-phosphor materials:

(1—x)Ca(NO;), + 4Al(NO;); + (O/F) NH,CONH, + xTm(NO3); —
Ca(;_nAlO;:xTm*" + CO, 1 + H,0 T + N,

where (O/F) represents the oxidizer-to-fuel ratio, ‘x’ is the
dopant concentration, where x = 0.0075, 0.01, 0.03, 0.05, 0.07,
and 0.09 mol.

2.1.2. Synthesis procedure. The microwave-assisted com-
bustion synthesis route was used to synthesize single-phased
thulium doped calcium dialuminate (Ca(l,x)Al4O7:me3+,
0.0075 < x < 0.09) phosphor material. In general, the main
aspect influencing the dimensionality of the resultant sample is
the synthesis route and the various steps involved in it. The
straightforward, cost-effective, and simple synthesis strategy
involved in the microwave-assisted synthesis route renders it
convenient for the preparation of phosphor materials. First, all
the precursors in the metal nitrate form were dissolved with
distilled water in a beaker. The solution was stirred with the
help of a glass stirrer to obtain a homogeneous solution. Then,
urea was added to the solution and stirred continuously.
Subsequently, the solution was heated for a shorter span of
time with the help of a hot plate to yield a gel-like solution. The
beaker loaded with the gel-like substance was placed inside the
microwave oven operating at 900 W programmed for 5 min.
Combustion of the material occurred within a short period of
time and the product was foamy. The foamy material was
harvested, ground, and annealed with the help of a high
temperature furnace operating at temperature at 1000 °C for
2 h. The resultant phosphor material was yielded in a powder
form and scrutinized using structural and spectroscopic
characterizations.

2.1.3. Fabrication of P-i-G structure. P-i-G material was
fabricated by taking a specially designed borate-based glass
system and the optimized CaAl,O,:Tm>" phosphor. First, the
borate-based glass system was prepared through the melt-
quenching method. Then, the glass was ground to a fine
powder using a ball mill set-up. A desired amount of the glass
and phosphor powder were taken and thoroughly mixed in a
ball-mill set up. Subsequently, the phosphor and glass mixture
were transferred to a recrystallized alumina crucible of high
purity and was kept inside a furnace maintained at a high
temperature for a fixed duration. The molten mixture was
poured on a brass plate which was heated in another furnace
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operating at 400 °C. Then, the furnace was cooled down to
room temperature and the resultant P-i-G solid was obtained.
This substance was polished and cut into desired shape for
further characterization and analysis (Fig. 3d).

2.2. Characterization

Powder X-ray diffraction (XRD) patterns of all the samples were
recorded using a Bruker D8 advance X-ray spectrometer by
maintaining the step-size of 0.020° involving CuK, (4 =
1.5406 A) radiation between 10-70° for structural analysis.
The XRD pattern of fabricated P-i-G was recorded using a
Bruker D8 advance X-ray spectrometer between 10-80°. The
refinement of the data concerning the lattice parameter of the
Tm*" doped CaAl,0, sample was acquired from the Rietveld
analysis. A Fourier transform infrared (FTIR) spectrum of the
sample was recorded using a Bruker ALPHA II FTIR spectro-
photometer. JASCO V-770 ultraviolet-visible (UV-VIS) spectro-
meter was used to record the absorption spectra of the prepared
samples. Scanning electron microscopy (SEM) study was per-
formed with the help of a FEI Quanta 250 field emission gun
(FEG) scanning electron microscope with an energy dispersive
analysis by X-ray (EDAX) detector. X-ray photoelectron spectro-
scopy (XPS) analysis was done using the UHV SPECS system
equipped with an Mg anode as an electron source. The spec-
trum’s position was calibrated for the binding energy of the C
1s orbital for the C-C chemical state (284.8 eV). In order to
explore the luminescence properties, the excitation and emis-
sion spectra of the phosphor material were captured using a
spectro-fluorimeter (model F-7000 FL spectrophotometer)
equipped with a 150 W xenon lamp as the excitation source.
PL decay curve of the prepared sample was recorded using a
QuantaMaster 40 spectrophotometer equipped with a tunable
energy laser Oppolette 355LD UVDM as the excitation source
and Hamamatsu 928 photomultiplier as the detector (with
repetition 20 Hz). Temperature-dependent PL measurements
were performed using a Linkam THMS 600 temperature-
controlled system. The fabricated P-i-G was polished using an
Indfurr glass polisher.

3. Results and discussion

3.1. Structural analysis

The phase formation and crystallinity of the pure calcium
dialuminate and Tm®" doped calcium dialuminate samples
were examined by analyzing the powder XRD patterns
(Fig. 1(a)). The XRD peaks of each sample were well-matched
with the standard JCPDS card no. - 023-1037 and crystallize in
the monoclinic system possessing the space group of C2/c.”**”
A small peak at 30° is observed that can be ascertained to
aluminate. The volumetric fraction was less than 2%. With the
variation of Tm** dopant concentration between 0.0075 to 0.09
mol, the diffraction peaks in the XRD pattern are in well-
agreement with the JCPDS data that demonstrates the for-
mation of the expected crystalline phase. There was no impact
on the crystal structure of the material upon the introduction of

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) Powder XRD patterns of pure CaAl;O; and Tm>*-doped CaAl,O, phosphor along with data of the JCPDS card 023-1037 (b) Refinement
pattern of Tm** (3 mol%)-doped CaAl,O, phosphor (c) Crystal structure of calcium dialuminate along with the Ca ion bonded with five oxygen and
tetrahedral AlO,. (d) XRD pattern of CaAl,O7:Tm** (0.03)-based phosphor-in-glass (P-i-G) structure.

the dopant (Tm®") ion. A slight shift towards higher angles
(decrease in the interplanar spacing) of the recorded diffraction
peaks is perceived for Tm*" doped CaAl,0, samples as the
concentration increases from 0.0075 mol to 0.09 mol compared

This journal is © The Royal Society of Chemistry 2025

with pure calcium dialuminate. This is because of the smaller
ionic radii (0.88 A) of Tm®* ions replacing the larger Ca®>" ions
(1.00 A), leading to a small decrease in the unit cell volume. The
coordination number for the mentioned cations is VI.
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To find the accurate site for the substitution of Tm** ion in
the host matrix, it is essential to deduce the radius percentage
difference (D,%) between the cations involved. In accordance
with the ionic radii of Ca** (1.00 A), AI** (0.53 A), and Tm*"
(0.88 A) ions, the substitution of a Tm®" ion in calcium ion site
is anticipated. In case of site occupancy, the effective ionic radii
of Ca*" is 1.18 A (CN = 9) and the ionic radii of Tm?>" are 1.09 A
(CN =9) and 1.03 A (CN = 6). Due to the similar ionic radii, the
substitution of Tm** in the Ca®>" site is expected. However,
computation of D,% is crucial to determine the exact substitu-
tion of Tm®" ion in the host. D% was determined using the
following formula®®:

[Ri(CN) — R4(CN)]
Ry(CN)

D:(%) = x 100 (1)

where in Ry indicates the ionic radii of the cation sites present in
the host and R4 shows the ionic radii of the dopant. The value of
D% should not be more than 30% for the preferential
substitution.>® The observed D,% values for the Ca®>*/Tm** pair
and AP*/Tm®" pairs are 12% and —66.03%, respectively. These
findings indicated that the Tm** ions are predicted to replace the
six coordinated Ca®' site in the CaAl,0, host. The D.% value for
the Ca**/Tm”* pair is 7.62%. This demonstrates the possible
substitution of Tm?" in the nine-coordinated Ca*" site of CaAl,O5.
For the resultant phosphor material, the Rietveld profile fitting
was performed by adopting the Fullprof software using the crystal-
lographic data of pure calcium dialuminate and XRD data of
Cag;—yAlLO,:xTm*, x = 0.03 phosphor and (Fig. 1(b)). During the
refinement procedure, the pseudo-Voigt function was chosen for
the profile shape refinement. Throughout the refinement process,
parameters such as scale factor, atomic positions, background,
instrumental parameters, peak shape parameters, atomic occu-
pancy and the lattice parameters were fitted. In Fig. 1(b), the black
solid line signifies the calculated data and the red dotted line
indicates the observed data experimentally. The refined para-
meters are shown in the Table 1. The obtained refined parameters
and results are well matched with the standard data. It is observed
that the sample crystallizes in monoclinic structure. From the
refinement data, the following conclusions are drawn: (i) a
decrease in unit cell volume is perceived for the Tm>" doped
calcium dialuminate sample compared to the pure CaAl,0, sug-
gests the successful incorporation of Tm** ion in the Ca*" site; (ii)
the slight mismatch in the ionic radii of Ca®" (1.00 A) and Tm*"
(0.88 A) ions also favor the replacement of Ca** by Tm** ions.

Table1l Refinement parameters of pure and Ca(l,X)Al4O7:me3+, x=0.03
sample

Lattice parameters Pure CaAl,0,%° CaAl,0,:Tm*"
a(A) 12.89 12.88

b (A) 8.89 8.88

c(A) 5.44 5.43

a=7(9) 90 90

=09 106.93 107.01

Unit cell volume (A%) 596.47 595.87
Crystal structure Monoclinic Monoclinic
Space group C2/c C2/c

8780 | J Mater. Chem. C, 2025,13, 8776-8791
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To acquire a deeper knowledge about the nature of environ-
ment within the crystal, the crystal structure of CaAl,O, was
drawn using the refinement data through the Vesta software
(Fig. 1(c)). In CaAl,0-, there is one Ca*" site that exists which is
denoted as Cal (Fig. 1(c)). There are two inequivalent aluminum
sites such as Al1 and Al2 as mentioned in the diagram. The AI**
ions are connected with four oxygen ions, thereby manifesting
the AlO, tetrahedral arrangement.

To estimate the crystallite size (D) of the sample, Scherrer’s
eqn (2) was employed by considering the main diffraction peak
(311).%°

kA
b= Bcos0 2)

where /, f3, and 0 designate the X-ray wavelength, full-width-at-
half-maximum and the Bragg’s angle, and k is Scherrer’s
constant of 0.94. The estimated crystallite size of pure and
Tm*'-doped calcium dialuminate samples are presented in
Table S1 in the ESI.t The computed crystallite size is between
38-44 nm.

Due to the very similar ionic radii, the Tm>" ions have the
probability to substitute in the calcium site, which aid in the
creation of interstitial oxygen defects and calcium vacancies as
a result of charge imbalance. In accordance with the Kroger—
Vink notation, the probable situations for charge compensation
are described as follows:*!

2Tm*" + 3Ca>" — [Vga]” + 2[Tmc,]* 3)
2Ca%" 4 2Tm*" — 2[Tmc,|" + O/ (4)

where [Vc,] signifies the calcium vacancy comprising two
negative charges and O; indicates the oxygen defect with two
negative charges.

The XRD pattern of the CaAl,0,:Tm’" (0.03) based P-i-G
structure was recorded in the 260 range of 10-80° (Fig. 1(d)). The
broad nature in the lower angle of the XRD pattern demon-
strates the dominating amorphous nature in the fabricated P-i-
G. The absence of the characteristic diffraction peak of Ca-
Al,0,;Tm*" (0.03) phosphor material is mainly due to the
incorporation of a minimal amount of the phosphor material
in the P-i-G structure.

3.2. Surface morphology and elemental composition

To analyze the morphology of the prepared samples, an SEM
study of CaAl,0,:Tm>" (3 mol%) was recorded (Fig. 2(a)). The
SEM picture reveals that the morphology of the sample possesses
a small portion of pores and voids which can be generated from
the gases liberated during the combustion process (Fig. 2(a)).
The morphology of the sample is a plate-like structure. The
average particle size was estimated as ~11 pum using ImageJ
software and the normal particle size distribution plot.

The elemental composition of the prepared sample can be
understood by recording the EDAX spectra. The EDAX spectra
of CaAl,0,:Tm*" (3 mol%) detected peaks associated with Ca,
Al, O and Tm (Fig. 2(b)). The weight percentage of Ca, Al, O and
Tm were 18.05, 37.25, 43.16 and 1.54%, respectively (Table inset

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) SEM image, (b) EDAX spectra (c—f) elemental analysis of CaAlO7:Tm** (3 mol%).

of Fig. 2(b)). The expected weight% of each element matched
well with the obtained weight% through EDAX analysis. This
affirms the presence of the elements in the stoichiometric
amount in the yielded phosphor material. The elemental map-
pings of these elements are depicted in Fig. 2(c—f). This reveals
the presence and homogeneous distribution of Ca, Al, O and
Tm elements in the prepared phosphor.

3.3. FT-IR spectral analysis

An FT-IR study was conducted to examine the vibrational
bands that can be found in the material and determine the
phonon energies using the versatile KBr pellet technique. The
FT-IR spectra of the Caj_Al,07:xTm’" (x = 0.05) sample was
collected between 4000-400 cm™ " wavenumbers (Fig. 3(a)). The
spectra illustrate the vibrational bands that are located around

This journal is © The Royal Society of Chemistry 2025

3443 and 1454 cm ! which are appear as a result of stretching
and bending vibrations of ~-OH and CO;>~ groups that are
triggered by the moisture present in the sample evolved during
the sample preparation time. The constant region in the range
3300-1500 cm™" does not contain any peaks since no appro-
priate bond is present in the material that is characteristic of
that region. The peaks situated at 532, 634 and 802 cm ' are
associated with Al-O bonding, and stretching and bending of
the AlO, tetrahedral functional groups, respectively.”” Hence,
the maximum phonon energy for the material studied is

around 800 cm ™.

3.4. UV-vis absorption analysis

Fig. 3(b) elucidates the absorbance spectra of Ca(;_Al,07:xTm>"
(x = 0.03) phosphor material between 200-800 nm to investigate

J. Mater. Chem. C, 2025,13, 8776-8791 | 8781
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the absorption characteristics and optical bandgap of the material.
The resultant sample shows remarkable absorbance bands
between 350-800 nm that can be assigned to the 4f-4f transitions
of the Tm®" ion. The absorption at 359, 470, 688 and 791 nm are
assigned to the transition from the ground state *Hj to the excited
energy state 'D,, 'Gy, °F3, and *H,, respectively of the Tm®" ion.*>
The intense absorption peak at 221 nm has mainly arisen due to
the host absorption band. The bandgap of the sample can be
computed by employing Tauc relation between the absorption co-
efficient and the bandgap in accordance with eqn (5).**

(5)

where in «, hv, Eg, and A are the absorption coefficient, photon
energy, bandgap and a constant, respectively. The parameter ‘n’
has values of 1/2 (allowed indirect), 2 (allowed direct), 3/2
(forbidden indirect) and 3 (forbidden direct) demonstrating
the nature of the bandgap. Fig. 3(c) illustrates Tauc plot of Tm>*
ion doped calcium dialuminate phosphor material. The band-
gap of the sample is computed to be 4.60 eV.

(chv)'" = A (hv — Ey)

3.5. PL spectral analysis of CaAl,0,:Tm*" phosphor

3.5.1. Excitation spectra of CaAl,0,:Tm*" phosphor. For
assessing the viability of the resultant phosphor material in
various lighting applications, the PL measurement is a key
criterion to be understood. The PL excitation spectra of the
Ca(l,x)A1407:x’l“m3+ (x = 0.03) phosphor were collected between

8782 | J Mater. Chem. C, 2025,13, 8776-8791

200-400 nm with the emission wavelength set at 459 nm
(Fig. 4(a)). The excitation peaks are centered around 262, 275,
286 and 359 nm, because of the 4f-4f intra-configurational
transitions that are assigned to the electronic transitions of the
Tm*" ions from their ground state (*Hg) to various excited states
such as *P,, °Py, "I, and 'D,, respectively.>*** The most promi-
nent excitation peak around 359 nm shows that it can be
employed to record the emission spectra of the sample. As a
result, the specified phosphor is effectively excited by the near
ultra-violet (NUV) light source. All the excitation peaks that are
detected in the NUV region are in better agreement with the
features observed in the absorbance spectra of the material.
3.5.2. Emission spectra of CaAl,0,:Tm** phosphor. The
energy level diagram of Tm®* ions can be employed to under-
stand the emission spectra characteristics of the resulting
phosphor materials. Upon 359 nm excitation, the electrons
available in the ground state (*Hg) are prompted to the higher
energy levels (°P,, *P;, 'I5, and 'D,) by absorbing the excitation
energy from the light source. After reaching the higher excited
energy levels, the excited electrons relax to the lower excited
state non-radiatively and then revert to the ground state
(*D,-F,) and emit visible light (Fig. 4(b)). The shaded rectan-
gular area denotes the position of the excited 4f**5d* configu-
ration of Tm?*, which will be discussed in the next section.
The emission characteristics of all the doped samples i.e.,
Cag_yAlLO,:xTm®" (0.0075 < x < 0.09) phosphors are

This journal is © The Royal Society of Chemistry 2025
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understood by analyzing the PL emission spectra. The emission
spectra of the resultant phosphors are documented with the
excitation wavelength maintained at the optimal level of 359 nm
in ambient temperature (Fig. 4(c)). The resulting emission
spectra of all the phosphors have emission peak around
459 nm associated with the 'D,~*F, transition (Tm*" ions) and
the peak at 678 nm can be attributed to *F,~*Hg transitions
(Tm®* ions).>*?” Splitting in the emission peaks is perceived
because of the Stark effect and the strong crystal field effect.
The emission spectra for all dopant concentrations of the
designated phosphor (Ca(;_Al,0,:xTm*’, 0.0075 < x < 0.09)

This journal is © The Royal Society of Chemistry 2025

were displayed in Fig. 4(c) to demonstrate the effect of concen-
tration on the intensity of the signature peaks of Tm*" ions.
From Fig. 4(c), it is evident that upon increment in Tm*" ion
concentration, there is an enhancement in the PL emission
intensity up to 3 mol%. However, on further increase in Tm>*
ion concentration, the intensity of the characteristic peak
follows a diminishing trend owing to the mechanism of
concentration quenching. The concentration quenching
mechanism is mainly because of the non-radiative energy
transfer that rely on the critical distance (R.) i.e., the distance
between neighboring activator ions. With an increment in Tm**
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ion concentration, the separation among the nearest ions tend
to decrease, which leads to a stronger interaction between the
neighbouring ions, thereby strengthening the non-radiative
energy transfer process. There are three phenomena that are
accountable for the non-radiative energy transfer*®: (i) radiation
reabsorption; (ii) exchange interaction; and (iii) multipolar
interaction. Radiation reabsorption comes into picture if there
is spectral overlap between the excitation and emission spectra.
However, by considering the critical distance (R.) calculation,
the possibility of the other two mechanisms ie. exchange
interaction and multipolar interaction can be assessed. The
exchange interaction mechanism occurs if the critical distance
between the activator ions becomes less than 5 A and multi-
polar interaction occurs when the R, value exceeds 5 A. To
understand the mechanism accountable for the non-radiative
energy transfer process among the neighboring activator ions,
the R, was deduced using following formula®’:

v F .

Re=2 {41[ch

where V is the unit cell volume of the resultant sample, x. is the
critical concentration of the sample, and N is the number of
cation sites that are available per unit cell. By adopting eqn (6),
the critical distance was 21.1 A. Since the critical distance is
higher than 5 A, the multipolar interaction is the cause for
concentration quenching.

The multipolar interaction is of three types: dipole-dipole,
dipole-quadrupole and quadrupole-quadrupole interactions. Dex-
ter’s theory helps to infer the nature of interaction that exist between
the neighboring activator ions using the following equation:**™**

L k[0t ) )

where I denotes the emission intensity, while K and f are considered
as constant. S value of 6, 8 and 10 inform the nature of the
multipolar interaction. The S value was evaluated as 4.07 from the
slope of the plot of log (Z/x) vs. log (x) (Fig. 4(d)). Since this value is
closer to 6, it suggests that the non-radiative energy transfer in the
resultant sample is due to the dipole-dipole interactions.
However, the concentration quenching mechanism can be
further explained based on the charge compensation model.
The Tm®" ions are dispersed throughout the CaAl,0, host
matrix when the Tm®" ion concentration is low. The distance
between the activator ions decreases with increasing dopant
concentration. When the dopant concentration increases to a
level that exceeds the critical concentration, the energy transfer
phenomena may not follow eqn (6).** Charge neutrality mecha-
nism can have two possibilities as discussed in Section 3.1.
The expected substitution of Tm*" ion in the calcium site is
determined from D;% computation. Upon the substitution, two
types of defects will be generated that act as the electron
capture center. The calcium vacancy with two negative charges
([Vca]”) will create the dipole complex comprising defects as
(2[Tmca]*[Vca]”) upon the substitution of Tm*" in Ca®" site.
Along with this, the second type of defect will be generated by
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the interstitial anion i.e. some of the oxygen atoms will reside in
the interstitial site due to the creation of a dipole complex of
(2[Tmc,]"—0";). These lattice defects act like an electron trap-
ping center. During PL, the activated electrons move from the
ground state to higher excited states when the phosphor
material is excited with the excitation source, and some part
of electron will get trapped in the electron trapping center. The
energy transfer process will occur between the Tm*" ions and
the trapping centers. During the transition of the excited
electrons back to the ground state, these trapped electrons will
not participate in the luminescence process, which reduces the
luminescence intensity in the emission spectra of the sample.

3.5.3. PL decay time analysis. The PL decay time plot for all
the samples were recorded for the emission attributed to the
transition 'D,~*F, (Tm’" ion) with the emission wavelength at
459 nm and the excitation wavelength set at 359 nm. The decay
profiles could be fitted with the single exponential function
mentioned in eqn (8).**

I=A+Iyexp(—t/7) (8)

where in parameter / denotes the emission intensity at time ¢,
A is the fitting parameter (amplitude), T denotes the decay time,
and I, denotes the emission intensity at time ¢ = 0. The decay
curves were plotted for the samples with varying Tm** ion
concentrations (Fig. 4(e)). The decay time for all the samples
are between 7.11-3.61 ps. With the increase in Tm>" ion
concentration (0.0075, 0.01, 0.03, 0.05, 0.07, and 0.09), the
decay times shorten to 7.10, 7.11, 6.46, 5.11, 4.23 and 3.61 ps,
respectively. The lifetime gradually shortens with increasing
dopant concentration due to the concentration quenching
mainly governed by the cross-relaxation processes.

3.6. Colorimetric properties

Commision Internationale de I’éclairage (CIE) chromaticity co-
ordinates are significant elements to deduce the performance of
the phosphor material in lighting applications. Each point in the
CIE diagram can be termed as CIE chromaticity coordinates (x,
y), where x refers to the color of the emission and y represents
the saturation of the color. CIE chromaticity co-ordinates give an
insight about the particular color of emission from the source.
Chromaticity co-ordinates of the resultant phosphor material
can be determined from the CIE diagram which can be plotted
by adopting the PL emission data of the sample. The CIE
diagram of the Tm®" ion doped calcium dialuminate sample
(’I‘m3+ ion concentration = 0.0075, 0.01, 0.03, 0.05, 0.07, and 0.09)
showed that the emission color of the phosphor material was in
the blue region (Fig. 4(f)). The presence of the CIE co-ordinates
in the blue region illustrates the ability of the sample as a blue
emitting phosphor. The CIE co-ordinates for the synthesized
material is tabulated in Table S2 in the ESL{ The chromaticity
co-ordinates for the optimized phosphor (CaAl,0,:Tm>" (0.03))
was found to be x = 0.158, 0.054.

Correlated color temperature (CCT) of a material can be
defined as the color emitted from the test lighting source that
resemble a particular temperature on the black-body curve that

This journal is © The Royal Society of Chemistry 2025
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generates a specific color similar to the test lighting source.
CCT authenticates the warmness or coolness nature of the light
emitted from the source. The term ‘correlated’ comes into
picture because the emission color of the light source is
measured in kelvin to relate it with the temperature of a
black-body. The color temperature of a lighting source also
carries information on the appearance of the emitted color to a
normal human eye. By utilizing McCamy’s approximation as
mentioned in eqn (9), the correlated color temperature of the
sample can be estimated.>”*

COT = —4490° + 352507 — 6823 + 552033 n = F %)
(y _ye)
)

where (x, y) is the co-ordinate of the sample that is obtainable
from the CIE diagram and (x, y.) signifies the chromaticity
epicenter having the value of (0.186, 0.332). CCT values of the
prepared samples were computed with the variation in Tm®*
ion concentration (Table S2 in the ESIT). It is inferred that the
CCT value lies within 1620-1780 K for all the samples, which
denotes the emission in the warmer region. For the optimized
sample (0.03 mol of Tm*" ion), the CCT value was determined
to be 1623 K, which is desirable for practical applications.

To understand the applicability of a sample in lighting
technology, it is necessary to analyze the color purity of the
emitted color from the sample. Color purity is the extent to
which a color emitted from the light source resembles its hue. A
hue represents a pure color without mixing of tints and shades.
The hue of the color can be used to generate different colors of
tints and shades by adding an appropriate amount of white and
black color to it, respectively.

Color saturation or color purity can be determined by taking
the ratio of the distance between the CIE co-ordinate point of
the emitted light and the equal energy source and the distance
between the dominant wavelength point and the illuminant
energy point. By utilizing the formula mentioned in eqn (10),
the color purity of the sample can be established.*®

(x = Xee)H+( = yee)?

Col ity (%) = \/

oorpurly( u) \/(xde )2+(yd7y )2
€e €e

x 100 (10)

where in (x, ), (Xee, Yee) and (xq4, yq) indicates the chromaticity
co-ordinates, equal energy point co-ordinates and dominant
wavelength point, respectively. The determined color purity for
the optimized phosphor (CaAl,0,:Tm** (3 mol%)) of 91.96%
demonstrated the superior color purity of the sample.

3.7. Temperature-dependent PL study

Temperature-dependent PL measurements were performed for
the optimized phosphor CaAl,0,:Tm>" (0.03) in the tempera-
ture range from —180 to 300 °C, and it is depicted in Fig. 5(a).
From Fig. 5(a), it is clear that the position of the emission
bands in the spectra do not significantly change with tempera-
ture. However, both the intensity and shape of the bands vary
with temperature, leading to the gradual change of the

This journal is © The Royal Society of Chemistry 2025
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emission color from greenish-blue to deep-blue, as illustrated
in the CIE diagram in Fig. 5(b). The most evident phenomenon
is the appearance of the broad emission band between approxi-
mately 400 to 600 nm in the cryogenic T-range. This band is
associated with allowed inter-configurational d-f emission of
Tm>* (4f'>5d" — 4f"%), which can coexist together with Tm®>" in
the CaAl,0, material. This host and an SrAl,O, analogue are
both good stabilizers of divalent lanthanides ions.*”>" How-
ever, the available literature data mainly report on Eu®",
whereas this is the first report on stabilization of the rarely
observed Tm>" in the CaAl,O, material. Another spectroscopic
evidence of the presence of Tm>' is a thermally induced
enhancement of Tm*" emission bands, correlated with a sig-
nificant decrease in intensity of the broad-band emission of
Tm>" (Fig. 5(c)). The observed phenomena are associated with
thermalization processes between the excited 4f (D, state) and
4f*?5d" configurations of Tm*' and Tm®", respectively, as well
as differences in thermal quenching rates for the mentioned
emission. The approximated energy of the excited 4f'>5d’
configuration of Tm>* (deduced from the emission spectra) in
respect to the energies of the Tm>" excited states is given in the
energy level diagram discussed earlier (Fig. 4(b)). It is clear that
there is an equilibrium between the "D, state of Tm** and the
excited 4f">5d" configuration of Tm>*, which are energetically
close together. However, the excited configuration of Tm*" has
lower energy than the 'D, state of Tm*", resulting in a broad-
band emission of Tm** only in the cryogenic T-range. This is
because there is plausibly some thermal excitation of the
electrons from the excited 4f'>5d" configuration of Tm>" to
the 'D, state of Tm®" with temperature elevation, ie. a
temperature-induced interionic crossover,>” leading to dimin-
ished broad band emission and enhanced narrow-band emis-
sion of Tm>". On the other hand, the differences in thermal
quenching rates of the inter and intra-configurations transi-
tions may contribute to the observed effects as well. Addition-
ally, Fig. 5d shows the integrated intensities of the selected
Stark components of the 'D, — °F, transition as a function of
temperature, revealing the expected thermalization between
the high-energy (centered at =~448 nm) and low-energy
(~456 nm) crystal-filled components.

Due to the above-mentioned thermal effects, the intensity of
the blue emission band (450 nm) at 150 °C is approximately
115% of its intensity at room temperature. Such unusual
enhancement in the signal intensity may be very beneficial in
the potential utilization of the obtained phosphors in lighting
technology. For practical applicability, the operating tempera-
ture of the lighting source is 150 °C and the material is
considered to be a good candidate for a phosphor for lighting
technology when its intensity is at the indicated temperature of
around 75% (or higher) of the initial intensity at ambient
conditions. The superior performance of the developed mate-
rial makes it a promising candidate as a blue phosphor in
general lighting and LED technology.

To confirm the presence of Tm”>" in the synthesized mate-
rial, we investigated the XPS spectrum for CaAl,0,:Tm>"** from
0 to 1200 eV binding energy (Fig. S1a, ESIt) to confirm the
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Fig. 5 (a) Temperature-dependent PL spectra of CaAl,O7:Tm?*/3* (0.03) recorded in the T-range of —180 to 300 °C. (b) CIE color diagram based on the
temperature-dependent emission spectra. (c) Integrated emission intensities of Tm?* and Tm>* as a function of temperature. (d) Integrated emission
intensities of the selected Tm>* Stark components (:D, — 3F, transition) as a function of temperature.

presence of the Tm** and Tm®" in the synthesized material. In
the full spectrum range, we observed intense bands from O 1s,
Ca 2p, C 1s, and Al 2p orbitals (Fig. S1a, ESIT). Unfortunately,
the signal in the region of the Tm was not very intense due to
the very low content of Tm ion in the material (3%), and it can
be only observed in the magnified spectrum (Fig. S1b, ESIT). In
the magnified spectrum, we can clearly distinguish bands for
the Tm 4d orbital between 170-185 eV, which agrees with the
literature values for Tm*" ions.>® Only a small fraction of the
Tm?>" ions were reduced to a divalent Tm>" state in the material,
resulting in a very low content of Tm>*. Therefore, the signal
intensity of the Tm>" band was extremely low in the XPS
spectrum. Nonetheless, the visible bands between 165-170
eV, ie., the main band with a maximum at 166.9 eV and
satellite band at 168.8 eV, confirm the presence of the Tm>*
ion in the synthesized CaAl,0,:Tm?*"*" material.

We could determine several LIRs for various emission bands
thanks to the abundance of electronic transition in the studied
systems, as well as different temperature-dependent transition
probabilities, thermal quenching rates and thermalization
processes of the excited 4f ("D, state) and 4f'>5d" configura-
tions of Tm*" and Tm*", respectively. Fig. 6(a) shows thermal

8786 | J. Mater. Chem. C, 2025, 13, 8776-8791

evolution of the LIR parameters based on Tm®*" and Tm?"
emissions: 660 nm (Tm**)/500 nm (Tm**), 450 nm (Tm*")/
500 nm (Tm”") and 660 nm (Tm>")/450 nm (Tm?*"). Initially,
the 660/500 nm and 450/500 nm LIRs gradually increased with
temperature and then started to decrease above x~100 °C;
meanwhile, the latter LIR monotonically decreased in the
whole investigated T-range. Alternatively, we plotted LIRs based
on two Stark components of Tm>" emission band (456/448 nm),
which also monotonically decreased with temperatures
(Fig. 6b). The second LIR (448/500 nm) is based on a single
Stark component of Tm** emission (448 nm) and Tm** emis-
sion (500 nm), which initially increased with temperature, and
then began to decrease above 100 °C. Therefore, we only used
the temperature ranges where the given LIR parameter changes
in a monotonic way for fitting to ensure that the particular LIR
value corresponds to a single temperature value. Due to the
abundance of the possible temperature-governed radiative and
non-radiative processes, complexity of the studied two ions
system, contributions of alike thermal quenching and therma-
lization processes, and most importantly the lack of a well-
established physical model describing the temperature evolu-
tion of such a multivalent (Tm*~Tm®*) system, we used a

This journal is © The Royal Society of Chemistry 2025
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CaAl, O, Tm?*/3* material.

phenomenological (empirical) exponential functions to fit the
determined data LIR parameters as a function of temperature:

LIR = Aexp <g>

A similar protocol is typically applied in other literature
24,54-57

(11)

reports on non-Boltzmann luminescent thermometers.
The fitting parameters used and the goodness of fits (R*) are
listed in Table S3 in the ESI.{ Based on the thermal evolution of
the obtained fitting lines (curves) we determined the absolute
(Sa) and relative temperature sensitivity (S,) for the given LIR
thermometric parameter using the following formula:

LIR
S, :d

1 dLIR

In contrast to the S, parameter, the S, value allows quantita-
tive comparisons of the sensing performance of different optical
thermometers operating with different thermometer para-
meters, regardless of the optical setup used, and it is commonly

This journal is © The Royal Society of Chemistry 2025

expressed in % K '.** The S, value shows how the measured
spectroscopic parameter, LIR, changes per 1 K of the absolute
temperature. Both S, (0.165 K™') and S, (1.85% K ') are the
highest for the LIR 448/500 nm (Stark line of Tm®"/Tm*"), with
maxima at around 0 and —50 °C, respectively. This is due to a
significant decrease of Tm>" intensity with temperature and
enhancement of the high-energy Tm>" crystal-field component
caused by thermalization processes. The LIRs including the
emission of Tm>" allow detection at least from —180 °C up to
around 130 °C, because at higher temperatures these LIR para-
meters take the same values as those at lower temperature (the
derivative/sensitivity change sign from positive to negative or vice
versa), which could lead to the erroneous readouts. Hence, it is
recommended to use thermometric parameters exclusively
based on Tm** emissions for thermal sensing at higher tem-
peratures. The S; values of various thulium-containing tempera-
ture sensing materials are compared with the present material
under investigation (Table 2). It can be concluded that the
CaAl,0,:Tm>"** material exhibits appreciable performance and
it can operate between cryogenic and high temperatures. The
Tm®*/Tm** band intensity ratio shows better sensitivity than
other reported sensors solely based on Tm?*" ions.

J. Mater. Chem. C, 2025, 13, 8776-8791 | 8787
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Table 2 Comparison of the relative sensitivity (S;) of various temperature-
sensing material

Maximum relative
Temperature sensitivity (Sy)

Material range (K) (% K1) T[K] Ref.
YALO5:Tm?* 324 to 425  0.26 324 58
NaNbO,:Tm?** 303 to 343 0.8 303 59
BaMoO,:Tm>*'-Yb*" 298 to 498  1.36 309 60
Y,05:Tm*"/Yb** 224 to 798  1.01 341.79 61
Y,0,:Tm*", Eu** 303 to 503  0.46 303 62
LaPO,:Yb*'-Tm?*" 293 to 773 0.50 293 63
SrB,0,:Tm?" 13 to 180  1.48 82 64
CaAl,0,:Tm*®*  93t0573  1.85 223 This work

3.8. Blue emitting P-i-G structure

To assess the applicability and potential of the synthesized
phosphor material in the lighting industry, we fabricated the P-
i-G structure by taking the optimized Ca;_yAlO;:xTm’" (x =
0.03) phosphor and a specially designed borate glass system
(Fig. 3(d)). The fabricated P-i-G material was excited with nUV
excitation and emission occurred. This clearly states the uni-
form presence of phosphor material in the glass matrix.

To validate the suitability of the fabricated P-i-G for the
application, photometric quantities such as luminous efficacy
of radiation (LER) and luminous efficiency were computed by
recording the PL emission spectra of the fabricated P-i-G.

Luminous efficacy of radiation is a vital quantity which
denotes the percentage of visible radiation from the total light
emitted from the light source that can be perceived through a
normal human eye.

Luminous efficacy (LE) of radiation can be found by utilizing
eqn (14).%%%¢

LE = W X 6831Im W!

where in Is(1) denotes the emission spectra of the fabricated P-
i-G and V(1) signifies the spectra that corresponds to human
eye sensitivity. Here, 683 Im W' represents highest luminous
efficacy owing to the reason that a normal human eye has
maximum eye sensitivity at 555 nm.

LE of the sample can be computed using eqn (15).

(14)

Luminous efficacy

LE(%) = — 3 imw1

x 100 (15)
By using eqn (15) and (16), the luminous efficacy and
luminous efficiency of the fabricated P-i-G structure was deter-
mined to be 251.42 Im W' and 36.81%, respectively, which
validated the suitability of the fabricated P-i-G for application

in lighting devices.

4. Conclusions

Here, we show the first report on the simultaneous presence of
divalent and trivalent thulium ions (Tm>" and Tm®") in the
CaAl,O, material, i.e. structure which can stabilize lanthanide
ions at +2 and +3 oxidation states, as well as their great

8788 | J Mater. Chem. C, 2025,13, 8776-8791
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potential in luminescence thermometry and lighting technol-
ogy, due to temperature-induced signal enhancement and
opposite thermal evolution of intra-configurational (4f-4f)
and inter-configurational (5d-4f) transitions of thulium ions.
In this study, we successfully synthesized CaAl,0, phosphor
doped with thulium ions, exhibiting blue luminescence using a
microwave-assisted combustion method, which was further
used for the development of a P-i-G structure. The monoclinic
crystalline structure was confirmed through powder XRD, and a
wide bandgap of 4.60 eV was identified. The presence of Tm>*
and Tm®" in the synthesized material was confirmed through
the XPS study. Temperature-dependent measurements indi-
cated the presence of Tm** ions, with a notable broad-band
emission centered around 500 nm at cryogenic temperatures.
The enhancement of the Tm*®" signal intensity with increasing
temperature suggests potential applications in general lighting
technology and LED devices. Moreover, the different thermal
quenching rates and thermalization processes of Tm>" and
Tm*" emissions enabled the development of a highly sensitive,
multi-parameter ratiometric luminescent thermometer, effec-
tive across a wide temperature range from cryogenic conditions
to elevated temperatures. The highest thermal sensitivity of
almost 2% K™ was achieved for the luminescence intensity
ratio of 448/500 nm, linked to the Stark components of Tm>*
4f-4f emissions and the 5d-4f emissions of Tm>". These find-
ings highlight the potential of CaAl,0, material doped with
divalent and trivalent lanthanide ions as a promising, optically
active component in advanced photonic applications, optical
sensing and lighting technology.
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