Open Access Article. Published on 30 September 2025. Downloaded on 12/13/2025 6:29:41 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials
Advances

¥ ® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Mater. Adv., 2025,
6, 8400

Received 26th July 2025,
Accepted 28th September 2025

DOI: 10.1039/d5ma00810g
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phototherapeutic devices
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This investigation presents the synthesis and advanced spectroscopic characterization of Gd**-activated
CaMgSi,Og phosphors, synthesized via a high-temperature modified solid-state reaction method,
tailored for narrowband ultraviolet B (UVB) phototherapeutic applications. The strategic incorporation
of Gd** ions into the CaMgSi,Og host lattice yields intense, sharp emission at 314 nm, attributed to the
6P7,2 — 857/2 intra-configurational transition under 275 nm excitation. Photoluminescence (PL) studies
reveal five distinct 4f-4f and 4f-5d transitions, with the optimized composition, CaggsMg-
Si,04:0.05Gd>*, demonstrating superior emission intensity ideal for treating dermatological conditions
such as psoriasis. X-ray diffraction (XRD) analysis confirms a monoclinic crystal structure (space group
C2/c), corroborated by alignment with the International Centre for Diffraction Data (ICDD, #01-075-
0945), validating successful Gd** integration into the host matrix. Field-emission scanning electron
microscopy (FESEM) reveals refined surface morphologies, with average particle sizes of 0.433 um (pure)
and 0.36 um (x = 0.05 mol). Fourier transform infrared (FTIR) spectroscopy verifies the structural integrity
of the silicate matrix, while Diffuse reflectance spectroscopy (DRS) indicates a narrowed bandgap upon
Gd*" activation. Temperature-dependent PL (TDPL) and time-resolved PL (TRPL) analyses elucidate
exceptional thermal stability and efficient radiative energy transfer dynamics, respectively. These attri-
butes position Gd**-activated CaMgSi,Og as a highly promising candidate for next-generation, precise,
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1. Introduction

The quest for advanced luminescent materials in photothera-
peutic applications has gained significant momentum in recent
years, driven by the increasing need for precise, non-invasive,
and patient-centric treatments for chronic dermatological
conditions such as psoriasis, vitiligo, and eczema. A range of
phototherapeutic modalities is commercially available, each
tailored to specific wavelengths determined by the disease type,
patient body surface area, severity index, and safety considera-
tions. These therapies employ diverse light and laser sources,
including ultraviolet (UV), visible, and infrared (IR) wave-
lengths, each operating through distinct mechanisms of action,
as outlined in Table 1. Among these, narrowband ultraviolet B
(UVB) radiation, considered as a first-line treatment, span-
ning 311-315 nm, has demonstrated exceptional efficacy in
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and portable phototherapy devices, advancing dermatological treatment efficacy.

modulating immune responses and enhancing DNA repair
mechanisms in keratinocytes and T-cells, thereby alleviating
inflammatory symptoms associated with autoimmune skin
disorders."™ In this context, phosphor-converted UVB light
sources provide notable advantages over traditional excimer
lasers and mercury-based fluorescent lamps, offering superior
spectral selectivity, reduced thermal output, extended opera-
tional lifetimes, and enhanced design flexibility.*”

Rare-earth (RE)-activated phosphors have emerged as pro-
mising candidates for such applications owing to their sharp
emission lines, high quantum yields, long lifetimes, and resis-
tance to thermal and chemical degradation.'’ Among various
RE ions, trivalent gadolinium (Gd*") is particularly attractive for
UVB emission due to its stable half-filled 4f” electronic configu-
ration, facilitating allowed °P,, — °S,, transitions centered
around ~313 nm."” This intraconfigurational transition is
minimally affected by the host environment, as the outer 5s
and 5p orbitals shield the 4f electrons. Consequently, Gd**
exhibits high resistance to non-radiative decay, making it an
ideal activator ion for UV-emitting phosphors.”® However, due

© 2025 The Author(s). Published by the Royal Society of Chemistry
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to the parity-forbidden nature of f-f transitions, direct excita-
tion of Gd*" is often inefficient. Therefore, careful selection of
host lattices that can enhance energy transfer to Gd** through
appropriate crystal field interactions and phonon dynamics is
essential to achieve efficient UV-luminescence.'*

Silicate-based hosts, particularly CaMgSi,Os (diopside), present
distinct advantages for luminescent applications. Diopside, a
calcium-magnesium silicate within the monoclinic clinopyr-
oxene family, is distinguished by its robust crystalline struc-
ture, exceptional thermal and chemical stability, and excellent
biocompatibility." Its adaptable lattice accommodates a diverse
array of RE activators with minimal lattice strain, ensuring
structural integrity and facilitating efficient substitution at Ca®*
sites.'® Additionally, the three-dimensional silicate framework
promotes efficient phonon-assisted energy transfer, enhancing
the sensitization of RE ions such as Gd**. Ling et al. explored the
incorporation of various activators into alkaline earth silicate
matrices, elucidating their luminescence properties.'”'® Further-
more, Kim et al.’s phase transformation studies on natural and
synthetic diopside underscored its potential across diverse
applications.'® Owing to these attributes, silicate-based phosphors
have garnered significant attention for use in solid-state lighting,
bioimaging, and biomedical implants.”>*"

The photoluminescence (PL) characteristics of Gd**-
activated materials have been investigated in several host
matrices. For instance, Ilya et al. reported efficient UVB emis-
sion at 313 nm in Gd*'-activated NaYF, phosphors, with
enhancements observed upon co-doping with Eu**.>> Surender
Kumar et al. synthesized Gd*"-activated ZnO nanostructures
exhibiting broad visible emission centered around 418 nm,
demonstrating their utility in photocatalysis.>®> Dubey et al.
studied Gd*"-activated Y,0; phosphors under 254 nm excita-
tion and reported red emission at 613 nm due to energy
migration pathways involving defect states.>* The reports on
Gd*" activation in the KYF, matrix show that its luminescence,
which arises from f-f transitions, is insensitive to the structural
changes. Additionally, Park et al. demonstrated improved
charge transport and energy level alignment in perovskite solar
cells using Gd*'-activated SnO, electron transport layers.”®
These findings highlight the multifunctionality of Gd** as an
optical and electronic modifier, although its direct utility for
UVB emission in silicate hosts remains inadequately explored.

The landscape of phototherapy is rapidly evolving toward
compact, wearable, and patient-centered solutions. Recent
innovations include flexible phototherapeutic patches or ban-
dages that incorporate phosphor particles within polymeric
matrices, allowing localized and controlled UVB irradiation.?®
Such innovative devices offer increased comfort, enable at-
home treatment, and reduce side effects such as erythema
and photodamage by delivering narrowly confined therapeutic
wavelengths.”” Incorporating Gd**-activated UVB phosphors
into the polymeric systems holds the potential to enhance
clinical outcomes, particularly in the treatment of psoriasis,
where narrowband UVB is considered a customary standard.>®

In this study, we report the synthesis and spectroscopic
characterization of Cal,ngSizos:de3+ (0.00< x < 0.10 mol)
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phosphors synthesized via a modified solid-state reaction
method. The emphasis is laid on optimizing the Gd*" concen-
tration for optimum UVB emission intensity, evaluating host-
activator interactions, and elucidating the underlying energy
transfer mechanisms through photoluminescence excitation
(PLE), PL emission, temperature-dependent PL (TDPL) spectro-
scopy, and time-resolved PL (TRPL) spectroscopy. Additionally,
the work shows a pathway for designing personalized, portable
phototherapeutic devices.

2. Experimental section

2.1. Synthesis of the phosphor

The Ca;_,MgSi,0s:xGd*>" phosphor series (x = 0, 0.02, 0.05,
0.07, and 0.10 mol) was synthesized via a high-temperature
modified solid-state reaction, a cost-effective and reproducible
method. High-purity precursors such as CaO (99.99%), MgO
(99.99%), SiO, (99.99%), and Gd,O3 (99.99%) were used with-
out further purification. The reaction is represented as:

4Ca0 + 4MgO + 8Si0, + 2Gd,0; — 4CaMgSi,04:xGd>" + 30,1

(1)

Stoichiometric amounts of precursors were weighed, with
CaO adjusted based on Gd*" concentration due to the substitu-
tion of Gd** (ionic radius: 1.05 A) for Ca®* (1.12 A). The mixture
was ground in an agate mortar for 60 minutes to ensure
homogeneity and then transferred to an alumina boat. As
represented in Fig. 1, sintering was performed in a tubular
furnace at 1300 °C for 180 minutes (heating rate: 5.42 °C min ™)
under an air atmosphere. After reaching room temperature, the
resulting white powder was ground and stored for characterization.

2.2. Characterization

The synthesized phosphors were characterized using multiple
techniques. Phase purity was confirmed using a Panalytical
X-Pert powder diffractometer with CuKa radiation (2 = 1.5406 A)
over a 20 range of 20-80°. Ultraviolet-visible (UV-Vis) diffuse
reflectance spectroscopy (Analytik Jena Specord 210 Plus, 200-
1200 nm) was used to determine absorption and band gap
properties. Fourier Transform Infrared (FTIR) spectroscopy
(Bruker Alpha-II) was conducted on 2 mm thick pellets (phos-

phor: KBr ratio = 1:9) in transmission mode (400-4000 cm ™",

%
8
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2 cm~ ' resolution, 6 scans) to analyze vibrational modes.
Photoluminescence (PL) excitation and emission spectra were
recorded using a Hitachi F-4700 fluorescence spectrophot-
ometer (200-900 nm). Temperature-dependent PL (TDPL) and
time-resolved PL (TRPL) measurements were performed on a
Horiba Fluorolog-3 spectrofluorometer to assess thermal stabi-
lity and decay dynamics. All measurements were conducted at
room temperature (25 °C) unless specified.

3. Results and discussion

3.1. Structural and morphological characterization

The XRD patterns shown in Fig. 2(a) confirmed the monoclinic
structure (space group C2/c) of Ca;_MgSi,0g:xGd** with x = 0,
0.02, 0.05, 0.07, and 0.10 mol, with lattice parameters a =
9.7100 A, b = 8.8900 A, ¢ = 5.2400 A, and V = 435.17 A%. Minor
impurity peaks of strontium oxide were observed but deemed
negligible due to their low intensity. The incorporation of Gd**
into Ca”" sites induced a slight lattice strain, evidenced by a
peak shift from 29.99° to 30.03°. The proposed crystalline
structure of the optimized phosphor is shown in Fig. 2(b).
It consists of chains of SiO, tetrahedra connected by calcium
(Ca) and magnesium (Mg) sites. These chains are characteris-
tics of the pyroxene group of minerals. Calcium and magne-
sium are present in cubic and octahedral sites in the
corresponding matrix. Due to comparable ionic radii of Gd**
(1.05 A) and Ca®" (1.12 A) ions, it usually replaces the cubic site
in the CaMgSi, O matrix.

For a detailed analysis of the XRD peaks, Rietveld refine-
ment analysis was carried out for the main phase of the
synthesized sample, as shown in Fig. S1.

FE-SEM micrographs shown in Fig. 2(c and d) reveal flaky,
layered morphologies with non-uniform particle size, and
accumulation is present in some regions of the micrograph.
The accumulation obtained from the results in the micro-
graphs is due to the tendency of particles of the material to
achieve a lower energy state by reducing the superficial area.
The average particle sizes obtained were 0.433 pm (pure) and
0.36 um (x = 0.05 mol), represented in the inset of Fig. 2(c and
d). The EDX spectrum shown in Fig. 2(e) confirmed the
presence of Ca, Mg, Si, O, and Gd, aligning with the expected
stoichiometry.

o Natural
Grind Heat 3 Cooling
Treatment £ 5
g ——)
5 P
Tah " fime (n)
CE———
i 4mmmmmm  Final Product
Ca;MgSi,0¢:xGd*

Fig. 1 High-temperature modified solid-state synthesis procedure of Ca;_,MgSi»Og:xGd** (x = 0, 0.02, 0.05, 0.07, and 0.10 mol).
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Caq.,MgSi,0g:xGdS*
X =0, 0.02, 0.05,0.07, 0.1 mol

-]

® Sr4017gCaz 6gMdg 67 ——0.05Gd**

Counts

——0.02Gd**

—0Gd**
AAAMa. e A i ~

ICDD Card # 01-075-0945

30 40 50 60
2 Theta (Degree)

1702 03 ot 06 OB 07 04
Particle Size (um)

Fig. 2 (a) XRD patterns of Ca;_,MgSi,Oe:xGd>* phosphor series. (b) Crystallographic structure of the host matrix, (c) and (d) FE-SEM micrographs of the
pure and optimum phosphor with the insets showing the average particle size plot, and (e) EDX data of the optimized Cag 55sMgSi>-0g:0.05Gd** phosphor

with atomic and weight percentage of its elements shown in inset table.

3.2. Diffuse reflectance spectroscopy (DRS) and optical band
structure analysis

DRS is a powerful and non-destructive optical characterization
technique employed to analyze both qualitative and quantitative
aspects of the electronic and, in some cases, vibrational transi-
tions in powder or polycrystalline materials.

It involves the irradiation of a sample with electromagnetic
radiation in the UV-Visible-IR regions, followed by the measure-
ment of diffusely reflected light intensity as a function of
wavelength. The resulting spectrum reflects the electronic
transitions and band structure features intrinsic to the
material.>® In the current investigation, DRS was employed to
explore the optical absorption properties of the pure CaMg-
Si,O¢ host and its Gd*'-activated derivatives, as shown in
Fig. 3(b and c). The DRS spectrum of the pure CaMgSi,Oq
sample reveals strong absorption in the deep-to-far ultraviolet
region (200-375 nm), while exhibiting minimal absorption in
the visible range. This behavior confirms that the host matrix
possesses a wide band gap suitable for activator ion emission,
especially in the UVB region. The sample calcined at 1300 °C
exhibited a sharp absorption edge at approximately 350 nm
corresponding to a band gap of ~3.54 eV, shown in Fig. 3(a).

DRS spectra of Gd**-activated samples (x = 0.02, 0.05, 0.07,
and 0.10 mol) show significant spectral evolution with increas-
ing activator concentration. Fig. 3(a) reveals a prominent blue
shift in the absorption edge, shrinking up to ~328 nm (3.78 eV)
for the 0.05 mol Gd**-activated sample. The observed spectral
shift is attributed to the introduction of intermediate electronic
states within the band gap, coupled with enhanced photon
absorption in the ultraviolet (UV) region. This phenomenon
significantly improves the excitation efficiency of Gd*' ions,
enabling more effective energy transfer and luminescence
performance.

© 2025 The Author(s). Published by the Royal Society of Chemistry

The optical band gap (E,) was determined using the
Kubelka-Munk (K-M) function, which relates the diffuse reflec-
tance (R) to the absorption coefficient via the equation:

(1-R)

FR) ="

(2)

The modified K-M function, suitable for indirect transi-
tions, is plotted as (F(R) x hv)"? versus photon energy (hv).
Extrapolation of the linear region to the photon energy axis
yields the optical band gap. The estimated E, values were 3.33 eV
for the pure and 3.28 eV for the optimized Gd**-activated phosphor,
indicating a slight narrowing of the band gap upon activator
incorporation, shown in the inset of Fig. 3(b and c).

The observed modulation of the band gap arises from
perturbations in the electronic structure induced by the sub-
stitutional incorporation of Gd** ions.>® With its half-filled 4f”
configuration, Gd*" features 4f orbitals shielded by 5d* and 6s>
orbitals. As a result, 4f — 4f transitions are parity-forbidden
and inherently weak, occurring primarily in the vacuum UV
range (~170-200 nm). In contrast, 4f — 5d transitions are
parity-allowed, facilitating robust absorption in the UV region.
Furthermore, the integration of Gd** ions introduces defect
states or localized distortions within the host matrix, which
shift the absorption edge and enable photon absorption at
lower energies. This structural and electronic interplay
enhances the material’s luminescence properties, underscoring
its potential for advanced phototherapeutic applications.

Specific absorption transitions associated with Gd** ions
were also evident in the absorption plot, as shown in Fig. 3(a).
Transitions such as *S;, — °G,(215-225 nm), ®S;,, — °D; (238-
260 nm), and ®S;, — °I; (260-280 nm; peak at 275 nm) were
clearly resolved.*"** The pronounced absorption at 275 nm is
particularly significant due to its alignment with excitation

Mater. Adv,, 2025, 6, 8400-8413 | 8403
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Fig. 3 (a) UV-Vis absorption spectrum of the Ca;_,MgSi,Og:xGd** phosphor with x = 0 and x = 0.05 mol, representing the energy level transitions
available for the emission. (b) and (c) Reflectance spectra with the Kubelka—Munk band gap energy calculations (inset). (d) Urbach energy plot and its

energy parameters (inset) for the synthesized phosphor.

wavelengths commonly used for UV-pumped photonic applica-
tions, confirming efficient absorption and energy transfer in
the optimized composition.

To evaluate the degree of structural disorder and the
presence of defect states in the materials, Urbach energy (E.,)
was calculated. The Urbach tail describes the exponential edge
of the absorption band, which arises due to localized states in
the band gap induced by structural disorder or thermal vibra-
tions. The relationship between the absorption coefficient ()
and photon energy (hv) is given by:

hvy

E
lnoc:Fu—E(‘j—Hnoco

®)

This expression follows a linear form (y = mx + ¢), where the
slope (1/E,) is inversely proportional to the Urbach energy.*®
The plot of In(«) vs. hv yields a straight line, from which the E,
value was extracted, as shown in Fig. 3(d). For the optimized
Cao,gsMgSiZO(,:O.OSGd“ phosphor, the calculated Urbach
energy was 0.8648 eV, indicating relatively low structural dis-
order and high crystallinity. A lower E, value indicates a
sharper absorption edge, reduced defect density, and improved
structural ordering, all of which are critical factors for efficient
PL performance.

The observed broad absorption profile with a significant tail
toward lower photon energies further supports the existence of
intermediate defect states or localized trap levels introduced
due to Gd*" activation. These defect states can play a vital role

8404 | Mater. Adv, 2025, 6, 8400-8413

in non-radiative relaxation processes and affect the PL quan-
tum yield. The controlled introduction of such states is essen-
tial for tuning emission intensity and decay dynamics in RE-
activated phosphors.

As a whole, the DRS analysis confirms that Gd** ions are
successfully incorporated into the CaMgSi,Og lattice and influ-
ence the host’s electronic structure by introducing intermediate
states, narrowing the band gap, and enhancing UV absorption
capability, an outcome highly desirable for UV-excitable phos-
phors for lighting and display technologies.>*

3.3. Fourier transform infrared (FTIR) spectroscopic analysis

FTIR spectroscopy was employed to identify the functional
groups and assess the local chemical environment of the
synthesized Ca;_,MgSi,O6:xGd>" phosphor. FTIR is an indis-
pensable vibrational spectroscopic technique that utilizes mid-
infrared radiation (4000-400 cm™') to probe the vibrational
modes of molecular bonds within a material. When the energy
of incident IR photons matches the vibrational energy levels of
specific chemical bonds, those bonds absorb the radiation,
giving rise to characteristic absorption peaks. These peaks
correspond to stretching, bending, and other vibrational
transitions of functional groups, thus enabling qualitative
and, in some cases, semi-quantitative chemical analysis.>”

In this study, the FTIR spectra were recorded in the trans-
mission mode over the spectral range of 4000-400 cm ™' with
a resolution of 2 cm™'. For optimal spectral acquisition,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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pelletized samples were prepared by homogenizing the phos-
phor powder with spectroscopic-grade potassium bromide
(KBr) in a 1:9 weight ratio and compressing the mixture into
2 mm thick translucent discs under vacuum.

The acquired spectra consist of two distinct regions I and II,
viz. the functional group region (3700-1531 ecm™ '), which pri-
marily reveals surface-bound or residual organic and adsorbed
species, and the fingerprint region (1300-400 cm™"), which
provides detailed information about the primary silicate frame-
work and cation-oxygen coordination within the host lattice.
The details of the two regions are described in the latter
subsections.

3.3.1. Functional group region. In the functional group
region, several identifiable vibrational bands were observed,
as represented in Fig. 4. The broad absorption band around
3700 cm ™' is attributed to O-H stretching vibrations, indicative
of surface-adsorbed moisture or hydroxyl species. The absorp-
tion band near 2927 cm ' corresponds to the asymmetric
stretching mode of aliphatic C-H groups, often originating
from trace organic residues or environmental exposure during
sample handling. A band at 2342 cm ™' is associated with the
stretching vibration of atmospheric CO, (O—C=0), which may
be adsorbed onto the surface or incorporated in minor quan-
tities during sample preparation. The peak at 1722 cm™ " is
assigned to C—=O stretching vibrations, while the 1531 cm™'
peak is ascribed to asymmetric stretching of carboxylate
(COO™) groups, possibly originating from residual precursors
or incomplete decomposition during synthesis. The presence of
these bands indicates trace impurities or surface species that
are typically eliminated upon high-temperature calcination but
may persist in trace amounts due to chemisorption or kinetic
trapping.*®

3.3.2. Fingerprint region. The fingerprint region provides
insights into the silicate lattice framework and metal-oxygen
bonding in the Ca,_,MgSi,0s:xGd>" phosphors. As shown in
Fig. 4, notable vibrational bands include the following: (i) a
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Fig. 4 FTIR data plot of the synthesized CaggsMgSi»0g:0.05Gd**
phosphor.
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prominent peak at 1078 cm™ ", characteristic of Si-O-Si sym-
metric stretching vibrations within SiO, tetrahedra, where the
bonds move in and out simultaneously relative to the central
silicon atom.*” (ii) A band at 855 cm™ ', attributed to Si-O
asymmetric stretching modes. In this vibrational mode, one
bond lengthens while the other shortens, typical of bridging
oxygen atoms between adjacent SiO, tetrahedra. (iii) The 647 cm ™"
band corresponds to O-Si-O bending vibrations, further confirm-
ing the integrity of the silicate network. Bending modes typically
require lower excitation energies than stretching modes due to
reduced bond stiffness. (iv) A weaker and broader band spanning
the 518-460 cm™ ' region is indicative of O-Mg-O non-bridging
bending vibrations, which arise due to the localized distortion
around the Mg®* coordination environment. Interestingly, the
expected vibrational feature associated with O-Ca-O bending
modes, typically observed near 420 cm™ ', was absent or too weak
to be resolved. This absence may be attributed to the relatively low
content of CaO in the synthesized matrix or its partial substitution
by Gd*" ions.

3.3.3. Bonding environment and site occupation. The
vibrational evidence suggests that Gd*" ions in the diopside
lattice may not occupy their typical tetrahedral sites but are
instead stabilized in distorted or irregular cubic coordination
due to the synthesis conditions. The Ca-O bonding is inferred
to be predominantly covalent in nature, supported by the high
covalency of bonds indicated by the absence of distinct ionic
vibrations in the lower spectral region. Moreover, the substitu-
tion of Gd*' for Ca®" is structurally favorable due to their
comparable ionic radii (Ca?* = 1.12 A; Gd*" = 1.05 A, both in
8-fold coordination) and is further facilitated by the similar
charge balance and local coordination preferences. The lack of
distortion-related bands or major shifts in the silicate frame-
work peaks indicates that Gd*>* incorporation does not signifi-
cantly disrupt the host lattice symmetry or connectivity.*®

3.4. Luminescence studies

3.4.1. Photoluminescence excitation (PLE) spectroscopy.
PLE spectroscopy is a powerful optical characterization tool
that provides detailed insight into the electronic energy levels
of luminescent materials, especially those with inherently weak
absorption. It is particularly advantageous due to its superior
signal-to-noise ratio compared to conventional absorption spectro-
scopy. PLE spectra are acquired by monitoring the emission
intensity at a fixed wavelength while scanning a range of excitation
wavelengths. The resulting spectral features correspond to the
energy levels responsible for the excitation of valence electrons.

In the current study, the excitation spectra of the pure
CaMgSi,0¢ host were recorded by monitoring the emission at
332 nm, shown in Fig. 5(a). The excitation band extended from
245 to 300 nm, with a prominent maximum at 262 nm,
indicating strong absorption in the UVC region (200-285 nm).
This excitation facilitates photon emission in the UVA, region
(320-340 nm), verifying that the host matrix possesses intrinsic
self-luminescence properties in the near-UV region.

To improve excitation efficiency and explore potential UVB-
emitting applications, the host matrix was activated with Gd**
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Fig. 5 (a) and (b) PLE and (c) and (d) PL plots of the pure (x = 0) and Ca;_yMgSi,Og:xGd>* (x = 0.02, 0.05, 0.07, and 0.10 mol) phosphor.

ions at varying concentrations (x = 0.02, 0.05, 0.07, and
0.10 mol). Fig. 5(b) reveals that upon Gd** incorporation,
significant changes in the excitation spectra were observed.
The PLE spectra for the Gd**-activated CaMgSi,Os phosphor
revealed two principal excitation bands, viz., a broadband
absorption extending from 240 to 270 nm with a maximum at
261 nm, attributed primarily to host-related charge transfer or
band-to-band transitions, and a sharp and intense excitation
peak centered at 275 nm, corresponding to the °S,, — ®Iy1),
transition of Gd*" ions.

An additional shoulder at ~253 nm is associated with the
°D, excitation levels of Gd*', overlapping the host absorption
band. Although the transition ®S;, — °G; (expected at
~202 nm) is allowed, its corresponding band was not observed,
likely due to weak intensity and significant noise interference
in the vacuum UV region.*®

The onset of the excitation edge for both pure and Gd**-
activated CaMgSi,Oq remained unchanged at 240 nm. However,
the slight blue shift in the excitation maxima from 262 nm
(pure) to 261 nm (Gd>*-activated) implies a subtle alteration in
the conduction band structure induced by Gd*" substitution.
The overlapping of the host and Gd*" excitation bands suggests
efficient energy transfer from the host lattice to the Gd**
centers, effectively sensitizing the desired °I; excited states.*’

The narrow, intense, and well-defined peak at 275 nm (270-
280 nm range) is directly attributed to Gd** ion excitation and
is responsible for the dominant UVB emission at 314 nm.

8406 | Mater. Adv, 2025, 6, 8400-8413

This 275 nm excitation was selected for subsequent PL emis-
sion studies, as the 261 nm band was found to yield a broader
and less intense emission in the UVA, region.

3.4.2. Photoluminescence (PL) spectroscopy. PL spectro-
scopy probes the light-emitting behavior of materials upon
excitation by an external photon source. It is a non-
destructive, highly sensitive, and widely used technique for
exploring luminescence mechanisms and defect-related emis-
sion in functional materials.*!

PL measurements in Fig. 5(c) showed that excitation at
262 nm resulted in a broad and weak emission band centered
at 332 nm, attributed to intrinsic luminescence from the host
matrix. This weak band likely arises from defect-related states
such as oxygen vacancies, cation site disorder (Ca** or Mg**), or
non-stoichiometric deviations. Based on the PLE and DRS
analyses, the optimized excitation wavelength of 275 nm was
chosen to study the PL response of Gd**-activated CaMgSi,Oq
phosphors. Under 275 nm excitation, the PL emission spectra
exhibited an intense and narrow emission peak at 314 nm
for varied activator concentration phosphors corresponding to
the spin-allowed °p,, — B5S,, transition of Gd*' ions** as
represented in Fig. 5(d).

The emission profile is characteristic of Gd** ions and
confirms efficient energy transfer and radiative relaxation from
the °P; state. The full width at half maximum (FWHM) of
the 314 nm emission was found to be 6.22 nm, indicating
a sharp and spectrally pure transition, as shown in Fig. 6(a).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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analysis by using Van Uitert's study.

Such narrow emission bandwidths are indicative of a well-
ordered lattice with minimal inhomogeneous broadening or
defect-induced perturbations.

Upon increasing the Gd*" concentration from x = 0.02 to
0.10 mol, the PL emission intensity at 314 nm first increased,
reaching a maximum at x = 0.05, and then decreased beyond
this optimum value plotted in Fig. 6(b). This behavior is
attributed to concentration quenching, wherein non-radiative
energy transfer mechanisms, such as cross-relaxation and
energy migration to quenching sites, become dominant at
higher activator concentrations.*’ Below the threshold (x <
0.05), Gd** ions are well-separated, minimizing these non-
radiative interactions and promoting efficient radiative transi-
tions. Several potential Gd**-related transitions were examined
based on reported energy level schemes, as shown in Fig. 6(c):

(i) °G; — °I;and °G; — °D, transitions are expected to emit in
the IR region (~762 nm and ~1000 nm, respectively); however,
these transitions were not detected in the current work due to their
weak oscillator strengths and instrumental spectral limitations.

(ii) °G; — °S;,, transitions, emitting around 200 nm, require
hosts transparent above ~ 50000 cm™* and were not supported
by the chosen silicate matrix.

(iii) °P; — ®S,), transition at 314 nm was the most prominent
and observable, consistent with literature reports for Gd*'-
activated phosphors.

The configurational coordinate diagram (CCD) for the Gd**
ion, as represented in Fig. 6(d), is drawn to understand the
Stokes shift phenomenon, absorption or emission band tem-
perature dependency, and, most importantly, the thermal
quenching phenomenon of the Gd*' ion precisely.** The
temperature-dependent behavior of Gd** ions, particularly the

© 2025 The Author(s). Published by the Royal Society of Chemistry

thermal quenching phenomenon, has been meticulously char-
acterized. Under ultraviolet (UV) excitation, Gd** ions transition
from the ground state, °S,,, to the excited state, GPJ, as depicted
by the A — B process. At the excited state (B), electrons lose a
portion of their energy through lattice vibrations, relaxing non-
radiatively to the equilibrium position (C). The subsequent
radiative emission occurs via the C — D transition, followed
by relaxation from D — A, returning to the ground state. The
energy difference between the absorption and emission bands,
known as the Stokes shift, is measured at 0.56 eV. As the
temperature rises, electrons in the °P; state gain sufficient
thermal energy to cross the intersection point (E) in the CCD,
returning to the ground state non-radiatively. This process,
governed by the activation energy (E,), results in the quenching
of PL intensity. Moreover, elevated temperatures enhance elec-
tron-phonon coupling, altering the equilibrium positions of
the excited and ground state potential energy curves. This
modification induces a shift in emission toward both higher
and lower wavelength regions, reflecting the dynamic interplay
between thermal effects and luminescence properties.
Moreover, the overlapping of emission states between the
host matrix (332 nm) and the activator (314 nm) adds an
advantageous dual-luminescent characteristic to the phosphor,
although the host emission is strongly quenched due to effi-
cient Gd**-related processes. The substitution of Gd*" at Ca**
sites in the CaMgSi,O¢ lattice is structurally feasible. This
substitution necessitates charge compensation, which is pre-
sumably achieved via local activator clustering or formation of
associated defect pairs. The presence of such clusters is sup-
ported by the enhanced PL intensity and optimized energy
transfer efficiency observed at x = 0.05 Gd** concentration.*®
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Table 2 List of reported UVB-emitting phosphors

Sr. no Synthesis route Name of the phosphor Excitation Emission Ref.

1 Combustion synthesis CaYAL;O5:Gd** 272 307, 313 46

2 Hydrothermal synthesis Li,ZrFg:Gd** 273 312 47

3 Solid state synthesis S13(PO4),:1%Gd> 273 311, 313 48

4 Co-precipitation method CaS0,:Gd** 275 313 49

5 Solid-state synthesis CaMgSi,04:Gd*" 274 314 This work

The comparative study of the synthesized phosphor series with
other reports is mentioned in Table 2.

3.4.3. Radiative and non-radiative energy transfer mechan-
isms. The energy transfer mechanism was elucidated by con-
sidering both radiative and non-radiative processes. In the case
of radiative transfer, energy is emitted from the host matrix and
subsequently reabsorbed by nearby Gd*" ions. In contrast, non-
radiative transfer occurs without photon emission, relying
instead on Coulombic or exchange interactions.

To assess the influence of activator concentration on energy
transfer, the critical distance (R.) for Gd*'-Gd*" interactions
was estimated using the Blasse equation:

1
R. zZ( 3V )3
dnx N

where V= 435.17 A® is the volume of the unit cell, x. = 0.05 mol
is the optimal Gd** concentration, and N = 16 is the number of
cations per unit cell. Substituting these values yields a critical
distance of R. = 10.13 A. When the average distance between
activator ions falls below R., non-radiative energy transfer
dominates, leading to luminescence quenching.

According to Dexter’s theory,” non-radiative energy transfer
occurs via three principal mechanisms, viz., radiative reabsorption,
exchange interaction, and electric multipolar interactions. Radia-
tion reabsorption occurs when there is spectral overlap between the
donor’s emission and the acceptor’s absorption. However, in the
current system, no significant overlap between the excitation and
emission spectra of Gd*" was observed, ruling out radiation
reabsorption. The exchange interaction mechanism involves the
quantum mechanical exchange of electrons and becomes signifi-
cant only when donor and acceptor wavefunctions overlap spatially.
It operates efficiently at short distances (typically <5 A). Given the
calculated R, (10.13 A), exchange interactions are unlikely in this
system. The electric multipolar interaction mechanism is dominant
at distances >5 A and includes dipole-dipole, dipole-quadrupole,
and quadrupole-quadrupole couplings. The nature of the multi-
polar interaction responsible for energy transfer and concentration
quenching was analyzed using Van Uitert’s formalism>":

(4)

Q -1
I =
Sk |14 p(x)3 )
Taking the logarithm of both sides gives:
! 0
log(—) =1 —=log>
og (Y) ogk 3 logx (6)
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1
Plotting log (;) vs. logx in Fig. 6(e) yields a straight line

with slope —Q/3. From the linear fit, the extracted value of
Q was 5.64, closely approximating 6. This corresponds to a
dipole-dipole interaction, confirming that the concentration
quenching observed at a higher Gd** content arises primarily
from electric dipole-dipole coupling between closely spaced
activator ions. As the Gd*' concentration increases, these
interactions intensify, facilitating non-radiative transitions via
cross-relaxation or phonon-assisted energy migration to killer
centers.””

Furthermore, the substitution of trivalent Gd*" ions into the
divalent Ca®" sites in the diopside matrix necessitates charge
compensation. This is likely achieved via the formation of
neutral clusters or associated defects, which may enhance or
hinder the energy transfer depending on their spatial arrange-
ment and interaction dynamics.

3.5. Temperature-dependent photoluminescence (TDPL)
spectroscopy

TDPL spectroscopy is a powerful method for elucidating the
fundamental optical and electronic behavior of phosphor
materials as a function of temperature. This technique enables
the assessment of carrier dynamics, exciton stability, energy
transfer efficiency, phonon-assisted deactivation, and defect-
related recombination mechanisms. With increasing tempera-
ture, thermal energy facilitates phonon-assisted processes that
can dissociate excitons and enhance non-radiative recombina-
tion channels, thereby altering both the intensity and spectral
position of PL emission.

The Gd*"-activated CaMgSi,O¢ phosphor series exhibited a
strong PL emission peak centered at 314 nm under 275 nm
excitation. To investigate the thermal stability, quenching
behavior, and electron-phonon coupling effects of the opti-
mized composition (CagosMgSi,06:0.05Gd*"), TDPL analysis
was performed in the range of 20 °C to 80 °C, as shown in
Fig. 7(a). Additionally, a minor spectral redshift of less than a
nanometer was observed in the emission peak position as the
temperature increased. The emission peak shifts were non-
linear for temperature, suggesting complex thermally induced
effects, including crystal lattice expansion or contraction and
variations in crystal field strength. These effects modify the
energy separation between the °P; and ®S; levels of Gd**, thereby
causing slight emission peak fluctuations. In silicate matrices,
the splitting of degenerate energy levels due to thermally
induced symmetry distortions can lead to observable shifts in
the emission band, consistent with the observed behavior.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) TDPL plot of optimized phosphor at different temperatures, (b) Variation of PL intensity with temperature, and (c) Activation energy

determination by the linear fitting method using the Arrhenius equation.

In the current study, Fig. 7(b) shows that TDPL measurements
of Cay0sMgSi,06:0.05Gd>" revealed that the emission intensity
increased slightly from room temperature up to ~25 °C and
subsequently decreased monotonically with further temperature
increase. The initial rise in intensity is often associated with the
release of trapped carriers or thermally activated defect recombi-
nation, which temporarily enhances radiative recombination
efficiency. However, at higher temperatures, increased lattice
vibrations (phonon population) dominate, intensifying the prob-
ability of non-radiative transitions via multi-phonon relaxation
or thermally activated quenching processes.”® This leads to a
reduction in the number of excited carriers available for
radiative recombination and hence a progressive decline in
PL intensity.

To quantitatively evaluate the thermal quenching behavior,
the experimental PL intensity data as a function of temperature
were analyzed using the modified Arrhenius model:

AEN]™
IT = IO |:1 + CeXp(—ﬁ)}
B

where I denotes the integrated PL intensity at temperature T,
I, is the PL intensity at the reference temperature (25 °C), AE is
the thermal activation energy, ¢ is a pre-exponential constant
given by tr/1o (Where 1 and 7, represent radiative and non-
radiative lifetimes, respectively), kg is the Boltzmann constant

)

© 2025 The Author(s). Published by the Royal Society of Chemistry

(8.629 x 107> eV K™ "), and T is the absolute temperature
in Kelvin.

The linearized form of the equation, In[(Iy/It) — 1] = (AE/kgT)
+In¢, was used to construct a plot of In[(Iy/It) — 1] vs. 1/kgT, as
shown in Fig. 7(c). The slope of the fitted line corresponds to
the thermal activation energy AE. The estimated activation
energy from the fit was found to be 0.03087 eV, indicating
moderate resistance to thermal quenching.>® This relatively low
value suggests that thermal energy (~ kgT) at elevated tempera-
tures facilitates non-radiative relaxation, yet the emission
retains appreciable intensity up to 80 °C, demonstrating
its suitability for near-UV optoelectronic or phototherapy
applications.>”

The observed quenching pattern and the activation energy
are in line with the behavior of other rare-earth-activated silicate
phosphors, where the robust host lattice and the shielding of 4f
electrons minimize the interaction of luminescent centers with
phonons.”® The silicate framework further contributes to struc-
tural rigidity and thermal stability, although complete suppres-
sion of quenching at elevated temperatures typically requires
compositional or structural optimization (e.g., host lattice mod-
ification or co-doping strategies).

3.6. Time-resolved photoluminescence (TRPL) analysis

To gain an in-depth understanding of the energy transfer dyna-
mics and luminescence decay mechanisms in the synthesized

Mater. Adv., 2025, 6, 8400-8413 | 8409
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fitted with the exponential fitting parameters represented in the inset.

Cal_,cMgSi206:de3+ phosphors, TRPL measurements were car-
ried out on the optimized composition (x = 0.05 mol). The TRPL
decay curve was recorded at an emission wavelength of 314 nm
following excitation at 275 nm using a pulsed source with a
chopping frequency of 10 Hz and an illumination duration of
60 seconds, as represented in Fig. 8. The decay profile reflects
the relaxation behavior of the excited Gd** ions, specifically the
p,,, — S, radiative transition.””

The decay curve exhibited a non-single exponential beha-
vior, indicative of multiple luminescent centers or relaxation
pathways. Hence, the experimental decay data were best fitted
using a tri-exponential decay model, described using the fol-

lowing equation:
®, .06

—
I(t) = I + A1e<”) + Ase + Aze (8)

where I(t) and I, represent the emission intensities at time ¢ and
zero, respectively; A;, A,, and A; are amplitude constants
corresponding to the fast, intermediate, and slow decay com-
ponents; and 14, 7,, and 75 are their respective lifetimes. The
average lifetime 7,,, of the phosphor was calculated using the
intensity-weighted mean lifetime formula:

(Al‘L'lz + A>t? + A3‘L'32)
(Alfl + Ayt + A3‘L’3)

©)

Tavg =

Substituting the fitted values yields an average lifetime of
3.45 ms, demonstrating long-lived emission behavior typically
associated with forbidden transitions in Gd** ions.

4. Flexible devices for phototherapy
using the narrowband UVB emitting
phosphor

Narrowband UVB phototherapy is recognized as a highly effec-
tive, safe, and targeted approach among all other treatment

8410 | Mater. Adv, 2025, 6, 8400-8413
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modalities for the treatment of numerous dermatological con-
ditions, including psoriasis, vitiligo, lichen sclerosus, atopic
dermatitis, chronic pruritus, etc.>®*° A wide array of photo-
therapeutic devices has been employed in clinical practice,
including fluorescent lamps, fiber-optic systems, infrared
lamps, excimer lasers, and phosphor-based LEDs.*°
the existing phototherapy instruments are large, bulky, non-
flexible, and expensive, generate more heat, and require profes-
sional operation for the treatment. Also, patients need to go to
the hospital every time due to longer cycle treatment, which
affects their mental, physical, and economic health conditions
badly. Therefore, it is of great significance to develop wearable
and flexible phototherapeutic devices to facilitate patients’
treatment in the community or at home. Such patient-centric,
non-invasive treatment solutions are needed for a significant
shift in the context of modern healthcare tools.®’ Limited
literature on this ideology has created a significant interest in
overcoming this research gap. In this research, we proposed an
innovative and smart idea of wearable and flexible phosphor-
based phototherapeutic devices for the treatment of skin diseases.
In order to fabricate such a device, Cag 05MgSi,06:0.05Gd>" phos-
phor can be blended with a polymer matrix such as polydimethyl-
siloxane (PDMS) or liquid silicone, which are known for their use
in biomedical applications.®> The proposed protocol for the
development of flexible bandages/patches and smart bands is
shown in the schematic of Fig. 9(a and b).

Furthermore, the smart band can also be integrated with a
timer to adjust the dosage time and an intensity controller to
prevent excessive exposure to UVB radiation. Additional
features, such as real-time feedback, memory backup, and
cloud integration for dermatologist monitoring, can also be
accessed via the mobile app by integrating sensing features into
the smart band.

The above-proposed flexible phototherapeutic devices can
provide ergonomic application on curved or jointed anatomical
regions, enhanced patient comfort, and self-administered use
in decentralized or home-care environments. The lightweight
design and ease of fabrication support scalability for broader
clinical adaptation, particularly in resource-limited settings.
With the integration of optimized rare-earth activated phos-
phors and flexible optoelectronic components, the proposed
prototype aligns with the emerging paradigm of wearable,
patient-centric, and intelligent phototherapy systems.>®®%%*
This approach not only ensures spectral precision but also

However,
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Fig. 9 Schematic diagram of the device fabrication protocol.
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opens up new pathways for personalized, low-risk, and energy-
efficient treatment strategies.

5. Conclusion

The Gd*'-activated CaMgSi,Os phosphors, synthesized via a
solid-state reaction, demonstrated exceptional potential as
narrowband UVB emitters for phototherapy. The optimized
composition  (CagosMgSi,06:0.05Gd>") exhibited intense,
narrow-band emission at 314 nm, driven by the °P,, — %S,
transition under 275 nm excitation. FTIR confirmed the silicate
matrix’s structural integrity, while DRS and PL analyses eluci-
dated the electronic and luminescence properties. TDPL and
TRPL studies highlighted the phosphor’s thermal stability and
efficient energy transfer, with a radiative lifetime of 3.45 ms.
The proposed device fabrication protocol, which integrates the
phosphor into flexible polymeric films, offers a practical path-
way for developing portable, patient-centric phototherapy
devices. These findings position Gd**-activated CaMgSi,Og as
a transformative material for dermatological treatments, pav-
ing the way for advanced, personalized healthcare solutions.
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