View Article Online

View Journal

M) Cneck tor updates

Materials
Advances

Accepted Manuscript

This article can be cited before page numbers have been issued, to do this please use: A. A. Sharma, P. P.
Pradhan, K. A. K. Durga Prasad, M. Rakshita, R. Pembarthi and D. Haranath, Mater. Adv., 2025, DOI:
10.1039/D5MA00810G.

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been accepted
for publication.

Materials

Advances
T

Accepted Manuscripts are published online shortly after acceptance,
before technical editing, formatting and proof reading. Using this free
service, authors can make their results available to the community, in
citable form, before we publish the edited article. We will replace this
Accepted Manuscript with the edited and formatted Advance Article as
soon asitis available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes to the
text and/or graphics, which may alter content. The journal’s standard
Terms & Conditions and the Ethical guidelines still apply. In no event
shall the Royal Society of Chemistry be held responsible for any errors
or omissions in this Accepted Manuscript or any consequences arising
from the use of any information it contains.

7 ROvAL SOCIETY
‘aw OF CHEMISTRY

™ LOYAL SOCIETY rsc.li/materials-advances
PN OF CHEMISTRY


http://rsc.li/materials-advances
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
rsc.li/materials-advances
https://doi.org/10.1039/d5ma00810g
https://pubs.rsc.org/en/journals/journal/MA
http://crossmark.crossref.org/dialog/?doi=10.1039/D5MA00810G&domain=pdf&date_stamp=2025-09-30

Page 1 of 31

Open Access Article. Published on 30 September 2025. Downloaded on 10/14/2025 3:58:47 PM.

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

(cc)

Materials Advances

Multimodal Luminescence and Energy Transfer Mechanism in

View Article Online

Narrowband UVB Emitting Phosphor System towards Futuri§ti¢©:®/>>"400810¢

Phototherapeutic Devices

Aachal A. Sharma, Payal P. Pradhan, K.A.K. Durga Prasad, M. Rakshita, Raju
Pembarthi, and D. Haranath*

Luminescence Materials and Devices (LMD) Group, Department of Physics, National Institute
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ABSTRACT

This investigation presents the synthesis and advanced spectroscopic characterization of Gd3*-
activated CaMgSi,04 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 P;, — 3S;), intra-configurational transition under 274
nm excitation. Photoluminescence (PL) studies reveal five distinct 4f-4f and 4f-5d transitions,
with the optimized composition, CagosMgSi,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 Gd3" activation. Temperature-dependent PL and time-resolved PL
analyses elucidate exceptional thermal stability and efficient radiative energy transfer
dynamics, respectively. These attributes position Gd**-activated CaMgSi,Og as a highly
promising candidate for next-generation, precise, and portable phototherapy devices,
advancing dermatological treatment efficacy.
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1. Introduction
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The quest for advanced luminescent materials in phototherapeutic applications:chas igain
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 considerations. These therapies employ diverse light and laser sources,
including ultraviolet (UV), visible, and infrared (IR) wavelengths, 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, spanning 311-315 nm, has demonstrated
exceptional efficacy in modulating immune responses and enhancing DNA repair mechanisms
in keratinocytes and T-cells, thereby alleviating inflammatory symptoms associated with
autoimmune skin disorders [1-3]. Narrowband UVB phototherapy is also considered as a 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 operational lifetimes, and enhanced design
flexibility [4,5].

Table 1: Wavelengths used to treat various skin diseases and corresponding modalities

Type of light Wavelength Modality Efficacy Skin Conditions to Ref.
Range (nm) be treated
Phototherapy
uv Mercury, Halogen Most Psoriasis, vitiligo, [6]
1 Broadband (BB) UVB 200-280 Lamps, Light effective form atopic dermatitis,
2 Narrowband UVB 311-315 Emitting Diodes of  therapy. pruritus, cutaneous T-
3. PUVA 320-400 (LEDs), laser 90% patient cell lymphoma, etc.
4.  Excimer laser 308 skin
rejuvenation
Visible Some benefits  Hyperbilirubinemia, [7,8]
1. Blue 400-495 LED, Lasers, have been  Hyperpigmentation,
2. Green 495-570 Mask reported in a Melasma, psoriasis,
3. Yellow 570-590 few reports. wound healing, acne,
4. Orange 590-620 30-50% scarring,  anti-aging,
5. Red 620-750 patient skin etc.
6.  Pulsed dye laser 585-595 rejuvenation
7. Intense pulsed laser
550-950
IR LEDs 60-70% Psoriasis, wound [9]
1.  NearIR 750-950 healing, scar reduction,
2. Nd:YAG Laser 1064 skin conditioning
Combinational Therapy Mercury, Halogen [10]
1. Photodynamic therapy Photosensitizer Lamps, Light Actinic keratosis,
activated by light ~ Emitting Diodes Basal cell carcinoma,
2. PUVB Psoralene + UVB (LEDs), Acne, Bowen’s
3. BB-UVB 290-320 disease, psoriasis,
4. Sunbath 400-760

Rare-earth (RE)-activated phosphors have emerged as promising candidates for such
applications owing to their sharp emission lines, high quantum yields, long lifetimes, and

resistance to thermal and chemical degradation [11]. Among various RE ions, trivalent

00810G


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00810g

Page 3 of 31 Materials Advances

gadolinium (Gd**) is particularly attractive for UVB emission due to its stable half-filled 4/
electronic configuration, facilitating allowed °P;,—3S, transitions centered around 1343 M 008106
[12]. 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 [13]. However,
due to the parity-forbidden nature of /~ftransitions, direct excitation 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 [14].

Silicate-based hosts, particularly CaMgSi,0¢ (diopside), present distinct advantages
for luminescent applications. Diopside, a calcium-magnesium silicate within the monoclinic
clinopyroxene family, is distinguished by its robust crystalline structure, exceptional thermal
and chemical stability, and excellent biocompatibility [15]. Its adaptable lattice accommodates
a diverse array of rare-earth (RE) activators with minimal lattice strain, ensuring structural
integrity and facilitating efficient substitution at Ca?* sites [16]. 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
[17,18]. Furthermore, Kim et al.'s phase transformation studies on natural and synthetic

diopside underscored its potential across diverse applications [19]. Owing to these attributes,

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

silicate-based phosphors have garnered significant attention for use in solid-state lighting,

bioimaging, and biomedical implants [20,21].
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The photoluminescence (PL) characteristics of Gd3'-activated materials have been

investigated in several host matrices. For instance, Ilya et al. reported efficient UVB emission

(cc)

at 313 nm in Gd**-activated NaYF, phosphors, with enhancements observed upon co-doping
with Eu’" [22]. Surender Kumar et al. synthesized Gd**-activated ZnO nanostructures
exhibiting broad visible emission centered around 418 nm, demonstrating their utility in
photocatalysis [23]. Dubey et al. studied Gd**-activated Y,O3z phosphors under 254 nm
excitation and reported red emission at 613 nm due to energy migration pathways involving
defect states [24]. The reports on Gd3" 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 [25]. These findings highlight the

multifunctionality of Gd** as an optical and electronic modifier, although its direct utility for
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UVB emission in silicate hosts remains inadequately explored.
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The landscape of phototherapy is rapidly evolving toward compact, wearablesoand:oosioc

patient-centered solutions. Recent innovations include flexible phototherapeutic patches or
bandages that incorporate phosphor particles within polymeric matrices, allowing localized and
controlled UVB irradiation [26]. 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 [27]. Incorporating Gd3*-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 [28].

In this study, we report the synthesis and spectroscopic characterization of Ca;.
MgSi,04:xGd*" (0.01 < x < 0.10 mol) phosphors synthesized via a modified solid-state
reaction method. The emphasis is laid on optimizing the Gd** concentration for optimum UVB
emission intensity, evaluating host-activator interactions, and elucidating the underlying
energy transfer mechanisms through photoluminescence excitation (PLE), PL emission,
temperature-dependent, and time-resolved spectroscopies. Additionally, the work shows a
pathway for designing personalized, portable phototherapeutic devices.

2. Experimental Section

2.1 Synthesis of the Phosphor

& .
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Figure 1: High-temperature modified solid-state synthesis procedure of Ca;.MgSi,Og:xGd**
(x=0,0.02,0.05, 0.07, 0.10 mol)

The Ca;—,MgSi,O4:xGd*" phosphor series (x = 0, 0.02, 0.05, 0.07, 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,04
(99.99%) were used without further purification. The reaction is represented as:

4Ca0 + 4MgO + 8Si0, + 2Gd,0; — 4CaMgSi,0¢:xGd*" +30, 1 ............. (1)

Stoichiometric amounts of precursors were weighed, with CaO adjusted based on Gd**
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concentration due to the substitution of Gd** (ionic radius: 1.05 A) for Ca?* (1.12 A). The

View Article Online

mixture was ground in an agate mortar for 60 minutes to ensure homogeneity, thenctransters
to an alumina boat. As represented in Figure 1, sintering was performed in a tubular furnace
at 1300°C for 180 minutes (heating rate: 5.42°C/min) in 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 (A = 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 (phosphor:KBr ratio = 1:9) in transmission mode (400-4000 cm™!, 2 cm’!
resolution, 6 scans) to analyze vibrational modes. Photoluminescence (PL) excitation and
emission spectra were recorded using a Hitachi F-4700 fluorescence spectrophotometer (200-
900 nm). Temperature-dependent PL (TDPL) and time-resolved PL (TRPL) measurements were
performed on a Horiba Fluorolog-3 spectrofluorometer to assess thermal stability and decay

dynamics. All measurements were conducted at room temperature (25°C) unless specified.

3. Results and Discussion

3.1 Structural and Morphological Characterization

XRD patterns shown in Figure 2(a) confirmed the monoclinic structure (space group C2/c) of
Ca ;. MgSi,04:xGd*" with x=0, 0.02, 0.05, 0.07, and 0.10 mol, with lattice parameters a =
9.7100 A, b=28.8900 A, c = 5.2400 A, and V = 435.17 A3. Minor impurity peaks of strontium
oxide were observed but deemed negligible due to their low intensity. The incorporation of
Gd3'0 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 Figure 2(b).
It consists of chains of Si0, tetrahedra connected by calcium (Ca) and magnesium (Mg) Sites.
These chains are characteristics of the pyroxene group of minerals. Calcium and magnesium

occur 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,Og matrix.

For a detailed analysis of the XRD peaks, Rietveld refinement analysis was carried out for the

main phase of the synthesized sample, and shown in Supplementary Information Figure S1.

00810G
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Figure 2: (a) XRD patterns of standard and varied Gd3*-doping in Ca; MgSi,O4 phosphor
where, x=0, 0.02, 0.05, 0.07 and 0.10 mol, (b) Crystallographic structure of the host matrix,
(c,d) FE-SEM micrographs of Ca;.,MgSi,Os:xGd**( x=0, 0.05 mol) phosphor with inset
shows average particle size plot, (c) EDX data of the optimized Cag9sMgSi,O4:0.05Gd>*
phosphor. The inset shows a table with atomic and weight percentages of the elemental
composition of the synthesized phosphor.

FE-SEM micrographs shown in Figure 2(c,d) revealed 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 micrographs 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 um (pure) and 0.36 um (x = 0.05 mol), represented in the
inset of Figure 2(c,d). The EDX spectrum shown in Figure 2(e) confirmed the presence of Ca,

Mg, Si, O, and Gd, aligning with the expected stoichiometry.

3.2 Diffuse Reflectance Spectroscopy (DRS) and Optical Band Structure Analysis

Diffuse Reflectance Spectroscopy (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 transitions in powder or polycrystalline materials.

It involves the irradiation of a sample with electromagnetic radiation in the UV-Visible-IR
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Figure 3: (a) UV-Vis absorption spectrum of the Ca; MgSi,Os:xGd>" phosphor with x=0,
and x=0.05 mol, representing the energy level transitions available for the emission, (b,c)
Reflectance spectra with the Kubelka-Munk band gap energy calculations (inset) for x=0 and
x=0.05 mol, Gd**-activated phosphor, (d) Urbach energy plot and the Urbach energy
parameters (inset) for the synthesized phosphor.

regions, followed by the measurement 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 [29].In the current investigation, DRS was employed to explore
the optical absorption properties of the pure CaMgSi,Og host and its Gd**-activated derivatives,
as shown in Figure 3(b,c). The DRS spectrum of the pure CaMgSi,O¢ 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 Figure 3(a).

DRS spectra of Gd**-activated samples (x = 0.02, 0.05, 0.07, and 0.10 mol) show significant
spectral evolution with increasing dopant concentration. Figure 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,

7
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enabling more effective energy transfer and luminescence performance.
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The optical band gap (E;) was determined using the Kubelka-Munk (K-M) funetiomaoosioc

which relates the diffuse reflectance (R) to the absorption coefficient via the equation:

FR) = &R0 )

The modified K-M function, suitable for indirect transitions, is plotted as (F(R) * 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 ¢V 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 Figure 3(b,c).

The observed modulation of the band gap arises from perturbations in the electronic

structure induced by the substitutional incorporation of Gd** ions [30]. With its half-filled 4f7
configuration, Gd** features 4f orbitals shiclded 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, 4/ —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 luminescent 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 Figure 3(a). Transitions such as %S;,—°G; (215-225 nm),
8S8,,—D; (238-260 nm), and %S;,—°I; (260-280 nm; peak at 275 nm) were clearly resolved
[31,32]. The pronounced absorption at 274 nm is particularly significant due to its alignment
with excitation wavelengths commonly used for UV-pumped photonic applications,
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 (£,) 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 vibrations. The relationship between the absorption coefficient (a) and

photon energy (4v) is given by:

h E
In azE—:—E—iHnao ............. (3)

This expression follows a linear form (y = mx + c), where the slope (1/E,) is inversely

proportional to the Urbach energy [33]. The plot of In(a) vs. hv yields a straight line, from
8
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which the E, value was extracted, as shown in Figure 3(d). For the optimized
Cag9sMgSiy04:0.05Gd*" phosphor, the calculated Urbach energy was 0.8648 e‘é@indi{zgteﬂv;n/@féeo%%mé
relatively low structural disorder 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 photoluminescent 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 in non-radiative
relaxation processes and affect photoluminescent quantum yield. The controlled introduction
of such states is essential for tuning emission intensity and decay dynamics in rare-earth-
activated phosphors.

As a whole, the DRS analysis confirms that Gd** ions are successfully incorporated
into the CaMgSi,O¢ lattice and influence 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 phosphors for lighting and display technologies
[34].

3.3 Fourier Transform Infrared (FTIR) Spectroscopic Analysis

Ca, ,;MgSi,0,:0.05Gd*
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Figure 4: FTIR data plot of the synthesized Cag9sMgSi,04:0.05Gd*" phosphor.

Transmission (arb. unit)

Fourier Transform Infrared (FTIR) spectroscopy was employed to identify the

functional groups and assess the local chemical environment of the synthesized Ca;.

9
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«MgSi,06:xGd>" phosphor. FTIR is an indispensable vibrational spectroscopic technique that
utilizes mid-infrared radiation (4000-400 cm!) to probe the vibrational modes ofimolee
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 [35].

In this study, the FTIR spectra were recorded in the transmission mode over the spectral
range of 4000 - 400 cm! with a resolution of 2 cm™!. For optimal spectral acquisition, pelletized
samples were prepared by homogenizing the phosphor 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, viz. the functional group region
(3700-1531 cm™'), which primarily reveals surface-bound or residual organic and adsorbed
species, and the fingerprint region (1300-400 cm!), which provides detailed information about
the primary silicate framework 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 Figure 4. The broad absorption band around 3700 cm™! is attributed to O-H
stretching vibrations, indicative of surface-adsorbed moisture or hydroxyl species. The
absorption 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; (0O=C=0), which may be adsorbed onto the surface or incorporated in minor quantities
during sample preparation. The peak at 1722 cm! is assigned to C=0 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 [36].

3.3.2 Fingerprint Region:

10
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The fingerprint region provides insights into the silicate lattice framework and metal-oxygen
bonding in the Ca; MgSi,Os:xGd** phosphors. As shown in Figure 4, notablecvibrattonalioosoc
bands include: (i) A prominent peak at 1078 cm!, characteristic of Si-O symmetric stretching
vibrations within SiOy tetrahedra, where the bonds move in and out simultaneously relative to
the central silicon atom [37]. (ii) A band at 855 cml, attributed to Si-O-Si 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 Si-O bending vibrations, further confirming 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 Ca®" 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

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

nature, supported by the high covalency of bonds indicated by the absence of distinct ionic

vibrations in the lower spectral region. Moreover, the substitution of Gd3* for Ca?" is

Open Access Article. Published on 30 September 2025. Downloaded on 10/14/2025 3:58:47 PM.

structurally favorable due to their comparable ionic radii (Ca2*=1.12 A; Gd**=1.05 A, both in

8-fold coordination), and is further facilitated by the similar charge balance and local

(cc)

coordination preferences. The lack of distortion-related bands or major shifts in the silicate
framework peaks indicates that Gd** incorporation does not significantly disrupt the host lattice

symmetry or connectivity [38].

3.4 Luminescence Studies

3.4.1. Photoluminescence Excitation (PLE) Spectroscopy

Photoluminescence excitation (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 spectroscopy. PLE spectra
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are acquired by monitoring the emission intensity at a fixed wavelength while scanning a range
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of excitation wavelengths. The resulting spectral features correspond to the energydewelss/nsmaoosioc
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Figure 5: (a,b) PLE, (c,d) PL plots of the pure (x=0) and Ca;.,MgSi,O4:xGd*" (x = 0.02,
0.05, 0.07, 0.10 mol) phosphor.

responsible for the excitation of valence electrons.

In the current study, the excitation spectra of the pure CaMgSi,O¢ host were recorded
by monitoring the emission at 332 nm, shown in Figure 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** ions at varying concentrations (x = 0.02, 0.05, 0.07, and
0.10 mol). Figure 5(b) reveals that upon Gd3" incorporation, significant changes in the
excitation spectra were observed. The PLE spectra for the Gd**-activated CaMgSi,Og 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-
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to-band transitions, and a sharp and intense excitation peak centered at 275 nm, corresponding

View Article Online

to the 8S,,—°I; transition of Gd** ions. DOI: 10.1039/D5MA00810G

An additional shoulder at ~253 nm is associated with the D; excitation levels of Gd3",
overlapping the host absorption band. Although the transition 4S;,—%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 [39].

The onset of the excitation edge for both pure and Gd**-activated CaMgSi,O¢ 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 host and Gd** excitation bands suggests
efficient energy transfer from the host lattice to the Gd** centers, effectively sensitizing the
desired °I; excited states [40].

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 UV-B emission at 314 nm.
This 275 nm excitation was selected for subsequent photoluminescence emission 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

Photoluminescence spectroscopy probes the light-emitting behavior of materials upon

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

excitation by an external photon source. It is a non-destructive, highly sensitive, and widely

used technique for exploring luminescence mechanisms and defect-related emission in

Open Access Article. Published on 30 September 2025. Downloaded on 10/14/2025 3:58:47 PM.

functional materials [41].

PL measurements in Figure 5(c) showed that excitation at 262 nm resulted in a broad

(cc)

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
photoluminescent response of Gd**-activated CaMgSi,Og 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;,—3S;,, transition of
Gd?** ions [42] as represented in Figure 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
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314 nm emission was measured to be 6.22 nm, indicating a sharp and spectrally pure transition,

Page 14 of 31
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as shown in Figure 6(a). Such narrow emission bandwidths are indicative of a wellsorden

lattice with minimal inhomogeneous broadening or defect-induced perturbations.
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Figure 6: (a) Plot shows the FWHM calculated value for optimized Cag9sMgSiyO4:0.05Gd>*
phosphor, (b) Variation in the PL and PLE intensity with the activator concentration, (c)
Energy level diagram of Gd*" transitions, (d) Configurational Coordinate diagram of Gd*", (¢)
Non-radiative energy transfer analysis by using Van Uitert’s study.

Upon increasing Gd** doping 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 Figure 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 [43].
Below the threshold (x < 0.05), Gd*" ions are well-separated, minimizing these non-radiative
interactions and promoting efficient radiative transitions. Several potential Gd**-related
transitions were examined based on reported energy level schemes, as shown in Figure 6(c):
(1) G, —%1; 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—13S;,, transitions, emitting around 200 nm, require hosts transparent above ~50000 cm-
I and were not supported by the chosen silicate matrix.

(iii) °P,—3S;,, transition at 314 nm was the most prominent and observable, consistent with

14
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literature reports for Gd**-activated phosphors.

The configurational coordinate diagram (CCD) for the Gd*' ion, as represe b AnA00810C
Figure 6(d), is drawn to understand the Stokes shift phenomenon, absorption or emission band
temperature dependency, and most importantly, the thermal quenching phenomenon of the
Gd** ion precisely [44]. The temperature-dependent behavior of Gd** ions, particularly the
thermal quenching phenomenon, has been meticulously characterized. Under ultraviolet (UV)

excitation, Gd** ions transition from the ground state, %, to the excited state, %P;, as depicted

by the 4 — B process in the configuration coordinate diagram (CCD). 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 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 photoluminescence
(PL) emission intensity. Moreover, elevated temperatures enhance electron-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 luminescent properties.

Moreover, the overlapping of emission states between the host matrix (332 nm) and the

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

activator (314 nm) adds an advantageous dual-luminescent characteristic to the phosphor,

although the host emission is strongly quenched due to efficient Gd**-related processes. The

Open Access Article. Published on 30 September 2025. Downloaded on 10/14/2025 3:58:47 PM.

substitution of Gd3* (ionic radius = 1.05 A in 8-coordination) at Ca* (ionic radius = 1.12 A)

(cc)

sites in the CaMgSi,Oq lattice is structurally feasible. This substitution necessitates charge
compensation, which is presumably achieved via local activator clustering or formation of
associated defect pairs. The presence of such clusters is supported by the enhanced PL intensity
and optimized energy transfer efficiency observed at x = 0.05 Gd*" concentration [45]. The
comparative study of the synthesized phosphor series with other reports is mentioned below in

Table 2.
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Table 2: List of reported UVB-emitting phosphors

Page 16 of 31

Sr. Synthesis Route Name of the Excitation Emission oo Ref:o/nomso0s106
No. Phosphor

1 Coumbution synthesis CaYALO.:Gd** 272 307,313 [46]

2 Hydrothermal Synthesis  LiyZrFg:Gd** 273 312 [47]

3 Solid State Synthesis Sr3(PO4)2:1%Gd>" 273 311,313 [48]

4 Co-Precipitation method CaSO4:Gd** 275 313 [49]

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

3.4.3 Radiative and Non-Radiative Energy Transfer Mechanism:
The energy transfer mechanism was elucidated by considering 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:

Rom2(—)13 4)

4mx N
where, V = 435.17 A3 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 dopant ions falls below
R, non-radiative energy transfer dominates, leading to luminescence quenching.

According to Dexter's theory [50], non-radiative energy transfer occurs via three
principal mechanisms, viz., radiative reabsorption, exchange interaction, and electric
multipolar interactions. Radiation 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 significant only when donor and acceptor
wavefunctions overlap spatially. It operates efficiently at short distances (typically <5 A).
Given the calculated Rc (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 multipolar
interaction responsible for energy transfer and concentration quenching was analyzed using
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Van Uitert’s formalism [51]:

Materials Advances

I_x

X

1+ [3(x)§]_1

Taking the logarithm of both sides gives:

log(i) = log k — %log X

View Article Online

Plotting log (é) vs. log x in Figure 6(e) yields a straight line with slope -0/3. From the

linear fit, the extracted value of O was 5.64, closely approximating 6. This corresponds to a

dipole-dipole interaction, confirming that the concentration quenching observed at 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 [52].

Furthermore, the substitution of trivalent Gd*" ions into the divalent CaZ" 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 arrangement and interaction dynamics.

3.5 Temperature-Dependent Photoluminescence (TDPL) Spectroscopy
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Figure 7: (a) TDPL plot of optimized phosphor at different temperatures, (b) Variation of PL
intensity with temperature, and (c) Activation energy determination by linear fitting method
using Arrhenius equation.

TDPL spectroscopy is a powerful method for elucidating the fundamental optical and
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electronic behavior of phosphor materials as a function of temperature. This technique enables
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View Article Online

the assessment of carrier dynamics, exciton stability, energy transfer efficieney; iphenonsoosioc

assisted deactivation, and defect-related recombination mechanisms. With increasing
temperature, thermal energy facilitates phonon-assisted processes that can dissociate excitons
and enhance non-radiative recombination channels, thereby altering both the intensity and
spectral position of PL emission.

The Gd**-activated CaMgSi,Og4 phosphor series exhibited a strong photoluminescence
(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 optimized
composition (Cag9sMgSi,04:0.05Gd?"), temperature-dependent photoluminescence (TDPL)
analysis was performed in the range of 20°C to 80°C, as shown in Figure 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 8S levels of Gd3", 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.

In the current study, Figure 7(b) shows TDPL measurements of
Cag9sMgSi)04:0.05Gd*" 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 recombination, which temporarily enhances radiative recombination
efficiency. However, at higher temperatures, increased lattice vibrations (phonon population)
dominate, intensifying the probability of non-radiative transitions via multi-phonon relaxation
or thermally activated quenching processes [53]. 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:

Ir=1p[1 +cexp (—kAB—ET)]'1 ............. (7)

where /7 denotes the integrated PL intensity at temperature 7, [, is the PL intensity at the

reference temperature (25 °C), AE is the thermal activation energy, c¢ is a pre-exponential
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constant given by z/7y (Where 7z and 7, represent radiative and non-radiative lifetimes,
respectively), kg is the Boltzmann constant (8.629 x 10~ eV.K'!), and T is the 1absoltite:00s:0c
temperature in Kelvin.

The linearized form of the equation, In[(Io/I7)-1] = (AE/kgT) + In ¢, was used to
construct a plot of In/(Iy/I7)-1] vs. 1/kgT, as shown in Figure 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 [54]. This
relatively low value suggests that thermal energy (~kzT) at elevated temperatures facilitates
non-radiative relaxation, yet the emission retains appreciable intensity up to 80°C,
demonstrating its suitability for near-UV optoelectronic or phototherapy applications [55].

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 [56]. The silicate
framework further contributes to structural rigidity and thermal stability, although complete
suppression of quenching at elevated temperatures typically requires compositional or

structural optimization (e.g., host lattice modification or co-doping strategies).

3.6 Time-Resolved Photoluminescence (TRPL) Analysis

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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Figure 8: Lifetime decay plot of Cag9sMgSi,O4:0.05Gd** phosphor fitted with the
exponential fitting parameters represented in the inset.

To gain an in-depth understanding of the energy transfer dynamics and luminescence decay
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mechanisms in the synthesized Ca;MgSi,O4:xGd**  phosphors, time-resolved
photoluminescence (TRPL) measurements were carried out on the optimized composmmm&%\%eooswé
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 represented in Figure 8. The decay profile reflects the
relaxation behavior of the excited Gd** ions, specifically the °P;,—3S;,, radiative transition

[57].

The decay curve exhibited a non-single exponential behavior, indicative of multiple
luminescent centers or relaxation pathways. Hence, the experimental decay data were best
fitted using a tri-exponential decay model, described by the following equation:

IO =1, + Ae™ + A6 + A& )
where /(?) and I, represent the emission intensities at time ¢ and zero, respectively; 4;, 4, and
Ajare amplitude constants corresponding to the fast, intermediate, and slow decay components;

and 7;, 7, and 73 are their respective lifetimes. The average lifetime 744 of the phosphor was

calculated using the intensity-weighted mean lifetime formula:

_ (A1t ?+A T2 +A51352)
©)

Tayg = ———————————————————= i i
AVE T (A1 A, T, HASTS)

Substituting the fitted values yields an average lifetime of 3.45 ms, demonstrating long-

lived emission behavior typically associated with forbidden transitions in Gd3" ions.

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

4. Flexible Devices for Phototherapy using narrowband UVB Emitting Phosphor
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Figure 9: Schematic diagram of device fabrication protocol.

Narrowband UVB phototherapy is recognized as a highly effective, safe, and targeted approach
among all other treatment modalities for the treatment of numerous dermatological conditions,

including psoriasis, vitiligo, lichen sclerosus, atopic dermatitis, chronic pruritus, etc [58,59]. A
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wide array of phototherapeutic devices has been employed in clinical practice, including
fluorescent lamps, fiber-optic systems, infrared lamps, excimer lasers, and thﬁph@Iebva@év 008106
light-emitting diodes (LEDs) [60]. However, the existing phototherapy instruments are large,
bulky, non-flexible, generate more heat, are expensive, and require professional operation for
the treatment. Also, patients need to go 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 [61]. Limited
literature on this iodiology 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, CagosMgSi,06:0.05Gd*" phosphor can be blended with a polymer matrix such as
polydimethylsiloxane (PDMS) or liquid silicone, which are known for their use in biomedical
applications [62]. The proposed protocol for the development of flexible bandages/patches and
smart bands is shown in the schematic of Figure 9(a,b).

Further, 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

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

smart band.

The above-proposed flexible phototherapeutic devices can provide ergonomic

Open Access Article. Published on 30 September 2025. Downloaded on 10/14/2025 3:58:47 PM.

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

(cc)

of fabrication support scalability for broader clinical adaptation, particularly in resource-
limited settings. With the integration of optimized rare-earth activated phosphors and flexible
optoelectronic components, the proposed prototype aligns with the emerging paradigm of
wearable, patient-centric, and intelligent phototherapy systems [58,63,64]. This approach not
only ensures spectral precision but also opens up new pathways for personalized, low-risk, and

energy-efficient treatment strategies.

5. Conclusion
The Gd3*-activated CaMgSi,Og phosphors, synthesized via solid-state reaction, demonstrated

exceptional potential as narrowband UVB emitters for phototherapy. The optimized
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composition (Cag9sMgSir04:0.05Gd>") exhibited intense, narrow-band emission at 314 nm,

.4View Article Online

driven by the 9P;,—%S;,, transition under 274 nm excitation. FTIR confirmeddhe silseateoosioc
matrix’s structural integrity, while DRS and PL analyses elucidated the electronic and
luminescent 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 pathway for developing portable, patient-centric phototherapy devices. These
findings position Gd**-activated CaMgSi,Og as a transformative material for dermatological

treatments, paving the way for advanced, personalized healthcare solutions.
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