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Abstract: Metal vanadates garner significant interest because of their exceptional potential for use in diverse practical applications, which
stems from their unique framework structures, bond strength heterogeneities, and strong O* V> charge-transfer bands. However, their
optoelectronic properties have not yet been sufficiently explored. In this study, we synthesized three high-purity calcium vanadate com-
pounds (CaV,0q, Ca,V,0,, and Ca;V,0s) and comprehensively investigated their optoelectronic properties via first-principles calculations
and experimental characterizations. CaV,0s, Ca,V,0,, and Ca;V,0s are indirect band gap semiconductors with band gaps of 2.5-3.4 eV.
A comparative analysis between density functional theory (DFT) and DFT + U (local Coulomb interaction, U) calculations revealed that
standard DFT was sufficient to accurately describe the lattice parameters and band gaps of these vanadates. Further luminescence studies
revealed significant photo- and electro-luminescence properties within the visible light spectrum. Notably, the luminescence intensity of
CaV,0; exhibited a remarkable 10-fold enhancement under a modest pressure of only 0.88 GPa, underscoring its exceptional potential for
use in pressure-tunable optical applications. These findings provide deeper insight into the electronic structures and optical behaviors of
vanadates and highlight their potential as strong candidates for application in phosphor materials and optoelectronic devices.

Keywords: calcium vanadate; electronic structure; optical property; high-pressure luminescence; first-principles calculations

1. Introduction

As industrialization accelerates, the global demands for
sustainable energy and technology based on green materials
are increasing [ 1-5]. Vanadium-based compounds, which are
known for their diverse valence states and rich crystal struc-
tures, have become focal points in developing novel materi-
als because of their wide ranges of potential applications
[6-7]. These versatile oxidation states and complex struc-
tures render vanadium highly valuable for use in optical,
electronic, and catalytic materials, with promise for applica-
tion in fields such as light-emitting diodes, energy storage
systems, superconductivity, and industrial catalysts. Addi-
tionally, the mechanical stabilities and high-temperature res-
istances of vanadium-based materials render them essential
components in extreme environments and aerospace applica-
tions. These characteristics highlight the considerable im-
portance and research potential of vanadium in modern tech-
nologies. China possesses abundant vanadium resources and
places a high priority on their comprehensive development
and utilization, accelerating the research and development of
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vanadium-based products, which is crucial in enhancing the
efficient use of these resources [8—9].

Among vanadium-based materials, vanadate compounds,
which are inorganic compounds containing vanadate ions,
are particularly representative [10—13]. Vanadium, which is a
transition metal with multiple oxidation states, forms cova-
lent bonds with the oxygen atoms within the structures of
vanadates, resulting in the formation of vanadyl polyhedra.
These polyhedra can be combined in various manners via
corner- or edge-sharing to form 1D, 2D, or 3D structures.
The diversity and structural complexities of vanadates en-
dow them with excellent physicochemical properties, indic-
ating their significant potential for use in numerous applica-
tions, e.g., batteries [14-18], catalysts [19-20], optical
devices [21-22], sensors [23—24], and thermoelectric materi-
als [25-26]. Therefore, vanadate materials should be critical
in advancing sustainable energy technologies and develop-
ing advanced materials.

Among the various vanadate materials, calcium vanadates
(CaV,04, Ca,V,0,, Ca;V,04, and Ca,V,0y) [27-28] repres-
ent a significant subclass of metal vanadates characterized by
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their unique layered structures [29-32]. These materials ex-
hibit remarkable chemical stabilities and photoluminescence
(PL) and microwave dielectric properties. Recently, the dis-
tinct structural features of calcium vanadates attracted con-
siderable research interest, positioning them as promising
candidates for application in lithium-ion batteries (LIBs)
[33], sodium-ion batteries [34], and phosphorescent materi-
als [35]. For instance, Zhang and Wu [36] reported that
Ca,V,0, microspheres exhibited high coulombic efficiencies,
good cycling performances, and significant reversible capa-
cities, positioning them as candidate electrode materials for
use in LIBs. Additionally, Thiagarajan et al. [37] used chem-
ical precipitation to synthesize a Ca,V,0,/polyaniline com-
posite electrode that displayed outstanding electrochemical
properties, with a specific capacitance of 542 F-g ™' at a cur-
rent density of 1 A-g'. Yu et al. [38] synthesized CaV,04
nanorods, and the presence of induced oxygen vacancies and
coexisting V*/V*" ions led to unusual PL and photocatalytic
activities. Kaur and Khanna [39] produced Ca,V,0, using
solid-state synthesis, and its PL spectrum showed a broad
range from 350 to 600 nm, with a peak at 510 nm. Parab and
Salker [40] utilized citric acid-assisted sol-gel methods to
synthesize two unique sets of green Ca;V,0g phosphors by
adjusting their luminescence ranges and efficiencies via Tb
doping and Na—Tb codoping.

To fully harness the potential of calcium vanadates in ex-
isting fields and expand their application in energy and func-
tional materials, conducting comprehensive systematic theor-
etical and experimental investigations of their optoelectronic
properties is essential. Such research aids in understanding
the fundamental principles governing the behaviors of the
electronic structures of materials at the microscopic level,
providing crucial theoretical support for fundamental phys-
ics. Additionally, such research has significant implications
for the application of these substances as optoelectronic ma-
terials in fields such as photocatalysis and phosphor techno-
logies.

Motivated by these factors, we systematically investig-
ated the crystal structures, electronic properties, and lumines-
cence characteristics of alkaline-earth-metal calcium
vanadates, i.e., CaV,04, Ca,V,0,, and Ca;V,0s, using first-
principles calculations combined with experimental tech-
niques. High-purity samples of the three vanadate com-
pounds were synthesized and characterized via Raman and
energy-dispersive spectroscopy (EDS) and X-ray diffraction
(XRD). Theoretical calculations indicated that density func-
tional theory (DFT) accurately captured the lattice paramet-
ers and band gaps. Furthermore, the three vanadates exhib-
ited pronounced levels of PL and electroluminescence within
the visible light region. Notably, the application of pressure
significantly enhanced the PL intensity of CaV,04, demon-
strating its tunable luminescence properties. These findings
enhance our understanding of the electronic structures and
optical properties of calcium vanadates, rendering them
promising candidates for application in photocatalysis, phos-
phor materials, and optoelectronic devices.

Int. J. Miner. Metall. Mater., Vol. 32, No. 6, Jun. 2025

2. Experimental and calculation methods
2.1. Reactants

V,05 (99.95%) and CaO (99.99%) were obtained from
Shanghai Macklin Biochemical Technology (Shanghai,
China) and used as received without further purification.

2.2. Preparation of CaV,0q, Ca,V,0; and Ca;V,04

The CaV,04, Ca,V,0,, and Ca;V,05 powders were pre-
pared via straightforward solid-state reactions conducted un-
der ambient conditions using CaO and V,Os as reactants. The
powders were obtained via roasting and milling at V,Os :
CaO molar ratios of 1:1, 1:2, and 1:3. The samples were roas-
ted at 600°C for 20 h and then cooled in a furnace. Sub-
sequently, the samples were crushed into pellets using a vi-
brating mill and calcined. Roasting and milling were re-
peated to yield high-purity CaV,0q, Ca,V,0;, and Ca;V,0s.

2.3. Characterization of CaV,0, Ca,V,0; and Ca;V,04

CaV,0q, Ca,V,0,, and Ca;V,0; were characterized using
various analytical techniques. Scanning electron microscopy
(SEM, SU-70, Hitachi, Tokyo, Japan) was used to examine
the microstructures, and EDS (X-Max detector, Oxford In-
struments, Abingdon, UK) was used in elemental composi-
tion analysis. The crystal structures were determined via
XRD (D/Max-2400, Rigaku, Tokyo, Japan) with Cu K, radi-
ation (1 = 1.5406 A), operating in a #-26 configuration. Ul-
traviolet—visible (UV-vis) diffuse reflectance spectroscopy
(U-3900, Hitachi) was used to evaluate the light absorption
properties. The luminescence characteristics were studied us-
ing PL spectroscopy with a 325 nm laser, whereas Raman
spectroscopy (LabRAM HR, Horiba, Kyoto, Japan), with a
532 nm laser, was used to investigate the lattice vibrations. /n
situ steady-state high-pressure PL spectra were measured us-
ing a microspectroscopy system (Gora-UVN-FL, Ideaoptics,
Shanghai, China) integrated with 405 and 532 nm excitation
lasers. Cathodoluminescence (CL) spectroscopy of the
samples was conducted using a system operating at 40 mA
and 5 kV.

2.4. Computational details

The electronic energies of calcium metavanadate were in-
vestigated using the Vienna AD initio Simulation Package
(VASP, University of Vienna, Vienna, Austria) within the
framework of DFT [41-42]. The generalized gradient ap-
proximation was used for the exchange-correlation function-
al, employing the Perdew—Burke—Emzerhof (PBE) function-
al [43—44]. Additionally, the PBE solid (PBEsol) functional
[43] was used to accurately optimize the lattice constants and
enhance the energy calculations. The projector augmented-
wave method was applied to treat the valence states of Ca
(3s% 3p°, 4s%), V (3p°, 3d*, 4s"), and O (2s?, 2p”). To precisely
capture the electronic band structures, the PBE + U (local
Coulomb interaction, U) method was employed, with the ef-
fective correlation parameter (U.) for vanadium set in the
range 0—4 eV. A plane-wave cutoff energy of 520 eV was ad-



X. Jin et al., Exploring the optoelectronic properties of calcium vanadate semiconductors: A combined experimental ...

1419

5 pm

(& Er—— CaV,0, () CaV,0; (@) 162 CaV,0;
Sa 1 gg Ca M Il“ 240 0
caV o 71.6 [T T . -
M Al Ca v Ca,V,0, e 25341 ﬁl 553 719
:2 Element at% C Ca2V207 : = 313/ Ca2v207
Zlhe o 62.3 M z Ca;V,04 £ s
5 e 5} 5 | N 9161260 0 77
Z Al Ca v g E LA ,Lj/\.U e e W
oo aor Ca,V,0 1 N\ 2763 Ca,V,0
El % 3 V2Ys 196 3 Vo8
Caemem 22“86 a I |l| | |\ .. PDF No: 23-0137 135147196\ 7259 gl
v 18.3
v 0 531 | PDF No: 38-0284 357 03 2%
of I v 9a131 220 J\ 3% o3 015
Al ® A_X A | , .PDF No: 19-0259 ’ .. .; AT
0 1 2 3 4 5 6 10 20 30 40 50 60 70 80 90 0 200 400 600 800 1000

Energy / keV
Fig. 1.

20/ (%)
Crystal structures of (a) CaV,0, (b) Ca,V,0;, and (c) Ca;V,0; and the coordination environments of V and Ca. SEM im-

Raman shift / cm™

ages of (d) CaV,0 (e) Ca,V,0; and (f) Ca;V,0;. Results of (g) EDS, (h) XRD, and (i) Raman spectroscopy of the as-prepared

samples.

opted during crystal structure optimization and the self-con-
sistent energy calculations. To ensure computational accur-
acy, the energy convergence criterion was established at 10
eV, whereas the convergence threshold for interatomic forces
was set at 10 eV-A™". Brillouin zone sampling was imple-
mented using the Monkhorst—Pack scheme [45] with &-point
meshes of 10 x 10 X 5,6 x 6 x 5,and 7 x 7 x 5 for CaV,0,
Ca,V,0,, and Ca;V,0g, respectively.

3. Results and discussion

Fig. 1(a)—(c) shows the crystal structures of CaV,Oj,
Ca,V,0;, and Ca;V,04. Of these, CaV,0y crystallizes in a
monoclinic system comprising Ca>", V>, and O* ions in the
space group C2/m. In this structure, Ca®" is coordinated to six
O ions, forming edge-sharing CaO; octahedra with Ca—O
bond lengths of 2.33 and 2.36 A. V" is bonded to five O*
ions in a five-coordinate geometry, exhibiting V-O bond

lengths of 1.64-1.99 A. Ca,V,0, crystallizes in a triclinic
system (space group P1), and Ca®" occupies two inequivalent
sites, forming distorted CaO4 and CaO, geometries with six
or seven O ions, respectively, where the Ca—O bond lengths
are 2.32-2.51 A. V' is observed at two inequivalent sites,
coordinating with four O*" ions to form VO, tetrahedra, with
V-0 bond lengths of 1.67-2.00 A, and the structure features
seven inequivalent O sites with diverse geometries. Finally,
Ca;V,05 crystallizes in the trigonal system, i.e., in the space
group R3. In this structure, Ca*" occupies nine inequivalent
sites, coordinating with six or seven O ions to form CaOy
octahedra and distorted CaO, geometries, while the overall
structure contains 20 inequivalent O sites. In summary, cal-
cium vanadates exhibit unique framework structures com-
prising distorted VO, and CaO, polyhedra sharing common
oxygen vertices. The complexities of their structures and het-
erogeneities of their bonds render calcium vanadates suscept-
ible to intriguing physical phenomena, particularly in terms
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of their electronic structures and optoelectronic properties.

Fig. 1(d)—~(f) shows the SEM images of the synthesized
compounds. The prepared samples comprise micron-sized
particles with varying sizes, exhibiting particle size distribu-
tions of approximately 1-20 pm. The results of subsequent
EDS (Fig. 1(g)) indicate that the three compounds comprise
Ca, V, and O, and the corresponding molar ratios of CaV,0Oy,
Ca,V,0,, and Ca;V,0; are approximately 1:2:6, 2:2:7, and
3:2:8, respectively. Therefore, the structures of the three
compounds are free from elemental contamination, and the
presence of Al is attributed to the sample stage used during
analysis.

XRD was conducted to further verify the crystalline
phases of the synthesized samples. As shown in Fig. 1(h), the
XRD patterns treated via Rietveld refinement indicate that
the observed diffraction peaks correspond well to the stand-
ard peaks of monoclinic CaV,04 (PDF #23-0137) [46], tri-
clinic Ca,V,0, (#38-0284) [47], and trigonal Ca;V,0s (#19-
0259) [48]. These results validate the crystalline structures of
the target materials. Fig. 1(i) shows the Raman spectra, re-
vealing the internal and external vibrations, in addition to the
translational motions associated with the oxygen polyhedra.
In the spectra of structures comprising Ca—O and V—-O poly-

Int. J. Miner. Metall. Mater., Vol. 32, No. 6, Jun. 2025

hedra, the modes observed at <400 cm™ reflect polyhedral
torsion and Ca”" translational vibrations. By contrast, the in-
termediate frequency peaks (400-750 cm ) are attributed to
the bending vibrations of V-O-V bridges, and the strong
peaks at 750—1000 cm ™" are assigned to V—O bond stretching
within the VO, polyhedra [31,49-50]. These spectral fea-
tures provide crucial insight into the vibrational dynamics of
metavanadates. The presented experimental characterization
evidence confirms that we successfully synthesized three cal-
cium vanadates with high purities and without elemental im-
purities.

The structures of CaV,0,, Ca,V,0,, and Ca;V,05 were
optimized using first-principles calculations, as detailed in
Table 1. The lattice parameters obtained using the PBEsol
method show more reasonable deviations from the experi-
mental measurements than those obtained using the PBE
method, and the enhanced accuracy underscores the suitabil-
ity of the PBEsol approach. Consequently, we utilized the
PBEsol method to compute the electronic structures, thus en-
suring the levels of reliability and robustness of the results.
This comprehensive optimization serves as a critical founda-
tion for further investigations of the optoelectronic properties
of these calcium vanadates.

Table 1. Calculated equilibrium lattice parameters (a, b, ¢, ) and cell volumes of CaV,04, Ca,V,0;, and Ca;V,0; compared to the

results of previous experimental studies

Structure Ref./method alA b/A cl/A B/ Volume / A®
[46] 10.060 3.675 7.040 104.843 251.597
PBE 10.752 3.663 7.276 101.223 281.074
CaV,04 Error 6.88% 0.35% 3.36% 3.45% 11.72%
PBEsol 10.216 3.623 7.160 103.058 258.152
Error 1.551% -1.415% 1.705% —-1.703% 2.605%
[47] 6.667 6.921 7.018 63.840 288.800
PBE 6.749 7.034 7.123 63.790 300.958
Ca,V,0; Error 1.23% 1.633% 1.501% —0.053% 4.210%
PBEsol 6.645 6.926 7.007 63.874 286.996
Error —0.33% 0.072% —0.157% 0.053% —0.625%
[48] 10.809 10.809 38.028 90.000 3847.700
PBE 10.737 10.737 37.875 90.000 3781.481
Ca;V,05 Error —0.666% —0.666% —0.402% 0% -1.721%
PBEsol 10.761 10.761 37.766 90.000 3787.111
Error —0.444% —0.444% —0.689% 0% -1.575%

Fig. 2(a)~(c) shows the energy—volume relationships of
CaV,0,, Ca,V,0, and Ca;V,04 obtained via DFT calcula-
tions. The data are fitted using the Birch equation in Eulerian
form[51], expressed in terms of the fitting parameters B and C:

e=eem|(32) 1< S -1}

where E(V) and E, respectively represent the total energy as a
function of the volume (») and minimum energy correspond-
ing to the equilibrium volume V. Additionally, the bulk
modulus By = 8B/9 and B, = C + 4 respectively represent the
resistance of the material to compression and pressure deriv-
ative of By, indicating the rate at which B, changes with pres-

sure. This approach provides a reliable framework for use in
assessing the structural and mechanical stabilities of these
vanadates. The fitted curves reveal smooth energy—volume
behaviors, indicating the stabilities and reliabilities of the
computational results. Table 2 summarizes the equation of
state (EOS) parameters, including the cell volume per for-
mula unit (Vy/Z), By, and By, of the three calcium vanadates.
The calculated B, values of CaV,0,, Ca,V,0;, and Ca;V,0q
are 49.79, 75.26, and 72.00 GPa, respectively. Notably, the
B, of Ca;V,05 aligns closely with the experimental values re-
ported in previous studies [52], indicating the levels of ro-
bustness and accuracy of the computational methods used in
this study. Moreover, the B, values shown in Table 2 in-
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Fig. 2. Energy—volume curves of (a) CaV,0g, (b) Ca,V,0,, and (¢) Ca;V,0s, as obtained via DFT calculations and fitted using the

Birch equation [51].

crease in the sequence CaV,04 < Ca,V,0, < Ca;V,0g, indic-
ating a progressive enhancement in compressibility from
CaV,0¢ to Ca;V,04. By contrast, the B, of 99.08 (2.25) GPa
reported by Grzechnik and McMillan [53] was overestim-
ated, likely due to nonhydrostatic stresses during their exper-
iments. Similarly, the B, of CaV,04 (49.79 GPa) is highly
consistent with that of BaV,0 (50.4 GPa) reported in previ-
ous studies [54]. The close agreement between these values
may be attributed to the structural similarities between the
two compounds, particularly with respect to the CaO; octa-

Table 2.

hedral frameworks, which significantly influence their mech-
anical properties. The differences in the B, values of the three
compounds reflect variations in their structural rigidities and
bonding characteristics, which are influenced by the distinct
coordination environments of vanadium and calcium within
their crystal structures. These findings provide valuable in-
sights into the mechanical properties of calcium vanadates
and a solid foundation for use in the future exploration of
their potential applications in the mechanical and optoelec-
tronic fields.

EOS parameters, including cell volume per formula unit (Vy/Z), bulk modulus (B,), and pressure derivative (B,), of

monoclinic CaV,0, Ca,V,0,, and Ca;V,0; obtained in this study compared to values reported in previous studies [52]

Structure Method W2yl A° B,/ GPa B,
CaV,0q DFT (this work) 130.40 49.79 1.28
Ca,V,0; DFT (this work) 300.78 75.26 3.15
DFT (this work) 186.67 72.00 4.92
Ca;V,04 DFT (Ref. [52]) 181.53 68.20 4 (fixed)
Experiment (Ref. [52]) 182.83 69.00 3.7

Fig. 3(a) shows the UV—vis absorption spectra of the
samples, and the CaV,0,4, Ca,V,0; and Ca;V,05 powders
exhibit strong degrees of band-to-band absorption in the
ranges 200-580, 200-500, and 200480 nm, respectively.
The extended absorption tails observed at approximately 580,
500, and 480 nm in the spectra are attributed to crystal de-
fects formed during multiple high-temperature calcination
processes. Although the Tauc equation may slightly underes-
timate band gaps, it remains one of the most widely used and
reliable methods of evaluating optical band gaps [55]. Ac-
cording to the Tauc equation (Fig. 3(b)), the calculated optic-
al band gap of CaV,0q is 2.55 eV, which is consistent with
the previously reported values of 2.65 [56] and 2.62 eV [31].
Similarly, the optical band gap of Ca,V,0; is 2.61 eV, align-
ing well with the reported values of 2.7 [29] and 2.67 eV
[57]. The optical band gap of Ca;V,0ys is 3.36 ¢V, which is
consistent with the previously reported value of 3.55 eV [58].
These results confirm the high purities of the synthesized
samples and reliabilities of the experimental measurements.
The equation is expressed as (ahv)'* = A(hv - E,), where a,
v, 4, h, and E, respectively represent the absorption coeftfi-
cient, light frequency, proportionality constant, planck con-

stant, and optical band gap. First-principles calculations are
widely used in calculating various properties of solid-state
materials. However, certain systems require extensions and
corrections beyond conventional DFT because standard
functionals, such as PBE or PBEsol, underestimate the band
gaps [59-60]. For example, in strongly correlated systems
with localized electrons (such as 3d and 4f electrons), the
DFT + U method is often employed. This approach intro-
duces an on-site Coulomb repulsion term from the Hubbard
model into DFT [61-63], incorporating local Coulomb inter-
action (U) and exchange (J) parameters to account for Cou-
lomb and exchange interactions within localized d or f orbit-
als. However, the DFT + U method is ineffective for calcium
vanadates. As shown in Fig. 3(c), comparing the band gaps
calculated using DFT and DFT + U reveals that, similar to
most materials, increasing U results in an overestimation of
the band gap. Notably, when U = 0, the calculated band gaps
are highly consistent with the experimental values, and thus,
the standard DFT approach is sufficient to accurately de-
scribe the electronic band structures of calcium vanadates,
without requiring DFT + U corrections.

To address the lack of research regarding the electronic
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properties of CaV,0q, Ca,V,0;, and Ca;V,0;, we analyzed
their band structures, as shown in Fig. 4(a)—(d). CaV,0y is an
indirect band gap semiconductor, with a band gap of 2.78 eV,
where the valence band maximum (VBM) and conduction
band minimum (CBM) are observed at the high-symmetry
points Y and V, respectively. The valence bands close to the
Fermi level are predominantly contributed by O atoms,
whereas the V atoms primarily influence the conduction
bands. The density of states indicates that the conduction
bands are localized, reflecting the contributions of the V 3d
orbitals. Similarly, Ca,V,0; exhibits an indirect band gap of
2.81 eV, with the VBM and CBM observed at the T and X
points in momentum space. Notably, the conduction bands of
Ca,V,0; are flattened, suggesting a heavier effective mass
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than that of CaV,0¢. Ca;V,0y is an indirect band gap semi-
conductor with a larger band gap (3.46 e¢V), and the VBM
and CBM are not observed at the high-symmetry points of
the Brillouin zone. The valence and conduction bands are
further flattened, indicating increased orbital localization.
The narrowband spreading of the density of states further
supports our hypothesis. The slopes of the VBM and CBM of
CaV,0q are significantly higher than those of Ca,V,0, and
Ca;V,0g, indicating a smaller effective mass and potentially
higher charge carrier mobility. Therefore, of these three ma-
terials, CaV,0y is advantageous for application in electronic
devices. Remarkably, the calculated band gaps are larger than
the experimental values, contrary to the typical underestima-
tion observed with the PBE functional, let alone the PBE + U
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methods. These findings suggest that the conventional PBE +
U methods may be unsuitable for calcium metavanadate be-
cause of calculation errors in the lattice constants. To accur-
ately determine the band gap, we applied a slight structural
strain of —6% to 6% (Fig. 4(d)). At specific stress levels, the
band gaps of the three calcium vanadates decrease with in-
creasing strain, indicating the potential of strain engineering
as a method of modulating the band gaps, thus affecting the
optoelectronic properties. These reductions in the band gaps
are consistent with the behaviors of vanadates under external
pressures [64]. Our band structure calculations reveal that the
VBM is dominated by O 2p orbitals, whereas the CBM con-
sists of contributions from the V 3d and O 2p orbitals. The
enhanced strain-induced hybridization between the V 3d and
O 2p orbitals drives the narrowing of the observed band gap,
highlighting the versatility of strain engineering in tuning
electronic properties. The significant deviation of the band
gap of Ca;V,04 from the experimental value is primarily at-
tributed to the mismatch of the exchange-correlation func-
tional. Nevertheless, the observed trend in band gap evolu-
tion with applied strain offers valuable insights that can be
leveraged in future investigations.

DFT is a powerful, reliable tool for use in accurately pre-
dicting and analyzing the optical properties of materials. In
this study, we investigated the linear optical properties of
CaV,0q, Ca,V,0;, and Ca;V,04 to provide insights into their
potential for application in optoelectronic devices. Ca;V,Os
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was not considered in these optical calculations owing to its
large band gap. The linear optical properties of a semicon-
ductor can be derived from the frequency-dependent real
(&1(w)) and imaginary (&,(w)) components of the dielectric
function &(w), i.e., &(w) = &(w) + &(w). The frequency-de-
pendent linear optical properties, including the absorption
coefficient a(w), energy loss function L(w), refractive index
n(w), and reflectivity R(w), can be computed using &,(w) and
&(w) [65], as shown in Fig. 5(a)—(d). At wavelengths shorter
than ~270 nm, the calculated o (Fig. 5(a)) deviates from the
experimental data, which is mainly caused by the use of the
independent particle approximation (IPA), including local
field effects beyond the random phase approximation. More
accurate results can be obtained using the Bethe—Salpeter
equation (BSE), in addition to the GyW, approximation
(GyW,-BSE), which is not considered here because of com-
putational limitations. At wavelengths of 300-380 nm, the
absorption spectrum of Ca,V,0, is superior to that of
CaV,0q, exhibiting good consistency with the experimental
data. At wavelengths of 380400 nm, CaV,0¢ and Ca,V,0,
still exhibit absorption capacities, suggesting enhanced levels
of purple light absorption. The refractive index and reflectiv-
ity of CaV,0q are superior to those of Ca,V,0, in a larger
wavelength range, except for those at wavelengths of
350400 nm. The extinction coefficients (k(w)) shown in
Fig. 5(d) show similar trends to the coefficients shown in
Fig. 5(a), revealing the stronger absorption capacity of
CaV,0 for purple light.
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PL and CL measurements were performed to evaluate the
luminescence properties of CaV,0s, Ca,V,0;, and Ca;V,0s.
Fig. 6(a) shows the normalized PL spectra of the three
vanadates, which show intense wide emission bands span-
ning nearly the full spectrum of visible light. The maximum
emission peaks of CaV,0q, Ca,V,0;, and Ca;V,04 are ob-
served at 620, 540, and 510 nm, respectively. Analyzing the
PL spectra indicates that these emission peaks do not origin-
ate from the band edges or transitions. This is based on the
following: the band gaps calculated using the optical absorp-
tion spectra are 2.55, 2.61, and 3.41 eV, which exceed those
of 2.00, 2.29, and 243 eV for CaV,0, Ca,V,0,; and
Ca;V,0g, respectively, as derived from the PL spectra. The
redshifts of the PL emission peaks, when compared to the
UV-vis absorption spectra and band gaps calculated via
DFT, may be attributed to defect states, such as oxygen va-
cancies or donor—acceptor pairs within the polycrystalline
samples [50]. As shown in Fig. 6(b), the CL spectra display

Int. J. Miner. Metall. Mater., Vol. 32, No. 6, Jun. 2025

narrow emission bands, with the emission peaks of CaV,Og,
Ca,V,0;, and Ca;V,05 observed at 590, 640, and 360 nm, re-
spectively. The absorption and emission edges of the samples
fall within the visible and near-UV regions, indicating the po-
tential of CaV,0,, Ca,V,0,, and Ca;V,0; for use as photo-
active materials in photocatalysis, lighting, and display ap-
plications. Remarkably, Fig. 6(c) shows the variation in the
PL emission intensity of CaV,0 under different pressures, as
measured using a diamond anvil cell. The data reveal a sub-
stantial enhancement in emission intensity with increasing
pressure, where even a modest pressure of 0.19 GPa results in
a six-fold increase, and the intensity increases nearly 10-fold
at 0.88 GPa. These findings underscore the strong sensitivity
of CaV,05 to external pressure, suggesting its potential for
use in developing pressure-tunable luminescent applications
and high-performance optoelectronic devices. Further ex-
ploration of the underlying mechanisms may unlock novel
opportunities for functional material design.
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CaV,0, under high pressures.

4. Conclusion

In summary, this study presented a detailed investigation
of the structures, electronic properties, and luminescence
characteristics of three calcium vanadates: CaV,0q, Ca,V,0;,
and Ca;V,04. Based on first-principles calculations, the PBE-
sol method yielded more accurate lattice parameters com-
pared to the PBE method. Additionally, the PBEsol method
could describe the band structures without requiring U cor-
rection, thus establishing a reliable foundation for use in sub-
sequent electronic structure analyses. Furthermore, these
compounds exhibited significant PL and electrolumines-
cence properties, with CaV,04 and Ca,V,0; emitting red
light and Ca;V,03 emitting green light, indicating their po-
tential for application in phosphor materials and optoelec-
tronic devices. The observed redshifts in the luminescence
peaks suggested the influences of defect states, further under-
scoring the complexities of their electronic behaviors. High-
pressure experiments further revealed a significant enhance-
ment in the luminescence performance, highlighting the po-
tential for tailoring the optical properties of these materials
under various conditions. Overall, this study enhances our
understanding of calcium vanadates and paves the way for
their future development using advanced material technolo-
gies.
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