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Fig. 1. (a) High-purity Sc,O3, V,05, and TiO, oxide powders; (b) the precursor powders; (c) the powders after calcination;

(d) sintered dense SVTO-z ceramic samples.
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2 (a) SVTO-z B iy XRD K3 ; (b) (110) i FS; (c) SVTO-0.05, (d) SVTO-0.10, (e) SVTO-0.15 Fl (f) SVTO-0.20 £ fi
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Fig. 2. (a) XRD patterns of the SVTO-z ceramics; (b) shift of (110) peaks; rietveld refinement results of (c) SVT0-0.05, (d) SVTO-
0.10, (e) SVT0-0.15, and (f) SVTO-0.20 samples.
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Table 1. Refinement parameters of the synthesized
SVTO-z ceramics.
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B 3 (a) SVT0-0.05, (b) SVT0-0.10, (c) SVTO-0.15 I (d) SVT0-0.20 i SEM [F145 K AH R B FoR R 2045 (e) B (d) s X

SR ORIAT; (f) -2 AL R/ NS R B o« A8 4k

Fig. 3. SEM images and corresponding grain size distributions of (a) SVT0-0.05, (b) SVT0-0.10, (¢) SVT0-0.15, and (d) SVTO-
0.20; (e) an enlarged view of the region highlighted in (d); (f) the variation of the average grain diameter with the doping concentra-

tion .
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Fig. 4. Frequency-dependent ¢’ (a) and tand (b) of the samples measured at room temperature; (c) variation of ¢’ and tand with z at

1 kHz.
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Fig. 7. XPS analysis of the SVT0-0.05 sample: (a) Sc 2p, (b) V 2p, (c¢) Ti 2p, and (d) O 1s spectra.
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Fig. 8. Ball-and-stick illustration of the (a) triangular [Sc’p;-Vy-Scf;]and (b) rhombic [2Vi;-2Tif;] complexes; (c) the established

model for the EPDDs, IBLC, and hopping polarization.
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Abstract

Colossal dielectric materials with high permittivity and low loss are urgently demanded for modern

electronic devices, yet conventional systems often suffer from high loss, poor thermal stability, or complex

processing. TiOy-based ceramics, when properly co-doped with aliovalent ions, offer a promising platform for
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achieving giant permittivity through defect engineering. In this study, we investigate the combinatory effects of
trivalent scandium (Sc?*) and pentavalent vanadium (V°*) co-doping on the dielectric behavior of TiO,
ceramics. A series of (Scy5Vys), 11,0y (SVTO-2) with = 0.05, 0.10, 0.15, and 0.20 were synthesized via a
conventional solid-state reaction method. Phase purity and crystal structure were examined by X-ray diffraction
with Rietveld refinement. The analysis confirmed the formation of single-phase rutile solid solutions for z <
0.15, while a minor secondary ScVO, phase emerged at z = 0.20. Scanning electron microscopy revealed highly
dense microstructures with clear grain boundaries. The average grain size increased from ~19.4 pm (z = 0.05)
to ~25.4 pm (x = 0.15), then slightly decreased at 2 = 0.20 owing to Zener pinning by the secondary phase at
grain boundaries. Dielectric measurements revealed that the SVTO-0.05 ceramic exhibited an exceptional
combination of dielectric properties: a relative permittivity (¢') of approximately 3.9 x 10* and a low dielectric
loss tangent (tand) of ~0.0128, both measured at 1 kHz and room temperature, accompanied by outstanding
frequency and thermal stability. Both ¢’ and tané increased with temperature, indicating thermally activated
polarization processes. Electric modulus spectroscopy showed two relaxation peaks, attributed to grain-
boundary and bulk contributions, with activation energies of ~0.11 eV and ~0.16 eV, respectively. X-ray
photoelectron spectroscopy confirmed the coexistence of Sc3, V3 Ti**, and oxygen vacancies, supporting the
formation of triangular and rhombic defect clusters that pin free electrons and suppress long-range conduction
while preserving local dipole reorientation. The synergistic interplay between electron-pinned defect dipoles and
the internal barrier layer capacitance effect is identified as the key mechanism responsible for the observed
colossal permittivity and low loss. These findings demonstrate that strategic (Sc,V) co-doping constitutes an

effective defect-engineering approach for designing high-performance dielectric ceramics.
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