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Abstract

Titania (TiO3) is a structurally stable multi-functional material having the semiconduct-
ing features suitable for optoelectronic applications. By using virtual crystal approzimation
(VCA) in DFT (GGA + mBJ) method, the pristine rutile TiOs has the direct band gap of
2.35 eV with non-magnetic semiconducting nature. It is active in visible as well as near-UV
ranges. Furthermore, this pristine structure has the static refractive indices 2.16 (xx) and
2.87 (zz), while the dielectric constants 4.6 (xz) and 5.6 (zz-direction). Above 5.3 €V, the
dielectric function is observed to have the negative real part, indicating plasmonic behavior.
When considering hole-doping in rutile TiOy to the Ti-site, the dielectric constant has higher
value. When doping concentration increases from 10% to 20%, the optical band gap changes
from 3.10 eV to 3.61 eV. This shift is mainly due to interband transitions between O(2p)

and Ti(3d) states.
optoelectronic applications.
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1 Introduction

In 1972, Fujishima and Honda explained photo-
electrochemical ability of titanium dioxide (TiO2)
which splits water into hydrogen and oxygen un-
der ultraviolet radiation [1]. Since then, TiO2 has
remained at the forefront of materials research,
with applications spanning photocatalysis, photo-
voltaics, dye-sensitized solar cells, gas sensing, elec-
trochromic devices, batteries, coatings, ceramics,

pigments, biomedical implants, corrosion protec-
tion, and even advanced electronic and spintronic
technologies [2,3]. Structurally, TiOy crystallizes
in two major polymorphs—rutile and anatase-where
metastable anatase converts to thermodynamically
stable rutile phase at the elevated temperatures [4].

TiOs exhibits many desirable features such as low
toxicity, durable stability, cost-effectiveness, resis-
tant to corrosion, and strong redox potential [5, 6],
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however; its photocatalytic performance is still ob-
structed by inherent drawbacks. In particular, the
considerable band gap of TiOy (3.2 €V) limits its
absorption to UV region, which represents small
amount (nearly 4%) of solar radiation [6-8]. Due
to this, TiOz-based photocatalysts still suffer from
poor use of solar energy because of their wide band
gap and weak response to visible light. Many re-
searchers have introduced different dopants into
the TiOo lattice to address this limitation. These
dopants modify the electronic structure, slows down
recombination of electrons and holes, which im-
proves its photocatalytic performance under solar
irradiation [9,10].

Investigations into TiOy doped with nitrogen and
metallic dopants (Fe, Ag, and Ni) reported a re-
duced band gap over the range 2.0—2.4 eV, with
N/Ni/TiO2 sample exhibiting highest photocat-
alytic activity [11]. Stengl et al. [12] examined
rare-earth ion doping (La, Ce, Pr, Nd, Sm, Eu, Dy,
Gd) on TiO;,. They observed photo—-activity toward
visible light, which was due to reduction in band
gap and better charge—carrier separation. Nd3T-
doped TiO; exhibited the best performance among
the studied compositions. Similarly, Khlyustova et
al. [13] observed doping TiO2 with Al, Cu, Mo, and
W led to lattice distortion and band gap reduction.
As a result, photo—activity increased with Mo— and
W-doped TiOs achieving up to 96% degradation
efficiency under visible-light irradiation. Basera
et al. [14] performed a DFT study on non-metal
dopants (N, C, S and Se) in anatase TiOs. Their
results showed that Se interstitials are favorable p—
type region, while N substitution is dominant in n—
type region. Both doping configurations enhanced
visible-light absorption and provided useful guid-
ance for designing efficient photocatalysts. Sim-
ilarly, a DFT study by Zahan et al. [15] demon-
strated that Nb doping can transform rutile TiO,
from a non—metallic state to a metallic or semi-
metallic state, depending on dopant concentration.
This transformation enhances electrical conductiv-
ity and extends optical absorption into the visi-
ble region, indicating improved photocatalytic po-
tential. Zhou et al. [16] reported through DFT
(LDA+U) that tensile strain in Al-doped anatase
TiOy can transform deep localized acceptor lev-
els into shallow delocalized ones, thereby enhanc-
ing hole mobility and enabling efficient p—type con-
ductivity for improved photocatalytic performance.
Several studies have examined doped TiO2 using
DFT and experimental methods, but the role of
hole doping has not yet been clearly explained. This
study aims to fill this gap, providing insights for de-

sign of efficient hole and spintronic multifunctional
TiOo—based materials.

2 Crystal structure and computational de-
tails

We explore the rutile phase of TiOs, which crys-
tallizes in a tetragonal structure belonging to the
Pjo/mnm (No. 136) space group. The initial ge-
ometry was constructed using experimentally deter-
mined lattice parameters measured at 15 K (a — b
=458 A, c = 2954 A, a = 3=~ =90°) [17]. The
Wyckoff atomic positions used in the calculations
are summarized in Table 1. The crystal structure
and the first Brillouin zone corresponding to the
tetragonal lattice are shown in Figure 1, where the
key high-symmetry points are indicated. These pro-
vide the structural and reciprocal-space frameworks
for the subsequent electronic and optical property
analysis.

Table 1: Wyckoff position in rutile TiOq

Atom X y Z
Ti 0 0 0
0] 0.30469 0.30469 0

The physical properties of rutile TiOy were stud-
ied using DFT as using in FPLO code (ver-
sion 22.00-64) [18]. All calculations were per-
formed within the scalar-relativistic framework. To
overcome band gap underestimation of standard
DFT, two exchange—correlation schemes were em-
ployed: Perdew—Burke-Ernzerhof (PBE) general-
ized gradient approximation (GGA) [19] and modi-
fied Becke-Johnson (mBJ) potential [20,21], which
provides improved accuracy in predicting band gaps
of semiconductors and insulators. To understand
the effect of hole-doping on the system, we consider
virtual crystal approximation (VCA) as performed
in FPLO framework [18]. The Brillouin zone was
sampled with 18 x 18 x 18 Monkhorst—Pack k-
point mesh for electronic structure calculations,
while a 32 x 32 x 32 grid was adopted for the com-
putation of optical properties. The 10% and 20%
Sc doping concentrations increases the modification
of the electronic and optical properties by introduc-
ing hole carriers, altering the band structure, and
enhancing the optical response of the TiOy .The
self-consistent field (SCF) cycles were converged to
within 1 x 1078 Hartree for total energy and 1 x
10~ Hartree/Bohr? for charge density. The dielec-
tric function, e(w), was obtained using the FOPTICS
module integrated within FPLO.
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Figure 1: (a) Crystal structure of rutile TiOz. (b) Corresponding first Brillouin zone with high-symmetry

points

3 Results and discussion

3.1

The calculated band gap of rutile TiO2 using
the GGA is 1.76 eV, which is lower than the ex-
perimental value ( 3.0 €V). There is a significant
increase in band gap to 2.35 €V by employing the
modified Becke-Johnson (mBJ) potential. This
type of difference in experimental and calculated
values may arise from the limitations of semilocal
approximations and the absence of many-body ef-
fects in the present calculations.

Electronic properties

Figure 2(a)—(c) represents band structure of rutile

TiO2 over —6 to 8 eV energy range, calculated
using the GGA+mBJ approximation. In the pris-
tine system, both VBM (valence band maximum)
and CBM (conduction band minimum) are located
at ' point, confirming a direct band gap, as also
reported in previous DFT studies [22,23]. The cal-
culated valence-band width spans nearly 5.6 eV,
quite similar to experimental value of 5.4 eV [24].
With 10% and 20% hole doping, the valence bands
shift upward toward the Fermi level (E[), with gap
2.58 €V and 2.88 eV respectively, indicating that
hole doping systematically modifies the electronic
structure and enhances p-type behavior of rutile
TiOs.

Energy (eV)

Figure 2: Band structures of rutile TiOs: (a) pristine system, (b) 10% hole doping, and (c) 20% hole

doping. Fermi level is shown by the red dotted line.

Figure 3(a)—(c) shows total and partial density of
states of TiO5. In pristine system, valence band
region (—6 to 0 eV) comprises of O(2p) states,
while conduction band (above nearly 2.5 €V) is
dominated by Ti(3d) orbitals. This distribution

gives well-known hybridization between O(2p) and
Ti(3d) states and supports covalent bonding char-
acteristics reported in earlier studies [25]. How-
ever, Ti(4p) states contribute only weakly. With
10% and 20% holes are doped, Ey shifts deeper into
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O(2p) valence band, yielding to a higher DOS at Ey
and confirming that holes occupy oxygen—derived
states. Overall, these findings highlight a system-

atic transition of rutile TiOz from semiconducting
behavior to quasi-metallic as the hole concentration
increases.
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Figure 3: Total and partial DOS of rutile TiOs: (a) pristine system, (b) 10% hole doping, and (c) 20%

hole doping.

3.2 Optical properties

Basically, the important optical parameters are di-
electric function (e(w) = e1(w) + ie2(w)), loss func-
tion (L), optical conductivity (o), refractive index
(n), extinction coefficient (k), absorption coefficient
(), and reflectivity (R), each of which is frequency
dependent [26-30]. These parameters related to ru-
tile TiO5 for both pristine and hole doped struc-
tures are compared in this section. The subscripts
xx and zz are polarization along x and z directions,
respectively, giving anisotropic optical behavior of
rutile TiOs.

3.2.1 For pristine system

The e;(w) remains positive in the low-energy re-
gion, with static dielectric constants of nearly
4.6 (xx) and 5.6 (zz), showing stronger electronic

screening along the c-axis [31]. At around 3.3—3.4
eV, clear peaks are observed for both polarization
directions due to O(2p) and Ti(3d) transitions.
When the photon energy exceeds about 5.3 eV,
€1(w) becomes negative in both polarization di-
rections.This signifies the beginning of plasmonic
behavior and shift towards metallic-like optical
response (Figure 4(a)) . In Figure 4(b), e2(w)
shows photon-induced interband transitions in ru-
tile TiOy. The absorption edge comes nearly 2.9-
3.0 eV, compatible with the mBJ-derived optical
band gap. Several absorption peaks are observed
throughout the 3-9 eV region, arising from O(2p)
and Ti(3d) transitions. The components along xx
and zz directions share similar trends, but differ-
ences in their peak intensities reveal the intrinsic
optical anisotropy of rutile TiOs.
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Figure 4: Calculated optical parameters for pri

stine rutile TiO2 as functions of photon energy.
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Loss function L(w) (Figure 4(c)), which describes
the rate at which electrons lose energy within the
medium. Pronounced peaks appear nearly at 5.47
eV (zz) and 5.48 eV (xz), which correspond to
bulk plasmon resonances where €;(w) approaches
zero and e2(w) is minimal. The optical conductivity
o(w) (Figure 4(d)) follows behavior similar to £2(w),
since o(w) x wez(w) [32]. Distinct conductivity
peaks arise at 3.41 eV and 4.87 eV for x—polarized
light, and at 3.41 eV, 3.98 eV and 4.09 eV for z—
polarized light, corresponding to strong absorption
events driven by photon-induced interband transi-
tions. Some pointed peaks near higher energies may
also contain contributions from plasmon-enhanced
excitation channels. The refractive index n(w) de-
creases from its static values of nearly 2.16 (zx)
and 2.37 (zz) as photon energy increases. Around
3.8-4.0 €V, n(w) reaches maxima of 4.0 (zz) and
3.9 (zz) that closely matches the energies where
e1(w) has strong dispersive peaks (Figure 4(e)).
The relatively high n(w) in the low-energy region
indicates strong interaction of light-matter, sup-
porting suitability of TiO, for optoelectronic and
photonic applications [33].

Figure 4(f) presents the extinction coefficient k(w),
which quantifies attenuation of light due to absorp-
tion [34]. A sharp increase is observed near 3 eV,
and beyond this, k(w) continues to increase reach-

ing its maximum value of about 2.7 around 8 €V,
indicating stronger electronic transitions at higher
photon energies. The absorption coefficient a(w)
attenuation of optical energy as light traverses the
medium. [35]. The absorption edge appears near
3 eV that indicates the origin of interband transi-
tions. After this , a(w) increases rapidly (Figure
4(g)). Several absorption bands appear between
3.2-9.5 eV, matching with high-density transition
channels. This suggests the efficient UV absorption
in rutile TiO3 . In low-energy region of R(w) , the
reflectance is small (Figure 4(h)). This means the
most incident photons are absorbed instead of be-
ing reflected. As photon energy increases, reflectiv-
ity slowly increases and reaches its maximum nearly
at 8.4 eV (xx) and 8.5 eV (zz). Such low reflective
behavior across the studied range highlights the po-
tential of TiOy for optoelectronic and photonic ap-
plications.

3.2.2 For doped system

Figure 5 depictes frequency dependent optical
properties of rutile TiOy with 10% and 20% Sc
doping, calculated using the mBJ potential. Sc
doping is treated as effective hole doping, since
Sc3t ions substitute Ti*T sites, thereby presenting
hole carriers into the system and changing the op-
tical response.
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Figure 5: Calculated optical parameters for hole-doped (10% and 20%) rutile TiO as functions of photon

energy.

In Figure 5(a) real part £1(w), static dielectric con-
stant £1(0) increases with Sc concentration, show-
ing enhanced polarizability induced by hole doping.
Compared to undoped TiOy, which exhibits &1 (0)
values of nearly 4.6 (zz) and 5.6 (zz), €1(0) rises
to nearly 4.8/5.2 for 10% Sc and further to 4.9/5.6
for 20% Sc along the zx/zz directions, respectively.
Additionally, the e1(w) peaks move toward higher
photon energies with increasing Sc content, reflect-

ing doping-induced changes in band structure and
a stronger light-matter interaction. In Figure 5(b)
imaginary part of e2(w) is associated with photon-
induced interband transitions. After Sc doping,
the absorption edge moves to higher energies from
about 3.10 eV for 10% Sc to around 3.61 eV for
20% Sc. This behavior is due to O(2p) and Ti(3d)
transitions, indicating that Sc-induced hole doping
serves a key function in tuning optical band struc-
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ture of TiOs.

Figure 5(c) shows the loss function L(w), which is
related to plasmon excitations. Along the xx direc-
tion, the plasmon peak remains almost unchanged
at around 5.47 eV, indicating that the bulk plas-
mon behavior is stable under moderate Sc doping.
In contrast, along the zz direction, Sc incorpora-
tion causes a small shift in the plasmon peak, from
about 5.87 €V at 10% Sc to about 6.17 €V at 20%
Sc.  This suggests that hole doping leads to an
anisotropic change in the dielectric response. The
optical conductivity o(w) (Figure 5(d)) increases
with Sc concentration along the zz polarization.
For 10% Sc doping, o(w) reaches peak values of
~6.3x10° Q7! em™! (xx) and ~ 6.8 x 103 Q7!
ecm ™! (z2), while for 20% Sc doping the correspond-
ing values are ~ 5.6x10% and ~ 6.4x 103 Q= cm~1.
On comparing with the parent compound, the con-
ductivity peaks are found to be higher after doping,
suggesting improved photoconductive response.

As observed in Figure 5(e), refractive index n(w)
increases to about 2.24 (xx) and 2.84 (zz) for 10%
Sc—doping, and to 2.28 (xx) and 2.92 (zz) for 20%
Sc—doping. Compared to pristine TiOy values of
2.16 (xx) and 2.37 (zz), these increases indicate
higher electronic polarizability. The extinction co-
efficient k(w), shown in Figure 5f, indicates clear
absorption peaks above 3.5 eV, further supporting
the optical enhancement of TiOs as Sc concen-
tration increases. In Figure 5(g), the absorption
coefficient «a(w) exhibits a slight shift in the ab-
sorption edge with Sc—doping compared to pristine
TiOy (which appears near 3 €V), indicating en-
hanced transitions and improved optical activity in
the near-UV region.

Finally, Figure 5(h) shows the reflectivity spectra
R(w). Only small changes in reflectivity are ob-
served with Sc doping. Along the xx direction, the
reflectivity decreases slightly as the Sc concentra-
tion increases from 10% to 20%. This suggests that
hole doping allows some tuning of the surface op-
tical response. Overall, TiO5 shows low to moder-
ate reflectivity. When combined with the increased
absorption and conductivity, these results indicate
that Sc substitution is effective in modifying the
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