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We investigated the electronic structures and optical properties of doped anatase TiO2 in the infrared region
using first-principles density functional theory with the independent-particle approximation. By examining the
dopants from groups V-B, VI-B, and VII-A of the Periodic Table of Elements, we found that the anatase TiO2

doped with different dopants Nb, Ta, W, and F showed excellent plasmonic properties in the near-infrared region
with nonmetal-to-metal crossover frequencies within a range of 2.0–2.7 µm along the densest-plasma direction.
Furthermore, we discussed the prospect of producing low-cost robust mid- to far-infrared plasmonic devices
based on doped anatase TiO2. Our combined analysis with electromagnetic numerical simulation showed that
the doped anatase TiO2 exhibited well-defined surface plasmon polariton as well as localized surface plasmon
resonances in the midinfrared region. We expect that this n-type doped anatase TiO2 is a highly promising
material for infrared plasmonic applications in harsh environments such as aqueous solutions and/or high
temperature.
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I. INTRODUCTION

In general, many metals exhibit plasmons and their surface
mode (surface plasmons) to a certain degree, which serves as
the foundation for various nanophotonics applications such
as optical waveguides, photovoltaics, thermophotovoltaics,
and photocatalysis [1–3]. However, most metals tend to be
oxidized and corroded rapidly, which will deteriorate their
properties in harsh conditions such as in high temperature
and humid environments as well as in aqueous solutions. An
exception is Au, which is chemically stable and inert, which
means that its physical properties do not alter significantly
even in severe environments. However, Au is a noble metal
and always suffers from its high price and its low mechanical
strength, especially at high temperatures. Many efforts have
been made in the past decade to search for high-performance,
and yet robust, practical plasmonic materials, particularly
plasmonic transparent conductive oxides (TCOs), in order
to explore their unique properties, which are not possible in
conventional elemental metals [4]. For example, tin-doped
indium oxide (ITO), aluminum-doped zinc oxide (AZO),
gallium-doped zinc oxide (GZO), or indium-doped zinc oxide
can support plasmons [4–6], and their generic applications,
such as thin-film solar cells, low-emissivity (low-E) win-
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dows [7], and organic light-emitting diodes (OLED) [8], have
attracted much interest. The most significant advantage of
doped semiconductors is that their optical properties (e.g.,
plasma frequencies) can be controlled by varying the carrier
concentration. However, these conventional TCOs are known
to be corrosive in solution and optically unstable at high
temperatures [9], which make them unsuitable for use in tough
conditions such as in photocatalysis and in thermal emitter
applications.

Titanium dioxide (TiO2) is a low-cost transparent oxide
that exhibits excellent chemical/thermal stability, as well as
catalytic surface activity [10,11], which make it widely uti-
lized in industry such as self-cleaning window/wall coating,
water-repellent paints, pigment, sunscreen, as well as elec-
trodes for dye-sensitized solar cells. In this context, TiO2-
based TCOs have gained much attention from the scientific
community in relation to the application in transparent elec-
trodes for flat panel displays (FPDs) and solar cells. However,
to the best of our knowledge, applications for plasmonic
devices have not been studied.

To exploit the benefits of TiO2 as an effective material
for nanophotonics, by taking full advantage of TiO2 as
a plasmonic material, it is crucial for TiO2 to exhibit
metallic behavior at the targeted wavelengths. Doping is
generally considered as the fundamental approach to convert
semiconducting TiO2 into metallic conductors. Regarding the
theoretical prediction for doped TiO2 as TCO, first-principles
density functional theory (DFT) with a hybrid functional was
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used to predict the conductive properties of doped anatase
and rutile TiO2, and the results showed that doped anatase
TiO2 was metallic, and doped rutile TiO2 was semiconducting
[12]. Recent experiments [13–16] revealed that Nb-doped
TiO2, F-doped TiO2, and W-doped TiO2 films had high
carrier density and unique electrical and optical properties.
Since most studies of doped TiO2 have focused on visible
transparency and high dc conductivity in relation to the FPD
and photovoltaic applications, there is a paucity of studies on
the application of doped TiO2 for infrared (IR) plasmonics.
In addition, there has been no systematic theoretical study on
the effects of doping on the electronic structures and optical
properties of anatase TiO2 in the IR region. It is quite essential
to investigate the effect of carrier concentration on the optical
permittivity of doped semiconductors in order to determine
the tunability of the optical properties of this unique class of
plasmonic materials.

In principle, the optical response is expected to be precisely
obtained by adopting the quasiparticle effect (GW approxima-
tion), the spin-orbit-coupling effect, electron-phonon scatter-
ing, and the local-field effect. Recently, several studies have
used fully first-principles calculations to compute electron-
phonon scattering in different plasmonic materials, including
noble metals, transition metals, and two-dimensional (2D)
materials [17–22]. However, these calculations require high-
level approaches such as the GW approximation and the
Bethe-Salpeter equation (BSE). In this study, since we need
to adopt a large supercell (with 108 atoms) to simulate a
doped anatase TiO2, its computational expense becomes too
high in such an approach to obtain results within a reasonable
timescale. Therefore, we approach the problem here using
a simpler model based on the independent-particle approxi-
mation (IPA) to balance the computational/time expense and
accuracy. Because of the increasing demand to establish a
combined theory-experiment approach for the development
of various conductive ceramics, we chose a more practical
and efficient approach with acceptable accuracy. Here, the
IPA model is the simplest but most successful approach for
simulating the optical response for many metallic systems
[23–28]. In addition to the theoretical framework, it should
be noted that there are several factors in real experiments
that largely affect the optical response of the metallic systems
in real experiments. For example, it is a well-known fact
that nanoscale grain structures (surface nanomorphologies)
of plasmonic materials can dramatically alter their optical
response. A quantitative comparison of the experimental and
theoretical results derived by a more sophisticated approach
including electron-phonon coupling with the GW and BSE
schemes is of great interest. But for such studies, elaborate
experimental efforts are also needed to obtain atomically flat
single-crystalline plasmonic films, which are rather challeng-
ing. Taking into account the current status of the crystal
growth techniques and available materials, our IPA approach
provides an adequate methodology and fruitful results to
support the material developments in this field.

In this study, we investigated the electronic structures and
optical properties of doped anatase TiO2 in the IR region.
We focus here on anatase TiO2 rather than rutile TiO2 due
to the advantages of the former polymorph, such as lower
effective mass [29,30] and higher mobility. In the first part

of this article, by employing first-principles DFT and the IPA
model, we studied the geometry, electronic structures, and
optical properties of two types of doped anatase TiO2: (i)
Ti1–xMxO2 (M = V, Nb, Ta, Cr, Mo, W) and (ii) TiO2–xFx

(x = 0.03). The objective of this part was to identify potential
dopants for anatase TiO2. In the latter part, we implemented
electromagnetic simulations to investigate the performances
of n-type doped TiO2 by examining the surface plasmon
polariton (SPP) at the doped TiO2/air interface and the lo-
calized surface plasmon resonance (LSPR) of a doped TiO2

nanocavity array in the IR region. The research approach
presented in this work can also be applied for other TCO-
based plasmonic materials and their potential applications in
the IR region, such as infrared detectors, emitters, and infrared
sensing devices [31–36].

II. COMPUTATIONAL METHOD

A. First-principles DFT simulations

The electronic structure and optical properties of undoped
and doped anatase TiO2 were calculated using DFT with the
projector augmented wave (PAW) method [37], as imple-
mented in the Vienna Ab initio Simulation Package (VASP)
[38]. The Perdew-Burke-Ernzerhof (PBE) functional [39]
within the generalized gradient approximation (GGA) was
employed for the exchange-correlation potential. The plane-
wave basis set with an energy cutoff of 520 eV was used for
all simulations.

The anatase TiO2 tetragonal crystal was simulated using a
108-atom 3×3×1 supercell consisting of 36 Ti and 72 O
atoms, as shown in Fig. 1(a). We investigated doped anatase

FIG. 1. (a) Local atomic structures of metal-doped anatase TiO2

with a 108-atom 3 × 3 × 1 supercell extended from the conventional
cell (hereafter: TiO2:M, M = V,Cr,Nb,Mo,Ta,W). (b) Local atomic
structure of the F-doped anatase TiO2 (hereafter: TiO2:F). (c) M-O
bond length at the doping position. There are two types of O atom:
equatorial M-O bonds (O1, O2, O3, O4) and apical M-O bonds (O5,
O6). (d) Ti-F and Ti-O bond length in the case of TiO2:F. The blue
and red spheres represent the Ti and O atoms, respectively. The dark
blue and green spheres represent the metals and F atoms, respec-
tively. The structures shown here were visualized using visualization
for electronic and structural analysis (VESTA) software [55].
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TiO2 (dopant concentration: 3%) by substituting 1 of the 36
Ti atoms in the supercell with a metal (M) atom from group
VI-B (Cr, Mo, W) or group V-B (V, Nb, Ta) of the Periodic
Table [Fig. 1(a)] and replacing one of the 72 O atoms with a F
atom [Fig. 1(b)]. All of the atomic positions and volume were
simultaneously relaxed until the residual force was less than
0.005 eV/Å. The structural optimization was conducted using
a 3 × 3 × 3 Monkhorst-Pack k-point mesh [40]. Both spin-
polarized and non-spin-polarized calculations were performed
to check the magnetic ordering of the doped anatase TiO2

crystals. To compute the density of states (DOS), we used a
dense 15 × 15 × 17 Monkhorst-Pack k-point mesh. The elec-
tronic band structures and transport anisotropy of real doped
system are perturbed by defects, impurities, or fluctuation of
the chemical composition. Therefore, we employed the band-
unfolding technique, as proposed by Popescu and Zunger
[41]. The unfolding has been performed using the BandUP
(Band Unfolding code for Plane-wave based calculations)
[42,43] to conveniently compare the band structures of doped
anatase supercells with the primitive cell. The HSE06 hybrid
functional [44] with standard Hartree-Fock mixing (α = 0.25)
was also used to improve the electronic structure and band
gap, and the results were compared with those obtained from
experiments [45]. Because of the large computational cost,
the optimized structures and spin-polarization effects obtained
from the PBE functional were used in the supercell simula-
tions using the HSE06 hybrid functional.

The frequency-dependent dielectric functions of doped
anatase TiO2 crystals were investigated using the IPA model
[46]. The smearing width is set at 0.1 eV. We employed a
15 × 15 × 17 Monkhorst-Pack k-point mesh with acceptable
conduction bands to ensure convergence of the interband
dielectric functions. If the doped anatase TiO2 crystals showed
metallic behavior, we calculated the interband and intraband
electronic transitions [denoted by εinter (ω) and εintra (ω), re-
spectively], which contributed to the total dielectric function
ε(ω) = εinter (ω) + εintra (ω). The interband dielectric function
is given by

εinter (ω) = εinter
1 (ω) + iεinter

2 (ω). (1)

The imaginary part of the interband dielectric function was
determined using the following equation [46]:

εinter
2 (ω) = 4π2e2

V
lim
q→0

1

q2

∑
c,v,k

2wkδ(Eck − Evk − ω)

×〈uck+eαq|uvk〉〈uvk|uck+eβq〉, (2)

where c and v denote the conduction- and valence-band states,
respectively; k, wk, and Ek denote the k-points, the weight
of each k-point, and the single-electron energy state, respec-
tively; uck represents the cell periodic part of the orbitals
at the k-points k; e and V represent the electron charge
and cell volume, respectively; and eα and eβ represent the
unit vectors in Cartesian space. Since anatase TiO2 has a
tetragonal structure, the dielectric functions along with the
components xy, yz, and zx exhibit zero values, hence we only
consider the optical properties along with the components xx,
yy, and zz. Furthermore, we focus on the components that
showed the highest plasma frequency (xx or yy, E⊥c). See the

Supplemental Material (Fig. S8) in Ref. [47] for the dielectric
functions along the zz-component (E ‖ c).

The real part of the interband dielectric function εinter
1 (ω)

was determined from the imaginary part εinter
2 (ω) using the

Kramers-Kronig relation [46]:

εinter
1 (ω) = 1 + 2

π
P

∫ ∞

0

εinter
2 (ω′)ω′

ω
′2 − ω2 + iη

dω′, (3)

where P is the principal value, and the complex shift η is an
infinitesimal number used in Kramers-Kronig transformation.

The intraband dielectric function was obtained by using the
Drude expression [48,49]:

εintra (ω) = 1 − ω2
p

ω(ω + iγ )
, (4)

where ωp is the plasma frequency and γ is the scattering rate.
See the Supplemental Material (Sec. S4) for details on the

computational method used to calculate the plasma frequency
and scattering rate [50–54].

B. Electromagnetic simulations

The optical spectra (transmittance, reflectance, and
absorptivity) of the 1D plasmonic doped anatase TiO2

structure were simulated using a 2D rigorous coupled-wave
analysis (RCWA) (DiffractMOD, Synopsys’ RSoft). For
the electric field distribution, a 2D full-wave simulation
based on the finite-difference time-domain (FDTD) method
(FullWAVE, Synopsys’ RSoft) was employed wherein
periodic boundary conditions were used for both sides of
the X direction. The perfectly matched layers were applied
to both sides of the Z direction. For both RCWA and FDTD
simulations, the excitation electromagnetic field propagated
along the Z-axis and the electric field oscillated along the
X-axis, the grid size was 2.5 nm, and the incident field
amplitudes were normalized to 1.

III. RESULTS AND DISCUSSION

A. Crystal structures, electronic structure, and optical
properties of n-type doped anatase TiO2

In this section, we will first discuss the structural
modulation of anatase TiO2 under doping effects. Lattice
parameters for a conventional cell of anatase determined
using the PBE functional were a = 3.805 Å and c = 9.725 Å.
Lattice parameters obtained using the hybrid functional were
a = 3.765 Å and c = 9.629 Å, which showed very good
agreement with those in previous studies (a = 3.766 Å, c =
9.637 Å) [12,56] and experiments (a = 3.782 Å, c = 9.502 Å)
[11]. Lattice parameters and local geometrical parameters of
the undoped TiO2 and doped TiO2 supercells are presented
in Table I. The lattice constants (a = 11.417 Å, c = 9.723 Å)
of the undoped anatase TiO2 were in good consonance
with the lattice constants obtained from experiments (3 ×
a = 11.346 Å, c = 9.502 Å) [11], with a structural deviation
of 2–3 %. The lateral lattice constants (a and b) were slightly
higher for the doped anatase TiO2 compared with the undoped
case. In contrast, the perpendicular lattice constant (c) was
slightly lower for the doped anatase TiO2. Furthermore,
we found that there was minute modulation in the M-O
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TABLE I. Lattice parameters of the undoped and doped anatase TiO2 supercell, M-O, Ti-O, and Ti-F bond lengths at the doping position
obtained using the PBE functional.

a c Ti-O1 Ti-O2 Ti-O3 Ti-O4 Ti-O5 Ti-O6

(Å) (Å) (Å) (Å) (Å) (Å) (Å) (Å)

TiO2 expt.a 9.502 1.934 1.934 1.934 1.934 1.980 1.980
TiO2 11.417 9.723 1.950 1.950 1.950 1.950 2.007 2.007

a c M-O1 M-O2 M-O3 M-O4 M-O5 M-O6

(Å) (Å) (Å) (Å) (Å) (Å) (Å) (Å)

TiO2:V 11.422 9.699 1.940 1.940 1.940 1.940 1.912 1.912
TiO2:Cr 11.417 9.699 1.927 1.927 1.927 1.927 1.917 1.917
TiO2:Nb 11.445 9.718 1.978 1.978 1.978 1.978 2.049 2.049
TiO2:Mo 11.446 9.693 1.950 1.950 1.950 1.950 1.957 1.957
TiO2:Ta 11.444 9.715 1.968 1.968 1.968 1.968 2.027 2.027
TiO2:W 11.461 9.675 1.922 1.922 1.922 1.922 1.964 1.964

a c Ti-O1 Ti-O2 Ti-O3 Ti-O4 Ti-O5 Ti-F
(Å) (Å) (Å) (Å) (Å) (Å) (Å) (Å)

TiO2:F 11.450 9.689 1.960 1.940 1.960 1.940 1.874 2.245

aTo compare with the supercell, only the lattice parameter of c-axis and Ti-O bond lengths were taken from Ref. [11].

distances, indicating a slight structural distortion. In the
case of TiO2:M, the equatorial bond lengths (M-O1, M-O2,
M-O3, M-O4) and apical bond lengths (M-O5, M-O6) were
fixed; M-O1 = M-O2 = M-O3 = M-O4, M-O5 = M-O6. In
contrast, for the TiO2:F case, the O6-atom was replaced by
atom F [Fig. 1(d)], which resulted in the change of the bond
lengths; Ti-O1 = Ti-O3 	= Ti-O2 = Ti-O4, Ti-O5 	= Ti-F.

Figure 2 shows the unfolded band structures of the un-
doped anatase TiO2, TiO2:M, and TiO2:F. The undoped
anatase TiO2 was found to be a semiconductor with an indirect
band gap of ∼2.1 eV, where the conduction-band minimum
(CBM) was located in the 
 point and the valence-band
maximum (VBM) was located between 
 and X, as shown
in Fig. 2(a). The band gaps were underestimated compared

FIG. 2. (a) Electronic band structure of anatase TiO2 primitive cell; unfolded band structures of the 108-atom supercells (b) TiO2:Nb, (c)
TiO2:Ta, (d) TiO2:W, (e) TiO2:F, and (f) TiO2:V spin-up. The horizontal dashed lines indicate positions of the Fermi levels (EF ). The top of
the valence band of the undoped anatase TiO2 was set at 0 eV as a reference. Results for the spin-down channel of TiO2:V, unfolded band
structures of TiO2:Cr, and TiO2:Mo are reported in the supplemental material (Figs. S3–S5).
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FIG. 3. Atomic orbital projected DOS (states/eV) of (a) TiO2:Nb, (b) TiO2:Ta, (c) TiO2:W, and (d) TiO2:F. The vertical dashed lines
indicate the position of the Fermi level at 0 eV. The gray shadows represent the total DOS.

with the band gap obtained from experiments (3.2 eV) [45]
because of the GGA-PBE exchange-correlation functional
used in this work. We checked the energy band gap using the
more accurate HSE06 hybrid functional based on the relaxed
structures and magnetic ordering determined using the PBE
functional, and we found that the band gap was 3.54 eV,
which showed good agreement with the one from experiments
(3.2 eV), as shown in Fig. S1 of the Supplemental Material.

The electron effective mass of the primitive cell of anatase
TiO2 crystal was estimated from the band structure [Fig. 2(a)]
by the second derivative of energy band E (k). In the parallel
direction (
-Z) to the tetragonal axis, the effective mass
(4.22m0)) is significantly larger than those in the orthogonal
direction (
-X) (0.43m0), where m0 is the free-electron mass.
These effective-mass values are consistent with previous
studies (4.05m0 and 0.42m0 in the parallel and orthogonal
direction, respectively) [57,58].

The Nb-, Ta-, W-, and F-doped anatase TiO2 crystals
presented metallic behavior, where the Fermi levels were
located within the conduction bands of anatase TiO2 crystal
[Figs. 2(b)–2(e)]. Interestingly, comparing the band dispersion
between the doped and undoped anatase TiO2 crystals, it
was evident that the valence and conduction bands of the
doped anatase TiO2 crystals are similar to those of undoped
counterparts. Furthermore, based on the projected density of
states [Figs. 3(a)–3(d)], there was negligible modulation of
the DOS for the Ti and O atoms in the doped TiO2 crystals
compared with that for the Ti and O atoms in the undoped
TiO2 crystal. The results indicated that the Nb, Ta, W, and F
dopants acted as physical donors, and the excessive electrons

of these dopant atoms (compared with the Ti and O atoms)
were physically transferred to the TiO2 lattice, resulting in
n-type doped TiO2 [59,60].

The TiO2:V, TiO2:Cr, and TiO2:Mo crystals exhibited
magnetic properties with a magnetic moment of 0.77 μB/V
atom, 1.89 μB/Cr atom, and 0.58 μB/Mo atom, respectively.
Because of magnetic properties, band structures for TiO2:V
[Fig. 2(f) and Fig. S3], TiO2:Cr (Fig. S4), and TiO2:Mo
(Fig. S5) were separated into two parts: spin up and spin
down. In addition, the conduction bands of these doped TiO2

crystals appeared as new flat bands near the Fermi levels.
We clarified that these new flat bands were the localized
3d- or 4d-electrons of the V, Cr, or Mo atoms based on the
projected density of states (Figs. S3–S5 of the supplemental
material). Therefore, it could be expected that optical proper-
ties of TiO2:V, TiO2:Cr, and TiO2:Mo would be different from
those of TiO2:Nb, TiO2:Ta, TiO2:W, and TiO2:F. Here, we
focused on the optical properties of TiO2-based TCOs, which
exhibited prototype metallic properties without significant
modulations in the TiO2 electronic structure near the Fermi
level. Thus, we would only discuss the electronic and optical
properties of anatase TiO2 crystals doped with nonmagnetic
dopants (Nb, Ta, W, and F) in the following section, which
clearly presented n-type doping and metallic feature.

Figure 3 shows the projected DOS of the Nb-, Ta-, W-, and
F-doped anatase TiO2. Only p and d states were presented
here because the contributions of s states are very small. It
is obvious that all compounds have similar total DOS. The
valence band is mainly formed from the O p states. There is
no impurity-induced gap state within the band gap, indicating
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TABLE II. Carrier concentration (ne), DOS effective mass (m∗),
estimated plasma frequency (ωp) at the Fermi level EF (for DOS
calculations), plasma frequencies (ω⊥

p , ω‖
p), and crossover frequen-

cies (ω⊥
c , ω‖

c ) of the doped anatase TiO2 crystals perpendicular and
parallel to the c-axis, respectively.

TiO2:Nb TiO2:Ta TiO2:W TiO2:F

ne(1021 cm–3) 0.77 0.78 1.57 0.79
m∗ at EF 1.07 1.10 1.24 1.11
ωp at EF (eV) 1.00 0.99 1.31 0.99

ω⊥
p (eV) 1.32 1.31 1.47 1.27

ω‖
p (eV) 0.36 0.37 0.28 0.38

ω⊥
c (μm) 2.62 2.62 2.02 2.74

ω‖
c (μm) 11.15 10.84 37.80 10.62

that the compounds have high optical transparency in the
visible region [13].

Because of the anisotropic geometry of anatase TiO2, the
optical properties were dependent on their orientation. For
a tetragonal structure (a = b, c 	= a), the complex dielectric
functions of the doped anatase TiO2 could be separated into
the following parts: (i) ε⊥ = εxx = εyy (E⊥c, perpendicular
to the c-axis) and (ii) ε‖ = εzz (E ‖ c, parallel to the c-axis).

We estimated the carrier concentration and DOS effective
mass of the doped anatase TiO2 crystals, which are the essen-
tial parameters for plasmonic applications. The anatase TiO2

crystal became a metallic system through the doping, and
therefore it is necessary to discuss the DOS effective mass at
the Fermi level. We found that the DOS effective mass at the
Fermi level of TiO2:W (1.24m0) is higher than that of TiO2:M
(M = Nb,Ta,F) (∼ 1.07m0), indicating that TiO2:W could
have lower electron mobility than TiO2:M (M = Nb,Ta,F).
The procedure used to calculate the carrier concentration is
described in detail in the supplemental material [Sec. S3(a)].
The carrier concentrations of the Nb-, Ta-, W-, and F-doped
anatase TiO2 crystals at absolute zero temperature are pre-
sented in Table II. Note that compensation with hole carriers
induced by native defects such as oxygen interstitials or Ti
vacancies is ignored in these estimations. This is a good
approximation because TiO2 is known as an n-type semicon-

ductor, and the intrinsic carrier density is much lower [56]
than that discussed in the following. We found that the carrier
concentrations of TiO2:Nb, TiO2:Ta, and TiO2:F were 0.77 ×
1021, 0.78 × 1021, and 0.79 × 1021 cm–3, respectively. In
these doped anatase TiO2 crystals, the Nb, Ta, and F atoms
donate one electron to the TiO2 lattice. The TiO2:W has
a higher carrier concentration of 1.57 × 1021 cm−3 because
this dopant has two excessive valence electrons compared
with the Ti atom and can donate two electrons.

Next, we studied the optical properties of the doped anatase
TiO2 to assess their potential for optoelectronic devices. The
performance of plasmonic materials depends mainly on their
structures and physical properties. Figures 4(a) and 4(b) show
the real and imaginary parts of the dielectric functions of
TiO2:Nb, TiO2:Ta, TiO2:W, and TiO2:F.

Although the simulation with the HSE06 hybrid exchange-
correlation functional provided a more accurate estimation
of the band gap than the PBE functional, simulations with
the HSE06 functional did not significantly alter the band
dispersion of the valence and conduction states of the doped
anatase TiO2 (Fig. S2 of the supplemental material). Also, the
GW approximation gives more accurate results for the optical
transitions, but because of the large size of these systems it
is impossible to apply the GW approximation in this study to
obtain a sufficiently accurate result. Our focus is on infrared
applications; therefore, we focus mainly on the low-energy
intraband region of the optical response, which corresponds to
an energy region smaller than 1.6 eV. Several references show
that there were no significant differences between the dielec-
tric functions of anatase using the GW approximation and the
PBE compared to experiments in the low-energy limit below
1.6 eV [61,62]. Furthermore, we applied the Drude model to
calculate the intraband dielectric function. The Drude model
is considerably dependent on plasma frequency, which can be
estimated from the shape of the valence bands and conduction
bands rather than the band gap. Several studies used HSE06 or
GW to improve the accuracy of energy bands of anatase TiO2,
but the shape of the valence bands and conduction bands does
not change significantly [61,63,64]. For doped semiconductor
systems in this study, which show metallic behavior, the two
components that contribute to the total dielectric function are
interband and intraband transitions. We admit that substantial

FIG. 4. Calculated (a) real parts and (b) imaginary parts of the total dielectric functions (interband and intraband electron transitions). (c)
Figure of merit (FOM) of the doped anatase TiO2 crystals along the direction perpendicular to the c-axis. The curves of the dielectric functions
for TiO2:Nb (red) and TiO2:Ta (green) overlap each other.
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FIG. 5. Calculated (a) real permittivity, (b) imaginary permittivity of the doped anatase Ti1–xNbxO2 systems (x = 0.03,0.04,0.06)
perpendicular to the c-axis.

error exists for interband transitions in the visible region, but
we consider that there is no significant difference between
the intraband dielectric functions using the PBE functional
and the HSE06/GW approximation in the low-energy limit.
Namely, we can state that different simulation methods show
little effect on optical properties in the low-energy midin-
frared region. For example, the PBE functional with the IPA
model can be safely used to investigate optical properties
in the infrared region. Also, since real experimental systems
are affected by many other factors such as crystallinity and
surface roughness, the current approach with the IPA model
can be used to assess the optical properties in the infrared
region. Recently, we succeeded in synthesizing high-quality
doped TiO2 films, and we found that the agreement in the
midinfrared region is satisfactorily good [65].

Here, we focused on the optical properties of the doped
anatase TiO2 along the highest plasma frequency direction
(perpendicular to the c-axis). The most important quantity,
which should be taken into account here, is the crossover
frequency (or screened plasma frequency), defined as the
frequency (wavelength) where the real part of the dielectric
function crosses the zero value. We found that the crossover
frequency was within a range of 2.0–2.7 µm for the Nb-, Ta-,
W-, and F-doped anatase TiO2 indicating their suitability for
IR photonic applications. The results on the total dielectric
functions clearly show that Nb, Ta, and F exhibit nearly
the same optical properties. Since fabrication of F-doped
TiO2 requires special chemical treatment, and the price of
each metric ton of tantalum is about $140 000, but that
of niobium is only about $42 000 [66], it is more desir-
able to select a low-cost and more stable dopant such as
Nb for practical applications with large-scale IR plasmonic
devices.

Figure 4(c) shows the figure of merit (FOM) defined by
the ratio between the real permittivity and the imaginary
permittivity of TiO2:Nb, TiO2:Ta, TiO2:W, and TiO2:F, which
can value the quality factor and near-field enhancement of the
LSPR. It could be seen that Nb-, Ta-, and F-doped anatase
TiO2 had superior performance compared to the W-doped

anatase TiO2 because of their low-loss nature. The FOM
values were greater than 1 in the IR region for all curves.
This proves that the Nb-, Ta-, W-, and F-doped anatase TiO2

are highly promising materials for IR LSPR applications.
For most transformation optics (TO) devices, the smaller the
imaginary part of the total dielectric function, the better is the
material. The Nb-, Ta-, and F-doped anatase TiO2 has better
performance than the W-doped TiO2 for TO devices, which
can be attributed to the higher loss of TiO2:W compared with
those of TiO2:Nb, TiO2:Ta, and TiO2:F.

In general, plasma frequency is strongly dependent on
dopant concentration. To demonstrate the potential of doped
semiconductors as tunable plasmonic materials, we con-
structed three models to investigate the plasma frequency
and carrier density of doped semiconductors as a function of
the dopant concentration (Fig. 5 and Table III). The dopant
concentrations (x), which correspond to the 108-, 72-, and 48-
atom supercells, were 0.03, 0.04, and 0.06, respectively. We
chose these particular dopant concentrations because 0.03 �
x � 0.06 was the optimum range of dopant concentrations
in experiments, resulting in high electrical conductivity and
optical transmittance [13].

As seen in Table III, the plasma frequency ω⊥
p along the

highest plasma frequency direction (⊥c) increases with the in-
crease of the dopant concentration x following the expression
ωp = ( nee2

ε0m∗ )
1
2 [see the Supplemental Material, Sec. S3(c)],

TABLE III. Carrier concentration (ne), plasma frequency (ω⊥
p ),

and crossover frequency (ωc) for different Nb concentrations x along
the highest plasma frequency direction (⊥c).

ne ω⊥
p ω⊥

c

x Supercell (1021 cm–3) (eV) (µm)

0.03 3 × 3 × 1 0.77 (∼0.7)a 1.32 2.62
0.04 3 × 2 × 1 1.14 (∼1.2)a 1.51 2.22
0.06 2 × 2 × 1 1.76 (∼1.7)a 1.74 1.88

aData extracted from Ref. [13].
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FIG. 6. (a) Calculated SPPs dispersion curves at the noble metals (Au,Ag)/air and n-type doped anatase TiO2/air interfaces. The inset
shows attenuated total reflection (ATR) geometry for SPP excitation. (b) Simulated electric field distribution of an IR plasmonic TiO2:Nb
nanocavity array excited at the resonant wavelength of 6 μm. The inset in (b) shows the proposed structural geometry. (c) Simulated reflectance,
transmittance, and absorptivity of a TiO2:Nb periodic cavity array working as a plasmonic antenna for SEIRA. (d) The tunability of the plasmon
resonance in the mid-IR region demostrated for the TiO2:Nb cavity array (the cavity length h = 0.4 − 0.8μm).

which also agrees well with the experimental results reported
previously [13].

B. Electromagnetic simulations of plasmonic n-type doped
anatase TiO2 structures

Recently, ITO and other TCOs have proven to be the
materials of choice to study surface plasmons in the mid-IR
region because they exhibited screened plasma frequencies
in this region [5,32,33,67,68]. To demonstrate the plasmonic
properties of n-type doped anatase TiO2 films, we first studied
the SPPs on the surface of n-type doped anatase TiO2 thin
films. In this work, we used the Kretschmann configuration
supported by an attenuated total reflection (ATR) Si hemi-
cylindrical prism [inset in Fig. 6(a)] to analytically investigate
the SPPs of the n-type doped anatase TiO2 thin films. Figure
6(a) shows the calculated SPP dispersion curves at the n-type
doped anatase TiO2 film/air interface. The SPP dispersion
curves at the noble metal (Au, Ag)/air interfaces were also
plotted for comparison. The dispersion curves indicate that
the SPPs of the n-type doped TiO2 films/air reside in the
low-energy region (IR region). Interestingly, compared to the
noble metal films, the n-type doped anatase TiO2 films exhibit
SPPs in the mid-IR region (below 0.5 eV) whereas noble

metals behave as perfect electrical conductors in this region.
This proves that the n-type doped anatase TiO2 films are
favorable candidates to study SPPs in the IR region, similar
to other plasmonic TCO materials [69].

Nowadays there is much interest in the use of plasmonic
ITOs among plasmonic oxide nanoantennas for surface-
enhanced infrared absorption spectroscopy (SEIRA) [70–72]
applications due to the advantages of their oxide surface
functionalization [34,73] and tunability of the IR screened
plasma frequencies. Figure 6(b) shows the simulated electric
field intensity distribution of a plasmonic TiO2:Nb nanocavity
array at a resonance excitation of 6 µm. The plasmonic
structure showed a strong electric field enhancement confined
within the vertical cavity at the resonant excitation, indicating
that the TiO2:Nb cavity array is a good candidate for SEIRA
applications. The inset in Fig. 6(b) shows the structural ge-
ometry of the TiO2:Nb nanocavity array with a periodicity
p, cavity gap g, length h, and bottom film thickness t . For
example, a perfect resonance absorption of 6 µm targeted at
an amide I vibrational band can be realized by fabricating
a plasmonic TiO2:Nb nanocavity array with the following
geometrical parameters: p = 3, g = 0.35, h = 0.72, and t =
0.5 μm [Fig. 6(c)]. By simply varying the cavity length h from
0.4 to 0.8 μm [Fig. 6(d)] while keeping the other parameters
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constant (p = 3, g = 0.35, and t = 0.5 μm), the resonance of
the plasmonic cavity array is tunable in the mid-IR region and
covers the most important molecular vibrations (e.g., C = O,
amide I, and amide II bands). With strong near-field intensity
enhancement (e.g., ∼400 times) at the plasmonic cavity, high
absorptivity, low loss, and feasible tunability, the plasmonic
TiO2:Nb nanocavity array proposed in this work can also
be applied in other IR plasmonic devices such as thermal
emitters or visible-transparent IR selective absorbers for smart
windows.

IV. CONCLUSIONS

In this work, we investigated the effects of doping based on
six transition metals from group V-B (V, Nb, Ta) and group
VI-B (Cr, Mo, W) and an element from group VII-A (F)
on the electronic structures and optical properties of anatase
TiO2 using first-principles DFT and the IPA model. Based on
the electronic band structures of undoped and doped anatase
TiO2, we showed that the dopants Nb, Ta, W, and F preserved
the natural structural properties of anatase TiO2 while show-
ing strong metallic behavior close to the nearly-free-electron
system. The optical properties of Nb-, Ta-, W-, and F-doped
anatase TiO2 were analyzed, and their performances in the

IR region were compared. We concluded that Nb-, Ta-, W-,
and F-doped anatase TiO2 are promising candidates for IR
plasmonic applications, with a crossover frequency within
a range of 2.0–2.7 µm. As a proof of concept, SPPs and
LSPR resonances of the doped anatase TiO2 were examined
by using analytical and numerical simulations. The simulated
results evidenced that doped TiO2 can be a good plasmonic
material platform for IR plasmonic devices such as for SEIRA
and IR emitters. The results obtained here will be useful for
further exploration of practical IR plasmonic materials based
on various oxide semiconductors.
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