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Abstract. Electronic and optical properties of pristine and metal-doped lithium niobate crystals are investigated by
using first-principles DFT calculations. The results on optical properties suggest that there is a shift in the absorption edge
towards visible region (red-shift) for metal-doped structures, in comparison with the pristine lithium niobite. A series of
metals are used for doping and it is found that the absorption edge is shifted significantly to the visible region for the
dopants; gold (Au), silver (Ag), aluminium (Al) and copper (Cu) due to surface plasma resonance. However, for other
metal dopants like iron (Fe), manganese (Mn), molybdenum (Mo) and nickel (Ni), the absorption is slightly improved in
the visible region and red-shift is observed. The bandgap of all the doped structures is found to be reduced, this might be
proven advantageous for photovoltaic applications, which requires high optical absorption in the visible region. The
dielectric constant and refractive index of the pristine and doped structures are also calculated and it is observed that the
absorption trend is in accordance with dielectric constant. The optical absorption is enhanced in the visible region due to
doping of selected metals (M = Au, Ag, Al, Cu, Fe, Mn, Mo and Ni) making M-lithium niobite a promising material for
optoelectronic- and photonic-based applications.
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Introduction

In 1963, geologist Gustav Rose discovered the mineral
CaTiO3 (calcium titanate) in the mountains of Ural. The
mineral was named as perovskite to award the gratitude to
Lev Perovski, a distinguished mineralogist from Russia [1].
Any compound having formula ABC3 is named as
perovskite, where B ion surrounds the C ions. Numerous
varieties of electric properties and solid-state behaviours
including: insulating, semiconducting, metallic and superconducting are comprehended in the perovskite materials
[2]. Therefore, these compounds are very fascinating for
investigations and are applied to a large variety of applications. They also exhibit a variety of optical, magnetic and
electronic properties. Most of the elements of the periodic
table are found stable in the perovskite structure [3]. Studies
of these compounds are of great interest owing to their wide
applicability in the photochromic, image storage, electrochromic, filtering, switching and surface acoustic wave
signal processing devices [4,5]. Likewise, they have a
virtuous impact on numerous optoelectronic-, bio-sensing-,
photo-electrolysis-based applications [6]. In recent years, a

huge interest has developed in the studies of perovskite
materials and investigating their properties for the photonic
and optoelectronic applications. It is due to their
adjustable optical and electrical properties, that too with
mechanical flexibility [7,8]. Furthermore, their highabsorption coefficient, low diffusion length, excellent
charge transportation and low non-radioactive emission
exceed their utilization for photovoltaic- and optoelectronic-based devices [9–11].
Lithium niobate (LiNbO3) is a notable member of the
perovskite family. It exists in the ferroelectric state and
liable for potential use in the electro-optical and optical
systems due to its extraordinary piezoelectric, electro-optical, photovoltaic, photo elastic and nonlinear optical properties [12–14]. The study of LiNbO3 is interesting for the
researchers due to its unique properties that are mainly
determined by its defect structure and composition. Its
optical characteristics can be influenced by the significant
amount of impurity, which can replace Li/Nb ion and can
occupy the octahedral void in the crystal [15]. In the past,
LiNbO3 has attracted the attention of the researchers and
manufacturers for optoelectronics-based applications. Javid
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et al [16] reported the DFT study of electronic and optical
properties of LiNbO3. It has been concluded in the past
studies that a major shortcoming associated with the
LiNbO3 is its large bandgap. Due to which, the LiNbO3
crystal undergoes surface photo-activation under UV
radiation alone [17]. However, UV light (300–400 nm), is
a very small fraction of the sunlight (only 5%) and a
large proportion of the sunlight will be left unutilized. So,
it is interesting to shift the optical response of LiNbO3 to
the visible range of the optical spectrum [18]. This can
be achieved by the metal-doping which leads an extension in the wavelength range towards the visible spectra
and thus, improves the solar energy utilization efficiency
[19,20].
Pathak et al [21] studied the effect of Eu3? doping on the
optical properties of LiNbO3 and concluded that the optical
properties are improved due to doping. Likewise, Hui et al
[22] studied the effect of Fe and Mg doping on the optical
properties of LiNbO3. Bachiri et al [23] also analysed the
effect of Ni doping on the properties of LiNbO3. Metal
doping is an effective way to improve the optical properties
by lowering the bandgap of materials for photoexcitation
(red-shift) and additionally reduce the recombination of
charge carriers. In the category of dopants, metals can be
further subcategorized based on their properties. Although
there are various classes of metals, however, a superior
class of metal is plasmonic (Ag, Au, Al and Cu) which
exhibits the occurrence of surface plasmonic phenomena
[24]. This phenomenon leads to the oscillation of electrons
for the matched frequency of the incident radiation. The
metals exhibiting surface plasmonic phenomena have
unique optical properties and are exceptionally strong
absorber of light. This makes them an appropriate dopant
for tuning the optical absorption towards the visible region
[25–28].
In this paper, the electronic and optical properties of the
pristine LiNbO3 crystal are investigated. Further, the
crystal is doped with various metals (M = Fe, Mn, Mo and
Ni) along with the metals exhibiting plasmonic effect (M
= Au, Ag, Al and Cu). Subsequently, the effects of doping
on electronic and optical properties are analysed. The
bandgap of pristine and doped structures is calculated for
analysing the electronic properties. The primary motivation of the doping is to reduce the large bandgap and to
further tune the optical properties. For analysing the effect
of doping on the optical properties, the energy and
wavelength-dependent absorption coefficient are computed. Further, dielectric function and refractive index are
also computed for the analysis. From the computed results,
a significant improvement is observed in the optical
properties due to metal-doping. These improvements are
significant for the plasmonic metal dopant (M = Au, Ag,
Al and Cu) [29]. However, for the other metal dopants like
Fe, Ni, Mn and Mo, an improved absorption in visible
spectra along with red-shift is observed. These findings
suggest M-lithium niobite (M = Au, Ag, Al, Cu, Fe, Mn,
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Mo and Ni) as a suitable candidate for photovoltaic and
optical applications.
This paper is divided into four sections including
‘Introduction’ section. Further, the computational details
for pristine and metal-doped LiNbO3 are elaborated in
section 2. Thereafter, section 3 presents the detailed
structural geometry and properties, electronic properties
and optical properties of the pristine and metal-doped
LiNbO3. Finally, important outcomes are summarized in
section 4.

2.

Computational details

The ground-state properties of any material can be efficaciously computed by utilizing first-principles calculations
modelled on density functional theory (DFT). In this paper,
the plane-wave DFT calculator is utilized to optimize the
geometry and to compute the properties of LiNbO3 and its
metal-doped structures. The calculations are performed on
the Quantum-ATK tool kit. In geometry optimization, to
represent the exchange-correlation function, the generalized
gradient approximation (GGA) of Perdew–Purke–Prnzerh is
adopted [30,31]. The geometry optimization is performed
by using Monkhorst–Pack k-point mesh with the
9 9 9 9 1 k point sampling and density mesh cut off of
150 Hartree [32]. LBFGS optimization method of type
quasi-Newton optimization algorithm is utilized for the
geometry optimization until all forces acting on the atoms
and stress became \0.02 eV Å–1 and 0.004 GPa, respectively. To render steadiness with earlier research, GGA is
adopted to compute the electronic properties [16,33].
Nonetheless, due to the use of effective approximation
algorithms, the calculated results are in good agreement
with the previously reported results [16,34]. The DFT in
combination with meta-GGA (TB09) is used to calculate
the optical properties. The 9 9 9 9 1 k-points sampling is
used for the Brillouin zone to calculate the optical properties [32].
The electronic and optical properties of the optimized
LiNbO3 hexagonal unit cell with various doping arrangements are calculated. Various metal dopants from the
periodic table are chosen to regulate/tune the optical
properties of the crystal. For the material, relationships
among the dielectric constant (er), polarizability (a),
optical conductivity (r) and susceptibility (v) are given as
[35]:
er ¼ 1 þ vðxÞ;

ð1Þ

aðxÞ ¼ Ve0 vðxÞ;

ð2Þ

rðxÞ ¼ imgðxe0 vðxÞÞ:

ð2Þ

The refractive index (g), extinction coefficient (k) and
dielectric constant (er) are related as:
pﬃﬃﬃﬃ
ð4Þ
g þ ij ¼ er :
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Figure 1. Hexagonal unit cell of (a) pristine LiNbO3 and (b) metal (Al)-doped LiNbO3.
Table 1.

Lattice constants of pristine LiNbO3.

a (Å)

b (Å)

c (Å)

Vol. (Å3)

References

5.204
5.220
5.057
5.147

5.204
5.220
5.057
5.147

13.976
14.093
13.942
13.849

378.492
384.011
356.542
366.880

This work
Theor. [37]
Theor. [33]
Expt. [38]

Table 2. Lattice constant and bandgap of pristine LiNbO3 and
metal-doped structures.
Lattice parameters
Doped models a (Å) b (Å)

c (Å)

Volume
(Å3)
Bandgap (eV)

Pristine-LN
Ag-LN
Al-LN
Au-LN
Cu-LN
Fe-LN
Mo-LN
Mn-LN
Ni-LN

13.976
14.711
15.068
14.346
14.411
14.333
14.631
14.390
14.337

378.492
453.298
456.635
434.755
444.855
430.897
445.812
437.992
439.072

5.204
5.551
5.505
5.505
5.556
5.483
5.520
5.517
5.534

5.204
5.551
5.505
5.505
5.556
5.483
5.520
5.517
5.534

3.56
1.78
2.02
1.36
0.96
1.38
0.61
0.72
0.94

Refractive index (g) and extinction coefficient (k) can be
represented in terms of real (e1 ) and imaginary parts (e2 ) of
dielectric function, as:
sp
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
e21 þ e22 þ e1
;
ð5Þ
g¼
2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
sp
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
e21 þ e22  e1
j¼
:
ð6Þ
2

Figure 2. Band structure of pristine LiNbO3 with bandgap,
Eg = 3.56 eV.

Coefficient of optical absorption and coefficient of
extinction are related as [36]:
x
ð7Þ
aa ¼ 2 j:
c
Wavelength (k) and photon energy (E) are related as:
kðlmÞ ¼

1:2398
:
EðeVÞ

ð8Þ

The above equations are utilized to calculate the optical
parameters from the computed values.

3.

Results and analyses

In this section, structural, electronic and optical properties
of pristine LiNbO3 crystal are calculated and analysed in
detail. The pristine LiNbO3 is doped with variety of metal
dopants (M = Al, Au, Ag, Cu, Fe, Mn, Mo and Ni). Further,
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Figure 3. Energy-dependent real part of dielectric function for (a) pristine LiNbO3, and doped with (b) Ag, (c) Al,
(d) Au, (e) Cu, (f) Fe, (g) Mn, (h) Mo and (i) Ni, along the xx, yy and zz tensors.

the doped structures are simulated and their electronic and
optical properties are calculated and analysed.

3.1

Structural geometry and properties

The hexagonal unit cell of LiNbO3 crystal consists of six
atoms of each lithium and niobate along with 18 atoms of
oxygen (total 40 atoms). The LiNbO3 crystal structure utilized for the calculations [37], is illustrated in figure 1a. In
the doped structures, the hexagonal unit cell of LiNbO3
containing 40 atoms is constructed, and two host atoms are
replaced by dopant atoms. All the doped models are simulated with 5% doping concentration, as shown in figure 1b.
The doping model in figure 1b is represented for the dopant;
aluminium (Al) and same analogy is adopted for the other
dopants.
For pristine LiNbO3, the geometry is optimized and the
lattice parameters of the optimized structure are found in

good agreement with the previously reported results
[16,34,37,38,39]. The compression of the experimental
lattice parameter reported in earlier studies along with the
values calculated in this study for pristine LiNbO3 are
depicted in table 1. The calculated lattice constant, lattice
volume and bandgap for metal-doped structures are elaborated in table 2.

3.2

Electronic structure and properties

Band structure of any material is a representation of the
band of eigen values, which can be utilized to understand
the alignment of Fermi level. For any material, there is a
noteworthy influence of the location of Fermi level on
electronic and optical properties [40–44]. By identifying the
location and energies of the dominant bands close to the
Fermi level, the electronic and optical properties of the
materials can be easily understood. The band structure of
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Figure 4. Energy-dependent imaginary part of dielectric function for (a) pristine LiNbO3, and doped with (b) Ag,
(c) Al, (d) Au, (e) Cu, (f) Fe, (g) Mn, (h) Mo and (i) Ni, along the xx, yy and zz tensors.

pristine LiNbO3 crystal is computed using GGA and is
presented in figure 2. It can be observed from the figure that
the pristine LiNbO3 crystal has a direct bandgap of 3.56 eV.
The conduction band minima and valance band maxima are
located at 2.94 and –0.62 eV. The valence band maximum
and conduction band minimum occur at the same point C.
The occurrence of valence band maximum and conduction
band minimum at same point makes pristine LiNbO3, a
direct bandgap material [34]. The value of bandgap is in
well agreement with the reported bandgap of 3.54 eV by
Hossain et al [34], which validates the calculated results.
The calculated value of the bandgap is also in good
agreement with the other reported results in earlier theoretical and experimental studies [16,38].
To understand the effect of doping on the electronic and
optical properties, M-LiNbO3 (M = Al, Au, Ag, Cu, Fe, Mn,
Mo and Ni) crystal is optimized. The calculated lattice
constant, lattice volume and bandgap of pristine and metaldoped (M = Al, Au, Ag, Cu, Fe, Mn, Mo and Ni) structures

after geometry relaxation are elaborated in table 2. A significant reduction in the bandgap is achieved for all the
metal-doped structures (summarized in table 2) as compared to pristine LiNbO3 due to the introduction of in-gap
impurity states. It is determined from the calculated bandgap that the metal doping can be advantageous to achieve
the improvement in the optoelectronic performance of
LiNbO3 due to the bandgap narrowing.

3.3

Optical properties of pristine and doped structures

In this section, the calculated optical properties including
dielectric function, absorption coefficient and refractive
index of pristine and M-LiNbO3 (M = Au, Ag, Al, Cu, Fe,
Mn, Mo and Ni) crystals are analysed in detail. These
analyses are very interesting and are essential for finding a
notable doped structure of LiNbO3 for optoelectronicsbased applications. The values represented in this section
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Figure 5. Energy-dependent absorption coefficient for (a) pristine LiNbO3, and doped with (b) Ag, (c) Al, (d) Au,
(e) Cu, (f) Fe, (g) Mn, (h) Mo and (i) Ni, along the xx, yy and zz tensors.

are calculated along the xx, yy and zz tensors. The results
along the x-direction are discussed here, and the results in
the other two directions may be interpreted in the same way
[41]. The real part of dielectric function is illustrated in
figure 3a for pristine LiNbO3 and in figure 3b–h for
M-LiNbo3 (M = Au, Ag, Al, Cu, Fe, Mn, Mo and Ni). The
real part of dielectric function describes the phase lag
between the driving and response frequency and represents
the slowing down of the light in the material. For the doped
LiNbO3, the value of real part of dielectric function
increases and the dielectric loss decreases with respect to
pristine LiNbO3. The decreased dielectric losses signify
lesser slowing down of the light in the doped structures and
better optical response in comparison to the pristine
LiNbO3.
The imaginary (e2) portion of the energy-dependent
dielectric function for pristine and metal-doped LiNbO3 are
illustrated in figure 4. It is significant and fascinating to
examine the imaginary (e2) portion of dielectric function due

to its effectiveness in determining the optical absorption. The
imaginary part of dielectric function is a representation of the
damping and considered as an effective parameter to investigate the optical absorption. For pristine LiNbO3, as shown
in figure 4a, there are three peaks in the imaginary part of the
dielectric function with the strongest one at around *3.6 eV
and the subsequent-strongest one at *5 eV followed by the
smallest one at *8 eV. Further, for all the metal-doped
structures included in this analysis, the peaks are significantly
shifted towards the lower energies and are broadly found in
the range of *0–1 eV, as shown in figure 4b–i.
For pristine and all the metal-doped structures, the peaks
of the imaginary part of the dielectric function are in consistency with the energy-dependent absorption coefficient as
illustrated in figure 5. The presence of these peaks of
dielectric function at low energies (for all the metal-doped
structures) signifies a smaller excitation binding energy that
in turn results in a higher absorption in the visible region of
the optical spectrum.
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Figure 6. Wavelength-dependent absorption coefficient for (a) pristine LiNbO3, and doped with (b) Ag, (c) Al,
(d) Au, (e) Cu, (f) Fe, (g) Mn, (h) Mo and (i) Ni, along the xx, yy and zz tensors.

Further, the energy-dependent and wavelength-dependent
absorption coefficients are illustrated in figures 5 and 6 for
the pristine and metal-doped LiNbO3, respectively. The
absorption coefficient of any material is an effective
indicative of the efficiency of solar energy conversion and
signifies the propagation length of light in any material. As
illustrated in figure 5a, the absorption starts from *3.6 eV
which is in consistency with the bandgap calculated in the
earlier section for the pristine structure. However, for metaldoped LiNbO3, the absorption edge of absorption coefficient starts at lower energies (figure 5). Compared with that
of pristine LiNbO3 (3.6 eV), the absorption edge of metaldoped (M = Al, Au, Ag, Cu, Fe, Mn, Mo and Ni) shifts to
the lower energy direction (long-wave direction). This shift
predominantly improves the optical performance.
The wavelength-dependent absorption coefficient for the
metal dopants: Ag, Al, Au, and Cu are illustrated in
figure 6b–e. As shown in figure 6a, the absorption in the
pristine structure lies completely in the UV region of the

optical spectrum with absorption edge at *350 nm. This
absorption edge is in strong consistency with the computed
bandgap (Eg = 3.56 eV). It can be concluded from the
absorption coefficient that there is a significant shift in the
absorption edge towards the visible and near-visible regions
(NVR) of the optical spectrum for the dopant Ag, Al, Au
and Cu. It can be seen from figure 6b and d that the
absorption has been completely shifted to 400–800 nm for
the dopant Ag and Au. However, for dopant Al (figure 6b);
the absorption is in near-visible region, i.e., around 400 nm
and for dopant Cu (figure 6e), it is in 400–600 nm. This
shifting of absorption in visible region for the dopants like
Au, Ag, Cu and Al occurrs due to the surface plasmonic
resonance phenomena. These dopants are in the category of
plasmonic metal. The doping with these plasmonic metals
leads to the oscillation of electrons matched to the frequency of incident radiation. Metals like Au, Ag, Cu and Al
are considered as potential candidate for the plasmonic
applications. Among these metals, Ag is superior for the
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Figure 7. Energy-dependent refractive index for (a) pristine LiNbO3, and doped with (b) Ag, (c) Al, (d) Au, (e) Cu,
(f) Fe, (g) Mn, (h) Mo and (i) Ni, along the xx, yy and zz tensors.

Table 3.

Comparison of the optical properties of pristine and metal-doped LiNbO3.

Optical properties
Optical absorption-UV region
Absorption-visible region
Suitability-optoelectronic applications

Pristine LiNbO3

Ag/Au-doped

Al/Cu-doped

Ni/Fe/Mn/Mo-doped

High
Missing
Not good

Missing
High
Best

Missing
High in visible and NVR
Better

High
Low
Good

plasmonic effect because of its least optical losses in the
visible region. However, Ag oxidizes in a rapid manner and
exhibits losses because of roughness at the surface. On the
contrary, Au outperforms in the visible region that too with
superior chemical stability. Conversely, the chemical
instability of Cu and Al restricts them from the wide
applicability.
The above facts are strongly supported by wavelengthdependent absorption coefficient, shown in figure 6b–e. It

can be inferred from figure 6 that the optical spectrum is
completely tuned in the visible region for the dopant Ag
(figure 6b) and Au (figure 6d) due to their extraordinary
absorbing and scattering efficiency. In these metals, the
conduction electrons in the surface experience a collective
oscillation for a specific wavelength during interaction with
incident light. This oscillation may be identified as plasmon
resonance, and thus, results in a higher absorption in the
visible region. For the other plasmonic dopants; Al
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(figure 6c) and Cu (figure 6e), the absorption is shifted
towards visible and near-visible region (NVR). The value of
absorption coefficient is the highest for Ag-doped LiNbO3
among all the metal-dopants utilized in this study and thus,
making it the best among all. Subsequently, for other metaldopants like Fe, Mo, Mn, Mo and Ni, a red-shift along with
slightly improved absorption in the visible spectra is
observed, as illustrated in figure 6f–i.
Overall, the shifting of edges and improvement in
absorption in the visible region for all the M-lithium niobite
(M = Au, Ag, Al, Cu, Fe, Mn, Mo and Ni) are attributed to
the newly created energy levels near to the filled conduction
band. This results in a red-shift as illustrated in figure 6.
Further, it can also be concluded that due to metal doping,
the equilibrium carrier concentration gets altered that led to
the formation of traps. These traps ultimately reduce the
charge carrier recombination rate and thus, improve the
photovoltaic activity. As a conclusive remark, it can be
stated that the doping with metal-dopant used in this study
resulted in an improved absorption of visible light. The
outcomes of the absorption coefficient are found consistent
with the calculated dielectric function. Further, a broader
range of absorption can easily be observed for the structures
doped with plasmonic metals (M = Au, Ag, Al and Cu),
from figure 6b–e. This broader range clearly signifies a
stable and enhanced absorption in the visible range of the
optical spectrum due to the doping of plasmonic metals.
Owing to the improved visible light absorption, metaldoped LiNbO3 structures (specifically plasmonic metaldoped) are proven a prominent candidate for the optoelectronics- and photonic-based applications.
The refractive index is computed from the real part of the
dielectric function and is demonstrated in figure 7 for
pristine and metal-doped LiNbO3. The peaks in the refractive index follow the imaginary part of the dielectric
function, shown earlier in figure 3, which illustrates the
consistency of the refractive index with dielectric function.
A significant improvement is observed in the refractive
index for all the metal-dopants as shown in figure 7b–i than
that of pristine LiNbO3 shown in figure 7a. This implies
comparatively a longer life of light in the crystal, resulting
in the higher absorption of the photon in the respective
spectrum range.
The comparison of optical properties and application
validity of the pristine and M-doped LiNbO3 (M = Au, Ag,
Al, Cu, Fe, Mn, Mo and Ni) is presented in table 3. It is
clear from the summarized data that Ag- and Au-doped
LiNbO3 are the best suits for the optoelectronic- and photonic-based applications.

4.

Conclusion

Here, the electronic and optical properties of pristine and
M-doped LiNbO3 (M = Au, Ag, Al, Cu, Fe, Mn, Mo and Ni)
are computed by using DFT-based simulations. Due to large
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bandgap, pristine LiNbO3 cannot utilize the visible portion
of the optical spectrum. The absorption in the visible region
can be enhanced by means of doping with a suitable metal
dopant. It is found from the calculated bandgap of the
M-LiNbO3 that the metal doping is helpful to improve the
optoelectronic performance of LiNbO3 owing to the narrowing of bandgap. In this study, the pristine LiNbO3 is
doped with the metals (M = Fe, Mn, Mo and Ni) along with
a superior class of metal, i.e., plasmonic metal (M = Au, Ag,
Al and Cu). In the M-LiNbO3 (M = Au, Ag, Al and Cu), due
to surface plasmonic resonance, the optical absorption is
extraordinarily enhanced in the visible region. Among the
plasmonic dopants, the enhancement is very much significant for the dopants Au and Ag, due to their extraordinary
plasmonic properties. The other plasmonic dopants Cu and
Al also showed an enhanced absorption in the visible
region. However, for the other metal-dopants like Ni, Fe,
Mn and Mo, a slightly increased absorption in the visible
region along with red-shift is observed. It has been shown
that the optical properties of LiNbO3 are enhanced significantly by doping of metal dopants (M = Au, Ag, Al, Cu, Fe,
Mn, Mo and Ni). Hence, it is envisaged that the metaldoped LiNbO3 may find vital usage in photonic- and
optoelectronics-based applications.
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