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Surface and morphological studies of LiNbO3:
p-type semiconductivity on stoichiometric surfaces

Luis Henrique da Silveira Lacerda, *a Miguel Angel San-Miguel a and
Sergio Ricardo de Lazaro b

LiNbO3 is a semiconductor material employed in the development of several technological devices and

processes. However, its suitability is expanded when p-type semiconductivity is obtained. In this work,

density functional theory (DFT) simulations using the B3LYP hybrid functional connect the surface and

crystalline morphology of LiNbO3 to its semiconductivity features. Thus, the main low-index surfaces

were carefully investigated, presenting the influence of O vacancies on surface stability and structural

and electronic features. The results also illustrate the electronic properties of surfaces in terms of band

gap, charge carrier stability, and semiconductor type, the latter being dependent on the surface direction.

Finally, a large set of possible crystalline morphologies for LiNbO3 is presented, predicting the expected

properties for different crystal shapes from the calculated surface properties. A particular behavior is

found observing the existence of both p- and n-type semiconductivity in the same morphology.

Introduction

The investigation of solid-state materials is strongly connected
to technological advances. Thus, semiconductors, photonic
materials, magnetic materials, catalysts, ferroelectric materials,
piezoelectric materials, and other types of solid-state materials
were deeply investigated over the years. Among the materials
with high technological potential, lithium niobate (LiNbO3)
stands out as a wide band gap semiconductor with a unique
set of photonic, photoacoustic, pyroelectric, thermoelectric,
piezoelectric, and ferroelectric properties.1–8

The first LiNbO3 study took place over 70 years ago. To the
best of our knowledge, the first manuscript was published in
1943 by Matthias and Remeika9, where LiNbO3 was reported as
an ilmenite material. This definition was accepted until 1952,
when Bailey11,14 showed that, under room conditions, the space
group is R3C with lattice parameters a = b a c and angles a = b = 901
and g = 1201, exhibiting [LiO6] and [NbO6] distorted clusters. This
structure is related to high ferroelectric properties raised from
highly compacted layers, the distortion of octahedral clusters, the
alteration of A and B cations along the c axis, and the presence of
intrinsic vacancies.1,10–14

LiNbO3 is one of the most exciting candidates for developing
integrated photonic devices, acoustic-optical and non-linear-
based devices, waveguides, couplers, wavelength converters,
and electro-optical modulators.15–20 The doping process can

expand the high suitability of LiNbO3.2,21 For instance, Fe- and
Cu-doping results in photorefractive responses; the Nd-,
Yb- and Er-doping results in active features for laser generation.21

In both cases, the resulting materials are potential alternatives to
developing holographic storage devices or laser gain media.2,8

In turn, Mg- and Zn-doped LiNbO3 enable the production of
photodamage-resistant wafers.21 The main limitation to the
application of LiNbO3 lies in the absence of p-type semiconductivity
responsible for its use as a passive component of important devices.
Thus, thermoelectric oxidation, ultraviolet irradiation, and intense
doping processes with optical damage resistant species were carried
out to produce p-type LiNbO3.22–25 Recent reports suggest
that N-doping can produce LiNbO3 materials with p-type semi-
conductivity.26,27

The conduction mechanism of LiNbO3 depends on structure,
stoichiometry, temperature, and synthesis conditions. Hence,
beyond n- or p-type semiconductivity, recent studies report20,28,29

the polaronic conductivity as the dominating charge transport
mechanism in LiNbO3, mainly for high temperatures.30 It is
generally accepted that the defects are responsible for small
polaron or bipolaron formation by trapping electrons at one
structure site.20,31–33

In recent years, LiNbO3 has been extensively investigated.
Levchenko and Rappe34 reported a broad theoretical investigation
of the (0001) surface predicting the relative thermodynamic
stability of this surface considering different non-stoichiometric
surface compositions. Similarly, Sanna and Schmidt35 have
investigated the (21%10), (1%100), and (0001) non-stoichiometric
surfaces describing the influence of surface structure, surface
stoichiometry, and chemical potentials of Li, Nb, and O species
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on ferroelectric polarization. Another work by Sanna and Schmidt36

consists of a careful revision of experimental and theoretical results
regarding the LiNbO3 surfaces. In this work, the authors discuss the
determination of surface formation energies, the thermodynamic
features of surfaces with different stoichiometry, and phase
diagrams containing different surfaces. Furthermore, other
theoretical studies focusing on non-stoichiometric surfaces
have been published.37–41 In the context of morphological
studies, some relevant DFT studies presenting morphologies
mainly composed of (2%1%10), (1%100), and (0001) surface cuts can
be found in ref. 42 and 43. Furthermore, the calculated surface
energies for the (001), (010), and (100) surfaces were employed
to create a possible morphology for LiNbO3 crystals.44

The main contribution of our manuscript to the literature
lies in the evaluation of stoichiometric surfaces of LiNbO3 since
most articles focus on non-stoichiometric surface models.
In this work, we perform a careful DFT/B3LYP investigation
connecting the surface and morphological properties of LiNbO3

to its semiconductivity. In the first section of the results, the
structural features of surfaces were discussed in terms of surface
energies and stability, evaluating the coordination number of
cations and density of defects. In addition, the electronic
properties of LiNbO3 surfaces were carefully investigated, pre-
senting electronic structures, band gap values, and electron and
hole charge carrier concentrations and stability. In turn, the
second section of the results exhibits a large set of available
morphologies for the investigated material depicting their
expected properties. In summary, the results pave the way to
tune the semiconductivity type observed in materials as LiNbO3

by controlling the crystal morphology.

Computational details

This work evaluates the surface and morphological properties
of LiNbO3 in the R3c crystalline structure using a slab construction
model. This model results from the assessment of two-dimensional
periodic models composed of atomic layers parallel to the (hkl)
planes ‘‘cutting out’’ from the previously full-relaxed bulk structure
with no imaginary frequencies. Based on the X-ray diffraction (XRD)
results reported by Schirmer et al.1 and confirmed by Zotov et al.,45

the low index surfaces (001), (101), (110), (100), (012), and (111) were
examined. In particular, the (110) surface is non-polar, while
the (001), (101), (100), (012), and (111) surfaces are polar surface
outcrops, according to Tasker’s classification.46 The main
difference between both surface groups lies in the macroscopic
dipole moment (mZ). A mZ = 0 is connected to a non-polar surface
and mZ a 0 is observed for polar surfaces.

A layer (slab) growth was carried out for all surface directions.
The growth is performed by adding further atomic layers,
preserving the LiNbO3 stoichiometry, to test the convergence
of the surface energy regarding the slab thickness. Furthermore,
growth is mandatory for polar surfaces due to the macroscopic
dipole and its influence on obtaining converged calculations.
Thus, a widely used strategy is to grow the surface model until
the surface energy values converge. This simple methodology

does not require chemical adsorption or surface reconstruction
to cancel the macroscopic dipole.47,48 The first step consists of
the calculation of the unrelaxed cleavage energy (gunrelax) from
two complementary terminations using eqn (1). The unrelaxed
surface termination is divided into upper (TU) and down (TD)
terminations. Eunrelax

slab and Ebulk refer to the total energies for the
unrelaxed model and the bulk unit, respectively; n is the
number of bulk units and A is the surface area.

gunrelax ¼ ðE
unrelax
slab � nEbulkÞ

2A
: (1)

The next step for the polar surface study refers to the relaxation
of the complementary terminations (TU and TD). Therefore, the
energy for relaxed surfaces (g) is computed by eqn (2).

g ¼ ðE
relax
slab � nEbulkÞ

2A
: (2)

It is essential to highlight that this methodology takes into
account the internal polarization raised within the surface and
its influence on the surface energy and structural properties.
The increase of surface thickness is also responsible for the
minimization of the macroscopic dipole in polar surfaces.

Table 1 summarizes each stabilized surface feature in terms
of layer composition in each minimal surface unit, surface type,
thickness (in layers), and area. As previously mentioned, the
progressive thickness increase of the surface models is performed
until the convergence of surface energy values is achieved for each
surface direction. From the calculated cleavage energies (Table 2),
it is possible to describe the energy cost to create a distinct surface
taking into account the breakage of chemical bonds and changes
in the coordination numbers of atoms on the surface. The
methodology employed in this work is very representative and
already successfully predicted the surface properties of several
materials.49–55 Although this methodology is a zero-temperature
and zero-pressure technique, it has been extensively used to
predict the surface properties and morphologies of several
materials successfully.49–55 To model the effects of experimental
conditions with temperature and pressure different from zero, it
is possible to use ab initio thermodynamics approaches, in
which the chemical potentials (m) of each participating species
must be included.48,56–58 However, these studies are far from the
scope of this work since we focus on stoichiometric surfaces.

Table 1 Surface composition, surface polarity, thickness (in layers), and
area (Å2) for low index surfaces evaluated for LiNbO3. The surface direction
investigated is presented here using Miller- and Miller–Bravais notations

Miller
notation

Miller–
Bravais
notation Surface composition Polarity Thickness Area

001 0001 Nb–O3–Li–Nb–O3–Li Polar 12 23.307
012 01%12 Nb2–O2–O2–Li2–O2 Polar 10 28.858
100 10%10 O4–Li2–Nb2–O2 Polar 12 72.954
101 10%11 O–Nb–O–Li–O2–

Nb–O–Li–O
Polar 20 25.529

110 11%20 O3–Li2–Nn2–O3 Non-polar 21 42.120
111 11%21 O–Nb–O2–Li–O2–

Nb–O–Li
Polar 50 128.492
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In this manuscript, all simulations considered the models
under vacuum and zero Kelvin using a DFT/B3LYP59 approach
in the CRYSTAL17 quantum code.60 The 8-411,61,62 5-11(1d)G,63

and HAYWSC-31(31d)G63 basis sets described the O, Nb, and Li
atoms, respectively. Furthermore, the employment of a high-
level self-consistent field (SCF) parameterization guaranteed
excellent reliability for our results. The SCF convergence trun-
cated in 10�8, Monkhorst–Pack64,65 methods defined as 8� 8� 8,
the Coulomb and exchange integral calculations controlled by five
thresholds set to 10�7, 10�7, 10�7, 10�7, and 10�14 Ha, and the
convergence criteria for mono- and bi-electronic integrals set to
10�8 Ha determine the high-level SCF parametrization. The Fermi
energy levels for the investigated LiNbO3 surfaces were obtained
from DFT calculations using a hybrid exchange–correlation func-
tional (B3LYP). The Fermi level is automatically provided by the
CRYSTAL quantum code from the Fermi distribution.

Results and discussion
Surface properties

The LiNbO3 structure (Fig. 1) is characteristically observed with
the R3c space group. The surfaces investigated were obtained
from slab cuts along low index directions and were evaluated in
terms of structural and electronic properties.

Initially, we discuss the structural features. Fig. 1 presents
the fully relaxed surfaces depicting each surface composition
and the number of vacancies (coordination number) of each
cation in a specific cut. Table 2 exhibits the unrelaxed cleavage
energy (gunrelax) and the surface energy (g) for relaxed surfaces.
The evaluation of g values indicates that the stability of the
LiNbO3 surface decreases in the following order (012) 4 (101) 4
(110) 4 (001) 4 (100) 4 (111). In summary, the density of defects
influences the surface energy since a low atomic coordination
number (i.e., high number of vacancies) is connected to high
surface energy.51,55 This influence is caused by the number of
Nb–O and Li–O bonds that should be dangled to obtain the slab
cut. Consequently, the number of dangling bonds represents the

number of oxygen vacancies (VX
O) formed regarding the initial

coordination in the bulk.
The (012) surface is the most stable, showing Li atoms

exposed on TU and O atoms on TD. In both terminations, [LiO5]
and [NbO5] clusters are observed with one O vacancy. The low
surface energy values for the (012) surface are reliable indicators
of the flexibility of Li–O and Nb–O bonds, enabling surface
energy minimization. In turn, the surface energy for other
surfaces changes as a function of the density of defects and
surface termination type.

A direct comparison between the surface energy for the (100)
and (001) surfaces shows that the chemical composition of the
termination has more influence on the surface energy than the
density of defects. Therefore, it is expected that O-terminated
surfaces are more stable than cation-terminated surfaces with a
minor number of vacancies. Furthermore, the simultaneous
existence of Nb and Li occupying sites with different coordina-
tion numbers in the (100) and (111) surfaces breaks the bulk
symmetry increasing the surface energy values.1,66–69

All the electronic properties of surface models were evaluated
by the density of states (DOS), band structure, charge carrier
mobility, and semiconductivity type. Fig. 2 shows the total
projected DOS. For (101), (001), (012), (100), and (110) surfaces,
the valence band (VB) is almost entirely composed of O states
with a low contribution of Nb atoms. The (111) surface presents
the lowest energy region of VB composed of O states, being the
top of the VB majorly composed of Nb states. In turn, the
conduction band (CB) for all surfaces has a major contribution
of Nb states allied to the significant participation of O atoms.
The Li states present a substantial contribution to the top of the
VB and the bottom of the CB.

Fig. 2 shows the band structure profiles. For (001) and (111)
surfaces, the energy levels of VB and CB are well-spaced in
terms of energy. The energy difference between levels compos-
ing VB or CB decreases for (012), (101), and (110) surfaces,
being the energy levels closer to each other for the two surfaces
previously mentioned. Meanwhile, the energy levels of CB and
VB for the (100) surface are very close to each other. Moreover,
the flat band is observed for at least one energy level on all the
surfaces; and more interestingly, the (111) surface presents six
flat bands. The existence of flat bands can be understood as
energy levels that behave like atomic energy levels since they
have suffered a small perturbation from the interaction with
neighbor atoms due to vacancies. Therefore, the high density of
structural defects within the (111) surface is reflected in an
increased number of flat bands.

In simple and complex oxide materials with the typically
semiconductor band gap, such as ZnO, TiO2, and others, the
semiconductivity type is determined by the main type of charge
carrier that dominates the conduction process. Then, the
materials and surfaces are classified as n-type or p-type semi-
conductors when electrons or holes are predominant in the
conduction process, respectively.70,71

In this work, two different approaches have been employed
to predict the charge carrier concentration on LiNbO3 surfaces.
The first methodology consists of integrating the VB or CB areas

Table 2 Calculated values for unrelaxed cleavage energy (gunrelax), energy
(g), coordination number for Li and Nb atoms (CN), and oxygen vacancies
number (VX

O) for the low index surfaces (110), (001), (012), (100), (101), and
(111) on the upper and down terminations (TU and TD). The surface energy
values are in J m�2

Surface gunrelax g Terminations

CN Defects

Li Nb VX
O

(012) 3.611 1.080 TU Li2–O 5 — 1
TD Nb2–O — 5 1

(101) 3.405 1.324 TU O–Nb–O — 4 2
TD O–Li–O 2 — 4

(110) 2.595 1.520 TU O–O–O–Li 2 — 4
TD Nb–O–O–O — 5 1

(001) 4.807 1.554 TU Nb–O — 6 0
TD O–Li 3 — 3

(100) 4.291 2.123 TU O–O–Li 1 — 5
TD Li–Nb–O 3 4 5

(111) 5.234 3.097 TU O–Nb–O — 4 2
TD Nb–O–Li 4 3 5
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in the DOS (obtained from the Simpson 1/3 rule72) divided by unit
cell or surface volume, resulting in values expressed in terms of
states/cm3. The resulting values for VB and CB represent the
number of available states to rising holes (h�) and electrons (e�),
respectively. This methodology has been used in different studies,
providing reliable results in agreement with the experimental
evidence from Hall effect techniques and other theoretical
approaches.73–77 A higher number of states in the VB (holes) is
characteristically associated with p-type semiconductors, whereas
the n-type semiconductor has an increased number of states in the
CB (electrons). In semiconductors, the conduction process is
controlled by the charge carrier on a higher amount; thus, the
conduction process on p-type semiconductors occurs predomi-
nantly by holes, while the electrons are the predominant charge
carrier on the conduction process for n-type semiconductors.

The results for LiNbO3 surfaces (Table 3) show that only the
(111) surface presents n-type behavior, the same semiconductivity
type as observed for the bulk in our calculations and other
studies.2,20 The other surfaces are p-type semiconductors. This
fact is confirmed by the major contribution of the O atoms in the
VB, favoring the positive charge accumulation on the surface.
Wang et al.27 reported a similar behavior caused by doping with
non-metallic species. Another valuable comment lies on the
individual mobility of charge carriers that can be accessed from
effective mass values for electrons (me*/mo) and holes (mh*/mo).

It is known that high mobilities are expected for charge carriers
with low mass values.78,79 Thus, the calculated values for the
LiNbO3 bulk and surfaces indicate that only the bulk form and
(012), (101), and (100) surfaces present the predominant charge
carrier with a good mobility. Meanwhile, the other surfaces have
the minority charge carrier with better mobility.

Also, materials with the predominant charge carrier of low
effective mass present a good efficiency in the conduction
process78 and, therefore, the mentioned surfaces are expected
as good efficient semiconductors.

The second approach employed to estimate the charge carrier
concentration is the Fermi distribution, which considers the
temperature effects on the number of electrons and holes.78,80

This methodology is a reliable approach to predicting the semi-
conductor type, as evidenced previously81–83. The obtained results
for the charge carrier density values at 300 K, 600 K, and 900 K are
shown in Table 4. In summary, the results indicate a significant
increase in the charge carrier number as the temperature
increases, as expected for semiconductors. The results suggest
that the conduction processes in the bulk and (111) surfaces are
controlled by electrons (n-type), while the other surfaces present
p-type semiconductivity. The semiconductivity for the bulk phase
is in agreement with experimental results for LiNbO3, but no
experimental data for surfaces were found. Furthermore, the
results obtained from both methodologies agree with each other

Fig. 1 Relaxed surface slabs for LiNbO3. The lilac, green, and red spheres (polyhedra) represent the Li, Nb, and O atoms, respectively.
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Table 3 Band gap, available states on the top of the valence band (VB) and the bottom of the conduction band (CB), and effective mass for charge
carriers on (110), (001), (012), (100), (101), and (111) surfaces of LiNbO3

Available states (states per cm3)

Band gap (eV)

Effective masses

VB CB Semiconductor type mh*/mo me*/mo mh*/me*

Bulk 2.99 � 1022 3.06 � 1022 n 4.72 (G–G) 15.79 11.57 1.36
(012) 2.57 � 1025 2.00 � 1025 p 4.04 (G–G) 4.53 26.29 0.17
(110) 1.72 � 1025 1.70 � 1025 p 4.51 (C–G) 102.92 49.71 2.07
(101) 2.37 � 1025 1.82 � 1025 p 4.66 (C–C) 8.30 34.84 0.29
(001) 1.57 � 1025 1.00 � 1025 p 1.84 (G–C) 61.18 37.32 1.64
(100) 2.71 � 1025 1.92 � 1025 p 4.11 (C–C) 25.06 276.70 0.09
(111) 1.97 � 1025 1.99 � 1025 n 0.77 (C–CA) 78.40 90.54 0.87

Fig. 2 Total density of states projected and band structures for (001) (a), (101) (b), (012) (c), (100) (d), (110) (e), and (111) (f) surfaces of the LiNbO3 polymorph.
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and with other studies predicting the charge carrier concen-
tration of perovskites and simple and complex oxides.84

The investigation of the semiconductivity type for surfaces is
fundamental to determine the expected behavior under different
conditions. The LiNbO3 is one of the most promising candidates
for several applications;15–19 however, the inexistence of p-type
semiconductivity represents a big challenge in LiNbO3 applica-
tions. Thus, thermoelectric oxidation, ultraviolet irradiation, and
intense doping processes with optical damage resistant species
were carried out to produce p-type LiNbO3.22–25 Recent reports
suggest that N-doping can produce LiNbO3 materials with p-type
semiconductivity.26,27 On the other hand, our results indicate
that stoichiometric and non-symmetric surface cuts along the
(012), (110), (101), (001), and (100) directions create the p-type
semiconductivity highly desired for previously mentioned tech-
nological applications.

It is noteworthy that DFT methods are certainly adequate to
tackle the electronic features of ground states, and the assessment
of the semiconductivity type from the number of available charge
carriers is related to the excited electronic states. However, several
approaches (such as the Fermi rule,72 the Boltzmann transport
approximation85, localized states evaluation on CB and VB78, the
Simpson 1/3 rule,72 and the Fermi distribution78,80) have predicted
the semiconductivity type for diverse materials successfully.

Finally, the electronic properties for the different surface
cuts were evaluated in terms of the band gap and charge carrier
stability. In summary, the LiNbO3 presents an insulator band gap
in the bulk form that remains for (012), (110), (101), and (100)
surface cuts. On the other hand, the (001) surface presents a typical
semiconductor band gap, whereas the (111) surface presents band
gap values characteristic of conductor materials. Thus, these
surfaces show high potentials for electronic applications. In
particular, the (001) surface is suitable for photocatalytic-based
applications. In general, the development of materials for
photocatalytic applications aims at materials with a band gap
in the visible region of the electromagnetic spectrum (1.6–
3.3 eV). It is important to compare our theoretical prediction with
experimental measurements that report a wide-semiconductor
band gap of 3.8 eV.86,87 The difference can be justified by the high
spontaneity to form defects when synthesized.1,66,88,89 The same
deviation from experimental values was reported by Wang et al.27

using the HSE06 functional. Regarding the surfaces, we expect
that our prediction is reliable due to the high density of defects,

and consequently, an excellent agreement with experimental
approaches.90

In turn, the charge carrier stability obtained from effective
masses91–94 was presented in Table 3. The study of the stability of
charge carriers is essential to determine the photocatalytic
potential since the stable charge carriers are related to high
efficiency in the photocatalytic process due to an expected minor
recombination rate.95–98 The stability of the charge carriers
(electron–hole pair) was predicted by the ratio between electrons
and hole effective masses (mh*/me*); thus, the values lower than
0.5 or higher than 1.5 indicate a good charge carrier stability and,
hence, a low possibility of electron–hole recombination.95,96,99,100

In other words, the high stability of the charge carriers promotes
the migration of e� and h�, inhibiting their recombination. The
obtained results indicate the good stability of the charge carriers
for (012), (110), (101), (001), (100), and (111) surfaces. Further-
more, the results confirm the (001) surface as the potential
effective photocatalyst and are shreds of evidence of the excellent
charge separation for the other mentioned surfaces. Li et al.101

and Sumets28 report the charge separation experimentally
observed. The high stability of the charge carriers is also
exciting for thermoelectric applications.88,102–104

In summary, our results indicate that the properties of
LiNbO3 in the bulk form, desired for photoacoustic and other
acoustic applications, are also observed for (012), (110), (101),
and (100) surfaces, yielding a high potential for technological
applications.

Crystal morphology

Once the surface properties of the main surfaces of LiNbO3 were
evaluated, it is possible to predict the available crystal shapes
using the Wulff model.105,106 This methodology employs the g
values for each surface to obtain an ideal morphology. It is
feasible to obtain other crystal morphologies by tuning one or
more surface energy values from this ideal crystal shape.107,108

Each surface’s contribution to the crystal shape occurs accord-
ing to its g values, i.e., low surface energy indicates a high
surface contribution. Accordingly, a specific surface contribu-
tion can be increased by the decrease of its g values or vice versa.

The Wulff model is a handy approach to predict the possible
morphologies of solid-state materials obtained from different
synthesis routes or conditions, such as the epitaxial growth,
thermal treatment, and others.107–109 The validity of the method

Table 4 Charge carrier density values for the bulk and (110), (001), (012), (100), (101), and (111) surfaces of the LiNbO3 obtained from the Fermi
distribution

Charge carrier density (cm�3)

300 K 600 K 900 K

Holes Electrons Holes Electrons Holes Electrons

Bulk 7.448 � 1020 7.639 � 1020 7,634 � 1020 7.829 � 1020 8.090 � 1020 8.296 � 1020

(012) 2.989 � 1020 2.329 � 1020 3.063 � 1020 2.387 � 1020 3.247 � 1020 8.296 � 1020

(110) 6.630 � 1019 6.585 � 1019 6.795 � 1019 6.750 � 1019 7.201 � 1019 7.153 � 1019

(101) 2.297 � 1020 1.766 � 1020 2.354 � 1020 1.810 � 1020 2.495 � 1020 1.918 � 1020

(001) 1.283 � 1020 8.216 � 1019 1.315 � 1020 8.420 � 1019 1.394 � 1020 8.923 � 1019

(100) 2.519 � 1020 1.787 � 1020 2.581 � 1020 1.831 � 1020 2.735 � 1020 1.941 � 1020

(111) 2.352 � 1019 2.369 � 1019 2.411 � 1019 2.428 � 1019 2.555 � 1019 2.573 � 1019

Paper NJC

Pu
bl

is
he

d 
on

 0
3 

A
ug

us
t 2

02
1.

 D
ow

nl
oa

de
d 

by
 U

N
IV

E
R

SI
D

A
D

E
 E

ST
A

D
U

A
L

 D
E

 C
A

M
PI

N
A

S 
on

 9
/2

1/
20

21
 3

:0
6:

52
 P

M
. 

View Article Online

https://doi.org/10.1039/d1nj02429a


16600 |  New J. Chem., 2021, 45, 16594–16605 This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2021

has been extensively demonstrated53–55,110,111 and also evidenced
in this work when comparing the theoretical morphologies with
the experimentally observed SEM images.

A complete set of available morphologies for LiNbO3 (Fig. 3)
is obtained. The ideal morphology for LiNbO3 is majorly
composed of (012) and (101) surfaces with a not well-defined
shape. The first morphology set (labeled as 1) is obtained from
the decrease of the (012) surface energy, obtaining perfect-cubic
(1.2) and quasi-cubic ((1.1) and (1.3)) shapes. The second set is
obtained by tuning the (101) and (001) surface energies resulting in
trigonal-plates (2.6), entirely trigonal-faceted (2.5), diamond faces
(2.1, 2.2, and 2.4), and irregular trigonal shapes (2.3). The third set
is obtained by changes in g for two different surface cuts. The
decrease of the (110) g creates nanorods (3.4) with hexagonal bases,
while the reduction of the (001) g results in the (3.5) and (3.6)
crystal shapes; the latter presents a hexagonal-plate form.

Furthermore, the (4.1) and (4.2) crystal shapes are obtained
from the (001) surface energy decrease, while the (5.1), (5.2), (5.3),
and (5.4) crystal shapes are achieved by the decrease of the (100)
surface. In particular, the crystal shape majorly composed of the
(100) surface presents trigonal nanorod shapes (5.4). The last

morphology set was obtained from a decrease of the (111) g,
resulting in the crystal shape with a non-regular form (6.1), a
concave polyhedral (6.2), a commemorative balloon-like shape
(6.3), and a trigonal prism (6.4). It is noteworthy that the fifth
and sixth morphological sets present branches obtained from the
changes of two or more surface energies.

Although the LiNbO3 has been extensively investigated in the
past few decades, the comparison between theoretical morphologies
predicted in this work and SEM analysis is not easy. The difficulty
lies in the low scanning resolution or not well-defined shapes
observed during the experiments.112–116 Nevertheless, our morpho-
logical predictions are in agreement with other experimental results
since the ideal polyhedral,117,118 (1.2),90 (1.3),119–122 (2.2),123 (2.5),124

(3.5),119,125 (5.1.1),118 (5.1.2),118,121 and (6.4)36,122,126,127 were already
synthesized. As previously commented, such agreement evidences
our methodology’s reliability in predicting newly available shapes
not reported yet for LiNbO3.

Our morphological results enable us to state the potential
applications of each crystal shape. For instance, the (6.1), (6.2),
(6.3), (6.1.1), and (6.1.2) crystal shapes present a great exposi-
tion of the (111) surface. Hence, these morphologies are good

Fig. 3 Complete set of available morphologies for LiNbO3 considering the (110), (012), (101), (100), (001), and (111) surfaces. The colored dashed lines
indicate which surface energy was tuned to reach each crystal shape, the new energy value being presented along the morphology. The surface energy
(g) values are in J m�2.
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candidates for electronic-based applications. Similarly, the
most proposed morphologies have the same potential due to
the exposed (001) surfaces. The crystal shapes built from (012),
(101), (110), and (100) surfaces present p-type semiconductivity
and the same suitability of the bulk form (as a consequence of
similar electronic properties), enabling its employment in passive
and active components27. In this context, we highlight all
morphologies from the (6) set, which presents both n-type and
p-type semiconductivity.

Thus, different polyhedra with the same exposed surfaces have
similar properties as often reported in the literature.53,110,128–132

Therefore, it is expected that the exposed surfaces in the
experimental LiNbO3 morphologies present the same properties
calculated from our models.

The DFT prediction of a large number of possible morphologies
for LiNbO3 is an innovative approach that clearly allows under-
standing the morphology control on semiconductor properties.

Conclusion

This manuscript presents a careful DFT/B3LYP investigation of
surfaces and morphologies for LiNbO3. The structural and
electronic properties for the (110), (012), (101), (100), (001),
and (111) surface cuts were extensively depicted. The stability of
the LiNbO3 surface decreases in the order (012) 4 (101) 4 (110)
4 (001) 4 (100) 4 (111), and the remarkably low surface
energy of the (012) surface arises from the high malleability of
the Li–O and Nb–O bonds on the surface. The results for the
(101) and (001) surfaces indicate that the chemical composition
of the termination has more influence on the surface energy
than the density of defects. Therefore, O-terminated surfaces
are more stable than cation-terminated surfaces with a minor
number of vacancies.

In the case of the electronic structure, at least one flat band
is observed for all surfaces, the existence of flat bands being a
consequence of the presence of vacancies. The (111) surface is
an n-type semiconductor, while the other surfaces are p-type
semiconductors. The p-type semiconductivity is attached to the
major contribution of O states in the VB, favoring the positive
charge accumulation on the surface. The calculated properties
also suggest that the investigated LiNbO3 surfaces present
typical insulator ((012), (110), (101), and (100)), semiconductor
((001)), and conductor ((111)) band gaps. Meanwhile, the evaluation
of charge carrier stability points out an excellent charge separation
on the surface. In particular, the results indicate the (001) surface as
a potential candidate as a photocatalyst.

The predicted morphological set includes both the reported
and novel crystalline shapes for LiNbO3. In particular, some
morphologies present the n-type and p-type semiconductivity
simultaneously.

Finally, the investigation of surface properties indicates that
the properties of LiNbO3 in the bulk form, desired for photo-
acoustic and other acoustic applications, are also observed for the
(012), (110), (101), and (100) surfaces, and the morphologies yield
a high potential for technological applications. Furthermore, the

present manuscript is a comprehensive guide for experimental
scientists since the morphologies can be tuned according to the
desirable properties.
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