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Abstract—The synthesis of the LaCuOSe compound was carried ou
via solid-state reaction. The synthesized samples were analyzed by Xray diffraction, scanning electron microscopy, and RAMAN
spectroscopy. The LaCuOSe compound shows the existence of traces of
the La2Cu (SeO3) 4 phase. Computational calculations were performed
to determine the electronic structure and estimate the band gap energy
using the Density Functional Theory, DFT, using the screened hybrid
functional HSE06.
Keywords—LaCOSe,
thermoelectric materials.
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INTRODUCTION

The energy demand by 2040 faces a dual challenge represented by the
need to produce more energy to support the global economic growth and boost
a faster transition to a lower hydrocarbon consumption [1]. Based on the
current and future energy demand, not only new energy sources are required,
but also the efficient use of traditional energy sources to reduce energy losses
[2].
A technological tool to convert residual heat from energy production
processes into usable electricity is through the use of thermoelectric devices
based on solid state electronics (DTE). DTEs are devices that use temperature
gradients to generate electricity due to the potential difference generated,
which is due to the movement of the electrons from the hot end of the material
to the cold end. The thermoelectric process only occurs in certain materials,
mainly in semiconductors. This physical phenomenon is known as the
thermoelectric effect or thermoelectricity and includes three different effects,
Seebeck effect, the Peltier effect and the Thomson effect [3-9].
The fundamental problem in designing efficient thermoelectric materials
is that they need to be very good at transmitting electricity, but not heat. The
performance of a thermoelectric material at a temperature T is determined by
its Figure of Merit, ZT, which is a dimensionless parameter:
ZT = S2σT/K

(1)

Where S is the Seebeck coefficient, σ the electrical conductivity and K is
the thermal conductivity.
Among the elemental materials that present a high ZT value are Se, Te,
Si and Ge. In the search to increase the efficiency of DTEs, in recent years,

efforts have focused on the study of new composite materials. In this respect,
the systems of interest are chalcogenides and polycrystalline oxycalcogenides,
which have good chemical and thermal stability compared to metallic alloys.
Oxycalcogenides, LnCuOCh (Ln = lanthanide, Ch = chalcogen) are
structurally formed by alternating stacks of an ionic oxide layer (Ln2O2)2+ and
a covalent chalcogenide layer (Cu2Ch2)2- along the [001] direction, which
leads to interesting electronic properties and can be modulated by chemical
substitution in both layers. This layered structure is the reason for the wide
bandwidth presented by these materials, ˜ 3.2 eV [11-16].
One of the oxycalcogenides most studied is one containing Cu and Se in
combination with lanthanum, La, which has an atomic structure built from
layers of polyhedral units. Ueda´s et al research report that oxycalcogenides,
LnCuOCh, are materials composed of mix anions, that is, divalent oxygen and
chalcogen anions [17].
Although each cation in oxycalcogenides is generally coordinated by
oxygen and chalcogen anions, the situation in LnCuOCh oxycalcogenides
differs due to their layered crystalline structure; Cu ions are coordinated only
by chalcogen anions that influence the anomalous contraction of the volume
of the unit cell in monophasic phase. Many works have been developed on
oxycalcogenides. The oxyselenide system, La Sr CuOSe , showed a
degenerate p-type electrical conductivity due to the introduction of Sr [19]. A
similar situation occurs in the oxysulfides, LaCuOS, [20,21], where the
incorporation of S leads to a high optical transmission (⩾70%) in the visible
and near infrared region and a band gap energy of approximately 3.1 eV with
positive Seebeck coefficients, indicating that the dominant electrical
conduction in these materials is p-type.
On the other hand, Bsnnikov identified that the replacement of metal
atoms and chalcogens in LaMChO systems (M = Cu, Ag, and Ch = S, Se) lead
to an anisotropic deformation of the crystal structure and a decrease of the
band gap energy in semiconductors with minimal direct transitions between
bands derived from the mixture of ionic and covalent contributions [22].
Regarding the compound La2Cu(SeO3)4, Harrison et al. reported results
on this; they observed that lanthanum cations are crystallochemically linked
with copper and selenium in combination with oxygen to promote states of
stable oxidation, identifying that copper has a degree of flexibility in its
coordination preference, in contrast, selenium (IV) always shows a pyramidal
geometry like selenite [Se
], revealing the presence of different phases
[23].
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In this work the synthesis of the LaCuOSe system by reaction in solid
state is reported, as well as its microstructural characterization and the
determination of the electronic properties of oxycalcogenides for their
potential application in photocatalysis and thermoelectrics.

II.

is evident; nevertheless regarding this, more experimental work is
necessary to achieve the total obtaining of the LaCuOSe phase. It is
worthy of noting that some diffraction peaks corresponding to the
precursors were also present in the spectra, Se, CuO and La2O3.

EXPERIMENTAL METHODOLOGY

A. Synthesis process
The polycrystalline system LaCuOSe was synthesized from pure CuO
powders (99.9999% powder, fom Sigma Aldrich), Se (99.999% powder, from
Sigma Aldrich), and La2O3 (99.999% powder, from Sigma Aldrich) in
stoichiometric ratio. The precursors were first mixed, and then grounded in an
agate mortar by uniaxial pressure to break up the granules. The precursor
powders were weighed in the appropriate amount to obtain a total mass of 4g.
The traditional “solid-state reaction” method was used to synthesize the
system LaCuOSe [8,9]. Subsequently, the powder mixture was mechanically
pressed into a 7 mm diameter stainless steel die, at room temperature with a
pressure that varied from 10 to 0 Ton for 10 minutes; the pellets resulted
mechanically stable.

B. Characterization
B.1 X-ray diffraction
To analyze the crystalline structure of the system under study, a
PANalytical model X-Pert Pro diffractometer was employed, using the CuKα
emission (λ = 1.54178 Å), at a voltage of 45 KV and a current of 40 mA with
an angle scanning from 10 to 120 °, and a speed of 0.02 ° degrees per minute.
In addition, for the analysis and assignment of the presented phases, the Match
software from Crystal Impact, DIFFRAC plus EVA from BRUCKER
Company and the database of the International Center for Diffraction Data,
ICDD, were used.
B.2 Scanning Electron Microscopy and EDX analysis
The morphology of the systems was characterized by high resolution
scanning electron microscopy in a JEOL JSM-7401F equipment, the voltage
used to analyze the sample was in the range of 18 to 25 kV, with a current of
15 nA. The elemental chemical analysis of the sample was carried out by
Energy Dispersive X-rays (EDX).
B.3 Raman spectroscopy
The identification of the low frequency modes, such as vibratory and
rotary of the LaCuOSe system were obtained by means of a Horiba JobinYvon Olympus BX40 equipment, equipped with a 100 W halogen lamp and
a high resolution video camera for the sample positioning. The equipment uses
a 633 nm laser with a 250 mW output with a 10 10m spot size and a 100X
objective lens, using an exposure time of 60 s and a laser power of 5 nW. All
spectra were measured with a resolution of 4 cm, from 100 to 3500 cm-1, and
1 cm-1 pixel resolution. The spectra analysis was developed by the
PerkinElmer Spectrum software
B.3 Electronic structure calculation
The computational calculations of the electronic structure were
performed with the Density Functional Theory (DFT), as implemented with
the FHI-AIMS computational code [10]. The screened hybrid functional
developed by Heyd, Scuzeria, and Ernzerhof (HSE06) was used [11]. The
structural optimizations of the LaCuOSe in bulk, were implemented with the
functional HSE06 [12]. For the integration in the first Brillouin zone, a special
k-point meshing was used under the Monkhrost-Pack scheme [12]. The
convergence was achieved with respect to the k-point density sampling,
6x6x6, and the plane wave energy cutoff, 1e-6. The calculations converged
for the forces on all the lower atoms of 1x10-2 eV / Å. The calculations were
performed using atomic base functions, with a tier1 base established for all
atoms.

Fig. 1. A) Diffraction pattern of LaCuOSe phase, B) Diffraction pattern of
La2Cu(SeO3)4 phase, C) Diffraction pattern of synthesized LaCuOSe system,
D) Atomic arrangement of the tetragonal structure of LaCuOSe, E) Atomic
arrangement of the monoclinic structure of La2Cu(SeO3)4.
Table 1 presents a resume of the crystallographic parameters of the two
phases present in the synthesized system, LaCuSeO and La2Cu(SeO3)4.
On the other hand, the structure calculated for the La2Cu(SeO3)4 phase
shown in Figure 1E, described by Harrison et al [15], presents selenium (IV)
with a pyramidal coordination geometry, and the selenite group SeO as a
flexible and stable element in the formation of polyhedral units. The
intervention of La cations complete the structure of the La2Cu(SeO3)4 phase
due to their high coordination with oxygen [16]. Table 1 presents a summary
of the crystallographic parameters of the two phases present in the synthesized
system, LaCuSeO and La2Cu(SeO3)4 .
Table 1. Crystallographic parameters of the systems LaCuSeO and
La2Cu(SeO3)4
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III.

RESULTS AND DISCUSSION

A. X-ray diffraction
The samples synthesized by solid-state reaction presented good
correspondence with the LaCuOSe diffraction pattern, corresponding to
the ICCD-PDF 49-1221 [14] card, however, traces of the La2Cu(SeO3)4
phase (Lanthanum Copper Selenate) with monoclinic structure, identified
with the card ICDD-PDF 88-0654 [7], were also identified. Figure 1
shows a typical diffractogram of the synthesized samples, where most of
the peaks corresponding to the two mentioned phases have been detected.
Additionally, the patterns of diffraction lines corresponding to the PDFs
(Powder Diffraction Files) of the database of the International Center for
Diffraction Data, ICDD (Figs. 1 A and B), and the unit cells modeled for
the tetragonal structure of LaCuOSe and the monoclinic of La2Cu(SeO3)4
are shown in the same figure. From the experimental diffractogram, the
domain of the phase of interest, LaCuOSe, over the La2Cu(SeO3)4 phase

La2Cu(SeO3)4
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The monoclinic structure of the La2Cu(SeO3)4 system is due to the
contributions of elemental powders in the synthesis process and to the
influence of La that normally crystallizes in an orthorhombic system (Pnma,
space group), but being surrounded by chalcogen [SeO ], its structure is
strongly influenced by Se6+ cations and the species lead to a pyramidal
coordination. There is also controversy over the coordination number of O
with La. The La atom would be coordinated by eight O atoms, while Rice and
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Robinson state that La exhibits an irregular coordination by nine O atoms
instead of 8 [18].
The LaCuOSe phase presents a primitive structure with a space group
P4/nmm(129) and a point group 4/mmm, resulting in a tetragonal crystal
system. The structure is two-dimensional and consists of a layer of ionic oxide
(La2O2)2+ and a layer of covalent chalcogenide (Cu2Se2)2- along the [001]
direction. In the Cu-Se layer, Cu1+ is attached to four equivalent Se2- atoms to
form a mixture of CuSe4 tetrahedra at the corner and edge they share. In the
La-O sheet, the La3+ is with four equivalent O atoms and the O2- is attached to
four equivalent La3+ atoms to form a mixture of tetrahedra.
Copper oxide (CuO) is generated in situ from cuprous selenide (Cu2Se)
under oxygen evolution reaction conditions. The incorporation of La into the
CuO lattice reduces crystallinity due to the variation of ionic radii. This
change in crystallinity may also be due to the partial occupation of vacancies
by La ions, causing deformations in the lattice [19].
Fig 3. Raman spectrum of the LaCuOSe system.

B. Scanning electron microscopy and EDX
The LaCuSe system presents a characteristic morphology of an alloying
process (Figure 2A), due to the presence of transition zones at the interfaces
of the individual compounds. The local compositional analysis performed by
EDX shows the dispersed presence of the elements La, Cu and Se, as well as
a prominent oxygen signal (Figure 2B and 2C). However, the quantitative
composition yields values that are not representative of the phases observed
by X-ray analysis.

The characteristic peak of Se, ∼245 cm-1 (B2), are assigned due to the
local heating of the sample that causes tension in the amorphous lattice, which
induces an increase in the vibration force, therefore, in the modes vibratory
changes to smaller wave numbers. Other peaks identified for selenium are 442
and 2193 cm-1. The vibrational modes of La are observed at ∼ 290 cm-1 (T1u),
350, 414, 616 cm-1 (T2g), 1080 cm-1 (Eg), CuO ∼ 215 (Eu), 306 (Ag), 425,
500 (Eg), 653 cm-1 (Bg), 800, 1289 cm-1. In the range of 400-500 cm-1, two
bands at ∼447, 449 and 500 cm-1 with a high content of La2O3 are located.

D. Electronic structure calculation
The crystal structure of the LaCuOSe system (Figure 4A) is tetragonal of
the ZrCuSiAs type, with a space group P4/nmm (129). This structure is
formed by a stacking of [La2O2] and [Cu2Se2] along the c axis [21].

Fig. 2. A,B) SEM images of the system LaCuOSe in different zones.
C,D) EDX spectra of punctual composition analysis of the LaCuOSe sample.
The qualitative information obtained from EDX and SEM images,
validate the formation process of the LaCuOSe phase as well as its influence
that has the concentration of lanthanum and oxygen for its conformation.
Wickleder et al. reported that the concentration of the anions, La and O,
present in the solid-state reaction are decisive in obtaining the LaCuOSe phase
[20].

C. Raman spectroscopy
Figure 3 shows the Raman spectrum of the LaCuOSe system. In this, the
characteristic peaks of the vibrational modes of the base elements of the
systems detected in the X-ray analysis are observed, as well as areas of less
resonance due to the presence of clusters and impurities of the phase derived
by the presence of traces of La2Cu(SeO3)4.

Fig 4. Computational calculations of the LaCuOSe system. A)
Electronic structure, B) Two-dimensional electronic band structure, C)
Density of states.

Figure 4B shows the electronic band structure of LaCuOSe; which was
calculated along a highly symmetrical trajectory, in the first Brillouin zone. In
this case, the minimum conduction band (CBM) is at point Γ, and the
minimum valence band (VBM) is at Γ; the CBM and VBM are at the same
point. It can be seen that LaCuOSe phase has a direct band gap. The energy
band gap calculated with the HSE06 functional for LaCuOSe is 2.5 eV. The
calculated value agrees with the experimentally estimated energy band gap of
2.8 eV [22-26].
Regarding the total and partial density of states for LaCuOSe (Figure 1C),
the valence bands consist of two parts: the first one part is located at lower
energies, which are mainly the O-2 states. The medium valence bands are
dominated by the Cu and Se-4s states. The strong contributions to the upper
conduction bands come from the La-5d states. The edge of the conduction
band is mainly described by La, Cu, O, and Se, with the same proportion.
The total of the crystalline electronic states is predominantly determined
by La, O and Cu, this characteristic qualitatively explains how the metallic
atoms compete with the non-metallic atoms for the electrons provided by the
cations and consequently they will behave as anions.
Ueda estimate energy band gap of LaCuOSe ∼1.48 to 2.82 eV, The
valence bands consist of two parts: the first part is located at lower energies,
which is mainly the O-2s states. The middle valence bands are dominated by
Cu and Se-4s states. The strong contributions to the upper valence bands are
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coming from the La-5d states. The conduction band edge is described mainly
by La, and Cu, and Se, with the same proportion [26,27].
We comment that one of the possibilities of the underestimation of the
calculation of the theoretical band gap by 0.300 eV of LaCuOSe, is due
to that the calculation was carried out with the FHI-AIMS code, with
the functional developed by Heyd , Scuzeria, and Ernzerhof (HSE06),
but without included the Van de Waals interaction (vdW) in the
methodology used. As reported by Wang et. al.[28], this interaction has
some influence on the LaCuOSe and BiCuOSe type systems.Nevertheless,
it is shown that the band gap obtained by DFT method without vdW
correction are all in reasonable agreement with experimental
values[29].

IV.

CONCLUSION

The synthesized LaCuOSe system presented a tetragonal phase combined
with traces of the La2Cu(SeO3)4 phase, which was corroborated by X-ray
diffraction. The morphological analysis shows the typical characteristics of an
alloy due to the evident intergranular transition zones. The Raman
characterization confirmed some vibration modes of the LaCuOSe system.
The energy bandgap calculated from HSE06 of the LaCuOSe system is 2.5
eV and fits well with the experimentally estimated energy band gap, 2.8 eV.
The synthesis as well as the microstructural characterization and simulation
of the electronic structure of the chalcogenide oxide LaCuOSe allows
suggesting it as a promising material for thermoelectric applications.
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