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The electronic structural, effective masses of carriers, and optical properties of pure and La-doped Cd,SnOy4 are
calculated by using the first-principles method based on the density functional theory. Using the GGA+U method, we
show that CdySnOy is a direct band-gap semiconductor with a band gap of 2.216 eV, the band gap decreases to 2.02 eV
and the Fermi energy level moves to the conduction band after La doping. The density of states of Cdy;SnOy4 shows that the
bottom of the conduction band is composed of Cd 5s, Sn S5s, and Sn 5p orbits, the top of the valence band is composed of
Cd 4d and O 2p, and the La 5d orbital is hybridized with the O 2p orbital, which plays a key role at the conduction band
bottom after La doping. The effective masses at the conduction band bottom of pure and La-doped Cd,SnOy4 are 0.18myq
and 0.092my, respectively, which indicates that the electrical conductivity of Cd,SnOy4 after La doping is improved. The
calculated optical properties show that the optical transmittance of La-doped CdySnOy is 92%, the optical absorption edge
is slightly blue shifted, and the optical band gap is increased to 3.263 eV. All the results indicate that the conductivity and
optical transmittance of Cd,SnO4 can be improved by doping La.

Keywords: transparent conducting oxides, electronic band structure, first-principle calculations, optical prop-

erties
PACS: 71.15.Mb, 71.20.-b, 78.20.—¢, 42.50.Gy

1. Introduction

Since the 1980s, rapid progress was made in thin film
technology, with fruitful achievements in both academic re-
search and practical applications. The thin film technology
and thin film materials have currently become one of the most
focused research fields in material science. The transparent
conductive thin film has drawn wide attention because of its
high conductivity, high optical transmittance in the visible
light range, and high reflectivity in the infrared light range.
The transparent conductive thin film with the combination of
transparency and conductivity has become a type of thin film
characteristic of functional materials, and it has extensive ap-
plication prospects in the optoelectronic industry.

After Badeker!!! sputtered cadmium for thermal oxida-
tion for the first time to produce a transparent conductive cad-
mium oxide film in 1907, SnO,-based thin films, In, O3-based
thin films, and other different types of transparent conductive
films[?! were successfully prepared and applied in many areas,
forming a market of a certain size. Transparent conductive ox-
ides (TCOs) are widely used in light-emitting diodes (LEDs),
solar cells, flat panel displays (FDPs), and intelligent win-
dows due to their excellent electrical and optical properties.!
At present, the most widely used commercial material is in-
dium tin oxide (ITO), which has high electrical conductivity,
low optical absorption, and environmental stability.[*! How-

ever, due to the scarcity of indium resources and the high
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price, researchers are compelled to find and develop high-
performance low-cost materials. When applied to solar cells,
the sub-optimal conductivity and chemical/interfacial instabil-
ity of ITO may cause problems and difficulties in meeting the
future demand, ®! which have driven the search for alternative
materials.

The next generation of photovoltaic cells will require
thinner electrodes to simplify processing and improve perfor-
mance. TCOs with higher conductivity are needed to keep
the sheet resistance from decreasing when the thickness of
the electrode reduces. The conductivity of TCOs can be en-
hanced by increasing the carrier density via chemical dop-
ing or reduction; however, increasing the carrier density will
gear up the absorption by free carriers. Therefore, in order
to obtain increased conductivity and high transparency, the
mobility of TCOs must be promoted in the future. Recently,
very high mobilities have been observed in a number of Cd-
containing TCOs, including Cd>,SnO4 (CTO) and CdInyOy.
The CdySnOy4 transparent conductive film has the advantages
of wide band gap, low resistivity, high visible light transmit-
tance, and high carrier mobility, with a film resistivity of up
to 107% Q.cm and a mobility of up to 600 cm?/V-s.1% In the
visible range, the average transmittance is more than 90%.!"!
Compared with SnO, thin films, Cd,SnO4 thin films have
higher abrasive resistance and corrosion resistance, lower sur-

face roughness, and are particularly stable. Compared with
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the ITO film, the Cd;SnOy film is cheaper and can reduce the
cost of solar thin film batteries. Cd;SnOy4 thin films can also
be widely used in transparent electrodes and various sensitive
devices, displaying obvious advantages especially in the ap-
plication of CdS, CdTe, and CIGS thin film solar devices. It
has been found that the use of Cd;SnOy transparent conduc-
tive thin film instead of a SnO; thin film layer can improve
the thin film solar panel stability and cost performance. In re-
cent years, many techniques have been adopted for the synthe-
sis of CdSnO4 materials, such as sputtering, spray pyrolysis,
the sol—gel method, co-precipitation, the thermal combustion
method, and the hydrothermal method.®-1% Although the ba-
sic transport mechanisms of the carriers in the CTO films and
some of the physical properties of the films have been investi-
gated for more than 3 decades, till now, there has not yet been
a clear conclusion about the carrier mobility in CTO and only
a limited number of first-principles calculations based theo-
retical studies have been reported. Ion doping is a method to
improve the optical absorption characteristics of materials by
introducing different impurity ions, controlling the micro crys-
tal structure, and changing the band structure. The rare earth
elements have many special photoelectric properties because
of their incomplete occupied 4f electron orbits and empty 5d
electron orbits, rich in electronic energy levels and long-lived
excited states. They have become one of the new hotspots in
the study of wide band gap semiconductor doping systems.
Till now, there have been no reports on La-doped Cd;SnOy in
experiments. Thus, this paper aims to systematically investi-
gate the effect of La doping on the electronic and optical prop-
erties of Cd;SnO4 on the basis of the first-principles calcula-
tions, which is helpful to direct the experimental study. In this
paper, the electronic structural and optical properties of the
orthorhombic Cd,SnO4 and La-doped Cd;SnOy are studied.
The band structure, total and partial density of states (TDOS
and PDOS), effective masses of carriers, and optical proper-
ties of the La-doped Cd,SnQOy are calculated utilizing the first-
principles method. An in-depth knowledge of the electronic
structures and optical properties may theoretically shed some
light on the modification of them.

2. Methods for calculation

Density functional theory (DFT), as a commonly used
quantum mechanics method, is widely used to study the
electronic structure of the multi-electron system in physics
and chemistry. It has a wide range of physical and chem-
ical applications and is one of the most commonly used
methods for probing the electrical, mechanical, optical, and
other properties of materials.!''~13 In this work, the calcula-
tions are performed by using the projector augmented wave
(PAW) pseudopotentials based on the density functional the-

ory (DFT), implemented in the Vienna ab-initio simulation
package (VASP).!!4-!7] First, the cell structure is optimized
so that the lattice constant is closest to the experimental value,
and the reliability of the calculation method and the accuracy
of the result are verified. Then, the optimized structure is sub-
jected to atomic relaxation and static self-consistent calcula-
tion, the energy structure, density of states, effective mass, and
optical properties of the system are calculated. The exchange
and correlation potential is described by using the generalized
gradient approximation (GGA), using the gradient function to
modify the pseudopotential function and the projector aug-
mented wave (PAW) pseudopotential to describe the interac-
tion between the ions and electrons. The GGA+U method is
carried out on a 2x2x 1 supercell of Cd,SnO4 containing 56
atoms. Hubbard U values are used for the O 2p states, Cd
3d states, and Sn 4d states in the electronic structure and op-
tical property calculations. The cutoff energy is 500 eV and
the Monkhorst—Pack k-point sampling is 10x6x3 for the con-
ventional cell of Cd;SnOy4. The maximum stress and displace-
ment are 0.01 GPa and 1x107% A, respectively. The conver-
gence criterion for self-consistent iteration is 1073 eV/atom,
and the other parameters are set to default.

3. Results and discussion
3.1. Structural properties

Cd,SnOy4 possesses a space group of Pbam (No. 55) and
an orthorhombic structure, in which tetrahedra and octahedra
are stacked along the (111) direction. The tetrahedra and oc-
tahedra are occupied by Cd and Sn, respectively.!'3] The lat-
tice parameters of CdySnQy are as follows: o = 8 = y=90°,
a=3.24937, b =5.66477, c = 10.12710. The supercell tech-
nology is employed to model the La-doped Cd,SnOy4, where a
2x2x1 supercell is built up. In our calculations, the structure
of La-doped Cd,;SnOy is modeled by replacing one Cd atom
in the surpercell with one La atom. The Cd; 9375La9.06255n04
supercell model is displayed in Fig. 1. The supercell is struc-
turally optimized until the force on all atoms is less than
0.01 eV/A, and then the resulting optimized structure is used
for the subsequent electronic structure and optical properties
calculations.

@-Cd
@0

O—Sn
@ La

Fig. 1. (color online) Super cell (2x2x 1) of La-doped CdySnOy4.
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3.2. Band structures and density of states

In this research, we employ the GGA+U method to cal-
culate the structural and optical properties of the pure and La-
doped Cd,SnO4. By using the GGA functional defined by
Perdew—Burke-Ernzerhof (GGA-PBE), the calculated band
gap of pure Cd;SnOy is 0.416 eV, which is in good agreement
with the data from other DFT based calculations, and the band
structure is shown in Fig. 2(a). The calculated band structure
shows that the valence band maximum (VBM) and the con-
duction band minimum (CBM) are located at the I point of
the Brillouin zone, which indicates that Cd,SnQOy4 is a direct
band-gap semiconductor. The calculated band gap is much
smaller than the experimental value due to the well known
Kohn-Sham error in DFT calculations when d and f orbitals
are involved.['*! To correct this error, the GGA+U method is
employed to improve the band gap value by up to 2.216 eV,
which is in good agreement with experimental data, as shown
in Fig. 2(b). The U parameters of the O, Cd, Sn atoms are
8¢V, 10 eV, and 9 eV, respectively, which are adjusted to reach
an agreement with the experimental band gap of Cd;SnOy4
(Eg=2.3-25¢V). (18,191 The same parameters are used for the
La-doped Cd;SnO4. The band structure is shown in Fig. 2(c).
It can be seen from Fig. 2(c) that the Fermi level shifts up-
ward into the conduction band after the La atom is doped in
Cd;Sn0y4, which produces a degenerate n-type semiconductor,
and the band gap is decreased to 2.02 eV. Due to the Burstein—
Mott effect, the optical band gap is increased to 3.263 eV, "]
which is measured between the Fermi level in the conduction
band and the valence band maximum (VBM). The reason for
the changes in the band structure may be that the ionic radius
of La** (0.106 nm) is larger than that of Cd*>* (0.084 nm),
but the electronegativity of La (1.11) is smaller than that of Cd
(1.69). When La is doped, due to the changes of the atomic
structure and electronegativity, the doped system changes in
both space and charge distribution. The valence electron struc-
ture of La is 5d'6s2, after the substitution of Cd atom, an elec-
tron is added to form a localized positive center, and an elec-
tron capture center is formed to capture electrons.?’! There-
fore, the impurity energy level is introduced at the bottom of
the conduction band, that is, the 5d orbital of the La atom is
hybridized with the O 2p orbital, leading to the broadening of
the conduction band and the conduction band moving towards
low energy levels, thus decreasing the band gap.

The total and partial densities of states of pure and La-
doped Cd,SnOy are presented in Fig. 3. The DOS in Fig. 3(a)
illustrates the composition of the conduction band and the va-
lence band. The conduction band is mainly composed of Cd

5s, Sn 5s, and Sn 5p orbits, and the overlapping of Cd 4d with

O 2p makes up the valence band top. When the La atom is
doped in CdySnOy, the La 5d orbit occupies the bottom of the
conduction band around the Fermi level (see Fig. 3(b)). These
donor states of the Fermi energy level provide n-type carriers
which enhance the conductivity of CdySnO4 and thus affect

the optical properties.
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Fig. 2. (a) The band structure of the Cd,SnO4 based on PBE; (b) the
band structure of the Cd,SnO4 based on GGA+U;; (c) the band struc-
ture of the La doped Cd;SnO4 based on GGA+U.

It is noteworthy that the DOS of the conduction band in
Fig. 3(a) varies dramatically with the variation of k. The ve-
locity of the electron in the k-space is proportional to the slope
of the DOS, so in the conduction band of Cd;SnOy4 the photo
excited electrons possess a large velocity, which can help sep-
arate and transfer the photo-excited carriers to the surface of
CdSnO4. This might explain why Cd;SnO4 possesses high

0, evolution activities under the visible-light irradiation.!?!]
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Fig. 3. (color online) DOS and PDOS of (a) pure Cd,;SnO4 and (b)
La-doped Cd;SnOy.

3.3. Effective mass of carriers

For CTO materials, the conductivity is a very important
parameter. The conductivity of the material is proportional to
the carrier mobility. The carrier mobility mainly depends on
the average free time and the effective mass of the carrier as

u=qt/m", (1)

where U is the carrier mobility, g is the amount of charge car-
ried by the carrier, 7 is the average free time of the carrier, and
m* is the effective mass of the carrier. 7 is the time between
continuous scattering of the carriers during the drift motion
under the action of the electric field, so it depends mainly on
the material defects, scattering mechanisms, the environment
such as temperature, and other external factors. Therefore, the
effective mass of the carrier will play an intrinsic and essential
role in the electrical conductivity of the material, and so it is
of great significance to study the effective mass of the carriers.

According to the definition of the effective mass, it can be

calculated by
1 1d°E(k)

m*  h dk2 '

2

where 7 is the Planck constant, and d?E (k)/dk? is the second
derivative of energy E (k) with respect to wave vector k. The
effective mass at the bottom of the conduction band and the
top of the valence band can be calculated by fitting the bottom
of the conduction band and the top of the valence band. By

fitting the conduction band in the band diagram (see Fig. 2),
we can obtain the second derivative d*E (k) /dk>.

The relationship between the curvature of the band and
the effective mass of the excitons is given by!(??]

m" = my/2e, 3)

where ¢ is the coefficient of the second-order term in a
quadratic fit of E(k). Here, a larger coefficient of the second-
order term corresponds to a lower effective mass of the charge
carrier, indicating a higher mobility of the charge carrier.

It can be seen from Fig. 2 that the valence band for pure
CdSnO4 and La-doped Cd;SnOy is flatter than the conduc-
tion band, indicating that the valence band holes are heavier
than the conduction band electrons. Therefore, we only cal-
culate the curvature of the parabolic portions of the band near
the conduction band minimum (CBM) to describe the trans-
port phenomena in the semiconductors.

The m* of CBM for pure CdySnO4 and La-doped
Cd;Sn0y are 0.18mg and 0.092my, respectively, which are in
good conformity with the experimental data (0.2-0.5my).[4!
Compared with pure CdySnO4, La-doped CdySnO4 exhibits
a lower effective mass of the electrons in the conduction band,
indicating that the conductivity of Cd,SnO4 can be improved
by doping La.

3.4. Optical properties

Optical properties are another important property of CTO
materials, depending on the transition of electrons between
different levels. The optical performance is very sensitive to
the changes in the electronic structure. The absorption and
emission of light by a solid material are mainly caused by
the interaction of photons with electrons, atoms, or ions in the
material. The dielectric function can be obtained by the first-
principles calculation to study the optical properties of materi-
als. The dielectric function is £(®) = & (@) + i&(®).[?>*
The real part € (@) represents the dispersion of the inci-
dent photons by the material and can be evaluated from the
Kramer—Kronig relationship, while the imaginary part of the
dielectric function & () is directly related to the light absorp-
tion coefficient, which can directly reflect the actual transition
between the occupied state below the Fermi level and the un-
occupied state above the Fermi level. The real and imaginary
parts of the dielectric function can be derived from the VASP
program output file, and other common optical constants, such
as absorption coefficient, reflectivity, and transmittance can be
derived from & (@) and & (®).>*31

The imaginary part of the dielectric function & () of
pure and La-doped Cd>SnOQy is calculated, which is presented
in Fig. 4. Considering the tensor nature of the dielectric func-
tion, the imaginary parts of the dielectric function are av-
eraged over three polarization vectors (x, y, and z) in our

017101-4
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calculations. From Fig. 4, as for La-doped Cd;SnOQy, the trend
is similar with pure Cd;SnO4. A new peak is found in the
low energy around 0.40 eV for the La-doped Cd>SnO4, which
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Fig. 4. (color online) The imaginary part of the dielectric function of
pure and La-doped Cd;SnOy.
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Fig. 5. (color online) (a) Absorption, (b) reflectivity, and (c) transmit-
tance of pure and La-doped Cd;SnOy.

originates from the excitation of O 2p electron from the top
of the valence band to the impurity energy level located at the
bottom of the conduction band.

As shown in Fig. 5(a), the absorption edge of pure
CdSnO4 in the visible region is about 480 nm, which is
in conformity with experimental results (about 500 nm),!'8!
while the absorption edge is about 380 nm for La-doped
CdSnO4. When CdSnOy is doped by La, the occupied states
close to the bottom of the conduction band are mainly shal-
low donor states, whereby the absorption is obvious in the in-
frared region but relatively low in the visible region. In addi-
tion, the absorption band edge is blue shifted, this is mainly
due to the so-called Burstein—-Moss effect. In Fig. 5(b), it is
obvious that pure Cd;SnO4 has a reflectivity of 12% in the
visible and infrared regions. However, the reflectivity of La-
doped Cd,SnOy in the visible and infrared regions is signif-
icantly reduced to less than 10%, the change of the reflec-
tivity constant provides a theoretical basis for the develop-
ment of new dielectric materials and reflective materials. Fig-
ure 5(c) shows the transmission spectra of pure and La-doped
Cd,SnQy. It can be seen from the figure that the average trans-
mittance is around 88% for pure Cd;SnO4 and 92% for La-
doped Cd,SnOy4, demonstrating that the optical transmittance
of CdySnQO4 can be improved by doping La.

4. Conclusion

The electronic structure and optical properties of pure and
La-doped Cd;SnO4 have been investigated in this research us-
ing the GGA+U method based on the first-principles calcula-
tions. It is found that the calculated band gap of Cd;SnOy4
is close to the experimental data and the conductivity of
Cd;Sn0Oy4 can be improved by doping La, which is in good
conformity with other theoretical calculations. After La dop-
ing, the band gap slightly decreases but the optical band gap
increases, which leads to a blue shift, with the transmittance of
the visible regions being improved. Moreover, in the vicinity
of the Fermi level at the bottom of the conduction band, the
hybridization of the La 5d orbit and O 2p orbit creates shallow
donor states. Adjustment of the band structure via overlapping
of Cd 4d with O 2p could be anther feasible way of develop-
ing and designing oxide photocatalysts working in the visible
light. These salient features make La doped Cd,SnO4 an ideal
transparent conductive oxide for optoelectronic device appli-
cations.
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