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The electronic structures and optical properties of Boron, Carbon or Nitrogen doped
BaTiOs are calculated by the first-principles calculations. The doped atoms decrease
the band gap of BaTiOj3 significantly, which could increase the host material ability to
absorb the visible light. The absorption spectrum calculations confirm that both Boron
and Carbon-doped BaTiO3 have a favorable performance in the absorption of visible
light. However, Nitrogen-doped BaTiO3; doesn’t present the improvement. BaTiO3
doped with Boron or Carbon is expected to be a new class of perovskite materials
for the field of solar energy. © 2018 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5047094

Solar energy is an abundant and clean source of power and the development and utilization of
solar energy have attracted the great interest. In a general way, the use of solar energy can be done
in two aspects. One is transforming solar energy into thermal energy (the thermoelectric conversion
principle), and the other way is to convert it into electricity directly (the photoelectric conversion
principle). The solar cell plays an essential role in the latter case. However, the total electricity of solar
power in the whole world takes up a very small proportion at present, mainly due to the low trans-
formation efficiency of the photovoltaic device. Therefore, developing more efficient photovoltaic
materials has become an urgent matter in the solar power industry.

The efficiency of photoelectric conversion, which is mainly based on the spontaneous polar-
ization characteristics'? is found in a variety of ferroelectrics.>* The ferroelectric materials with
the ABOj3 type perovskite structure have been widely used in photovoltaic industries due to their
unique structures.”® The research group Park in Korea reported that their transfer efficiency of the
perovskite photovoltaic device was 6.5% in 2011.” While Snaith et al. reported a value of 15.9%'° in
2012. Ferroelectric photovoltaic materials have a peculiar property that the direction of polarization
can be changed by applying an electric field. Ferroelectric photovoltaic materials of perovskite-type
oxides have been widely studied at present, which includes at least LiNbOs,'!=!4 BaTiO3,!! and
BiFeO3, " etc.

BaTiOj3 is one of the most typical ABO3 perovskite oxide material. It has a tetragonal phase
at room temperature, and the reason of its spontaneous polarization is that the Ti atom deviates
from the center of the oxygen octahedron, causing displacement along the direction of the fourfold
axis. The internal electric field caused by spontaneous polarization can separate the photogenerated
electron-hole pair preventing them from recombination. This mechanism is beneficial to the storage
of solar energy. However, BaTiO3 has a large band gap (3.4 eV by experimental measurements'®)
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which makes it difficult to absorb the energy of the visible light effectively (1.4~2.0 eV). Fortunately,
both theoretical and experimental studies have shown that the band gap can be regulated by doping
impurities. The idea is that if the band gap of BaTiO3 can decrease to the visible light level by
introducing impurity atoms in the lattice, we may provide the theoretical guidance on the materials
which can be used as the solar cell. In 2012, the group of C. Gruber!” replaced one oxygen atom by
B, C or N atom in cubic BaTiOs3, and they found that p-element-doped perovskites could provide a
new class of materials for magneto-optics. Motivated by this work, we here simulated the tetragonal
BaTiO3z doped with Boron, Carbon or Nitrogen atom and calculated their band gaps and optical
properties.

We perform the calculation by using the projector augmented wave method (PAW)'®1° based
on the density functional theory (DFT) by the Vienna ab initio simulation package (VASP).?® A
generalized gradient approximation (GGA) has been used for the exchange and correlation. We
take the 2x2x2 supercell with a tetragonal phase of 40 atoms to perform our calculations, see
Fig. 1(a). The experimental value of the lattice constant a = b = 3.992 A, ¢ = 4.036 A?' are set
as the initial lattice constant. The convergence tests have approved the cutoff energy of 500 eV, and a
6x6x6 Monkhorst-Pack K mesh for the Brillouin-zone integration is enough for our calculations. The
optimization, including the atomic position and lattice constants, is performed until all the force com-
ponents are less than 0.01 eV/A. Due to the GGA within DFT are poor at accurately calculating band
gaps, the hybrid functional in HSEQ6 version has also been employed to calculate the bulk BaTiOs.
We introduce one Boron, Carbon or Nitrogen impurity atom in the lattice to substitute an oxygen
atom, respectively. The dopant concentration is 2.5%. The density of states (DOS), band structure and
optical properties are calculated after the full structure relaxation. There are three different oxygen
atom sites in the BaTiO3 unit cell. We have modeled all the doping configurations and compared their
defect formation energies to determine their stabilities.

The total free energies of the supercells with one oxygen (O1, O2 or O3) replaced by X atom
(X=B, C or N) are calculated to determine which oxygen site substitution mechanism is the most
energetically favorable. We find all three impurity atoms (B, C, and N) have a lower total free energy
at the O2 site than the other oxygen sites. Therefore, the band structures and density of states are
calculated with the impurity atom X substitution at the O2 site. The supercell structure and the position
of X are shown in Fig. 1.

Replacing one oxygen breaks the tetragonal symmetry of the supercell. The cell volume and the
distance between Ti and dopant atom X (X = Boron, Carbon or Nitrogen) are changed compared with
the pure BaTiO3. A summary of the calculated results is shown in Table 1.
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FIG. 1. The BaTiO3 structure (a) and the position of the impurity atom X (X= Boron, Carbon or Nitrogen) in the BaTiO3
lattice (b).
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TABLE I. Therelaxed BTO:X (X =B, C, N) and BTO lattice parameters: cell volume, ¢/a and b/a ratio, the magnetic moment,
the distance between Ti and X atoms and the band gap.

BTO BTO:B BTO:C BTO:N

Cell Volume (A3) 67.29 69.50 68.11 68.09
cla 1.046 1.090 1.052 1.070
bla 1 1.019 1.011 1.005
M(up) 0 1 2 1

drix (A) 2.012 2.189 2.116 2.033
GAP-GGA (eV) 1.70 0.48 0.86 0.55
GAP-correction (eV) 3.20* 1.98 2.36 2.05

4This value is calculated by HSE06. The rests are difference corrections between GGA and HSE(6.

The total density of states (TDOS) nearing Fermi level for doped and undoped BaTiO3 is shown
in Fig. 2. The GGA calculated band gap of the pure BaTiO3 is 1.70 eV, and the HSE06 calculated
value is 3.20 eV, which is the same as the results of Gruber.!” We should point out that the differ-
ence between the DFT calculated band gap with the experimental value is due to the well-known
deficiencies of DFT calculations in determining the band gap. Both local density approximation
(LDA) and GGA methods underestimate the band gap in both semiconductors and insulators cal-
culations. Although the GGA method normally underestimates the band gap of BaTiOs3, it could
give a reliable tendency of the band gap change with the structure and composition change. When
the oxygen atom is replaced by B, C or N impurity atom in the lattice, the band gap decreases to a
different degree. For BTO:C (BaTiO3 doped with Carbon atom), it has reduced to 0.86 eV, which is
beneficial to the absorption of the visible light. However, it appears a tiny impurity state is nearing
Fermi level for BTO:B (BaTiO3; doped with Boron atom) and BTO:N (BaTiO3 doped with Nitrogen
atom).

In the Boron atom doped BTO lattice, we find a tiny impurity state just beneath the Fermi level
which decreases the band gap. This impurity state mainly comes from the interaction of B 2p states
and Ti 3d states. For Ba atoms, they almost do not influence the density of states nearby the Fermi
level. For Ti atoms, both s and p orbitals are becoming occupied, leaving an empty 3d state. For O
atoms, all the orbitals are occupied, each of the two adjacent Ti atoms gives the oxygen one electron,
forming a stable occupied state of O 2p. For B atom, both the spin up and spin down states form two
peaks at the bottom and the top of the gap. Each of the two adjacent Ti atoms also gives one electron
to boron atoms forming a covalent bond as performed by the oxygen atom in the pure lattice. In the
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FIG. 2. The total density of states (TDOS) nearing Fermi level (Er) for undoped pure and Boron, Carbon and Nitrogen doped
BaTiOs3.
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FIG. 3. The density of states (DOS) of s, p and d orbitals of each atom in BTO:B.

B doped lattice, the B 2p orbital has three electrons, two spin up and one spin down, which forms a
magnetic moment of 1 g, which has been observed in our BTO:B calculations. The density of states
for BaTiO3; doped with Boron atom is shown in Fig. 3.

In the C atom doped BTO lattice, our calculations show that the tiny impurity state nearby Fermi
level disappears and the band gap decreases to 0.86 eV. This is a significant drop compared to the
undoped pure state. The Ba atoms have no contribution to the density of states nearby the Fermi
level. As shown in the BTO:B lattice, the outermost orbital is unoccupied for Ti and fully occupied
for O. However, there is one more electron in the carbon p orbital than in boron. Three of the carbon
p orbital electrons are spin up, which forms a peak at the bottom of the band gap. The rest one p
orbital electron is spin down, leaving two unoccupied spin down orbitals, which causes two peaks
distributing at each side of the Fermi level. The net magnetic moment is 2 ug.

We have also found a magnetic moment of 2 up in our calculations. The density of states for
BaTiO3 doped with Carbon atom is shown in Fig. 4.
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FIG. 4. The density of states (DOS) of s, p and d orbitals of each atom in BTO:C.
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FIG. 5. The density of states (DOS) of s, p and d orbitals of each atom in BTO:N.

There appeared a tiny impurity state in the middle of the band gap, which is similar to the B
doped case when using N atom to replace one oxygen. This impurity state mainly comes from the
N 2p electrons. The Ba, Ti, and O atoms almost have the same electronic structures and properties
compared with BTO:B and BTO:C respectively. The Ti 3d orbitals are unoccupied, and the O 2p
orbitals are occupied. The difference lies in the magnetic moment of the p-electron. Since nitrogen
has one more electron than carbon, three electrons occupy the spin up orbitals, and two electrons spin
down, forming a magnetic moment of 1 ug. The density of states for BaTiO3; doped with Nitrogen
atom is shown in Fig. 5.

For a better understanding of the electronic distribution, we have plotted the electron local-
ization distributions of BaTiO3; doped with Boron, Carbon or Nitrogen in Fig. 6. The plane is
cut from Ti-O layer along [001] direction. The cool tone color represents none electronic dis-
tribution, while the warm tone represents the existence of electrons. The warm tone colors dis-
tribute around O and X (X = B, C, N) atoms, which indicates that the electrons are localized
distribution.

The calculated band structures nearing Fermi level of the doped and undoped BaTiO3 are shown
in Fig. 7. The high symmetry points are obtained from Ref. 22. The maximum of the valence band and
the minimum of the conduction band of the pure BaTiO3 shown in Fig. 7(a) are located at the A point
and the I' point, forming a band gap of 1.70 eV, which indicates that the pure BaTiO3 is an indirect
band gap material. The band gap of the BaTiO3; doped with Boron atom is calculated to be 0.48 eV
from Y point of the top of the valence band to T point of the bottom of the conduction band. Three

FIG. 6. The electron localization function (ELF) in the (001) plane of (a) BTO:B, (b) BTO:C, and (c) BTO:N.
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FIG. 7. The band structures of undoped and doped BaTiO3. (a) pure BaTiOs, (b) BTO:B, (c) BTO:C, (d) BTO:N.

impurity bands from B 2p states, one spins up and two spin down just under the Fermi level contribute
to the diminution of the band gap. Both C and N substitution have the same indirect band structures
from I point to T point but with different band gap. The values of the gap for C and N doping are
0.86 eV and 0.55 eV respectively, which are in line with the density of states in Fig. 4 and Fig. 5. C2p
states in BTO:C distribute at the two sides of Fermi level, replacing the bottom of the conduction band
and the top of the valence band respectively. Compared to BTO:B, BTO:N also has impurity states
sitting near the Fermi level, with a fewer number of bands, which has only one down spin state in the
band gap.

From the above analysis, we know that these three substitutions can adjust the band gap effec-
tively, in addition, the values of the gap are decreased with different degrees which are in favor of the
absorption of the visible lights.

The optical properties of the supercell can be determined by the complex dielectric function
&g(w)= g1(w)+iey(w), where the £ and &, are the real part and the imaginary part of the dielectric
function, respectively. The imaginary part is determined by a summation over empty states using the
equation: 3

(2) 47T2€2

&qp(W) = Q

.1 .
‘lll—r’% ? ;(zwk(s(gck — &k — W) X <“ck+eaq|uvk><uck+65q|uvk> > (1

where the indices ¢ and v refer to conduction and valence band states respectively, ug is the cell
periodic part of the orbitals at the k-point k, e is the electronic charge, Q is the volume and w is the
light frequency. The real part of the dielectric function can be derived from the imaginary part using
the Kramers-Kronig relations:
@) 1
2 o g (w)w
(1) af ’
e (w)y=1+—=P ———duw’, 2
op@) n /0 w? - w?+in @

where P denotes the principal value, see Ref. 23 for more information. According to the real part

and the imaginary part of the dielectric function, the primary optical properties such as the refractive

index n(w), the absorption coefficient /(w) can be obtained from the following expressions:24’25
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FIG. 8. The calculated real part £1(w) (up panel) and the imaginary part £2(w) (down panel) of the dielectric function in
pure BaTiO3, compared with previous experimental and theoretical results.

n(w)= % { [£2w) + )] + el(w)} ; (3)

1

V2w 2
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The real part €;(w) and the imaginary part £,(w) of the dielectric function for the undoped
BaTiOj3 are calculated in Fig. 8. As seen in this figure, our results are in good agreement with Zhen
Yin’s work,® as well as the experimental results.?” In the low-frequency range, there appeared a peak
at about 3.7 eV for 1 (w) for all the three lines. In the range of 1.5~5.0 eV, the imaginary part £,(w)
rises up quickly, corresponding to the range of intrinsic absorption.

The absorption coefficient /(w) for pure and doped BaTiOjs is calculated according to the expres-
sion (4), the results are shown in Fig. 9. For clearly understanding the absorption properties in visible
light (390~780 nm), we convert the energy into wavelength. The absorption ability is enhanced nat-
urally for BTO:B and BTO:C compared to the pure BaTiO3 in the range of visible light. However,
there are almost no changes for BTO:N compared to pure BTO, although BTO:N has decreased the
band gap to a large extent like BTO:B and BTO:C. From the band structures in Fig. 7, we find that
BTO:N has a fewer number of bands in the impurity states than BTO:B in spite of the same band
structure for both of them, which indicates that BTO:N cannot absorb the visible light effectively.
There are two peaks for BTO:B at 425 nm and 660 nm, corresponding the two gaps from -1.63 eV
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FIG. 9. The absorption coefficient /(w) for pure and doped BaTiOs3.
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to 0.23 eV in Fig. 7(b). Only one peak appears for BTO:C at 508 nm, which is in line with the band
gap from -0.29 eV to 0.57 eV in Fig. 7(c). BTO:B has a broader range of absorption compared to
BTO:C. Both BTO:B and BTO:C have a good performance in the absorption of visible light.

CONCLUSIONS

We have calculated the electronic structures, band structures and optical properties of BaTiO3
doped with Boron, Carbon or Nitrogen atoms by using density functional theory. We can confirm
the band gap will be efficiently changed by introducing the impurities into the lattice for the solar
industry application purpose. When the foreign atoms (Boron or Nitrogen) is introduced into the BTO
lattice, there appears a tiny impurity state nearby the Fermi level, causing the band gap decreases.
For C doping, C 2p states replace both the bottom of the conduction band and the top of the valence
band in BaTiOs, which decreases the band gap primarily so that it can absorb the visible light. The
simulated absorption spectrums predict that BTO:B and BTO:C are able to absorb the visible light
effectively, which can be evidenced by the two peaks or the one peak in the absorption spectrums of
the B and C bearing systems. However, the peak is not observed in the absorption spectrum of BTO:N.
In order to test the impurities concentration effect, we have also calculated the 3x3x3 supercell with
135 atoms with lower impurity concentrations (0.74%), which doesn’t change our conclusion of this
report. Our theoretical calculations may play a significant guide role in photovoltaic materials design
and its application predictions.
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