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Abstract

Vacancy-ordered double perovskites have been studied vastly for energy applications for the last few
decades. In this article, we have investigated the optical and thermoelectric characteristics of Ga, TiXg
(X = CI, Br, I). The phonons dispersions, formation energy, and tolerance factors reveal dynamic and
structural stabilities. The predicted band gaps turn out to be 2.74 ¢V, 2.0 eV, and 1.32 eV for Ga,TiCl,
Ga,TiBrg, and Ga, Til,, respectively, corresponding to the absorption bands 275 nm to 413 nm,

365 nmto 539 nm, and 413 nm to 689 nm. Therefore, the absorption band in the entire visible region
for Ga, Tils makes it an excellent material for solar cells. The optical characteristics are explained by
dielectric constants (€1, €;), absorption coefficient, and dielectric constants. Thermoelectric efficiency
is addressed by calculating the figure of merit to highlight the potential of the investigated materials for
thermoelectric applications.

1. Introduction

Recently, solar energy has become the focus of attention of the scientific community because of the shortage of
energy sources and increasing consumption. Solar energy is a clean, renewable energy source that eliminates
traditional energy sources like fossil fuels, coal, natural gas, etc [1-3]. Thermoelectric energy is also a promising
renewable energy source that converts heat directly into valuable electrical energy. Therefore, to meet these
challenges, various materials have been explored for solar cells and thermoelectric generators [4].

The perovskite halides having the formula ABX5, where A = CH;NH3, Pb**, Sn*", and X = halogen
atoms, can be categorized into two main types organic based and inorganic-based perovskites [5]. The double
perovskites combine two single perovskites, which are more stable and reliable for technological applications.
The usual formula for single perovskite is ABX5 and double perovskites is A,B'B”X¢. In this formula the
octahedral cations B’ and B” are different elements, and 6-fold coordinates of X atoms surround each one. On
the other hand, for the same octahedral cations, each atom is divided by 12-fold coordinates of X atoms and then
taken as the average. This new type of perovskites, A,BXg is studied as vacancy-ordered double perovskites [6].
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The perovskite halides CH;NH;PbX; (X = Br, I) had been used in place of dye-sensitized solar cells up to 2009,
but due to lower efficiency of ~3.8% and stability, they could not gain extensive consideration [7]. The
perovskites solar cells (PSCs) are trying to develop by substituting a liquid electrolyte with a solid hole transport
layer up to 2012, which directly increased the efficiency. This efficiency improvement increased perovskite to
some extent [8—10]. Recently, PSCs efficiency has been improved to 25.5%, which is greater than the silicon-
based conventional solar cells [11]. The lifetime of PSCs is nearly 1 year, while the silicon solar cell has a working
capacity of 25 years. The environmental factors like temperature, intense light, moisture, and oxygen decompose
the organic part. The most terrible factor is moisture that hydrates the solar cells to damage their crystal
structures [12]. For the improvement of stability, the following techniques are constructing new stable halide
perovskite [13, 14], applying charge transport layers of stable inorganic materials [15], the development of
crystals structure by doping [16]. The above techniques can increase the lifetime up to a limited period. For long-
term stability, we must adopt advanced procedures.

The toxic nature of lead is also a major restriction in the commercialization of PSCs. The lead contents
spread pollution in the atmosphere, creating clouded consciousness, fatigue, clumsiness, and muscle weakness
[17]. Many attempts have been made to construct low-toxic or non-toxic halide perovskites for solar cells
industry [18-20]. An effort has also been made to replace Pb>" ions with other Sn*™ and Ge> " ions of the same
group. The Sn** and Ge** have the legacy of oxidizing 5 s orbitals to destabilize the materials of the solar cell in
the ambient atmosphere [19, 20]. Therefore, the doping procedure could not resolve the issues of toxicity and
stability.

In the last decade, double perovskites A,B(I)B’(III)X4 and their vacancy-ordered derivatives A,B(IV)X are
anticipated stable alternatives of organic-inorganic and lead-containing perovskites. In these materials, toxic
lead ions are replaced by the monovalent, trivalent, and tetravalent ions along with ordered vacancy to maintain
the charge balance. The double perovskites have exceptional stability, environment friendly and tunable
characteristics. A number of researchers have explored double perovskites like Rb,PdBrg and Cs,Ptl
investigated for solar cells because of their optimum band gaps of 1.3 eV and 1.22 eV, respectively [21]. The
maximum absorption band and ultralow values of lattice thermal conductivity increase their use for renewable
energy.

The double perovskites existing vacancy at octahedral cations (B) positions are considered exceptional
materials for optoelectronics. Zhou et al proposed using Cs,SnClg_,Br, for photodetectors in the cubic phase
after a successful experiment [22, 23]. The Cs,Snls having band gap E, = ~1.2 €V is promising for
optoelectronics. Moreover, the stable crystal structure, non-toxic nature, covalent bonding, and band gap in the
visible region enhance efforts for its commercialization [24-26]. The lead-free double perovskites approach to
efficiency of 11.2%, which is significantly less than Pb-based PSCs [27]. Zhao et al theoretically explored the
In,TiXs (X = CI, Br, I) [28]. However, researchers have performed much work to improve the efficiency of lead-
free perovskites [29]. The experimental and theoretical literature on Ga, TiXs (X = Cl, Br, I) is not found.
However, we have explored these compounds theoretically based on their family of compounds which have rich
literature. Our findings will provide the opportunity to the researchers to realize them for solar cells and
thermoelectric applications.

2. Method of calculation

The structural optimization, electronic, and optical properties of Ga,TiX¢ (X = CI, Br, I) are computed by
Wien2k code [30]. Perdew—Burke—Ernzerhof Generalized-Gradient Approximation, PBE-GGA analyzes the
structural properties because it accurately computes the structural parameters but underestimates the electronic
band gap. The mBJ potential is most versatile, easy to execute, and has alower computational cost, which
accurately computes the band gaps of the semiconductors and insulators. Its accuracy is equivalent to HSE06;
therefore, we prefer the calculations with mBJ potential. Therefore, to precisely obtain the electronic band gap,
we have applied Becke and Johnson potential given by Trans and Blaha, TB-mBJ [31]. This potential average the
interatomic distance among atoms and accurate the band gap. However, HSE06 and GGA + U approaches are
also suitable for band gap accuracy, but HSE06 has more computational cost than TB-mB]J, and GGA + U'is
implemented in heavy transition metals. The TB-mB]J has low computational cost, is friendly, and has similar
accuracy as HSE06 [32]. Moreover, to incorporate spin—orbit coupling (SOC), we have run the calculations with
TB-mBJ + SOC, which has a minute difference from TB-mB] potential calculations. The Rp7xK a1 Inax> Gmax
(10, 8, 16) are incorporated in input files, where Ry, muffin-tin radius, K,,,,, maximum wave vector, .,
angular momentum, and G,,,,x gaussian factor. The convergence of energy has been executed as 0.00001 Ry, and
Monkhorst-Pack order 20 x 20 x 20 is taken for convergence of charge to compute optical properties and

30 x 30 x 30 for thermoelectric properties. Thermoelectric properties are executed by BoltzTraP code which
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Figure 1. Crystal structure of Ga,TiX4 (X = Cl, Br, I) developed by VESTA Software.

Table 1. The calculated parameters of Ga, TiClg, Ga,TiBrs, and Ga, Til,.

Parameters Ga,TiClg  Ga,TiBrg Ga,Tilg
lattice constant a, (&) 10.39 11.07 12.08
bulk modulus B, (GPa) 33.47 24.61 17.68
Formation energy H¢(eV) -3.0 —2.78 —2.58
Band gap Eg (eV) 2.74 2.00 1.32
Static dielectric constant &, (0) 3.93 3.98 5.29
Static refractive index 1 (0) 1.98 2.00 2.30
Reflectivity R (0) 0.108 0.110 0.155
Effective mass of electrons (111.*) 0.39m, 0.34m, 0.21m,
Effective mass of holes (") 1.2m, 0.8 my 0.45m,

analyzes them based on Boltzmann transport theory. The relaxation has been kept constant during
computationsas7 = 10~ 145 33].

3. Results and discussion

3.1. Structural and electronic properties
The cubic crystal structures of Ga, TiX4 (X = Cl, Br, I) in polyhedral form with space group Fm3m, (No.225)
are shown in figure 1. The cubic crystal structures are taken from the materials project [34]. The 12-fold
coordinates of X atoms separate the octahedral Tiatoms from each other, and Ga atoms fill the space between
them. The 12 and 6 X atoms surrounded Ga, and Ti, respectively. The started Wyckoff positions for Ga 8¢ (1/4,
1/4,1/4),Ti(0,0,0),and X 24e (0.21, 0, 0). The computed lattice constants (a,,) from optimized structures are
shown in table 1, which increase from Cl to I because of increasing additional shells. The bulk moduli (B,) trends
are opposite to lattice constants (a,), decreasing from Cl to I. Ga is found primarily in +3 oxidation state, but its
+1-oxidation state is also frequently studied, e. g a very stable compound GaCl, contains both gallium(I) and
gallium (III) and is formulated as GalGallIICl, [35]. In our double perovskites number of studies are verified
experimentally, such as Cs,SnBrg nanocrystals [36].

Before addressing the applications of these compounds, the confirmation of stability is essential. The
tolerance factor tzis computed by atomic radius calculations through the relation,
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Figure 2. Phonon band structures of (a) Ga,TiClg, (b) Ga,TiBr, and (c) Ga, Til.

t = (160 + 1) /N2 (rri + 1x) (D

where 75, rr; and ry show atomic radii of Ga, Ti, and X [37]. The findings of tg are shown in table 1 which are
extremely near to ideal values (unity). Therefore, the structures of studied materials are stable. We have
computed the energies of compounds GaTi,Clg, GaTi,Bre, GaTi,ls and individual elements Ga, Ti, Cl/Br/1
through the optimization process. Then the formation energy has been evaluated from the relations

AI_If = Erota(Gay Ti,u Xy,) — IEG, — mEr; — nEx 2

Here E7or(Ga; Ti,, X ) represent the total energy of compounds GaTi,Xs (X = Cl, Br,I) while Eg,, Er; and Ex
represents the energies of Ga, Ti, and X atoms. The [, m, and n show the number of aa, Ti, and X, atoms,
respectively. The computed values of AH¢are shown in table 1. The negative energies confirm the release of
energy during compounds formation and thermally stabilize the structures [38—40]. Moreover, thermodynamic
stability is also confirmed from the positive frequencies of the phonon’s dispersion.

In materials the lattice vibration take place due to individual atoms kinetic energies. This lattice vibration
generates elastic waves in the materials which overlap. If the frequencies of phonons are negative, their wave
interaction is abrupt, destabilizing the structures, and if it is positive, then phonons waves cancel each other
effect and stabilize the materials structures. The phonons band structures for Ga, TiClg, Ga, TiBrg, and Ga,Tilg
are plotted in figures 2(a)—(c). The positive frequencies for all the band structures confirm the dynamic stability.
The symmetry of structures generates total 27 phonons, from which 3 phonons are acoustic, and the remaining
are optical. The low-frequency phonons meet at I"direction and diminish each other [41, 42].

For the electronic properties discussion, band structures without SOC and with SOC are presented in
figures 3(a)—(c). The band gap was reduced to 0.05 with SOC as compared to without SOC. Therefore, the effect
of SOC on studied materials is minimal. The band gaps are reported at 2.74 eV, 2.0 eV, and 1.32 eV for Ga,TiCl,,
Ga,TiBrg, and Ga,Tilg, respectively. The Ga, TiClg has an indirect band gap at I-X symmetry while Ga,TiBrg
and Ga,Tilg have direct band gaps at I -I"symmetry. Therefore, the band gap of 1.32 eV for Ga,Tilg is ideal for
solar cells. The effective masses of electrons and holes for Ga,TiClg, Ga, TiBrs, and Ga,Tils are computed (see
table 1). The low values of effective masses show that the studied double perovskites are promising for solar cells.
The density of states for compounds and atoms (Ga, Ti, X) are plotted in figures 4(a)—(c). At the valence band,
the DOS of halogen (X) atoms are present, while at the conduction band, the DOS of Ti atoms are present. The
DOS of Gaalso exists but in the deep levels of conduction bands. Therefore, the transitions of electrons are
possible from X atoms to Tidue to the p-d hybridization of p-states of X atoms and d states of Tiatoms. The
states at valence band maxima cross a bit because of density functional theory-based approximations and their
p-type character. In p-type semiconductors, some shallow level states appear just above the valence band from
which carriers can make transitions.

3.2. Optical properties

The optical properties of Ga,TiXs (X = Cl, Br, I) are analyzed by dielectric constants and their dependent
parameters, which are computed from the relations taken from [43—46]. The computed plots of optical
characteristics are presented in figures 5(a)—(d) and figures 6(a), (b). The band gaps of Ga, TiClg, Ga,TiBre, and
Ga,Tilgare2.74 eV, 2.0 eV, and 1.32 eV, respectively. The band gap of 1.32 eV of Ga, Til¢ is ideal for solar cell
applications [47]. Therefore, light’s dispersion, absorption, and reflection are addressed systematically. The real
dielectric constant £, (w) regulates light distribution at the resonance frequency. The maximum scattering of
light has been observed at resonance energies 3.2 eV (6.4), 2.5 eV (6.9), and 1.8 eV (8.0) for Ga, TiCl, Ga,TiBrs,
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Figure 3. The band structures of (a) Ga, TiClg, (b) Ga, TiBrs, and (c) Ga,Tils [without SOC (pink color), and with SOC (blue color)].
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Figure 5. (a) £;(w), (b) £2(w), (c) c(w), and (d) n(w) of Ga, TiClg, Ga, TiBrs, and Ga, Til.

and Ga, Til as described in figure 5(a). The peaks of the minimum intensity of ¢, (w) have been found at 4.4 eV
(2.7),3.2 eV (2.5),and 2.4 eV (3.6) for Ga,TiCls, Ga,TiBrs, and Ga,Tilg, respectively. The £,(0) rises from 3.93 to
5.29 by the substitution of Cl with Br/I, which is inversely connected with the optical band gap and satisfies the
Penn’s model [48],

hw, :
81(0) ~ 1+ E_ (3)

g

Where €,(0) is the value of real dielectric constant at zero frequency, /i), is the energy of phonons, Eg is the band
gap. At fixed energy the relation, the £,(0) and Eg according to Penn’s relations. From Cl to I, Eg decreases and
value of £,(0) increases (See table 1).

The refractive index n(w) is also evaluating the dispersion of light and replica of £, (w) (See figure 5(b)).
Therefore, n (0) and €,(0) are according to formula n? = & (0). The value of n(w) is higher for Ga, Tils as
compared to Ga, TiClg and Ga,TiBrs which shows that the increasing size of halide ions increases the dispersion
(See table 1). The imaginary dielectric constant ,(w) has been extracted from ¢;(w) by Krammer-Kronge
relation [49].

It calculates the dilution of light when it passes through the material whose threshold limits on energy axis
2.74 eV,2.0 eV and 1.32 eV are well consistent with band gap of materials. The computed values are shown in
figure 5(c) in which the first absorption band bands are Ga, TiCls (3.1 eV to 4.7 V), Ga,TiBrs (2.3 eV t0 3.7 V)
and Ga,Tils (1.6 eV to 3.0 eV). Therefore, the Ga, TiClg, Ga, TiBrg, and Ga, Tils absorb light in the ultraviolet,
near visible, and visible regions.

The absorption coefficient al(w) calculates the absorption of photons energy by electrons. Its values are
computed by dielectric constants through equation [50],
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Figure 6. (a) Reflectivity R (w) and (b) optical loss factor L (w) of Ga, TiClg, Ga,TiBrg, and Ga, Til.
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Figure 7. (a), (b) Electrical conductivity (¢) and (c), (d) Thermal conductivity (x) of Ga, TiCls, Ga,TiBrs, and Ga,Tils are computed
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The absorption peaks of maximum intensity are found in the ultraviolet range (See figure 5(d)) for Ga,TiCls and
Ga, TiBrg and in the visible range for Ga, Til.

The light interacts with the materials surface and the surface behavior is measured in terms of reflectivity.
The computed values of R (w) are presented in figure 6(a) and its R (0) values are depicted as 0.108,0.110 and
0.155 for Ga, TiClg, Ga,TiBrg, and Ga, Tilg, respectively. The behavior of R (w) is linked with a real dielectric
constant showing maximum reflectivity values where dispersion is maximum. During the contact of light with
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Figure 8. (a), (b) Seebeck coefficient S and (), (d) power factor 0S* of Ga, TiClg, Ga, TiBrg, and Ga,Tilg are computed versus j (¢V)
and T (k).

matter scattering, heat causes aloss of energy. The subtracted values (0.15, 0.21,0.13) of L (w) have been
described in figure 6(b), which is minimum in the visible region.

3.3. Thermoelectric properties

The vacancy-ordered double perovskites are outstanding for thermoelectric devices because of the significant
Seebeck coefficient and ultralow values of lattice thermal conductivity [51, 52]. We have used the BoltzTraP code
to obtain the thermoelectric parameters. The computed results versus temperature T (K) and chemical potential
1 (eV)are plotted in figures 7-9. The chemical potential is the energy to move the carriers against coulomb
forces. The peaks of large intensity are present on the negative side of 1 (eV) compared to the positive.
Thermoelectric strength has been counted by the figure of merit (ZT) scale. The values of ZT may be a little bit
overestimated because the electronic part of thermal conductivity (k.;) has been incorporated and lattice
vibrations (k) have been omitted due to the limitations of semi-classical transport theory [53].

The findings of o versus p are shown in figure 7(a) and T in figure 7(b). The o at —0.04/—0.032/—0.015 eV
in the p-type region is at peak intensities 8.0/4.6/3.0 x 10° 1/wm for Ga, Ti(Cl/Br/I)s, respectively. For the
n-type region, the peaks exist at 0.2,/0.17,/0.12 eV with peak intensities 3.8/1.8.3.0 x 10° 1/wm. The peaks in
core sides (away from Fermi level) are not considered for discussion. The above debate shows that the p-type
carriers are higher in concentration than the n-type region. Furthermore, it is noted that the o increases from
0.02/0.15/0.16 x 10°1/wmat 100 K t0 0.27/0.68/0.74 x 10°1/wm at400 K for Ga,Ti(Cl/Br/I)s,
respectively. Figure 7(b) shows that in the exchange of Cl by Br/I, the o transferred to higher values because of
increasing free carriers.

The trend of k.. is analogous to o, as illustrated in figure 7(c) for 1 and in figure 7(d) for T. The k. is extremely
low as compared to o against both chemical shift and temperature. Therefore, ./ is found to be 10~ which
makes them promise for thermoelectric applications.

The Sis the potential raised between contact of metals due to temperature difference. Its values are drawn in
figures 8(a), (b). The S has positive peaks at 0.05 eV for Ga, Ti(Cl/Br)s and at 0.03 eV for Ga, Tils. The negative
peaksareat0.13/0.08,/0.04 eV for Ga,Ti(Cl/Br/I)s showing that S shifted to lower values by replacing anions.
The plotting of S versus T shows 0.254,/0.235,/0.207 mV K * decreases to 0.240,/0.187,/0.195 mV K™ ' by
increasing the T, 100 K to 400 K. Furthermore, the replacement of Cl with Br/I decreases S because of increasing .
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figure 9 illustrates thermoelectric efficiency versus jzand T.
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Figure 10. Lattice thermal conductivity x; of Ga,TiXs (X = Cl/Br/1).

The strength of thermoelectric power can be understood by 6S* (See figures 8(c), (d)). The p-type region has
reached values of Power factor (PF) values from 0 to —0.11 eV, while in the n-type region, the electrons doping is
less than holes. The doping values shifted to lower potential as 9.21/0.15/0.11 eV for Ga,Ti(Cl/Br/I)s. Therefore,
the hole contribution is significant as compared to electrons. The PF increases with increasing T, but it follows the
trends of o because its values increase by substituting Cl with Br/I.

The ZT reaches unity in both p-type and n-type regions at different doping levels. Its values exist at large
potentials for Ga, TiClg and reach to lower potential by the replacement of Cl with Br/I. The ZT versus T has
been plotted in figure 9(b), which shows its values decrease by raising T. The high values at alow temperature
ensure their importance for transport properties. However, to judge the effect of lattice thermal conductivity, its
computed values are plotted in figure 10. The values of x}, are minimal and comparable to thermoelectric
players [54, 55]. Therefore, &, does not largely affect thermoelectric performance. The values of «; reported in
the literature for K,Gelg (0.11 W mK "), Rb,Gel (0.13 W mK ™), and Cs,Gel (0.17 W mK ') [56] show the
consistency with our computed values 0.11,/0.13/0.17 W mK ™ for Ga,TiXs (X = Cl, Br, I). Since, external
pressure and doping both tune electronic properteis, as successfully carried out in cubic systems [57-59], such
techniques are viable to pratice in the stueid materials to further mold them according to technological
requirements.
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4. Conclusion

Double perovskites Ga,TiXg (X = Cl/Br/I) are comprehensively explored computationally for renewable solar
cells and thermoelectric devices. The positive phonon frequencies show the dynamical stability, and the
tolerance factor shows structural stability. The band gaps (2.74 eV, 2.0 eV, and 1.32 eV) are computed by TB-
mBJ potential. The 1.32 eV for Ga,Tilg is considered novel, with an absorption band of 413 nm to 689 nm in the
visible region. The behavior of the real dielectric constant and refractive index is similar. Furthermore, the
optical band gap and zero frequency dielectric constant are according to Penn’s model. The ultralow values of
thermal conductivity as compared to electrical conductivity and large figure of merit boost them for
thermoelectrics. Therefore, this computational study will guide experimentalists in optimizing the performance
of clean energy systems.
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