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Abstract

First-principles calculations are used to study the structural, electrical, and thermoelectric properties of pure and Yb**
-doped CsCaCl; perovskite. Thermoelectric transport properties as a function of chemical potentials (4), temperature (7),
and Yb%* dopant concentration (x) are computed using semi-classical Boltzmann theory implemented in the BoltzTrap code.
The calculated indirect bandgap of pure CsCaCl; is 5.35 €V, and it behaves like an insulator. To tailor the electronic and
thermoelectric properties of the CsCaCl, compound, we considered substitutional doping with the lanthanide Yb** atom
for possible desired applications. According to the predicted formation energy, Yb**-doped at the cation site (Ca-site) is
structurally more stable than at the anion site. Within the bandgap of pure CsCaCls, the Yb?** dopant induces defective states.
As a result, transitions from insulator to semiconductor and indirect to direct bandgap occurred. According to the partial
density of states, the Yb?* atom’s f-orbital produced impurity states above the valance band maximum (VBM), resulting in
a narrower bandgap. For both values of chemical potential (1 = conduction bad minimum [CBM] and VBM), we character-
ize the thermoelectric properties. Additionally, various Yb** dopant concentrations were taken into account. At u = CBM,
substitutional Yb** doping at a concentration level of 1.67% demonstrates an improvement in the thermoelectric properties.
The highest ZT value for CsCaCly:Yb** 1.67% at = CBM is 1.4 at 1150 K. According to the ZT value, Yb**-doped CsCaCl,
cubic perovskite compound can be used in thermoelectric applications.
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Introduction

The use of halide phosphors has increased significantly
over the last few decades' due to its advantageous proper-
ties such as high light yield, fast decay, high energy resolu-
tion, and thermal stability. Phosphors are usually utilized
in high-energy materials science, as a detector in medi-
cal diagnostics, in medical imaging, in LEDs to produce
different colors, and in geophysical investigation, which
drives researchers to build better phosphors for multiple
applications. Many novel phosphor materials have been
synthesized and used extensively over the years.> A sin-
gle perovskite (ABX3) is a ternary halide, where A repre-
sents a cation, B is a transition metal, and X is a halide.
The family of perovskite ABX; compounds includes a vari-
ety of materials with huge bandgaps that can host dopants
(lanthanoid series elements or transition metals)* to tune
their electronic properties. Alemanyet et al. examined the
crystal structure and electrical and optical properties of a
variety of phosphor inorganic materials with broad band-
gaps and proposed their use as host material for dopants.’
Obodo et al.® studied the electrical and optical characteris-
tics of HES, monolayers substituted with lanthanoid series
of elements.

According to the literature, broad-bandgap materials,
such as CsCaX; (X: Cl, Br, I), are a possible series of
candidate materials for substitutional doping with lantha-
noid to tune their electrical and thermoelectric character-
istics to match the needs of thermoelectric device applica-
tions. Grimm et al. experimentally synthesized a series of
CsCaX; halide compounds by mixing the powders of CsX
and CaX, in a stoichiometric ratio.” A stoichiometric ratio
means that the amount of substance will react completely
with the available amount of another reactant, with no
extra amount of either substance. The increase in global
energy consumption and the limited oil, gas, and coal
resources have driven efforts to minimize energy usage
and search for alternative materials to be used for green
energy applications to fulfill energy needs in the current
environment. Therefore, materials scientists are engineer-
ing the properties of materials for desired green energy
applications. For example, recently, a commensurate TiO,
/V, O5 van der Waals heterostructure with a type II band
alignment was proposed for potential application in photo-
voltaics, which was confirmed experimentally.®® Similarly,
high thermoelectric performance in both n-type and p-type
CdSb materials is experimentally realized, which is the
basic requirement for designing an efficient thermoelectric
generator. '’

For thermoelectric devices, we need thermoelectric
materials, and the efficiency of thermoelectric materials is
determined by different factors, including a high Seebeck

coefficient (), fast electrical and ionic conductivity (o),
low electronic thermal conductivity (k,), and low lattice
thermal conductivity (k). This will result in a high figure
of merit (ZT), which is often used to used to quantify the
thermoelectric performance of the materials. Fast ionic
conductivity was observed in halide-based perovskites at
higher temperature, and halide vacancies are responsible
for the fast ionic conductivity.!! Recently, cesium (Cs)-
based inorganic perovskites have attracted much attention
due to their high thermal stability.'? Ephraim Babu et al.
studied the elastic and optical properties of CsCaCl;."?
The European Union has established restrictions for haz-
ardous materials, including lead (Pb). As lead-free halide
perovskites are recognized for their low toxicity and low
cost, we decided to study the Yb**-doped CsCaCl, crys-
tal structure and explore its electronic and thermoelectric
properties. Pure CsCaCl; perovskite is a wide-bandgap
material. For possible thermoelectric applications, we
need to tune the bandgap to smaller values because a small
bandgap is required for thermoelectric applications. For
example, in the case of a narrow-bandgap material, elec-
tronic thermal excitation will occur very easily when heat
is supplied. For this reason, we considered Yb?* substitu-
tional doping in the CsCaCl; crystal structure.

Thermal energy stored in thermoelectric materials can
produce electrical energy from waste heat. Thus, ther-
moelectric materials can be employed as a green energy
source'*!” to produce electrical energy from waste heat.'®
Many perovskite materials have been investigated for their
thermoelectric properties, and they appear to hold promise
for use in thermal energy storage to generate electricity. !>
The choice of material for thermoelectric generators is deter-
mined by the ZT value, which determines its thermoelectric
efficiency; i.e., ZT > 1 is an indication of good thermoe-
lectric materials.'® A higher ZT value indicates better effi-
ciency of waste heat conversion into electricity.”! The ZT is
a dimensionless quantity and is defined as

65?2
K + K,

T =

T ey

where o, S, ¥;, x,, and T stand for electrical conductivity,
Seebeck coefficient, lattice thermal conductivity, electronic
thermal conductivity, and temperature, respectively. For real
thermoelectric applications, the ZT'> 1 material is used. As
a result, substantial effort has been devoted to enhancing
the ZT value. Two alternatives for increasing the ZT value
are to increase the thermopower (652) or to reduce the heat
conduction by phonons, known as phonon thermal conduc-
tivity (denoted as k;ar).'® In this work, motivated by the early
promising use of transition metal oxides, the structural, elec-
trical, and thermoelectric properties of perovskite are inves-
tigated. The main focus of this research is on the electronic
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and thermoelectric characteristics of pure CsCaCl; and Yb**
-doped CsCaCl; compounds at concentration levels of 1.67%
and 2.5%. We first examined the structural and electronic
characteristics of the pristine CsCaCl; compound. Next, by
estimating the formation energy, we looked into the most
stable dopant site for Yb**-doping in the CsCaCl; crystal
structure. In addition, the effect of Yb**-doping on the struc-
tural, electrical, and thermoelectric properties of CsCaCl,
was examined. These findings will aid experimentalists in
the design and construction of good candidates for thermo-
electric devices.

Computational Methodology

The Quantum ESPRESSO package,?? which employs the
plane wave pseudopotential to execute first-principles cal-
culations based on density functional theory (DFT), was
used for computations.”® To determine the exchange and
correlation interactions, the generalized gradient approxima-
tion (GGA+PBE) was used.”* The pseudopotentials treat the
valence electron configurations as follows: 1 for Cs:(Xe) +
6s', 2 for Ca:(Ar) +4s2, 7 for Cl:(Ne) +3s?3p>, and 16 for
Yb*2:(Xe) +4£146s%. In order to determine the electron wave
function, optimal values for the wave function cutoff of 70
Ry and charge density cutoff of 300 Ry were used. For pure
CsCaCl; compound, a primitive cell is used, while for sub-
stitutional doping we considered two supercells 2 X 2 X 2
and 3 X 2 X 2 to vary the dopant concentrations as shown in
the Fig. 1a and b. The Monkhorst—Pack method* was used
to sample k-meshes in the first Brillouin zone (BZ). All

(a)

Fig. 1 Schematic top view representation of CsCaCl; (a) super-
cell with dimensions 2 x 2 x 2 used for Yb** dopant concentration
of 2.5%, and (b) supercell with dimensions 3 X 2 x 2 used for Yb**
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computational parameters were optimized. All structures
were relaxed until the Hellmann—Feynman (HF) force on
each atom was less than 0.003 Ry/Bohr. We used the Boltz-
Trap package, which is based on the semiclassical Boltz-
mann transport theory,?® to calculate the thermoelectric
properties as a function of temperature in the range of
300-1200 K and chemical potential (u). A constant relaxa-
tion time based on the rigid band approximation is used to
calculate the thermoelectric properties>® of both pure and
doped compounds. Thermoelectric transport coefficients are
calculated from the analysis of the electronic band struc-
ture.?”?® The details of Boltzmann transport calculations are
given in our previous works.?**° The thermoelectric proper-
ties of different compounds were previously computed using
the semiclassical Boltzmann equation within the constant
relaxation time approximation.’’ The constant relaxation
time approximation is based on the assumption that scatter-
ing time does not change significantly with energy. This
approximation has previously been successful in predicting
the thermoelectric characteristics of many materials.?>~*
This has been examined both experimentally and conceptu-
ally, and the results are highly accurate.* In the BoltzTrap
code, constant relaxation time (z = 10~'4) is used in the
computations for the thermoelectric properties.”® In a recent
study, the relaxation time (z = 1.0x107'# s) was used to
determine the thermoelectric properties of CsPbBr; and Rb-
doped CsPbBr; compounds.*® Therefore, in this study, the
thermoelectric characteristics of pristine and Yb**-doped
CsCaCl, with varied concentrations of 1.67% and 2.5% are
investigated as a function of temperature in the range of
300-1200 K and chemical potential . The electrical and ther-

mal conductivities are represented by <%> and (f), respec-
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dopant concentration of 1.67%. The Cs, Ca, and CI atoms are repre-
sented by the red, blue, and green spheres, respectively (Color figure
online).
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tively. The electronic conductivity (k,) is added to the lattice
thermal conductivity (k;) to obtain the total thermal conduc-
tivity: k = k, + ;. The k, is a more dominant factor than the
k; in k, so the BoltzTrap code is used to calculate the x,
while treating the ; as a constant.*

Results and Discussion
Structural and Electronic Properties

The cubic crystal structure of CsCaCl; (#221) belongs to
the space group P — 3m. Three Cl atoms are situated on
the cube’s adjacent faces, one Cs atom is in the cube’s
corner, and one Ca atom is in the body’s center. These five
atoms come together to form the CsCaCl; primitive unit
cell. Atomic positions for Cs, Ca, and Cl are (0, 0, 0), (0.5,
0.5, 0.5), and (0.5, 0, 0.5), respectively.l’4 The optimal
lattice constant of pure CsCaCl; determined using
GGA+PBE was 5.44, which is in good accord with the
experimental evidence that is currently available’” and
earlier theoretical findings.* Using the optimized lattice
parameter of pure CsCaCl;, we construct two types of a
supercells with dimensions of 2 X 2 X 2 (see Fig. 1a) and
dimensions of 3 x 2 x 2 (see Fig. 1a) for different Yb?*
dopant concentrations. Figure 1a has a total of 40 atoms,
among which one host atom is replaced by a Yb** atom,
so the dopant concentration is 2.5%. Similarly, Fig. 1b has
a total of 60 atoms, among which one host atom is

substituted by a Yb?* ion, so the dopant concentration is
1.67%. For the possible dopant sites (Cs-site, Ca-site, and
Cl-site), we calculated the formation energy. The calcu-
lated formation energies are —0.45 eV, —3.23 eV, and
—0.70 eV for Yb2t doped at the Cs-site, Ca-site, and Cl-
site, respectively. These results indicate that Yb?* doped
at the Ca-site is the most stable site. At the ground state,
Yb%* (divalent lanthanide) has a full-shell 4f'# structure.
Yb?* has parity-allowed transitions from the 4f ground
state to the 5d excited state, and it can be used to tune the
optical spectra of different host substances.’® At the
ground state, there are no unpaired electrons in the Yb?*-
doped CsCaCl; halide perovskite crystal structure; as a
result, according to Hund's rule, we can predict no mag-
netization.’® For further electronic and thermoelectric
investigations, we considered Yb?* doped at the Ca-site in
the CsCaCl 3 supercell with varied concentrations 1.67%
and 2.5% and performed non-spin polarization calcula-
tions. Since Yb%* has an electronic configuration of
4f146s%, when Yb2* ions are substituted at the Ca?* site it
remains closed shell and nonmagnetic, so it is not surpris-
ing that no spin polarization is observed by varying the
dopant concentration. The electronic band structure of
pristine CsCaCls, CsCaCls:Yb,, (1.67%), and CsCaCls:
Yb2+ (2.5%) is shown in Fig. 2a, b and c.

The predicted bandgap of pristine CsCaCl, is 5.35 eV
(M-T") (see Fig. 2a), which is consistent with prior
research.” The character of the bandgap of pure CsCaCl,
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Fig.2 The electronic band structure of (a) pristine CsCaCls, (b) CsCaC13:Yb2+ (1.67%), and (c) CsCaCl3:Yb2+ (2.5%). The Fermi level at zero
energy is represented by the horizontal dashed red line (Color figure online).
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is changed from indirect to direct with Yb2+ doping. The
defect states produced by Yb2+ dopants within the bandgap
energy window result in the reduced bandgap. The
CsCaCl3:Yb2+ (1.67%) and CsCaCl;:Yb** (2.5%) com-
pounds have an electronic bandgap of 1.0 eV and 1.02 eV
with respect to the defective state lies below the Fermi
energy level, respectively. Interestingly, Yb** doping in
the CsCaCl; compound results in the transition from an
indirect to a direct bandgap (see Fig. 2b and c), which
results in enhanced electronic characteristics. The pristine
valence band maximum (VBM) consists of the major
(minor) contribution of p-orbital states of Cl and Cs atoms,
whereas the conduction band minimum (CBM) is formed
by the prominent (subsidiary) contribution of d (p)-orbital
states of the Cs atom. The PDOS of CsCaCl3:Yb2Jr (1.67%)
is shown in Fig. 3d, e and f, and the defective states below
the Fermi level are formed due to the significant (small)
contribution of f (p)-orbital states of the Yb>* (Cl) atom.
Figure 3g, h, and i demonstrate the PDOS of CsCaCl,4

:Yb%** (2.5%). It follows the same trend in electronic prop-
erties, i.e, the PDOS of orbitals’ contribution at various
states is the same as in the previous situation.

Thermoelectric Properties

In this section, the thermoelectric properties for the pristine
CsCaCl; and Yb**-doped CsCaCl; at the most stable site
(Ca-sites) with varied concentration levels of 1.67% and
2.5% are examined. These properties include electrical con-
ductivity o, Seebeck coefficient S, electronic thermal con-
ductivity «, power factor PF, and figure of merit ZT as a
function of temperature in the range of 300-1200 K, and
chemical potential 4 = CBM (at the left side of Figs. 4, 5,
and 6) and 4 VBM (at the right side of Figs. 4, 5, and 6). The
electronic conductivity at both chemical potentials is pre-
sented in Fig. 4a and d, Seebeck coefficient in Fig. 4b and e,
and thermopower PF in Fig. 4c and f. The thermoelectric
capabilities of the pristine and Yb**-doped CsCaCl3
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Fig.3 Partial density of states (PDOS) (a—c) of pristine CsCaCls,
(d-f) of CsCaC13:Yb2+ (1.67%), and (g—i) of CsCalCl3:Yb2+ 2.5%).
The PDOS of Cs, Ca, Cl, and the dopant Yb?* atoms are represented
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by blue, red, green, and maroon colors, respectively. The Fermi level
at zero energy is represented by the horizontal dashed red line (Color
figure online).
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Fig.4 GGA+PBE calculated thermoelectric characteristics of pure
CsCaCl; and Yb**-doped CsCaCly at Ca-sites with dopant concen-
tration levels of 1.67% and 2.5% as a function of temperature (7) at

compounds with concentration levels of 1.67% and 2.5% are
represented by the red, blue, and black colors, respectively.
Figure 4a and d illustrate the electrical conductivity of pris-
tine CsCaCl; and Yb,,-doped CsCaCl3 at Ca-sites with
dopant concentration levels of 1.67% and 2.5% as a function
of temperature and chemical potential. Setting the chemical
potential u equal to the energy of the conduction band max-
ima (CBM), the electrical conductivity (o) of pristine
CaCaClj; increases with temperature and dopant concentra-
tion up to 700 K (see Fig. 4a). At a temperature higher than
700 K, the electrical conductivity decreases with Yb2+
dopant in CsCaCl, at Ca-sites (see Fig. 4). This is due to the
fact that at higher temperatures, electrons were more
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a chemical potential (x#) equal to minimum energy of the conduction
band (a—c) left panel, and p equal to energy of the valance band maxi-
mum (d—f) right panel (Color figure online).

scattered with dopants, which results in reduced electrical
conductivity. Similarly, setting the chemical potential u
equal to the energy of the valence band maxima (VBM), the
electrical conductivity is calculated (see Fig. 4d). The elec-
trical conductivity - of pure CsCaCl; increases with tem-
perature while the electrical conductivity () of Yb**-doped
CsCaCls at Ca-sites is approximately constant with
temperature.

The Seebeck coefficient (S) of pure CsCaCls and Yb,,
-doped CsCaCl, at Ca-sites with concentration levels of
1.67% and 2.5% is plotted as a function of temperature in
Fig. 4b and e. The values of S are negative in all cases, with
the greatest value of S being around —340 uV /K in pure
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Fig.5 Electronic conductivity (k) of pristine CsCaCl; and Yb**
-doped CsCaCl; at Ca-sites with concentration levels of 1.67% and
2.5% computed by GGA+PBE as a function of temperature and elec-
tronic chemical potential (a) = CBM (left panel) and (b) u = VBM
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Fig.6 GGA+PBE calculated thermoelectric properties of pristine
and Yb**-doped CsCaCl; compounds as a function of T and u (a)
ZT(T) left panel 4 = CBM and (b) ZT(T) right panel 4 = VBM at
concentration levels of 1.67% and 2.5%, respectively. The thermoe-

CsCaCls, as shown in Fig. 4b. Figure 4e demonstrates that
for pure CsCaCls, the Seebeck coefficient S remains constant
with temperature, whereas for the other two cases, it drops
with temperature. While the greatest value of S for pure
CsCaCl3 is around 200,V /K at 4 = VBM, the maximum
value of S for Yb, -doped CsCaCl3 at a concentration level
of 1.67% declines with rising temperature. According to the
literature, the minimum requirements for thermoelectric
materials to be used in practical applications are S 200
uv/K>

Figure 4c and f show the thermopower (PF = ¢S?) of
pure CsCaCl; and Yb,,-doped CsCaCl; at Ca-sites with
concentration levels of 1.67% and 2.5%. In all three com-
pounds, the PF increases as the temperature rises. In addi-
tion, at y = CBM, the PF of pure CsCaCls is higher than
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by the red, blue, and black colors, respectively (Color figure online).

Yb,,-doped CsCaC13. As shown in Fig. 4f, the PF of pure
CsCaCl3 increases with temperature at 0= VBM, but the

PF of Yby,-doped CsCaClj; at Ca-sites with concentrations
of 1.67% and 2.5% is nearly constant with temperature.
Electronic thermal conductivity (x,) as a function of tem-
perature and  at equilibrium lattice constant is shown in
Fig. 5a and b. There have been studies in the literature that
overlook the lattice thermal conductivity and focus solely
on the electronic part of thermal conductivity (e.g., see
Refs.*1™*). Increased temperature increases the electrical
thermal conductivity. In thermoelectric devices, electrons
absorb more photons at higher temperatures and shift from
high to lower energy levels. As shown in Fig. 2b, the ther-
mal conductivity of pure CsCaCl 3 increases with tempera-
ture at u = VBM, but the thermal conductivity of Yb2+
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-doped CsCaCl3 at Ca-sites with concentration levels of
1.67% and 2.5% remains constant with temperature.

Figure 6a and b show the ZT values for the pristine and
Yb,,-doped CsCaCl, samples as a function of temperature and
H. As aresult, the ZT contains information about how efficient
the material is for thermoelectric applications. Thermoelec-
tric characteristics were calculated by varying the temperature
while keeping the chemical potential constant. To investigate
the material’s n-type (p-type) behavior due to electron (hole)
doping, we use two values of chemical potential () equal to
the energy of the CBM and VBM. According to our DFT cal-
culations, Yb**-doped CsCaCl, behaves like a semiconductor
at dopant concentration levels of 1.67% and 2.5%. The n-type
and p-type carrier doping in a semiconductor can be investi-
gated using rigid band approximation. As a result, the Fermi
energy level shifts to the CBM and VBM by electron and hole
doping, respectively. In the case of p-type thermoelectric per-
formance, the highest ZT of the Yb**-doped CsCaCl, at Ca-
sites with a concentration level of 1.67% is 1.4. This higher ZT
value is due to the improved value of the Seebeck coefficient at
higher temperatures. The Seebeck coefficient is proportional
to the effective mass of the carriers.”’ The doping results in a
flat band at the I" point, which results in higher effective mass
of the hole.

Regarding the ZT value, it was reported previously that for
Cs-based fluoro-perovskite compounds, the values of ZT at
room temperature are 0.56, 0.57, and 0.64 for CsGeF;,
CsSnF 2 and CsPbF;, respectively.*® Compared to oxide-based
perovskites, this is substantially higher than theoretically** and
experimentally*? determined values for SrTiO;. Thus, materi-
als with ZT values greater than 1 can be considered candidate
materials for thermoelectric applications. Figure 6a shows how
the value of ZT for the pristine CsCaCl; at 4 = CBM increased
with temperature across a range of 500-1200 K, reaching its
maximum value at 1200 K. Figure 6b depicts the ZT at the
VBM, in which the ZT value of Yb2+—d0ped CsCaCl; at Ca-
sites with a concentration level of 1.67% remains constant in
the temperature range of 300650 K, decreases with tempera-
ture in the range of 650-900 K, and abruptly increases in the
temperature range of 900-1200 K, reaching a maximum value
of 1.4 at 1150 K, as shown in Fig. 3b. According to our DFT
calculations, doping of Yb** in CsCaCl, at a concentration
level of 1.67% improves the hole conduction (p-type); i.e., at
temperatures greater than room temperature, the highest ZT
value is reached at 4 = VBM.

Conclusion

In this study, we examined the electrical and thermoelec-
tric characteristics of pure and Yb**-doped CsCaCl, crystal
structures via DFT implemented in Quantum ESPRESSO

code in conjunction with BoltzTrap code. We examined the
Yb%* substitutional doping at the cation and anion sites in
the CsCaCl; compound. The calculated formation energy
indicates that the cation site is more stable than the anion
site. Phosphor materials have a wide bandgap; pure CsCaCl,
is an indirect-wide-bandgap phosphor compound with a
bandgap of 5.4 eV. The phosphor material CsCaClj is a good
candidate for substitutional doping with lanthanide atoms
for tuning electronic and thermoelectric properties. The
dopant atom causes impurity states in the bandgap energy
window of pure CsCaClj,, resulting in a reduced bandgap.
As a result, an insulator-to-semiconductor transition and
indirect-to-direct bandgap transition occur. In this work, the
transport characteristics of pure and Yb**-doped CsCaCl,
were demonstrated as a function of chemical potential values
(). The n-type doping caused by the Yb?* doping results
in a Seebeck coefficient greater than 2004 V/K, which meets
the conditions for thermoelectric materials to be employed
in practical applications, which require S to be greater than
200uV/K. At y = CBM and u = VBM for both concentration
levels, the electronic thermal conductivity of Yb?*-doped
CsCaCl; is reduced to lower values. As a result, in the situ-
ation where ¢ = CBM, we found an enhanced ZT value at
room temperature. In contrast, we found that the maximal ZT
value for CsCaCly:Yb** (1.67%) at y = VBM is 1.4 at 1150
K. The increased ZT value indicates that the Yb>*-doped
CsCaCl; phosphor material is an appropriate candidate for
thermoelectric applications.
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