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Recently, the efficiency of perovskite-based solar cells has reached 25.7%. Due to lead toxicity, lead-free
double perovskites have received great attention as potential candidates for photovoltaic applications.
Keeping in mind the significant challenges (indirect and wide bandgaps) related to most of the present
double perovskites, we used ab initio calculations and incorporated divalent and tetravalent dopant
cations at the mixed B-site of Cs,AgSbClg to tune the electronic structure for optoelectronic
applications. The doped perovskites are structurally and thermodynamically stable. The tunability of the
electronic structure is shown for Sn®*- and Ge**-doped configurations due to the strong hybridization
between the dopant orbitals (szpo) and the host orbitals at the band edges. The predicted bandgaps of
the doped perovskites are of a direct character and in the ideal range (1.70-1.90 eV) for the top cell in
tandem solar cells. The inclusion of Zn?*, Cd?*, Sn**, and Ge*" with the electronic configurations of
d%0s° and s°p° resulted in a negligible modification of the electronic structure, and hence did not show
an indirect—direct bandgap transition. Therefore, the contribution from the dopant orbitals at the band
edges dominates the electronic structure tunability of the doped perovskites. Furthermore, an enhanced
absorption efficiency is observed for the Sn®*- and Ge?*-doped perovskites. This work provides
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1. Introduction

Lead halide perovskites have been extensively utilized in energy
applications such as photovoltaic cells"* and light-emitting
diodes®* due to their promising optoelectronic and physical
properties and their low-cost. Generally, perovskite-based solar
cells have achieved clear performance improvements in recent
years, and the power conversion efficiency (PCE) has been
increased to 25.7%.> Furthermore, perovskites integrated into
silicon tandem cells have achieved a cell efficiency of 29.8%,
which exceeds that of crystalline silicon-based solar cells.’
Therefore, perovskites with ABX; structures (A = methylammo-
nium (MA), formamidinium (FA), Cs or Rb; B = Pb, Sn or Ge;
and X = I, Cl or Br) are considered as the most promising
candidates for third-generation photovoltaic cells due to
their ability as efficient light absorbers.® Among lead halide
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engineering of double perovskites as photo-absorbers in future solar cell applications.

perovskites, MAPbI;-based solar cells have shown extremely
high PCE values.® Despite the advantages of lead halide per-
ovskites, there are many concerns due to the presence of toxic
lead, which affects the application of these perovskites.” The
straightforward chemical modification of lead iodide perovs-
kites is through substituting lead with Sn or Ge. However, due
to the tendency of Sn toward oxidation from the +2 to the +4
oxidation state upon exposure to air, tin halide perovskite-
based photovoltaic cells have achieved a PCE of only 6%.°
Recently, to enhance the stability of mixed lead halide
perovskite-based photovoltaic cells and improve their PCE,
composition ratios of mixed lead halide perovskites have been
systematically investigated.” The mixed lead halide perovskite
FA.75CS0.255Nn0 5Pbg 5sI; was reported to have outstanding
thermal and atmospheric stability."°

Recently, lead-free double perovskites A,B'B"X; (B’ = Ag, K;
and B” = Bi, In, Sb), with a combination of monovalent and
trivalent cations, have been received intensive attention as
potential photovoltaic absorbers and as candidates in opto-
electronic applications."*™® Cs,AgBiBrs is one of the most
widely reported double perovskites as a promising candidate
for photovoltaic applications.">"* However, its bandgap value
is 1.9-2.3 eV, which still large for use in tandem solar cells."

This journal is © The Royal Society of Chemistry 2022
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The ideal bandgap range for top cells in tandem solar cells is
1.7-1.9 eV.'® In addition, Cs,AgBiBrs is an indirect bandgap
semiconductor and the light absorption due to the direct-gap
transition is very weak.*'”'® The indirect bandgap provides
weak oscillator strengths for optical absorption and radiative
recombination, and therefore makes a negligible contribution
to the photo-generated carriers.® The use of thicker films could
increase the absorption efficiency; however, this could also be
problematic in the case of a low charge-carrier mobility and a
limited charge-diffusion length as in Cs,AgBiBrs."”

Reported chloride double perovskites such as Cs,AgSbClg
and Cs,AgBiClg typically have wide indirect bandgaps of
2.54 eV' and 2.77 eV, respectively, which are too large for
photovoltaic applications.?"**> Therefore, an increased visible-
light absorption efficiency via reduction of the bandgap is
required for future applications of these perovskites in opto-
electronic technologies.”>>* Recently, the Cs,AgSbCls double
perovskite has been reported to have a high decomposition
temperature and high stability upon prolonged exposure to air
and moisture; therefore, it was proposed as a potential candi-
date in photovoltaic applications.'’ Therefore, most of the
current double perovskite materials still suffer from indirect
or wide bandgaps, which need to be addressed to further
advance the performance of solar cells. The challenge is, there-
fore, how to rationally design or engineer the electronic struc-
ture of the double perovskites in order to obtain a small
bandgap and an indirect-to-direct bandgap transition. There
are many strategies for optimization of the perovskite electro-
nic structure, such as impurity and pressure strategies.”> >’

In double perovskites with the A,B'B"X4 structure, all four
different lattice sites are available for atomic substitution.?®
A very low doping concentration results in localized dopant
states in the host lattice where the potential extends around the
dopant atom; therefore, this leads to a shift in the Femi level
and changes the bandgap slightly.® To effectively tune the
bandgap, the perovskite lattice may need a sufficient doping
concentration in order to provide localized impurity states that
interact with each other and the states of the host lattice.®
The doping strategy has been reported in engineering the
bandgap of semiconductors and perovskites.>* > In the Cs,Ag-
BiBrs double perovskite, bandgap engineering was reported
experimentally and theoretically using Sb>" and In*" substitution
at the trivalent Bi lattice site.”® The doped perovskite lattice
accommodated up to 75% of In** with an increased bandgap
and up to 37.5% of Sb®" with a reduced bandgap.>® Furthermore,
the Cs,(Ag;_Bi;_p)TLBrs double perovskite with Tl doping at Ag"
and Bi*" sites was reported experimentally and exhibits a compar-
able bandgap and carrier lifetime to that of (MA)PbL;, although
there are concerns due to the use of the highly toxic Tl element.*
Moreover, In*"-incorporated Cs,AgSbCl; double perovskites
were synthesized experimentally with high In concentrations of
50, 60, 80, and 100%, which showed indirect-direct bandgap
transitions.’® Given all of these previous observations, further
efforts that focus on electronic-structure engineering using a
doping strategy could enable double perovskites to play an impor-
tant role in future optoelectronic applications.
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Double perovskites (A,B'B"X;) can support oxidation states
from 1+ to 4+ for B metal sites, and this compositional
versatility should result in diverse and tuned electronic struc-
tures. In this work, we present a computational methodo-
logy for the electronic-structure engineering of the lead-free
Cs,AgSbClg double perovskite through a doping strategy using
divalent cations (M = Sn**, Ge**, Zn*", and Cd*") for photo-
voltaic applications. The dopant cations (Sn, Ge, Zn, and Cd)
were selected to have comparable electronic configurations to
the Ag and Sb cations. Therefore, we can adjust the contri-
bution of the Ag and Sb orbitals at the top of the valence band
and the bottom of the conduction band in order to control the
bandgap character. Two dopant atoms are considered to
replace one Ag atom and one Sb atom with a doping ratio of
25%. Furthermore, the presence of M** ions is also considered
in order to elucidate the role of the dopant atom oxidation state on
the electronic-structure engineering. The structure properties,
decomposition energy, and formation energy are calculated to
reveal the structural changes and stability of the doped perovs-
kites. Through calculation of the electronic properties, we pre-
sent a systematic description of the induced dopant levels and
the interaction between the dopant and the host orbitals, in
order to find the underlying factor for the bandgap transition of
the cation-doped Cs,AgSbCls perovskites. Then, the electronic
structure could be tuned by selecting a suitable dopant using
first principles calculations. Therefore, in silico electronic-
structure engineering based on first principles calculations
would help to decrease the number of rather expensive experi-
ments and speed up the search for suitable dopants. Finally, the
optical absorption spectra are calculated via the frequency-
dependent dielectric function to account for the optical perfor-
mance of pristine and M-doped Cs,AgSbCls double perovskites
for solar cells.

2. Computational methodology

Periodic spin-polarized density functional theory (DFT) calcula-
tions were carried out using the Vienna ab initio simulation
package (VASP).>*** The core-valence interaction is described
using Bléchl’s projector augmented wave (PAW) approach.’”
Exchange-correlation energies were calculated using the
Perdew-Burke-Ernzerhof (PBE) functional®® based on the gen-
eralized gradient approximation (GGA) for geometrical optimi-
zation with a stopping criterion of 107> eV for the electronic
minimization loop, and the width of Gaussian smearing is
0.05 eV. Plane-wave basis sets were used to expand the valence
electrons for Cs: 55”5p°6s’, Ag: 4d'%5s", Sb: 55*5p?, Sn: 55%5p?,
Ge: 4s”4p”, Zn: 3d"°4s”, Cd: 4d'°5s>, and Cl: 3s*3p°. An energy
cutoff of 400 eV was used for the plane-wave expansion and a
4 x 4 x 4 T-centered Monkhorst-Pack mesh®” was used for
sampling the conventional cell in reciprocal space. The opti-
mized volumes were calculated by fitting calculated total
energies and volumes to the third-order Birch-Murnaghan
equation of states (Fig. S1, ESIt).>® GGA functionals are unable
to produce an accurate electronic structure and bandgap for
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strongly correlated materials; however, the Heyd, Scuseria, and
Ernzerhof (HSE) hybrid functional®**° with the introduction
of Hartree-Fock (HF) exchange in the DFT calculations can
produce bandgap values that compare well to the experimental
results.”’ Hence, we applied the HSE hybrid functional to
account for the accurate electronic structure and bandgap
of the optimized structures. The exact exchange coefficient is
32% and a screening parameter of 0.207 A™' was used. The
spin-orbit coupling (SOC) effect was considered in these
calculations.

We investigated the optical properties of pristine and
M-doped Cs,AgSbClg perovskites by calculating the complex
dielectric constant ¢ at a given frequency using the HSE hybrid
functional and the SOC effect. The frequency-dependent dielec-
tric function ¢(w) is given by ¢ (w) = & () + ie, (w), where & and
&, represent the real and imaginary parts of the dielectric
function, respectively, and w is the photon frequency. The
imaginary part ¢,(w) is determined via summation over empty
states using the following equation:42

47t2e2
(2) (Hoq ZZw;ﬁ Eck — Evk — )

eyp () =

@)
X <uck + eaq‘uvk><uak + @ﬁq|uvk>*

where the indices ‘c’ and ‘v’ refer to the conduction and valence
band states, respectively, wy is the k-point weight, and u, is the
cell periodic part of the orbitals at the k-point k.** The deriva-
tive of the cell periodic part of the wave function with respect to
the Bloch vector is computed using perturbative theory.*” The
real part of the dielectric tensor ¢;(w) is obtained via the usual
Kramers-Kronig transformation:*?

) @ (e Ner) ,

e V(@) =1+ %PJO ﬁ_(—amdw )
where P indicates the principal value and # is an infinitesimal
number. The definitions of the other parameters in eqn (1) and
(2) can be found in ref. 42. Values of the optical absorption
coefficient a(w) (in cm ™) of the pristine perovskite and all of
the doped perovskites are calculated as a function of the
wavelength (1) of the incident light according to the following
equation:****

=

a(w) = 2\/51[(\/812 +e? — 81) (3)

3. Results and discussion
3.1. Doping structure and stability

To thoroughly explore the electronic-structure engineering of
cation-doped Cs,AgSbCls double perovskites for photovoltaic
applications, our calculations considered different doping
configurations. The Cs,AgSbCls double perovskite is a cubic
crystal system with the Fm3m space group. The crystal structure
consists of a three-dimensional network of corner-sharing
alternating octahedra of [AgCls] and [SbCl] with the Cs cations
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Fig. 1 Schematic models of the cubic unit of (a) the pristine Cs,AgSbCle
conventional cell, (b and c) configuration 1 with neighboring and distant M

dopant atoms, respectively, (d) configuration 2, and (e and f) configuration
3 with a neighboring and distant M dopant atom and V,q, respectively.

located in the cavities between these octahedra."® The conven-
tional cell of Cs,AgSbCle consists of 8 Cs, 4 Ag, 4 Sb, and 24 Cl
atoms, as shown in Fig. S1 (ESIt). To account for the dopant
oxidation states we considered different doping configurations.
Firstly, two mono-dopant atoms (Sn, Ge, Zn, or Cd) replace one
Ag and one Sb atom to give the Cs,Ag; ,Sb; ,M,,Cls doped
configuration with M in the divalent oxidation state and a
doping ratio of 25% (configuration 1), see Fig. 1. Secondly,
the Cs,Ag; ,,M,SbClg doped configuration (M = Sn and Ge) was
constructed via one dopant atom replacing one Ag atom with
the formation of one Ag vacancy (Vag) and the dopant oxidation
state is 2+ (configuration 2). The last doping configura-
tion (configuration 3) is constructed to have an M** oxidation
state through one dopant atom substituting one Sb atom
with the formation of one Ag vacancy, resulting in the
Cs,Ag; ,Sb; _,M,Clg configuration (M = Sn and Ge). The sche-
matic representation of the three doping configurations is
shown in Fig. 1. Furthermore, we considered two different
doping motifs by substituting either neighboring or distant
Ag and Sb atoms in configuration 1, and by substituting either a
neighboring or distant Sb atom from the Ag vacancy in configu-
ration 3 (Fig. 1).

To explore the relative stability of the different doping
configurations, we calculated the dopant formation energy
(Eform) using the following equation:*®

Etorm = EDoped — Epristine — XHm +y.uAg + Zusp (4)

where Epgped and Eprigeine are the calculated total energy of the
doped and pristine double perovskites, respectively, x repre-
sents number of added dopant atoms, and y and z are number
of removed Ag and Sb atoms, respectively. u\ is the chemical
potential of the dopant atom, and e and pgy, are the chemical
potential of Ag and Sb atoms, respectively. The chemical
potentials of dopant cations were calculated from their bulk
materials.

The relative stability of the neighboring and separated
doping motifs in configuration 1 reveals that when M>" ions
are doped, they prefer to substitute the neighboring Ag" and
Sb>" ions. Furthermore, in configuration 3, the M*" cation
prefers to substitute the neighboring Sb*" ion from the Ag"

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 (a) Dopant formation energy vs. decomposition energy, and
(b) tolerance factor vs. octahedral factor for the perovskite structures.
The filled and empty symbols in (a) represent the decomposition energy
using the path in eqn (7) and (8), respectively.

vacancy. In configuration 3, the doped M** can occupy the Ag
site; therefore, we also checked the formation of M*" cations
through the substitution of one Ag atom and the formation of
one Sb vacancy. However, the M*"-V,, configuration is more
stable than the M**~Vg, configuration. Moreover, in our calcu-
lations, we did not consider a doping configuration at the
interstitial sites, because this has not been reported in doped
double perovskites.'*** The most stable doping configurations
were used in our calculations, and the calculated formation
energies of these configurations are shown in Fig. 2a. The
doped structure with a lower formation energy is the more
likely substitution to be formed. As shown in Fig. 2a, among

This journal is © The Royal Society of Chemistry 2022
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divalent cations, Cd*'-Cd*" structure has the lowest formation
energy and Ge®>"~Ge>" configuration shows the highest formation
energy. In addition, the doped structures with tetravalent cations
show higher formation energies than the relevant divalent
cations. Therefore, the dopant cations prefer to be in a divalent
oxidation state when they are incorporated into the Cs,AgSbClg
host lattice. This conclusion could be preserved with the change
of the chemical potential of the host atoms based on the growth
conditions.

The optimized lattice constants of the pristine and all the
doped perovskites are listed in Table 1. The calculated lattice
parameter of pristine Cs,AgSbClg (a = 10.85 A) is comparable to
the experimental lattice parameter (@ = 10.70 A) and other
theoretical calculations (a = 10.83 A).""*>*® In configuration
1, we observed a good correlation of the elongation of the lattice
constant with the reported value of the ionic radius of Sn>".*”
Moreover, the contraction of the cell volume is shown for Ge*",
Zn**, and Cd*', in good agreement with their ionic radii.*® For
configurations 2 and 3, the lattice parameters of the relaxed
structures are decreased except for the Sn**-V,,, system. In pristine
Cs,AgSbClg, the Ag and Sb atoms are surrounded by six Cl atoms,
which leads to the octahedral symmetry as shown in Fig. S2 (ESIT).
The calculated Ag-Cl and Sb-Cl bond distances are 2.78 and
2.64 A, respectively, in agreement with the large ionic radius of
the Ag cation compared with the ionic radius of the Sb cation.
Upon introduction of the dopant to the pristine perovskite,
octahedral distortions that are indicated solely by changes in the
bond lengths could be observed due to the ionic size mismatch
between the doping cations and the substituted Ag and Sb cations
(Fig. S2, ESI{). In addition, the Zn**-Zn** doped system shows the
most distorted octahedra with Zn,,—Cl (Zng,~Cl) bond distances of
2.73 A (3.15 A) and 2.23 A (2.38 A). Octahedral distortion is
reported for the Cs,AgSbClg perovskite doped with Cu atoms.*’
To further confirm the oxidation state of the dopant cations, we
performed Bader charge analysis (Table S1, ESIt).*> The charge
associated with the M cations is delocalized from the M center, and
hence the Bader charge on the M dopant can only provide a relative
and not an absolute value of the M charge state as II or IV.>

The phase stability of double perovskites can be checked
using two empirical parameters. The first is the tolerance factor

(t) which is calculated according to the following equation:'®>*
ra+rx
f=TATIX 5)
V2(rg +rx)

Table 1 Optimized lattice constant (a), bandgap value, and bandgap
character of the pristine and M-doped perovskites

System Lattice constant @ (A) Bandgap (eV) Bandgap character
Pristine 10.85 2.53 Indirect

Ssn?'-sn**  10.97 1.78 Direct

Ge*'-Ge**  10.81 1.80 Direct

Zn**-Zn**  10.75 2.53 Indirect
cd**-cd**  10.82 2.30 Indirect

Sn*'-v,,  10.94 1.88 Direct

Ge**-V,,  10.84 1.79 Direct

Sn*'-v,,  10.81 2.11 Indirect

Ge''-V,, 1076 1.92 Indirect
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where r, and ry are the ionic radii for the A" and X~ ions,
respectively, and ry is the weighted ionic radius of the Ag* and
Sb*" ions in the pristine perovskite and of the Ag*, Sb*", and
M?* (or M*") ions in the doped systems. The Shannon effective
ionic radii were used for calculating the effective ionic radii of
the ions.>” The tolerance factor of a perovskite phase must be in
the range of 0.80 < ¢ < 1.0."®" The second parameter is the
octahedral factor (u), which is given by:*®>*

p=it ©)

The octahedral factor is needed to accurately predict the crystal-
lographic stability of the perovskites because the tolerance
factor does not include the octahedral distortion and tilting
of the perovskite structure. The octahedral factor has been
predicted to be within 0.377 < u < 0.895.'®°® Fig. 2b shows
the tolerance factor vs. the octahedral factor of the pristine and
all doped perovskites. As shown in Fig. 2b, the range of the
tolerance factor and the octahedral factor satisfies the empiri-
cal crystallographic stability for the pristine and doped
perovskites.

To study the chemical stability and thermodynamic stability
of the doped systems during reaction with external agents such
as heat and moisture,'® we calculated the decomposition
energy according to the following decomposition paths:*>*

AH = aEcc1 + PEager + VEsber, + 0 Evcl, — Epopea (7)
AH = 0Ecsc1 + PEagar + VEcs,sb,c1, + OEmcl, — Epoped  (8)

where Ecgscl, Eagaly Esbal,, Emcly Ecs,sb,cl, and Epeped, are the
total energies of bulk CsCl, AgCl, SbCl;, MCl;, Cs,SbsCly, and
the doped perovskite, respectively. The parameters «, f3, y, and &
are numbers needed to balance the decomposition reaction,
and 7 = 2 or 4 according to the oxidation state of the M cation.
According to the decomposition path in eqn (7), a positive
decomposition energy means that the system is more energe-
tically stable against decomposition. As shown in Fig. 2a, the
decomposition energies of the doped perovskites are highly
positive, which confirms the thermodynamic stability of these
systems.® These large positive AH values are in good agreement
with a previous study on doped perovskites.** The highest
decomposition energy is shown for Sn*'-V,,, while Zn*'-Zn*"
shows the lowest decomposition energy. In addition, further
investigation demonstrated that the Zn*'-Zn*" and Ge*'-V,,
systems are unstable when considering the decomposition path
in eqn (8), as shown in Fig. 2a.

3.2. Electronic-structure engineering

Exploring the electronic structure and bandgap is an important
criterion for screening potential photo-absorbers in photo-
voltaic applications. To describe correctly the electronic proper-
ties and the bandgap, we applied the sophisticated HSE hybrid
functional while including the SOC effect. Fig. 3a shows the
band structure, the total density of states (DOS), and the partial
density of states (PDOS) of a pristine Cs,AgSbCls conventional
cell. The band structure and partial band structure of the
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Fig. 3 Band structure (left) and density of states (right) of (a) the pristine
perovskite and (b) the Sn?*—Sn* doped perovskites.

pristine Cs,AgSbCls primitive cell are shown in Fig. S3 (ESIf).
It can be clearly seen from the PDOS in Fig. 3a that the valence
band (VB) of the pristine perovskite is as broad as the energy
range between the Fermi level and below —3.0 eV (to around
—5.0 eV, not shown in Fig. 3a for the sake of simplicity). The VB
is mainly composed of the occupied Cl 3p state with hybridiza-
tion from Sb 5s and Ag 4d states. The conduction band (CB) is
constructed from the unoccupied Sb 5p states with a contribu-
tion from Ag 5s. Moreover, the Cl 3p states contribute to the CB,
which is similar to the case of the other double perovskites.*>*
In the Cs,AgSbClg perovskite structure, the Ag-Cl and Sb-Cl
bonds are classified as having a transient characteristic.>?
However, the orbitals of the Cs cations do not contribute to
the top of the VB or the bottom of the CB. The occupied Cs s
and p states are narrow and deep lying in the VB, outside the
energy range shown in Fig. 3a, indicating the ionic bonding
character of the Cs cations.* For comparison, Fig. 3a displays
the band structure of the pristine Cs,AgSbCls conventional cell
with the k-path that is suggested for the doped perovskites
using the SeeK-path tool.>**® The valence band maximum
(VBM) is located at the Gamma (I") point while the conduction
band minimum (CBM) is formed at the A point due to band
folding in the case of the conventional cell. This confirms the
indirect bandgap character of the pristine Cs,AgSbCls double
perovskite." In the case of the primitive cell, the band folding
disappears and the VBM and CBM are located at the X and L
points, respectively (Fig. S3, ESI}).

This journal is © The Royal Society of Chemistry 2022
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Upon Sn>*-Sn** dopant inclusion, as shown in Fig. 3b, the
shape of the band structure and the density of states show
pronounced changes. The Sb>* and Sn** cations have the same
electronic configuration of s>p°. Most important is that the Sn**
orbitals contribute greatly to the band edges and significantly
affect the bandgap character of the doped perovskites. The
predominant contribution to the VBM is made by the Sn 5s and
Cl 3p states, as shown in Fig. 3b. The strong hybridization at
the VBM between the Sn 5s dopant states and the Cl 3p, Ag 4d,
and Sb 5s host states widens the VB and hence reduces the
bandgap. Moreover, the Sn 5p states and Sb 5p states represent
the predominant contribution to the CB. In the case of the
Sn**-Sn** doped structure, the VBM is preserved and located at
the I' point, similar to the host perovskite as shown in Fig. 3a.
Moreover, the Sn** dopant does not introduce deep defect
states within the bandgap. Moreover, due to the strong con-
tribution from the Sn orbitals, the location of the CBM is
changed and transformed to the I" point. This increases the
CB width and leads to a bandgap reduction and an indirect-to-
direct bandgap transition. Therefore, the bandgap transition in
doped perovskites could be achieved by adjusting the orbital
contribution at the band edges, which can be realized by
choosing the appropriate M dopant cation. Interestingly, with
the help of ab initio calculations, the process of finding the
appropriate M dopant cation can be accelerated. The chemical
ordering effect on the electronic properties could be explored
using a larger supercell; however, this is not feasible for the
computer-resource-intensive HSE + SOC approach used here.

The detailed partial orbital contribution of all the ions to the
VBM and the CBM at the k-path in the pristine and Sn**-Sn**
doped perovskites is represented by the partial band structure
as shown in Fig. 4a and b.?” In the pristine perovskite, the VBM
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Fig. 4 Partial band structure of (a) the pristine perovskite, and the
(b) SN?*=Sn?*, (c) Zn?*~Zn2*, and (d) Sn**-V,, doped perovskites. Color
codes are added to show the orbital contributions to the bottom of the CB
and the top of the VB.
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and CBM are localized at the I' and A symmetry points,
respectively (Fig. 4a). The major contribution to the VBM at
the I point is related to Cl 3p with participation from the Sb 5s
and Ag 4d orbitals. At the I" point, the Ag 5s states do not make
a pronounced contribution to the CBM due to the different
symmetry.>> By contrast, the hybridization between the Ag 5s
and Sb 5p states at the A point leads to a down-shift of the CB
and, hence, results in the indirect bandgap character of the
pristine Cs,AgSbCl, perovskite. In the case of the Sn**-Sn**
doped system (Fig. 4b), in addition to the contribution from the
Cl 3p states to the VBM at the I point, the occupied Sn 5s states
make a significant contribution to the VBM at this point. This
hybridization extends the VB and hence reduces the bandgap,
as shown in the density of states (Fig. 3b). In addition, the
unoccupied Sn 5p and Sb 5p states are strongly hybridized at
the I' point, and hence the CB is shifted down at the I" point.
Therefore, the CBM is shifted from the A point to the I' point
and an indirect-direct bandgap transition is shown in the
Sn**-Sn*" doped perovskite.

The electronic configuration of Sn®* cation is therefore
responsible for the bandgap transition in the Sn*>*~-Sn** doped
perovskite. In the Sn>" cation, the s orbitals are fully occupied
and located at the top of the VB of the host perovskite, while the
p orbitals are empty and lying at the CBM. Other M**-doped
perovskites, i.e., Ge>'-Ge*", Sn*'-V,,, and Ge?*-V,,, show simi-
lar electronic configurations (s*p°) and hence could show
similar features to the Sn**-Sn** doped system. Fig. S4 (ESIY)
shows the band structure and the density of states of the Ge*'-
Ge®', Sn*'-V,,, and Ge*'-V,, doped perovskites. As shown in
Fig. S4 (ESIt), these systems show an indirect-direct bandgap
transition with the contribution from Ge** and Sn** orbitals to
the VB and the CB. Fig. S5 (ESIt) shows the partial orbital
contributions to the VBM and CBM of these doped perovskites.
Similar to Sn*>*-Sn**, although the major contribution to the
VBM (Cl 3p states) and the CBM (Sb 5p states) does not change
with respect to pristine Cs,AgSbClg, the s and p orbitals of Ge**
and Sn** significantly participate and hybridize with the host
orbitals at the band edges of the doped perovskites, leading to
reduced direct bandgaps (Fig. S5, ESIt).

In addition to the bandgap character, the bandgap value is
another important criterion in photovoltaic applications.
In Table 1 we present the bandgaps for the pristine and all
the doped perovskites. The bandgap of the pristine Cs,AgSbClg
double perovskite obtained from the HSE with SOC calcula-
tions is 2.53 eV, which shows a very good correlation with the
experimental value of 2.54 eV.'® This confirms the reliability of
our computational methods for the calculated bandgaps of the
doped structures. In the doped perovskites, the hybridization
between the dopant orbitals and the host orbitals extends the
band edges and hence reduces the bandgap. Interestingly, the
bandgap values of Sn**-Sn** (1.78 eV), Ge**-Ge** (1.80 eV),
Sn*'-V,, (1.88 V) and Ge**-V,, (1.79 eV) are in the ideal range
(1.7-1.9 eV)'® for top cells in tandem devices. Furthermore, the
bandgaps of these doped perovskites are close to the theoreti-
cally reported mixed lead-free perovskites for the top cell in
tandem solar cells."® However, the bandgap reduction in the
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Fig. 5 Band structure (left) and density of states (right) of (a) Zn®*-Zn?*
and (b) Sr14+—VAg doped perovskites.

doped perovskites is due to the reasonable contribution of the
dopant orbitals (s>p?) at the band edges of the host perovskites.

In contrast to the s’p® doping configurations, Zn**-Zn>*
doped perovskite with the d'’s® electronic configuration
(similar to that of Ag cations) leads to a negligible change in
the electronic structure with respect to the pristine perovskite.
In this case, as shown in Fig. 5a, the occupied Zn 3d states are
lying deep in the VB and do not hybridize with the host orbitals
at the VBM, which is described by the Cl 3p and Ag 5d states, as
in the case of the pristine perovskite. Moreover, the unoccupied
Zn 4s states interact weakly with the Sb 5p and Ag 5s states at
the CBM. The hybridization between the Zn s orbitals and the
host orbitals leads to the down-shift of the CB at the M point, as
shown in Fig. 4c. However, the VBM and the CBM are still
located at the I' point and the A point, respectively, as in the
case of the pristine perovskite. Therefore, an indirect bandgap
is preserved for the Zn®*-Zn®>" doped perovskite. The weak
contribution of the Zn orbitals to the VB and CB resulted in
no change of the bandgap (2.53 eV) with respect to pristine
Cs,AgSbCle. Similar behavior is shown in the case of the Cd*'-
Cd*" doped perovskite with the same electronic configuration
of d'%s® (Fig. S6a and S5b, ESIt). In addition, we noticed a small
contribution from the Cd 5s states to the CBM at the A point,
which leads to the down-shift of the CBM and reduces the
bandgap to 2.30 eV. However, an indirect band gap is not
desirable for photovoltaic applications, but could be suitable
for other green energy applications.
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To confirm the role of the dopant oxidation state and hence
the electronic configuration on the tunability of the electronic
structure, we also calculated the electronic structure of the
Sn*'-V,,, and Ge*'-V,, doped perovskites with the electronic
configuration of s°p°. Hereby, the p orbitals are unoccupied in
addition to the unoccupied s orbitals. Fig. 5b shows that the
major contribution to the VBM (Cl 3p states) does not change
with respect to pristine Cs,AgSbCls, and the Sn*" dopant
introduces defect states at the bottom of the CB. Within the
electronic configuration of s°p° the unoccupied Sn 5s states
significantly participate in the CBM of the doped Sn*'-V,,
perovskite. Moreover, the unoccupied Sn 5p states are located
at a high energy in the CB and therefore do not participate at
the CBM. With the strong contribution from the unoccupied Sn
5s states, the CBM is further pushed down at the R point
compared with the pristine structure, which reduces the band-
gap (2.11 eV), as shown in Fig. 4d and Table 1. However, due
to the location of the VBM at the I' point, the bandgap is of
indirect character. The Ge‘”—VAg doped perovskite shows a
similar electronic structure to that of the Sn*"-V,, doped
perovskite, as shown in Fig. S5e and S6b (ESIt), with an indirect
bandgap of 1.92 eV. Accordingly, the orbital contribution from
the occupied s orbitals together with the unoccupied p orbitals
at the band edges dominates the indirect-direct bandgap
transition and hence the tunability of the electronic structure
of the doped perovskites. This confirms the importance of the
dopant oxidation state and the electronic configuration on the
electronic-structure engineering of double perovskites.

Another important parameter in photovoltaic applications is
the effective mass, which is associated with the mobility of
electrons and holes. In Table S2 (ESIt) we present the effective
mass along the I'-M path with light carriers, of the proposed
Sn**- and Ge®"-based perovskites. As shown in Table S2 (ESIT),
the Sn”*-Sn>" and Ge*'-Ge®"-doped perovskites have low effec-
tive masses that are comparable with the effective masses of
MAPDI;;'® therefore, they could have a high mobility for carrier
transport. It has been reported that, in semiconducting materi-
als, the CB dominated by cationic p states gives a small electron
effective mass.'®

3.3. Optical absorption spectra

The optical absorption is related to the performance of
perovskite-based solar cells. We calculated the optical absorp-
tion coefficients (cm™ ") of the pristine and M-doped perovskites
using the HSE hybrid functional with the inclusion of the SOC
effect. Fig. 6 shows the optical absorption coefficients for all the
doped perovskites in comparison with that of the pristine
Cs,AgSbCls perovskite. From Fig. 6a, we observe that the
pristine perovskite shows a single peak in the photon energy
range up to 4 eV, which is assigned to the electronic transition
from Cl 3p states to Sb 5 p states or Ag 5s states. By contrast, all
the doped perovskites with the dopant electronic configuration
of s?p° exhibit multi-peak features in the visible-light energy
range, which is attributed to electronic transitions from the
VBM states (mainly Cl 3p states and Sn (Ge) 5s states) to the Sn
(Ge) 5p states. Therefore, these doped perovskites can absorb

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 (a and b) Calculated absorption coefficients of the pristine and all
doped perovskites.

light with a longer wavelength and, therefore, the optical
absorption ability is higher than that of the pristine perovskite.
The presence of these multi-peaks can be attributed to the
indirect—direct bandgap transition and is due to the electronic
transitions that occur at the Z point and the Z|X point in the
first Brillouin zone of the doped perovskites. These transitions
are absent in the pristine perovskite, and hence make
the doped perovskites potential candidates for photovoltaic
cells. Interestingly, the high optical absorption efficiency of
these doped perovskites is comparable to that of the MAPbI;
perovskite.'® In addition to the multi-peaks, the main peak is
observed up to 4 eV, which is also the location of the main peak
of the pristine Cs,AgSbCl perovskite.

Fig. 6b shows that the doped perovskites with the dopant
electronic configurations of d'%s° and s°p°® have similar optical
absorption spectra to that of the pristine perovskite in the
energy range up to 4 eV due to the indirect bandgap character.
In addition, the Sn*'-V,, and Ge*'-V,, doped perovskites show
slightly extended visible-light absorption bands for the optical
transitions between the VBM states and the Sn (Ge) 5s states,

This journal is © The Royal Society of Chemistry 2022
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indicating an improved absorption efficiency over the pristine
perovskite due to the reduced bandgaps. Therefore, Fig. 6 shows
the effect of the dopant electronic configuration (oxidation state)
on the absorption spectra of the doped perovskites, in accordance
with the reported electronic properties.

4. Conclusions

In conclusion, we investigated the incorporation of divalent
(Sn>*, Ge**, Zn**, and Cd*") and tetravalent (Sn"‘and Ge'")
cations at the mixed B-site of the Cs,AgSbCls double perovskite
using the HSE hybrid functional and the SOC effect. The doped
perovskites show good structural and thermodynamic stabili-
ties. Due to the strong contribution from the dopant orbitals
(s>p?) at the VBM and the CBM, an indirect-direct bandgap
transition has been observed for the doped perovskites with
Sn**and Ge”' cations. The calculated bandgaps of the doped
perovskites are found to be in the ideal bandgap range of 1.70-
1.90 eV for use as the top cell in tandem solar cells. By contrast,
dopants (zn**, Cd**, sn**, and Ge*") with electronic configura-
tions of d'%s° and s’p° resulted in a negligible tunability for the
electronic structure, and hence show an indirect bandgap
character that could be suitable for other energy applications.
Therefore, the orbital contribution from the occupied s orbitals
together with the unoccupied p orbitals at the band edges
dominates the electronic-structure tunability of the doped
perovskites. The optical properties of the Sn*'- and Ge>'-
based perovskites display a high absorption efficiency and a
broad optical absorption spectrum, which make them potential
candidates for the future green energy applications. We expect
that this study will provide a rational computational guide for
exploring potential doped perovskites as photo-absorbers for
optoelectronic applications.
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