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Perovskite-based materials (ABX 3) show promise for photovoltaic applications; however, commercial use still
encounters challenges, specifically Pb toxicity and structural instabilities of the active phases. A potential lead-
free compound is CsSnls; nonetheless, the photoinactive yellow phase is energetically more favorable than the
photoactive black phase. An undesired black— yellow phase transition implies structural instabilities, possibly
explained by the Goldschmidt tolerance factor of 0.84. In this study, we employ theoretical calculations to
investigate the impact of substitutional bivalent doping in the B sites of CsSnl; with 3d transition metals (TM) on
tuning the relative energetic stability between the black and yellow phases. Our calculations are based on density
functional theory, incorporating on-site Hubbard corrections for the TM 3d states. We observe an inversion
of the relative stability between the yellow and black phases for dopings with Co, Cu, and Zn. We attribute
the interphase relative energy to Jahn-Teller distortions at the doped octahedra, as the black and yellow phases
exhibit distinct octahedral interconnections. For instance, the black phase has corner-shared octahedra, resulting
in lower elastic costs for accommodating geometric distortions compared to the edge-shared octahedra in the
yellow phase. The presented results highlight the influence of symmetry breaks on the stability of perovskite

materials and have implications for other perovskite compositions.

DOLI: 10.1103/PhysRevB.109.014106

I. INTRODUCTION

Halide perovskites (ABX 3) have emerged as promising ma-
terials for light absorbers in solar cells, as evidenced by their
significant increase in power conversion efficiency (PCE) over
the past decade. For example, from 3.8 % in 2009 [1] up to
25.5 % in 2020 [2]. However, real-life applications face two
limitations: (i) limited phase stability at room temperature [3],
e.g., moisture degradation [4], oxidative degradation [5], un-
desirable structural transitions [6], etc. [7]; (ii) and the demand
for sustainable lead-free (nontoxic) photovoltaic devices with
high PCE [8,9]. These challenges boosted a search for new
compositions for perovskites, where the design of alternative
materials becomes an important tool [10,11].

Pb-free perovskite such as CsSnl; appears as a promising
candidate for composing the next generations of perovskite
solar cells [12] given its excellent photophysical properties
and resistance to decomposition by heat and ultraviolet irra-
diation [13]. The electronic energy band gap of 1.3eV [14]
approaches the optimum value claimed by Shockley—Queisser
[15] for p — n junction solar cells, resulting in a theoretical
PCE exceeding 30 %. However, the highest certified PCE up
to the present days is 10.1 % [16]. Despite the black phase
y — CsSnl; [17] being appropriate for employment in pho-
tovoltaic applications due to its suitable energy band gap,
the unwanted yellow phase (photoinactive; § — CsSnlz) has
the lowest total energy [18], promoting the transition from
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the black to the yellow phase. Thus the designing of stable
CsSnlj; solar cells demands mechanisms for controlling the
relative stability between the black and yellow phases.

The substitutional doping at the bivalent B sites can
contribute to improving the properties of black phase. For
example, the replacement of Sn>* metals by Ge?* enhances
the stability and the optoelectronic properties due to the de-
creasing of Sn?>* vacancy density, reduction of trap states,
reduction of the effective mass of charge carriers, and also an
increase in the absorption coefficient [19,20]. Moreover, dop-
ing of CsSnl; perovskites with Sb and Bi dopants replacing Sn
atoms lowers the formation energy of the black phase above
the yellow phase value. This mechanism increases the lifetime
of the black phase under exposure to air [13]. Furthermore,
doping perovskites with small Shannon radii transition-metal
(TM) dopants stabilize the cubic phase of CsPbls [21] (the
Pb-toxic perovskite analogous to CsSnl; investigated here).
However, an extensive exploration of the impact of transition-
metal doping in the tin-based CsSnl; perovskite still lacks.

In this work, we investigate the relative stability between
the black and yellow phases of CsSnlz under the replacement
of Sn by all 3d transition-metal (7' M) species, namely, Sc, Ti,
V, Cr, Mn, Fe, Co, Ni, Cu, and Zn, at doping concentrations
of 12.5 %. Our results were based on density functional theory
(DFT) [22,23] calculations, including on-site Hubbard correc-
tions to improve the description of the 3d-state localization.

We found that the black phase is more stable than the yel-
low one for dopings with Co, Cu, and Zn. The specific doping
with Cu atoms not only alters the relative energy between
the black and yellow phases but also doubles its absolute
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value compared to the undoped CsSnl; compound. We ascribe
the interphase relative energy to Jahn-Teller distortions at the
MTg octahedra, as the black and yellow phases have distinct
octahedral interconnections, resulting in a higher energetic
cost for distorting the octahedra in the yellow phase.

II. THEORETICAL APPROACH
AND COMPUTATIONAL DETAILS

A. Total energy calculations

Our theoretical calculations were based on the spin-
polarized DFT [22,23] framework, as implemented in the
Vienna ab initio simulation package (VASP) [24,25], version
5.4.4, which employs the projected-augmented wave (PAW)
method [26,27] to solve the Kohn-Sham (KS) equations using
plane-wave basis functions. For the exchange-correlation en-
ergy functional, we employed the semilocal Perdew, Burke,
and Ernzerhof [28] formulation, which faces challenges in
providing an accurate description of localized transition-metal
states, particularly by transition-metal dopants [29].

Thus, to improve the description of the TM 3d states
within the CsSnlz compounds given their localized charac-
ter, we adopted the effective Hubbard approach proposed by
Dudarev et al. [30], where only the difference between the U
on-site and J intersites Coulomb repulsion parameters is taken
into account, i.e., Usr = U — J [31]. The most appropriate
value for U depends on factors such as the composition,
geometric phase, local magnetic moments, and magnitude of
the localization of the electronic states [32]. Furthermore,
U.sr has weak transferability between different systems and
should be adjusted case by case. Here, we considered the Ueg
parameters only for the T M 3d states and two different values,
namely, Usr = 3 and 6.0 eV. Furthermore, we performed also
PBE calculations, which is equivalent to Uey = 0eV. There-
fore, the present calculations will helps to identify the role
of the localization in the electronic, energetic, and structural
properties [33,34].

To obtain the equilibrium structures, we optimized the
stress-tensor and atomic forces using a higher plane-wave
cutoff energy (590 eV). This specific value is twice the high-
est value of ENMAX (i.e., a parameter provided in the PAW
projector files POTCAR) among all elements (i.e., copper).
This choice is recommended due to the slow convergence
of the stress-tensor as a function of the number of plane-
waves. The formation energy (Er) calculations also adopted
this higher plane-wave cutoff energy, while the band structure
calculations adopted the lower cutoff energy of 332eV as
this property is less sensitive to the plane-wave basis size.
The Brillouin zone integration employed the Monkhorst-Pack
scheme using a k mesh equivalent to 5x5x5 for the 1 x1x1
unit cell.

To obtain the self-consistency electron density, a conver-
gence total energy criteria of 1 x 107®eV was employed,
while the equilibrium structures are reached once the atomic
forces in every atom are smaller than 10 meV/A. All struc-
tures were systematically generated through the optimization
of lattice vectors and atomic positions for each U value,
ensuring a comprehensive exploration of the geometrical
features. Moreover, the formation energy calculations for

(a) black-CsSnl; (b) yellow-CsSnl,

N,

M = Sc, T1, V, Cr, Mn, Fe, Co, N1, Cu, Zn

FIG. 1. Ball and octahedra representation of black and yellow
CsSnl; supercells doped with 3d transition metals. The dashed lines
indicate the unit cell, which is a 2x 1 x 1 supercell doped with a single
transition metal. Purple octahedral indicate the doping position.

charged systems (g # 0) include monopole and multipole cor-
rections [35,36]. Our Ref. [37] (see also Refs. [38—46] therein)
reports additional simulation details.

B. Modeling initial geometries

It has been reported that two competing phases exist at
room temperature for the CsSnl; compound, as indicated
by experimental studies [47,48] and theoretical calculations
[6]. Both phases have orthorhombic structures, belong to the
Pnma space group, and contain four formula units (f.u.) in
the unit cell (4 Cs, 4 Sn, and 12 I atoms). These are (i)
the y — CsSnlz perovskite phase (black) with tilted, corner-
shared octahedra forming an angle around 160° between
the Sn — I — Sn bonds [49], which is a promising phase for
photovoltaic applications [50]; and (ii) the 6 — CsSnl3 nonper-
ovskite phase (yellow) with edge-shared octahedra resulting
in larger energy band gaps, making it unsuitable for photo-
voltaic applications [S1]. It is crucial to emphasize that the
distinct octahedral interconnections between the black and
yellow phases are key to understanding the relative interphase
stability discussed in this work. We extracted our initial lattice
vectors and atomic positions for the black and yellow phases
from the literature [43,52].

We employed the supercell approach to investigate
transition-metal doping in CsSnl3 compounds, using supercell
sizes of 2x1x1 for both the black and yellow phases, as
shown in Fig. 1. To construct these supercells, we replicated
the unit cell in the direction of the shortest lattice vector and
then replaced a single Sn atom with a 3d transition metal, re-
sulting in simulation cells comprising 8 Cs, 7 Sn, 24 I, and one
3d TM atom. This structural model indicates a doping limit
of 12.5 % concentration, consistent with theoretical studies
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TABLE I. Equilibrium lattice parameters (ag, bo, cp, in
angstroms) and fundamental electronic band gap (E,, in eV) for two
CsSnl3 phases along with literature results.

Phase ag by Co E, Ref.

black 8.703 8.948 12.590 0.95 this work
8.643 8.688 12.378 - [48]*
8.638 8.688 12.377 1.30 [49]*
8.625 8.918 12.469 0.83 [561°

yellow 4.823 10.813 18.084 2.23 this work
4.763 10.350 17.684 2.55 [49]*
4.798 10.731 17.949 2.06 [56]°

“Experimental data.
®Theoretical data.

that have been previously reported [53] and compatible with
experimental explorations [54,55]. Importantly, the supercells
for both the black and yellow phases have equal stoichiometry,
enabling a direct comparison of their respective DFT total
energies to assess relative stability.

III. RESULTS AND DISCUSSION

To better organize the data presentation, the results and
discussions are divided into subsections. The first section,
Sec. I A, compares our simulated results for lattice param-
eter and band gaps of undoped CsSnl; materials with data
presented in the literature. The subsequent sections present
results for CsSnl; doped with TM, whereas Sec. IIIB dis-
cusses the interphase relativity energy between the black and
yellow phases with Uer = 0, 3, and 6 eV, showing the trends
with U and which dopants promote the inversion of the most
stable phase. Section III C shows the formation energy for
different values of Uy and different charge states (g). The
subsection IIID discusses the geometrical distortions result-
ing from the doping with 7'M, namely, the volume variations
and the local octahedron distortions. Moreover, a character-
ization of the electronic structure is presented in Sec. IIIE,
where we carried out band calculations to understand the
oxidation state of each dopant and defect states eventually
added inside the band gap. Finally, Sec. III F discusses the
effects of impurity-impurity interaction, including magnetic
interaction and effects of changing the distance between the
T M dopants, considering only Ni, Co, and Fe.

A. Black and yellow bulk structures

Table I shows our optimized lattice parameters for the unit
cell of the pristine black phase, ay, by, and ¢y, which are longer
by 0.7 %, 3.0 %, and 1.7 %, respectively, if compared to the
experimental values found for Yamada et al. [48]. Our calcu-
lations yield a fundamental energy band gap (fourth column
in Table 1) 26 % narrower than the experimentally measured
value of 1.3eV reported by [49] and 12 % wider than the
theoretical value reported [56].

On the other hand, our simulations yielded lattice pa-
rameters (ag, by, and cg) for the unit cell of the pristine
nonperovskite yellow phase that are 1.2 %, 4.5 %, and 2.3 %
wider, respectively, than the reference experimental values

reported by Chung et al. [49]. Our calculated band gap at the
PBE level is only 12 % wider than the reported experimental
value [48] and 8 % wider than the theoretical value [56].

Attempting to address the well-known issue of the underes-
timated band gaps with the plain PBE approach, we conducted
additional test calculations using the hybrid HSE06 exchange-
correlation functional, along with spin-orbit coupling (SOC)
for the valence states. However, the resulting calculated band
gaps at the PBE, HSE06, and PBE4-SOC levels did not pro-
vide an effective correction to the experimental value (we
report more details in Ref. [37]), resembling the results re-
ported by Torres et al. [57] for CsPbls. Thus we decided to
adopt uncorrected PBE simulations for CsSnl; materials due
to their lowest cost in comparison with the other methodology
we tested here.

We found a total energy of the pristine yellow phase lower
by 13.5meV/fu. than the black one. This result corrobo-
rates experimental measures that indicate a spontaneous phase
transition from the black (photoactive) to the yellow (pho-
toinactive) phase. The competition between the black and
the yellow phase was already explored for other perovskite
materials such as CsPbl3[58] and FAPbI; [59]. Our calculated
band gaps at the PBE, HSE06, and PBE+4SOC levels agree
with the values reported by Su et al. [56].

B. Interphase relative energy

In this section, we investigate the impact of 3d transition-
metal doping on the relative energetic stability between the
black and yellow phases for CsSnl; through the relative en-
ergy AEy,, i.e., the total energy difference between these two
phases.

Figure 2 depicts the relative energy for U = 0, 3, and
6 eV, representing the total energy of the doped black super-
cells relative to the doped yellow ones with the same dopant.
Notably, a few particular transition metal dopings induce
inversions of the relative energy, i.e., the black phase be-
comes energetically favored for dopings with Co, Cu, and Zn.
Moreover, the incorporations of Fe and Ni with U = 0eV
decrease the relative stability between the black and yellow
phases without exchanging the interphase stability.

Focusing on changes due to the strength of the effective
Hubbard correction, U, it is worth noting variations in the
absolute values of relative energies for all dopant species,
without modifying the stablest phase. Specifically, the black
phase becomes more stable only for dopings with Co, Cu, and
Zn, regardless of the value for U.¢. Concerning their absolute
values, we observed a general trend favoring the yellow phase;
however, the variations in the relative energy values do not
follow a consistent trend with the number of 3d electrons.
This variation appears to be a unique feature of each dopant
species. For example, the relative energy increases by almost
3x for Sc doping with the increasing of U, and remains
almost constant for its neighbor in the periodic table, Ti.
We attribute this behavior to the orbital occupations of 3d
electrons that are specific to each transition metal species in
the chemical environment of the host CsSnl; material.

From these relative energy results, we identified Cu doping
as the most promising for stabilizing the black perovskite
phase, as the relative energy between the black and yellow
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FIG. 2. Total energy of the black phase relative to the yellow
phase for CsgSn; (7T M )14 perovskites with TM = Sc, Ti, V, Cr, Mn,
Fe, Co, Ni, Cu, and Zn. These calculations adopts 2 x 1 x 1 supercells.
The dashed line indicates the undoped system.
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phases decreases substantially. For example, it decreases from
94 meV (for the pristine system) to —566 meV (for Cu doping
with U.r = 0eV), representing an exchange in stability with
absolute values enhanced by a factor of 5x. These results
demonstrate the effectiveness of small-radius transition-metal
doping to handle the relative stability between the black and
yellow phases.

C. Formation energies

Formation energies (Er) provide insights into the feasibil-
ity and energetics of incorporating transition metal dopants
into the crystal lattice. Additionally, the introduction of tran-
sition metal dopants can create localized levels within the
energy band gap of perovskites. These levels can trap elec-
trons or holes, allowing the existence of defects in varied
charge states. Consequently, we evaluate the formation energy
by

Er(TM, q) = Ea(TM, q) — E, — ury
+ isn + g(ue + Evem), (D

where E (T M, q) is the total energy for the perovskite doped
with the transition-metal TM at the charge state ¢ = —1, 0,
or +1. E, is the total energy of the pristine system, w7y is
the elemental chemical potential of the transition metal M,
calculated as the total energy per atom for the monoelemental

[0 yellow M black

SN W

E.(eV)

3 -
_4 | 1 | | | |

E. (eV)

Il | Il | Il | | | |
Sc Ti V Cr Mn Fe Co Ni Cu Zn
FIG. 3. Comparison of the formation energy of the black and
yellow phase at different Uesr. ¢ = 0 was used in both systems.

bulks (additional details are reported in Ref. [37]); usy is the
elemental chemical potential for Sn, calculated as the total
energy per atom of an Sn bulk in the diamond-like lattice; pg
is the electronic chemical potential, which ranges from O up to
the band gap value; and Ey gy, is the eigenvalue energy of the
top of the valence band taken from the pristine system. We
apply this equation in good success in other semiconductor
materials [60,61].

Figure 3 depicts Er for all transition metals in the black
and yellow phases for U = 0, 3, and 6 eV, focusing solely
on neutral (¢ = 0) defects for clarity. There is substantial
dependence of Er on the value of U, and we highlight
three relevant features noted in this figure. (i) Firstly, it
is worth noting that V, Mn, and Ni with U = 0 exhibit
a phase-dependent endothermic/exothermic behavior, as Ep
is positive (endothermic) for the black phase and negative
(exothermic) for the yellow one. However, the inclusion of the
Hubbard correction (U > 0) removes this feature, and only
Zn remains with a phase-dependent endothermic/exothermic
behavior, but with small values of Er in comparison with
room temperature. (ii) Fe and Co dopings clearly decrease
Ep with the increasing of U, up to reaching negative val-
ues for Ep (exothermic) with U,y = 6eV. We ascribe such
behavior to localized states around the Fermi energy added
by these dopants which was stronger affected by the Hubbard
correction than the other states. (iii) The general trends of
Ef for Ugr = 3 and 6eV, such as the lowest Ep phase and
its endothermic/exothermic character, resemble and are dis-
crepant to the uncorrected (U = 0) calculations, except for
the aforementioned sign of Er for Fe and Co. These results
suggest that some degree of self-interaction correction results
in more consistent outcomes.

Assuming that simulations for U = 3 and 6 eV are more
realistic, we can highlight some physical features from those
as follows. (i) Low-filled 3d dopants (Sc, Ti, V, Cr, and
Mn) result in exothermic (spontaneous) doping, whereas high-
filled dopants (Ni, Cu, and Zn) result in endothermic ones.
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FIG. 4. Formation energies as a function of the electronic chemi-

cal potential (i) for black and yellow doped CsSnl; materials using
U = 0eV. Plots show only the lowest energy charge states.

Particularly, Fe and Co doping present exothermic (endother-
mic) Er with Uy = 3eV (6eV). The sign of the formation
energy (negative or positive) provides information about the
ease of the doping process, and negative values indicate an
exothermic spontaneous doping process. (ii) All these low-
filled dopants easily dope the yellow phase, as demonstrated
by their lowest Er than the black phase. The converse is also
true, i.e., the high-filled dopants Co, Ni, Cu, and Zn have the
lowest Er for the black than the yellow phase. Particularly,
the Fe doping changes the lowest Er phase with the U
increase. Such an energetically favored doping of the black
phase for high-filled dopants is key to handling the relative
phase stability between the black and yellow phases.

We also conduct a screening of energetically favorable
charge states by evaluating Eq. (1) for all dopants with
g = —1,0, and +1 for U = 0eV, as shown in Fig. 4. Re-
garding the charge states, most dopants remain neutral in a
wide range of electronic chemical potential. For the black
phase, only Ni and Cu can access the charge state g = —1
(with one trapped electron) for chemical potentials close to
the bottom of the conduction band. Moreover, all dopants can
access the neutral charge state for the yellow phase. However,
only Sc and Ti can access the charge state ¢ = +1 for an
electronic chemical potential close to the top of the valence
band, while only Sc, Co, Ni, and Cu can access the charge
state ¢ = —1 if the electronic chemical potential is close to
the bottom of the conduction band.

Henceforth, the presented results focus only on simulations
with Uegr = 3 €V, as the formation energy calculations demon-
strate uniformity of results when including effective Hubbard
repulsion terms.

D. Local structural distortions

A motivation for stabilizing the black phase of ABX3
perovskites upon transition-metal substitutional doping at
the B site resides in the Goldschmidt tolerance factor, i.e.,

t= Jff , where rax (rgx) is the A—X (B—X) bond length.

black-CsSnI3
oo g=0

yellow-CsSnl,
oo q=0

N N N N N AN (NN NN N
Sc Tt V Cr Mn Fe Co Ni Cu Zn

FIG. 5. Geometrical parameters for the black phase of CsSnl;
doped with 3d transition metals using U.iz = 3 eV. Volume per unit
formula; effective coordination number (ECN) in units of the number
of nearest neighbor (NNN); and average M-I bond lengths, where
T M is the doping 3d transition metal. Dashed lines indicate the data
for undoped systems.

An ideal cubic perovskite has t = 1, and symmetric cubic
phases occurs for ¢ in the range 0.9—1. Stable prerovskites,
however, with some octahedral distortions occur for 0.81 <
t < 0.9, and strong lattice distortions are expected if the
Goldschmidt tolerance factor fall out of the range 0.81-1.11,
resulting in phase transitions and other structural instabilities
[62—64].

Figure 5 presents geometrical parameters calculated from
the optimized geometries of CsSnl; doped with 3d transi-
tion metals at the B site for both black and yellow phases.
Here, we exclusively investigate neutral (¢ = 0) defects with
U.ss = 3eV. The yellow phase exhibits the expected volume
decrease for all dopants. However, in the doped structures
of the black phase, the volume decreases (as expected) for
all dopants, except Fe, Co, and Zn. This unexpected volume
increase draws attention to potential internal octahedral distor-
tions. That is, the replacement of B atoms with smaller radius
dopants resulting in volume increases due to symmetry breaks
in the six B — I bonds of the Blg octahedra, thereby breaking
the ideal bond length relationships assumed by Goldschmidt
in its tolerance factor. Thus the Goldschmidt tolerance factor
becomes less effective in predicting perovskite phases [65,60]
for structures with internal distortions, such as Jahn-Teller
symmetry breaks [67], as local octahedral distortions mod-
ify the ideal interatomic bond length relations adopted by
Goldschmidt.
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In this context, the effective coordination number (ECN)
at the B site measures the internal octahedral distortions,
accounting for fluctuations in the B—X bond lengths. The
effectiveness of ECN lies in its ability to consider devia-
tions from perfect octahedral coordination (ECN = 6 NNN),
offering a more nuanced understanding of the structural char-
acteristics in perovskite materials. The middle panel of Fig. 5
illustrates the effective coordination number (ECN) for the
transition metal in all investigated systems. For reference, the
pristine black CsSnl; structure has an ECN of 5.67 NNN, with
this subtle reduction in the ideal value of 6 NNN originating
from small octahedral deformations due to the particular tilt-
ing of the octahedra in the yellow phase [49]. The black phase
doped with Sc, Ti, V, and Cr has ECN values close to 6 NNN,
indicating M1 octahedra approaching to the ideal cubic sym-
metry. However, the ECN decreases to values as low as three
(3) as the number of 3d electrons increases, demonstrating
strong internal octahedral distortions for dopants with more
than five electrons in the 3d shell.

We also assessed the local geometrical distortions by ex-
amining the average distance between the doping transition
metal and its six surrounding iodine atoms, denoted as d,,
and shown in the bottom panel of Fig. 5. In both the black
and yellow phases, there is a reduction in d,, for dopants with
five or fewer electrons in the 3d shell, as expected due to the
smaller atomic radii of these transition metals compared to the
replaced Sn. However, differences between the phases appear
for the remaining atoms. In the black phase, Fe, Co, and Ni
have d,, values close to that of the pristine system, while
Cu and Zn exceed it. In contrast, the yellow phase maintains
the short d,, in comparison with the pristine system for Fe,
Co, Ni, and Zn, but increases it for Cu. Here, we highlight
the higher increase of d,, associated with the most prominent
changes in the relative energy for Cu doping. The aforemen-
tioned analysis of volume, ECN, and d,y, correlated with the
energetic analysis presented in Secs. III B and III C, highlights
the significance of geometrical distortions in determining the
relative stability between the black and yellow phases.

Jahn-Teller distortions in perovskites are ascribed to lone
pairs at the atoms occupying the B site [65]. The lone pairs
present in transition-metals with more than five electrons in
the 3d shell favor internal distortions at MIs octahedronsm.
These Jahn-Teller distortions also occur in other perovskite
systems, as germanium-based perovskites, i.e., previous re-
ports demonstrated that the GeXs octahedrons (X = Cl, Br,
and I) spontaneously distort in such a way that three GeX
bonds elongate and the remaining three GeX bonds shorten,
from a theoretical [66] and experimental [68] approaches.

In general, the ECN values are quite similar for both black
and yellow phases doped with transition metals with five or
fewer electrons in the 3d shell. However, structural distortions
promote differences for other dopants with more electrons.
Correlating the structural and the energetic data, it is possible
to note that ideal octahedra favor the yellow phase, whereas
distorted octahedrons favor the black perovskite phase. More-
over, distortions occurs in transition metals with more than
five electrons in the 3d shell due to Jahn-Teller distortions.
We ascribe this result to different octahedra-interconnection
between the black and yellow phases, i.e., the black perovskite
has corner-shared octahedrons. Thus local distortions generate

(a) black-CsSnI3-Ue 7= 3eV

Sc Ti \Y% Cr Mn
? ?
&0 0% °
S )
Fe Co Ni Cu 7/n

(b) yellow-CsSnl;-U ;= 3eV
Sc Ti \% Cr

FIG. 6. Ball and stick representation of the 3d TM and their
surrounding I atoms for doped CsSnl; black perovskites. The bond
lengths adopt a cutoff distance of 5.0 A.

bending in the octahedra surrounding it. However, the yellow
phase has edge-shared octahedra, and local distortions mostly
modify bond lengths in the surrounding region, leading to a
higher elastic cost in comparison with the black phase.

The Jahn-Teller distortions cause local deformations
around the transition metal dopant that manifest in the atomic
positions of the Mg octahedra. Figure 6 presents a ball-and-
stick model for all dopants (TM) and the six iodine atoms
surrounding them. Specifically, these geometries consider
fully optimized structures with U = 3 eV; nevertheless, a
comprehensive table detailing the N-1 bond lengths for various
simulated U, values is available in our supplementary mate-
rial [37]. These distorted Mg octahedra can be correlated with
the geometrical descriptors presented in Fig. 5. For instance,
dopants with five or fewer electrons in the 3d shell exhibit
regular M1 octahedra in both black and yellow phases. The
remaining dopants induce more pronounced geometrical dis-
tortions in the black phase compared to the yellow one, except
for Cu, where the M1 octahedra are significantly more dis-
torted in the yellow phase. Moreover, the distorted octahedra
for dopants with more than five electrons in the 3d shell not
only alter the bond lengths but also modify the internal angles,
contributing to a volume increase, despite the dopants having
shorter atomic radii.

E. Electronic properties

Transition metal dopants influence the electronic structure
around the Fermi level, impacting key properties in the context
of photovoltaics, such as optical [57,69] and transport [70]
properties, and an analysis of the electronic band structure
provides insights into numerous relevant features. Figure 7
depicts the spin-resolved band structures generated with
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FIG. 7. Electronic band structures for black CsSnl; perovskite doped with 3d transition-metals with Uy = 3 eV. Blue (red) circles are
fatbands of transition metal states for the majority (minority) spin. The labels above each panel indicate the dopant and the charge state. The
black dashed line indicates states below which are occupied, and those above are unoccupied.

effective Hubbard correction at U.ss = 3 eV, expected to cor-
rect the results of plain-PBE simulations. In this section, we
focus solely on the doped black phase due to its greater impor-
tance for photovoltaic applications. However, supplementary
data for the yellow phase and other values of U can be found
in in Ref. [37].

From these band structures, we can deduce the number of
oxidation states (NOX) for each dopant. Sc doping positions
the Fermi energy inside the conduction band, indicating that
this dopant contributes more electrons than the Sn it replaces.
This positioning of the Fermi energy, associated with the
hybridization of 45?3d" valence electrons with the conduction
band, is consistent with NOX = 3. For Ti doping, two local-
ized bands with opposite spins appear above the valence band
maximum (VBM), along with other filled transition metal
states hybridizing with the valence band, indicating NOX =
2. However, the Fermi energy is pinned at the flat localized
defect bands, as these bands are half-filled. Dopings with V,
Mn, and Zn result in band structures without the addition of
localized states inside the band gap, which is located at the
I' point. Conversely, Cr, Fe, Co, and Ni dopings introduce

unfilled localized states within the band gap, potentially cre-
ating charge traps that affect (decrease) the charge flow. For
all these dopants (Ti, V, Cr, Mn, Fe, Co, Ni, and Zn), despite
the addition of states inside the band gap in some cases, the
Fermi level lies between the VBM and the conduction band
minimum (CBM), consistently indicating NOX = 2. The Cu
doping state results in the Fermi energy located inside the
valence band, agreeing with previour reports [71]. In this case,
the effective electronic configuration (3d'%4s") and the Fermi
energy positioning is consistent with NOX = 1.

The effective Hubbard correction (PBE+U) significantly
influences the position of localized states within the band gap.
A comparison between corrected and noncorrected electronic
band structures reveals that the Hubbard correction shifts the
flat defect states for V doping from the bottom of the conduc-
tion band to the middle region of the band gap. Furthermore,
PBE + U correction eliminates the band gap’s localized states
for Cr doping, effectively cleaning the band gap.

We also calculated the band gap by the energy difference
between VBM nd CBM without consider the localized defect
states as 1.11eV (Sc), 1.17eV (Ti), 1.15eV (V), 1.14eV

014106-7



CHAGAS, DA SILVA, AND LIMA

PHYSICAL REVIEW B 109, 014106 (2024)

(Cr), 1.16eV (Mn), 1.28 eV (Fe), 1.28 eV (Co), 1.22eV (Ni),
1.10eV (Cu), and 1.28eV (Zn). We ascribe the band gap
increase with respect to the pristine perovskite (E, = 0.95eV,
which is on the same level as for PBE + U with Uss = 3eV)
to two reasons: (i) variations in the volume, and (ii) coupling
between the electronic states of the valence and conduction
bands due to Jahn-Teller effects. Similar effects were reported
for the Dias et al. for the CsGeX3 (X = Cl, Br, I) [66].
Considering only the dopants promoting the inversion of
the energetic stability between the black and yellow phases,
only Zn has a clean band gap without localized defect levels.
As these localized levels can result in charge recombinations
reducing the PCE, we motivate the experimentalists to real-
ize the doping with Zn ions to avoid undesirable transition
from the black to the yellow phase, maintaining the electronic
structure without localized levels inside the band gap region.

F. Role of impurity-impurity interactions

Local magnetic moments often arise from transition-metal-
doped semiconductor materials, such as perovskites, forming
arrays of magnetically coupled paramagnetic centers [72].
In this context, factors such as the magnetic alignment [73]
(ferromagnetic, FM, or antiferromagnetic, AFM) and the ge-
ometric arrangement between the local magnetic moments
[74,75] influence their energetic and electronic properties.
This section explores these features through simulations of
geometries with distinct dopant arrangements and magnetic
orderings. The investigations focus specifically on the dopants
Fe, Co, and Ni due to their high potential for generating
local magnetic moments in other systems [76,77]. The results
presented in this section also test the robustness of the findings
from the previous sections, which employ geometries consist-
ing of a supercell with a single dopant at concentrations of
12.5 %.

We constructed three distinct geometric arrangements for
each dopant. (i) We duplicated the optimized geometries of
the doped supercells with 40 atoms (containing one dopant
among them) in the direction of the shortest lattice vector.
This resulted in a supercell with 80 atoms containing two
dopants around 8.5 A one each other. And, the remaining two
geometries were constructed from an undoped (pristine) su-
percell with 80 atoms which is equivalent to the first structure
and we subsequently replaced two Sn by transition metals
in (i1) neighboring (closest) octahedra. The shortest distance
between these dopants are around 6 A; and (iii) octahedra with
the farthest possible positions one each other (around 13 A,
taking into consideration the lattice periodicity). Each one of
these three structures where fully relaxed by optimized both
the lattice parameters and atomic positions up to reach a toler-
ance criterion. For those calculations, we also employ initial
magnetic ordears FM and AFM, resulting in six calculations
for each dopant.

Table II summarizes the results of these simulations. Finite
local magnetic moments 71; emerge in all dopants and are con-
sistent with the electron fillings of 3d%, 3d”, and 34® for Fe,
Co, and Ni, respectively. Moreover, the highest total energy
difference AE,, between structures with equivalent values of
dry-tym 1 45 meV for Fe at intermediate distances (~8.5 A),
with FM being the lowest energy configuration. For other

TABLE II. Magnetic interactions between Fe, Co, Ni extracted
from simulations of supercells containing 80 atoms with two dopants
with Uey = 3eV. The table presents the shortest distance between
the dopants (dy.), the magnetic configuration (FM or AFM), the
average local magnetic moment for each dopant (1), the total energy
per dopant relative to the lowest energy configuration (AE,y), and the
average effective coordination number for the transition metal site
(ECN2). Bolded data indicate the lowest energy simulation for each
dopant.

drytm my AE ECszi
M A) configuration ) eV) (NNN)
Fe 6.128 FM 358  0.041 3.95
Fe 5.905 AFM 358 0.036 4.13
Fe 8.644 FM 357  0.000 3.98
Fe 8.588 AFM 358 0.045 3.98
Fe 13.348 FM 358 0.040 4.06
Fe 13.712 AFM 359 0.052 4.54
Co 6.332 FM 254 0.064 3.91
Co 6.282 AFM 254 0.056 3.91
Co 8.673 FM 254 0.000 3.98
Co 8.673 AFM 254 0.000 3.98
Co 13.135 FM 254 0.098 3.98
Co 13.109 AFM 254 0.092 3.98
Ni 6.203 FM 143 0.025 3.93
Ni 6.052 AFM 143 0012 3.97
Ni 8.617 FM 144 0.001 3.98
Ni 8.614 AFM 144 0.000 3.98
Ni 13.397 FM 143 0.023 4.08
Ni 13.395 AFM 143 0.022 4.08

dopants and drp.rp, this energy does not exceed 13 meV
for Ni doping in neighboring octahedra (d ~ 6 A), where
the AFM configuration has the lowest energy. This analysis
shows that the total energy difference between FM and AFM
configurations does not correlate with dry—r) and is low in
comparison with room temperature (kg7 ~ 25 meV), indicat-
ing that magnetic order does not dominate the interactions
between the dopants.

As the geometries of the systems with 80 atoms in the
unit cell, doped with two transition metals at intermediate
distances (~8.5 A), were constructed from the fully optimized
geometries of systems with 40 atoms and only one transition
metal, a comparison between the properties of these systems
and the remaining ones provides insights into the robustness
of the results presented in the previous sections. In this con-
text, the lowest energy configuration for all systems with
dopants at intermediate distances demonstrates the energetic
likelihood and, consequently, the suitability of these geome-
tries (with 40 atoms containing one dopant) for theoretical
explorations. Moreover, Fe doping results in an energetic pref-
erence for the FM phase, whereas Co and Ni have FM and
AFM magnetic phases degenerate in energy for this interme-
diate distance. Thus these tests with larger unit cells allowing
varied magnetic interactions support the validity of the results
presented in the previous sections of this manuscript.

Intriguingly, an apparent lack of correlation between AEy
and the remaining properties is observed in the data presented
in Table II. The weak magnetic coupling between impurities
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is not surprising, given that the minimum 7M — T M distance
is as long as 5.9 A. This long distance, coupled with dielectric
screening and the presence of at least one iodine atom between
the dopants, results in a short-range magnetic interaction.
However, differences in values for different configurations
suggest a hidden key factor. We attribute this peculiar behav-
ior to Jahn-Teller distortions, where symmetry breaks in the
doped MIg octahedra extend to neighboring Snls ones. The
overall lattice distortion appears to play a more significant role
in governing AE\, than the magnetic ordering.

IV. CONCLUSIONS

Herein, we explore the relative stability between the black
and yellow phases and their electronic properties under sub-
stitutional doping with 3d transition metals (TM = Sc, Ti, V,
Cr, Mn, Fe, Co, Ni, Cu, and Zn) at Sn sites. Our exploration
uses ab initio calculations based on density functional theory
with the PBE parametrization for the exchange-correlation en-
ergy functional and includes the effective Hubbard correction
to 3d transition metal states. Our analysis combines (i) total
energy calculations; (ii) an analysis of the local distortions
through bond lengths, volumes, and effective-coordination-
number evaluation; (iii) a geometrical analysis; and (iv)
investigation of TM — T M interactions, concluding that the
Jahn-Teller distortion induced by transition metal doping rules
the relative stability between the black and yellow phases.

Dopants with more than five electrons in the 3d shell
tend to favor the black phase, except for Fe doping with
U = 6eV. In particular, the incorporation of Co, Cu, and
Zn results in a photoactive black phase with lower energy than

the photoinactive yellow phase. The Cu doping highlights as
it not only exchanges the most active phase but also increases
their total energy difference by a few times in comparison
with the undoped system. However, this dopant introduces
states inside the band gap region that could result in charge
recombination, reducing the PCE. However, the doping with
Zn ions also exchanges the relative stability maintaining a
clean band gap region without defect states. Our investigation
on the TM — TM interactions demonstrates that the local
distortion effects overcome the magnetic interaction between
the dopants as well as the effects of changing the periodicity
pattern. Thus Jahn-Teller distortions are a dominating stability
factor for perovskite materials doped with transition metals.
The presented results provide a foundation for future pho-
tovoltaic applications with transition metal doping, demon-
strating the relevance of local geometrical distortions for
phase transitions in perovskites, guiding future investigations.
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