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ABSTRACT: CsSnl; is a potential lead-free inorganic perov-
skite for solar energy applications due to its nontoxicity and
attractive optoelectronic properties. Despite these advantages,
photovoltaic cells using CsSnl; have not been successful to
date, in part due to low stability. We demonstrate how gradual
substitution of Rb for Cs influences the structural,
thermodynamic, and electronic properties on the basis of
first-principles density functional theory calculations. By
examining the effect of the Rb:Cs ratio, we reveal a correlation
between octahedral distortion and band gap, including spin— R R

orbit coupling. We further highlight the cation-induced

variation of the ionization potential (work function) and the importance of surface termination for tin-based halide perovskites
for engineering high-performance solar cells.
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H INTRODUCTION studied. According to Chung et al., the energy of the valence
band maximum (VBM) and conduction band minimum
(CBM) are —4.92 and —3.62 eV, respectively.”' Here, the
VBM level is too high to transfer holes from CsSnl; to standard
hole transfer materials (HTM) such as Spiro-OMeTAD.>* On
the other hand, according to Zhang et al, the levels of VBM
and CBM are measured to be —5.74 and —4.47 eV,
respectively.”” In contrast, the CBM level is now too low to
transfer electrons from CsSnl; to standard electron transfer
materials (ETM) such as TiO,.”* Hence, understanding of the
absolute band energies of CsSnl; and finding ways to modulate
them are important for using CsSnl; as a light-absorbing layer

Organic—inorganic hybrid halide perovskite materials have
been intensively investigated in recent years.' ' The efficiency
of solar cells made up of these materials has shown a drastic
increase from 3.8% in 2009 to 22.1% in 2016."” Despite the
high efficiency of perovskite solar cells, two concerns hinder
these materials from being an ideal solar cell technology. One
issue is the presence of an organic cation (e.g, CH;NH,"),
which is regarded as a principal cause of low thermal
compositional stability. Recently, replacing the organic by
inorganic cations has been suggested as a way to improve
thermal stability.'” The other concern is the presence of lead )
(Pb), which is well-known for its toxicity. Replacing Pb by tin in solar cells. o
(Sn) or germanium (Ge) has been suggested as a way to At room temperature, CsSnl; has two coexisting polymorphs
overcome this issue.”~1 314 (y and Y phases) that belong to the Pnma space group.
CsSnl;, a tin-based lead-free inorganic halide perovskite, is a Transmor.l from ‘the black. r'p hase to yellow Y phase has been
p-type semiconductor with a high hole mobility. It has a band observed in ambient C‘OI’{dltlonS, thougb bgl;glgases have stable
gap of 1.3 eV, low exciton binding energy of 18 meV, and high phonon modes and similar free energies. "~ Because of the
optical absorption coefficient of 10* cm™, which are favorable different cry; st'al/ ato'mic structure z.md electronic prope.rtie's of
properties for a light-absorbing material in solar cells.">™"” the Y phase (i.e., with nonPerovsklte structure and an .1nd1rect
There have been a few attempts to fabricate solar cells using b.anc.l gap of 2.6 eV), this unwanted. phase transition  can
CsSnl as an active layer, but their maximum efficiency was significantly decrease the solar cell 1e;ﬁ;léc;sncy as found in other
only near 2%."*7*° This low efficiency of CsSnl;-based solar hybrid peroYskite-based solar cells. " o _ .
cells can be explained mainly by two view points, namely, band Recently, it ‘has been suggested that mmng.the A-site cations
energy level alignment in devices and thermodynamic phase (eg, c9mb1n1ng CS. and Rb) could. stabilize the. preferre?d
stability resulting in mixed-phase thin films. perovskite phase, which has been attributed to an increase in

Appropriate band alignment, in particular, between the configurational entropy and a corresponding decrease in the

absorber and charge extraction layers, is essential for efficient

photovoltaic devices. However, the exact band energy levels of Received: January 19, 2017
CsSnl; are still controversial,”"** and a way to modulate their Revised:  March 16, 2017
electron addition and removal energies has not been well Published: March 16, 2017
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free energy of this phase.”*™>* Additionally, a cation-induced
band gap tuning effect has also been reported.””*° Thus, it
seems very viable that both phase stability improvement and
electronic properties modulation can be achieved simulta-
neously by the mixing of A-site cations in CsSnl;.

In this paper, we explain the impact of the smaller Rb* cation
substitution for the larger Cs* cation based on crystal structure,
thermodynamic stability, and band gap, including a partially
substituted cation solid solution system (Rb,Cs;_,Snly).
Insights into the atomic-scale processes are gained by using a
first-principles density functional theory (DFT) approach,
including the calculation of the electronic band structures of
CsSnl; and RbSnl; with spin—orbit coupling (SOC) effects to
identify cation-induced changes. We further investigate the
surface chemistry within an ab initio atomistic thermodynamic
framework. Finally, we predict absolute energy levels depending
on their surface and highlight the importance of controlling
surface termination for determining band energy levels of the
material as well as the influence of cation exchange on these
inorganic Sn halide perovskites.

B METHODS

First-Principles Calculations. All calculations are performed
using Kohn—Sham DFT as implemented in the Vienna Ab initio
Simulation Package (VASP).>"** Projector augmented-wave
(PAW)**** pseudopotentials are used to treat core atomic states,
and the valence electron configurations of Rb, Cs, Sn, and I are
explicitly taken as 4s?4pSSs!, 5s?5p°6s!, 4d'°5s?5p°, and SsSp°,
respectively. The convergence of the total energy and forces are
considered within 1075 eV and 10™* eV/A, respectively. To address the
effect of SOC on our system, we have included this perturbatively only
for our electronic band structure calculations.

For the exchange-correlation (xc) functional, the generalized
gradient approximation (GGA) due to Perdew, Burke, and Ernzerhof
(PBE) is employed for all geometry/structural optimizations.”> A
plane-wave kinetic cutoff energy of 600 eV is used for all PBE
calculations. The Brillouin-zone integrations are performed using a I'-
centered k-point grid of 6 X 6 X S for all bulk calculations, whereas a 6
X 6 X 1 k-point grid is used for all surface calculations. The symmetric
(001) surface slab model used in this work consist of 11 atomic layers
(AL) and a vacuum region of 15 A. The atomic positions are fully
relaxed while keeping the innermost three center ALs fixed to bulk
values.

To obtain more accurate absolute band energy levels with respect to
the vacuum level, we have also performed additional nonlocal hybrid
DFT calculations within the HSEO6 xc approximation®**’ because
PBE is known to severely underestimate the band gap. Although the
band gap of CsSnl; from our HSE06+SOC calculation (0.86 eV) is
underestimated with respect to the experimental value (~1.3 V), this
difference agrees well with that from previous studies.’® ** For the
HSEO06 and HSE06+SOC calculations, we have adopted a lower plane-
wave kinetic cutoff energy of 300 eV with a I'-centered k-point grid of
3 X3 x3and 3 X 3 X1 for the bulk and surface systems, respectively.
For these HSEO6 calculations, we have carefully tested for convergence
with respect to the band gap, and further details can be found in Table
S2.

Mixing Thermodynamics. To examine the cation exchange
effects, we use the orthorhombic y-phase CsSnl; unit cell, which is the
reported stable perovskite phase for CsSnl; at room temper-
ature.'¥*"** On the basis of the unit cell of y-CsSnls, which has
four different A-cation sites, five different compositions of Rb and Cs
(Rb,Cs,_,Snl;, x = 0.00, 0.25, 0.50, 0.7, and 1.00) are considered.

To assess the thermodynamic stability of Rb,Cs,_,Snl; cation solid
solution, we calculate the Helmholtz free energy of mixing for each
composition according to

AF = AU — TAS (1)
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where AU and AS are the internal energy and entropy of mixing and T
is the absolute temperature. The internal energy of mixing is then
calculated using

AU = Epy ¢, st, = *Erpsar, = (1 — ®)Eggsy,

)
where Epy ¢, snty Erbsnry and Ecgy, are the total energies of

Rb,Cs,_,Snl;, RbSnl;, and CsSnl;, respectively. The entropy of
mixing is calculated in the homogeneous limit according to

AS = —kgln[xIn x + (1 — x)In(1 — )] (3)

where kj is the Boltzmann constant.

Recently, the thermodynamic stability of the CsFA,; Pbl; cation
solid solution (where FA stands for formamidinium, CH(NH,),) and
MAPb(I,_,Br,); anion solid solution (where MA represents
methylammonium, CH;NH;) have been successfully studied with
similar approaches.****

Surface Chemistry. Because of the presence of three elements in
the ABXj; system, the surfaces of perovskite crystals can be terminated
in a number of ways. To compare the relative energetic stability of two
different surface terminations (AX or BX, terminations) of the ABX;
(001) surface, which are not stoichiometric, we employ the ab initio
atomistic thermodynamics (aiAT) approach.* This allows us to
calculate the surface energies and compare their relative thermody-
namic stabilities under different growth conditions.**~*

In the aiAT approach, the surface energy (7) is defined as a function
of chemical potential per surface area (A) following

1 surf
Y=—[¢" - N Nu(p, T
() A[ Z w.(p, T)] @

where G is the Gibbs free energy of the surface, y; is the chemical
potential of the various species i present in the system, and N; is the
number of the species i. For this work, to reflect the general synthesis
reaction of halide perovskites (i.e., AX + BX, — ABX;),"”*"** here we
simply use i as the bulk components Csl, Rbl, and Snl,, respectively,
rather than atomic species Cs, Rb, Sn, and L.

For sufficiently large particles of these inorganic Sn halide
perovskites at ambient temperatures, bulk ABX; could be considered
as a thermodynamic reservoir where the surface is equilibrated. This
assumption constrains the chemical potentials of AX and BX, (i.e., pax
and pipy, accordingly) to the specific Gibbs free energy of ABX,

(GR‘&}) as defined by

bulk
GAI‘;X3 = ,UAX + MBXZ

©)
Consequently, eq S can reformulate eq 4 to express the surface free

energy only as a function of yigy,

€
24

bulk

[:Gsurf _ NAXGABX3

}/(HBXZ) = - (NBXZ - NAX)ﬂsz]

(6)

Here, the use of symmetric surface slab models necessitates a factor
of 1/2. This definition now allows us to compare two different
terminations of the ABX; (001) surface whose thermodynamic
stability is then governed by the change in the BX, chemical potential.
Likewise, it is trivial to express the dependence of the surface energy
on the change in the chemical potential of Snl, (Apg,; ) by referencing

Ebulk

the total energy of the bulk tin iodide per formula unit (Egy), where

A”Snlz = HMsny,
calculations, which have been used in oxide perovskites, are also

performed and compared with the aiAT approach in Figures S3 and
G4 4748

- E‘S’ﬁlllj Environment-independent surface energy

Bl RESULTS AND DISCUSSION

Stability of the Rb/Cs Solid Solution. Among the various
known CsSnl, bulk phases, i.e., the a (Pm3m), f (P4/mbm), y
(Pnma), and Y (Pnma) (see Figure S1), the most stable and
application-relevant orthorhombic perovskite phase (y) is
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Figure 1. Atomic structure of Rb,Cs,_,Snl; for x = 0.00, 0.25, 0.50 (I, II, and III), 0.75, and 1.00 and a scheme for defining distortion angles (6,;, and
0.) with only Snlg octahedral frameworks (shaded in pale purple). Cs, Rb, Sn, and I are represented by green, red, black, and purple spheres,

respectively.

chosen for the solid-solution modeling.'”** Our calculated
lattice parameters of CsSnl; (a, = 8.94, by, = 8.69, and ¢,
12.52) agree well with both experimental measurements (a, =
8.67, by = 8.64, and ¢, = 12.38) and theoretical calculations (a,
= 8.94, b, = 8.71, and ¢, = 12.50)."7*

On the other hand, RbSnl; has been reported to exist in a
nonperovskite structure (i.e, the Y-phase) due to the small
cationic size of Rb"."” A comparison of our calculated bulk
properties of the various polymorphs of both CsSnl; and
RbSnl; can be found in Table S1 and are in good agreement
with those in the reported literature.'”*>*

To assess the possibility of perovskites with different size
cations (Cs larger thag) gb), the Goldschmidt tolerance factor

(t) is calculated using’

t = "Rb or Cs + 1

V2 (g, + 1) (7)
where r; is taken as the ionic radius of element i (i.e., rg, = 1.52
A rey = 167 A rg, = 1.10 A, and r; = 2.20 A).>*

The t for the Rb cation in a Snlg octahedral cage is calculated
as 0.80, which is rather comparable to that for the Cs cation
(0.83). This lends support to the possibility of forming a
perovskite-structured Rb,Cs;_,Snl; solid solution. t values of
~0.80 further suggest that the A-site cation might be too small
to sustain a perfect cubic perovskite structure and will
consequently be distorted to favor the orthorhombic perovskite
structure.””” To confirm the relative stability of mixed Rb/Cs
perovskite in the orthorhombic phase as compared to other
perovskite-structured phases (such as tetragonal phase), we find
that, for example, orthorhombic y-Rby sCs, sSnl; is energetically
more favorable than tetragonal -Rb,Cs,sSnl; by ~0.04 eV/
formula unit in its formation energy.

Optimized bulk atomic structures of Rb,Cs,_,Snl; solid
solution models (with varying x values) are depicted in Figure
1. All considered, Rb,Cs,_,Snl; are represented by one unique
structure with the exception of when x = 0.5, where three
distinct structures can be formed by a combinatorial occupation
of Rb and Cs atoms at the A-cation site: I (with the same
elements located in the diagonal direction, (111)), II (with the
same elements located in the vertical direction, (001)), and III
(with the same elements located in the horizontal direction,
(110)).

To systemically analyze this effect of cation exchange on the
bulk characteristics of these solid solutions, we plot their bulk
properties in Figure 2 as a function of the ratio Rb/Cs, i.e., x in
Rb,Cs,_,Snl;. Here, all markers represent calculated values, and
dashed lines are drawn according to Vegard’s law, where CsSnl;
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Figure 2. (a) Lattice constants (a,, by, and ¢;), (b) average distortion
angles (0, and 8.), (c) Helmholtz energy of mixing (AF for various
temperatures), and (d) electronic band gap for Rb,Cs,_,Snl; as a
function of x. Dashed lines are drawn according to Vegard’s linear
relation using the two end-member constituents where x is 0.00
(CsSnl;) and 1.00 (RbSnlL;). AE, in (d) is derived from the calculated
difference between the electronic band gaps with and without the SOC
effect.

and RbSnl; are set as two end constituents. The calculated
values are tabulated in Table S3.

In Figure 2a, our calculated lattice constants show small
changes as the Rb fraction increases, following a linear trend as
predicted from Vegard’s law. Specifically, a decreasing tendency
is found for both by and ¢, but 4y is hardly changed with x. To
quantify the degree of octahedral distortion in these solid
solutions, we define 6,;, and 6, (which are labeled and shown in
Figure 1) by measuring the Sn—I—Sn bonding angles in the
Snlg octahedral frameworks for each unit cell within the ab-
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Figure 3. PBE(+SOC) calculated electronic band structures and their orbital contributions for CsSnl; and RbSnl;. The total band structure is shown
in the first column, and the orbital-projected contributions due to Sn Ss, Sn Sp, and I Sp are depicted from the second to fourth columns. Specifically,
the PBE+SOC plots for CsSnl; and RbSnl; are displayed in the second and fourth row, respectively. The occupation of the states are colored
according to the legends on the far right, ranging from 0 to 0.6 per state.

plane and along the c-axis and then subtracting them from
180°. The 6, and 6, are thus, by definition, 0° when the Snl
octahedral frameworks are in perfect cubic phase (i.e. not
distorted).

The average value of distortion angles, 0, and 6, in Figure
2b, show an increasing linear trend ensuing Vegard’s linear law.
The calculated 8, and 6, values are detailed in Figure S2 and
further listed in Table S3. In terms of crystal structure, this
clearly supports the fact that the size of A cations in tin-based
halide perovskites hardly affects their lattice constants
(consequentially, volume), whereas it significantly alters the
internal distortion of the structure (i.e., the Snl octahedral
framework). It is due to the open structure and flexibility of
perovskite, where Snlg octahedrons form a corner-sharing
framework. We also find that there are no large differences in
the bond lengths of the Snly octahedrons, ranging from 3.17 to
3.19 A in CsSnl; and 3.18 to 3.20 A in RbSnl,.

The Helmholtz free energy of mixing is calculated and
plotted as a function of x in Rb,Cs,_,Snl; in Figure 2¢. At 0 K,
where the entropy of mixing does not affect the free energy, all
values for the considered solid-solution models of Rb,Cs,_,Snl,
are thus positive, indicating that the solid solutions prefer to
phase separate into the constituents CsSnl; and RbSnl;.
However, as temperature increases, which strengthens the
contribution of entropy following eq 1, the solid solutions
gradually stabilize with a negative free energy of mixing. At
room temperature of 300 K, all solid solutions of Rb,Cs;_,Snl;
are calculated to be more stable than the constituent phases.
Although vibrational contributions are not considered here,
they are not expected to alter this conclusion.

The Rb,Cs,_,Snl; solid solution has a good thermodynamic
stability at room temperature, which is well above the calculated

3184

critical temperature of 140 K within the generalized quasi-
chemical approximation (GQCA).*»>* In contrast, anion
mixing in the CH;NH,;Pb(l;_,Br,); solid solution shows a
miscibility gap around room temperature and having a critical
temperature of 343 K.*>*

Relativistic Band Gap Bowing. In Figure 2d, the
calculated band gaps of Rb,Cs,_,Snl; without the SOC effect
(EEBE) are represented with higher values than those calculated
with the SOC effect (EEBBSOC). To quantify the influence of
SOC on our calculated band gaps, we simply take the numerical
difference (AE,) between E;"* and E;°*"°C. Contrary to the
increasing linear (Vegard’s relation) trend of the band gap, the
influence of SOC on the band gap decreases linearly as x in
Rb,Cs,_,Snl; increases. This result agrees with the distortion
effect on the band gap and SOC for lead-based perovskite,
which was reported by Amat et al.”’

By combining our results in Figure 2b and d, we argue that in
terms of the structure—property relationship in these all-
inorganic Sn halide perovskites, the small cationic size of Rb is
responsible for the increasing distortion of the Snlg octahedral
frameworks and consequent widening of the band gaps while
reducing the SOC effects in these Rb,Cs,_,Snl; solid solutions.
As is clearly depicted in Figure 2, all bulk characteristics of these
all-inorganic Sn halide perovskites nicely obey the Vegard’s
linear relation and thus allow one to easily estimate various
characteristics of a regular solid solution based on the
properties of its end-member constituents CsSnl; and RbSnl;.

To further explore the correlation between the A-cation
exchange and SOC effects, we calculate the electronic band
structures for both CsSnl; and RbSnl; with PBE and PBE
+SOC. Following previous studies,'”*”** the orbitals of A-site
cations (Rb and Cs), the d orbital of Sn, and the s and d
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orbitals of I hardly contribute to the band edges. Thus, in
Figure 3, we plot the total band structure and the orbital-
projected band structures due to the s, p orbital of Sn and p
orbital of I (which are mainly responsible for the orbital
character of the band edges). It clearly shows that valence
bands are mainly comprised of Sn 5s and I Sp, whereas the
conduction bands have a dominant Sn Sp character and some
weak contribution from I Sp.

Referring to the third column of Figure 3, following the Y-I'"-
Z and the I'-S paths, significant band splitting in the conduction
bands due to the influence of SOC is observed. In an atomic
picture, the three empty Sp orbitals of Sn are degenerate (with
T symmetry), but in a crystal these are split (ie, T — A + E)
by the crystal field. Finally, the symmetry of the doubly
degenerate (E) band is removed by spin—orbit coupling.”” In
contrast, the SOC effects in the valence band are found to be
negligible.

Connecting with the distortion trends in Figure 2b, the
relevant electronic band properties of these perovskites are
primarily determined by the Snlg octahedral frameworks, and
the A-site cations play a role in modulating the structure of
these octahedral frameworks and other structure-related
properties, such as the distortion angle of the octahedron and
band gap. It is similar to the role of organic molecules in hybrid
perovskites, but organic molecules can further distort the
octahedra due to their anisotropic shape and charge
distribution.”® We note that band engineering by controlling
the bond angle distributions has been explored in detail by Filip
et al. for a range of halide perovskites.”’

Surface Thermodynamics. To gain insight into A-cation
exchange and surface termination effects on the absolute energy
of the valence and conduction bands (Eygy and Ecpy), we
investigate the surfaces of each end-member constituent,
CsSnl; and RbSnl;, and assume Vegard’s linear relation. We
choose the (001) surface of orthorhombic CsSnl; and RbSnlj,
which are expected to be the most stable surface energies
following other perovskite studies.”®” We consider two
terminations: CsI and Snl, termination for the CsSnl;(001)
surface (CsSnl;(001):Csl and CsSnl;(001):Snl,) and RbI and
Snl, termination for the RbSnI;(001) surface
(RbSnI;(001):RbI and RbSnl;(001):Snl,). After relaxing the
slab geometries, we examine the relative thermodynamic
stabilities of these surfaces with different terminations. Finally,
the electrostatic potential of the crystal is aligned with the
vacuum level to access the ionization potential and electron
affinity.

The atomic geometries of the relaxed surface slab models are
depicted in Figure 4. CsSnl;(001):CsI and RbSnI;(001):RbI
maintain the bulk-like tilted Snlg octahedrons at the surface,
whereas CsSnl;(001):Snl, and RbSnI;(001):Snl, have exposed
truncated octahedrons (also see Figure SS). Here, we focus on
the influence of the surface termination rather than the surface
orientation of the slab given that the surface motifs here are
also commonly found on other nonpolar surfaces.

According to the calculated surface energy as a function of
the change in the Snl, chemical potential (A, ) in Figure Sa,

both CsSnl;(001):CsI and RbSnI;(001):RbI have lower surface
energies under CsI- and Rbl-rich conditions, whereas
CsSnl;(001):Snl, and RbSnlI;(001):Snl, exhibit lower surface
energies only under Snl,-rich conditions. However, the surface
energy difference between CsSnI;(001):CsI (or
RbSnI;(001):RbI) and CsSnI;(001):Snl, (or
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Figure 4. Side view of the atomic structures of CsSnl;(001) with (a)
Csl and (b) Snl, terminations and RbSnI;(001) with (c) RbI and (d)
Snl, terminations. The representation of the colored atoms here
follows that of Figure 1.

RbSnI;(001):Snl,) is considerable (>3 meV/A?) under CslI
(or RbI)-rich conditions, whereas the difference is more subtle
(<0.5 meV/A?) under Snl,-rich conditions.

To relate the changes in the chemical potentials to the
changes in mole fraction or species concentration during
synthesis, we employ an ideal solution model to aid
discussion.®® Therefore, our results indicate that
CsSnl;(001):CsI (or RbSnI;(001):RbI) will be dominant
under excess CsI (or RbI) during synthesis, whereas
CsSnl;(001):CsI (or RbSnI;(001):RbI) and CsSnl;(001):Snl,
(or RbSnI;(001):Snl,) will be competitive depending on the
immediate environment under excess Snl, conditions.

Absolute Electron Energies. Given the periodic boundary
constrains of a bulk unit cell, the absolute electronic energy
level with respect to an external vacuum level cannot be
obtained. To overcome this limitation, we use the core energy
level and vacuum level as proper reference states.””®" Because
both terminations, CsI (or RbI) and Snl,, have the possibility
to appear at the surface, we decided to consider both
terminations for aligning the absolute energy levels. First, we
set an external vacuum level, which is obtained by an
electrostatic potential calculation of (001) relaxed surface slab
models, as a reference level. We then perform core level
calculations with both bulk and slab unit cells. The Sn 1s level is
chosen as the representative core level in this study. Finally, the
absolute energy levels of the VBM and CBM of the bulk phases
(with respect to external vacuum level) are then calculated by

bulk

KS £

EVBM = €ypm — (ESnls - ESSEES) - ‘/vac (8)
KS bulk £

Ecpm = €cam — (Esnis = Esmis) = Viac 9

where eypy and ecpy are the bulk Kohn—Sham eigenvalues,
EK is the average Sn 1s levels of the Sn atoms in the bulk
phase, E& is that of the Sn atoms within the innermost three
layers of the surface slab model, and V. is the vacuum level
derived from the planar average electrostatic potential of the
surface slab models.

Following this band alignment procedure (Figure Sb), we
find that both the ionization potential and electron affinity of
Sn-based perovskites are highly dependent on their surface
termination. For CsSnl;, the band energy level difference
between the CsI and Snl, terminations is around 1.6 eV and
covers the range previously reported by experimental measure-
ments.””>” Here, we note that underestimation of the band gap
in our calculation when compared to experimental results
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Figure S. (a) Calculated surface energy as a function of the change in the Snl, chemical potential (A, ) for all surface terminations of CsSnl;(001)
and RbSnl;(001). Apg,, for Csl-, RbI-, and Snl,-rich conditions are determined as —0.27, —0.13, and 0 eV, respectively. (b) Band energy level

alignment diagrams: Eygy and Ecgyy levels from experiments (for CsSnl;)*"** and HSE06+SOC calculated values for CsSnl;(001) and RbSnI,(001).
All energy levels are aligned with respect to the absolute vacuum level (set to 0 eV). The energy levels in horizontal solid and dashed lines refer to
the HSEOG6-calculated Eypy; and Ecpy levels with and without consideration of the SOC effect, respectively.

agrees with previous studies.”* ™"’ This would be corrected by
using more sophisticated theories of electronic excitations, such
as GW+SOC, or considering anharmonicity of these perov-
skites.*”%>% However, in this study, we focus on the
terminations of surface models within the HSE06+SOC scheme
due to computational limitations.

Here, we reason that the conflicting experimental reports of
band energy levels may have been a case of comparing the band
energy levels of different surface terminations present in the
prepared samples. Moreover, by comparing the band energy
levels between CsSnl; and RbSnl;, we find that the A-cation-
induced band energy level changes are much weaker than that
due to a difference in surface terminations in Sn-based
perovskites.

Interestingly, the effect of A-cation exchange on band energy
levels differs depending on the actual surface termination, i.e.,
by applying Vegard’s relation, both Eypy and Ecpy levels of the
RbI (Csl)-terminated surface are predicted to be lowered in a
linear fashion with increasing value of x in Rb,Cs,_,Snl; (with
Eypy showing a larger decrease). On the other hand, for the
Snl,-terminated surface of the Rb,Cs,_,Snl; solid solution, we
find that the Eypy; is predicted to decrease marginally, whereas
the Ecpy; will shift to higher energies with an increasing value of
x. Furthermore, by comparing band energy levels with and
without SOC (see Table SS), it is clear that SOC lowers the
Ecpy level due to the splitting of the conduction band edge.
Here, we note that there are no surface states within band gaps
in our slab models in Figure 4 (see Figure S6) and both the
PBE- and HSEQ06-derived band energy level alignments support
this argument (see Figure S7).

In addition to resolving the experimental controversy, our
results suggest that the optimal electron and hole extraction
layers for CsSnl; and the Cs/Rb mixture will depend on how
the sample is grown. For instance, samples with Snl,-rich
surfaces will require much deeper electron and hole extraction
layers to achieve high photovoltaic performance. This could be
a general issue for inorganic halide perovskites, which will
require a combination of crystal engineering of morphology
and electronic engineering of contacts to realize high-efficiency
solar cells. Future work should consider how morphology and
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defects could further affect absolute band edge positions and
surface states.

B CONCLUSIONS

In summary, the effect of cation mixing has been investigated in
tin halide perovskites. Although the description of partial site
occupancy from first-principles atomistic theories is challeng-
ing, we have followed a practical computational procedure,
which both agrees well with existing experimental observations
and provides new fundamental insights into the behavior of the
solid solutions. We demonstrated that the Rb,Cs,_,Snl; alloy
becomes stable by configurational entropy and follows Vegard’s
law well in terms of lattice constants, distortion angles, and
band gap. Because of the increase of octahedron distortion, the
effect of spin—orbit coupling on the band gap is decreased. We
also showed how the ionization potentials and electron
affinities vary strongly with surface termination, which can be
tuned with synthesis conditions. This resolves an existing
controversy and provides a guideline to develop more efficient
photovoltaic architectures. Although our study focused on the
inorganic Cs/Rb mixture, the structural properties of the
organic CH;NH;/CH(NH,), mixture have recently been
shown to follow Vegard’s law, so a similar computational
procedure could be followed to investigate their properties.”*
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