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ABSTRACT: CsSnI3 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 CsSnI3 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−
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.

■ INTRODUCTION

Organic−inorganic hybrid halide perovskite materials have
been intensively investigated in recent years.1−11 The efficiency
of solar cells made up of these materials has shown a drastic
increase from 3.8% in 2009 to 22.1% in 2016.1,2 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., CH3NH3

+),
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.12 The other concern is the presence of lead
(Pb), which is well-known for its toxicity. Replacing Pb by tin
(Sn) or germanium (Ge) has been suggested as a way to
overcome this issue.7−9,13,14

CsSnI3, a tin-based lead-free inorganic halide perovskite, is a
p-type semiconductor with a high hole mobility. It has a band
gap of 1.3 eV, low exciton binding energy of 18 meV, and high
optical absorption coefficient of 104 cm−1, which are favorable
properties for a light-absorbing material in solar cells.15−17

There have been a few attempts to fabricate solar cells using
CsSnI3 as an active layer, but their maximum efficiency was
only near 2%.18−20 This low efficiency of CsSnI3-based solar
cells can be explained mainly by two view points, namely, band
energy level alignment in devices and thermodynamic phase
stability resulting in mixed-phase thin films.
Appropriate band alignment, in particular, between the

absorber and charge extraction layers, is essential for efficient
photovoltaic devices. However, the exact band energy levels of
CsSnI3 are still controversial,21,22 and a way to modulate their
electron addition and removal energies has not been well

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.21 Here, the
VBM level is too high to transfer holes from CsSnI3 to standard
hole transfer materials (HTM) such as Spiro-OMeTAD.23 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.22 In contrast, the CBM level is now too low to
transfer electrons from CsSnI3 to standard electron transfer
materials (ETM) such as TiO2.

23 Hence, understanding of the
absolute band energies of CsSnI3 and finding ways to modulate
them are important for using CsSnI3 as a light-absorbing layer
in solar cells.
At room temperature, CsSnI3 has two coexisting polymorphs

(γ and Y phases) that belong to the Pnma space group.
Transition from the black γ phase to yellow Y phase has been
observed in ambient conditions, though both phases have stable
phonon modes and similar free energies.17,24,25 Because of the
different crystal/atomic structure and electronic properties of
the Y phase (i.e., with nonperovskite structure and an indirect
band gap of 2.6 eV), this unwanted phase transition can
significantly decrease the solar cell efficiency as found in other
hybrid perovskite-based solar cells.17,26,27

Recently, it has been suggested that mixing the A-site cations
(e.g., combining Cs and Rb) could stabilize the preferred
perovskite phase, which has been attributed to an increase in
configurational entropy and a corresponding decrease in the
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free energy of this phase.26−28 Additionally, a cation-induced
band gap tuning effect has also been reported.29,30 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 CsSnI3.
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 (RbxCs1−xSnI3).
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
CsSnI3 and RbSnI3 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.

■ METHODS
First-Principles Calculations. All calculations are performed

using Kohn−Sham DFT as implemented in the Vienna Ab initio
Simulation Package (VASP).31,32 Projector augmented-wave
(PAW)33,34 pseudopotentials are used to treat core atomic states,
and the valence electron configurations of Rb, Cs, Sn, and I are
explicitly taken as 4s24p65s1, 5s25p66s1, 4d105s25p5, and 5s25p5,
respectively. The convergence of the total energy and forces are
considered within 10−5 eV and 10−4 eV/Å, 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.35 A
plane-wave kinetic cutoff energy of 600 eV is used for all PBE
calculations. The Brillouin-zone integrations are performed using a Γ-
centered k-point grid of 6 × 6 × 5 for all bulk calculations, whereas a 6
× 6 × 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 Å. 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 HSE06 xc approximation36,37 because
PBE is known to severely underestimate the band gap. Although the
band gap of CsSnI3 from our HSE06+SOC calculation (0.86 eV) is
underestimated with respect to the experimental value (∼1.3 eV), this
difference agrees well with that from previous studies.38−40 For the
HSE06 and HSE06+SOC calculations, we have adopted a lower plane-
wave kinetic cutoff energy of 300 eV with a Γ-centered k-point grid of
3 × 3 × 3 and 3 × 3 × 1 for the bulk and surface systems, respectively.
For these HSE06 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 γ-phase CsSnI3 unit cell, which is the
reported stable perovskite phase for CsSnI3 at room temper-
ature.15,41,42 On the basis of the unit cell of γ-CsSnI3, which has
four different A-cation sites, five different compositions of Rb and Cs
(RbxCs1−xSnI3, x = 0.00, 0.25, 0.50, 0.75, and 1.00) are considered.
To assess the thermodynamic stability of RbxCs1−xSnI3 cation solid

solution, we calculate the Helmholtz free energy of mixing for each
composition according to

Δ = Δ − ΔF U T S (1)

where ΔU and ΔS are the internal energy and entropy of mixing and T
is the absolute temperature. The internal energy of mixing is then
calculated using

Δ = − − −
−

U E xE x E(1 )Rb Cs SnI RbSnI CsSnIx x1 3 3 3 (2)

where ERbxCs1−xSnI3, ERbSnI3, and ECsSnI3 are the total energies of
RbxCs1−xSnI3, RbSnI3, and CsSnI3, respectively. The entropy of
mixing is calculated in the homogeneous limit according to

Δ = − + − −S k x x x xln[ ln (1 )ln(1 )]B (3)

where kB is the Boltzmann constant.
Recently, the thermodynamic stability of the CsxFA1−xPbI3 cation

solid solution (where FA stands for formamidinium, CH(NH2)2) and
MAPb(I1−xBrx)3 anion solid solution (where MA represents
methylammonium, CH3NH3) have been successfully studied with
similar approaches.26,43

Surface Chemistry. Because of the presence of three elements in
the ABX3 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 BX2 terminations) of the ABX3
(001) surface, which are not stoichiometric, we employ the ab initio
atomistic thermodynamics (aiAT) approach.44 This allows us to
calculate the surface energies and compare their relative thermody-
namic stabilities under different growth conditions.44−46

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

∑γ μ μ= −
A

G N p T( )
1

[ ( , )]i
i

i i i
surf

(4)

where Gsurf is the Gibbs free energy of the surface, μi is the chemical
potential of the various species i present in the system, and Ni is the
number of the species i. For this work, to reflect the general synthesis
reaction of halide perovskites (i.e., AX + BX2 → ABX3),

17,21,22 here we
simply use i as the bulk components CsI, RbI, and SnI2, respectively,
rather than atomic species Cs, Rb, Sn, and I.

For sufficiently large particles of these inorganic Sn halide
perovskites at ambient temperatures, bulk ABX3 could be considered
as a thermodynamic reservoir where the surface is equilibrated. This
assumption constrains the chemical potentials of AX and BX2 (i.e., μAX
and μBX2

accordingly) to the specific Gibbs free energy of ABX3

(GABX3

bulk ) as defined by

μ μ= +GABX
bulk

AX BX3 2 (5)

Consequently, eq 5 can reformulate eq 4 to express the surface free
energy only as a function of μBX2

,

γ μ μ= − − −
A

G N N N( )
1

2
[ G ( ) ]BX

surf
AX ABX

bulk
BX AX BX2 3 2 2 (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 ABX3 (001) surface whose thermodynamic
stability is then governed by the change in the BX2 chemical potential.
Likewise, it is trivial to express the dependence of the surface energy
on the change in the chemical potential of SnI2 (ΔμSnI2) by referencing
the total energy of the bulk tin iodide per formula unit (ESnI2

bulk), where

ΔμSnI2 = μSnI2 − ESnI2
bulk. Environment-independent surface energy

calculations, which have been used in oxide perovskites, are also
performed and compared with the aiAT approach in Figures S3 and
S4.47,48

■ RESULTS AND DISCUSSION
Stability of the Rb/Cs Solid Solution. Among the various

known CsSnI3 bulk phases, i.e., the α (Pm3m), β (P4/mbm), γ
(Pnma), and Y (Pnma) (see Figure S1), the most stable and
application-relevant orthorhombic perovskite phase (γ) is
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chosen for the solid-solution modeling.17,24 Our calculated
lattice parameters of CsSnI3 (a0 = 8.94, b0 = 8.69, and c0 =
12.52) agree well with both experimental measurements (a0 =
8.67, b0 = 8.64, and c0 = 12.38) and theoretical calculations (a0
= 8.94, b0 = 8.71, and c0 = 12.50).17,49

On the other hand, RbSnI3 has been reported to exist in a
nonperovskite structure (i.e., the Y-phase) due to the small
cationic size of Rb+.17 A comparison of our calculated bulk
properties of the various polymorphs of both CsSnI3 and
RbSnI3 can be found in Table S1 and are in good agreement
with those in the reported literature.17,25,49

To assess the possibility of perovskites with different size
cations (Cs larger than Rb), the Goldschmidt tolerance factor
(t) is calculated using50,51

=
+
+

t
r r

r r2 ( )
Rb or Cs I

Sn I (7)

where ri is taken as the ionic radius of element i (i.e., rRb = 1.52
Å, rCs = 1.67 Å, rSn = 1.10 Å, and rI = 2.20 Å).8,52

The t for the Rb cation in a SnI6 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 RbxCs1−xSnI3 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.8,29 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 γ-Rb0.5Cs0.5SnI3 is energetically
more favorable than tetragonal β-Rb0.5Cs0.5SnI3 by ∼0.04 eV/
formula unit in its formation energy.
Optimized bulk atomic structures of RbxCs1−xSnI3 solid

solution models (with varying x values) are depicted in Figure
1. All considered, RbxCs1−xSnI3 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
RbxCs1−xSnI3. Here, all markers represent calculated values, and
dashed lines are drawn according to Vegard’s law, where CsSnI3

and RbSnI3 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 b0 and c0, but a0 is hardly changed with x. To
quantify the degree of octahedral distortion in these solid
solutions, we define θab and θc (which are labeled and shown in
Figure 1) by measuring the Sn−I−Sn bonding angles in the
SnI6 octahedral frameworks for each unit cell within the ab-

Figure 1. Atomic structure of RbxCs1−xSnI3 for x = 0.00, 0.25, 0.50 (I, II, and III), 0.75, and 1.00 and a scheme for defining distortion angles (θab and
θc) with only SnI6 octahedral frameworks (shaded in pale purple). Cs, Rb, Sn, and I are represented by green, red, black, and purple spheres,
respectively.

Figure 2. (a) Lattice constants (a0, b0, and c0), (b) average distortion
angles (θ̅ab and θ̅c), (c) Helmholtz energy of mixing (ΔF for various
temperatures), and (d) electronic band gap for RbxCs1−xSnI3 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
(CsSnI3) and 1.00 (RbSnI3). ΔEg in (d) is derived from the calculated
difference between the electronic band gaps with and without the SOC
effect.
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plane and along the c-axis and then subtracting them from
180°. The θab and θc are thus, by definition, 0° when the SnI6
octahedral frameworks are in perfect cubic phase (i.e., not
distorted).
The average value of distortion angles, θa̅b and θc̅ in Figure

2b, show an increasing linear trend ensuing Vegard’s linear law.
The calculated θab and θc 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 SnI6 octahedral
framework). It is due to the open structure and flexibility of
perovskite, where SnI6 octahedrons form a corner-sharing
framework. We also find that there are no large differences in
the bond lengths of the SnI6 octahedrons, ranging from 3.17 to
3.19 Å in CsSnI3 and 3.18 to 3.20 Å in RbSnI3.
The Helmholtz free energy of mixing is calculated and

plotted as a function of x in RbxCs1−xSnI3 in Figure 2c. At 0 K,
where the entropy of mixing does not affect the free energy, all
values for the considered solid-solution models of RbxCs1−xSnI3
are thus positive, indicating that the solid solutions prefer to
phase separate into the constituents CsSnI3 and RbSnI3.
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 RbxCs1−xSnI3
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 RbxCs1−xSnI3 solid solution has a good thermodynamic

stability at room temperature, which is well above the calculated

critical temperature of 140 K within the generalized quasi-
chemical approximation (GQCA).43,53 In contrast, anion
mixing in the CH3NH3Pb(I1−xBrx)3 solid solution shows a
miscibility gap around room temperature and having a critical
temperature of 343 K.43,53

Relativistic Band Gap Bowing. In Figure 2d, the
calculated band gaps of RbxCs1−xSnI3 without the SOC effect
(Eg

PBE) are represented with higher values than those calculated
with the SOC effect (Eg

PBE+SOC). To quantify the influence of
SOC on our calculated band gaps, we simply take the numerical
difference (ΔEg) between Eg

PBE and Eg
PBE+SOC. 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
RbxCs1−xSnI3 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.29

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 SnI6 octahedral
frameworks and consequent widening of the band gaps while
reducing the SOC effects in these RbxCs1−xSnI3 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 CsSnI3 and RbSnI3.
To further explore the correlation between the A-cation

exchange and SOC effects, we calculate the electronic band
structures for both CsSnI3 and RbSnI3 with PBE and PBE
+SOC. Following previous studies,17,39,54 the orbitals of A-site
cations (Rb and Cs), the d orbital of Sn, and the s and d

Figure 3. PBE(+SOC) calculated electronic band structures and their orbital contributions for CsSnI3 and RbSnI3. The total band structure is shown
in the first column, and the orbital-projected contributions due to Sn 5s, Sn 5p, and I 5p are depicted from the second to fourth columns. Specifically,
the PBE+SOC plots for CsSnI3 and RbSnI3 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.
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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 5p, whereas the
conduction bands have a dominant Sn 5p character and some
weak contribution from I 5p.
Referring to the third column of Figure 3, following the Y-Γ-

Z and the Γ-S paths, significant band splitting in the conduction
bands due to the influence of SOC is observed. In an atomic
picture, the three empty 5p orbitals of Sn are degenerate (with
T symmetry), but in a crystal these are split (i.e., T → A + E)
by the crystal field. Finally, the symmetry of the doubly
degenerate (E) band is removed by spin−orbit coupling.55 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 SnI6 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.56 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.57

Surface Thermodynamics. To gain insight into A-cation
exchange and surface termination effects on the absolute energy
of the valence and conduction bands (EVBM and ECBM), we
investigate the surfaces of each end-member constituent,
CsSnI3 and RbSnI3, and assume Vegard’s linear relation. We
choose the (001) surface of orthorhombic CsSnI3 and RbSnI3,
which are expected to be the most stable surface energies
following other perovskite studies.58,59 We consider two
terminations: CsI and SnI2 termination for the CsSnI3(001)
surface (CsSnI3(001):CsI and CsSnI3(001):SnI2) and RbI and
SnI 2 t e rmina t ion fo r the RbSnI 3 (001) su r f a ce
(RbSnI3(001):RbI and RbSnI3(001):SnI2). 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. CsSnI3(001):CsI and RbSnI3(001):RbI
maintain the bulk-like tilted SnI6 octahedrons at the surface,
whereas CsSnI3(001):SnI2 and RbSnI3(001):SnI2 have exposed
truncated octahedrons (also see Figure S5). 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 SnI2 chemical potential (ΔμSnI2) in Figure 5a,
both CsSnI3(001):CsI and RbSnI3(001):RbI have lower surface
energies under CsI- and RbI-rich conditions, whereas
CsSnI3(001):SnI2 and RbSnI3(001):SnI2 exhibit lower surface
energies only under SnI2-rich conditions. However, the surface
energy difference between CsSnI3(001):CsI (or
Rb Sn I 3 ( 0 0 1 ) : R b I ) a n d C s S n I 3 ( 0 0 1 ) : S n I 2 ( o r

RbSnI3(001):SnI2) is considerable (>3 meV/Å2) under CsI
(or RbI)-rich conditions, whereas the difference is more subtle
(<0.5 meV/Å2) under SnI2-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.60 Therefore, our results indicate that
CsSnI3(001):CsI (or RbSnI3(001):RbI) will be dominant
under excess CsI (or RbI) during synthesis, whereas
CsSnI3(001):CsI (or RbSnI3(001):RbI) and CsSnI3(001):SnI2
(or RbSnI3(001):SnI2) will be competitive depending on the
immediate environment under excess SnI2 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.46,61 Because
both terminations, CsI (or RbI) and SnI2, 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

= ϵ − − −E E E V( )VBM VBM
KS

Sn1s
bulk

Sn1s
surf

vac (8)

= ϵ − − −E E E V( )CBM CBM
KS

Sn1s
bulk

Sn1s
surf

vac (9)

where ϵVBM
KS and ϵCBM

KS are the bulk Kohn−Sham eigenvalues,
ESn1s
bulk is the average Sn 1s levels of the Sn atoms in the bulk

phase, ESn1s
surf is that of the Sn atoms within the innermost three

layers of the surface slab model, and Vvac is the vacuum level
derived from the planar average electrostatic potential of the
surface slab models.
Following this band alignment procedure (Figure 5b), we

find that both the ionization potential and electron affinity of
Sn-based perovskites are highly dependent on their surface
termination. For CsSnI3, the band energy level difference
between the CsI and SnI2 terminations is around 1.6 eV and
covers the range previously reported by experimental measure-
ments.21,22 Here, we note that underestimation of the band gap
in our calculation when compared to experimental results

Figure 4. Side view of the atomic structures of CsSnI3(001) with (a)
CsI and (b) SnI2 terminations and RbSnI3(001) with (c) RbI and (d)
SnI2 terminations. The representation of the colored atoms here
follows that of Figure 1.
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agrees with previous studies.38−40 This would be corrected by
using more sophisticated theories of electronic excitations, such
as GW+SOC, or considering anharmonicity of these perov-
skites.40,62,63 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 CsSnI3 and RbSnI3, 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 EVBM and ECBM levels of the
RbI (CsI)-terminated surface are predicted to be lowered in a
linear fashion with increasing value of x in RbxCs1−xSnI3 (with
EVBM showing a larger decrease). On the other hand, for the
SnI2-terminated surface of the RbxCs1−xSnI3 solid solution, we
find that the EVBM is predicted to decrease marginally, whereas
the ECBM will shift to higher energies with an increasing value of
x. Furthermore, by comparing band energy levels with and
without SOC (see Table S5), it is clear that SOC lowers the
ECBM 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 HSE06-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 CsSnI3 and the Cs/Rb mixture will depend on how
the sample is grown. For instance, samples with SnI2-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

defects could further affect absolute band edge positions and
surface states.

■ 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 RbxCs1−xSnI3 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 CH3NH3/CH(NH2)2 mixture have recently been
shown to follow Vegard’s law, so a similar computational
procedure could be followed to investigate their properties.64

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.chemma-
ter.7b00260.

Detailed bulk and surface properties of the polymorphs
(CsSnI3 and RbSnI3) and their solid solutions and their
thermodynamic stabilities, surface band structures, and
band level alignment under the influence of SOC effect
and various xc functionals (PDF)

■ AUTHOR INFORMATION
Corresponding Authors
*E-mail: a.walsh@imperial.ac.uk.
*E-mail: aloysius.soon@yonsei.ac.kr.

Figure 5. (a) Calculated surface energy as a function of the change in the SnI2 chemical potential (ΔμSnI2) for all surface terminations of CsSnI3(001)
and RbSnI3(001). ΔμSnI2 for CsI-, RbI-, and SnI2-rich conditions are determined as −0.27, −0.13, and 0 eV, respectively. (b) Band energy level
alignment diagrams: EVBM and ECBM levels from experiments (for CsSnI3)

21,22 and HSE06+SOC calculated values for CsSnI3(001) and RbSnI3(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 HSE06-calculated EVBM and ECBM levels with and without consideration of the SOC effect, respectively.

Chemistry of Materials Article

DOI: 10.1021/acs.chemmater.7b00260
Chem. Mater. 2017, 29, 3181−3188

3186

http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.7b00260/suppl_file/cm7b00260_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.7b00260/suppl_file/cm7b00260_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.7b00260/suppl_file/cm7b00260_si_001.pdf
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.chemmater.7b00260
http://pubs.acs.org/doi/abs/10.1021/acs.chemmater.7b00260
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.7b00260/suppl_file/cm7b00260_si_001.pdf
mailto:a.walsh@imperial.ac.uk
mailto:aloysius.soon@yonsei.ac.kr
http://dx.doi.org/10.1021/acs.chemmater.7b00260


ORCID
Aron Walsh: 0000-0001-5460-7033
Aloysius Soon: 0000-0002-6273-9324
Author Contributions
¶Y.-K.J. and J.-H.L. contributed equally to this work.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by a Samsung Research Funding
Center of Samsung Electronics (Grant No. SRFC-MA1501-
03). The work at ICL was supported by the EPSRC (Grant
Nos. EP/K016288/1 and EP/M009580/1) and the ERC
(Grant No. 277757). Computational resources have been
provided by the KISTI Supercomputing Center (Grant No.
KSC-2016-C3-0009).

■ REFERENCES
(1) NREL, Best Research-Cell Efficiencies. http://www.nrel.gov/
ncpv/images/efficiency_chart.jpg (accessed March 16, 2017).
(2) Kojima, A.; Teshima, K.; Shirai, Y.; Miyasaka, T. Organometal
Halide Perovskites as Visible-Light Sensitizers for Photovoltaic Cells. J.
Am. Chem. Soc. 2009, 131, 6050−6051.
(3) Frost, J. M.; Butler, K. T.; Brivio, F.; Hendon, C. H.; van
Schilfgaarde, M.; Walsh, A. Atomistic Origins of High-Performance in
Hybrid Halide Perovskite Solar Cells. Nano Lett. 2014, 14, 2584−
2590.
(4) Jeong, B.; Hwang, I.; Cho, S. H.; Kim, E. H.; Cha, S.; Lee, J.;
Kang, H. S.; Cho, S. M.; Choi, H.; Park, C. Solvent-Assisted Gel
Printing for Micropatterning Thin Organic−Inorganic Hybrid Perov-
skite Films. ACS Nano 2016, 10, 9026−9035.
(5) Jeong, B.; Cho, S. M.; Cho, S. H.; Lee, J. H.; Hwang, I.; Hwang,
S. K.; Cho, J.; Lee, T.-W.; Park, C. Humidity Controlled
Crystallization of Thin CH3NH3PbI3 Films for High Performance
Perovskite Solar Cell. Phys. Status Solidi RRL 2016, 10, 381−387.
(6) Sun, Y.-Y.; Agiorgousis, M. L.; Zhang, P.; Zhang, S. Chalcogenide
Perovskites for Photovoltaics. Nano Lett. 2015, 15, 581−585.
(7) Kadro, J. M.; Pellet, N.; Giordano, F.; Ulianov, A.; Muntener, O.;
Maier, J.; Gratzel, M.; Hagfeldt, A. Proof-of-Concept for Facile
Perovskite Solar Cell Recycling. Energy Environ. Sci. 2016, 9, 3172−
3179.
(8) Green, M. A.; Ho-Baillie, A.; Snaith, H. J. The Emergence of
Perovskite Solar Cells. Nat. Photonics 2014, 8, 506−514.
(9) Sun, Y.-Y.; Shi, J.; Lian, J.; Gao, W.; Agiorgousis, M. L.; Zhang, P.;
Zhang, S. Discovering Lead-Free Perovskite Solar Materials with a
Split-Anion Approach. Nanoscale 2016, 8, 6284−6289.
(10) Kim, J.; Lee, S.-H.; Lee, J. H.; Hong, K.-H. The Role of Intrinsic
Defects in Methylammonium Lead Iodide Perovskite. J. Phys. Chem.
Lett. 2014, 5, 1312−1317.
(11) Kim, J.; Lee, S.-H.; Chung, C.-H.; Hong, K.-H. Systematic
Analysis of the Unique Band Gap Modulation of Mixed Halide
Perovskites. Phys. Chem. Chem. Phys. 2016, 18, 4423−4428.
(12) Sutton, R. J.; Eperon, G. E.; Miranda, L.; Parrott, E. S.; Kamino,
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