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Surface phase diagram of CsSnl; from first-principles calculations
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CsSnlj; is widely studied as an environmentally friendly Pb-free perovskite material for optoelectronic device
applications. To further improve material and device performance, it is important to understand the surface
structures of CsSnl;. We generate surface structures with various stoichiometries, perform density functional
theory calculations to create phase diagrams of the CsSnl; (001), (110), and (100) surfaces, and determine
the most stable surfaces under a wide range of Cs, Sn, and I chemical potentials. Under I-rich conditions,
surfaces with Cs vacancies are stable, which lead to partially occupied surface states above the valence band
maximum. Under I-poor conditions, we find the stoichiometric (100) surface to be stable under a wide region of

the phase diagram, which does not have any surface states and can contribute to long charge-carrier lifetimes.
Consequently, the I-poor (Sn-rich) conditions will be more beneficial to improve the device performance.
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I. INTRODUCTION

Lead-based halide perovskites are widely studied as a
light absorber for high-efficiency solar cells due to the large
absorption coefficients, low effective mass, and long carrier
lifetimes [1-3]. However, Pb is a toxic material, which mo-
tivates the study of Pb-free perovskites by replacing Pb with
less toxic divalent cations including Sn, Ge, and Cu [4,5].

Sn-based perovskites have been proposed as the most
promising lead-free perovskite. The all-inorganic CsSnl; with
a bandgap of 1.3 eV and a promising theoretical power
conversion efficiency (PCE) limit of 33% is a widely investi-
gated Sn-based perovskite material [6,7]. The experimentally
achieved PCE of a CsSnl3-based device, however, is well be-
low the theoretical limit [8—10]. Experimental and theoretical
studies have been devoted to revealing the origin of low PCE
of CsSnl;3. The self p-type doping and low material stability of
CsSnl; have been proposed to be the main factors that hinder
the performance of CsSnlz [10,11].

Defects on the surface and grain boundaries of perovskites
may have different defect properties compared with defects
in the bulk, which can possibly lead to deep trap levels and
become nonradiative recombination centers [12]. To under-
stand the role of surface and surface defects in the device
performance, it is important to understand the surface struc-
tures. There is a growing interest in density functional theory
(DFT) calculations of Pb-based perovskite surface properties
including surface energies of MAPbI3, CsPbl;, CsPbBrj3, and
CsPbCls [13-16], defect formation on perovskite surfaces
[17-19], and interactions between passivating agents with the
perovskite surfaces [20-23].

For Sn-based perovskites, surface properties also play an
important role in the material instability that limits the device
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performance. The instability issue is mainly related to the
oxidation of Sn>* to Sn** [24]. The degradation usually starts
from the surfaces or grain boundaries and is also sensitive to
environmental factors including humidity and oxygen [25].
Insights into the surface properties will contribute to studying
the degradation and defect formation mechanism to further
improve the stability of the perovskites. Experimentally var-
ious passivation methods have been proposed to improve the
stability and quality of CsSnl; [26]. A recent scanning tunnel-
ing microscopy (STM) study of the CsSnl3(001) surface has
reported surface reconstructions and Cs vacancy formation
[27]. Theoretically, structures and energies have been calcu-
lated for the (001) surface of orthorhombic CsSnl; [28], the
(100), (110), and (111) surfaces of cubic CsSnCl; [29], and
the (100), (110), and (111) surfaces of the cubic CsSnl; [30].
However, theoretical investigation on the surface phase dia-
gram, which is important to study surface stability at various
chemical potentials for the orthorhombic phase of CsSnl; is
still lacking. Additionally, DFT studies of the surface struc-
tures of Pb-based and Sn-based perovskites have been mainly
focused on the conventional cells, ignoring the possibility of
surface reconstructions.

In this work, we generate supercells of the (001), (110),
and (100) surfaces of orthorhombic CsSnl; and determine the
most stable surfaces under various Cs, Sn, and I chemical po-
tentials. We focus on these three surfaces as they are predicted
to be more stable than other low-index surfaces in orthorhom-
bic Pb-based perovskites by DFT calculations [16,31]. The
(001) surface has been observed experimentally by STM in
MAPDI; [32] and CsSnls [27]. X-ray diffraction measure-
ments also reveal (110) and (001) peaks in both Sn-based
and Pb-based perovskites [33—-35]. We create over 50 surface
structures of CsSnlj, ranging from Snl-rich, Csl-rich, I-rich,
Sn-rich, Cs-rich, and stoichiometric surfaces and performed
DFT calculations to investigate the atomic structures, surface
energies, and electronic properties of these surfaces. In order
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FIG. 1. Top and side view of (a) the unit cell of CsSnl; and
(b) the rotated unit cell of CsSnls. (c) The thermodynamically stable
region for CsSnl;, hatched in gray. Color code: Cs (green), Sn (gray),
and I (purple).

to determine the most stable surfaces under different Cs, Sn,
and I conditions, we calculate the surface energy using the
grand potential approach and create surface phase diagrams
to illustrate the most stable surfaces under different chemical
potentials. We find stable stoichiometric and Csl-terminated
surfaces on (001), (110), and (100) under I-poor condition and
several I-rich surfaces under high I chemical potentials. We
discuss the electronic properties of these surfaces and propose
growth conditions that result in clean surfaces with no midgap
states and benefit device performance.

II. COMPUTATIONAL METHODS

DFT calculations are performed using the Vienna Ab initio
Simulation Package (VASP) [36,37]. We used the Perdew-
Burke-Ernzerhof (PBE) functional [38] and a plane-wave
energy cutoff of 400 eV. The Brillouin zone of the orthorhom-
bic unit cell of CsSnlz is sampled using a 2x2x2 k-point
grid. The computed lattice constants of CsSnl; are a =
8.66 A, b= 8.98 A, and ¢ = 12.52 A, in reasonable agree-
ment with the experimental values a = 8.69 A, b=28.64 A,
and ¢ = 12.38 A [39].

Figure 1(a) shows the structure of the unit cell of or-
thorhombic CsSnl;. Each unit cell contains four atomic layers
along the [001] direction (two Snl, layers and two CslI lay-
ers) and two layers along the [100] direction (both mixed

Cs-Sn-I layers). The (001) slab is created by a 2x2x2.25
supercell, containing nine layers along the [001] direction.
The (100) slab is created by a 3x2x1 supercell, containing
six layers along the [100] direction. To create the slab models
for the (110) surface, a new unit cell is needed [Fig. 1(b)]:
d=c, b=a—>b, and ¢’ =a+ b. The (110) surface slab
models are created by a 1x2x2.25 supercell using the new
unit cell, containing nine layers along the [110] direction.
These slabs are at least 25 A thick. The vacuum thickness
is at least 20 A. We have performed a convergence test of
the slab and vacuum thickness: increasing the slab or vac-
uum thickness only changes the surface energy by less than
0.01 J/m?2. The inversion symmetry of the slabs allows iden-
tical surface structures on the top and bottom surfaces. We
use the equivalent k-point grid for the supercell calculations
as those adopted for the unit cell. For example, the Brillouin
zone of the (100) slab is sampled by a 1x1x2 k-point grid.
Convergence tests on k-point sampling were also adopted for
the bulk and surface systems. Changing the k mesh to 4 x4 x3
for bulk and equivalently for slabs only changes the surface
energy by less than 0.02 J/m? and does not change the surface
phase diagrams. All atoms in the slab are allowed to relax
during the structural optimization until forces are smaller than
0.01 eV/A.

To compare the stability of surfaces with different sto-
ichiometries, we created over 50 surface terminations of
CsSnls, ranging from Snl,-rich, Csl-rich, I-rich, Sn-rich,
Cs-rich, and stoichiometric surfaces. We label the surface
structures using the total number of atoms in the slab:
CsoSngl, (CsSnl3)y, and use the grand potential approach
[16,40,41] to determine the surface stabilities. The grand po-
tential (2) of the surface is defined as

1
Q= a{Elot[CsasnﬂIV (CsSnl3)g] — apecs — Bitsn

— Y1 — O 1cssnr; )- ()

Eiot[Cs,Sngl, (CsSnl3)y] is the total energy of the slab. A is
the surface area. fcs, fsn, and ju are defined as jucs = w2 +
Aics, psn = 18X + Apgy, and py = %,U«Igzas + Apr. (essnl
is defined as fessnr, = Ueisnr, T AMcssar- 1eL© (1) is the
single atom energy of the bulk Cs (Sn). u" is the energy
of the I, molecule. M'é‘;g‘nh is the energy of the bulk CsSnls.
Apicssnr, 1s 0 under thermodynamic equilibrium condition.
Apcs, Apsy, and Apg are the chemical potentials of Cs, Sn,
and I, constrained by the thermodynamic equilibrium condi-
tion of CsSnl3,

Apcs + Apsn + 3Aur = AHcssar, (2)

and against the formation of the competing secondary phases
of Snl,, Snly, Csl, and Cs,Snl:

Apgn + 2Ap1 < AHgy, (—1.84 eV),
Apsn + 4Ap; < AHsp, (—2.59 eV),
Apcs + Apr < AHeg(—3.31 eV),
2Apcs + Aptsn + 6Aur < AHcg,sni (—9.46 eV). 3)

The numbers in parentheses are the calculated formation en-
thalpy of the secondary phases. Using the ideal gas model
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[42,43], Apy is —0.34 eV at 300 K and 1 atm. The compu-
tational detail of A under ambient conditions is included in
the Supplemental Material [44] (see also Ref. [45] therein).
To avoid the formation of I, Ay is constrained to be Au; <
—0.34 eV. The thermodynamically stable region is shown in
Fig. 1(c). The upper right and lower left borders represent Snl,
and Csl-rich conditions.

The formation enthalpy of CsSnl; (AHcssnr,) is calcu-
lated to be —5.36 eV. Substituting the Apcs with Apcs =

AHcgsn, — Apsn — 3Apug in Eq. (1), the grand potential can
be defined as a function of Aus, and Apur:
1
Q= 24 Eo([CsySngl, (CsSnl3)y] — a(AHCQSnI,
— Apisn — 3Apr + p@™) — B(Apsn + 182*)
1
—y (AMI 4 2'Udgas) — 9#‘%@2213 } @)

We then calculated €2 for all the relaxed surface structures,
and used our in-house code to generate the surface phase
diagrams. In the surface phase diagrams, each shaded region
represents the surface structure with the lowest Q2 under a
certain combination of Sn and I chemical potentials. We will
mainly focus on discussing the stable surface structures near
the thermodynamically stable region of CsSnls [hatched in
gray in Fig. 1(c)].

III. RESULTS AND DISCUSSIONS

We will discuss the phase diagram and stable surfaces on
(001) (Sec. III A), (110) (Sec. III B), and (100) (Sec. III C)
under the thermodynamically stable regions of CsSnls. In
Sec. IIID, we generate a surface phase diagram of all three
terminations and discuss the electronic properties and growth
conditions.

A. (001) surface

We created surfaces with 20 different stoichiometries for
(001). For certain stoichiometries, we generated several struc-
tures to obtain the most stable configuration and in total
30 structures were calculated. The grand potentials of the
20 surfaces with different stoichiometries are plotted as a
function of Apug, in Fig. S1 in the Supplemental Material
[44]. On the (001) surface, we find three stable surfaces in
the thermodynamically stable region of CsSnls. Under I-poor
conditions (Au; < —0.65 eV), the surface prefers the stoi-
chiometric surface with (CsSnlz)3; [Fig. 2(b)] near the Snl,
border, and prefers the Csglg(CsSnlz)s, surface [Fig. 2(d)]
near the Csl border. Moving to a more Snl,-rich region,
the Snl,-terminated flat surface [Sngl;s(CsSnl3),4] is stable
in the phase diagram. We note that this surface is outside
the thermodynamically stable region of CsSnl;. The flat
Csl-terminated CsSnl3(001) surface has been observed ex-
perimentally by scanning tunneling microscopy [27], which
is consistent with our observation of the flat CsI-terminated
surface [Csglg(CsSnl3)s;] near the Csl border in the phase
diagram. We note that the DFT study on the CsPbl3(001)
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FIG. 2. (a) Surface phase diagram of the CsSnl3(001) surface
under different Sn and I chemical potentials. The atomic struc-
tures of the surfaces that overlap with the thermodynamically stable
region of CsSnl; (hatched in gray): (b) (CsSnl3)3; (Snl, termi-
nated), (c) (CsSnl3 )3, (CsI terminated), (d) Csglg(CsSnls)s,, and (e)
Cs4Ig(CsSnl3)3,. Color code is the same as Fig. 1 and surface atoms
on the top layer are highlighted.

surface also shows that the Csl-terminated surface is more
stable than the Pbl,-terminated surface [46].

The (CsSnl3 )3, surface shown in Fig. 2(b) is a stoichiomet-
ric surface with  calculated to be 1.36 eV/cell (0.07 J/m?).
This stoichiometric surface is generated by removing four
Sn and eight I atoms on both top and bottom surfaces of
the Sngl;4(CsSnl3),4 surface and is therefore terminated with
the Snl, layer. Interestingly, we also found another stoichio-
metric surface [Fig. 2(c)] with a slightly higher energy (2 =
0.08 J/m?). This surface is created by removing four Cs and
four I atoms from both the top and the bottom surfaces from
the Csglg(CsSnl3)s3;, surface, and is terminated with the CsI
layer. As these two surfaces are close in energy, we predict
that they will coexist on CsSnl3(001).

Moving to a higher I chemical potential, we find several
I-rich surfaces. Under the Sn-poor region, the surface with
Cs4Ig(CsSnls)3; [Fig. 2(e)] is stable in the thermodynamically
stable region of CsSnls. Under the Snl,-rich conditions, we
find the surfaces with Snglr(CsSnl3)y4, Snglyg(CsSnl3)a4,
and Sngl3,(CsSnl3),4 to be stable: the number of I atoms will
increase as the chemical potential of I increases. These Snl,
or I-rich surfaces do not fall into the thermodynamically stable
region of CsSnl;.

We note that it is important to use a supercell to study the
surface structures of CsSnlj, as reconstructions may occur.
On the (CsSnl3)3, surfaces [Figs. 2(b) and 2(c)], we find
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FIG. 3. (a) Surface phase diagram of the CsSnl3(110) surface
under different Sn and I chemical potentials. The atomic structures
of (b) (CSSHI3)32, (C) CSgIg(CSSHI3)32, (d) CS4Ig(CSSHI3)32, and (e)
Ig(CSSHI3)32.

the most stable surface under this stoichiometry is the 2x 1
reconstructed surface. To study the I-rich surfaces, the 2x2
supercell allows a more diverse combination of the Cs, Sn,
and I ratios, and indeed, we find the Cs4Ig(CsSnl3)3, surface
to be stable in the surface phase diagram, which is a 2x2
reconstructed surface.

B. (110) surface

Similar to the (001) surface, the (110) surface slab also
consists of the alternating Snl, and Csl layers. These two
surfaces have very similar bonding environments. We created
surfaces with 10 different stoichiometries for (110), and gen-
erated 15 structures, considering reconstructions for certain
stoichiometries. The grand potentials of the ten surfaces with
different stoichiometries are also plotted as a function of A g,
in Fig. S1 in the Supplemental Material [44]. The surface
phase diagram of (110) [Fig. 3(a)] is close to that of (001)
[Fig. 2(a)]. It is also important to use a supercell to calculate

the (110) surfaces, as we find most of the surface terminations
have the 2x 1 reconstruction. The supercell is generated by
expanding the cell size along the [110] () direction using the
rotated unit cell shown in Fig. 1(b).

Under the I-poor conditions, we find that the stoichiometric
(CsSnl3)3, surface [Fig. 3(b)] is stable near the Snl, border
and the Csglg(CsSnl3)s, flat surface [Fig. 3(d)] is stable near
the CsI border. The (CsSnl3)3; slab is generated by removing
eight Cs and eight I atoms from the slab with Csglg(CsSnl3)s3;
(removing four Cs and four I atoms from both the top and
the bottom flat surface). Compared to the (CsSnl3)s3;, surface
on (001), the (CsSnl3)3, surface on (110) is slightly lower in
energy: 1.12 eV/cell (0.06 J/m?).

We explain the lower energy on (110) by comparing the
number of Sn-I bonds and Cs-I bonds that need to be broken
to form the (CsSnl3)s3, surfaces on (001) and (100), which
is summarized in Table I. In bulk CsSnls, Cs is bonded in
an eight-coordinate geometry, and there is a spread of Cs-I
bond distances ranging from 3.95 to 4.22 A. Sn is bonded to
six I atoms to form corner-sharing Snlg octahedra with the
Sn-I distances ranging from 3.18 to 3.20 A. The number of
broken bonds on the surfaces is then counted assuming that
Cs is eightfold coordinated and Sn is sixfold coordinated. To
form the (CsSnl3)s3, surface, there are 8 Sn-I bonds and 24
Cs-1 bonds broken on (001), and 8 Sn-I bonds and 20 Cs-1
bonds broken on (110). Additionally, the (110) surface has
a slightly larger surface area, explaining the slightly lower
surface energy of (110).

Under I-rich conditions, the surface with Cs4Ig(CsSnl3)3;
[Fig. 3(d)] is stable in the thermodynamically stable region
of CsSnl;. The surfaces with Ig(CsSnl3)s, [Fig. 3(e)] and
Snyl;>(CsSnl3),g are stable under a more Sn-rich condition.
This is also consistent with the (001) surface due to the similar
surface structure and bonding environment.

C. (100) surface

The (100) surface has a very different bonding environ-
ment compared to (001) and (110): each layer is a combined
Cs-Sn-I layer. By cutting different numbers of Sn-I and Cs-I
bonds, we can also generate stoichiometric surfaces, Csl-rich,
Snl,-rich, and I-rich surfaces. We created surfaces with 10
different stoichiometries, and generated 12 structures, con-
sidering reconstructions for two stoichiometries. The grand
potentials of the ten surfaces with different stoichiometries are
plotted as a function of Ausg, in Fig. S1 in the Supplemental
Material [44]. Figure 4(a) shows that the thermodynamically
stable region of CsSnl3 is mostly located on the stoichiometric
surface (CsSnlz),4 [Fig. 4(b)], indicating the predomi-
nance of this surface. This surface has the lowest energy

TABLE I. The grand potential (€2 in eV/cell), surface area (A in A?), and the number of bonds broken on different surfaces in /cell (/A2).

Q A Sn-I Cs-1
(001)-(CsSnls )3 1.48 311.07 8 (0.026) 24 (0.077)
(001)-Csgl (CsSnls )z —12.48-4Apcs-d A 311.07 8 (0.026) 24 (0.077)
(110)-(CsSnl;s )3 1.12 312.37 8 (0.026) 20 (0.064)
(110)-Csgls(CsSnls )3 —12.60-4Apce-4 A 312.37 8 (0.026) 20 (0.064)
(100)-(CsSnl; )4 0.62 224.74 8 (0.036) 12 (0.053)
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FIG. 4. (a) Surface phase diagram of the CsSnl3(100) surface
under different Sn and I chemical potentials. The atomic structures
of the surfaces that overlap with the thermodynamically stable region
of CsSnlj (hatched in gray): (b) (CsSnl3),4, (¢) Cs4lg(CsSnl;3 )0, and
(d) Sny115(CsSnls )y.

(0.62 eV/cell = 0.04 J/mz) compared to (001) and (110).
This is an unreconstructed surface, and it is stable under a
very wide range of Sn and I chemical potentials.

We also summarize the number of bonds that need to be
broken to create the (100)-(CsSnl3),4 surface in Table I to
compare the energies of different surface terminations. To
create the stoichiometric (CsSnl3);, surfaces on (110), we
need to break 8 Sn-I bonds and 20 Cs-I bonds in each su-
percell, corresponding to 0.026 Sn-I bonds/A2 and 0.064 Cs-I
bonds/AZ. To generate the (CsSnlj;),4 surface on (100), there
are more Sn-I (0.036/A2) and fewer Cs-I (0.053/A2) bonds
to break. We also note that the energies of the unrelaxed
(110)-(CsSnl3)3, and (100)-(CsSnl3),4 surfaces are similar.
The lower energy on the (100) (CsSnl3 ),4 surface can thus be
explained by the relaxation effect.

Moving to more Csl-rich conditions, we also find the CsI-
rich surface [Csglg(CsSnls)y0] in the phase diagram. Different
from the (001) and (110) terminations, this CsI-rich surface is
not stable in the thermodynamically stable region of CsSnl;.
Under more I-rich conditions, there are two I-rich surfaces that
overlap with the thermodynamically stable region of CsSnls:
CS4Ig(CSSnI3 )20 [Flg 4(0)] and Snzllz(CSSnlg, )20 [Flg 4(d)]
However, we note that they are only stable in a very narrow
region of the thermodynamically stable region of CsSnl;.
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FIG. 5. (a) Surface phase diagram of the CsSnl; (001), (110),
and (100) under different Sn and I chemical potentials. The density
of states and partial charge densities of VBM, CBM, or surface states
of the (b) (100)-(CsSnl;3 )»4, (c) (110)-Csglg(CsSnl3 )3, and (d) (110)-
Cs4lg(CsSnl3);, surfaces.

D. Surface phase diagram of (001), (110), and (100)
and electronic properties

To compare the stabilities of all three surfaces under dif-
ferent chemical potentials, we generate the surface phase
diagram including all stable surfaces in Figs. 2(a), 3(a), and
4(a). The phase diagram shown in Fig. 5(a) indicates that the
(100) surface is the most stable surface under a wide range of
Sn and I chemical potentials in the thermodynamically stable
region of CsSnls. The (110)-Csglg(CsSnl;3 )3, surface is stable
in narrower regions close to the CsI border. Moving to more
I-rich conditions, the (110)-Cs4Ig(CsSnl3)3, surface becomes
more stable.

To study the effect of chemical potential and surface ter-
minations on the electronic structure of the CsSnls surfaces,
we show the projected density of states (PDOS) of the (100)-
(CsSnl3)y4 [Fig. 5(b)], (110)-Csglg(CsSnl3)s, [Fig. 5(c)], and
(110)-Cs4lg(CsSnl3 )3, surfaces [Fig. 5(d)]. The red and blue
curves are the projected density of states of the I and Sn
atoms. Consistent with previous DFT studies, the valence
band consists mainly of the I p states while the conduction
band is mainly contributed by Sn p states [47].
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Figure 5(b) shows that the stoichiometric (100)-(CsSnl3 )24
surface has no localized surface states in the bandgap. We also
plot the charge distribution of the states at the valence band
maximum (VBM) and conduction band minimum (CBM),
which show that both states are all delocalized bulk states. On
the (110)-Csglg(CsSnl3)3; surface, we find four surface states
below the CBM, which are localized on the Sn atoms in the
subsurface. These surface states are 0.09 eV lower than the
CBM, and will cause a slight shrink of the bandgap.

The spin-orbit coupling (SOC) effects on the PDOS and
the partial charge densities are also examined, as shown in
Fig. S2 in the Supplemental Material [44]. The calculated
bandgap of bulk CsSnlj is 0.88 eV using the PBE functional
and 0.57 eV when SOC is included, which underestimates
the experimental bandgap (1.3 eV) [6]. The smaller bandgap
including SOC is due to the Sn-p character of the conduction
bands, which is consistent with previous DFT calculations
[48]. We find a similar SOC effect on the bandgap of the
slabs: the calculated bandgap using the PBE functional is
1.19 eV for the (100)-(CsSnl3),4 surface and 1.0 eV for
the (110)-Csglg(CsSnl3)3, surface. The bandgaps are smaller
when SOC is included: 0.97 eV for (100)-(CsSnl3),4 and
0.75 eV for (110)-Csglg(CsSnl3)s3,. We also note that due
to the quantum confinement effect, the bandgap of a slab is
slightly larger than bulk CsSnl; [49]. The partial charge den-
sities of the VBM, CBM, and surface states using PBE + SOC
(Fig. S2 in the Supplemental Material [44]) are consistent with
the PBE calculations.

Under I-rich conditions, the (110)-Cs4Ig(CsSnl3 )3, surface
becomes stable, which has partially occupied states above
VBM. The partial charge density of the surface states above
VBM shows that these surface states are localized on the
surface and subsurface I atoms. This is consistent with pre-
vious DFT calculations on the surfaces with Cs vacancies
that shows a shrink of the bandgap [27]. The SOC effect on
the PDOS and the partial charge densities is also examined for
the (110)-Cs4Ig(CsSnls)3, surface, as shown in Fig. S2 in the
Supplemental Material [44]. The conduction band is slightly
lower than the DOS calculated by PBE due to the SOC effect
and the partial charge densities of the CBM, and surface states
using PBE 4 SOC are consistent with the PBE calculations.
We also note that these surface states may affect the hole
capture process in nonradiative recombinations caused by the
defects near or at the surface, and affect the charge-carrier
lifetimes. From the phase diagram and the electronic struc-
ture analysis, we conclude that synthesizing the CsSnl; under
I-poor (Sn-rich) conditions is beneficial to achieve a clean
surface with fewer or no surface states, which contribute to
long charge-carrier lifetimes. We note that SnCl, or SnF; has
been used as additives to CsSnls-based photovoltaics, which
can provide a more Sn-rich environment, and these additives
have been experimentally proven to improve device stability
and efficiency [50].

There is experimental evidence that the (001) surfaces of
the orthorhombic MAPDI; are terminated by the MAI layer
[32]. A recent STM study has also reported that the (001)
surface of orthorhombic CsSnl; is terminated by the Csl
layer [27]. What is unique about the CsSnl; is that ordered
Cs vacancies are observed on the (001) surface, leading to
a double-chain or tetramer phase [27]. These experimental
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FIG. 6. The simulated STM image of (a) Csglg(CsSnls)s,,
(b) Cs4l3(CsSnls )3y, (c) Is(CsSnl3)3,, and (d) Ig(CsSnl3)s3; (ﬁxﬁ
reconstructed).

observations are consistent with our phase diagram of the
(001) surface where the Csglg(CsSnl;3 )3, and Cs4Ig(CsSnls)s3,
surfaces are stable under the thermodynamically stable region
of CsSnl;. We note that the surfaces with Cs vacancies are
charge neutral surfaces.

To understand how Cs vacancies affect the STM images,
we simulated several (001) surfaces with different Cs vacancy
concentrations. Figure 6 shows the side and top views of the
structures and the simulated STM images. The STM images
are obtained by integrating the density of states from —1.5 to
0 eV (Fermi level) using the constant current mode from the
post-processing VASPKIT package [51]. As the states near
VBM are mainly contributed by the I p states, the simulated
STM image of the Csglg(CsSnl3)3, [Fig. 6(a)] surface shows
bright iodine atoms forming a zigzag pattern while the cesium
atoms are invisible, which agrees well with the previous ex-
perimental and simulated STM results [27].

Figures 6(b) and 6(c) show how Cs vacancies affect the
STM images. The Cs4Ig(CsSnls)s, surface [Fig. 6(b)] is
created by removing four Cs atoms from the flat surface
Csglg(CsSnls)3; (two Cs atoms are removed from the top
layer and two Cs atoms are removed from the bottom layer).
Protrusions of the I atoms near the Cs vacancies are observed
while the I atoms that are bonded to Cs atoms are darker
in signal. When four Cs atoms are removed from the sur-
face with Cs4Ig(CsSnl3)s;, the surface termination becomes
Ig(CsSnl3)3,. The STM image of the Ig(CsSnls)3, [Fig. 6(c)]
shows that the distance between the two I columns that are
close to the Cs vacancies is longer than the two columns
with Cs-I bonds. In contrast to the zigzag pattern from the
Csl-terminated surface, the surfaces with Cs vacancies lead to
the tetrameric phase due to the change of the I-I distances. We
also simulated the STM image of the I4(CsSnl3)¢ surface,
which is a ﬁ x+/2 reconstructed surface with equivalent
stoichiometry as Ig(CsSnlz)3;. The two columns of the Cs
vacancies result in a change of the I-I bond length change,
resulting in the double-chain pattern shown in Fig. 6(d),
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which is consistent with the experimentally observed pattern
on the CsSnl3(001) surface [27]. These two surface struc-
tures are close in energy: at Auy = 0, Q is —0.04 J/m? for
I3(CsSnl3)3, and —0.03 J/m? for the +/2x+/2 reconstructed
14(CsSnl3)6 surface. We predict that these two surfaces can
coexist on CsSnl3(001).

IV. CONCLUSIONS

In conclusion, we perform DFT calculations to investigate
the structure and energetics of the (001), (110), and (100)
surfaces of orthorhombic CsSnls. The CsSnl3(001) and (110)
surfaces have similar bonding environments and surface re-
constructions: under I-poor conditions, the unreconstructed
Csl-terminated surface and the 2x 1 reconstructed stoichio-
metric surface are stable; under I-rich conditions, the surface
prefers an I-rich surface with Cs4Ig(CsSnl3 )3, termination. On
the CsSnl3(100) surface, we find the unreconstructed stoichio-
metric surface to be the most stable under a wide range of 1
chemical potentials, and two I-rich surfaces are found under
higher I chemical potentials.

From the surface phase diagram of all surfaces, we pre-
dict that the stoichiometric (100) surface will be most likely
exposed from the bulk-growth methods under I-poor condi-
tions due to the low formation energy, which is illustrated by
its high coverage of the thermodynamically stable region of

CsSnl;. I-poor conditions will result in Cs vacancy forma-
tion, leading to I-rich surfaces that will change the electronic
properties of the surface. The I-rich surfaces result in partially
occupied surface states above VBM and will affect charge-
carrier transport properties. The stoichiometric surfaces of
(001), (110), and (100) surfaces are stable under I-poor condi-
tions and do not have surface states in the bandgap while the
Csl-terminated (001) and (110) surfaces only have a few sur-
face states below CBM. We conclude that the I-poor (Sn-rich)
conditions are beneficial to achieve a clean surface with fewer
or no surface states, which contribute to improved charge-
carrier transport properties.
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