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Ab initio investigation of hybrid organic-inorganic perovskites based on tin halides
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The structural and electronic properties of both inorganic and hybrid organic-inorganic perovskites based on
tin halides are investigated from the first principles. In particular, we contrast the inorganic CsSnCly and
CsSnl; to their hybrid counterparts (CH;NH3)SnCl;, (CH3NH;3)Snl;, and (NH,CH=NH,)Snl;, which were
obtained by substituting the inorganic Cs cation with the methylammonium CH3;NH; and the formamidinium
NH,CH=NH, cations. The comparison between the hybrid perovskites and the inorganic counterparts sheds
light on the effects of the filling molecule on the structural and electronic properties of the compound. We show
that the stability against the distortion of the perovskitic cage strongly depends on the embedded cation. The
electronic properties (in particular, the band gap) can be tuned by a suitable choice of the organic molecule,

and, in particular, of its size.
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I. INTRODUCTION

Hybrid organic-inorganic compounds are an emerging
class of new materials that hold significant promise.'~* These
complex structures, based on a molecular scale composite of
organic and inorganic components, allow the combination of
properties of organic and inorganic elements in a unique ma-
terial. Inorganic compounds, typically characterized by cova-
lent and ionic interactions, provide a wide range of electronic
properties: high electrical mobility, wide range of band gaps
(e.g., designing insulators, semiconductors, and metals), in-
teresting magnetic and dielectric properties, thermal stability,
and mechanical hardness. Organic compounds, which typi-
cally interact through weaker interactions (van der Waals or
hydrogen bonding), offer the potential of high luminescence
efficiency, large polarizability, plastic mechanical properties,
and in some case exhibit conducting properties. Hybrid
organic-inorganic compounds are considered innovative ad-
vanced materials. Promising applications are expected in
many fields including optics, electronics, mechanics, protec-
tive coatings, catalysis, sensors, biology, and others.!~!® The
tuning of the electronic structure of hybrid materials at nano-
scale can lead to unique electronic and optical properties that
are typical neither of the organic nor of the inorganic com-
ponent alone. This is the case of layered organic-inorganic
heterostructures such as multiple quantum wells'® (MQW),
exhibiting a spatially modulated electronic structure. In par-
ticular, hybrid organic-inorganic multilayers realizing
staggered'®! (or type II) MQW structures are of growing
interest for their potential practical applications in electronic
devices such as light-emitting diodes and photovoltaics.!~'3
The main working principle can be described as follows.
Typically, electrons and holes are photogenerated in the or-
ganic layers, which absorb light in the visible region. The
inorganic layers are selected to have high electron mobility,
larger band gap, and larger electron affinity (compared to the
organic layers). Electrons and holes are, thus, separated out
at the organic-inorganic interface: the electrons transfer to
the inorganic conduction band due to the larger electron af-
finity and the high electron mobility reduces the recombina-
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tion probability, producing high photoconductivity gain.'?
Hybrid perovskite compounds based on metal halides* are
a particular class of organic-inorganic materials. The basic
building component of the organic-inorganic perovskites is
the ABXj; perovskite structure. This simple structure consists
of a network of corner-sharing BXy octahedra, where the B
atom is a metal cation (typically Sn*>* or Pb**) and X is a
monovalent anion (typically CI~, Br~, or I"); the A cation is
selected to neutralize the total charge and it can even be a
molecule. In this case, the organic cation must fit into a rigid
and relatively small cuboctahedral hole formed by the 12
nearest X atoms; thus, limiting the dimension of the selected
molecule. In fact, a tolerance factor ¢ can be defined from the
relation (RA+RX)=t\s“§(RB +Ry), where R,, Rp, and Ry are
the ionic radii of the corresponding elements: by changing
Ry, the tolerance factor ¢ can be varied but only in a restrict
range of values around the unity (=1 corresponds to a per-
fectly packed perovskite structure) to have a stable, even
distorted, three-dimensional perovskite structure.’® Perov-
skite based hybrids can be synthesized with simple and
cheep techniques thanks to their self-assembling character.?’
The desired structural and electronic properties?' can be en-
gineered through a suitable choice of both the inorganic cage
(that is, the B and X elements forming the BX, octahedra)
and the cation. Moreover, the organic-inorganic superlattices
are easily obtained by altering the combination of the organic
and inorganic components in the starting solution from
which the hybrids are crystallized. Therefore, the dimension-
ality can be used as a further degree of freedom for
tuning the material properties. Inorganic layers [two-
dimensional (2D) systems] or multilayers, as well as inor-
ganic chains [one dimensional (1D)] and dots [zero
dimensional] embedded in an organic matrix, have
been fabricated.®?>23 For example, Mitzi et al. have demon-
strated that layered perovskites with wunit formula
[NH,C(I)=NH,],(CH;3;NHj3),,Sn,,I5,,,2 can be synthesized to
realize 1D (m=1), 2D (m=2), or multilayer (m>2) inor-
ganic structures, which have different conductivities.®?* For
all these and other reasons, metal (in particular, lead and tin)
halide hybrid perovskites have been extensively studied in
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the last 20 years.?!*-34 In this framework, ab initio investi-

gations are used to shed light on the links between the struc-
ture, chemical composition, and properties, offering the pos-
sibility of designing new functional structures with the
desired characteristics.

Our attention has been focused on ASnXj perovskites.
For such compounds, distorted tin environments are typically
detected in the low-temperature phase due to the presence of
stereochemically active electron lone pair on tin.>> The dis-
tortion of the octahedra is found to be significantly reduced
upon decreasing the electronegativity of the X ligand halo-
gen. These general structural observations are rationalized,
within the LCAO model, by the simple concept of “orbital
energy matching” between the appropriate halogen group or-
bital and the tin bonding orbital: the latter rises from a suit-
able combination of 55 and S5p tin orbitals as to match the
energy of the halogen np orbital. Depending on the halogen,
a different mixture of 5s and 5p orbitals occurs, resulting in
a different bond directionality or, equivalently, a distortion of
the SnX, octahedra.® Moreover, many ASnX; compounds
have an undistorted perovskite structure in the high-
temperature phase. The structural phase transition may in-
duce significant changes on the electronic properties. Finally,
the structural and electronic properties may strongly depend
on the choice of the cation.?'*?

In this paper, the first-principles calculations of ASnXj
crystals with A=[Cs,CH;NH;(MA),NH,CH=NH,(FO)]
and X=[CI,I] are presented: the structural and electronic
properties of these compounds are analyzed and related to
the particular choice of both the X halogen and the A cation
embedded in the corner-sharing BXg octahedra network. Dif-
ferent structural phases are considered, and the variation of
the optical and electronic properties induced by the transition
from high-to low-temperature phases is elucidated. More-
over, an explicit comparison between the hybrid organic-
inorganic and the inorganic perovskites is made by replacing
the inorganic Cs cation with the methylammonium (MA) and
formamidinium (FO) organic molecules. The size of the em-
bedded organic cation is reflected on the volume of the cubic
inorganic cage that, as it will be shown, can in turn be used
for engineering the energy gap.

The paper is organized as follows. In Sec. II, we summa-
rize the technical details of the calculations. The results con-
cerning the structural and electronic properties of both inor-
ganic and hybrid organic-inorganic compounds are discussed
and compared with the experimental measurements in Sec.
III. Finally, in Sec. IV, some conclusions are drawn.

II. METHOD

We have performed ab initio calculations in the frame-
work of density functional theory, as implemented in the
Quantum-ESPRESSO package,’® based on a plane-wave basis
set for the expansion of the single-particle Kohn—Sham wave
functions and pseudopotentials to describe the computation-
ally expensive electron—ion interaction. Vanderbilt-type ul-
trasoft pseudopotentials®’ have been used to represent all at-
oms except for Todine (I) and Cesium (Cs), for which a
Troullier—Martin®® norm-conserving pseudopotential has
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FIG. 1. (Color online) The basic ABXj perovskite structure. The
BX¢ corner-sharing octahedra are evidenced.

been selected. The generalized gradient approximation was
employed for the evaluation of the exchange-correlation en-
ergy. The electronic wave functions have been expanded us-
ing plane waves corresponding to energies up to 30 Ry while
a 180 Ry cutoff energy has been used to represent the total
charge density. A 4 X 4 X 4 Monkhorst—Pack grid®® has been
chosen for sampling the Brillouin zone. For all the consid-
ered structures, the theoretical optimal lattice parameters
have been estimated. The x-ray diffraction data (where avail-
able) were used as a starting point for the optimization of the
crystal structures. The full relaxation of the atomic positions
within the unit cell is allowed following the Broyden—
Fletcher—Goldfarb—Shanno algorithm. We carefully checked
the convergence of the calculated properties with respect to
the calculation parameters.

III. RESULTS AND DISCUSSIONS

ASnXj crystals exhibit a cubic perovskite structure in the
highest temperature phase. Figure 1 shows the basic unit,
which consists of corner-linked octahedra of the X anions,
with the B cation at their center, and the A cation between
them. As observed for most of the inorganic perovskitic
structures,® ASnX; exhibits, as a function of the tempera-
ture, phase transitions characterized by (i) the deformation
(typically referred to as distortion) of the octahedra, (ii) the
displacement of the inorganic A cation, (iii) the tilting of the
corner-sharing octahedra network, or (iv) all of them.

In the following, we will refer to a distorted (or deformed)
network in the presence of deviations from the regularity of
the octahedra. In contrast, we will refer to a tilted network in
the presence of relative displacements (rotations) of the oc-
tahedra with respect to the ideal perovskite structure. The
tilting can be quantified in the case of an almost regular (not
deformed) octahedra network through the bridging angles
B-X-B. A schematic view is given in Fig. 2 in the case of an
orthorhombic ABXj structure where two tilting angles can
be defined: O, in the ab plane and O, along the ¢ axis.

For CsSnXj; inorganic perovskites, the changes of the
electronic properties (i.e., electronic conductivity and optical
absorption), resulting from phase transitions, are mainly de-
scribed by structural variations (deformation and tilting) of
the octahedra and dramatically depend on the choice of the X
halogen, as evidenced by the two limiting cases X=CI and
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FIG. 2. Tilting angles for an ABXj structure. The (untilted)
cubic configuration (left) is compared to the (tilted) orthorhombic
one (right) in (a) the ab plane and (b) along the ¢ axis. The octa-
hedra are represented by squares with B atom (black circle) at the
center. The X atom at the square corner (gray circle) is evidenced to
visualize the bridging angle.
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X =I. The replacement of the inorganic cation with a suitable
organic molecule produces tunable changes of the structural
and electronic properties with respect to the corresponding
inorganic compound. To shed light on this point, we first
analyze the CsSnX; compounds (with X=1I and Cl) and then
their hybrid counterparts.

A. Electronic properties of CsSnl;

Upon lowering the temperature, the CsSnl; compound un-
T=426 K

dergoes two phase transitions:®! cubic I) —  tetragonal
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FIG. 3. (Color online) A perspective of CsSnl; in the tetragonal
phase (II). The tilting of the octahedra is in the ab plane (left panel),
whereas no tilt occurs along the ¢ axis (right panel). The unit cell is
sketched for clarity.

T=351 K
(I)  —  orthorhombic (Il). Ab initio structural param-
eters of the fully relaxed system are reported in Table I. The
theoretical results are in good agreement with the structural
experimental data reported by Yamada®' et al. The cubic
phase of CsSnl; (or phase I) is characterized by a perfect
perovskitic structure (Fig. 1) with regular Snly octahedra
aligned along the three directions of the cubic lattice. The
transition to the tetragonal phase (or phase II) is accompa-
nied by a tilt of the octahedra in the ab plane (Fig. 3), the
unit cell volume is nearly doubled (in particular, the a lattice
parameter is about \2 times the value of the lattice constant
of cubic phase) and two CsSnl; units form the basis inside
the unit cell. The six I halogens at the corners of the octahe-
dra are at nearly the same distance from the Sn atom (with a
mean value of 3.136 A and a maximum difference of
0.01 A between each other). No deformation of the octahe-
dra occurs (the internal angles of each octahedron are exactly
90°).

The regularity of octahedra allows the establishment of
tilting angles by looking at the iodine bridging angles Sn-

TABLE 1. Calculated energy gap E, (in eV) and crystallographic parameters a, b, and ¢ (in A), and a, B,
and vy (in degrees) for the ABXj; perovskites investigated in this work. N is the number of structural units in
the unit cell. The experimental results, where available, are reported in parentheses. A maximum deviation of
3% is found between the computed and measured a parameter of CsSnCl; (II).

ASnXj a b c a B b% N E,

CsSnl; (I) 6.231 - - - - 1 0.348
(6.219)

CsSnl; (IT) 8.772 - 6.261 - - - 2 0.481
(8.772) (6.261)

CsSnl; (III) 8.738 12.528 8.73 - - - 4 0.561
(8.688) (12.378) (8.643)

CsSnCl; (I) 5.601 - - - - - 1 0.950
(5.604)

CsSnCl; (II) 16.672 7.735 5.768 - 92.8 - 4 2.845
(16.10) (7.425) (5.748) (93.2)

MASnCl; (IV) 5.888 8.381 8.013 90.2 96.1 89.9 2 1.957
(5.726) (8.277) (7.910) (90.4) (93.08) (90.15)

MASnI; (I) 6.286 - - - - - 1 0.468
(6.242)

FOSnl; (I) 6.396 - - - - - 1 0.698
(6.316)
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FIG. 4. (Color online) A perspective of CsSnl; in the ortho-
rhombic phase (IIT). In the left (right) panel, it is shown that the
tilting of the octahedra in the ab (ac) plane. The unit cell is
sketched for clarity.

I-Sn in the ab plane (0 ,,) and parallel to the ¢ axis (0,). Flat
angles correspond to perfectly aligned Sn-I-Sn chains, as in
the case of perfect cubic perovskites (see Fig. 1).

As shown in Fig. 3, in the tetragonal phase, no tilt occurs
along the ¢ axis (0®,=180°), whereas the octahedra network
is tilted in the ab plane (®,,=162°), corresponding to the
mutual rotation around the ¢ axis of adjacent Snlg octahedra
by 9° in opposite directions.

In Fig. 4, the orthorhombic phase (or phase IIT) is shown:
the unit cell increases further two times along the ¢ axis, thus
containing four CsSnl; units. The Sn-I distances in the octa-
hedron are almost of the same length (with a mean value of
3.146 A and a maximum difference of 0.03 A between each
other), whereas the internal angles now differ at most of 0.5°
from 90°, thus leading us to also consider the orthorhombic
phase as constituted by a regular octahedra network. This
means that, also in this case, we can relate the tilting of the
octahedra to the Sn-I-Sn bridging angles. ®,, is almost the
same as for the tetragonal phase while a tilt appears along the
¢ axis (0,=173°). It is interesting to note that the two phase
transitions do not significantly affect the octahedron internal

E (eV)
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structure [the mean value of Sn-1 lengths varies from 3.115
(phase T) to 3.146 A (phase III)]. On the other hand, they
result in a progressive increase in the tilting of the octahedra
network.

The electronic band structure, the density of states (DOS),
and the projected density of states (PDOS) of CsSnl; are
shown in Fig. 5. The left panel is associated with the ortho-
rhombic phase or phase III, the central panel to the phase II,
and the right one to the phase I. The calculated band struc-
ture and the total DOS for each phase (the gray shadows on
the left) is reported in Fig. 5(a). The zero energy is arbitrarily
set to the valence band maximum (VBM). N is the number of
CsSnl; units inside the unit cell. The DOS and the PDOS
(see Fig. 5) are opportunely scaled by N to make a clear
comparison among different phases.

The projection is done onto the atomic orbitals of each
atom.

In Fig. 5(b), the contribution of Sn s and p orbitals to the
total DOS is shown along with the total contribution of I
atoms and Cs cation. Similarly, in Fig. 5(c), the contribution
of the I s, p, and d orbitals to the DOS is represented along
with the total contribution of Sn and Cs. From the band
structure calculation, a direct band gap is found for all the
phases of CsSnl; (at R, Z, and I" points of the Brillouin zone
for phases I, II, and III, respectively). A gradual increase in
the band gap (see Table I) is observed by following the series
of phase transitions in the order [ —II—III, that is, upon
increasing the tilting of the octahedra network. Moreover, the
direct band gap is in correspondence of a sharp maximum in
the electronic valence band while a rapid lowering of the
DOS approaching the VBM value is found. An overall simi-
larity between the PDOS of all the phases is found: the va-
lence band is mostly dominated by I p orbital contributions;
whereas in the near band-gap energy region, the conduction

(1/eV)

z DOS

FIG. 5. (Color online) Calculated electronic
properties of the different phases of CsSnls: (a)
band structure (Ref. 62) and total DOS; (b)
PDOS on Sn (all orbitals), and I s, p, and d or-
bitals; (c) PDOS on Cs (all orbitals), I (all orbit-
als), and Sn s and p orbitals. The VBM is arbi-

E (eV)

-20

trarily set to zero. In (a), the filled (empty) bands
are indicated with black (brown) lines.

T
Nx 10 0

DOS (1/eV)

CsSnl; (III) CsSnl, (I)

CsSnl, (I)
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FIG. 6. (Color online) A perspective of the monoclinic phase (II)
of CsSnCl; in the ab plane (left panel) and in the ac plane (right
panel). The unit cell is evidenced for clarity.

&

band is essentially dominated by Sn p orbitals with a slight
contribution of I p orbitals. Moreover, a slight superposition
of Sn (s and p) with I (p) PDOS is found below the VBM
(between —5 and 0 eV), thus suggesting a partial hybridiza-
tion of the Sn-I bond. Sn p states mostly contribute to bands
above the VBM, supporting the ionic character of the com-
pound.

B. Electronic properties of CsSnCly

Upon lowering the temperature, the CsSnCl; compound
=359 K
undergoes just one phase transition:*?> cubic (I) —  mono-

clinic (IT). A good agreement between the computed and the
measured®® structural parameters is found for both phases, as
shown in Table I. In the cubic phase, the CsSnCl; compound
exhibits a perfect perovskitic structure (Fig. 1) with a regular
untilted octahedra network. The transition to the monoclinic
phase is characterized by a dramatic change of the structural
properties of the compound, as clearly shown in Fig. 6. The
octahedra are strongly deformed: the Sn-Cl distances in the
SnClg octahedron are in agreement with the results reported

PHYSICAL REVIEW B 77, 235214 (2008)

the octahedron is constituted by SnCl; anions, which form a
trigonal pyramid (Sn-CI bonds: 2.54, 2.57, and 2.62 A) hav-
ing three long interanionic interactions (Sn-Cl distances:
3.15, 3.49, and 4.07 A).

Moreover, a transition from a corner-sharing octahedra
network (Fig. 1) to an edge-sharing octahedra chain network
is observed (Fig. 6). The octahedra chains, parallel to the ¢
axis, are separated from each other by Cs cations along the a
and b axes. As a consequence of the breaking of the corner-
sharing octahedra network, the Cs cation is no longer embed-
ded in a pseudocubic cage with Sn atoms at the vertex (Fig.
6).

The electronic band structure and the DOS of CsSnCl; are
shown in Fig. 7 (left and central panels) following the same
scheme as Fig. 5. At variance with CsSnls, the phase transi-
tion dramatically changes the electronic properties of the
compound. A much wider band gap (at D point) shows up
(Table I), the sharp maximum in the valence band disap-
pears, and a different behavior of the DOS approaching to
the VBM is found. Moreover, the bands are almost exclu-
sively dispersed along the z direction of the Brillouin zone
(C—Y, B—D, E—Y, and I'—Z segments in the path of
Fig. 7). The bands are indeed nearly flat elsewhere. This
effect is due to the breaking of the corner-sharing 3D octa-
hedra network with the formation of almost isolated edge-
sharing octahedra chains. As a consequence, the bands are
dispersed mainly along the chain direction. In analogy with
the cubic phase, the valence band is dominated by Cl p or-
bitals; whereas, in the near band-gap energy region, the con-
duction band is dominated by the Sn p orbitals with a minor
admixture from the Cl p states.

C. CH3NH;3SnCl; in the low-temperature phase

Upon decreasing the temperature, the CH3NH;SnCl;

by Yamada ef al.*> According to their findings, in this phase ~ compound  undergoes  three  phase transitions:*2
E (eV)
- 5 5 -0 -5 0 5 215 -10 0
Nx4 a I:l (C)
~ Sn(p) Il
L Sn(s)
8 ﬁ M [\ \ j FIG. 7. (Color online) Calculated electronic
/09 properties of CsSnCl; (phases I and II) and of
Nx 124 N Cl(p)- | F (b) MASNCI; (phase IV): (a) band structure (Ref. 62)
{ CI6) | f“‘ and total DOS ; (b) PDOS on Sn (all orbitals),
| i | and Cls and p orbitals; (c) PDOS on all A (A
1 | | 0 =Cs,MA) orbitals, all Cl, and all Sn s and p or-
0 . | ‘ ‘ bitals. The VBM is arbitrarily set to zero. In (a),
I' R XM I X CYTBDEA I'Z ' Y Q z T X the filled (empty) bands are indicated with black
. | o (a) (brown) lines. The total DOS of MASnCl; (on
~ <{ % 0 the left of the band structure) is decomposed into
@ ] (T[T 1} X organic  (white) and inorganic  (brown)
K104 hos 104 B9 -10 = contributions.
—Tr
MA
204 | ol 20 O
Nx10 0
DOS (1/eV)
CsSnCl, (1) CsSnCl, (IT) MASnCI, (IV)
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FIG. 8. (Color online) A perspective on the bc plane of
CH;3NH;SnCl; in the triclinic phase. The unit cell is evidenced for
clarity.

T=331 K
—  monoclinic (III)

T=463 K
cubic I) —
7=307 K

—  triclinic (IV). In the high-temperature phases (I and
1), (mostly) regular perovskitic cages embed the MA
CH3NH] cations, which are believed to be dynamically
disordered*? (random orientation). The dynamical disorder
disappears on cooling: in the low-temperature phases (III and
IV), an ordered orientation of the MA cations shows up. It
can be described in terms of potential wells (for the NHj
polar head) that originate from the distortions of the SnClg
octahedra.

We focus on the triclinic phase and compare the structural
and electronic properties of the low-temperature phase of
MASNCI; to those of its inorganic counterpart (see Sec.
III B). The ab initio structural parameters of the fully relaxed
system are reported in Table I, showing a fair agreement with
the experimental data.*’ A perspective of the phase IV of
MASNCl; is shown in Fig. 8 to be contrasted to Fig. 6 (low-
temperature phase of the inorganic counterpart CsSnCl,).
Much less pronounced deformations of the octahedra are
found in this case. The presence of methylammonium (in
contrast to Cs) allows the inorganic cage to preserve a
corner-sharing octahedra network structure in the low-
temperature phase. The octahedra are not regular: the SnCl;
anions form a trigonal pyramid (Sn-Cl bonds: 2.57, 2.65, and
2.7 A) having three long interanionic interactions (Sn-Cl
distances: 3.14, 3.22, and 3.37 A), in analogy with the
CSSHC13.

The band structure of the triclinic MASnCly is repre-
sented in Fig. 7. The direct band gap is at the X point, in
correspondence to a fairly sharp maximum of the valence
band. Interestingly, the band gap is lower than that of the
inorganic counterpart in the low-temperature phase. The
PDOS reveals that the organic cation only contributes to the
flat bands, whereas no cation contribution to the dispersed
bands of the near band-gap region comes out. Because no
hybridization occurs between the orbitals for the organic and
inorganic components, the preservation of the corner-sharing
octahedra network structure in the low-temperature phase
can be attributed to the steric interaction between the inor-
ganic cage and the organic cation due to the large size of the
latter.

rhombohedral (IT)

PHYSICAL REVIEW B 77, 235214 (2008)
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N ¢c

FIG. 9. (Color online) A perspective of CH3NH;3Snl; in the
cubic phase. The unit cell is sketched for clarity.

D. Electronic properties of ASnl; with A=(CH3;NH;3;,NH,CH
=NH,)

In analogy with the inorganic CsSnl;, the hybrid ASnl
(A=MA,FO) adopts a cubic perovskite structure in the high-
est temperature phase (room temperature*'). Mitzi and
Liang*' measured the room temperature x-ray powder pat-
terns demonstrating the isostructural relationship between
the two compounds and the increase in the cubic lattice pa-
rameter when the smaller MA cation is replaced by the FO
cation.

Some points should be highlighted here: (i)in the cubic
perovskite structure, the tilting of the corner-sharing octahe-
dra network is forbidden by the symmetry of the crystal®*
(whose space group is Pm3m); (ii) in this phase, the substi-
tution of the inorganic Cs (spherical ion) with the organic
MA and FO produces only a very slight deformation of the
octahedra,” accompanied by a dynamical disorder of the
molecules, as inferred from the absence of x-ray diffraction
patterns of the organic cations.?>27-30.33,34.39.42,44.46

It should be remarked that, in our calculations, the mol-
ecule is fixed at the minimum energy configuration. Under
this constrain (fixed orientation), it is expected that the com-
puted ASnl; cubic perovskitic structures would present, at
most, a higher deformation of the octahedra with respect to
the real crystal (which is characterized by an isotropic orien-
tation of the organic cations). On the other hand, our results
on CsSnX; (X=Cl,I) indicate that the iodine assures the
formation of almost regular Snl; octahedra (the different
phase transitions of CsSnls, in contrast to Cl, produce only
the tilting of the octahedra network with negligible deforma-
tion effects). This observation suggests that, even if the mol-
ecule is fixed, the calculated crystal structure of ASnl; in the
cubic phase would exhibit a mostly regular perovskitic struc-
ture in agreement with the experimental results.*!

The lattice parameters of the cubic MASnl; and FOSnl;
obtained from fully relaxed geometry are reported in Table I,
which is again in a good agreement with the experimental
data.*! The relaxed structures are shown in Figs. 9 and 10. In
both compounds, a mostly regular perovskitic cage embeds
the organic molecule with slight deformations of the Snlg
octahedra. The octahedra deformation increases upon in-
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FIG. 10. (Color online) A perspective of NH,CH=NH,Snl; in
the cubic phase. The unit cell is sketched for clarity.

creasing the molecule size, that is, by substituting the smaller
MA cation with FO. The band structures of MASnI; and
FOSnl; are represented in Fig. 11(a). For both compounds,
the direct band gap (see Table I) is at the R point, in corre-
spondence of a sharp maximum in the valence band. More-
over, the organic contributions to the total DOS are in corre-
spondence to the flat bands (molecular orbitals) that are far
from the near band-gap region. In the band-gap energy re-
gion, the valence and conduction bands are dominated by the
inorganic cage, instead.

PHYSICAL REVIEW B 77, 235214 (2008)

E. Role of the organic cation

As it emerges from the PDOS of all the considered com-
pounds, the near band-gap energy region is dominated by the
inorganic network contributions, which raises the question
on how the choice of the cation embedded in the inorganic
SnX; cage can modify the electronic properties (e.g., the
band gap) of these compounds. To answer this question,
some observations have to be made.

An interesting result is shown in Fig. 12. The band gap of
the hybrid organic-inorganic ASnl; compounds is very close
to that of a hypothetical CsSnl; cubic perovskite with the
same cell size. The very small difference arises from the
slight deformation of the octahedra in the hybrid perovskites.
Thus, the molecule plays the role of an electron donor ex-
actly like the inorganic cation but also determines the size of
the cell. In Fig. 12, the energy band-gap values of the tetrag-
onal (phase II) and orthorhombic (phase III) of CsSnl; are
also reported: the network tilting in the low-temperature
phases of CsSnl; results in an increasing of the band gap.
This means that the band gap is very sensitive to any modi-
fication (enlargement, tilting, and/or deformation) of the oc-
tahedra network.

By looking at the MASnCl; and CsSnCls, we found that
the transition to the low-temperature phase causes, in the
latter, the breaking of the corner-sharing octahedra network
with a dramatic increasing of the band gap (see Table I).
Interestingly, the low-temperature phase of the hybrid
MASNCI; preserves the octahedra network structure and,

E (eV)
-15 -10 -5 0 -15 -10 -5 0
A ]
7 ]
Sn(p) M
—~ Snes) B (C
. ©
(5
=
7 _Va
8 | 'I Sn [] FIG. 11. (Color online) Calculated electronic
12 : ! Id)[] properties of MASnI; and FOSnl;: (a) band
{ ” Ip) Il (b) structure (Ref. 62) and total DOS ; (b) PDOS on
,‘*‘- | I(s) Sn (all orbitals), and I s, p, and d orbitals; (c)
f ‘l '[ PDOS on MA or FO (all orbitals), I (all orbitals),
it b d Sn s and p orbitals. The VBM is arbitraril
il | an P y
0 o\ - - set to zero. In (a), the filled (empty) bands are
I' R XM I'X indicated with black (brown) lines. The total
8 AN M 2 4 DOS (on the left of the band structure) is decom-
- %% g% A1 posed into organic (white) and inorganic (brown)
5 SnX,[] contributions.
M 10
—_—] ——=x
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FIG. 12. (Color online) The energy band gap as a function of the
cubic lattice a. The (black) circles represent the calculated band gap
for a perfect cubic perovskite CsSnl; with different lattice param-
eters, the black line is intended as a visual guide. The (red) squares
represent the band gap of CsSnl; in the three phases, and the band
gap of MASnI; and of FOSnI; in the cubic phase.

even if the network is enlarged by the molecule, the com-
pound is characterized by a lower band gap with respect to
the inorganic counterpart (in the low-temperature phase).

All these considerations suggest that the electronic prop-
erties of tin-halide perovskitic compounds are strongly de-
pendent on the structure of the inorganic cage and, in par-
ticular, on the formation of the octahedra network. The
molecule thus plays a crucial role because its presence
strongly affects the network structure.

PHYSICAL REVIEW B 77, 235214 (2008)

IV. CONCLUSION

In this work, we have given a detailed description of the
structural and electronic properties of both inorganic and hy-
brid perovskites based on tin halides. The comparison be-
tween the hybrid perovskites and the inorganic counterparts
sheds light on the effects of the molecule on the structural
and electronic properties of the compound. Our results show
that the electronic properties of tin-halide perovskitic com-
pounds are strongly dependent on the structure of the inor-
ganic cage. In particular, it is found that the structural varia-
tion (deformation, tilt, and/or breaking) of the corner-sharing
octahedra network strongly affects the band gap of these
compounds. The small organic cations (MA and FO) play a
crucial role because their presence affects the network struc-
ture.

It is important to stress that the size of the molecule must
be accurately chosen since the organic molecule must fit into
a rigid and relatively small cuboctahedral hole formed by the
inorganic cage. Considering that the C-C and C-N bond
lengths are of the order of 1.4 A, it is believed that in the
tin-halide based perovskites, only the smallest organic mol-
ecules, those containing two or three atoms (excluding hy-
drogen), should fit into the structure.* Larger, more complex
monoammonium (R-NH}) or diammonium (*NH;-R-NHY)
cations are indeed used to realize layered organic-inorganic
structures,38-50:31,33.54
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