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This article describes the structure and the electronic properties of a series of layered perovskites of a
general formula (A+)2(SnX4)�2 where X = I, Br and A+ is an organic cation, either formamidinium,
1-methylimidazolium, or phenylethylammonium. For each system, two conformations are consid-
ered, with eclipsed or staggered stacking of the adjacent inorganic layers. Geometry optimizations
are performed at the density functional theory level with generalized gradient approximation (GGA)
functional and semiempirical correction for dispersion energies; band profiles and bandgaps are com-
puted including both spin orbit coupling (SOC) and correlation (GW) effects through an additive
scheme. The theoretical procedures are validated by reproducing the experimental data of a well
known 3D tin iodide perovskite. The results, combined with the calculations previously reported on
PbI4 analogues, allow us to discuss the effect of cation, metal, and halide substitution in these systems
and in particular to explore the possibility of changing the electronic bandgap as required by different
applications. The balance of SOC and GW effects depends on the chemical nature of the studied
perovskites and strongly influences the value of the simulated bandgap. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4985054]

I. INTRODUCTION

Hybrid organic-inorganic perovskites (HOP) formed by
various metal halides and organic cations have been the object
of intense investigation in the last few years,1–9 prompted by
the excellent results reported for photovoltaic devices based on
these materials.10–13 The largest energy conversion efficiencies
have been measured with methylammonium (MA) lead iodide
perovskite (MAPbI3), even increased when it is mixed with
other HOP containing formamidinium cations and lead bro-
mide14 or coupled with IR panchromatic organic absorbers:15

the best result achieved so far exceeds 22% efficiency.16

As a consequence, the search for ever improved materials
of this kind is very active: for instance, several studies reported
on the effects of metal17–19 and halide20–22 substitutions in the
prototype MAPbI3, involving mostly Sn and Br, respectively.
On the other hand, despite the extremely rich choice of organic
cations, almost all the promising perovskites tested for pho-
tovoltaics contain methylammonium or formamidinium ions1

(except for a few examples of mixed perovskites including Cs+

or ethylammonium)23–25 due to the severe steric limitations of
the 3D structure.

Such limitations can be overpassed by resorting to two-
dimensional (2D) perovskites, in which metal tetrahalides
(MX2−

4 ) form layers of corner-sharing octahedra intercalated
by mono- or di-valent organic ions:26–31 these systems allow
a much wider choice of the organic counterpart, their size not
being limited by Goldschmidt’s rule. Besides this larger flexi-
bility, layered materials can form homogeneous films easily
and fill nanoporous matrices, with enhanced mechanical
and electronic stability. To design and possibly develop 2D

a) E-mail: maurizio.cossi@mfn.unipmn.it

perovskites for photovoltaic applications, as well as for other
uses in optoelectronics and microelectronics,1,32–38 it is cru-
cial to correlate their electronic structure to the structure and
the chemical composition.39–42

Since the beginning of this blast of interest in HOP, the-
oretical modeling has strongly supported the synthesis and
the characterization of 3D perovskites;43–53 on the other hand,
2D HOP received less attention, though some recent stud-
ies have applied first principles and semiempirical methods
to these systems too.41,53–55 Pedesseau et al. have recently
reviewed the theoretical methods suitable for the description of
2D organohalide perovskites,9 pointing out the importance of
including spin-orbit coupling (SOC) for a realistic evaluation
of the electronic properties.

In a recent paper,56 we have described with ab initio calcu-
lations a number of 2D HOP formed by PbI4 layers intercalated
by different cations: for all the systems, two geometrical struc-
tures were optimized (corresponding to eclipsed and staggered
arrangements of the inorganic layers), and the band profiles and
gaps were predicted. Furthermore, the relationship between
the geometrical parameters (e.g., the interlayer distance and
the octahedra distortion) and the electronic properties was
discussed.

In the present work, the analysis is extended to investigate
the effects of metal and halide substitution on the structures
and properties of this class of HOP. Then we modeled differ-
ent 2D perovskites formed by SnI4 and SnBr4 inorganic layers
and three monovalent organic cations, namely, formamidinium
(FA), 1-methylimidazolium (MI), and phenylethylammonium
(PEA), chosen to have a different chain length, charge den-
sity, and ability to form H-bonds. Substituting lead with tin
in electronic devices would be beneficial from environmen-
tal and health viewpoints; moreover, as discussed below, the
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possible applications of lead-based 2D perovskites in pho-
tovoltaics are hampered by the high bandgaps, which are
expected to decrease after substitution with tin.9,48,57,58

II. METHODS

The geometry optimizations were performed by
CRYSTAL0959,60 code at the density functional theory (DFT)
level, using the PBESOL-D261 functional and including the
dispersion energy contributions through the semiempirical
procedure proposed by Grimme with the so-called D2 set of
parameters.62 Both atomic positions and cell parameters were
optimized, in the symmetry groups specified below for the var-
ious systems. Dunning’s correlation consistent cc-pVDZ basis
set63 was used, along with small core Stuttgart-Köln effective
core potentials for Sn, Br, and I.64,65

Electronic band structures and bandgaps were computed
with QUANTUM ESPRESSO code, based on the plane wave
expansion of the electronic density, with the Perdew-Burke-
Ernzerhof (PBE) functional; electronic bands were computed
on a 32 k-point path defined in the primitive Brillouin zone (as
shown in the supplementary material). Several studies have
pointed out the importance to include both SOC9,43,55,66 and
post-DFT correlation energy in the calculation of perovskite
bandgaps.9,48 Then our calculations were repeated with scalar
relativistic (SR) and full relativistic (FR) potentials (in the
following, FR-DFT indicates a calculation including SOC):
the energy cutoffs were 70 Ry with SR and 45 Ry with FR
potentials, respectively; a cutoff of 280 Ry was also used for
charge density expansions in FR-DFT. After computing the
band structures either at the SR- or at FR-DFT level, the pro-
jected density of states (PDOS) was obtained using the atomic
wavefunctions provided by QUANTUM ESPRESSO, to eval-
uate the contribution of the various elements in the organic and
inorganic layers.

The correlation energy was included at the GW level
with the same functional: following the same approach previ-
ously adopted for the PbI4 perovskites,56 the polarizability was
expanded on a basis set with 3 Ry cutoff and 2000 basis vectors.
The stability of the computed bandgap with respect to these
parameters was checked in a test case, as described below.

Since the available version of QUANTUM ESPRESSO
allows for GW calculations on the Γ point and with SR poten-
tials only, we propose an additive scheme to include both the
SOC and correlation in the computed bandgap (Eg),56

Eg = ESR−DFT
g +

[
EFR−DFT

g − ESR−DFT
g

]

+
[
ESR−GW

g (Γ) − ESR−DFT
g (Γ)

]
, (1)

where ESR−DFT
g and EFR−DFT

g are the bandgaps obtained with
scalar and full relativistic potentials, respectively, on the com-
plete 32 k-point path, while ESR−GW

g (Γ) and ESR−DFT
g (Γ) are

computed with and without GW correlation, respectively, on
the Γ point.

A number of methodological issues, including the effect
of the density functional and the k-point path, have been
already discussed for analogous systems based on lead iodide
in Ref. 56. In that work, the geometry optimization method and
the use of Eq. (1) for the bandgap calculation were validated

by reproducing some experimental and theoretical results on
the well known (CH3NH3) PbI3 3D perovskite: here we use
the same approach, checking our method on the 3D tin ana-
logue, (CH3NH3) SnI3, for which reliable literature data are
available as well.17,48,67

III. RESULTS AND DISCUSSION
A. Structure optimizations

In this paper, a total of six 2D perovskites of a general
formula (A+)2SnX−2

4 were considered (A = FA, MI, PEA; X
= Br, I): each system was optimized in two different arrange-
ments, corresponding to either eclipsed or staggered stacking
of the metal centers on two successive layers.39

Few 2D HOP based on tin halide have been charac-
terized by single crystal X-ray diffraction so far: Knutson
et al.68 reviewed some SnI4 structures intercalated by PEA34,69

or related cations (with various substitutions on the phenyl
ring),70,71 which crystallized in the monoclinic system,
with C2/m, C2/c, P21/c space groups; the same inorganic
layers with the bulkier trimethylammonio-ethylammonium
(TMAEA) cation yielded orthorhombic crystals in the
Cmca group,72 while the long chain n-butylammonium and
n-dodecylammonium provided orthorhombic (Pbca)73 and
triclinic (P1̄)74 structures, respectively. Mao et al. recently
reported58 two structures of SnI4 intercalated by the mono-
valent benzylammonium and divalent histammonium cations,
which crystallize in the orthorhombic system (Pbca group)
and in the monoclinic system (P21/n), respectively. In gen-
eral, tin-based HOP are found to be isostructural to their Pb
counterparts.

On this basis, as already done for Pb-based HOP,56

eclipsed structures were optimized as monoclinic lattices with
the P21/a space group, while for staggered systems, a tri-
clinic lattice was selected, lowering the space symmetry to
P1. The latter choice leaves the largest conformational free-
dom, allowing us to include all the organic atoms without
artificial symmetry constraints. All the optimizations were
performed with CRYSTAL09 at the DFT level as described
above: the perovskites based on SnI4 are depicted in Fig. 1,
while the SnBr4 counterparts are illustrated in the supplemen-
tary material, along with the coordinates of all the optimized
structures.

The electronic properties of 3D and 2D HOP are strongly
related to the geometrical distortions of the inorganic layers,
induced by the intercalated cations:9,53 this is particularly true
for layered systems, as the organic component can vary widely
in size, charge density, and ability to form H-bonds, causing
correspondingly large deformations of the inorganic layers.
While in 3D HOP, it has been observed that the bandgap vari-
ations are related mainly to octahedra tilting, the role of this and
similar parameters is less understood for 2D systems, where
one has to consider the effect of the interlayer distance also on
the electronic properties.

The various effects can be quantified by introducing some
structural parameters, to describe the inorganic deformation
with respect to a “perfect cell,” along with the interlayer
distances. Unlike in 3D HOP, in which a really undistorted
reference cell can be defined,75 choosing a reference structure

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-146-036722
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FIG. 1. Optimized structures of
A2SnI4 perovskites, with A = FA, MI,
PEA, in the eclipsed and staggered
arrangement.

for layered perovskites is less immediate: here we resort to the
three angles illustrated in Fig. 2 to describe the distortion of
the inorganic layers.

Angle θ indicates the octahedra tilting, φ indicates the
octahedra distortion, and β indicates the displacement of metal

FIG. 2. Structural parameters for HOP: (a) interlayer distance, d; (b) octa-
hedron tilting angle, θ; (c) octahedron deformation angle, φ; (d) metal atom
displacement angle, β.

atoms inside the layer (their reference values being 0◦, 180◦,
and 0◦, respectively). In addition, equatorial (leq) and polar (lp)
metal-halide distances will be tabulated, along with the inter-
layer distance d, which corresponds to the distance between the
metal planes in two successive layers. These structural param-
eters are listed for all the optimized perovskites in Table I: note
that the eclipsed structures are subjected to higher symmetry
constraints, so that they can exhibit only two values for leq and
one for lp, and φ is fixed to 180◦, while in staggered systems,
these limitations are relaxed.

In both iodide and bromide systems, the interlayer dis-
tance d is much smaller with FA and MI cations than with
the bulkier PEA; as expected, in the staggered arrangement,
d decreases for the greater interpenetration of organic and
inorganic layers: this effect is more pronounced with PEA,
where π stacking pulls the phenyl rings closer in the stag-
gered structures. As noted above, in staggered structures, all
the metal-halide distances can vary independently: in Table I,
the two extreme values of leq are reported for staggered HOP.
The longest metal-halide bond distances are induced by the
MI cation, with both halides and in both arrangements; the
range of variation of leq and (in staggered structures) lp can
be used to estimate the deformation of metal halide octahe-
dra: this parameter indicates that staggered systems are more
distorted than eclipsed ones, with both halides.
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TABLE I. Main structural parameters (Å and degrees) optimized for HOP inorganic layers: equatorial (leq) and
polar (lp) Sn–X bond lenghts, interlayer distance (d), intra-layer metal displacement (β), octahedra tilting (θ), and
deformation (φ) (see also Fig. 2). Note that the octahedra deformation is reported as 180◦-φ so that all the angles
become 0◦ in undistorted structures.

Eclipsed

leq lp d β θ

(FA)2SnI4 3.073/3.078 3.102 10.020 20.51 15.11
(MI)2SnI4 3.150/3.116 3.170 10.135 9.75 16.32
(PEA)2SnI4 3.050/3.059 3.109 17.482 23.72 14.73
(FA)2SnBr4 2.867/2.844 2.915 9.370 14.58 21.40
(MI)2SnBr4 2.932/2.999 3.058 9.496 9.78 28.90
(PEA)2SnBr4 2.919/2.903 2.924 17.896 25.18 31.50

Staggered

leq lp d β θ (180◦-φ)

(FA)2SnI4 2.982/3.183 3.066/3.094 8.603 3.83/7.46 21.41 13.10
(MI)2SnI4 2.938/3.703 3.165/3.257 9.087 4.86/13.63 24.19 32.84
(PEA)2SnI4 2.915/3.235 3.048/3.141 14.634 5.84/7.37 22.62 7.58
(FA)2SnBr4 2.750/3.180 2.892/2.902 8.173 5.53/9.90 34.12 15.91
(MI)2SnBr4 2.697/3.591 3.029/3.041 8.801 5.04/13.90 35.12 34.36
(PEA)2SnBr4 2.809/2.975 2.810/2.948 14.894 4.46/13.91 33.13 19.85

On the other hand, the in-plane deformation of the tin
atom lattice, measured by angle β, is much more pronounced
in the eclipsed arrangement, while the opposite is true for the
octahedra tilting, as shown by the larger value of angle θ in
staggered structures [here the distortion is also measured by
φ, which is especially large for (MI)2SnX4]. It is worth noting
that the MI cation caused the largest distortion also in a series
of 2D PbI4 HOP with different organic layers,56 probably due
to its quite large lateral steric hindrance and incapacity to form
H-bonds to the halide atoms.

Among the systems studied here, (PEA)2SnI4, as well
as some derivatives with various phenyl ring substitutions,
has been best characterized experimentally:68 Papavassiliou
et al.69 proposed a (monoclinic) staggered structure with
d = 16.3 Å, and Xu et al.71 found increasing values for the
interlayer distance of a series of eclipsed meta-substituted
(X � PEA)2SnI4 (d = 16.7, 16.9, 18.5 Å for X = F, Cl,
Br, respectively). In all these structures the organic layer was
found disordered and in the staggered structure described in
Ref. 69. The interpenetration of PEA cations is much less
pronounced than in our optimized geometry, hence the larger
interlayer distances. Apparently the optimized structures (at
least for the staggered arrangement) describe minimum energy
situations which can be perturbed by thermal motions in
the actual samples: the effect of the interlayer distance on

the computed electronic properties will be analyzed in the
following.

B. Electronic properties and bandgaps

As anticipated above, the procedure described in Sec. II
was validated optimizing the structure and computing the
bandgap of 3D (CH3NH3)SnI3. The geometry was optimized
in the tetragonal system, in agreement with the experimen-
tal determination,17 lowering the space group symmetry from
I4/mcm to P4̄ to allow the unique definition of all the hydro-
gen atoms. One can see that the structure is reproduced fairly
well, as already found for the lead-based analogue. Then the
bandgap was computed at SR-DFT and FR-DFT, and with GW
correction, and the best estimate was obtained through Eq. (1):
the results are compared to the experimental and to the best
available theoretical bandgaps in Table II.

Note that in Ref. 48, GW calculations were not limited
to the Γ point nor to SR potentials, so that it was possible to
compute directly the bandgap including both SOC and corre-
lation effects; nonetheless, our additive approach resulted in
very good agreement with both this theoretical and the exper-
imental results, thus confirming the reliability of Eq. (1) used
in the present work.

The band structures of all the 2D perovskites optimized
above were computed at SR-DFT and FR-DFT levels, as

TABLE II. Experimental and computed bandgap (eV) for (CH3NH3)SnI3.

This work Reference 48

Expt. SR-DFT FR-DFT SR-GW(Γ) Equation (1) SR-DFT FR-DFT SR-GW FR-GW

1.20a 0.64 0.33 1.63 (0.80)b 1.13 0.61 0.31 1.55 1.10

aReference 17.
bDifference between SR-GW and SR-DFT values, both evaluated in the Γ point.
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FIG. 3. Electronic energy band profiles
and PDOS computed at the SR-DFT
level for A2SnI4 HOP.

described in Sec. II. The SR-DFT results for SnI4 and SnBr4

HOP are shown in Figs. 3 and 4, respectively, along with
the corresponding PDOS to estimate the contribution of the
various elements.

All the eclipsed HOP present direct gaps in the Γ point,
while indirect gaps are found for staggered systems: an oppo-
site behavior was described for the PbI4 analogues with the
same intercalates discussed in Ref. 56.

FIG. 4. Electronic energy band profiles
and PDOS computed at the SR-DFT
level for A2SnBr4 HOP.
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Some useful insights can be obtained by the analysis of
PDOS (another pictorial comparison of all the PDOS is pro-
vided in the supplementary material, Fig. S3, along with some
magnified pictures of the region around the gap, Fig. S4 of the
supplementary material). For all the systems, the valence band
maximum is dominated by the Sn orbital contribution, with the
partial exception of eclipsed FA2SnI4 where organic (carbon)
atoms contribute as well; the conduction band minimum is
always due to a mix of Sn and halide orbitals, in agreement
with the findings on other layered58 or 3D76 HOP. In these,
as in other analogous hybrid perovskites, the contribution of
the organic cation to the bandgap seems essentially indirect,
related to the geometrical deformations induced in the inor-
ganic layer and possibly to H-bonds to halide atoms, rather
than to a direct contribution from the molecular orbitals.

SOC effects are expected to reduce substantially the
bandgap, as already found for 3D and 2D lead and tin based
perovskites: for instance, the importance of SOC for HOP
property calculation is pointed out with a variety of exam-
ples in Refs. 43 and 53. On the other hand, it is widely
assumed that correlation corrections are necessary, in addition
to SOC, to obtain reliable bandgap values (the well known
case of MAPbI3, for which the SR-DFT bandgap is in excel-
lent agreement with the experiment, due to a fortuitous can-
cellation of errors): as explained above, here correlation is
included through the GW procedure, as an additive correction
to FR-DFT gaps [Eq. (1)].

All the computed bandgaps are listed in Table III, with the
explicit indication of the various contributions: to highlight the
effects of metal and halide substitution, the values for A2PbI4

systems computed in Ref. 56 with the same approach were
also reported.

First, we analyze our best bandgap estimates, including
SOC and GW effects (Eg in the last column of Table III): to
facilitate the comparison, they are also represented in Fig. 5.

In eclipsed HOP, the substitution of Pb with Sn leads to
a systematic reduction of the bandgap, as already observed in
the case of 3D perovskites with methylammonium and for-
mamidinium: in the present case, this reduction amounts to
13%–15%. On the other hand, substituting tin iodide with tin
bromide markedly increases Eg for MI and PEA (around 35%
increase) and to a lesser extent (15%) for FA. The situation is
quite different for staggered systems: here, only (PEA)2SnI4

has a lower Eg than its Pb-based counterpart, while with FA
the gap is almost unchanged and with MI it is even increased
with respect to the PbI4 analogue; also in this case, Eg broad-
ens with bromide, providing the largest bandgaps among all
the computed systems (Fig. 5).

It was already noted that 2D HOP based on PbI4 inorganic
layers are not likely to be useful in photovoltaic applications
due to their large bandgaps, which are only loosely depen-
dent on the interlayer distance and cannot be reduced below
2 eV even by varying the chemical nature of the intercalated
cation. [In Ref. 56, the computed Eg for PbI4 HOP with a

TABLE III. Electronic bandgaps (eV) computed for eclipsed and staggered perovskites with scalar (SR) and full
relativistic (FR) pseudopotentials, at the DFT and GW levels.

Eclipsed

ESR
g EFR

g SOC correct.a EGW
g (Γ) ESR

g (Γ) GW correct.b Eg
c

(FA)2SnI4 1.36 1.20 �0.16 2.38 1.36 1.02 2.23
(MI)2SnI4 1.27 1.03 �0.24 2.31 1.27 1.04 2.07
(PEA)2SnI4 1.60 1.43 �0.17 2.83 1.60 1.23 2.66
(FA)2SnBr4 1.31 1.21 �0.10 2.71 1.31 1.39 2.61
(MI)2SnBr4 1.68 1.49 �0.19 3.01 1.68 1.33 2.82
(PEA)2SnBr4 2.15 2.05 �0.10 3.69 2.15 1.54 3.60

(FA)2PbI4
d 2.21 1.48 �0.73 3.33 2.21 1.12 2.60

(MI)2PbI4
d 2.02 1.26 �0.76 3.14 2.01 1.13 2.39

(PEA)2PbI4
d 2.37 1.76 �0.61 3.86 2.49 1.37 3.13

Staggered

ESR
g EFR

g SOC correct.a EGW
g (Γ) ESR

g (Γ) GW correct.b Eg
c

(FA)2SnI4 1.62 1.35 �0.27 3.36 2.23 1.13 2.48
(MI)2SnI4 1.78 1.57 �0.21 3.00 1.87 1.13 2.70
(PEA)2SnI4 1.55 1.32 �0.23 3.28 1.94 1.34 2.66
(FA)2SnBr4 2.12 1.87 �0.25 4.47 2.95 1.52 3.39
(MI)2SnBr4 2.37 2.29 �0.08 4.04 2.53 1.51 3.80
(PEA)2SnBr4 2.14 1.94 �0.20 4.37 2.91 1.45 3.39

(FA)2PbI4
d 2.19 1.36 �0.83 3.87 2.74 1.13 2.49

(MI)2PbI4
d 2.13 1.39 �0.74 3.41 2.19 1.22 2.61

(PEA)2PbI4
d 2.30 1.45 �0.85 4.57 3.15 1.42 2.87

aDifference between columns 3 and 2: EFR
g − ESR

g .
bDifference between columns 5 and 6: EGW

g (Γ) − ESR
g (Γ).

cBest estimate of the bandgap from Eq. (1) or equivalently EFR
g + GW correction. (column 3 + 7).

dReference 56.

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-146-036722
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FIG. 5. Computed bandgaps (eV, last column of Table III) for eclipsed and
staggered A2SnX4, A = FA, MI, PEA, and X = I, Br. The bandgaps for the
same cations in PbI4 HOP56 are also shown for comparison.

variety of monovalent cations ranges from 2.39 to 3.13 eV for
eclipsed and from 2.49 to 2.87 eV for staggered perovskites,
with the exception of staggered (EMI)2PbI4, where ethyl-
methylimidazolium induces an unusually large gap of 3.20 eV.]

Indeed, one of the reasons to extend the investigation to
tin halide 2D perovskites was the hope to obtain substantially
lower bandgaps: as shown above, the computed gaps for SnI4

HOP are actually lower than those for PbI4, but the difference
is in general quite small. For comparison, in the already men-
tioned 3D MA perovskites, passing from MAPbI3 to MASnI3

lowers the bandgap from 1.60 to 1.20 eV (25% reduction).
It is interesting to consider the various contributions to Eg

separately: we see that SR-DFT bandgaps are actually much
smaller for SnI4 than for PbI4 systems, while the presence of
bromide increases them, though the values remain in general
below the corresponding PbI4 gaps. SOC reduces the value of
bandgaps for all the systems, as expected, but the reduction is
markedly smaller in Sn-based than in Pb-based HOP: this is
not surprising either due to the smaller atomic number of tin.
For the same reason, SOC correction is even smaller in bro-
mide than in iodide HOP. On the other hand, GW corrections
are similar for all the studied systems, with values approxi-
mately in the order SnI4 ≤ PbI4 < SnBr4. As a consequence,
GW positive corrections are less balanced by SOC negative
changes in SnI4 than in PbI4, and the differences in final Eg

are smaller than in the initial SR-DFT values, while SnBr4

systems end up with the largest gaps.
A few optical absorption measures performed on SnX4, as

well as PbX4, HOP have shown intense excitonic peaks. This
is related to the unusually strong exciton binding energy due
to quantum confinement effects which are much larger in 2D
systems than in tridimensional analogues: various authors have
estimated such binding energy around 0.2–0.3 eV.72,77–79 The
exciton energy of (PEA)2SnI4 was measured at 2.04 eV;1,68 a
number of related compounds where PEA was substituted by
halogen atoms in 2- and 4-ring positions showed similar exci-
ton energies between 2.02 and 2.23 eV. Absorption energies
in the same range were measured for other (RNH3)2SnI4 sys-
tems with aliphatic ammonium cations (exciton peaks at 2.04
and 2.14 eV with R = n-butyl73 and n-dodecyl,74 respectively).
Mao et al. reported an optical bandgap of 1.89 eV for SnI4 HOP

intercalated by benzylammonium cations (differing from PEA
only for a –CH2– group), pointing out the presence of exci-
ton peaks near the absorption edge. Interestingly, these authors
also found an even lower absorption edge (1.67 eV) for the sys-
tem intercalated by the divalent histammonium cation, as well
as for a series of multilayer compounds mixing the character-
istics of 3D and 2D HOP (the so-called Ruddlesden-Popper
structures).58

The absorption experiments, combined with the estimated
exciton binding energy mentioned above, suggest that the elec-
tronic bandgap for SnI4 HOP is expected around 2.25–2.35 eV
for (PEA)2SnI4, increased up to 2.45–2.55 eV for substituted
PEA, and as low as 2.1–2.2 eV for benzylammonium. Hence
the bandgaps reported in Table III seem somehow overesti-
mated for (PEA)2SnI4, either eclipsed or staggered, while with
the shorter intercalates, Eg falls in the observed range, though
the experiments are not referred to these cations.

These results signal that SOC and GW effects in Eq. (1)
could be less effectively balanced for tin-based HOP, leading
to slightly overestimated gaps. Pedesseau et al. computed the
spin-orbit coupling for a number of 2D HOP based on lead
and tin iodide,9 finding that SOC effects reduce the bandgap
by 0.70-0.81 eV with Pb and 0.15-0.25 eV with Sn: these
variations are in good agreement with our results listed in
Table III.

As for GW effects, there are less theoretical estimates to
compare with the present calculations: then we decided to test
the stability of our results with respect to the parameters used
in the polarizability expansion. The bandgaps of 3D MASnI3

and staggered 2D (PEA)2SnI4 were recomputed varying the
number of basis vectors and the energy cutoff, with the results
reported in Table IV. In both systems, the GW correction
reduces markedly passing from 1500 to 2000 basis vectors,
but it is unchanged when the number is further increased to
3000; with 2000 vectors, increasing the cutoff from 3 to 3.5 Ry
causes a very small reduction of the GW contribution. Then
we conclude that the calculation is stable and reliable with the
adopted parameters, i.e., 2000 vectors and 3.0 Ry cutoff.

C. Effect of geometry changes

To compare the computed properties with a few available
experimental data, one has to consider also the possible mis-
match of the geometrical structures. Even if the crystal system
and symmetry group correspond, the position of light atoms

TABLE IV. GW correction (difference between GW and DFT bandgaps at
Γ) with a different number of basis vectors and different energy cutoffs.

No. of vectors Energy cutoff (Ry) GW correct. (eV)

MASnI3

1500 3.0 1.04
2000 3.0 0.80
3000 3.0 0.80

2000 3.5 0.77

(PEA)2SnI4

1500 3.0 1.55
2000 3.0 1.34
3000 3.0 1.34

2000 3.5 1.31
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is always difficult to specify experimentally: moreover, ther-
mal effects are expected to disorder and distort the minimum
energy structures.

We tried to evaluate the effect of some distortions with
respect to the optimized geometries as follows. First, the inter-
layer distance of (PEA)2SnI4, the most studied member of this
family, was modified: in one of the above cited experimental
studies,69(PEA)2SnI4 was found in the staggered arrangement
with d = 16.3 Å, while the optimized value reported in
Table I is 14.6 Å. Then we increased the interlayer distance
to 16.3 Å and reoptimized the position of the organic cations,
keeping all the parameters of the inorganic layer frozen as in
the minimized structure.

Then the bandgap was recomputed: with the SR potential,
the bandgap is 1.65 eV (compared to 1.55 eV for the optimized
structure), the SOC correction is �0.22 eV (�0.23), and the
GW correction is 1.79 eV (1.34). Applying Eq. (1), we obtain
the best estimate of Eg, 3.22 eV (compared to 2.66 eV with d
= 14.6 Å): the difference is partly due to the SR gap but mostly
due to the markedly higher GW correction. For comparison,
a similar increment of the interlayer distance of (PEA)2PbI4

(in that case d was increased from 15.2 to 16.7 Å) caused a
much smaller growth of the computed bandgap, from 3.13 to
3.22 eV.56

The same test was performed on staggered (FA)2SnI4,
increasing the interlayer distance to 9.6 Å, around 11% larger
than the previously optimized value, and reoptimizing the other
parameters. The SR bandgap is 1.65 eV (1.62 in the fully opti-
mized structure), the SOC correction is �0.27 eV (�0.27), and
the GW correction is 1.20 eV (1.13): as a result, the best esti-
mate of Eg is 2.58 eV, compared to 2.48 eV in the optimized
structure. In Ref. 56, the bandgap of eclipsed (FA)2PbI4 was
found to increase from 2.60 to 3.21 eV after a similar interlayer
distance increase.

Apparently, then, (PEA)2SnI4 is more sensitive to the
interlayer distance than its lead-base counterparts, while the
opposite is true for the systems with the FA cation.

The effect of H-bonds between the organic cation and the
halogen atoms in the inorganic layer was also evaluated for
PEA cations: this interaction is considered important to deter-
mine the value of HOP electronic properties,1 and it is also

FIG. 6. Computed bandgaps [eV, from Eq. (1)] for staggered (PEA)2SnI4 as
a function of –NH3 rotating angle: 0 corresponds to the optimized structure,
with the strongest H-bond.

likely perturbed by thermal effects. Starting from the opti-
mized structure of staggered (PEA)2SnI4, we recomputed the
bandgap after rotating the –NH3 group, with the results shown
in Fig. 6: this geometrical parameter appears much less impor-
tant for the bandgap value, which varies only by 0.045 eV
during the rotation.

In general, thermal disorder and distortions are expected
to increase the computed bandgap, with an effect much more
pronounced for the interlayer distance.

IV. CONCLUSIONS

The structure and the electronic properties of a series of
layered perovskites based on tin halide sheets intercalated by
organic cations were modeled with state-of-the-art quantum
mechanical methods.

The optimized structures, both in eclipsed and in stag-
gered conformations, show different degrees of distortion of
the inorganic layers: some features are similar to those pre-
viously found for the lead iodide analogues, but a clear trend
relating the nature of the intercalate with the layer deforma-
tion does not emerge easily. Moreover, a few experimental data
available indicate that thermal disorder is likely to move the
systems away from the equilibrium structures, especially in
the organic interlayer.

The band profiles (both at the SR- and FR-DFT level)
show that the bandgaps are direct for eclipsed and indirect for
staggered arrangements, with both halides. From the PDOS
analysis, we conclude that in the systems studied here, the
role of the cations on the bandgap is essentially indirect, due
to the geometric distortions induced on the inorganic sheets,
and not involving the organic orbitals directly.

Bandgap values, as well as their dependence on chem-
ical and structural variations, are of paramount importance
in photovoltaic and optoelectronic applications. The proce-
dure adopted here, validated by reproducing the bandgap of
well known 3D HOP based on lead and tin iodide, provides
reliable electronic properties, including both SOC and GW
correlation effects through an additive scheme. Combining
the present results with the calculations previously reported
on various PbI4 layered HOP, we have discussed the effect of
cation, metal, and halide substitutions. For instance, varying
the cations in MX4 homologue series can modify the bandgap
30%-40% in eclipsed and 10%-20% in staggered conforma-
tions, and substituting tin for lead reduces the gap about 15% in
eclipsed systems, while leaving it unchanged or even increased
in staggered structures. The discrepancy of this behavior with
that observed in 3D HOP has been discussed in terms of the
balance of SOC and GW corrections.

Such knowledge can be of help in designing new HOP tai-
lored for specific applications, even if the rich choice of organic
cations suitable for intercalation in these layered systems calls
for further work to extend the present analysis.

SUPPLEMENTARY MATERIAL

See supplementary material for an illustration of the
32 k-point path along which the electronic bands are com-
puted, some pictures of the optimized SnBr4 systems, and a

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-146-036722
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comparison of PDOS. The coordinates of all the optimized
perovskites are provided as well.
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