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We report a computational study where we explore the possibility of tuning the electronic properties of
orthorhombic methylammonium tin iodide CHzNHzSnls using strains. According to our findings,
a moderate [001] strain, smaller than 2%, would open the band gap up to 1.25 eV and enhance the

exciton binding energy, opening up new possibilities for the use of CH3NHsSnls in technological
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Accepted 15th June 2024 applications. To better understand the impact of strain, we also examined its influence on bonding
properties. The results reveal that the directional pnictogen and the hydrogen bonding are not altered by

DOI: 10.1039/d4ra02804j strains and that the tuning of the electronic properties is the result of changes induced in the orbital
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Introduction

In recent years, the advent of perovskite solar cells based on
hybrid halide perovskites has revolutionized the field of
photovoltaic (PV) solar cells."” In particular the synthesis®® of
lead-free methylammonium tin iodide CH3;NH,Snl; opened
new avenues for photovoltaic materials. To be efficiently used in
PV applications, a semiconductor material should have a high
light absorption (~10° cm™' for >1.4 eV).*” A low carrier
recombination loss and an efficient carrier collection efficiency
are also requisites, together with a long optical path to promote
photon recycling.® Recent experiments® showed that CH;NH;-
Snl; has a direct band gap of 1.2-1.3 eV. Thus, it would be
beneficial to modify its band-gap energy to meet the ideal PV
conditions. One possibility to modify the band-gap energy of
hybrid perovskites is the application of external strain/
stresses.”™ In our case, we will focus on the orthorhombic
structure (space group Pnma) which is observed at low
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contributions to states near the Fermi level and the tilting of the Snlg octahedral units.

temperatures below 200 K."> Regarding the influence of strain in
this structure, there are two important characteristics of CH;-
NH;Snl;. First, the methylammonium (MA) ion (CH;NH,)" is an
asymmetric and positively charged organic unit with a perma-
nent dipole. Second, the low-temperature orthorhombic struc-
ture is formed by a framework of Snls corner-sharing octahedral
framework. The MA molecules are within cages formed by six
Snlg octahedra. The interaction of the MA molecule with iodine
atoms, forming and hydrogen bonding, induces a distortion of
the Snlg octahedra. Strains will affect both the MA molecule and
the interaction with Snls units affecting therefore the physical
properties of CH;NH;SnlI;.

Strain engineering is a very helpful technique for fine-tuning
the electronic properties of materials by adjusting their band
structure.” It has been shown that hybrid perovskite crystals
can be exposed to strains, which are usually created by depo-
sition on substrates with a lattice mismatch with the hybrid
perovskite.* It is known that the strains should be small to not
cause a non-periodicity on the crystal lattice and to avoid crystal
instabilities.” Thus, a careful balance is needed to achieve the
desired outcomes when applying external stresses. Density-
functional theory (DFT) calculations can be a very useful tool
for deeply understanding the effects of strain in the properties
of hybrid perovskites and for a rational design of composing
multilayers including them.® In this work, we have used DFT
simulations to predict the most important properties of CH;-
NH,SnI; and to explore how strains can be used for tailoring the
band-gap energy of this compound. We will show that small
controlled strains can modify the electronic in a way that could
be beneficial for photoelectronic applications. In contrast with
previous DFT studies,"*° we will report the first study, in which
by including van der Waals interactions, an accurate descrip-
tion of the crystal structure is provided and the dynamical

© 2024 The Author(s). Published by the Royal Society of Chemistry
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stability of orthorhombic CH3;NH;SnI; is supported.”® The
band-gap energy and exciton binding energies**** have been
calculated under different strain conditions. We have found
that a tensile [001] strain in the range of +2% is enough to open
the band gap in ~1.25 eV. Additionally, since lattice instabilities
may result from changes in the bonding pattern, particularly
from the hydrogen bonds in the methylammonium ion, we have
characterized the strength of hydrogen bonds and other inter-
actions using the non-covalent interactions (NCI) index.**
Previous to calculations under strain, we tested our method by
performing calculations of mechanical, vibrational, and elec-
tronic properties of CH3NH;SnI; at normal conditions. These
results will also be reported for completeness.

Computational details

We have performed DFT calculations using the Vienna ab initio
simulation package (VASP).>*>® The projector-augmented wave
(PAW) scheme has been utilized.”® A kinetic energy cut-off of
700 eV was used for the plane-wave basis (see Fig. S1 in ESIt for
the convergence test). We have employed the DFT-D2 weighted
exchange potential of Perdew-Burke-Ernzerhof (PBE),* which
includes the van der Waals (vdW) dispersion as a correction to
the ground state energy.*®** Furthermore, since PBE tends to
underestimate band-gap energy, we have used the modified
Becke and Johnson (mBJ)** and Heyd-Scuseria-Ernzerhof (HSE)
hybrid density functional (HSE06)* to calculate the electronic
density of state (DOS) and the band structure. Additionally,
Phonopy** interfaced to VASP have been used to perform lattice-
dynamics calculations.®® The direct force constant approach has
been employed.***” We have used (2 x 2 x 2) supercells to
obtain the phonon dispersion curves. The phonon density of
states (PDOS) has been obtained by integrating the phonon
frequencies with a large number of k-points (14 x 14 x 14 grid).
The exciton binding energy (E},) was estimated by the mean of
the two-band model of Wannier-Mott.*»** Additionally, because
the effect of spin-orbit coupling (SOC) is significant for hybrid
perovskite due to the presence of Sn atoms, we also checked the
effect of SOC on the band gap value. This task was taken into
account in the band structure calculations, using a second
variational method.*® The binding energy of the first exciton is
given by E, = Ru/mge >, where R is the Rydberg unit of energy,
£o is the macroscopic dielectric constant,
u = (m.my)/(m. + my) is the reduced mass of the electron and
hole, and m, is the electron rest mass. m, and m; represent
respectively the effective mass of the electron and hole.

We have used the Non-covalent Interactions Index (NCI) as
a descriptor®*»*® to analyze the covalent and ionic bonding
character. The NCI has been computed using the reduced
density gradient of the electron density (p), where the density
varies gradually. This characterization has been carried out
within the parameters of QTAIM, which are specified by.**
1 |Vp|

pevey (1)

NCl =s= 72(3752)1/3 7
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In the question, the parameter s is dimensionless, which is
ensured by the 4/3 density exponent. Critical points of s(r) iso-
surfaces define their characteristics.*>*° The sign of the second
eigenvalue of the Hessian (1,) multiplied by the electron density
of rho determines the significance of the NCI isosurface. If the
outcome is negative, the isosurface is colored blue and the
interactions are considered attractive. If it is positive, the cor-
responding domains are colored red and the interactions are
deemed as repulsive. Weak interactions, such as hydrogen
bonds or van der Waals interactions, are activated when (4,) x p
is close to zero, and the isosurfaces are shown in green.*

Results and discussion

Stability and mechanical properties of orthorhombic
CH;NH;Snl;

We began our simulations with the geometry optimization of
orthorhombic CH3;NH;Snl;, including the dispersion forces (An
overview of this structure is given in Fig. S2 of the ESIt). These
interactions become increasingly important in systems with
large and polarized electron clouds, such as organic molecules.
For this reason, some difference is found between our lattice
parameters and those previously calculated without dispersion
corrections'”?° (see Table 1). On the other hand, our results are
similar to recent results of ref. 17 conducted with the same
approximation. The differences between both studies are
related to the use of a smaller (400 eV cutoff energy in ref. 17.
Our results show the best agreement with experiments®
showing the importance of using a large energy cut-off and
including dispersion forces in calculations. We are aware that
the cation (CH;NH;)" tends to have rotational dynamics,
however, this phenomenon is not relevant to our study. We used
in simulations the position and configuration of the cation
(CH3NH;)" that minimizes the total energy.

We also calculated the phonon dispersion including the D2
correction. So, in contrast to the study done in ref. 20, which
found that orthorhombic CH;NH,;SnlI; the structure is dynam-
ically unstable for pressure smaller than 0.7 GPa, our zero-
pressure phonon dispersion does not show any imaginary
mode; signature of its dynamical stability (see Fig. 1). This
shows that incorporating the weak dispersive interactions is
fundamental for describing the studied compound. Fig. 1
shows the entire phonon spectrum in (a) and a zoom of the low-
frequency region in (b). The zoom facilitates the identification
of low-frequency vibrations associated with the inorganic part
of the compound. The high-frequency vibrations corresponding
to the inorganic part of the compound can be clearly seen in
Fig. 1(b). The phonon modes of orthorhombic CH3;NH;Snl;
obey to the following mechanical representation: I' = 19 A, + 17
Ay + 14 Byg + 22 Byy + 19 Byg + 17 By, + 14 By + 22 By,,. Where
there are 22 By, + 17 By, + 22 B3, = 61 infrared modes 19 A, + 14
By +19 By, + 14 B3, = 66 Raman modes and 17 A, Silent modes.
The calculated mode as well as their assignment and activity are
reported in Table 2. Vibrations of the inorganic molecule are
identified in Fig. 1(b). All modes reported below 200 cm ™" arise
from internal stretching, libration, and bending vibrations of
the Snlg octahedron as well as to vibrations where the octahedra
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Table 1 Calculated lattice parameters, bulk modulus (Bo in GPa) and its derivative (B'O), and elastic constants (Cy). The table also contains the
average mechanical properties of bulk polycrystals like the bulk modulus B (in GPa), shear modulus G (in GPa), Young modulus E (in GPa), vickers
hardness HV (in GPa) obtained from the elastic constants using Voigt (V), Reuss (R), and Hill (H) approximations are also included. Results are

compared with the literature

——————— |

a (A) b (A) c (A) BO BO Cll ClZ Cl3 C22 C23 033 C44 CSS CGG
PBE + D2 (this work) ~ 8.34 12.63 8.93 19.28 4.47 31.85 1291 13.99 38.83 11.85 26.53 6.05 13.13 5.15
Experiment ref. 25 8.75 12.35 8.53 — — — — — — — — — — —
PBE + D2 V7 8.37 12.72 9.05 — — — — — — — — — — —
Ref. 18 9.03 12.94 8.56 — — — — — — — — — — —
Ref. 19 8.49 12.72 9.19 21.89 — 35.83  13.54 17.13  44.88 14.12 28.73 5.85 15.72  5.03
Ref. 20 9.059 12.496 8.394 — 30.48 14.69 11.08 26.08 10.51 39.67 6.04 13.70 4.85
By Br By Ey Ex Ex Gy Gr Gu VHy VHg VHy
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(Color online) Phonon dispersion of orthorhombic CHzNH3Snls. The plots (a) and (b) represent a zoom for frequencies from 0 to

200 cm™! and the full phonon spectra, respectively. Atoms whose vibrations are associated with the different modes are indicated in (b).

and the organic molecule vibrate as rigid units. The high-
frequency modes are mainly associated with internal vibra-
tions of the methylammonium molecule involving vibrations of
the C-H and N-H bonds. We have used the tools on the Bilbao
Crystallographic Server to extract the activity of each mode.
With these tools, using the point group symmetry as well as the
selection rules for IR and Raman activities, the specific
symmetry and activity of each vibrational mode is obtained. The
results are displayed in Table 2.

We have also analyzed the mechanical properties of the
studied compound. We have fitted the energy versus volume
results with a third-order Birch-Murnaghan equation of state**
to determine the bulk modulus (B,) and its pressure derivative,
and we have calculated elastic constants (C;) and their related

19882 | RSC Adv, 2024, 14, 19880-19890

elastic moduli. Results are shown in Table 1. The elastic moduli
have been obtained under the Voigt (V), Reuss (R), and Hill (H)
approximations® and the hardness has been calculated using
the model proposed by Mazhnik and Oganov.*®* We have eval-
uated the Born stability criteria,” which allows us to determine
the elastic stability of the crystal. For an orthorhombic system,
they are:*
C1 >0, Cyuy>0; Cs5>0, Ce6>0;
CiCy > Cr% (2)
Ci1CnCss +2C1n Ci3 O — Ciy Oy = Cn Gy

The mechanical stability of the orthorhombic phase of
CH;3NH;Snl; is demonstrated here by the fulfillment of the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Calculated frequencies of phonon modes as well as their Table 2 (Contd.)

symmetry assignment and activity

o (em™) Silent o (em™) Raman o (em™) Infrared
o (em™) o (em™) w(em™)  Infrared
3192.67 Bag
15.71 Ay 15.11 7.80 B,y 3193.70 Ay
27.95 Ay 16.81 20.91 Biy 3212.18 B
31.49 Ay 30.79 23.18 Bsu 3221.52 By,
32.52 Ay 31.55 24.52 Bsu
41.33 Ay 34.82 29.55 By
61.24 Ay 35.49 31.19 Bou
92.76 Au 37.13 33.92 Bu stability criteria. The elastic constants summarized in Table 1
97.83 Ay 37.59 39.03 Bsy ith It ted in Refs 19 and 20. A di to th
105.67 A, 10.26 142.29 B, agree with results reported in Refs 19 and 20. According to the
136.16 A, 51.03 42.56 Bsy bulk modulus B, obtained from the equation of states fit and
329.12 Ay 51.87 44.63 Boy from elastic constants B, we can state that the studied hybrid
898.24 Ay 57.17 48.17 By perovskite is highly compressible. The bulk modulus is
1245.68 Au 78.45 52.30 Bau comparable to that of MAPbBr; (ref. 9) metalorganic frame-
1440.45 Ay 82.26 53.70 B3y 1K and lids.® Thi be attributed to th
157010 A, 85.83 64.68 B,. work™ and rare-gas solids. is can be attributed to the
3105.28 A, 90.36 82.46 Bay presence of organic components, specifically large organic MA
3211.72 Ay 93.53 84.22 Biy cations, which are highly compressible. Additionally, given the
94.83 85.69 By low Vickers hardness of the material (see Table 1), we can
96.27 89.33 Bau conclude that its resistance to deformation is weak. This means
98.03 92.33 By . . . .
100.20 96.33 B that in a structure of this type, strains should only be applied
. . 1u .
101.53 98.93 B, very moderately. Interestingly, the bulk and Young modulus are
102.04 101.24 Bau similar, which indicates that the resistance to volumetric
110.61 102.77 By compression is similar to the tensile or compressive stiffness. In
116.35 109.17 Biu contrast, the shear modulus is approximately one-third of the
131.09 122.35 Bou ther  tw duli. indicati P P h
133.29 131.19 B, other two moduli, indicating a preference for shear
138.53 14353 By, deformations.
144.23 150.97 B,
145.97 330.32 By - - .
331.16 899.28 B, Bonding properties of orthorhombic CH;NH;SnI;
332.43 906.82 Bsy We will now discuss the bonding pattern of CH;NH,Snl;. We
332'2; g%'gi Elu will start by performing a topological analysis of bounded
90 4' 05 978'37 Blu atomic basins using the electron localization function (ELF).*®
. . 3 . . . .
905.68 1245.85 BZE This tool provides an alternative and complementary analysis to
977.89 1247.41 Bsy QTAIM in terms of electron-pair localization regions.**** It was
978.93 1247.68 By successfully utilized to shed light on the chemical interactions
1245.08 1394.88 Bsu found in molecules, molecular complexes, and crystals. It
1245.85 1395.51 By . . . .
1247.71 1438.24 B provides a bond path topology, which is the graphical repre-
1247.85 1438.54 BSE sentation of atomic domains bonded to each other. In addition
1396.12 1440.05 By to ELF, we will also use other indexes like the charge density
1397.12 1440.08 Bsy (op), the sign and magnitude of the charge density's Laplacian
1438.54 1445.45 Biu (7*py,), and the bond critical points, which are reliable markers
1438.54 1561.89 Boy . cps . . . .
1438.68 1579 34 B for identifying inter- and intra-molecular interactions. Indeed,
. . 3 . .
1438.91 1581.14 Blz 7?pp, > 0 can serve as a sign of polar covalent bonds, while %, <
1439.54 2996.77 Bsu 0 or P?py, > 0, refers to whether an interaction between atomic
1450.92 2997.14 By basins has an open-shell (region with charge concentration) or
1222'22 gggz'ii ﬁlu a closed-shell (region with charge depletion) character.’* After
1580'3 4 310 4'88 B3“ partitioning the structure into topological ELF attractors, we
1580.94 3128.96 BSE have determined the different basins which are summarized in
2997.47 3133.00 Biu Table 3. As the PAW method used by VASP incorporates the
2998.77 3192.84 By influence of core electrons without explicitly including them in
3099.27 3195.91 Bsu the wavefunction calculations, no core basins exist for our
3099.37 3213.22 By . . .
3104.41 partition. Instead, the focus is on valence electrons, with the
3104.84 core-electron effects being incorporated through pseudopoten-
3130.09 tials or PAW potentials.’»*® Therefore, only the electron pairs
3133.96 that form closed atomic electronic shells around the nuclei are

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Electron localization analysis of basins of bonding of CHzNHzSnls. V (Q), g, n, 72pp, and p stand respectively to Bassin volumes of
disynaptic V(X, Y) and monosynaptic V(X) bonds, electronic charges of the bond, ellipticity, Laplacian and electronic density charge (pp). All these
quantities are calculated at the (3, —3) ELF basin.>*®

Bassin v (Q) (Bohr?) q (electrons) ELF n 72pp, pb (atomic units)
V(H,C) 129.249 —3.001 0.999 0.014 —3.427 0.294
V(H,N) 45.823 —1.123 0.996 0.003 —3.042 0.273
V(H) 33.333 0.163 0.999 0.043 —3.482 0.295
V(C) 31.978 —0.952 0.999 0.364 —0.908 0.177
V(N) 18.319 —0.223 0.984 5.060 —0.143 0.056
V(1) 242.577 —4.974 0.906 1.471 —0.212 0.093
V(Sn) 145.264 —2.761 0.890 2.146 —0.213 0.093

protonic or hydrogen V(H) lone-pair (valence) basins, as well as
the synaptic (V(C), V(N), V(Sn), and V(I)) basins, and the disy-
naptic (V(H, N) and V(H, C)) basins.***” The first outstanding
feature of the current ELF analysis shows that the overall
geometric stability of CH;NH;Snl; arises from an environment
consisting of an interplay between hydrogen, carbon, and
pnictogen-bonded interactions. The appearance of N-centered
bonding (V(N)) is accompanied by hydrogen bonds (V(H)). The
high value of ellipticity of our ELF attractors indicates that the
electrons of the V(C) basin are strongly localized,* whereas the
negative sign of P’py, indicates the covalent nature of most
bonds (see Fig. 2). On the other hand, low ellipticity found for
V(H, C) and V(H, N) implies that the electrons of these basins
are more isotropic or spherical in their electronic domains.*
Additionally, as the density between I and N/C atoms is small,
we can stipulate that the pnictogen bonds present between
[NH;NH;]** and [I]** in their ion-pair form are weaker, but we
note an important number of hydrogenated V(H) basins. Lastly,
we observe that there is a hint of ionic bonding character from
the V(Sn) basin.*

As we could not extract all weak interactions by using the ELF
partition, we also used the reduced density gradient (RDG, s)

Fig. 2

approach to analyze the existing non-covalent interactions.
Fig. 2 displays the 3D isosurface of the RDG. As we can see from
Fig. 2, the plot does not show any red domains but rather green
weak ones in the direction of N-H---I bonds. We also see
significantly more delocalization of the electron density at the
Sn and I critical bonding regions, which is reflected in the RDG
isosurface, which is significantly more blue-green than green.
This trend indicates that, even though the nature of these
interactions comes from hydrogen atoms, they remain very
weak, and more interactions are involved to describe the
bonding pattern of the investigated compound. This finding
does not match what was already proposed in Ref. 58 for
tetragonal CH3;NH;PbI;, but is in good concordance with the
conclusions given in the recent work of Ref. 59. At the same
time, they indicate that this interaction is too small to affect the
orthorhombic structure of MASnI;.

Electronic properties of orthorhombic CH;NH;SnI;

To get an accurate band gap value, we have used two approaches
in addition to the PBE-GGA functional, namely the mBJ-GGA
and HSE06 potentials. PBE-GGA yields a result of 0.7123 eV,

(a) ELF plot (isosurface = 0.85), (b) 3D isosurface of the reduced density gradient of CHzNH3Snl3 (s = 0.3). Strong attractive interactions are

depicted as localized blue lentils, repulsive interactions as red isosurfaces, and van der Waals interactions as thin, delocalized green regions. In the
iodine-cation bonding, the organic interactions are shown in red, and the non-covalent interactions are circled in blue. Here, the ELF topology
gives a partition into localized electronic domains known as basins. They are used to rationalize the bonding schemes. The synaptic order of
avalence ELF basin is determined by the number of core basins with which it shares a common boundary. Basins' spatial locations are very close
to the valence shell electron pair repulsion domains.

19884 | RSC Adv, 2024, 14, 19880-19890 © 2024 The Author(s). Published by the Royal Society of Chemistry
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while mBJ-GGA and HSEO06 yield very similar results of 1.13 eV
and 1.11 eV, respectively. Consequently, due to the high
computational costs of the HSE06 calculation and the similarity
of the results with mBJ-GGA; the analysis of electronic proper-
ties will be conducted using the latter method. Our calculated
band gap values agree well with the 1.21-1.30 eV value reported
in experiments* and the theoretical values obtained using mB]J
(1.12 eV) in ref. 20. Due to the presence of heavy elements such
as the Sn atom the relativistic effects could be important.
Consequently, the effect of SOC was also estimated and found to
be equal to 0.24 eV. We have shown the occurrence of splitting
occurring at the low level of the conduction band. The SOC lifts
the degeneracy of electronic states with the same energy but
different spin orientations. This trend impacts electron trans-
port and affects the band gap value (see Fig. S3 in the ESIf file).
We present in Fig. 3 the band structure along the high symmetry
points of the Pnma Brillouin zone. According to the band
structure, CH;NH;SnI; has a direct band gap at the I' point. The
direct band gap is often considered advantageous for efficient
light absorption and electron-hole pair generation as well as
valuable for a range of photonic and electronic devices beyond
solar cells.®

Concerning the topology of the band structure, we observed
that the valence band appears to be significantly less dispersive
than the conduction band. This characteristic suggests that the
compound here studied might be a semiconductor of the p
type.®* In fact, the organic cations contribute delocalized -
electrons to the valence band, while the metal cations and
halide anions contribute more localized orbitals. To check such
a conclusion, we have additionally plotted the projected
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The PDOS provides valuable insights into the contributions of specific
atoms and orbitals to the electronic structure of the investigated
structure.

electronic density of states (PDOS) to obtain insights into the
electron orbital contribution of each atom. As shown in Fig. 4,
the primary components of the conduction band minimum
(CBM) are the 5p states of the Sn atoms, whereas the primary
contribution of the Valence band maximum (VBM) is the 5p
states of the I atoms with an overlap of the Sn 5s states. Addi-
tionally, our findings demonstrate that the organic (CH;NH;)"
cation had a negligible impact on the formation of the CBM and
VBM near the Fermi energy level. The topology of the electronic
orbital analyzed below suggests that the band gap can be
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engineered more efficiently by applying an external field to the
Snl, units rather than by replacing the ionic cation (CH;NH;)"
with a different one. This confirms the hypothesis made by
Walsh.®

CH;NH;SnI; under [001] strain

We will discuss how the influence of strain on the bonding and
electronic properties of orthorhombic CH;NH;SnI;. We have
considered strains along [100], [010], and [001] and found that
only the last one does not destabilize the orthorhombic crystal
structure. The strain applied along [001] direction is calculated
as follows:

Cop— C

= (3)
where ¢, and c are the lattice parameters that are strain-free and
under strain, respectively. When the lattice length increases, the
strain is referred to as tensile; when the length decreases, it is
called compressive strain. Following the conclusions of
previous studies, a narrow range of strains between —0.2% and
+2% are applied to maintain the stability of the structure.

To determine the distortion of the Snlg octahedron, we
estimated the distortion index (ID) using Bauer's definition.® In
untrained orthorhombic CH;NH;SnI; ID is equal to 0.24%. A
negative strain of ¢ = 0.2% changes the distortion index to 0.3%
and the maximum one of tensile ¢ = +2% changes it to ID =
2%." So, the range of applied strain that we used does not
exceed 2.2%. This moderate distortion may be regarded as
within an acceptable range, maintaining the stability of the
octahedral networks so that the Pnma symmetry is preserved.'
These slight distortions do not substantially modify bond
lengths and angles of Snls but are rather enough to affect the
overlap of atomic orbitals, which changes the electronic band
structure as well as the value of the band gap.*

The evolution of band gap as a function of applied strain is
shown in Fig. 5. These results are calculated using the PBE-GGA

150 C T T T T T 25
120
100 |
’>‘ —
) >
S 1152
= o
i
50 |-
—~1.0
0 C 1 1 L 1 1 05
05 0.0 05 1.0 15 2.0
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Fig. 5 The evolution of band gap and binding energy as a function of
strain. In this plot, the Wannier-Mott Model is used to calculate the
exciton binding energy E,. The exciton energy (Eexciton) Can be
approximated by: Eeyciton = Eg — Eb.
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approximation to minimize computational time. This approxi-
mation gives an underestimated value for the band gap but
describes correctly the changes induced by strain.®>*® The band
gap changes from 0.7 to ~2 eV. Also, due to the importance of
excitons in PV applications, the binding energy of excitons (Ep)
was calculated. The un-strained structure has a value of E;, = 66
meV, which is similar to the value calculated in ref. 17 (E, = 60
meV) for MASnI;, for CsPbCl; (ref. 67) (E, = 65 meV) and the
value measured for MAPDI; (E, = 55 meV).*® Fig. 5 shows the
evolution of Ey, vs. strain. We should keep in mind that the band
gap of the material is 1.3 eV, so this value needs to be pushed
down to achieve maximum power conversion efficiency (PCE).
Our results show that with a moderate tensile strain, the band
gap value of CH3NH;Snl; can be considerably tuned to values
where it can be used for PV devices, with high power conversion
efficiencies.”” We have also found that for a tensile strain of
+2%, the exciton binding energy is enhanced reaching a value of
144 meV. Tailoring the band structure and excitonic levels
offers an efficient way to optimize exciton dissociation and
improve the overall performance of photovoltaic devices. The
strained structure with ¢ = +2%, thus, can enhance the
absorption of photons and the generation of photo-carriers,
opening the way to enhancing PV efficiency.

To further understand how strains affect CH;NH;SnI;, we
have performed an NCI analysis on the strained structure with ¢
= +2%. For the sake of comparison, the results of both un-
strained and strained structures are shown in Fig. 6a and b.
In this case, we used the 2D map at the PBE level sign(2), x pvs.
RDG plots. As we already mentioned in the description given in
the computational detail section, the interactions are classified
according to their position on the (sign(4,) x p(r)) scale, where
(sign(2y)) is the sign of the second eigenvalue of the Hessian
matrix of p.” Such a sign is used in conjunction with p to
distinguish between attractive and repulsive interactions.
According to the color code described above, we can notice the
existence of three RDG regions, the first one corresponds to the
region (1) for —0.03(a.u) <sign(4,) x p(r) < —0.02 (a.u.), the
second region (2) to —0.01 (a.u.) <sign(1,) x p(r) < +0.01 (a.u)
and the last one corresponds to the region (3) around sign(4,) x
p(r) = +0.03 (a.u). Region (1) corresponds to both I---I non-
covalent interactions and Sn-I ionic bonds. They are the
inherent geometrical features of the organic and inorganic
systems and are dispersive. We can observe that applying tensile
strain does not affect region I, indicating that the structure's
bonding pattern, which maintains the strained structure's
stability, has not changed. The intermolecular interactions of
this region are compatible with the isosurface of the bi-colored
disk shown in Fig. 2. Region (2) corresponds to the N-H---I
bonds with values of 3.11 and 3.15 A for respectively, un-
strained and +2% strained structures. The green color and the
region around sign(%,) x p(r) = 0 indicates that there are
hydrogen bonds, which are described as somewhat depleted
between the I and H atoms.” A similar value of sign(1,) x p(r) =
—0.01 (a.u.) was noticed while this bond was analyzed in the O-
CD;ND;PbI; compounds.” We can see that applying tensile
strain enhances region (2), but it appears to be concentrated
around the non-covalent region, suggesting that the tilting

© 2024 The Author(s). Published by the Royal Society of Chemistry
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effect is not caused by the hydrogen or the carbon- and pnic-
togen bond changes. Finally, region (3) stands for the methyl-
ammonium ion (CH;NH;)" which has a pronounced covalent
bonding. It is seen that the application of strain does not
weaken these bonds. However, the effect of the out-of-plane
strains on the ionic Sn-I bond should not be overlooked, as
they partly contribute to determining the overall structure of
CH,NH,SnL.

Conclusions

We have reported a theoretical study of CH;NH;SnI; including
both ab initio calculations and an analysis based on the
topology of the electron localization function and the reduced
form of the density. We present here a first attempt to analyze
the bonding of un-strained and strained hybrid CH;NH;SnI;.
We found that including ver der Waals interations improved the
description of the crystal structure of the studied compound,
First, we have analyzed the un-strained crystal structure. We
have found that the structure of CH;NH;SnI; is dynamically and
mechanically stable in the orthorhombic Pnma phase structure.
This conclusion is supported by the phonon dispersion and
elastic constants that fulfill the Born criteria. The study also
contains a discussion of the main features of chemical bonding
and routes to tuning the properties of CH3;NH;SnlI; without
altering its stability. Specifically, we have found that the H
atoms form hydrogen bonding interactions with the bridging
halogens, while the N atoms form directional pnictogen
bonding interactions with the halogen sites of the Snls octa-
hedra of the inorganic counterpart.

We have also shown that the band-gap energy of ortho-
rhombic CH3;NH,;Snl; can be tuned using strains. A 2% strain
induces a change in the band gap of 1.25 eV and, at the same
time, increases the exciton binding energy, which enhances the
possibility of going beyond the use of this material for near-
infrared light emitter applications. The examination of the
chemical interactions that govern the bonding pattern reveals
that these strains only slightly modify the global ionic and

© 2024 The Author(s). Published by the Royal Society of Chemistry

covalent bonding, leaving the hydrogen and strong bonds
unaffected. We consider that the reported results contribute to
open new avenues for the use of CH;NH;Snl; in technological
applications. Strains of the order of 2% can be achieved by
depositing thin films of CH;NH;SnI; on wide band-gap
substrates like indium tin oxide. The selection of different
substrates with the appropriate mismatch strain with CH;-
NH;Snl; stipulated by our calculations will allow the use of
CH;NH;Snl; in applications with band gaps ranging from 0.7 to
2.2 eV.
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