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ABSTRACT: Two-dimensional halide perovskites (2D-HPs) are of significant interest for their
applications in optoelectronic devices. Part of this increased interest in 2D-HPs stems from their
increased stability relative to their 3D counterparts. Here, the origin of higher stability in 2D-HPs
is mainly attributed to the bulky ammonium cation layers, which can act as a blocking layer against
moisture and oxygen ingression and ion diffusion. While 2D-HPs have demonstrated increased
stability, it is not clear how the structure of the ammonium ion impacts the material stability.
Herein, we investigate how the structure of ammonium cations, including three n-alkyl
ammoniums, phenethylammonium (PEA) and five PEA derivatives, anilinium (An),
benzylammonium (BzA), and cyclohexylmethyl ammonium (CHMA), affects the crystal structure
and air, water, and oxygen stability of 2D tin halide perovskites (2D-SnHPs). We find that stability
is influenced by several factors, including the molecular packing and intermolecular interactions
in the organic layer, steric effects around the ammonium group, the orientation distribution of the
2D sheets, and the hydrophobicity of the perovskite film surface. With superior hydrophobicity,

strong interactions between organic layers, and a high extent of parallel oriented inorganic sheets,



the 2-(4-trifluoromethyl-phenyl)-ethylammonium (4-TFMPEA) ion forms the most stable 2D-

SnHP among the 12 ammonium cations investigated.

= INTRODUCTION

Halide perovskites (HPs) are now-a-days one of the most studied semiconductor materials

because of their applications in various technologies, including solar cells,'** high energy radiation
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detectors,™ light emitting diodes (LEDs),'!? photodetectors,'>!> lasers'®! and so fort
However, the most efficient HPs contain lead and the toxicity associated with lead can restrict their
applications.?*”?* Being in the same group of the periodic table and having a similar ionic radius,
Sn is a promising alternative to Pb. Here, Sn-based HPs (Sn-HPs) exhibit comparable structural
and optoelectronic properties as lead.?® In addition to lower toxicity, Sn-HPs are advantageous for
their higher charge-carrier mobility and lower band gaps.?”>° Unfortunately, substituting Pb*" with
Sn** decreases the stability of HPs significantly due to the facile oxidation of Sn*"to Sn*".3%3! The
oxidation causes p-type self-doping in the Sn-HPs, resulting in a transition from semiconducting
to metallic behavior.?>* Interestingly, it has been reported that the p-type doping can be reduced

by lowering the dimensionality of the Sn-HPs using bulky organic cations.*® Furthermore, altering

the dimensionality provides another means to tune the optical properties of HPs.

Two-dimensional (2D) Ruddlesden-Popper (RP) organic metal halide perovskites (2D-
HPs) have the general formula of A2A'n-1MnX3n+1.” For n=1 phase, a plane of MXs (M = Pb**or
Sn**; X = CI', Br, or I') corner sharing octahedra is sandwiched between two planes of ammonium
cations (A).* % The chemical structure of the A-site cations plays a crucial role in modifying the

crystal structure and tuning the optoelectronic properties of HPs.** Here, the M—X bond lengths,



M-X-M bond angles, and octahedral tilts vary with the structure of the A-site cation. For a given
metal halide combination, the M—X—M bond angle exerts the strongest influence on the band gap.*!
As the deviation from the ideal 180° M—X-M bond angle increases, the band gap increases. For
example, Mitzi et al. reported that fluorine substitution at the 2-position of phenethylammonium
(PEA) in 2D HPs reduces the Sn—I-Sn bond angle resulting in higher optical gaps.*' The bulky A-
site cations also increase the exciton binding energy and limit charge transport, particularly in the
direction perpendicular to the 2D inorganic sheets.*> *3 Aside from the variations in optical and
electronic properties offered with 2D-HPs, another motivating factor for 2D-HPs is their superior
ambient stability compared to 3D-HPs.***° This improved stability has driven research into both
Pb- and Sn-based 2D-HPs, including the use of 2D-HPs as capping layers on 3D HPs and mixed
2D/3D HPs for photovoltaic applications.’*->* Recently, Sn-based 2D-HPs (2D-SnHPs) have been
used in field effect transistors (FETs),>*7 LEDs,*®%! lasers,%2% photodetectors,®>*” and X-ray

detectors.%%

As with the structural and optoelectronic properties of HPs, the A-site cation also
influences the stability of HPs. Generally, the moisture resistance of HPs increases with the
hydrophobicity of the A-site cation.”” For example, fluorination of A-site cations increases the
hydrophobicity of HPs and thus increases their stability.*> ¢7-717* In addition to hydrophobicity,
the interaction strength between the A-site cations and the A-site packing density appear to have a
large impact on stability.”*7” For example, A-site cations with phenyl groups tend to form more
stable HPs than A-site cations with linear alkyl chains.®” However, a comprehensive understanding
of how the structure of A-site cations affects the air, oxygen, and moisture stability of 2D-HP thin

films is currently lacking.



In this study we use a series of ammonium cations to determine how the stability of 2D-
SnHPs depends on the A-site cation structure. We first experimentally determine the crystal
structures using single crystal X-ray diffraction (SCXRD) to gauge how the structure of the
ammonium cation influences the bond angles and octahedral distortion in the inorganic sheets, as
well as the intermolecular interactions between the A-site cations and the packing density. Thin
films of the 2D HPs are then investigated to determine the orientation distribution of the 2D
inorganic sheets with respect to the substrate using grazing-incidence small-angle X-ray scattering
(GISAXS), while the hydrophobicity and morphology of 2D-SnHP thin films are probed using
contact angle measurements and scanning electron microscopy (SEM), respectively. The
degradation of 2D-SnHPs in air, oxygen, and moisture are probed using UV-Vis absorbance
spectroscopy in a controlled atmosphere chamber to determine how the aforementioned material

and film properties impact stability.

®* EXPERIMENTAL SECTION

Materials. Tin powder (99.8%, Sigma Aldrich), tin (II) iodide (99.9%, Alfa Aesar), anilinium
iodide (Anl, >98.0%, TCI), 2-(4-trifluoromethyl-phenyl)-ethylamine (Oakwood Chemical), 2-(2-
(trifluoromethyl-phenyl)-ethylamine ~ (95%,  Thermo  Scientific =~ Chemicals),  2-(2-
fluorophenyl)ethylamine (>98.0%, TCI), diethyl ether (DEE, 98%, VWR Chemicals BDH), tin
(IT) oxide (SnO, 99.9% trace metal basis, BTC), ethanol (denatured, VWR Chemicals BDH),
hypophosphorous acid (50% w/w aqueous solution, ThermoFisher Scientific) and hydroiodic acid
(HI, 57% w/w aqueous solution, ThermoFisher Scientific) were used as purchased without further
purification. Phenethylammonium iodide (PEAI), 4-fluorophenethylammonium iodide (4-
FPEAI), 4-methoxyphenethylammonium iodide (4-MeOPEAI), benzylammonium iodide (BzAl),

cyclohexylmethylammonium iodide (CHMAI), n-butylammonium iodide (n-BAI), n-



pentylammonium iodide (n-PAI), and n-hexylammonium iodide (n-HAI) were purchased from
Greatcell Solar and used without further purification. N, N-dimethylformamide (DMF, 99.98%,
anhydrous, DriSolv) was degassed through freeze-pump-thaw cycling and dried using dry

molecular sieve.

Synthesis of ammonium iodides. 1 g of the amines were mixed with 10 mL of ethanol in a
25 mL round-bottom flask and cooled in an ice bath for 10 minutes. Equimolar HI was added
dropwise to the amine solution under continuous stirring. The mixture was stirred for 2 hours.
Later, the resulting solution was dried using a rotary evaporator at 60 °C followed by washing in
dry ice-cold DEE. The ammonium iodide crystals were then dried overnight in a vacuum oven at

60 °C.

Synthesis of A;Snly single crystals. The single crystals were synthesized by following a
previously published procedure.®® Briefly, 2.0 mmol of ammonium salts were dissolved in 2 mL
of ethanol. In a separate vial, 1.0 mmol of SnO was dissolved in 1.5 mL of HI and 0.4 mL of H3PO2
to form Snlx. The ammonium iodide solution was added to the Snlz solution under continuous
stirring at 90 °C followed by addition of 1.5 mL of ethanol. The vial was transferred to an oil bath
and heated at 80 °C for an hour. After that the hot plate was turned off and the oil bath was cooled

to room temperature naturally to form the crystals.

Fabrication of 2D-SnHP thin films. The precursor solutions were prepared by dissolving
appropriate amounts of ammonium iodide salts and Snlz in DMF to form 0.3 M A2Snl4 solutions.
A small amount of excess metallic Sn powder was used, such that insoluble metallic Sn was
apparent in solution, to remove any oxidation product of Snlz (i.e., Snl4 and I2). The precursor

solution was heated at 70 °C for 30 minutes and filtered with 0.45 um PTFE syringe filters to



remove insoluble metallic Sn right before spin coating. The precursor solutions were spin coated
at 9999 rpm for 30 s on top of pre-cleaned 1” x 1" glass substrates inside a nitrogen filled glovebox
(0.1 ppm of O2 and H20) followed by annealing at 80 °C for 10 minutes. The glass substrates were
cleaned by sonicating in sodium dodecyl sulfate solution (0.5 mg/ml in water), deionized (DI)
water, acetone, and iso-propanol sequentially for 15 minutes. The glass substrates were treated

with UV-ozone for 15 minutes and taken to the glovebox immediately before spin coating.

UV-Vis absorbance. The absorbance of A2Snl4 thin films was measured using an Ocean
Optics QE Pro high-performance fiber optic spectrometer with a thermoelectric cooled CCD

detector and a DH-2000 light source from Ocean Optics.

Flow Chamber. In a flow chamber,* pure oxygen or 100% humid nitrogen was blown at a
flow rate of 0.4 standard cubic feet per minute (SCFM) for 5 minutes or 10 minutes, respectively.
The chamber pressure reaches 15 psi for oxygen or 22 psi for humid nitrogen after the flow is

stopped. Using two Kodiak Glass view ports light enters and exits the chamber.

Scanning electron microscopy (SEM). Samples were prepared on ITO coated glass substrates
by following the same recipe mentioned earlier. The SEM images of A2Snl4 thin films were taken

using a Helios Nanolab 660/G3 dual beam SEM from ThermoFisher Scientific.

Single crystal X-ray diffraction (SCXRD). X-ray diffraction data were collected at either
90.0(2) or 100.0(2) K on a Bruker D8 Venture kappa-axis diffractometer using Mo Ka X-rays.
Raw data were integrated, scaled, merged, and corrected for Lorentz-polarization effects using the
APEX3 package. Corrections for absorption were applied using SADABS’® and XABS2.”’ The

)80

structures were solved using iterative dual-space methods (SHELXT)® and refinement was carried

out against F? by weighted full-matrix least-squares (SHELXL).3! Hydrogen atoms were found in



difference maps and refined using riding models. Non-hydrogen atoms were refined with
anisotropic displacement parameters. Atomic scattering factors were taken from the International

Tables for Crystallography.3?

Powder X-ray diffraction (PXRD) and Grazing-incidence small angle X-ray scattering
(GISAXS). Measurements were done on A2Snls4 thin films fabricated on glass substrates by
following the same recipe mentioned earlier. The 1” x 1" perovskite coated substrates were broken
into 4 pieces before the measurements. PXRD and GISAXS were performed using a Bruker D8
Advance instrument and a Xeuss 2.0 system from Xenocs, respectively. In both measurements a
copper anode X-ray source (Cu Ka X-ray, A = 1.5418 A) was used. For GISAXS, the sample stage
was tilted by 0.16° towards the X-ray source. Data were collected for 500 s with 28 spanning 1 —

32°.

Contact angle. The contact angle, i.e. wettability of deionized (DI) water on the 2D-SnHP
films, was performed using a Drop Shape Analyzer (DSA25, KRUSS, Germany) instrument. All
measurements were performed at room temperature (approximately 25 °C). The contact angle was
measured using a sessile drop of DI water on the solid film and video was recorded of the contact
angle change over time. Given that the films dissolve quickly (within seconds) upon contact with
DI water, an angle at the solid, liquid, and gas interface was measured after 0.1 seconds of the drop
being deposited on the film, except for (4-TFMPEA)2Snl4 where the contact angle was taken at

0.16s.

= RESULTS AND DISCUSSION

We investigate the effects of A-site cation structure on the stability of 2D-SnHPs using a series

of 12 cations depicted in Figure 1a. This family of cations enables us to investigate several



variables, including those related to both steric and electrostatic interactions. PEA and its
derivatives are used to probe the impact of 2- vs. 4- substitutions on the stability, with the size and
electron withdrawing strength of the substituents varied. To investigate the steric effects near the
ammonium group, BzA and An are employed to decrease the separation between the phenyl and
ammonium groups. Cyclohexylmethylammonium (CHMA) is included as a non-aromatic analog
to BzA to probe the impact of planar vs. non-planar cyclic cations on the stability of 2D-SnHPs,
while three n-alkyl ammonium cations are used to further vary the A-site packing and inter-sheet

spacing, as illustrated in Figure 1b.
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Figure 1: (a) A-site cations incorporated into 2D-SnHPs. (b) Crystal structure of (PEA)2Snl4

illustrating the inter-sheet spacing (dis).

We grew single crystals of A2Snl4 HPs and performed SCXRD to probe how the A-site cation
structure affects the crystal structure (Figure 2, and Figure S1). Relevant crystal parameters are
summarized in Table 1. We find that all synthesized A2Snls single crystals form RP-phase 2D

HPs. By varying the A-site cation structure, the Sn—I-Sn bond angle, Sn—I bond length, and inter-



sheet spacing (dis) can be tuned.®® Depending on the A-site cation structure the Sn—I-Sn bond
angle varies from 148.55° to 160.59°, with (2-TFMPEA).Snls and (BzA)2Snls displaying the
smallest and largest bond angles, respectively. The 2D-SnHPs with PEA derivatives substituted at
the 2 position (2-PEAs) have smaller Sn—I-Sn bond angles compared to PEA derivatives with
substituents at the 4 position (4-PEAs), where the bond angle with the 2-PEAs decreases as the
size of the substituent increases. These bond angle variations are largely explained through
accounting for steric effects. Unfortunately, we were not able to synthesize single crystals of (4-

TFMPEA)2Snl4, and (An)2Snls; thereby, we include the inferred dis from the PXRD spectra.

4-FPEA 2-TFMPEA CHMA

°Sn © oc oH enN oF

Figure 2: Crystal structures of A2Snls4 with different A-site cations. The view along the plane of

the 2D inorganic sheets is shown in the top row and the view perpendicular to that plane in the

bottom row with the A-site cations removed in the bottom row for clarity.



Thin films of A2Snl4 on clean glass substrates were fabricated and characterized using PXRD
(Figure S2). Here, all PXRD patterns show a dominant peak associated with diffraction from the
2D inorganic sheets, e.g., the (002) plane in PEA2Snl4, which is typical for A2Snl4 films.>® % To
correlate SCXRD data with the measurements done on the thin films we compare the calculated
powder diffraction pattern from SCXRD with the PXRD pattern measured on thin films (Figure
S2) and we observe peak shifts in the range of 20 of 0.02 to 0.20°, with the films showing slightly

increased dis (0.05-0.62 A) relative to the single crystals.

Table 1: Crystal structure parameters obtained from SCXRD measurements, unless otherwise

noted.

Compound Sn—I-Sn bond Eq/Ax Sn—I Inter-sheet | Sn-I bond length [ N-H---I bond

P angle” (deg) | bond length” (A) | spacing (A) | distortion index | distance’ (A)
3.123 £0.008/

(PEA)>Snly 155.93 +£0.52 3161 + 0.000 16.010 0.0053 2.798 £0.061
3.131£0.027/

(2-FPEA),Snl,4 151.43+£0.32 3179 + 0.199 16.305 0.0265 2.801 £0.108
3.113 +£0.003/

(4-FPEA),Snl,4 155.46 +£0.00 3165+ 0.000 16.185 0.0074 2.793 £0.072
3.117 £ 0.000/

(2-TFMPEA),Snl4 148.55 +£0.00 3149 = 0.000 19.044 0.0046 2.724 +£0.069

(4-TFMPEA),Snl," N/A N/A 18.108 N/A N/A

3.123 £0.024/

(4-MeOPEA),Snls | 154.14+0.71 3199 + 0.209 17.673 0.0288 2.827+£0.075
. 3.186 = 0.009/

(BzA),Snl4 160.59 = 0.00 3156 + 0.000 14.394 0.0041 2.884 £0.158

(An),Snly’ N/A N/A 13.515 N/A N/A

3.129 £ 0.006/

(n-HA),SnLs 15804000 | 5227000 16.068 0.0066 2.805 + 0.133
3.147 £ 0.007/

(n-PA),Snly 153.84 £ 0.00 3127+ 0.000 14.394 0.0028 2.815+0.028
- 3.148 £ 0.014/

(n-BA)>Snly 159.61 £ 0.00 3 138 = 0.000 13.810 0.0037 2.836 £0.130
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3.117£0.02/
3.168 +£0.000
“Inter-sheet spacing obtained from PXRD measurements.

**Crystal structures for (BzA)2Snls and (n-BA)2Snls were taken from the literature.
*Error values represent standard deviations from all bond lengths or angles. Eq is equatorial and
AX is axial.

Error values represent standard deviations from the three shortest N-H:- I bonds.

. . . . . . di-d .
‘Bond length distortion index is calculated using this equation: %Z%zll ldo O', where di is the

(CHMA),Snl, 155.52 % 0.00 2.751 £0.074

16.305 | 0.0074

84, 85

individual bond lengths and do is the average bond length.

To probe the effect of A-site cation structure on the optical properties of A2Snl4 thin films, we
measured their UV-vis absorbance spectra (Figure S3). All A2Snls films show three characteristic
absorbance peaks of 2D-SnHPs with variations in peaks positions. The peak shifts in absorbance
spectra are mainly due to the variation in Sn—I-Sn bond angle between corner sharing octahedra.
Here, as the Sn—I-Sn bond angle decreases the optical gap increases.*! For example, (2-
TFMPEA)2Snl4 has the smallest Sn—I-Sn bond angle of 148.55° and correspondingly shows the

most blue-shifted absorbance peaks.

In 2D-SnHP thin films the crystalline grains often adopted a preferred orientation with the
inorganic sheets oriented parallel to the substrate.® It is important to find out how the A-site cation
structure affects the orientation of the inorganic sheets, as we expect the orientation of the
inorganic sheets will significantly affect the ambient stability of 2D-SnHPs. For example, if the
organic layers impede water or oxygen diffusion, then increased stability would arise when the
sheets are oriented parallel to the substrate. Using GISAXS we probed the orientation of the
inorganic sheets (Figure 3). We find that the structure of the A-site cations indeed affects the
orientation distribution of the inorganic sheets. Comparing PEA and its derivatives, the 4-PEAs
show a narrower distribution of orientations, with 63 to 92% of the total detected X-ray intensity
diffracted by the inorganic sheets falling between 70 and 80°, as shown in Table S1. On the other

hand, the 2-PEAs show a broader distribution of inorganic sheet orientations, with only 44 to 55%
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of the total detected inter-sheet diffraction intensity falling between 70 and 80°. For 2-PEA
derivatives, the inorganic planes become more isotropically oriented as the size of the substituent
at the 2-position increases. Contrarily, for 4-PEA derivatives the inorganic planes become more
preferentially oriented parallel to the substrate as the size of the substituent increases, with (4-
TFMPEA):2Snl4 and (4-FPEA)2Snls displaying 92 and 69% of their total detected first peak
intensity in the 70-80° range, respectively. Sterics near the ammonium also play a role in the
distribution of orientations present, as An is the most isotropically oriented with only 33% of the

total detected intensity falling in the 70-80° range.

. l1o

) TEMPEA

Q,,

Figure 3: GISAXS images of A2Snl4 thin films fabricated on glass substrates.

A major advantage of 2D HPs relative to 3D HPs is the improved stability and the extensive

ability to tune stability based on the A-site molecular structure. To investigate how the structure
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of the A site cation affects the stability of A2Snl4 films, we exposed these films to air and measured
their absorbance at varying times (Figure 4a). Here, the integrated intensity of the lowest energy
excitonic peak is used as a gauge of stability. A few major stability trends are apparent from this
data. First, the stability of the A2Snl4 films increases as we change the A-site cation from n-alkyl
to aromatic. Second, the stability increases significantly as the steric hindrance near the ammonium
group decreases, as exemplified by the increasing stability in moving from An to BzA to PEA.
Third, PEA derivatives substituted at the 4-position demonstrate improved stability as compared
to their counterparts substituted at the 2-position.

One of the most apparent trends is that the n-alkyl ammonium cations lead to much worse
stability than their PEA counterparts. For example, after 2 hours of continuous air exposure (n-
HA)2Snl4 retains only 19% of its initial absorbance whereas (PEA)2Snl4 retains 97%. As shown in
Figure 4a, all n-alkyl containing 2D-SnHPs degrade much faster than the other materials,
including faster than with the most sterically hindered ammonium (An). There does not appear to
be a strong correlation between crystal structure and degradation for these n-alkyl ammoniums.
Here, the Sn-I-Sn bond angle spans a reasonably large 6° range and the inter-sheet distance varies
by over 2.2 A, yet the stability remains similarly poor. Furthermore, these bond angles and inter-
sheet distances are comparable to the much more stable 2D-SnHPs. The extent of horizontally
oriented sheets also does not play a major role, as (n-HA)2Snls displays a large fraction of
inorganic sheets oriented parallel to the substrate. Similarly, film morphology is not a determining
factor, as the n-alkyl containing 2D-SnHPs show some of the most uniform films with large grains
(Figure S4). The most likely reason for the rapid degradation observed for the n-alkyl ammoniums
is thereby attributed to a relatively low interlayer-space-filling’® leading to increased accessibility

of oxygen and moisture to the more reactive Snls sheets. This claim is partly supported by
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comparison to the 2D-SnHP with the cyclic-alkyl ammonium, CHMA. Here, CHMA shows
significantly higher stability compared to n-alkyl ammoniums, with the primary difference being

that CHMA should more sterically hinder access to the Snla sheets.
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Figure 4: (a) Absorbance intensity vs. time for A2Snl4 thin films in air with relative humidity (RH)
20% at 22 °C. (b) Illustration of different bonding interactions between the A-site cations of
(PEA)2Snl4, (4-FPEA)2Snl4, and (4-MeOPEA):2Snls. For better visualization minor distortion

components are removed from the (4-MeOPEA)>Snl4 crystal structure.
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The stability of the A2Snls films decreases as steric hindrance around the ammonium group
increases. This decrease in stability is exemplified through comparison of An, BzA, and PEA,
where the spacing between the ammonium group and the phenyl group increases from 0 to 1 to 2
carbons. For this series, the most sterically hindered An shows far lower stability than both BzA
and PEA. Here, (An)2Snl4 retains only 32% of its initial absorbance after 6 hours of continuous air
exposure, while (PEA)2Snls and (BzA)2Snls retain 87 and 83% of their initial absorbance,
respectively. The steric trend in comparing PEA and BzA becomes more pronounced at higher air
exposure times, with (PEA)2Snl4 retaining 73% of its initial absorbance compared to only 41% for
(BzA)2Snl4 after 23 hours of continuous air exposure. The most probable reasons for the lower
stability of (BzA)2Snls are longer Sn—I and N-H:---I bond distances (Table 1) and weaker
interplanar interactions as evident by the longer CH:--x bond distances (Figure S5) compared to

(PEA)2Snl4 (Figure 4b).

As (PEA)2Snl4 is comparatively more stable, next we investigate how 2- and 4- substitution
on PEA affects the stability of A2Snls. We find that PEA forms a more stable perovskite than the
2-PEA derivatives. After 23 hours of continuous air exposure the (PEA)2Snl4, (2-FPEA)2Snl4, and
(2-TFMPEA)2Snl4 retain 73, 62, and 30% of their initial absorbance respectively (Figure 4a).
These trends also suggest that the stability decreases as the size of the substituent at the 2-position
increases. On the other hand, A2Snl4 with 4-PEAs are more stable than (PEA)2Snla4, with larger
substituents resulting in increased stability. This trend is illustrated by comparing the absorbance
data after 23 hours of continuous air exposure, where (PEA):Snls4, (4-FPEA)2Snl4, (4-
TFMPEA)2Snls, and (4-MeOPEA)2Snl4 retain 73, 77, 90, and 90% of their initial absorbance,
respectively. After 48 hours of air exposure (4-TFMPEA)2Snls4 emerges as the most air stable of

the 2D HPs tested.
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Possible reasons for the decreased stability of 2-PEA containing perovskites compared to
(PEA)2Snl4 include a more isotropic distribution of inorganic sheet orientations with respect to the
substrate, as previously discussed (Figure 3 and Table S1) and increased octahedral tilting (Table
1). Higher octahedral tilting could be an indication of lower thermodynamic stability. Octahedral
tilting can be estimated from the Sn—I-Sn bond angle, where lower Sn—I-Sn bond angles indicate
increased octahedral tilting. The Sn—I-Sn bond angles in (PEA)2Snls, (2-FPEA)2Snls, and (2-

TFMPEA)2Snl4 are 155.93, 151.43, and 148.55° respectively.

For 4-PEA containing perovskites, the most likely reasons for higher stability compared to
(PEA)2Snl4 include an increased extent of inorganic sheets oriented parallel to the substrate,
increased interaction strengths between the organic molecules in the interlayer, and tighter packing
between A-site cations. For example, using density functional theory (DFT) calculations Mosconi
et al. showed that with increasing intermolecular interactions between A-site cations the
thermodynamic stability of the 2D-HPs increases.” In agreement with their calculations, our
experimental data show that as the interaction strength between the A-site cations increases, as
evident by shorter contacts and tighter packing, the stability of the 2D-HP increases. For example,
the CH-- -7 interaction in (PEA)2Snl4 is weaker as the average CH---m distance (2.98 A) is longer
than the average CH---FC distance (2.68 A) in (4-FPEA)2Snl4 (Figure 4b). Also, each 4-FPEA
forms twice the number of interactions compared to PEA. In (4-MeOPEA )2Snl4 the shorter CH:-'nt
(2.76 A) distance indicates a stronger interaction between 4-MeOPEA molecules compared to
PEA. In addition to the CH---m interaction, 4-MeOPEA has additional C.0---HC (2.60 A)

interactions with short contacts (Figure 4b).
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Figure 5: Absorbance intensity vs. time for A2Snls thin films under humid nitrogen (a, b) and

oxygen (c, d) inside a controlled atmosphere chamber.

Now that we have a clear picture of how the air stability of A2Snl4 thin films varies with A-
site cation structure, next we investigate how A-site cation structure influences the stability of
A2Snl4 films when exposed to dry oxygen or 100% humid nitrogen (Figure 5). Interestingly, we
notice a few significant differences in the stability trends for air, oxygen, or humid nitrogen
conditions. First, in oxygen or humid nitrogen the stability of (4-FPEA):Snls and (4-
MeOPEA)>Snl4 are lower than (PEA)2Snl4, contrarily these are both more stable than (PEA)2Snl4

in air. Second, the rate of degradation in pure oxygen is overall higher than in humid nitrogen.
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This more rapid degradation under oxygen is consistent with previous reported degradation

mechanisms and our previous findings that Snlz oxidizes more rapidly upon oxygen exposure.’*

87

Hydrophobicity, as highlighted by the contact angle measurements in Figure S6, is another
parameter that we investigated. However, hydrophobicity does not correlate strongly with the air
stability data, as depicted in Figure S6b. The lack of correlation between air stability and
hydrophobicity may arise from oxygen being the primary source, or instigator, of degradation. For
example, the (CHMA)2Snl4 film exhibits the highest stability against water among the perovskites
used in this study, yet it is not one of the top performers in terms of stability under oxygen or air
exposure. After 5 hours of continuous humid nitrogen exposure (CHMA )2Snl4 retains 101% of its
initial absorbance. The highest moisture stability exhibited by (CHMA)2Snl4 can be attributed to
its superior hydrophobicity compared to the other 2D-SnHP thin films, as indicated by its large
contact angle of 96°. On the other hand, after 5 hours of continuous oxygen exposure
(CHMA)2Snl4 retains only 50% of its initial absorbance. Therefore, it seems that increased
hydrophobicity can significantly affect moisture stability while having minimal to no influence on
oxygen and air stability. We also find that the water stability trend does not completely agree with
the hydrophobicity of perovskite films, indicating that stability is often not as simple as the degree
of hydrophobicity. For example, after 5 hours of humid nitrogen exposure (PEA)2Snl4 and (2-
TFMPEA)2Snl4 retain 98 and 60% of their initial absorbance, which is opposite of what their

contact angles of 55 and 64°, respectively, would predict.

When the A2Snl4 thin films are exposed to humid nitrogen most of them show a small increase
in absorbance initially (Figure Sa, b). Moisture exposure of perovskite films can trigger secondary

crystal growth from harmful defects resulting in better morphology and crystallinity of the
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perovskite films,3-%°

which could explain the initial increase in absorbance intensity. The
(BzA)2Snl4 thin film exposed to 30 minutes of humid nitrogen shows an enhancement in the PXRD
peak intensities compared to the pristine (BzA)2Snl4 film (Figure S7), which further supports our
claim. Upon prolonged exposure to moisture, water induces irreversible chemical reactions to
perovskites forming volatile amines and hydroiodic acid.’’®® When these moisture exposed
perovskites are thermally annealed on a hot plate in a nitrogen filled glovebox, they do not recover
back to their initial absorbance, hence further supporting the water induced irreversible
degradation reactions (Figure S8). Interestingly, the AxSnls4 films show red shifts of their
absorbance peaks with continuous moisture exposure (Figure S9). We notice a direct relation
between moisture induced degradation of perovskite films and the red shift of absorbance peaks.
As the moisture induced degradation of A>Snl4 films increases, the red shift of the absorbance
peaks increases (Figure S10-21a). The red shift in the absorbance peaks could indicate that the

Sn—I-Sn bond angles have increased and there is better overlap between the 2s orbital of tin and

5p orbital of iodine.®?

= CONCLUSION

This work clearly shows that the stability of 2D-SnHPs can be significantly enhanced by proper
choice of A-site cations and provides guidance for selecting and designing bulky ammonium
cations for improved stability. We have identified several major parameters that influence the
stability of 2D-SnHP films. The most important parameter is the extent that the A-site cations will
restrict moisture and oxygen access to the inorganic sheets. Here, more bulky groups, such as
phenyl or cyclohexyl groups, that pack densely with strong intermolecular interactions are most
effective at stabilizing the 2D-SnHPs. For example, (4-MeOPEA )2Snl4 and (4-FPEA)2Snl4 exhibit

strong intermolecular interactions and show the second and third highest stability under air
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exposure, respectively. The ammonium should not be too sterically hindered however, as the
stronger ammonium—iodide interactions are beneficial for increasing stability and smaller Sn—I—-
Sn bond angles resulting from steric effects reduce stability. From a thin film perspective, the
orientation distribution of the 2D inorganic sheets with respect to the substrate and the
hydrophobicity of the 2D-SnHP film surface are influential in determining the stability. All these
parameters can be tuned by changing the chemical structure of A-site cations. Overall, we find that
(4-TFMPEA)2Snl4 demonstrates the highest stability in air, followed by (4-MeOPEA)2Snl4 and
(4-FPEA)2Snl4, with these high stabilities arising from a combination of beneficial parameters. It
is also likely that processing conditions and substrate chemistries to change the surface energy can
be used to alter the distribution of the inorganic sheets, thereby enabling further insight into the
role of the orientation distribution on stability. While this work focuses solely on n=1 HPs, we

expect that these findings will also largely apply to higher » number 2D-HPs.
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