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ARTICLE INFO ABSTRACT

In the present work, different hybrid perovskites were synthesized by gradual concentration variation of larger
cation of phenylammoniumiodide (PAI) and methylammoniumiodide (MAI) in Pbl, solution with the aim of
PAI improving the stability of MAPbI; film and photovoltaic efficiency. To understand the properties of perovskite
Stability like structural, optical, thermal, morphological and chemical state, extensive characterizations such as XRD,
S?Gsil:unter electrode UV-visible spectroscopy, FE-SEM, SEM, EDX and XPS were performed. The role of PAI was investigated further

with the use of DFT studies. The DFT results confirmed that the PAI was passivated on the surface of MAPbI;
with most stable arrangement. The stable arrangement revealed the formation of j-n1 interactions within the
phenyl rings, which shielded the MAI crystals and thereby resulted in enhanced stability of the perovskites.
Highly protected perovskite consequently yielded high- performance solar cell device with enhanced stability
under 60% humidity, high temperature exposure and longer time stability even when directly exposed to normal
room temperature. The new investigation of capping techniques with the use of bigger organic molecules, high
performance solar cell with low device costs could emerge. This could lead to unprecedented rapid progress on
power conversion efficiency (PCE). Thus, more stable organic-inorganic hybrid perovskites could be developed
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for future applications.

1. Introduction

The useful application of organic-inorganic perovskites-type pig-
ment around the development of new photovoltaic cells for commercial
use has brought new dimensions to material research scientists over the
years [1,2]. Various studies have led to discovery of different formation
mechanism of organic-inorganic perovskites with remarkable power
conversion efficiencies (PCEs) which has displayed increase from 3.8%
for methyl ammonium lead halide, CH;NH3PbX; (X = Br, I) in 2009 to
more than 20% for FAPbI;-based PSCs in 2015 [3-8]. The organic-in-
organic perovskites have been selectively reported to be distinct ma-
terials with unique properties such as appropriate band gap, high ab-
sorption coefficient, long charge diffusion length and solution
processability [9-11]. Based on several positive results [12-15] on their
power conversion efficiencies, many efforts have been focused on the
commercialization of these new materials to solve global energy chal-
lenge. However, it is disappointed to say that most of the perovskites
prepared so far have failed to meet the commercial requirements such

as stability with high efficiency, low cost and long lifetime durability
[16-18].

The physical characteristics of the perovskites depend greatly on the
constituents of the ABX;3 [19-22]. The lattice arrangements, which can
be represented in multiple ways crystallography, simply allow large
atomic or molecular cation (positively-charged) of type A in the centre
of the cube. The corners of the cube are occupied by atoms B (also
positively-charged cations) while the faces of the cube are occupied by
a smaller atom X with negative charge halogen (anion). The electronic
band structures of the perovskites are controlled by the electronic or-
bital of the B and X ions [23,24] while the centre A" ions determine
the symmetry of the perovskite [25]. In addition, the A™ organic cation
stabilized by intercalation of large-sized organic cation, such as n-bu-
tylammine or ethane-1,2-diammonium (BA* or EDA2%), can further
enhance the stability of all-inorganic perovskite [26]. To realize com-
mercial applications of PSCs, the long-term stability issues such as
durability under humid, thermal, and light-soaking conditions should
be further investigated and improved [27,28]. For the aforementioned
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reasons, surface passivation strategies of PSCs have been vigorously
pursued. For example, Snaith et al. employed various organic Lewis
bases such as thiophene and pyridine to passivate the surface of per-
ovskite films to achieve high photovoltaic power conversion efficiency
[29] and Lee et al. were fabricated stable perovskite solar cells by in-
corporation of large 2D phenylethylammonium lead iodide on the grain
boundary of the formamidinium lead iodide (FAPbI3) perovskite [30].
But to date, only limited research reported for long-term stability under
ambient and light irradiation condition [28-30].

Using various synthetic approach, MAPbI; have been thoroughly
investigated and recently given rise to a PCE approaching 20% [15,31].
However, MAPbI; is confronted with the problem of low photo and
thermal-stability to be commercialized [32,33]. Low crystallization
energy and low temperature phase transformation between the tetra-
gonal and cubic phase at = 320K has been identified as the factors
responsible for its unstable nature [34,35]. Therefore, present work
aims at using cheaper organic materials to increase the stability of
MAPDI; perovskite by gradual addition of PAI, which is a bigger mo-
lecule to fortify the structure with the formation of capped organic
cations perovskite. This work was designed to study different ratio of
MATILPAI in order to arrive at the most stable perovskite under ambient
temperature. Based on the idea of preparing stable perovskite for
commercial solar cell, the present investigation followed simple solu-
tion synthetic method to prepare MAPbI; by addition of different ratio
of PAI with the aim of establishing ambient temperature stable organic-
inorganic perovskites for future solar cells.

2. Materials and methods
2.1. Reagents

Lead Iodide (PbI,, 99%), hydroiodic acid (HI, 57% in water), aniline
(CeHsNH,, 99%) and methylamine (CH3NH,, 40% in methanol) and
copper (I) thiocyanate (99%), and Titanium diisopropoxide bis(acet-
ylacetonate) solution are purchased from Sigma-Aldrich and used as
received without further purification. Propylsulfide purchased from TCI
chemical Pvt. Ltd. (98%). Methylammoniumiodide (MAI) (CH3NH3I)
and phenylammoniumiodide (PAI) (C¢HsNH3l) were synthesized ac-
cording to the method previously reported [36-39] (Details informa-
tion provided in Supplementary data).

2.2. Preparation of perovskite precursors

Solution method was used to prepare the perovskite precursors. 1 M
of 461 mg Pbl, was dissolved in 1 mL of dimethylformamide (DMF) and
dimethyl sulfoxide (DMSO) mixed (4:1) solution. However, various
concentrations of both MAI and PAI were added together in 1 mL of
dimethylformamide (DMF) to make 1M solution in ratio of N = 1:0,
N =0.9:0.1, N = 0.7:0.3, N = 0.5:0.5, N = 0.3:0.7, N = 0.1:0.9 and
N = 0:1 respectively. The solution was stirred for 30 min at 60 °C at
ambient atmosphere. For characterization purpose, the precursor ob-
tained was applied to a washed glass substrate on the hot plate (Fig. 1)
at 100 °C for 15 min to form thin film perovskite. For device fabrication,
the solution was spin coated on the FTO/c-TiO5/m-TiO,.

2.3. Perovskite solar cell fabrication

FTO glass (15 Q/sq) was thoroughly cleaned with detergent, water,
acetone and isopropanol in sonicator for 15min respectively after
which it was treated with UV ozone cleaner for 15 min before use. A
50 nm thick dense blocking layer of TiO, (bl-TiO,) was deposited onto
the cleaned F-doped SnO, substrate by spin coating using a 0.39 mM
titanium di-isopropoxide bis (acetylacetonate) solution and then sin-
tered at 120 °C to prevent direct contact between FTO and the hole-
conducting layer. Then, a thick mesoporous TiO, layer was deposited
by spin coating TiO, paste (Dyesol 18NR-T) diluted further in ethanol at
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1:3.5 with 3000 rpm for 60 s followed by sintered in air at 450 °C for
1h. The solutions were cool to room temperature, after which they
were infiltrated into the mesoporous layer by spin-coating at 2500 rpm
for 10 s and at 4000 rpm for 30 s. The substrate was then dried on a hot
plate at 100 °C for 15 min before CuSCN HTM layer was deposited on it
using doctor blading at 80 °C. The HTM solution was prepared by dis-
solving 7mg CuSCN (Kishida Chemical Co. Ltd.) in 1mL of pro-
pylsulfide. Carbon:graphite (1:3) mixture was deposited on another
FTO (counter electrode) plate as well as on the FTO/c-TiO,/m-TiOy/
perovskite/CuSCN film for sandwich type architecture.

2.4. Characterization

The structures of the synthesized methylammonium iodide (MAI)
and phenylammonium iodide (PAI) were confirmed with the use of
solid state 500 MHz AVANCE III HD Bruker nmr spectrometer. The
surface morphology, chemical composition, and structure of the pre-
pared perovskites were characterized using scanning electron micro-
scope (SEM), energy-dispersive X-ray analysis (EDX) (SEM - JEOL JSM-
6380LV), JEM 2100F), performed with an acceleration voltage of
200 kV by placing the powder on a copper grid. X-ray diffraction (XRD,
Bruker Germany D8 Advance) with Cu Ka radiation (A = 1.54 A), was
used to collect the data for XRD pattern of the thin film of the per-
ovskite. X-ray photoelectron spectroscopy (XPS) measurements were
done on the ESCA + Omicron UK XPS system with a Mg Ka source and
a photon energy of 1486.6 eV. The binding energies were referenced to
the C 1s peak at 284.6 eV of the surface adventitious carbon. Fourier
transformed infrared (FTIR) spectroscopy was performed on a Thermo
Nicolet 200 FTIR spectrometer using the KBr wafer technique. A spec-
trum was collected in the mid-IR range from 400 to 4000 cm ™! with a
resolution of 1 cm™!. UV-visible absorbance was measured by using
Varian Cary 5000 scan UV-VIS NIR double beam spectrophotometer.
The thermal decomposition measurements of the prepared sample were
determined from the simultaneous thermal analysis (TG/DTA, SDT Q
600 V20) from RT to 1000 °C under nitrogen atmosphere.

We modelled the bulk CH;NH3PbI; structure which is globally (both
lattice constant and ions) relaxed using density functional theory (DFT)
calculations. The self-consistent procedure was adopted as im-
plemented in Vienna ab initio simulation package (VASP) [40]. In our
calculations, the electronic wave functions were expanded using plane
waves within projector augmented wave (PAW) pseudo-potential
formalism [41]. The electron-electron correlations were corrected by
generalized gradient approximations (GGA) [42]. The wave function
optimizations were performed with convergence factor of 10 ® eV and
the ionic relaxations were carried out iteratively until the forces be-
tween all the ions became less than 0.01 eV/A. The (11 1) surface slab
of CH3NH3PbI; crystals were constructed with periodicity along x and y
direction and 15 A vacuum was kept in z direction to avoid the inter-
action between the nanostructures and its periodic images. The cell
constants of this surface slabs are not optimized but the ions were re-
laxed with above criteria. For structural relaxation of bulk, it Brillouin
zone was sampled with 17 x 17 X 17 Monkhorst Pack k-points while
that of (1 1 1) surface slab was gridded with 5 X 5 X 1 I' centred k-
points. The band structures were deduced from non-self-consistent
calculations which use the charge density and wave function obtained
from the self-consistent calculations.

Photocurrent - voltage (J-V) measurement of PSCs were performed
under AM 1.5 sun irradiation (100 mW/cm?) using a 100-220 W small
beam simulator (Photo Emission Tech., Inc., model SSS80AAA) with an
AM1.5G filter solar simulator (100 mW/cm?), and the light intensity
was calibrated with a standard Si photodiode detector (Bunkou Keiki,
Japan). Incident photon-to-current conversion efficiency (IPCE) mea-
surements were determined using a 300-W xenon light source and a
monochromator. The applied voltage scan step = 10 mV and delay time
= 200 ms which was followed for all the experiments.
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Fig. 1. Schematic illustration of the perovskite solution prepared from different ratio of MAI and PAI by one step method. The photo images show color variation of
the perovskite precursor solution and corresponding films with respect to stoichiometric ratio of the MAI and PAL

3. Results and discussion

This work was carried out by using common chemicals (Hydroiodic
acid, methylamine and aniline) and inexpensive techniques to meet the
demand for large scale production with low cost. The studies were fo-
cused on two directions; (i) study of perovskite on glass substrate to
elucidate the structure and morphology of the free perovskites and (ii)
depositing the selected perovskite solutions on FTO by spin coating for
solar cell fabrication. The structures of methylammonium iodide
(CH3NH;3I, MAID) and phenylammonium iodide (C¢HsNH;3I, PAI) were
confirmed with the use of 'H and *C NMR studies (Fig. Sla-d). A
Simple single step solution processing method was successfully used to
prepare perovskites thin film as described in experimental section
(Fig. 1). Adoption of one step synthesis through solution method would
ensure evenly passivation of bulk molecules of PAI on the surface of
MAPbDI; film and yielded new framework pattern. We believe that the
existence of new bonding forces played significant role of adducting PAI
molecule within bonding in MAPbI; surface with maximum stability
energy as obtained from DFT study. The passivation of larger cation of
PA resulted improved stability and device performance [25,37,43,44].

3.1. XRD studies

The perovskite phases were identified with the study of the XRD
patterns obtained after annealing on the hot plate for 15 min. The XRD
patterns obtained for different concentrations of PAI mixed with
MAPDI; perovskites are shown in Fig. 2a. The diffraction spectrum for
CH3NH;3PbI; is in good agreement with the literature values with in-
dexed peaks of 110 (13°.99%), 112 (19°.93"), 202 (24°.44"), 220 (28°.26")
and 222 (31°.68’), thus confirmed the formation of perovskite phase
with cubic structure [36,45,46]. The sharp and high intensities of the
signals confirmed good crystallinity of the perovskite films. The peaks
appeared in the XRD spectra corresponds to 0.9:0.1, 0.7:0.3, 0.5:0.5 and
0.3:0.7 compositions. The perovskite phase (1 1 0) was observed at
14°.43’, few additional diffraction peaks were observed only at higher
concentration (0.1:0.9 of the MAI to PAI) and tend towards pure PAPbI;
perovskites. The absence of PAPbI; related diffraction peak in the lower
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concentrations is reflecting that no substitution of PA cation with re-
placement of MA in the cubic structure. It may due to huge variation of
the ionic radius of MA (~3.0 A) and PA (5.89 /0\). The peak position was
not changed with respect to the concentration, the result also shows
that the PA was not substituted in the cubic structure of MAPbI;. The
absence of lead iodide peak in the XRD pattern for 0.5:0.5 concentra-
tion reflects high purity with good stability at ambient atmosphere.
Lower concentration is also possible but may lead to a distorted cubic
structure [19,37].

3.2. Optical properties study

The UV-visible absorption spectra of the perovskite films are pre-
sented in Fig. 2b. As observed in the spectra, strong electronic ab-
sorption peaks were obtained for the perovskite thin films at about
780 nm and = 500 nm. The peak at = 770 nm was attributed to band-
edge electronic transition [45,47]. To predict the suitability of the
perovskites for solar cell application, the band gap energies of the films
were estimated from the optical reflectance data by the Kubelk-
a-Munk's method with the use of graph plotted between [K/S] and hv.
The intercepts obtained were considered as the band gap energies of the
perovskites (Fig. S2a, b). The band gap energies of MAPbI; and PAPbI;
perovskites were found to be 1.51 and 2.32 eV, respectively. The band
gap energies of 0.9:0.1, 0.7:0.3 and 0.5:0.5 compositions were found to
be between 1.51 and 1.55 eV. No obvious changes observed in band gap
with respect to the concentrations of PAI Slightly increased band gap
value (higher than MAPDI;) obtained for the higher concentration
(0.9:0.1). It may be due to formation of little PAI phase along with MAI
which is in agreements with XRD result.

3.3. Fourier transform infrared spectroscopy (FT-IR) studies

Fourier transform infrared spectroscopy (FTIR) provided clarifica-
tion to the composition of the perovskite thin films (Fig. S2c). The
spectra assignments are presented in Table 1. In the spectrum of
MAPbDI;, strong absorption bands observed at 2824 and 1454 cm™!
were attributed to CH str. and bending of CH; in CH3;NH3PbIs,
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Fig. 2. (a) XRD patterns between 10° and 35° show characteristic peaks of MAPbI; and PAPbI3. (b) Optical absorption spectra of the perovskite thin films at ambient

temperature.

Table 1
Device performance of the MAPbI;, 0.5:0.5 and PAPbI; perovskites.

Perovskites  J,/(mAcm~ %)  V,/V  Fill Factor (FF) Efficiency (I])/%
PAPbDI; 5.94 0.69 58.40 2.39
MAPDI; 20.60 0.89 55.64 10.25
0.5:0.5 24.42 0.93 49.75 11.38

respectively while the medium band at 3233 cm ™! was assigned to NH
str. of NH3 [46,48-51]. However, the presence of both CH str. aliphatic
and aromatic were found in the spectra of the perovskites with varying
ratio of MAI/PAI within the range of 2995-3006cm™ ' and
~ 3130 cm ™, respectively. Also, the bands at = 1450 cm ™" in the
spectra were assigned to CHj bending. The C=C ar. str was found within
=~ 1590-1669 cm ~ !. As expected, only CH str. aromatic appeared in the
spectrum of PAPbl; at 3187cm™! with C=C str. aromatic at
~ 1454-1590 cm ~*. The FT-IR spectroscopy supported the presence of
MA and PA in the perovskites films with increase in intensity as the
ratio increases.

3.4. Morphology studies

In order to understand the structural arrangement of perovskite thin
films, 1 cm? sectional area of pure MAPDI;, 0.5:0.5 and pure PAPbI;
were studied with field emission scanning electron microscopy (FE-
SEM). The thin films were prepared by drop casting method. From the
images obtained at different magnifications, MAPbI; (Fig. S3a-c) shows
relatively rod-like asymmetric structure spreading out from a central
point on the plate while PAPbI; (Fig. S3g-i) displays particles with wide
surface arranged in layers with interlocking network structure in-be-
tween. However, the two morphologies were observed in 0.5:0.5 thin
film forming interlocking phase that identified with the morphologies
of the perovskite. The new morphology shows area covered with rod
shapes while another area displays coiled layers network. This con-
firmed the presence of both moieties in 0.5:0.5 mixed perovskite phase.
To further affirm the presence of both MAPbI; and PAPbI; in 0.5:0.5
perovskite phase, we further studied the morphology of the black phase
of the perovskite in powdery form after scraping it from the surface of
the glass substrate using energy dispersion scan electron microscopy.
The SEM images from the scraped perovskite (Fig. S4a-c) confirmed
MAPbDI; to be rod shaped with average length of 6.69 um and average
diameter of 0.73 um. We observed non-symmetrical pores within the
bulk of the perovskite powder based on the non-alignment of the rods
shape. This might be an advantage for PAPbI; to diffuse into the
MAPDI; spheres. The SEM image for PAPbI; shows sheet morphology
arranged in layers (Fig. S4d-f). However, the SEM image of 0.5:0.5
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(MAo sPA, sPbl3) confirmed the presence of rod and sheet morphology
(Fig. S4h-i).

3.5. Elemental composition

The major constituent elements in the samples were investigated
through energy-dispersive X-ray analysis (EDX). Fig. S5a,c,e shows the
EDX spectra of the selected perovskites, which established % weight of
the constituent elements. It can be concluded that % weights obtained
agree with the proposed molecular formulae of the perovskites. For
more clarity, the % weights obtained (experimental and calculated) are
represented in stacked column bar chart (Fig. S5b,d,f).

Further element status of the perovskites was carried out using X-
ray photoelectron spectroscopy (XPS). The results of X-ray photoelec-
tron spectroscopy of MAPDbI3, 0.5:0.5 and 0.7:0.3 perovskites are pre-
sented in Fig. 3(a-d). The typical survey spectra of MAPbI5, 0.5:0.5 and
0.7:0.3 (Fig. 3a,b) reveal the presence of C (1s), N (Is), I (3d) and Pb
(4f). The binding energies observed for 0.5:0.5 and 0.7:0.3 fell within
the same region with insignificant difference of 0.2-0.7 eV for Pb 4f and
0.1-0.3 eV for I 3d compared to pure MAPbI;. The binding energy (BE)
for the Pb 4f,,, in MAPbI; was found to be = 137.5 eV while those of
0.5:0.5 and 0.7:0.3 were found to be = 137.1 and 136.6 eV, respec-
tively. The spectra for Pb 4f (Fig. 3c) show well-separated spin-orbit
components with separation of about 4.9 eV which is typical of Pb?*
ion. Fig. 3(d) shows the I 3d spectra for MAIL, 0.5:0.5 and 0.7:0.3 with
well-separated spin-orbit components with a separation of about
11.5eV, which is coherent with characteristic of I~ ion. [52,53]. The
spectra indicated that the chemical bonding was not affected in the
process of perovskite formation which is in good agreement with XRD
pattern obtained.

3.6. Moisture stability study

One of the major causes of instability in the perovskite materials is
humidity because perovskite materials such as CH3NH3Pbl; are hy-
groscopic in nature. It readily decomposes into CH;NH3I and Pbl, in the
presence of water [54-56]. In our quest to understand the effect of
introducing PA moiety on the ambient and phase stability of MAPbI3,
selected perovskite films (MAPbI3, 0.9:0.1, 0.7:0.3 and 0.5:0.5) were
kept at normal room temperature with about 70% relative humidity for
maximum of 30 days. The comparative studies were carried out using
visual observation, UV-visible absorption and XRD measurements.
Fig. 4(a-d) shows the XRD pattern obtained after aged 5D, 10D and 30D
for MAPbI3, 0.9:0.1, 0.7:0.3 and 0.5:0.5 samples, respectively while
Fig. 4(e,f) shows the UV-visible spectra obtained after 10D and 30D,
respectively. Fig. 4(g) shows the photograph of the thin films on the
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Fig. 3. XPS spectra of pure MAPbI; and different concentrations of MAI and PAI mixed (0.5:0.5 and 0.7:0.3) thin films: (a) Full survey spectra, (b) expanded full

survey spectra, (c) Pb 4f spectra and (d) I 3d XPS spectra.

glass substrate at initial and 30D, respectively for the selected per-
ovskites. It was observed that MAI decomposed black to yellow phase
after 30D in ambient temperature. In agreement with the visual ob-
servation, XRD pattern obtained shows proportional increase in the
characteristic peak for Pbl, (1 1 0) even though there are still some tiny
spots of black phases of the perovskite present as obtained in the XRD
pattern. However, XRD pattern for films with varying PAPbI; shows
slight decomposition which is displayed with low intensity of PbI,
characteristic peak after 30D. This indicates, that the black perovskite
phase persisted after 30D of exposure. Thus, the PA molecules serves as
protective agent for MAPDI; cavity and therefore increases its stability
as Pbl, was held firmly within the perovskite thin film. The presence of
phenyl group protected the surface of the MAPbI3 by shielding it
against reaction with atmospheric oxygen and water molecules; it
would be clearly demonstrated later by DFT structural evaluation.
Hence, the PA passivated MAPbI; perovskites possess good stability
under high humidity than pure MAPbI;. The UV-visible spectra dis-
played absorbance with higher intensities as compared to initial UV—
visible spectrum (Fig. 4e,f). The higher intensity of absorption peaks for
mixed perovskite revealed well crystalline nature which is in good
agreement with XRD results.

3.7. Light stability

Prolonged light illumination in air has been identified as one of the
major causes of decomposition of CH3NH3Pbl; perovskite [57,58].
Under light illumination, CH;NH3Pbl; perovskite decomposes to Pbl,,
CH3NH, and HI. Thus, the efficiency reduces gradually as the de-
gradation increases. To understand the effect of PAI on MAPbI3; upon
exposure to strong beam of light, selected perovskites (MAPbI3, 0.9:0.1,
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0.7:0.3 and 0.5:0.5) were illuminated with 60 W tungsten lamp at
10 cm distance for 72 h. Fig. 5a-d shows the XRD patterns and UV-vi-
sible spectra obtained from the thin films after the illumination. The
XRD patterns ascertained the stability of PA passivated perovskites
(0.9:0.1, 0.7:0.3 and 0.5:0.5) with the persistence perovskite phase
peak than in MAPbI;. Higher intensity characteristics peak of Pbl, was
observed in the XRD pattern of MAPbI3. This shows that more PbI,
decomposed within MAPbI; perovskite under direct illumination from
beam of tungsten light. In contrary, PA passivated perovskites showed
little degree of decomposition which decreases as the concentration of
PAI in the perovskite increases thus confirming PAPbI; as light stability
enhancement agent. The electronic transitions within the thin films
(Fig. 5e) remain higher due to availability of Pbl, molecules within the
electronic sphere to transmit more electrons. It can be concluded that
the capping of MAPbI; with PAI reduced the decomposition of Pbl,.

3.8. Thermal stability

The thermal degradation of organic-inorganic perovskite materials
is accelerated under high temperatures. Previous reports showed that
MAPbDI; decomposes at a temperature of 230 °C [40,41,55,59]. To fur-
ther study the impact of PAI with MAPbI; on stability, thermal gravi-
metric analysis (TGA) was used to study the thermal stability of per-
ovskites by weight loss [40,42]. Also, XRD patterns and UV-visible
spectra were obtained at high temperature for pure MAPbI;, 0.9:0.1,
0.7:0.3 and 0.5:0.5 thin films. Fig. 6(a-d) shows the XRD patterns for
MAPbI;, 0.9:0.1, 0.7:0.3 and 0.5:0.5 thin films at 140, 180 and 220 °C
respectively along with the photograph of the thin film after direct
heating on hot plate. XRD patterns for MAPbI; thin film (Fig. 6a) re-
veals gradual degradation of perovskite phase to completely charred
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Fig. 4. Stability studies of the effect of relative humidity of 70 + 5% on the perovskite thin films after storage at ambient temperature for up to 30 days after
formation: XRD patterns of the perovskite thin films stored at different days such 5D, 10D and 30D, (a) MAPbI; and different concentrations of MAI and PAI mixed
perovskite (b) 0.9:0.1 (c) 0.7:0.3 (d) 0.5:0.5 films. UV-Visible spectra of the corresponding sample (e) 10D (f) 30D stored at ambient temperature (g) Photographs of
the perovskite films as prepared and after 30D of storage in ambient condition.

PbI, as the temperature increases from 140 to 220 °C. However, from
the XRD patterns of the double organic perovskites (Fig. 6b-d), we
observed partial decomposition of Pbl, from the perovskite phase as the
temperature increases but the perovskite phase remains persistence
within the temperature range studied. XRD patterns for 0.5:0.5 per-
ovskite thin film (Fig. 6d) shows the perovskite to be the most stable
with the appearance of weak Pbl, related peak as the temperature in-
creases. The conclusion from the XRD patterns is corroborated by the
UV-visible spectra obtained for the perovskites. Fig. 7(a,b) shows the
electronic transitions spectra for MAPbI3, 0.9:0.1, 0.7:0.3 and 0.5:0.5
perovskite thin films at 180 and 220 °C, respectively. UU-Visible spec-
trum for MAPbI; at 180 °C confirmed the presence of the perovskite
phase in the thin film with absorption at 780 nm. The thin film de-
composed to pure Pbl, phase at 220 °C with the disappearance of ab-
sorption at = 780 nm and appearance of strong Pbl, characteristic
absorption at = 570 nm. However, double organic perovskites (0.9:0.1,
0.7:0.3 and 0.5:0.5) shows strong absorption at = 780 nm with weak
Pbl, characteristic absorption at = 570 nm at 180 and 220 °C, respec-
tively. Thus, the observation confirmed the stability of the MAPbI;
fortified with PA organics. Thermogravimetric analysis reveals the
gradual weight loss that occurred within the perovskite moiety as the
heating temperature increases. Fig. S4(a-d) reveals the decomposition
step of MAPbDI3, 0.9:0.1, 0.7:0.3 and 0.5:0.5 as follow:

Ce¢HsNH;/CH;NH;PbI;—HI + CgHs/CH3NH, + Pbl,

The thermographs show that sublimation of HI occurs between 103
and 121 °C for MAPbDI3, 0.9:0.1 and 0.9:0.1 while 0.5: 0.5 composition
remains stable up to 243 °C. Also, the Pbl, constituent started to de-
compose at around 700 °C in 0.5:0.5 while it decomposes below 600 °C
in MAPDI; and other mixed perovskites. The TGA result revealed that
about 70% of the organic constituents of the MAPbI; capped with PA
were stable up to 650 °C. The thermograph result shows that the ar-
rangement of pure PAPbI; and MAPbI; in 0.5:0.5 is different from the
arrangement in the other double organic composition. The result
aligned with XRD patterns and UV-visible spectra obtained.

3.9. DFT studies

For better understanding of the role of PA on the improved stability
of 0.5:0.5 film, we decided to explore density functional theory (DFT)
simulation using Vienna ab initio simulation package (VASP) [60-62].
Based on the results of our characterizations, we concluded that we
have obtained more stable 0.5:0.5 film because of presence of PA with
MAPDI;, probably by substitution. However, DFT studies reveal the
nature of the binding and position of substitution within MAPbI;. We
begin by relaxing all the ions in the bulk structure of MAPbI; perovskite
which crystallized in cubic form (Fig. 8a) with the lattice parameters of
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as-prepared and after 48 h light irradiation.

a=b=c=6.28Aand a = =y = 90°. Furthermore, the cell para-
meters and ions were relaxed to study the ground state structure. It was
found that the calculated lattice parameters are a = 6.43A, b = 6.37 A
and ¢ = 6.51 Aand a = § = y = 90°. It clearly indicated the possibility
of distortion in cubic structure and the distorted structure is stable by
0.11 eV per formula unit when compared to non-distorted one (Fig. 8b).
In this structure, Pbl; forms corner shared octahedral networks and
CH3NHj; present in the cuboctahedra site. The Pb-I bond distance varies
from 3.10 to 3.35A and C-H, N-H, and C-N bond distances are 1.10,
1.03 A, and 1.46 A, respectively. The meta-stability of this crystal in the
presence of moisture leads to poor durability of the solar cell. To
overcome this issue, we have used organic molecules as a capping
molecule to protect the surface of the MAPbI; from the moisture. In this
work, we have used phenyl ammonium C¢HsNH3 (PA) as anchoring
molecule to protect the surface. However, we doubted the possibility of
formation of perovskite structure with this molecule. Hence, we re-
placed the methyl ammonium (MA) by PA molecule in the same per-
ovskite structure and similar calculations were carried out with com-
plete relaxation of both lattice parameters and ions. From the study, we
confirmed that phenyl ammonium lead tri-iodide will not substitute
inside MAPDI; lattice because the optimized structure shows few
broken Pb-I bonds in highly distorted Pb-I network, owing to the larger
size of the PA molecule (5.89 10\) as compare to that of MA (~3.00 10%).
The minimum and maximum I - I distances in PbI; network are 6.40 A
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and 9.22 A, respectively and after subtracting diameters of T, it was
found to be highly difference (3.86 A) from the maximum I - I distance.
Since organic molecule can get maximum of 5.36 A along the diagonal
distance between the opposite edges, PA molecules cannot enter
MAPDI; perovskite structure.

Since the distortion energy is small, we have used the cubic MAPbI;
to model (1 1 1) surface slabs. This surface is one of the stable surfaces
with closed pack atomic structure. The surface slab can mimic the
properties of the surface of perovskite particles. In the stoichiometric
slab, it was found that Pb atoms will be in excess on one side while
iodine atoms will be in excess on the other side. In Pb excess side, the
Pb atoms have three coordination sites through which bond is formed
with I atoms below. Instead, in the non-stoichiometric surface with two
PA molecules, we removed one MA molecule on the surface and an
iodine atom was added to compensate the charges for the whole system.
The iodine atoms can be moved from the I rich side to Pb rich side to
retain five coordination for all the Pb atoms. This model was found to
be structurally stable (Fig. 8b, c). Also, from the XPS studies, it is found
that the I atoms are excess in the system, thus our model is valid.

To further check the feasible adsorption configuration of PA over (1
1 1) surface of MAPbI;, we have anchored two PA molecules on this
surface with different configurations. From this study, we understood
that the ammonium group of PA prefers to interact with surface with
the interaction energy of 4.76 eV per PA molecule. It clearly shows that
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Fig. 8. (a) Ball and stick model of optimized structure of CH3NH3PbI3. (b) Optimized structure of PA anchored CH3NH3PbI; representing unit cell. (¢) Combine unit
cells of optimized structure of PA anchored CH3NH3PbI; black lines represent the boundary of unit cell. Note: green, red, grey, blue and pale white coloured balls

represent lead, iodine, carbon, nitrogen, and hydrogen atoms, respectively.

these molecules are strongly interacting with the surface. Thus, it is
proven that the (1 1 1) surface of MAPbI; is strongly protected by
molecule by tending outward the benzene group of PA which increase
the hydrophobic nature. However, further detail of electronic proper-
ties (Fig. S7), valence band and conduction band states (Fig. S8) are
provided in the Supplementary information.

3.10. Photovoltaic studies

The top view photograph images of MAPbI3, 0.5:0.5 and PAPbI;
perovskite spin coated on the FTO plates and corresponding scanning
electron microscopy images are shown in Fig. 9(a-c). Fig. 9a shows
surface view of MAPDI; perovskite with compact arrangement of cubic
particles. The surface view of PAPbI; (Fig. 9b) shows 0.5:0.5 of the two
perovskites with close packed grains. Fig. 9c reveals the formation of
porous flower like particles on FTO surface.

The corresponding UV-Vis absorption and X-ray diffraction patterns
of perovskites are displayed in Fig. 9(d,e), respectively. UV-Vis ab-
sorption shows that 0.5:0.5 perovskite is more optical active than pure
MAPbDI; with strong absorption observed at around 780 nm while
PAPbI; shows absorption peak at shorter wavelength region. XRD
pattern of the perovskite also revealed perovskite black phase forma-
tion for both 0.5:0.5 and MAPbI; with the (1 1 0) peak at 14.03° while
PAI displayed yellow phase of Pbl, at 12.57 and 11.37° indicating the
lack of perovskite phase as proposed in DFT studies.The cross-sectional
images with different magnifications of the device (0.5:0.5) are shown
in Fig. 9(f) and (g).

To understand photovoltaic efficiency, the selected three per-
ovskites were applied for device fabrication. Cost effective carbon with
graphite (C:G) mixture (1:3) was used as contact layer for sandwich
type architecture (Fig. 10). In addition, highly stable solid-state based
copper (I) thiocyanate (CuSCN) thin film applied as hole transport
materials [26,36,63,64]. The solar cells were fabricated for MAPbI;,
0.5:0.5 and PAPbI; using sandwich method as FTO/TiOy/
(PA)o.5(MA)o sPbI3/CuSCN/C:G/FTO device structure to study photo-
voltaic properties. The device structure and photovoltaic characteristics
of the devices are shown in Fig. 10(a-e). The detailed photovoltaic
parameters obtained are as summarized in Table 1. The results show
that 0.5:0.5 device displays the best PCE of 11.38, a V,. of 0.93V,
current density of 24.42mA cm ™2 and fill factor of 49.75% as com-
pared to MAPbI; device with PCE of 10.25, a V,. of 0.89V, current
density of 20.60mA cm ™2 and fill factor of 55.64%. PAPbI; device
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displays the lowest efficiency of 2.39%, V. of 0.69 V, current density of
5.94mAcm ™2 and fill factor of 58.40%. The photocurrent density-
voltage results clearly demonstrated that the role of PA on the MAPbI;
providing surface protection to the cubic structure of the MAPDI; in the
perovskite which resulted in enhanced photovoltaic properties of
MAPDI; perovskite. The presence of phenyl rings on the surface layer
was proposed to set 5t-1t bonds which could be hydrophobic in nature to
serve as shielding layer around the cubic structure of MAPbI;. This
stabilizes the structure of the perovskite in 0.5:0.5 device to produce
better efficiency. Even though our experiment was carried out under
60% relative humidity, yet we were able to obtain 11.38% efficiency for
the new protected perovskite (Fig. 10c). This indicates that much
higher efficiency would be achieved with the new compound if the
device is to be fabricated under very low humidity condition with other
organic HTM and Au as contact layer. Thus, we can say that the stability
of the new perovskite is responsible for increased efficiency observed in
the device. The IPCE spectrum of < FTO/bl-TiO,/m-TiO,/
(MA).5(PA)o.sPbl3/CuSCN/FTO > which specifies the ratio of ex-
tracted electrons to incident photons at a given wavelength is shown in
Fig. 10(d). The device shows IPCE of about 78% which is higher than
that of MAPbI; devices in literatures [17,64,65]. The value well agrees
with the value obtained in the J-V curve. The high photon-to-electron
conversion of the fabricated device is also demonstrated with the pre-
sence of a plateau across 400-780 nm. The protective effect of PA on
MAPDI; is further evidenced with the stability plot shown in Fig. 10(e).
The presence of phenyl rings on the surface layer maintained over 90%
of initial PCE after been stored in about 60% relative humidity for 250 h
without encapsulation. However, the stability of pure MAPbI3 degraded
to nearly 40% of its initial PCE after the 250 h. The hysteresis effect at
equal concentration of PAI and MAI mixed perovskite investigated as
shown in Fig. S9. To quantify the hysteresis effect, a dimensional hys-
teric index (HI) is introduced [27],

Jrs(0.8Voc) — Jrs(0-8Voc)
Jrs(0.8Voc)

HI =

where Jgs (0.8V,) and Jgs (0.8V,,) stand for the photocurrent density
at 80% of V,, for the RS and FS, respectively. A lower HI corresponds to
cells without significant hysteresis, while a higher HI corresponds to
hysteretic devices. The calculated hysteresis index value 0.095. The
reason for the hysteresis behavior possibly stems from unbalanced
charge transportation and collection, the perovskite's ferroelectricity,
ion migration, or defects [65].
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Fig. 9. (a-c) shows the top view SEM images of pure MAPbI;, MAI and PAI mixed (0.5:0.5) and pure PAPbI; perovskites deposited on FTO/TiO, film along with their
photographs. The films show uniform and close packed perovskite crystals distribution at higher magnification of mixed (0.5:0.5) perovskite film. (d and e) shows the
UV-vis absorption spectra and XRD patterns of perovskites on the FTO/TiO, substrates, respectively. Cross-sectional images with different magnifications of the

device (0.5:0.5) are displayed in (f) and (g).
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Fig. 10. (a) The schematic diagram for preparation of the devices through spin coating showing coating arrangement for the devices. (b) The energy level diagram of
the studied device with a structure of < FTO/bl-TiO5/m-TiO/(PA)o.5(MA)o sPbl3/CuSCN/FTO > (c) The J-V curve, (d) IPCE spectra, and (e) The stability evolution
of the derived PSCs performance curve of (PA)ys(MA)q sPbl; and MAPbI; measured under a constant bias of 0.89 V near the maximum power point.

4. Conclusion

We carefully investigated the moisture, light and thermal stability of
the MAPbI; perovskite by passivation of large ionic radius PA molecule
on the surface, which was reported with a better stability than the pure
MAPDI;, as well as higher photovoltaic performances. From the

326

extensive characterizations and DFT computational studies, we con-
firmed that PA molecules did not actually substituted into the MAPbI;.
Instead we observed surface interaction leading to capping of MAPbI3
molecules in the perovskite. The formation of surface interaction leads
to formation of hydrophobic 7 — ; interactions on the surface. This lead
to high stability of the new perovskite against humidity, temperature,
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light irradiation. This work has been able to use simple chemicals to
fortify the high efficiency MAPbI;. The study has confirmed that not all
the molecules can be suitable for substitution reaction to generate
double organic perovskite. Even though this work was done under 60%
relative humidity, the capped perovskite device achieved 11.38% effi-
ciency for cost effective carbon-graphite counter electrode and solid-
state CuSCN HTM with sandwich type architecture. The results point
towards the fact that very high efficiency can be achieved if the devices
are to be fabricated under standard conditions. The PA as capping agent
for MAPbI; perovskite indicate great potential for the newly developed
material not only in terms of efficiency solar cells, but also as in-
gredients for future optoelectronic. Therefore, we use this work to wake
up awareness of the material scientists, to explore capping of perovskite
as alternative means of prolong the material life and thus making them
suitable for commercialization.
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