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www.rsc.orgl We exploit TiO, surface functionalization as a tool to act on the crystallization process of
CH;NH;Pbl;_(Cl, perovskite thin films resulting in a reduction of the degree of orientation
along the (110) crystallographic planes. Notably, the variation of the film crystalline
orientational order does not affect the photovoltaic performances of the perovskite-based
devices, whose efficiency remains mostly unchanged. Our findings suggest that other factors
are more significant in determining the device efficiency, such as the non-homogenous
coverage of the TiO, surface causing charge recombination at the organic/TiO, interface,
defect distribution on the perovskite bulk and at the interfaces, and transport in the organic or

TiO, layer. This observation represents a step towards the comprehension of the perovskite

film peculiarities influencing the photovoltaic efficiency, for high performing devices.

Introduction

Organic-inorganic hybrid perovskites are among the most
exciting and successful light-harvesting materials for
photovoltaic applications."> Hybrid 3D perovskite structure
consists of an inorganic framework of corner sharing octahedra
and organic cations filling the 12-fold coordinated voids.® The
formation of hybrid perovskites occurs spontaneously upon the
mixing of two precursors, lead halide and methylammonium
(MA) halide salts, onto the substrate. As generally occurs in
self-assembly processes, the environment conditions and
substrate are of paramount importance to control perovskite
formation and, consequently, final device performance.*”

Unlike other composite materials where inorganic and organic
components are often either randomly arranged or show a
short-range order, hybrid perovskites can potentially organize
in a long-range ordered crystal structure.'®'' Namely, it has
been recently demonstrated that (110) planes of MA lead halide
perovskite can be highly oriented parallel to the substrate
surface.*”'%!* Considering this peculiar property, controlling
the crystallization process of perovskite materials is regarded as
a crucial step toward high performing devices and a fine tuning
of the crystalline order in perovskite film is deemed necessary
to correlate the material structure and the charge photo-
generation.'> However, the effective impact of the perovskite
crystal orientation and structure on the photovoltaic
performance are still under debate and not fully
understood.®”!>!* What appears to be clear in the current
scenario is the active role of the substrate in inducing certain
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properties to the perovskite layer by directly influencing the
nucleation process through specific interactions. This is true
especially in the case of mixed halide perovskite, where the
formation of the final material occurs over a relatively long
time due to a non-stoichiometric ratio of the precursors. In this
frame, Kirmayer et al. have demonstrated the presence of PbCl,
nanocrystals during the MAPbI;_Cl, formation process, acting
as heterogeneous nucleation sites for the growth of perovskite
crystals.'” In addition, we have recently proven that the chloride
anion in MAPDI;_Cl, perovskites preferentially locates in close
proximity of the interface with TiO, compact layer, due to an
increased chloride-TiO, afﬁnity.m’17 Starting from these
observations, we envisage the possibility to interfere with the
perovskite polycrystal nucleation, which should occur at the
TiO, surface, by a facile TiO, functionalization. While Eperon
et al. have shown that the interaction of MAPbI;_Cl, with the
TiO, layer dictates the film morphological properties,'® and
while widely employed for improving the power conversion
efficiency (PCE) of thin film solar cells, interfacial engineering
between electrodes and perovskite has only peripherally been
explored.19 Surface functionalization with some aminoacids has
been deployed onto mesoporous TiO, substrate for
CH;NH;Pbl; perovskite,zo with the aim of passivating surface
traps on titania and promoting electron injection. The anchoring
groups also determined a better growth of perovskite networks
and uniform crystalline plain. Here, we report on the TiO,
surface functionalization with either n-dimethyloxamic acid
(DMOA) or sodium phosphonoformate tribasic hexahydrate
(NaPTH) to reduce the orientation of the (110) perovskite
lattice planes. We found that MAPbI;_,Cl, perovskite on bare
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TiO, shows a high degree of 110 orientation, whereas MAPbI;
presents randomly oriented polycrystals. The functionalization
with DMOA or NaPTH results in a partial or complete
disruption of the MAPbI;_(Cl, preferred orientation. By surface
analysis, we found that NaPTH covers the surface of TiO,,
while the DMOA passivation is poor and consequently less
effective in screening the perovskite precursors/TiO,
interaction. Comparing the device performances of the three
MAPbDI;Cl, based devices under study, along with the
MAPDI; reference, we found that the PCE is not affected by the
TiO, surface functionalization, suggesting that the orientation
of the (110) planes may not be the determining factor to
improve photovoltaic performance.

Experimental Section

TiO, compact layer deposition and functionalization. Fluorine-
doped tin oxide FTO glass substrates (Pilkington, TEC15, 15
Ohm/sq) were partially etched with metallic Zn and HC1 2M. They
were washed with water and cleaned in an ultrasonic bath in acetone
and isopropanol for 10 min each. Then they were immersed into a
TL1 washing solution (H,O/NH3/H,0, 5:1:1, v/v) and heated to 80
°C for 15 min to remove organic contamination. To make a compact
TiO, blocking layer of ~80 nm, the cleaned FTO glasses were
coated with 0.15 M titanium diisopropoxidebis(acetylacetonate)
(75% Aldrich) in 1-butanol (Aldrich) solution by the spin-coating
(3000 rpm), then heated at 125 °C for 5 min. After the coated film
was cooled down to the room temperature, the same process was
repeated again in the same way. After the last cooling to room
temperature the process was repeated with 0.3 M titanium
diisopropoxidebis(acetylacetonate) solution in 1-butanol at 3000
rpm. The as coated FTO substrates with TiO, precursor solutions
finally underwent a sintering process at 520 °C for 2 hours. N-
dimethyloxamic acid (DMOA) and sodium phosphonoformate
tribasic hexahydrate (NaPTH) were purchased from Aldrich. For
functionalization, the as prepared TiO, substrates were immersed in
0.5 mM ethanol solution of either the carboxylic or phosphonic acid
for 18 h. The modified TiO, substrates were then rinsed by ethanol,
blow-dried with nitrogen gas.

Methyl ammonium lead iodide chloride perovskite preparation.
Mixed halide hybrid perovskite are prepared by self-organization
processes using PbCl, (Aldrich) and methylammonium iodide MAI
precursor solutions (20 wt%) obtained by dissolving MAI and PbCl,
(3:1 molar ratio) in anhydrous N,N-Dimethylformamide (DMF) at
room temperature. The intermediate MAI compound was prepared
by reactions of the amine, CH;NH, (41%) (Fluka), aqueous solutions
with HI (57%, Aldrich), as previously reported. All the reagents
were used as purchased without further purification.?'

X-ray Photo-electron spectroscopy (XPS). XPS analyses
have been performed by using a PHI ESCA/SAM 5600 Multy
technique spectrometer equipped with a Mg Ko X-ray source at
a pressure of 5x10-9 Torr. Measurements have been performed
at take off angle (angle between the surface of the sample and
the detector) of 45° with an angular acceptance of +£5°. The
binding energy (BE) scale was calibrated by centring the C 1s
signal due to the adventitious/ hydrocarbon carbon at 285.0 eV.
Grazing Incidence wide angle X-ray scattering (GIWAXS) and
X-ray Diffraction (XRD). GIWAXS measurements were performed
at the XMI-L@b with a Rigaku (GI)SAXS/(G)WAXS laboratory
set-up,” equipped with a FR-E+ microsource and a SMAX3000 3-
pinholes camera. The experimental settings were: 1° incidence angle
and 0.154 nm radiation wavelength. The patterns were calibrated by
using a standard Silver Behenate powder sample. Data were
collected on an image plate (IP) detector with 100 pm pixel size at
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87 mm sample-to-detector distance. XRD data were collected in
coupled sample-detector scan mode (6/26) on a D8 Discover
(Bruker) equipped with a Gobel mirror for Cu-Ka radiation and a
scintillator detector.

UV-Vis absorption and morphological characterization. Film
absorbance spectra were measured by a Varian Cary 5000
spectrophotometer in reflectance mode. The scanning electron
microscopy (SEM) imaging was performed by the MERLIN Zeiss
SEM FEQG instrument at an accelerating voltage of 5 kV using an In-
lens detector.

Device fabrication and testing. In order to get an extremely ordered
polycrystalline film, a warm (60°C) precursor solution 20 wt%
MAPDI; Cl, was deposited by spin-coating on pre-heated (120°C)
TiO, compact layer at 1000 rpm for 45 seconds, followed by
annealing at 100°C for 1 h. The same procedure has been followed
also for the substrates functionalized by DMOA or NaPTH
functionalized TiO,. A chlorobenzene solution containing 131 mM
Spiro-OMeTAD, 216 mM tert-butylpyridine and 58 mM lithium
bis(trifluoromethylsyfonyl)imide salt was spin-coated onto the
perovskite. Solar cell devices were completed by thermal
evaporation of 200 nm Ag electrodes and left 3 hours in ambient air.
The step voltage was fixed at 10 mV and the delay time, which is a
set delay at each voltage step before measuring each current, was
500 ms. I-V curves for all devices were measured by masking the
active area with a black mask of 0.09 cm? in ambient air.
Electrochemical Measurements. Electrochemical experiments
were carried out with an Autolab Potentiostat PGSTAT 302N
interfaced with a personal computer. A standard three electrode
electrochemical cell with a Pt gauze counter electrode and a
silver wire as quasi-reference electrode. The TiO, modified
electrode with a geometric area of 1 cm® served as working
electrode. Acetonitrile solutions with 0.1 M LiClO4 as
supporting electrolyte were used and the cyclic voltammograms
were obtained at 20 mVs™. It was bubbled with Ar at least for
20 min and Ar was blown over the electrolyte during the
measurement.

Time correlated single photon counting. Time resolved
photoluminescence measurements were performed using time-
correlated single-photon counting (TCSPC) apparatus of Hamamatsu
FL980, 100 ps time resolution with deconvolution analysis.

Results and discussion

The deposition process of the perovskite layer, involving
crystallization by self-assembly of the components during the drying
phase of the film, occurs in a two-step process: a slow nucleation
and a faster growth. It is well established in literature that in the so-
called mixed halide perovskite (MAPbLI;Cl,) the amount of
chloride in the final material is very small (surely below 4%) so that
it could be considered a doping agent. It has been hypothesized that,
albeit in such a small quantity, the Cl influences the electrical
properties of the material, but its presence in the crystalline structure
is not clear yet.>'>'*!>7 Nevertheless, it has also clearly been
evidenced its crucial role in affecting the growth on the
polycrystalline film.* In particular, the halide composition is
regarded as the key factor in determining the nature of the nucleation
event, via specifically modifying the interaction with the substrate
and via slowing down the perovskite crystal formation (for a
gradient in chloride concentration through the precursor solution).'®
172426 Aiming at better clarifying this picture, here we intentionally
discontinued the direct contact between substrate surface and mixed
perovskite precursor solution, by modifying the TiO, surface with
either DMOA or NaPTH molecules. Molecular modification by
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phosphonic acids self-assembled onto TiO, has been widely reported
for dye-sensitized solar cells.””*® Most of the molecules commonly
employed, however, affect the polarity of the functionalized
substrate, whereas the NaPTH molecule, because of its chemical
nature, retains the TiO, hydrophilicity and therefore good wettability
by DMF solvent. Contrarily, the DMOA dramatically improves the
wettability of TiO,. We verify the anchoring of the molecules on the
TiO, films by observing the variation in the measured contact angle,
that is smaller with respect to the naked TiO,” (Figure S1 in
Supporting Information). The molecules anchored on the substrate
likely redistribute the chloride concentration in the precursor drop
during the solution dewetting and perovskite self-assembly
processes. A simplified sketch to schematize the proposed
mechanism is reported in Figure 1.
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Fig. 1 Simplified sketch of the state of the perovskite precursor
solution as cast onto TiO, in (a) absence and (b) presence of
functionalizing molecules. (a) As soon as the precursor are deposited
on the substrate, the specific Cl-oxide interaction could leads to the
positioning of the chloride rich-phase onto TiO, proximity. (b) In
presence of functionalizing molecules the chloride-rich phase could
be redistributed in the precursor drop. Inset: molecular structure of
the DMOA and NaPTH molecules together with a legend of the
drawn. (c) XPS N1s region as appears in the spectra of the bare TiO,
substrate (black line) and of the DMOA functionalized TiO, surface
(red line). (d) XPS P2p region observed in the spectra of (black line)
the bare TiO, and in that of (blue line) the NaPTH functionalized
TiO,.

The TiO, surface modification has been monitored by XPS
measurements. In Fig. 1c-1d the diagnostic regions of nitrogen
and phosphorous are presented and compared with those of the
naked TiO, substrate. The nitrogen region in the spectrum of
the DMOA/TiO, sample shows a peak centred at 399.6 eV,
compatible with the presence of the amide group.’® The
spectrum of the NaPTH/TiO, samples shows a signal centred at
133.5eV attributed to phosphonate species.’’ In the spectra of
the DMOA/TiO, and NaPTH/TiO,, N/Ti x 100 and P/Ti x 100

This journal is © The Royal Society of Chemistry 2012

Journal of Materials Chemistry A

atomic ratios are ~2 and ~9 respectively, thus indicating that the
surface amount of NaPTH is notably higher than that of
DMOA. As support of this, negligible differences emerge in the
Ols region between the spectra of the bare substrate and the
DMOA functionalized substrate showing a main signal at 530.3
eV (TiO,) and a band at 532.1 eV (Ti—OH).*? The presence of
phosphonate on the NaPTH/TiO, surface is also supported by
the component at 531.5 eV>' in the Ols region (Fig. S2). The
Cls region shows the reduction of the carbonates on the TiO,
surface after the process of functionalization (Fig. S2).

The differently functionalized samples were analysed by means of
grazing incidence wide angle scattering (GIWAXS) for the
investigation of the crystallinity and texture of the thin films.

The recorded GIWAXS patterns for the perovskite films prepared on
bare TiO, and either DMOA or NaPTH-functionalized TiO, are
presented in Figure 2 a-c, respectively. The most intense diffraction
peak of the mixed perovskite material is readily recognized as the
inner ring (110), at approximately 1 A" (corresponding to 26 = 14°).
The pattern of the perovskite on bare TiO, (Fig. 2a) features a
modulation of the scattering intensity along the rings, in particular
the (110) and (220) ones, as well as on the other rings, being the
maximum intensity of the (110) peak located around the direction
perpendicular to the sample plane (q, axis). As a consequence, the
(110) crystallographic planes, and hence the long axis of the
tetragonal perovskite crystallites, are preferentially oriented parallel
to the substrate. On the other hand the in-plane orientation of the
crystallites is still basically random. With the aim of disrupting the
existing order, MAPDbI; Cl, was deposited on either DMOA or
NaPTH-functionalized substrates. The DMOA-TiO, sample (Fig.
2b) also shows a certain modulation of the scattering intensity along
the rings, albeit less intense. NaPTH-TiO, sample (Fig. 2c) shows
absence of order; the two intense lobes are due to scattering from the
substrate (the GIWAXS pattern of the bare substrate is reported in
the Supporting material as a reference, Fig. S3). A quantitative
comparison of the degree of (110) orientation of the samples is
represented in Fig. 2d, where the intensity distribution along the
azimuthal angle (i.e. along a ring with radius equal to a given g-
value) is reported for the 110 ring of the GIWAXS maps. It is readily
recognized that the 110 intensity distribution is very narrow for the
bare TiO,, whereas it is basically flat (i.e. no preferred orientation)
for the NaPTH-TiO, sample. The degree of orientation of the
DMOA-TiO, sample is intermediate between the other two samples.

As a comparison, we report the 2D GIWAXS map of full iodide
perovskite MAPbI; film onto naked TiO, (Figure S4). The MAPbI;
features a uniform distribution along the rings and a flat intensity
distribution along the azimuthal angle, which means no preferred
orientation.

In Fig. 2e, the 6/260 scan on the 110 diffraction peak is reported
for the three samples. Due to the significant difference in the
diffracted intensity, the square root of the intensity has been
plotted to allow a better visibility. From the integral breath
(peak area divided by the peak maximum) of the peaks, the
average grain size was derived along the [110] direction as
1/B.33 The crystallite size was found to follow the same trend
as the orientation degree, i.e. to decrease from the bare TiO, (48
nm) to the DMOA-TiO, (38 nm), down the NaPTH-TiO,
sample (29 nm). It is worth to note that the derived size values
represent a lower limit for the actual crystallite size, as the
instrumental and strain contributions to peak broadening were
neglected, so that the observed trend is meaningful rather than
the absolute size values.

J. Name., 2012, 00, 1-3 | 3
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Fig. 2 GIWAXS 2D maps for the perovskite films prepared on naked TiO, (a) DMOA-TiO, (b) and NaPTH-TiO, (c), and
relevant intensity distributions along the (110) rings (d); (110) diffraction peak is collected in 26/6 scan mode for both samples

(e)-

According to Jen et al.,?* for the mixed halide CH;NH;Pbl; Cl,
perovskite the self-assembly process is guided by the formation of a
chloride rich intermediate phase, which drives the nucleation and
growth in chloride perovskite. They propose that such an
intermediate chloride rich phase locates in close proximity of the
substrate, coherently with our previous report.'® In this hypothesis,
MA" and I" ions in the droplet diffuse into these structural templates
and, following a partial volatilization of chloride, lead to the
formation of an iodide rich phase and growth of perovskite
polycrystalline film. They suggest that the templating function of
MAPDBCI; has a paramount importance in the formation of a long-
range ordered mixed halide chloride based perovskite. In addition,
Kirmayer et al.'”> demonstrated that, due to the low solubility,'
PbCl, nanocrystals are present during the fabrication process, acting
as heterogeneous nucleation sites for the formation of perovskite
crystals, further confirming the important role of chloride in the
course of crystallization. In our system, when the TiO, is not
functionalized, the specific ClI/TiO, interaction likely leads to the
migration of PbCl, seeds to the substrate surface,'>'® where the
formation of the intermediate phase occurs and the oriented
crystallization propagates onwards. This is as well in agreement with
a recent report, in which the oriented growth of perovskite has been
proposed to occur through the attachment of nuclei along a preferred
crystallographic direction in an oriented attachment fashion,'? which
is well established in all-inorganic nanostructures grown from
solutions.* As soon as the TiO, is functionalized with either DMOA
or NaPTH molecule, the specific interaction could be screened and
the templated self-assembly process starting from the TiO, surface is
likely to be less effective.

Fig. 3 shows the impact of surface functionalization on
morphological properties of the final perovskite films. From SEM
inspection the morphologies of the perovskite onto naked and either
DMOA or NaPTH functionalized TiO, are similar.

4| J. Name., 2012, 00, 1-3

(b)

Fig. 3 Scanning electron microscopy top view images of the
perovskite deposited onto (a) naked TiO2, and either (¢) DMOA or
(b) NaPTH functionalized TiO2 (scale bar 2 pm). The inset in the
top right corner provides a magnified view of the perovskite films
(scale bar 500 nm).

This journal is © The Royal Society of Chemistry 2012
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Overall, the DMOA-TiO, sample shows larger perovskite domains,
possibly due to the improved wettability (see contact angle
measurements in Fig. S1 of the Supporting Information). However,
SEM imaging can hardly give information on the polycrystal
orientation, if polycrystalline domains are smaller than a few
microns. Moreover, we observe that only a minimal difference in the
absorption profile and intensity can be gathered for the perovskite
deposited onto either DMOA or NaPTH functionalized TiO, (Fig.
S4 of the Supporting Information).

The perovskite films onto bare TiO, and functionalized with either
DMOA or NaPTH are tested in conventional flat solar cell
architecture: glass/FTO/Ti0,/CH3NH;Pbl;_,Cl,/Spiro-OMeTAD
/Ag. Figure 4 compares the representative J-V curves of
functionalized and bare TiO, based devices, measured with a 500 ms
scanning delay in reverse mode under standard air-mass 1.5 global
(AM 1.5G) illumination.
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Fig. 4 (a) Current density under illumination for devices made with
CH;NH;PbI; Cl, onto bare TiO, and either DMOA or NaPTH
functionalized TiO,. (b) Radiative decays of CH3;NH;Pbl; Cl, on
bare TiO, or either DMOA or NaPTH functionalized TiO, collected
at 770 nm while exciting at 645 nm. Exponential decays have been
fitted with a stretched exponential function giving the following
lifetimes: 600 ns for Glass/perovskite/PMMA sample, 8 ns for
perovskite on bare TiO,, 6 ns for perovskite on DMOA and NaPTH
functionalized TiO,.

The complete data report for all of the device tested, along with FF,
Voc, Jsc, PCE mean values and standard deviations are reported in
Figure S6 and S7. It can be readily noted that differences in the
device performances between naked TiO, and NaPTH/DMOA
functionalized TiO, falls into the experimental error. The large
statistical distribution of our devices can be ascribed either to the

This journal is © The Royal Society of Chemistry 2012
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poor coverage of the TiO, (see SEM imaging in Figure 3) as well as
to the intrinsic poor reproducibility of the perovskite thin film
processed from solution. The poor coverage can indeed cause losses
in the FF and Jg¢ due to recombination at the TiO,/ spiro-OMeTAD
interface and the moisture sensitivity of perovskite or uncontrollable
variation in doping/oxygenation procedure can lead to a huge
fluctuation of device performance.® **** Nevertheless, the large
number of fabricated devices as well as the statistical distribution of
the device performances confidently allow to exclude a significant
difference in the photovoltaic parameters due to the TiO,
functionalization.

In order to address this peculiar behaviour we investigate the effect
of surface functionalization on the electrochemical characteristics of
the bare TiO, and of the either DMOA or NaPTH functionalized
TiO,. Figure S8 shows the current response of ferrocene Fe(CsHs),
in solution onto bare and modified TiO, surfaces. The redox
potential is observed in a range in which the TiO, electrode behaves
as an insulator rather than as a metal.’ The peak potentials of
NaPTH and DMOA modified films are not shifted compared to the
unmodified electrode. The peak current are ~137 pAcm™ for the
unmodified TiO, electrode, ~111 pAcm™ for NaPTH modified film
and ~92 pAcm? for DMOA modified film. The change in anodic
current between modified and unmodified film is too low to
conclude that the TiO, surface modification slows down the charge-
transfer kinetics.*’

A further insight into the effect of the surface functionalization on
the perovskite film properties is given by time resolved
photoluminescence (PL) spectroscopy.*' In Figure 4b the radiative
decays recorded for the three working devices are reported, after
exciting and collecting light from the substrate side of the sample.
The decays are compared to a reference signal obtained by
sandwiching the mixed halide perovskite between non-extracting
materials such as glass and Poly(methyl methacrylate) (PMMA). For
all devices a very efficient PL quenching, above 98%, is observed
and only a very a small difference can be observed between them
(PL lifetimes: ref = 600 ns, TiO,-untreated = 8 ns, TiO,-NaPHT or
DMOA treated =~ 6 ns), coherently with the similar device
performances. A slight shortening of the PL decay is observed when
DMOA or NaPTH are present on the TiO, surface. The difference
could in part account for improved charge extraction from perovskite
film in presence of functionalizing molecules leading to slightly
higher photocurrent. However, the differences are very little to
strongly support the point and to allow further speculations. The
electrochemical and PL quenching analysis are in line with the
device performance.

We can conclude that other factors are determinant in limiting
and influencing the device efficiency rather than the crystalline
orientation with respect to the substrate in the system, such as
the poor transport in the organic layer (Spiro-OMeTAD) or
TiO, and photo-generated charge recombination at the
organic/TiO, interface due to poor perovskite substrate
coverage or defect distribution on the perovskite bulk and at the
interfaces. We suggest that improving the device configuration,
by means of novel and highly conductive hole and electron
transport layers or by improving perovskite surface coverage
and increase its crystallite dimension could allow
discriminating and exploiting the effect of polycrystal
orientation on device performances.

For the sake of comparison, we also fabricated a planar device
with randomly oriented and high coverage MAPbI;, which
represent our standard of efficiency (~15%) Figure 5. Random
orientation of MAPDI; is in accordance with other studies for
double step*? and single step® deposited full iodide perovskite.
The obtainment of a significantly high efficiency for MAPbI;,
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showing a completely random orientation (see Fig. S4), further
evidences that high orientation may be not fundamental for
photovoltaic applications.
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Fig. 5 (a) Current density under illumination for high efficiency
device made with CH;NH;Pbl; as active layer onto flat bareTiO,.

Conclusions

In conclusion, we explored the TiO, surface functionalization
as a specific way to act on the CH;NH;Pbl; Cl, perovskite
growth and to modify polycrystalline order of the deposited
film, from highly to randomly oriented crystals. We found a
strict relationship between the TiO, coverage of the
functionalizing molecules and the crystalline orientation of the
perovskite film. We propose two possible factors influencing
the kinetics of the perovskite growth onto the functionalized
substrate, and therefore its crystalline order: a) the modification
of the surface properties that affects the perovskite coverage; b)
the shielding of the specific perovskite-TiO, interaction through
functionalization, which is known to drive the preferential
location of chloride-rich nucleation seeds. We demonstrated,
through a cross analysis of the crystalline features and the
photovoltaic performances of CH;NH;Pbl; Cl, films grown of
functionalized and non-functionalized TiO, dense layer, that
the crystalline order of the perovskite layer is not a priority
condition for reaching high solar cells efficiency.

Insights gained from understanding the hybrid perovskite
crystallization process and the film properties represent a step
toward the rational design of the polycrystalline absorber film
and TiO, interface modification.
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