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Single crystalline perovskite solar cells (PSC) are promising for their inherent stability due to the absence of

grain boundaries. While the development of single crystals of perovskite with enhanced optoelectronic

properties is known, studies on the growth, device performance and understanding of the intrinsic

stability of single crystalline perovskite thin film solar cell devices fabricated on electron selective

contacts are scarcely explored. In this work, we examine the impact of mesoporous TiO2 (m-TiO2) and

planar TiO2 (p-TiO2) on the growth of single crystalline-methyl ammonium lead iodide (SC-MAPbI3) film,

PSC device performance and film stability under harsh weather conditions (T � 85 �C and RH � 85%).

Self-grown SC-MAPbI3 films are developed on m-TiO2 and p-TiO2 by inverse temperature crystallization

under ambient conditions without the need for sophisticated glove-box processing. The best device with

m-TiO2 as an electron transport layer showed a promising power conversion efficiency of 3.2% on an

active area of 0.3 cm2 in hole transport material free configuration, whereas, only 0.7% was achieved for

the films developed on p-TiO2. Complete conversion of precursor to perovskite phase and better

surface coverage of the film leading to enhanced absorption and reduced defects of single crystalline

perovskite on m-TiO2 compared to its p-TiO2 leads to this large difference in efficiency. Mesoporous

device retained more than 70% of its initial performance when stored at 30 �C under dark for more than

5000 h at 50% RH; while the planar device degraded after 1500 h. Thermal and moisture endurance of

SC-MAPbI3 films are investigated by subjecting them to temperatures ranging from 35 �C to 85 �C at

a constant relative humidity (RH) of 85%. X-ray diffraction studies show that the SC-MAPbI3 films are

stable even at 85 �C and 85% RH, with only slight detection (30–35%) of PbI2 at these conditions. This

study highlights the superior stability of SC-MAPbI3 films which paves way for further studies on

improving the stability and performance of the ambient processed PSCs.
Introduction

Organic–inorganic hybrid perovskites with a molecular formula
of ABX3 (A ¼ MA, FA, B ¼ Pb, Sn, X ¼ I, Br, Cl) have received
signicant attention since their rst successful application as
an absorber material in solar cells with 3.8% power conversion
efficiency (PCE).1 Subsequent developments in perovskite
composition, carrier selective contacts and device fabrication
processes led to rapid progress in PCE exceeding 25% in labo-
ratory scale perovskite solar cells (PSC), raising its commercial
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f Chemistry 2020
viability.2 Stability of PSCs under real-time environmental
conditions (i.e., moisture, oxygen, temperature and light) is one
of the critical issues that needs to be addressed for considering
this technology as a serious contender to rival the existing wafer
and thin-lm based photovoltaics. The stability of PSC is mainly
affected by intrinsic degradation of perovskite absorber mate-
rial and its interfaces with electron and hole selective contacts.
When exposed to moisture, perovskite reacts with water mole-
cules and hydrolyzes back to its precursors via multiple path-
ways.3 This gives rise to structural, optical and morphological
changes and subsequent deterioration of photovoltaic perfor-
mance. The perovskite research community has devised various
strategies to improve the stability of PSCs. For example, incor-
porating different combinations of cations and anions, judicial
selection of electron selective contacts, and introducing
hydrophobic passivation layer on perovskite absorber are found
to improve the operational stability of PSC.4

High efficiency PSC are usually prepared by spin deposition
of precursor solution on carrier selective contact coated
RSC Adv., 2020, 10, 30767–30775 | 30767
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transparent conductive oxide substrates followed by annealing
at 100 �C. Large number of grain boundaries in the resultant
polycrystalline perovskite lm act as active sites for moisture
ingress into the grain.3,5,6 This is due to the amorphous and
non-stoichiometric nature of the inter-granular layer that allows
rapid diffusion of moisture into the perovskite lm. The grain
boundaries also act as recombination sites for charge carriers,
resulting in lower diffusion lengths, shorter carrier lifetime, and
fast ion migration leading to performance losses. Hence,
minimizing the grain boundaries and increasing the grain size
has emerged as a viable route to improve the stability and
performance of PSC.7

Single-crystalline (SC) perovskite has potential to address
most of the afore mentioned shortcomings due to the absence
of grain boundaries.8–10 Other benets of SC perovskite include
high electron diffusion lengths exceeding 175 mm and trap
densities at least 5 times lower than their polycrystalline
counterparts.8 Solution grown free-standing SC perovskites are
successfully used for studying the fundamental properties.
However, fabrication of working device is not straightforward
due to difficulties in integrating SC perovskite into device
architecture, a weak interface between the SC perovskite and
carrier selective contacts, thickness of the crystal being higher
than the diffusion length to name a few.11 Hence, the develop-
ment of SC perovskite on the desired substrate is of great
importance to exploit the merits of SC perovskites in photo-
voltaics. Perovskite has a unique property of crystallizing from
precursor solution at high temperature which is inverse of the
conventional crystallization. These characteristics have led to
the development of standalone perovskite single crystals and
lms by inverse temperature crystallization (ITC). This meth-
odology in a conned space is the most feasible method due to
its ease of processing, faster growth rate, exibility in the choice
of the substrates, and controllable lm thickness.12 Chen et.
al.13 have grown uniform SC perovskite lms on a range of at
substrates including silicon wafer, polyethylene terephthalate,
HOPG and ITO by ITC method. Zhao et. al.14 have reported the
growth of SC-MAPbI3 lm on FTO substrate by ITC method and
obtained PCE of 8.7% on devices with an active area of 0.01 cm2.
The highest PCE for single crystalline PSCs of 21.09% was re-
ported by Chen et. al.15 using ITO/poly(triarylamine) (PTAA)/
MAPbI3/C60/bathocuproine (BCP)/copper (Cu) architecture.

The electron selective contact plays a critical role in the
performance and stability of PSC, however, its exact effect on
PCE is under debate for a long time. Abate and Gagliardi
studied the inuence of material and morphology of electron
selective contact on the stability of polycrystalline PSC and
evidently shown that mesoporous electron selective contact
enables PSC more resilient to ion defect migration.16 Despite
reports of SC perovskites grown directly over the device grade
substrates, not much emphasis has been laid on the inuence
of carrier selective contact on the growth, performance, and
stability of the single crystalline perovskites.

In this work, methylammonium lead iodide (MAPbI3)
perovskite single crystals are directly grown on planar and
mesoporous TiO2 electron selective contacts coated FTO glass
substrate by ITC method. Structural analysis and device
30768 | RSC Adv., 2020, 10, 30767–30775
characteristics indicate enhanced crystalline feature and
photovoltaic performance of MAPbI3 grown on mesoporous
TiO2. Accelerated aging tests carried out at elevated temperature
and high humidity conrms the robustness of the perovskite
lms grown on electron selective contact by ITC.

Experimental
Materials

TiO2 powders with a particle size of 20 nm were purchased from
Dynamo. Other chemicals such as titaniumbis(acetylacetonate)
di-isopropoxide (Ti(acac)2(OiPr)2) (75 wt.% in isopropanol),
hydroiodic acid (HI, 57 wt% in H2O), hydrochloric acid (HCl,
37 wt.% in H2O), diethyl ether (DEE, $99.0%), lead iodide,
(PbI2, 99%), 2-propanol (IPA, $98%), N,N0-dimethylformamide
(DMF, 99.8%) and 1-butanol (99.8%) were purchased from
Sigma-Aldrich. Methylamine (40% in methanol) and g-butyr-
olactone (GBL, ˃99%) were purchased from TCI Chemicals. All
the chemicals purchased were used without any further puri-
cation or processing.

Planar and mesoporous TiO2 carrier selective contacts

The FTO (sheet resistance of 8 U sq�1) glass substrates were
patterned using zinc dust and 2 M HCl. The substrates are cut
and cleaned for 10 minutes each time in an aqueous soap
solution, DI water, acetone and IPA. The planar TiO2 (p-TiO2)
layer was deposited by spin coating 0.15 M and 0.3 M
Ti(acac)2(OiPr)2 in 1-butanol at 4000 rpm for 20 s to get �80 nm
lm. The mesoporous (m-TiO2) layer is deposited on the p-TiO2

layer by spin coating the TiO2 paste diluted in ethanol at
3000 rpm for 30 s to get �500 nm layer. The substrates are
nally treated with 40 mM aqueous TiCl4 solution at 100 �C for
1 h and rinsed with DI water. The substrates are annealed at
500 �C for 30 min at 5 �C min�1 ramping rate aer each layer.

Synthesis of MAPbI3 by ITC method

Methylammonium iodide (MAI) is synthesized, according to the
process reported in the literature.17 MAI and PbI2 is dissolved in
GBL to obtain 1.23 M solution. This solution is ltered using
450 nm pore size polytetrauoroethylene (PTFE) membrane.
Two TiO2 electrodes are kept separated at a distance of 20 mmby
placing a spacer between the electrodes. This set up is clamped,
vertically dipped into the solution and kept on a hotplate at
110 �C as schematically shown in Fig. 1. Due to the thin,
uniform gap, the solution moves upwards by capillary action.
Further, the temperature gradient between the top and bottom
end of the substrate aids in crystallization. Aer 18 h, (Fig. S1†),
the substrates are removed from the solution, carefully sepa-
rated, washed with DEE and annealed at 110 �C for 20 min. The
entire fabrication is carried out in ambient conditions (�35 �C
and 50% RH, Hyderabad, India) eliminating the need for
sophisticated glove-box processing. It has been observed that
the MAPbI3 lms grown on p-TiO2 are non-uniform and trans-
parent. By contrast, the lms grown on m-TiO2 are denser with
complete surface coverage of underneath TiO2 layer, as shown
in Fig. 1.
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Schematic diagram describes the growth of MAPbI3 perovskite on planar (top) and mesoporous TiO2 electron-selective contact coated
FTO glass substrates (bottom) by ITC.
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Characterization and stability studies

The surface morphology is examined using eld emission
scanning electronmicroscope (FE-SEM, ZEISS GeminiSEM 500).
Transmission electron microscopy (TEM) studies are carried
out using TecnaiG2 (FEI) machine operating at 200 kV acceler-
ation voltage. XRD patterns are obtained by X-ray diffractometer
(D8 Advance, Bruker). RMS roughness measurement is carried
out using stylus prolometer (DektakXT, Bruker) with 50 nm
stylus radius. The steady state photoluminescence (PL) studies
were carried out using an FL-1039A/40A, Horiba Instruments
spectrouorometer. UV-vis absorption spectra of the MAPbI3
thin-lms were recorded on a Cary 5000 spectrophotometer.
The current–voltage (I–V) characteristics are measured using
Newport Oriel solar simulator equipped with a Xenon lamp and
a Keithley source meter. The incident light intensity is cali-
brated to one Sun illumination using an NREL certied silicon
photodiode. The moisture and temperature-controlled tests are
carried out in an environmental chamber WK-3-180/70 Weiss
Fig. 2 FE-SEM images of (a) planar TiO2 and (d) mesoporous TiO2 coate
high magnification FE-SEM images of MAPbI3 coated on planar (b and c

This journal is © The Royal Society of Chemistry 2020
GmBH. In order to study their moisture and temperature
endurance, the lms were subjected to controlled temperature
and humidity conditions in an environmental chamber for 6 h
each at 35 �C, 60 �C and 85 �C at a constant RH of 85%. The
temperature and RH test parameters were chosen according to
the ISOS (International Summit on Organic photovoltaic
Stability) D-3 damp heat test.
Results and discussion
Growth of MAPbI3 on planar and mesoporous TiO2 electron
selective contacts

Fig. 2 depicts the surface morphology of the TiO2 and the
MAPbI3 lms grown on both planar andmesoporous templates.
Fig. 2(a) reveals the perfect coverage of the underneath FTO
grains with the planar TiO2 blocking layer. Fig. 2(b) shows the
haphazard distribution of the single crystals of MAPbI3 greater
than 10 mm size over the p-TiO2 layer. It can be observed from
d FTO substrate (insets show the high magnification images). Low and
) and mesoporous TiO2 templates (e and f).

RSC Adv., 2020, 10, 30767–30775 | 30769
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Fig. 3 (a and d) Cross-sectional FE-SEM images, (b and e) SAED patterns, and (c and f) X-ray diffraction pattern of MAPbI3 perovskite on planar
TiO2 (a–c) and on mesoporous TiO2 (d–f) electron selective contact.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
A

ug
us

t 2
02

0.
 D

ow
nl

oa
de

d 
on

 7
/1

5/
20

25
 8

:1
2:

36
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
the highmagnication image shown in Fig. 2(c) that the crystals
are hexagonal in shape with tiny crystallites residing on them.
These tiny crystallites are mainly originating due to the
unconverted precursors.18 The inference for this is also sup-
ported by the XRD patterns (Fig. 3(c)) as discussed in detail in
the following paragraph. Fig. 2(d) shows the surface
morphology of the m-TiO2 lm with spherical shaped meso-
porous particles evenly distributed all over the p-TiO2 lm. The
MAPbI3 lm grown on this substrate, shown in Fig. 2(e), also
has similar morphological features as observed in Fig. 2(b) with
crystals sparsely populated on the m-TiO2 lm but with each of
these crystals grown with smoother surface (Fig. S2†) and larger
size as clearly seen in Fig. 2(f). This is mainly due to the
Fig. 4 (a) Device schematic and (b) current–voltage characteristics (forw
and mesoporous-TiO2 electron selective contacts.

30770 | RSC Adv., 2020, 10, 30767–30775
complete conversion of the precursors owing to slow crystalli-
zation and coherent growth of large number of nucleation sites
available on the m-TiO2 surface compared to the fast crystalli-
zation resulting in incomplete conversion on the at p-TiO2.19,20

Fig. 3(a) shows the cross-sectional image of the MAPbI3/p-
TiO2. The lm is rough with unclear interface between the p-
TiO2 and the MAPbI3 lm. The selected area electron diffraction
(SAED) pattern is shown in Fig. 3(b) taken from a representative
crystal (not shown) indicates the polycrystalline nature. The
presence of unconverted precursors which is clearly discerned
from the XRD pattern shown in Fig. 3(c) could result into
polycrystalline nature. Fig. 3(d) shows the cross-sectional FE-
SEM image of the MAPbI3 lm that clearly depicts a sharp
ard scan) of HTM-free MAPbI3 perovskite solar cells prepared on planar

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Evolution of device parameters of HTM-free MAPbI3 perovskite solar cells prepared on planar and mesoporous-TiO2 electron selective
contacts:(a) open-circuit voltage, VOC, (b) short-circuit current density, JSC, (c) fill factor, FF and (d) power conversion efficiency, PCE. Devices
were aged under ambient conditions (50% RH, 30 �C) and photovoltaic performances are carried out at regular interval under one Sun
conditions.
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interface between the MAPbI3 lm and the m-TiO2 surface. The
interface quality is very crucial in deciding the charge transfer
properties and proper functioning of the device. SAED pattern
acquired from the single crystals grown on m-TiO2 show spot
pattern. Fig. 3(e) shows one such ED pattern with zone axis of
[221]. Using simulated ED pattern the single crystal pattern is
generated whichmatches with the proposed zone axis (Fig. S3†).
Thus, ITC process on m-TiO2 leads to the growth of single
crystals populated on the lm. The XRD pattern of these lms
reveal tetragonal phase is in agreement with the previously re-
ported literature as depicted in Fig. 3(f).14 The sharp cleavage of
the (004) and (220) planes indicates the high crystallinity and
tetragonal phase of the lms.21 The relative intensities in both
Table 1 Photovoltaic performance of HTM-free MAPbI3PSC prepared o

Device ID
Duration
(h) VOC (V) JSC (m

MAPbI3/p-TiO2 0 0.38 5.96
1500 0.30 3.43
5000 — —

MAPbI3/m-TiO2 0 0.66 11.72
1500 0.67 9.35
5000 0.63 8.47

This journal is © The Royal Society of Chemistry 2020
lms further suggest that the single crystals grown on TiO2 have
wide distribution in orientation w.r.t. the direction perpendic-
ular to the substrate surface.
Photovoltaic performance

The device conguration employed to evaluate the photovoltaic
performance of SC-MAPbI3 perovskite based solar cell is sche-
matically shown in Fig. 4(a). Solution deposition of hole trans-
porting material (HTM) usually weakens perovskite–substrate
interface and therefore HTM-free conguration is adopted in
the present study. Device fabrication was completed by thermal
evaporation of 80 nm thick Au cathode on SC-MAPbI3. Fig. 4(b)
n planar and mesoporous TiO2 electron selective contacts

A.cm�2) FF PCE (%)
Retention in
PCE (%)

0.29 0.7 100
0.24 0.2 �30
— — 0
0.41 3.2 100
0.43 2.6 �80
0.43 2.2 �70

RSC Adv., 2020, 10, 30767–30775 | 30771
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compares the dark and illuminated current–voltage character-
istics of PSCs. The MAPbI3 perovskite prepared on planar-TiO2

(labeled as MAPbI3/p-TiO2) shows a ll factor (FF) of only 0.29
indicating poor quality of diode characteristics. The open-
circuit voltage (VOC) of 380 mV and short-circuit current
density (JSC) of 5.96 mA cm�2are also signicantly lower than
the values reported in the literature. Uncovered area in MAPbI3/
p-TiO2 electrode might have led to shunting of Au cathode and
adversely affecting the junction quality. SC-MAPbI3 prepared on
a mesoporous-TiO2 (labeled as MAPbI3/m-TiO2) has high VOC
(660 mV) and JSC (11.72 mA cm�2) leading to a power conversion
efficiency of 3.2%. The improved FF (0.41) is attributed to the
presence of m-TiO2 layer which prevents the direct contact
between the FTO substrate and Au cathode and improved
junction quality. The superior JSC agrees with enhanced surface
coverage and optical absorption of MAPbI3/m-TiO2 as shown in
Fig. 2(e) and S4,† respectively.

Fig. 5 shows the evolution of device parameters of HTM-free
MAPbI3 perovskite solar cells prepared on planar and meso-
porous-TiO2 electron selective contacts when aged at 30 �C and
50% RH. Table 1 quanties the photovoltaic parameters of the
fresh and aged devices. The planar device retained only 35% of
its PCE when aged for 1500 h. This decrease in efficiency is due
to the decreased absorbance andmorphological transformation
that happens over time (refer Fig. S4 and S5(a) in ESI†),
respectively. The mesoporous device retained more than 70% of
its PCE even aer 5000 h of aging, which is the highest reported
stability amongst SC-MAPbI3 solar cells to the best of our
knowledge.22,23 Further trapping of charges will be minimized
due to this micro-structural improvement. Negligible changes
could be observed in VOC and FF of the mesoporous devices as
shown in Fig. 5(a) and (c). However, gradual drop over time in
JSC as shown in Fig. 5(b) led to the drop in PCE. This can only be
attributed to the drop-in absorbance of the lm as shown in
Fig. S4† which eventually affects carrier generation resulting in
low current density. It is worthwhile to mention here that
similar aging tests carried out on MAPbI3 lm on both planar
and mesoporous templates did not show any notable structural
changes as observed from X-ray diffraction (Fig. S6†). However,
MAPbI3 lm grown on mesoporous TiO2 exhibits higher PL
intensity (Fig. S7†) than that of MAPbI3 grown on planar TiO2.
Based on the relevant literatures23–25 and considering similar
perovskite precursor and experimental conditions, the
enhanced PL intensity is plausibly attributed to reduced trap
densities.
Stability under accelerated aging condition

Even aer 5000 h of aging at 30 �C and 50% RH, the MAPbI3/m-
TiO2 did not show any trace of PbI2 or signicant morphological
breakdown as recorded by the XRD pattern and FE-SEM images
(refer Fig. S6(b) and S5(b) in ESI†). Only indication of degra-
dation was inferred from a slight drop in absorbance observed
as shown in Fig. S4.† This inbuilt tolerance of MAPbI3/m-TiO2

lm aer 5000 h in mild conditions has motivated us to study
its behavior under extreme stressing conditions, i.e. exposing
the lms at higher temperature and relative humidity
30772 | RSC Adv., 2020, 10, 30767–30775
conditions. For this purpose, the lms were subjected to 3
different temperatures of 35 �C, 60 �C and 85 �C at a constant
RH of 85% for 6 h each under ambient air ow. For comparison,
the behavior of MAPbI3/p-TiO2 was also recorded under similar
conditions.

The surface morphology and optical characterization by FE-
SEM and UV-Vis spectrophotometer were carried out on the
lms subjected to the extreme stressing conditions and their
corresponding results are summarized in Fig. 6(a–h), (i and j),
respectively. The fresh MAPbI3/p-TiO2 shown in Fig. 6(a) is
made up of tiny crystallites on its surface in contrary to the
smooth morphology of its mesoporous counterpart (Fig. 6(e)).
From Fig. 6(a–h) it can be clearly seen that the crystal
morphology is deteriorating under increased exposure to
stressing conditions in both planar andmesoporous cases. This
could be because of the inclination of the perovskite crystal
edges to form hydrogen bonding between the incoming water
molecules and the perovskite lattice resulting in morphological
changes.26 Also, the intercalation of moisture into the perov-
skite structure is only the rst stage of degradation before it
converts into the intermediate hydrate or dihydrate forms of
MAPbI3. The formation of these intermediate stages could not
be identied structurally up to the aging temperatures of 60 �C,
however, this has resulted in a loss in absorbance as seen in
Fig. 6(i and j).27 At 85 �C, the morphology of the MAPbI3 in both
the cases has completely collapsed to a rod-like structure as
shown in Fig. 6(d and h). This indicates that degradation
leading to PbI2 under these extreme stressing conditions gets
initiated noticeably. XRD pattern obtained at different aging
temperatures detailed in the following paragraph also supports
these facts (Fig. 7(b)).28

The lower absorbance of the fresh lm in Fig. 6(i) can be
attributed to the transparent lm quality as can be seen in its
photographic image shown in Fig. 1. However, freshly grown
SC-MAPbI3/m-TiO2 showed better absorbance compared to the
MAPbI3/p-TiO2 lms in the 500 to 750 nm range, as shown in
Fig. 6(j). The superior absorbance is due to the large number of
nucleation sites available for slow crystallization and dense
crystal growth on the mesoporous substrate compared to the
planar substrate.

To check for the presence of PbI2, which is the most
commonly identied product on degradation of MAPbI3, XRD
characterization was done on the fresh and aged lms, and its
corresponding patterns are given in Fig. 7. In Fig. 7(a), freshly
grown MAPbI3/p-TiO2 lm showed a small peak of unconverted
PbI2 at 12.6� corresponding to (001) plane21 apart from the
MAPbI3 peaks indicating that the fresh lm itself did not crys-
tallize homogeneously. In Fig. 7(b), the MAPbI3/m-TiO2 fresh
lms showed intense peak at 14.1�,which is the characteristic
reection from (110) plane of MAPbI3.29–31 No trace of PbI2 is
found indicating full conversion of the reactants. As the lms
are exposed to the stressing environment, i.e., upon increasing
the temperature to 35 �C and 60 �C at constant RH of 85%, the
lms in both cases showed minimal traces of degradation with
only diminishing peak intensities of the perovskite phase. The
early stage of degradation in perovskite phases which is mostly
undetectable in XRD can be discerned from the absorbance
This journal is © The Royal Society of Chemistry 2020
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Fig. 6 FESEM images of (a and e) fresh films (as prepared in ambient conditions of 30 �C, 50% RH) and films aged by exposing to (b and f) 35 �C, (c
and g) 60 �C and (d and h) 85 �C of MAPbI3/p-TiO2 (a–d) andMAPbI3/m-TiO2 (e–f), respectively. Optical absorption of the fresh and aged films of
(i) MAPbI3/p-TiO2 and (j) MAPbI3/m-TiO2.
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spectra and surface morphological changes observed from the
SEM images as depicted in Fig. 6. At extreme conditions of
exposures, i.e. temperature kept at 85 �C and humidity main-
tained at 85% RH, a small XRD peak of PbI2 begins to show up
Fig. 7 XRD pattern of (a) MAPbI3/p-TiO2 and (b) MAPbI3/m-TiO2 treated a
– FTO.

This journal is © The Royal Society of Chemistry 2020
in the lms fabricated on both planar and mesoporous TiO2.
These studies thus clearly bring out the quality of lms and
their endurance on the extreme temperature and humidity.
t constant RH of 85% at 35 �C, 60 �C and 85 �C for 6 h each. * – PbI2, #
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Conclusions

In summary, single crystalline perovskite lms are successfully
grown on planar and mesoporous TiO2 substrates. Uniform and
dense lms grew on the mesoporous TiO2 substrates compared
to the planar TiO2 electrodes due to the better interfacial area
available for nucleation. The inuence of the underneath TiO2

layer on the device performance and stability is found to be very
crucial. The SC-MAPbI3 lm developed on m-TiO2 without
a hole transporting material exhibited a promising efficiency of
3.2% on an active area of 0.3 cm2, whereas a PCE of 0.7% is
obtained for the planar device. Moreover, the mesoporous
devices are found to be more stable than the planar devices,
with 70% retention of their initial PCEs for more than 5000 h.
This can be owed to the resilience of the mesoporous archi-
tecture towards performance losses arising from ion vacancy
migration compared to the planar architecture. As there is no
considerable degradation in the lms in ambient conditions
even aer 5000 h of exposure, the effect of extreme temperature
and humidity on SC-MAPbI3 absorber material to degradation is
investigated with respect to planar andmesoporous structure. It
was observed that the lms are stable even at 85 �C and 85% RH
with only a slight detection of PbI2. This establishes the robust
nature of the single crystalline lms. However, the mechanism
of its degradation is yet to be completely understood as we could
not nd notable difference in the structural degradation with
respect to the underneath TiO2 layer when subjected to high
stressing conditions. We conclude that the mesoporous
template is the key for uniform growth, optimum device
performance and stability of the SC-MAPbI3 lms. By carefully
controlling the lm growth parameters such as temperature,
precursor concentration and surface roughness, better quality
SC-MAPbI3 lms can be developed, which would further boost
the performance.
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