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ABSTRACT: Development of a reproducible technique to grow  Localized heating techniqueto 100% probability of nucleation U T
large area single crystalline perovskite wafers is an open research controlhe nueieation H
gap in the field of single crystalline perovskite solar cells. A graphite- o 5 L
based localized heating technique for growing large area ——— =
methylammonium lead bromide (CH;NH;PbBr;; MAPBr) single
crystalline thin film (SCTF) on different buffer layers, such as glass/ i
indium doped tin oxide (ITO), glass/ITO/poly(triaryl amine)
(PTAA), and glancing angle deposition (GLAD) coated glass/
ITO/TiO, substrates is reported, and their charge transport aphi
properties are discussed. It is observed that the localized heating A
technique can confine the supersaturation of the precursor mainly
to the center of the substrate, leading to a restricted number of o 0
nucleations within a specific area on the substrate. Here, such 2—3
seed crystals obtained initially are allowed to grow to a larger size of up to 65 mm®* The X-ray diffraction (XRD) analysis indicated
that the large area SCTF is an actual single crystal and not a heterogeneous group of small crystals merged together with a
crystallinity index (CI) of 92.60 + 0.11% which was comparable to that of the bulk single crystal (97.74 + 0.47%). The atomic force
microscopy (AFM) image depicted a smooth SCTF surface (R, = 4.37 = 0.01 nm), and the wave-like pattern is attributed to the
substrate morphology, implying that the topography of the substrate plays a crucial role in obtaining a planar SCTF. The XRD, UV—
visible, photoluminescence (PL), Raman, and FTIR spectra analyses revealed that the large area SCTF is phase pure and free of
residual impurities. The charge injection characteristics of the SCTFs grown on different buffer layers were investigated using PL
emission (PLE) and PL decay analyses. The decrease in the PLE intensity for the SCTFs grown on PTAA and TiO, substrates
implied exciton quenching behavior, indicating the injection of the photogenerated charge carriers into the charge transfer layers
(CTLs). The decrease of the fast decay component from 7; = 4.77 £ 0.18 ns for glass to 7; = 3.32 £ 0.07 ns for TiO, and 7; = 3.1S
+ 0.33 ns for PTAA is ascribed to the interfacial recombination of the charges accumulated at the CTL/perovskite interface. These
results propose that the localized heating technique can be employed for growing large area single crystalline perovskite wafers for
optoelectronic and photovoltaic device applications.
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1. INTRODUCTION Several techniques have been developed and employed for
the growth of hybrid lead halide perovskite-based single
crystalline thin films (SCTFs). Chen et al. reported the growth
of methylammonium lead bromide (CH,NH,PbBr;; MAPBr)
SCTFs using a temperature gradient method."” Two cleaned

Single crystalline perovskite solar cells (SC-PSCs) are
emerging as significant competitors to the polycrystalline
thin film PSCs. The SC-PSCs have a huge advantage of zero
grain boundaries which reduces the loss of the photogenerated

] o ] glass substrates were clipped together and immersed in the
charge carriers due to recombination at the grain bounda-
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ries. This can, theoretically, boost the power conversion Received: October 18, 2024

efficiency (PCE) toward the Schottky—Queisser limit."” Revised:  February 24, 2025
Several research reports are available on the development of Accepted: February 26, 2025
SC-PSCs®” with high efficiencies.*™® These results signify that Published: March 4, 2025

SC-PSCs demonstrate great potential to surpass polycrystalline
thin film-based PSCs.

© 2025 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acsomega.4c09505

W ACS PUbl ications 10220 ACS Omega 2025, 10, 1022010229


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mano+Balaji+Gandhi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aiswarya+Mohan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sreekala+Meyyarappallil+Sadasivan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sabu+Thomas"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Angappane+Subramanian"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Angappane+Subramanian"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jean+Christian+Berne%CC%80de"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guy+Louarn"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Linda+Cattin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Predeep+Padmanabhan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Predeep+Padmanabhan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.4c09505&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c09505?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c09505?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c09505?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c09505?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c09505?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/10/10?ref=pdf
https://pubs.acs.org/toc/acsodf/10/10?ref=pdf
https://pubs.acs.org/toc/acsodf/10/10?ref=pdf
https://pubs.acs.org/toc/acsodf/10/10?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.4c09505?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

ACS Omega

http://pubs.acs.org/journal/acsodf

precursor solution, and the solution was heated from the
bottom. Crystallization starts due to the temperature gradient,
and the capillary action resulted in the free flow of the
precursor from the bottom to top, resulting in continuous
crystal growth. MAPBr SCTF with thicknesses ranging from 40
nm to 140 pm were grown. Monocrystalline MAPBr thin films
with an average thickness of 30 ym were grown using
cavitation triggered asymmetrical crystallization technique by
Peng et al.”’ The MAPBr precursor was filled in a crystallizing
dish which was placed inside a larger dish containing
dichloromethane antisolvent. This entire setup was placed in
an ultrasonic bath, and short ultrasonic pulse of <1 s was
applied to induce supersaturation resulting in crystal growth.
Rao et al. employed a space confined method to control the
thickness of the MAPBr SCTF by introducing a PTFE spacer
to control the film thickness. The substrate was heated locally
from the center while the precursor was continuously pumped
between the substrates. Wang et al. developed 35 um-thick
MAPI single crystalline wafer using a geometry-regulated
dynamic-flow reaction system. In this work, two substrates
were sandwiched together with a spacer in between which
defines the crystal wafer thickness. The substrates were then
placed in a crystallizing dish which is heated from the bottom
and fresh MAPI precursor is pumped between the substrates.”’
Chen et al. developed a hydrophobic interface-confined lateral
crystal growth method for the growth of 10 pm-thick MAPI
SCTF, using poly(triaryl amine) (PTAA) as the hydrophobic
as well as the hole transporting layer (HTL). The perovskite
precursor was dropped at one end of the sandwiched indium
doped tin oxide (ITO)/PTAA substrates and was allowed to
diffuse naturally to the other end of the substrate. The
substrate was heated to 100 °C and then maintained between
110—120 °C for inducing nucleation and growth.”* Yang et al.
demonstrated a space-limited antisolvent vapor-assisted
crystallization technique for the growth of all-inorganic
CsPbBry; SCTF for photodetector application. In this
approach, the bottom substrate was hydrophilic and the top
surface was an octadecyltrichlorosilane-treated hydrophobic
substrate. The precursor was filled in between the slit channel,
and the entire setup was placed in a vessel containing
acetonitrile antisolvent. The slow diffusion of the antisolvent
results in nucleation and growth.” Pratheek et al. reported the
growth of 10 ym-thick and 25 mm?-sized MAPBr wafers using
diffusion facilitated inverse temperature crystallization
(DFITC) on ITO/PTAA substrates. They proposed that the
hydrophobicity of the substrate plays a critical role in
promoting homogeneous nucleation, resulting in large area
SCTE.”* Deng et al. reported the growth of centimeter-scale
MAPBr SCTF using DFITC. They used a dimethyldimethox-
ysilane coated superhydrophobic glass substrate to grow
MAPBr SCTF with an aspect ratio of 1000, i.e., 1 cm? area
and 10 gm thick.>>™*’

Though the SC-PSCs are capable of producing highly
efficient solar cells compared to their polycrystalline counter-
parts, growing large area single crystalline wafers is a
challenging task. This is indicated by the fact that all the so-
far reported SC-PSCs which returned PCEs consistently over
20% are all with miniscule sizes, with the grown crystal size
(active area) restricted to a few millimeters square.”””” The
photophysical characteristics of the large-area single crystalline
perovskite wafers are another missing aspect of the available
reports. In this context, here, we propose a graphite-based
localized heating technique to grow large area MAPBr SCTF

on a hydrophobic hole transporting PTAA coated ITO
substrate (HTL), and also on a TiO, electron transporting
layer (ETL) coated through a novel glancing angle deposition
(GLAD) technique. Photoluminescence emission (PLE) and
PL decay analyses are undertaken to investigate the charge
transfer characteristics from the SCTF to the charge transfer
layers (CTLs). In this work, we achieved, so far, large area (65
mm?) SCTF wafers of MAPBr on different CTLs and show
that the charge transport properties of the single crystalline
wafers are much better than those of their polycrystalline
counterpart.

2. EXPERIMENTAL PROCEDURE

2.1. Materials. Methylammonium bromide (MABr;
>99.5%, Ossila), lead bromide (99.999%, Sigma), dimethyl-
formamide (DMF; >99.9, Sigma), Poly[bis(4-phenyl)(2,4,6-
trimethylphenyl)amine (PTAA; Mw = 56 kDa, Ossila),
toluene (99%, Sigma), and ITO (Techinstro, 10 Q/sq.) were
purchased and used without any further purification. All the
experiments were performed under ambient conditions (RH =
60—75% and RT = 30—34 °C).

2.2. Substrate Preparation. PTAA HTL: S X 5 cm?® ITO
substrates were cut and cleaned by the following procedure:
the substrates were brushed using 2% Hellmanex solution in
water, and sonicated in double distilled water, isopropyl
alcohol, and acetone for 15 min each. The sonicated substrates
were rinsed with isopropyl alcohol and dried at 100 °C inside a
hot air oven followed by UV ozone (Holmarc Opto) treatment
for 12 min. Two mg/mL solution of PTAA in toluene is
prepared and spin coated on the ITO substrates at 3000 rpm
for 30 s and annealed at 100 °C for 10 min.

GLAD of TiO, on ITO: TiO, powder was made into a pellet
using hydraulic press and the pellets were sintered at 1200 °C
for 4 h to obtain a compact TiO, pellet which is loaded to a
graphite crucible in the e-beam evaporation chamber. The 5 X
5 cm® ITO substrate is cleaned by following the procedure
mentioned earlier and then loaded to the substrate holder. The
substrate holder is fixed at 80° angle for the GLAD. The 60 nm
thick TiO, layer is deposited at 0.1 A/s rate (e-beam: 4.5 kV
and 30—40 mA) at a pressure of 1 X 1075 mbar.

The properties of the as-deposited TiO, layer were
investigated using UV—visible (UV—vis) transmittance and
water contact angle (WCA) measurement. The transmittance
of the ITO (Figure Sla) was found to be >95% while the TiO,
coated ITO shows 80—85% transmittance in the visible region
which is essential for solar cell application. The WCA
measurement was performed to investigate the hydrophobic
nature of the TiO, layer. The WCA of the TiO, coated ITO
was found to be 99.3°, whereas the bare ITO was found to be
80.3° (Figure S1b). The thickness of the TiO, layer was
measured using a stylus profilometer, and the average thickness
was found to be ~57 nm, which coincides with the thickness
measured during the deposition.

2.3. Growth of SCTF. 1.5 M MAPBr precursor was
prepared by mixing equimolar quantities of MABr and PbBr,
in DMF and stirred vigorously overnight at room temperature.
The homogeneous precursor was filtered using 0.2 ym PTFE
filter moments before being dropped onto the substrate.

A localized heating setup using graphite rod [(purchased
from Sunrise Enterprises, Maharashtra, India (thermal
conductivity = 135 W m™ K™'))] and a Teflon block was
developed. A graphite rod (2-in. length X1 in. diameter) was
inserted at the center of a 1-in. -thick Teflon block with the
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Figure 1. Graphite-based localized heating technique for large area MAPBr SCTF. (a) Schematic representation of the localized heating setup. (b)
Real-time photograph of the localized heating setup with few small crystals at the graphite area. (c) The as-grown 65 mm? MAPBr SCTF.
Schematic representation of the probability of nucleation for (d) direct hot plate heating and (e) localized heating.

graphite rod protruding from both the sides. One end of the
graphite rod is placed on the hot plate which heats the graphite
rod. Note that the Teflon block is not in direct contact with
the hot plate. The cleaned substrates are sandwiched together
and the MAPBr precursor is filled in the gap between the
substrates. The sandwiched substrate is placed on top of the
graphite rod and the temperature was gradually increased from
room temperature (34 °C) to SO °C at a heating rate of 5 °C/
h. 2—3 crystals were observed only at the graphite region, while
no crystal was observed in the remaining area of the substrate.
This resulted in increasing the availability of more solution for
larger crystal growth over a prolonged period. The growth was
continued for 50 h, and the entire setup was kept undisturbed;
SCTF as large as 65 mm® was finally obtained.

2.4. Growth of MAPBr Bulk Single Crystal. The bulk
single crystals of MAPBr were successfully grown using an
inverse temperature crystallization technique for comparison.
1.5 M of PbBr, and MAPBr were dissolved in S mL of DMF
and stirred at room temperature overnight to obtain a
homogeneous precursor solution. The solution was filtered
using 0.2 um PTFE syringe filter and immediately placed in an
oil bath, and gradually heated to 50 °C at a rate of 5 °C/h.
Orange colored MAPBr bulk single crystals of size 5 X § X 2
mm?® were harvested after 12 h (Figure S2).

3. RESULTS AND DISCUSSION

3.1. Growth Mechanism of the Graphite-Based
Localized Heating Technique. The growth of SCTF via
DFITC is different from conventional bulk crystal growth. In
the case of the bulk growth, the ideal growth temperature for
1.5 M precursor solution of MAPBr was found to be 50 °C,
and the system needs to be maintained at this temperature
throughout the growth period. This is comparatively an easy
task and does not raise any concern since the probable
nucleation site is constrained only to the bottom of the growth
vessel and the crystal is free to grow in all directions.”®
However, it is not the same for the case of DFITC, since every
point throughout the substrate is a feasible site for nucleation,
and the constant supply of heat results in a polycrystalline film.
Thus, maintaining the appropriate temperature during the
course of the growth process is not an easy task. The next
concern regarding the DFITC technique is the very limited

volume of the precursor (a few microliters) available for the
crystal to grow into a larger size. During DFITC, the precursor
is sandwiched between two substrates and the sandwiched
substrate is heated to induce supersaturation of the precursor
followed by nucleation through ITC.”” However, heating the
entire substrate results in nucleation all over the substrate,
followed by the growth of numerous small crystals (Figure
$3).>° The problem arises when these small crystals consume
the solutes present in the precursor, resulting in a rapid
depletion of the solutes which restricts the crystals from
growing into larger sizes. Thus, precise control over the growth
temperature on the substrate is crucial for controlling the
nucleation.

To overcome this challenge, we developed a localized
heating technique to manipulate the heat transferred to the
substrate and thereby restrict the probability of nucleation
within a specific area of the substrate. The localized heating
setup is fairly simple where, instead of directly heating the
glass/ITO/PTAA substrate (5 X 5 cm?) on a hot plate, the
heat from the hot plate is transferred to the substrate through a
graphite rod of 1l-in. diameter and 2-in. length. The graphite
rod is inserted at the center of a 1 in. thick Teflon block with
the graphite rod protruding from both the sides. The Teflon
block shields the heat radiated from the hot plate to the
substrate, and the heat from the hot plate can be transferred to
the substrate only through the graphite rod (Figure 1la). Thus,
the path of heat transfer from the source to the substrate is via
hot plate — graphite — substrate. This results in a localized
heating at the center of the substrate, which is tuned to the
desired growth temperature (S0 °C) with the temperature
reducing gradually as we move from the center to the edge of
the substrate (Figure S4). This results in nucleation only at the
center of the substrate, and eventually, 2—3 small crystals were
initially observed (Figure 1b). These small crystals then grow
to larger sizes using the precursor available outside the graphite
area (which is at a temperature lower than the crystallization
temperature). This method consistently returned large area
MAPBr SCTF wafers of up to a 65 mm?” size (Figure 1c). The
nucleation kinetics involved in this localized heating is
schematically explained in Figure 1d,e. When the substrate is
heated on a hot plate, the hot surface is directly in contact with
the entire substrate heating it evenly throughout. The uniform
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Figure 2. (a) Optical microscope image at two different spots on the SCTF showing similar features. (b) AFM images of the as-grown large-area

SCTF wafer at different scan area (20 X 20 and 50 X 50 um?). Cross-sectional SEM micrographs of MAPBr SCTF grown (c) without seed and (d)
with seed.
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Figure 3. Characterization of the as-grown MAPBr SCTF. (a) UV—Vis absorbance and steady-state PLE curves. (b) PL decay lifetime curve of

bulk and SCTF MAPBr. (c) FTIR and (d) Raman spectra exhibiting all the major peaks corresponding to the as-grown MAPBr SCTF. (e) TG-
DTA curve of MAPBr SCTF indicating thermal stability up to 200 °C.

heating of the substrate indicates that the probability of
nucleation is 100% throughout the substrate area (Figure 1d).
However, when the substrate is locally heated from the center,
the heat radiated to the area outside the central area is blocked
using a heat insulator, causing the probability of nucleation to
be restricted within the area in contact with the heat source
(Figure le). This makes the precursor in the remaining

10223

substrate area to be well below the growth temperature (50
°C).

3.2. Characterization of the As-Grown Large Area
SCTF. The as-grown 65 mm” SCTF was analyzed using various
structural, optical, thermal, and morphological techniques to
confirm it as a phase-pure single crystal and not a group of
small crystals merged together. Unless otherwise mentioned,

https://doi.org/10.1021/acsomega.4c09505
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Figure 4. (a) PXRD patterns of MAPBr SCTF, polycrystalline powder, and bulk single crystal. (b) SAED patter of the MAPBr SCTF.

all the analyses were performed on the as-grown large area
SCTF wafer. The optical microscope image (Figure 2a)
depicts a smooth, planar surface with pinhole-like features and
wave-like patterns on the SCTF surface. The atomic force
microscopy (AFM) topography imaging was employed to
understand the pinhole like structures. It was observed that
(Figure 2b) these are not pinholes and can be attributed to
some dust particles sticking on the SCTF surface. The wave-
like patterns observed on the surface of the SCTF are
attributed to the uneven surface of the PTAA layer. The
average surface roughness of the SCTF is measured to be R, =
4.37 + 0.01 nm (for 50 X S0 um® scan area). This highly
smooth surface will be beneficial for reducing the interfacial
charge recombination in the heterojunction PSC.*"** Addi-
tionally, the wave-like pattern on the crystal surface implies
that the surface morphology of the substrate directly impacts
the surface morphology of the SCTF wafer, and hence it is
desired to deposit a smooth and planar CTL. The wafers were
grown in two ways to experiment the impact of a seed crystal:
In one case, continuous DFITC-based confined growth is
followed. In the second case, one seed initially formed was
taken out and kept in between two new substrates and allowed
to grow larger by adding fresh precursor. This was done to
understand the impact of using a single seed on the thickness
of the as-grown wafer compared to direct nucleation. Utilizing
a small seed crystal for growing bulk single crystals is a well-
known technique to obtain faster supersaturation and
controlled crystal orientation. Manipulating the SCTF thick-
ness can assist in promoting SCTF wafers for a wide range of
applications. Hence, this comparison was made to also provide
additional insights into the crystal growth process, and the
thicknesses of the SCTFs were compared to depict the impact
of using a seed. The cross-sectional SEM was employed to
measure the SCTF thickness. In order to eliminate any
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discrepancy due to the substrate during the thickness
measurement, a small piece of the SCTF was broken to obtain
a free-standing thin crystal and was loaded into the SEM
chamber for cross-sectional imaging. The cross-sectional SEM
micrographs (Figure 2c,d) clearly depict the increase in the
thickness of the SCTF at the same magnification of 201X. It is
observed that SCTF grown with direct nucleation and
continuous growth has a thickness of ~97.09 + 1.3 pm
(Figure 2c), while SCTF grown using a small seed crystal
shows a higher thickness of ~159.18 + 1.1 um (Figure 2d).
The higher thickness might be due to the increased distance
between the two substrates due to the presence of seed.

The optical and photophysical properties of the SCTF
wafers grown on ITO/PTAA substrate were investigated using
UV—Vis absorption, steady-state PLE, and PL decay analyses.
The UV—Vis absorption spectrum of SCTF given in Figure 3a
shows the typical absorption characteristic of MAPBr with the
absorption edge around ~555 nm. The corresponding PLE
spectrum (4., = 395 nm) shows the characteristic emission
peak at ~565 nm which corresponds to a bandgap of 2.2 eV.
The overlaid absorption and emission spectra depict the well-
known band-edge emission characteristic of the MAPBr
perovskite (Figure 3a).”® The PL decay curves were compared
with the bulk single crystal to demonstrate a distinction
between the SCTF and the bulk crystal. The PL decay lifetime
of the SCTF wafer was monitored at 565 nm emission (4., =
395 nm), and the same was compared with the bulk MAPBr
single crystal. The PL decay curves of the bulk and SCTF wafer
almost overlap each other, indicating similar lifetime character-
istics (Figure 3b). The decay constants of the bulk single
crystal were found to be 7; = 3.16 + 0.84 ns, 7, = 13.34 + 0.49
ns, and 7; = 57.17 + 0.37 ns while that of the SCTF was found
to be 7, = 3.9 + 0.44 ns, 7, = 14.01 + 0.32 ns, and 73 = 58.57 +
0.11 ns. This indicates that reducing the thickness of the bulk
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crystal does not impact the charge carrier lifetime character-
istic. This is a very critical observation for application-oriented
device fabrication, as bulk single crystal-like carrier lifetime has
been achieved here in the case of the SCTF.

The molecular structure of MAPBr was analyzed by using
FTIR (Figure 3c) and Raman (Figure 3d) spectroscopy. The
FTIR spectra shows the presence of the characteristic
vibrations of MAPBr with all the major vibrations. The 900—
3500 cm™ region in the Raman spectrum (A, = 532 nm) of
MAPBr (Figure 3d) corresponds to the dominant vibration of
the MA" cation. The strong peak at 2957 cm™' and a weak
peak at 1423 cm™! correspond to the asymmetric stretching of
CH, and the 963 cm™ peak corresponds to the CH,
deformation. All the major peaks observed can be assigned
with the strong vibrations of the MA* (CH;NH,") cation. The
presence of all the characteristic peaks and the absence any
foreign peak in the as-grown MAPBr SCTF indicate that there
are no residual impurities in the as-grown SCTF. The thermal
decomposition characteristic of the MAPBr SCTF was
analyzed using thermogravimetry-differential thermal analysis
(TG-DTA). The MAPBr SCTF wafer was crushed into a
coarse powder before performing the TG analysis. The TG-
DTA curve of the MAPBr SCTF (Figure 3e) shows ~20%
weight loss at ~360 °C indicating the decomposition of the
hydrobromic acid (HBr) and other organic elements, and
100% weight loss was observed at ~640 °C. The analysis
reveals that the compound is thermally stable up to ~200 °C
and significant thermal decomposition is observed only above
~300 °C.

The crystallographic and structural properties of the as-
grown SCTF were investigated by using single crystal and
powder X-ray diffraction (XRD) analyses. The powder XRD
experiment was performed on the as-grown MAPBr SCTE,
polycrystalline powder, and bulk single crystal. The compar-
ison of the results facilitates to understand the distinction in
the crystalline properties of the SCTF (this work) and the
polycrystalline and single crystal reference samples. The XRD
pattern (Figure 4a) for the powdered SCTF presents the peaks
corresponding to the polycrystalline MAPBr, while that of the
SCTF and the bulk single crystal show only the major peaks
corresponding to the (100), (200), (300), and (410) planes of
the cubic phase MAPBr. It can be noted that all the major
diffraction peaks corresponding to the cubic (Pm3/m) phase of
MAPBr are present for all three forms of the crystal. The
similar XRD patterns for the bulk crystal and the SCTF again
highlight the crystalline quality of the SCTFE. The presence of
sharp, high intensity peaks and absence of any other impurity/
secondary peaks for the SCTF indicate that the as-grown
MAPBr SCTF is phase-pure and free of any residual impurities.
The single crystal XRD analysis revealed that the as-grown
MAPBr SCTF wafer belongs to the Pm3/m space group
corresponding to the cubic phase with the unit cell parameters:
a=b=c=594A a=p=y=90°and unit cell volume of 210
A3, which match with the existing COD database (Card no.
1545320). The selected area electron diffraction (SAED)
image (Figure 4b) was obtained from a small piece (1—2 mm
size) cleaved from the edge of the SCTF. The SAED image
depicts a square-like pattern of the diffraction spots
corresponding to the (100), (200), and (300) planes of the
cubic phase MAPBr crystal. These crystallographic analyses
further denote that the as-grown large area SCTF is an actual
single crystal and not a group of small crystals merged
together. The results also coincide with the observations made

from the FTIR and Raman analyses, suggesting that large area
SCTFs of phase-pure MAPBr can be successfully grown using
the localized heating-based DFITC technique under ambient
conditions.

The crystallinity of the perovskite absorber layer plays a
major role in the optoelectronic and structural stability of the
hybrid lead halide perovskite thin films. Thin films with high
degree of crystallinity reduce the photogenerated charge carrier
recombination at the defects (i.e., grain boundaries) in a
polycrystalline thin film. The superiority of the SCTF
compared to the polycrystalline film remains on the fact that
the SCTF is made of a single grain, which eliminates the
recombination losses. Thus, the crystallinity of the as-grown
large-area SCTF was determined by calculating the crystallinity
index (CI) from the XRD data and compared with those of the
bulk single crystal and polycrystalline forms of MAPBr. The CI
is given by the following relation

Cl = Area of crystalline peaks

X 100(%)
Total area of the peaks

which is the ratio of the area of the crystalline peaks to the total
area of the peaks (crystalline + amorphous). The XRD pattern
in Figure 4a was used for the CI calculation, where the CI of
bulk single crystal was found to be 97.74 + 0.47% while that of
the polycrystalline MAPBr was found to be 69.80 + 0.60%.
The lower CI for the polycrystalline MAPBr is a direct
implication of the multiple number of crystals present in the
polycrystalline phase, which increases the amorphous nature.
The CI value of close to 100% for the bulk single crystal
indicates the high degree of crystallinity, which is ideal for any
application. The CI of the SCTF was found to be 92.60 +
0.11%, which is similar to the CI value of the bulk single
crystal. The almost-comparable crystallinity indices of the bulk
single crystal and the SCTF correspond to the observations
made from the optical properties of the SCTF (Figure 3a,b),
which delineate the fact that bulk single crystal-like properties
have been achieved for the SCTF which is beneficial for device
applications. The CI values also emphasize that the localized
heating technique does not have any major impact on reducing
the crystallinity of the large area SCTF.

3.3. Charge Transfer Characteristic in SCTF. The
charge transfer characteristic in a polycrystalline thin film
based PSCs is a well-established concept.”**® Although there
are several reports on the growth of SCTF, to the best of our
knowledge, there are no reports available on the charge transfer
properties of the SCTFs grown on top of different ETL and
HTL. It is important to analyze the kinetics of the
photogenerated charge carriers in the SCTF, since the
knowledge of the charge transfer between the SCTF and
CTL is crucial in fabricating large area SCTF based devices.
Hence, an attempt has been made here to grow MAPBr SCTFs
on ITO substrates with different buffer layers, viz. glass/ITO,
glass/ITO/PTAA (HTL), and glass/ITO/TiO, (ETL) and
their steady-state PLE and PL decay lifetime characteristics
were analyzed. Unlike the earlier sections, where the
characteristics of the SCTF were compared with the bulk
single crystal or polycrystalline MAPBr, in this section, we have
kept the MAPBr SCTF grown on glass substrate (non-
conducting) as the standard reference, the PLE and PL decay
characteristics of the MAPBr SCTFs grown on different
conducting substrates (ITO, PTAA, and TiO,) are compared.
We propose an experiment analogous to the conventional PL
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Figure S. (a) XRD, (b) PLE, and (c) PL decay curves of MAPBr SCTF grown on various substrates (the SCTFs were illuminated from the crystal
side). (d) Band alignment diagram for MAPBr SCTF grown on various substrates.

quenching analysis for polycrystalline perovskite thin films.””
The PL quenching analysis is a conventional PL measurement
performed on a thin film fabricated with and without a CTL
(exciton quenching layer) on top the polycrystalline film.**~*
In this work, we follow a similar approach, where instead of
depositing the CTL on top of the SCTF, we deposit the
hydrophobic CTL first, and the SCTFs were grown on top of
the CTLs. This allows us to understand the charge transport
from the SCTF to the CTL, ie., any change in the PL
characteristics can be directly ascribed to the photogenerated
charge carriers being injected into the CTL. Additionally, we
have performed the experiment on both HTL/perovskite and
ETL/perovskite configurations, which is essential for device
fabrication in p—i—n and n-i-p configurations. We initially
performed XRD analysis on the SCTFs grown on top of
different CTLs in order to demonstrate that there is no change
in the SCTF crystallinity due to the CTLs. The XRD peaks for
all the crystals grown on different substrates exhibited identical
patterns corresponding to the cubic phase of MAPBr (Figure
Sa). The sharp peaks indicate superior crystallinity of the
SCTF which is comparable to that of the pristine sample
presented in Figure 4. It is noteworthy to mention that the
steady-state PLE and decay lifetime analyses were performed
by placing the SCTF at the center of the sample holder with
the SCTF illuminated from the crystal side.

The steady-state PLE (4., = 395 nm) curve in Figure Sb
presents the characteristic emission of MAPBr for the glass
substrate. The sharp, high intensity peak signifies the pristine
quality of the SCTF enabling the emission of the majority of
the photogenerated charge carriers due to the lack of any
hindrance from the substrate. The MAPBr SCTF grown on a
glass/ITO substrate shows a similar PLE curve but with a
larger fwhm, which can be due to the charge recombination at
the ITO/perovskite interface. However, both curves trace a
similar characteristic which can be ascribed to the typical

emission of MAPBr. The PLE curves of the SCTFs grown on
glass/ITO/PTAA and glass/ITO/TiO, substrates demonstrate
a drastic drop in the PLE intensity, which indicates the exciton
quenching behavior, denoting that the photogenerated charge
carriers are injected into the CTLs. We observe a similar
phenomenon which has been proposed for several other hybrid
lead halide perovskites with the quenching layer on top of the
polycrystalline thin film.*'~*

The PL decay analysis was performed following the exact
procedure employed for the PLE measurement. The samples
were excited at 390 nm, and the PL decay was observed at 565
nm. The overlaid PL decay spectra for all the samples (Figure
Sc) indicate that the SCTF grown on bare glass substrate
exhibits the longest lifetime (Table 1). This can be attributed

Table 1. Lifetime Parameters Obtained from the Tri-
exponential Fitting of the PL Decay Curves

substrate 7, (ns) 7, (ns) 75 (ns)
glass 4.77 + 0.18 19.19 + 0.16 68.28 + 0.29
gIaSS/ITO 4.61 + 0.19 12.05 + 0.23 55.63 + 0.46
glass/ITO/PTAA 3.15 + 0.33 4.57 £ 0.71 39.68 + 0.13
gIaSS/ITO/TiOZ 3.32 + 0.07 5.79 + 0.18 45.74 + 0.23

to the lower exciton recombination within the SCTF due to
the lack of grain boundaries and interfacial recombination. The
SCTF grown on glass/ITO substrate also presented a similar
decay characteristic, with a slight decrease in the decay lifetime,
while the lifetimes of the SCTFs grown on TiO, and PTAA
substrates were decreased significantly. The slight decrease in
the decay lifetime for the ITO substrate can be due to the
charge accumulation at the ITO/perovskite interface, which
results in recombination. The shorter lifetime of the SCTF on
TiO, and PTAA can be ascribed to the injection of the
photogenerated charge carriers into their respective CTLs (i.e.,
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Table 2. Comparison of the Absorption Band Edge, PLE, and PL Decay Lifetime of the Previously Reported MAPBr

Polycrystalline Film With Our SCTF

film type substrate Abs. band edge (nm)
polycrystalline film glass S21
polycrystalline film ITO ~530
polycrystalline film glass
polycrystalline film FTO 540—550
SCTF glass 5SS
SCTF ITO 555

PLE peak position (nm) PL decay lifetime, 75 (ns) ref
530 (Ao = 40S nm) 44
536 (A = 40S nm) 51 45
~530 46
47
565 (Aey = 395 nm) 68.28 + 0.29 this work
565 (A = 395 nm) 55.63 + 0.46 this work

electrons into TiO, and holes into PTAA). This, also, results in
an accelerated decay due to the charge recombination at the
CTL/perovskite interface. The decrease in the fast decay
constant from 7, = 4.77 + 0.18 ns for glass to 7, = 3.32 + 0.07
ns for TiO, and 7; = 3.15 + 0.33 ns PTAA is a clear evidence
of the charge injection into the respective CTLs, which can be
correlated with the decrease in the PLE intensity (Figure Sb).
The interpretation of the decay curves with the band alignment
diagram (Figure 5d) indicates the free flow of both electrons
and holes into their respective CTLs, thus reducing the fast
decay component (7;) due to the immediate injection of
charge carriers. These results emphasize the PL quenching
behavior of the SCTFs grown on different substrates grown
using localized heating technique and make them ideal for
various optoelectronic and photovoltaic applications.

The optical properties (absorption band edge, PLE peak
position, and PL decay lifetime) of the MAPBr SCTF are
compared with the previously reported polycrystalline MAPBr
thin films grown on different substrates (Table 2). The
polycrystalline films deposited via spin coating and vacuum
deposition exhibit an absorption edge in the range of 520—550
nm and PLE around ~530 nm, while our SCTF shows an
absorption edge at 555 nm and PLE at 565 nm. The
comparison enables us to understand the significance of the
SCTF, especially the below bandgap transition due to the
reduced defects, resulting in a redshift of the absorption edge
and the emission peak. The PL lifetime is also increased from
55.63 + 0.46 ns for the SCTF on ITO substrate, while the
polycrystalline film exhibits a decay lifetime of 51 ns on ITO
substrate. The lower PL decay lifetime for the polycrystalline
thin film can be attributed to the charge carrier recombination
at the grain boundaries, and the SCTFs show enhanced
lifetime due to the single crystalline nature and the absence of
grain boundaries.

In summary, 65 mm?-sized MAPBr SCTF wafer was grown
using a graphite based localized heating technique, and the
SCTF quality was analyzed using various characterization
techniques. The PLE quenching and faster PL decay for the
MAPBr SCTF grown on PTAA and TiO, substrates indicate
the swift injection of the photogenerated charge carriers into
the respective CTLs which is crucial for device fabrication.

Although the proposed graphite-based localized heating
technique can produce large-size SCTF, the size of the crystal
relies on the amount of solute available for continuous
crystallization. This is an obvious limitation in the solution
based crystal growth technique, which can be addressed by
adapting the following modifications: (i) large area substrates
can be employed for SCTF wafer growth. In this work, we have
sandwiched two § X 5 cm® ITO coated glass substrates, which
accommodated ~200 pL of the fresh precursor resulting in an
SCTF size of 65 mm?. Increasing the substrate area, e.g,, 10 X
10 cm?, will result in the availability of more precursor which
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can facilitate the continuous growth of the SCTFs with much
larger lateral dimensions. (ii) Continuous supply of fresh
precursor from an external reservoir can be employed. (iii)
Intermittent growth can be adapted by following consecutive
cycles of heating and cooling. Once the entire solute is
consumed, the setup can be cooled to the room temperature
and fresh precursor can be added to the substrate and heated
again to continue the growth process.

4. CONCLUSIONS

A graphite-based localized heating technique for growing
comparatively large area (up to ~65 mm’ size) MAPbBr,
SCTFs under ambient conditions was developed. It was
observed that the localized heating can induce supersaturation
at a particular area on the substrate. The graphite-based
localized heating setup resulted in the considerable reduction
in the number of seeds formed and these are largely confined
only to the graphite heating area, and no nucleation was
observed at the remaining area of the substrate. The structural,
optical, morphological, and thermal analyses revealed that the
as-grown MAPBr SCTF is phase-pure without any residual
impurities. The AFM results suggest that the surface
topography of the substrate plays a critical role in the
topography of the SCTF with a roughness of R, = 437 +
0.01 nm. The PL decay lifetimes of both the bulk single crystal
and SCTF were found to be similar, which implies that the
reduced crystal thickness does not impact the charge carrier
lifetime. The absence of any secondary peaks in the XRD
pattern indicated that the as-grown SCTF is an actual single
crystal and not a group of small crystals merged together. The
PLE curves exhibited a significant quenching of the emission
intensity for the SCTFs grown on TiO, and PTAA substrates,
which can be ascribed to the exciton quenching effect. The
abrupt decrease in the fast decay component of the SCTF from
7, = 4.77 + 0.18 ns for glass to 7; = 3.32 + 0.07 ns for TiO,
and 7; = 3.15 + 0.33 ns PTAA evidences the injection of
charge carriers into the respective CTL and the decreased
overall lifetime is ascribed to the interfacial recombination of
the charges accumulated at the CTL/perovskite interface.
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