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Broad-band emissions related to self-trapped excitons (STEs) in the sub-bandgap region in organic–

inorganic hybrid perovskites and double perovskite crystals have drawn attention in recent times due to

their potential in optoelectronic device applications. In this study, we have shown that the formation of

STEs in CH3NH3PbBr3 single crystals can be controlled using a suitable sample synthesis procedure. We

have observed a broad-band emission (FWHM B 80 nm) for crystals whose crystallization is fast,

whereas it was absent if we follow slow crystallization procedures. Using UV-Visible absorption spectro-

scopy, temperature-dependent photoluminescence (PL), time-resolved PL (TRPL), and dc magnetization

studies, we concluded that defect-assisted extrinsic self-trapping is dominant here over the intrinsic

self-trapping process and excess Pb atoms in interstitial positions are predominantly responsible for the

extrinsic self-trapping process.

Introduction

Organic–inorganic lead halide hybrid perovskites are increasingly
used in optoelectronic devices like photovoltaic cells,1,2 bright
light-emitting diodes,3 photodetectors,4 lasers,5 etc. due to
their remarkable optoelectronic properties like high carrier
mobility,6 high photoconversion efficiency,7 tunable bandgap
(with composition),8 long charge carrier diffusion length9 and
rare trap density.10 However, defects in these systems can greatly
influence the luminescence efficiency, electrical conductance,
minority carrier lifetime, and other key aspects of device perfor-
mance. It was observed that vacancies, self-interstitials and
antisites have deleterious effects on the performance of a laser,
LED and photodetector.11–13 Thus, to enhance the device perfor-
mance, it is essential to optimize the sample growth process,
understand the origins of defects and reduce the same.

The synthesis of organic–inorganic hybrid halide perovskite
crystals was first reported by Weber in 1978 by the solution
temperature lowering (STL) method where methylammonium
(MA) and lead-acetate were dissolved in hydrohalide acid,
heated at 100 1C and subsequently cooled to 45 1C resulting
in millimeter-sized crystals.14 Subsequently by judiciously
changing the precursors (use methylammonium halide instead
of methylammonium and hydrohalide acid)15,16 and varying

the growth rate,17 pyramidal, rhombohedral or cuboid sized
crystals were obtained. Reduced structural imperfections, and a
variety of morphologies and polymorphic forms are the major
advantages of this process. However, the slow growth rate and
the probability of solvent inclusion in the sample are the main
disadvantages.

Another suitable method of crystal growth is the inverse
temperature crystallization (ITC) method wherein the solubility
of organic–inorganic metal halides in particular solvents is
high at room temperature but decreases rapidly with increasing
temperatures. g-Butyrolactone (GBL), N,N-dimethylformamide
(DMF) and dimethylsulphoxide (DMSO) were chosen for ITC growth
of CH3NH3PbI3/CH(NH2)2PbI3, CH3NH3PbBr3/CH(NH2)2PbBr3

and CH3NH3PbCl3 single crystals, respectively, and by setting a high
temperature of the heating bath, single crystals quickly preci-
pitated.18–22 Liu et al. have grown the largest single crystals of
CH3NH3PbI3 so far (two-inch) using this method.23 Because of a
faster growth rate (B1 mm3 h�1), this method can be adopted
for commercial purposes, but structural imperfection and solvent
corrosion might arise due to the high growth temperature which
deteriorates the crystalline quality of these perovskites. However, a
novel space-limited ITC method has recently been developed to
fabricate large (120 cm2) single crystal films of CH3NH3PbBr3 on
FTO glass for narrow bandgap-photodetectors.24

D. Shi et al. proposed an alternative strategy to synthesize
single crystals of metal halide perovskites using the anti-solvent
vapor assisted crystallization (AVC) method.25 This method is
used to synthesize materials which are highly soluble in one
solvent (good solvent) but have poor solubility in other solvents
(bad solvent) and diffusion of a suitable bad solvent vapor into
the precursor solution results in high-quality crystals.26,27
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Single crystals of metal halide perovskites using the AVC
method were synthesized using toluene and dichloromethane
(DCM) as antisolvents.28–30 The proposed room temperature
crystallization technique is important in particular for thermally
sensitive samples, where organic groups are present. Further-
more, the presence of an antisolvent changes the solvent activity
of the solution which has a more profound effect on the
morphology and polymorphic form than that of ITC and STL
methods, whereas, the use of additional raw material (i.e.,
antisolvent) might create problems in the purity of crystals and
may also enhance the capital cost.

Though several groups have synthesized and char-
acterized14–23,25–30 single crystals of metal halide perovskites using
the above-discussed methods, no comparative study is available,
focusing on the crystallographic and spectroscopic nature of the
obtained samples prepared by different methods. In this report, a
comparative study of heat capacity, room temperature powder X-ray
diffraction (XRD), room temperature absorbance and temperature-
dependent photoluminescence (PL) on single crystals of
CH3NH3PbBr3 synthesized by STL, ITC, dichloromethane (DCM)
and ethylacetate (EA) diffused AVC methods has been carried out.
Samples grown by these four methods are found to be crystal-
lographically identical, however, discrepancies are observed in their
optical response. A broad-band emission spectrum between 600 nm
and 750 nm was observed in the crystals grown by rapid crystal-
lization techniques like STL, ITC and DCM diffused AVC methods,
whereas this broad-band emission spectrum is absent in the EA
diffused AVC method (slow crystallization technique). The large
Stokes shift, broadband emitting spectrum with full width at half
maximum (FWHM) larger than 80 nm and high recombination time
(B0.48 ms) indicated that these broad-band emissions are related to
self-trapped excitons (STEs).13 Short-range lattice distortion due to
the localization of free excitons (FEs) is responsible for the formation
of STEs and can be divided into two types: (a) intrinsic and (b)
extrinsic self-trapping.31–34 Transient distortions of the lattice
create intrinsic self-trapping, example: structural distortion in InBr6

octahedra in the lead free indium-based counterparts,35,36 while
lattice distortion due to permanent defects in materials like doping
or alloying causes the extrinsic self-trapping, example: Pb or Br
vacancies in interstitial positions.37

In this article, we have made a comparison of formation
energy calculations with the experimentally obtained energy
levels and suggest that excess Pb atoms in interstitial positions
are predominantly responsible for the extrinsic self-trapping
process which is supported by dc-magnetization studies.

Results and discussion

Powder X-ray diffraction (PXRD) and heat capacity measure-
ments were performed on all four CH3NH3PbBr3 samples to
assess their structure and phase purity. Fig. 1(a) shows that
samples are crystalline in nature and diffraction peaks of
all four samples appear at the same 2y position, (indexed in
the figure), which match well with those of the CH3NH3PbBr3

perovskite with a cubic phase structure (Pm%3m space group).30,38

Sharp and well-resolved diffraction peaks indicate that the crystallite
size of CH3NH3PbBr3 grown by the above-mentioned techniques is
quite large and is free from lattice strain. Temperature-dependent
heat capacity measurements were performed to identify the phase
transition temperatures (Fig. 1(b)).39 It was observed that all four
samples undergo crystallographic phase transitions at the same
temperatures. With the decrease of temperature from 280 K to 70 K,
sharp anomalies were observed at 236.9 K, 154.6 K and 149.3 K for
all the samples indicating a change in internal energies arising from
the crystallographic phase transition of the samples. A comparison
with previous reports suggest that all four samples undergo a
crystallographic phase transition from cubic to tetragonal (I), tetra-
gonal (I) to tetragonal (II) and tetragonal (II) to orthorhombic at
236.9 K, 154.6 K and 149.3 K, respectively.40 From these observations
we might conclude that all the four samples are crystallographically
identical.

The optical properties of all four as-synthesized samples
were investigated using steady-state absorption and PL studies.

Fig. 1 Room temperature powder X-ray diffraction patterns (upper panel)
and heat capacity (lower panel) of CH3NH3PbBr3 grown by ITC, STC, DCM
and EA diffused AVC methods.

2794 | J. Mater. Chem. C, 2021, 9, 2793�2800 This journal is The Royal Society of Chemistry 2021

Paper Journal of Materials Chemistry C

Pu
bl

is
he

d 
on

 0
8 

Ja
nu

ar
y 

20
21

. D
ow

nl
oa

de
d 

by
 Q

ue
en

's
 L

ib
ra

ry
 o

n 
5/

17
/2

02
1 

6:
37

:5
0 

A
M

. 
View Article Online

https://doi.org/10.1039/d0tc05003b


Fig. 2 depicts the room temperature UV-visible absorption
spectra of CH3NH3PbBr3 synthesized via ITC, DCM diffused
AVC, STL and EA diffused AVC techniques. Each spectrum was
acquired from a pellet (diameter of 10 mm) made by crushing
an equal amount (120 mg) of single crystals of CH3NH3PbBr3

and consists of three broad features; (i) a sub-bandgap absorp-
tion at low energy (600 nm and above), (ii) a strong and sharp
peak at 556 nm (2.23 eV) followed by (iii) band-edge transitions
which start from 506 nm (2.45 eV).39,41 Steeper band edges of
CH3NH3PbBr3 suggest that it is a direct bandgap semiconductor
with ordered nature. Apart from dual transitions at 506 nm and
556 nm (with an error bar of �2 nm) a broad hump between
600 nm and 750 nm was observed for samples synthesized by
ITC, STL and DCM diffused AVC methods. Furthermore, the
relative absorbance of the broad hump was maximum for
samples grown by the ITC method, followed by DCM diffused
AVC and STL methods, respectively. In contrast, no broad
absorbance peak was observed for the sample grown by the EA
diffused AVC method, suggesting that the optical response can
vary depending on the sample synthesis conditions.

Fig. 3 shows the temperature-dependent (77 K to 300 K)
steady-state PL spectra of CH3NH3PbBr3. The overall features of
the presented PL spectra from samples synthesized using
different processes are somewhat similar and can be broadly
characterized by three peaks marked as 1, 2, and 3 in the
figures, but with different intensities. For the sample grown by
the ITC method three PL emission peaks were observed
(i) peak-1 at 543.5 nm, (ii) peak-2 at 561 nm and (iii) peak-3
at 649 nm at 77 K, which are consistent with the literature.42–44

Also, as the temperature is increased, peak-1 is blue-shifted,
while peak-2 is red-shifted continuously to 529.5 nm and
573.5 nm, respectively, at room temperature (300 K), and peak

3 is red-shifted. It may here be noted that peak 3 shows strong
temperature dependence and considerable FWHM as compared
to peak 1 and peak 2. This observation is consistent for samples
grown by all 4 methods. The bandgap energy of most of the
semiconductors tends to decrease (red shift) with increasing
temperature and at higher temperature, interatomic bonds are
weakened and weaker bonds mean less energy required to send
an electron in the conduction band. However, the blue-shifting
behavior of peak-1 in the hybrid perovskite is inconsistent with
that of traditional semiconductors and can be explained using
the Varshni model where the temperature coefficient of band-
gap (dEg/dT) can be expressed as:39,45

dEg

dT

� �
p

¼ dEg

dT

� �
v

þ dEg

d lnðvÞ

� �
T

d lnðvÞ
dT

� �
p

(1)

Here the first term represents the electron–phonon coupling
through the deformation coupling, which represents a decrease
in bandgap with an increase of temperature and the second
term is the lattice dilation term which causes the increase in
the bandgap with temperature. It is suggested that the blue
shifting nature of peak-1 arises because of valence band maxima
stabilization due to lattice dilation with an increase in the
temperature.39

The origin of dual emission in PL spectra (peak-1 and
peak-2) is a widely debated topic in this series of compounds
with no consensus so far; few authors claim it to be surface and
bulk effect,18,19 some refer it to be arising from bound and free

Fig. 2 Room temperature UV-VIS absorbance spectra of four
CH3NH3PbBr3 samples grown by ITC, STC, DCM and EA diffused AVC
methods.

Fig. 3 Temperature-dependent photoluminescence spectra of CH3NH3

PbBr3 grown by (a) ITC, (b) STC, (c) DCM diffused and (d) EA diffused AVC
method. Inset shows the variation of first two peaks with temperature.
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exciton emission,42 while others believe that tetragonal inclusions
in the low temperature are responsible.43 However, based on our
experiments and band structure calculations,46 we believe that
methylammonium orientations inside the PbBr6 octahedra can
result in two closely spaced minima in free energy vs. molecular
orientation plot.47 The electronic structures associated with these
two configurations confirm a small shift in the valence band and
no shift in the conduction band and these closely spaced valence
bands might be responsible for dual transitions in hybrid
perovskites.39,44

The results of the temperature-dependent steady-state PL
spectra of the samples grown by STL and DCM diffused AVC
methods are depicted in Fig. 3(b) and (c), respectively, and are
similar to the samples grown by the ITC method (Fig. 3a).
However, the relative intensity of peak-3 (at 77 K) w.r.t. peak-1 is
maximum for the sample grown by the ITC method and is
minimum for the sample grown by the STL method. By looking
at the position of peak 3 in the energy level diagram, one can
assume it to be originating from some deep level trap states
which appears at the interband positions and originates due to
the rapid growth rate at high temperature and fast diffusion by
the low boiling point solvent (DCM: 39.6 1C). A similar observa-
tion was made in the UV-visible absorbance study of the
corresponding samples (Fig. 2). Furthermore, it is important
to note that peak-3 is absent at all temperatures for the samples
grown at room temperature by high boiling point antisolvent
diffusion (EA: 77.1 1C) methods, where the growth rate is
relatively lower. Thus, in conclusion, broadband peak-3 was
observed when the sample was synthesized by rapid crystal-
lization methods (ITC, STL, and DCM diffused AVC methods),
while no broad peak was observed for samples grown by the
relatively slow crystallization method (EA diffused AVC
method).

The broad emission/absorption in the midgap region for
semiconductors and insulators is best described in terms of
intrinsic self-trapping of electrons and excitons (STEs).31–34

Additionally, it has been suggested that the presence of intrinsic
defects or impurity atoms in the crystal can add further inho-
mogeneity to the excited-state potential surface, leading to
escalation of the broad mid-bandgap emission response.37

Accordingly, STEs as well as carrier trapped permanent lattice
defects are believed to be responsible for broadband white light
emission in zero dimensional perovskites like (C4H14N2)2

In2Br10,36 (Cs2InBr5�H2O),35 two dimensional hybrid perovskites
like ((N-MEDA)[PbBr4] (N-MEDA = N1-methyl ethane-1,2-
diammonium),48 (EDBE)[PbX4] (EDBE = 2,20 (ethylenedioxy)bis
(ethylammonium); X = Cl and Br)),49 in double perovskites
like Cs2AgInCl6,50 Cs2NaInCl6,51 Cs4SnBr6, etc.52 and in ion
(Yb3+/Er3+) doped all inorganic hybrid perovskite CsPb
(Br/Cl)3.13 Similar to our steady state photoluminescence obser-
vations, Priante et al.,42 Fu et al.44 and Shi et al.53 also observed
broad-band PL emission between 560 nm and 690 nm at low
temperature (77 K) for CH3NH3PbBr3, which disappeared above
180 K. Using variable fluence and excitation (below band-edge)
dependent steady state and time resolved PL studies, they ascribed
this feature (appearing as peak 3 in our case) to self-trapped

excitonic emission. Furthermore, careful observation of the present
data reveals that excitonic peak positions (peak 1 and 2) show a
redshift of 41–45 meV for ITC, 32–35 meV for the DCM diffused
AVC and 27–28 meV for the STL method grown sample compared
to the EA diffused AVC sample throughout the temperature region.
This result clearly indicates that the local configurations of trap
states and electronic properties are quite sensitive to their charge
states introduced by the permanent lattice defects or e-STEs and
can result in the shifting of valence band maxima (VBM) or
conduction band minima (CBM).54

Time-correlated single-photon counting (TCSPC) of peak-1
and peak-3 (presented in Fig. 4) could shed some light on the
recombination time (of electrons and holes) and help in
identifying permanent lattice defects or e-STE results of the
same for samples prepared by the ITC method. The lifetime of
the energy levels responsible for peak-1 and peak-2 (not shown
here) is relatively small (ns range), while, that of peak-3 is three
orders of magnitude higher in ms range confirming a different
origin of peak-3. The recombination lifetime of CH3NH3PbBr3

was determined by measuring PL decay at the emission peak
wavelengths and the curves are fitted with the biexponential
function of time (t) given by:

I(t) = I1 exp�t1/t1 + I2 exp�t2/t2 (2)

where ti is the decay time and Ii is the weight factor of each
decay channel. The peak-1 fitting yielded following parameters
t1 = 17.8 ns with 59.32% weight% and t2 = 3.5 ns with 40.68%
weight%. Here, slow (17.8 ns) and fast (3.5 ns) recombination
times are assigned as bulk and surface recombination.18,22,39 In
contrast, the lifetime of energy levels associated with peak-3
was as large as t1 = 0.48 ms with 57.12% weight% and t2 = 3.32 ms
with 42.88% weight%, suggesting that the transitions respon-
sible for emission of peak-3 originate from defect levels.

Fig. 4 Time correlated single photon counting (TCSPC) data corres-
ponding to 650 nm and 531 nm (Inset) emission peaks at 77 K of
CH3NH3PbBr3 grown by the ITC method. Y-Axis is normalized at
t = 0 ns and presented in log-scale for better visualization. Hollow dots
represent the experimental data.
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Depending on the location of the energy states in the band
diagram, defect states might be characterized as shallow or
deep levels. Shallow defects have energy levels within few tens
of meV from respective band edges, whereas deep level defects
reside within the middle third of the bandgap. Alternatively,
deep levels are associated with highly localized wave functions
whereas shallow level wave functions are as extended as the
far-reaching coulomb potential. Based on these definitions,
almost all dominant defects in CH3NH3PbBr3 can be character-
ized from shallow levels except the following cases (deep level
effects):55–57 (i) CH3NH3(MA), Pb, Br vacancies (VMA, VPb, VBr),
(ii) MA, Pb, Br interstitial (MAi, Pbi, Bri), (iii) MA on Pb (MAPb)
and Pb on MA (PbMA) cation substitution and (iv) MA on Br
(MABr), Pb on Br (PbBr), Br on MA (BrMA), Br on Pb (BrPb) antisite
substitutions. Formation energy calculations reveal that MAi,
PbMA, VBr and MABr are shallow donors whereas Bri, MAPb, VMA,
and VPb are shallow acceptors which are not responsible for the
observed midgap defect states. The remaining four defects Pbi,
PbBr, BrMA and BrPb produce deep levels in the bandgap of
CH3NH3PbBr3.55 Formation energy calculations reveal that Pbi

and PbBr levels are situated nearer the conduction band,
whereas, BrMA and BrPb exist closer to the valence band, and
are responsible for the interband transition.

For a better understanding of the defect states, we substi-
tuted Br ion sites with Cl and synthesized single crystals of
CH3NH3PbCl3 via ITC and EA diffused AVC methods. The
steady-state PL spectra at 77 K of both the Cl replaced samples
are shown in Fig. 5. Here too we observe two peaks at 403 nm
(peak-1) and 410.5 nm (peak-2) for both the samples and an
additional peak at 641.5 nm (peak-3) for the sample synthesized
by the ITC method while peak-3 was absent for the sample
synthesized by the EA diffused AVC method. This result is
similar to the one from CH3NH3PbBr3 thereby confirming that
halogen atoms do not participate in deep level defect formation

in metal halide perovskite crystals. These experimental observations
suggest that point defects due to self-doping of Pb atoms are
responsible for the creation of the midgap defect states
evidenced here. Furthermore, formation energy calculations
predict that unipolar self-doping of Pb at interstitial positions
can create interband defect states,55 while density functional
theory (DFT) calculations also predict mid-gap defect states in
the calculated absorption spectra of CH3NH3PbI3.58 If the inter-
stitial Pb atoms are indeed responsible for defect states of
methylammonium lead halide samples, then uncompensated
spins of Pb can align in the applied magnetic field direction like
Mn-doped CH3NH3PbBr3 micro-rods.59

Magnetization measurements (M vs. H) as a function of the
applied field were performed on all CH3NH3PbBr3 samples at
100 K and 300 K, which are presented in Fig. 6. It is observed
that the sample synthesized by the EA diffused AVC method is
diamagnetic in nature with susceptibility w = �4.43 � 10�9

(inset of Fig. 6) which is consistent with the literature
reports.59,60 However, other three samples synthesized by
STL, DCM diffused AVC and ITC methods show a mixture of
para and ferromagnetic behavior. It is interesting to observe

Fig. 5 Temperature-dependent photoluminescence spectra of CH3NH3

PbCl3 grown by ITC and EA diffused AVC methods at 77 K.

Fig. 6 M–H loops of CH3NH3PbBr3 grown by ITC, STC, DCM and EA
diffused AVC methods taken at (a) 100 K and (b) room temperature (300 K).
Inset shows the diamagnetic behavior of CH3NH3PbBr3 grown via the EA
diffused AVC method.
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that the magnetic moment is maximum for the sample
grown by the ITC method (0.039 emu g�1 and 0.018 emu g�1),
followed by the DCM diffused AVC method (0.013 emu g�1

and 0.009 emu g�1) and the STL method (0.003 emu g�1 and
0.002 emu g�1) at a magnetic field of 60 kOe for 100 K and 300 K,
respectively. The observed trend in the magnitude of magnetiza-
tion is directly proportional to the number of interstitial Pb
atoms (point defects: interstitial and vacancy) and is consistent
with conclusions from PL results. The observed phenomena
(Fig. 6) in CH3NH3PbBr3 can hence be best described as defect
induced magnetism as observed in graphite,61 graphene,62

and ZnO.63 Recently, Sil et al. observed defect-induced ferro-
magnetism at room temperature in the CH3NH3PbI3 system and
suggested that the origin of ferromagnetic ordering in this
material is due to atomic defects.64 Náfrádi et al. also observed
ferromagnetic behavior in MAPbI3 after substituting Pb2+ with
Mn2+ and fabricated optically tuned magnetic switches.65 Thus,
we believe that defect states present in the sample are respon-
sible for the deviation from the expected diamagnetic behavior
and that the number of interstitial Pb atoms in the system is the
highest for samples grown by the ITC method and minimum for
the samples grown by the STL method and is almost negligible
for the case of the sample grown by the EA diffused AVC method.
This interesting magnetic behavior for a direct bandgap semi-
conductor like CH3NH3PbBr3 where magnetism can be induced
and controlled by the amount of defects opens up new avenue
for utilizing organic–inorganic halide perovskites for spintronic
applications as well.

Conclusions

In summary, we have carried out an in-depth comparative study
of the structural, optical and magnetic properties of
CH3NH3PbBr3 grown by ITC, STL, DCM and EA diffused AVC
methods through powder XRD, heat capacity, room tempera-
ture UV-VIS and temperature-dependent PL spectroscopy as
well as M–H studies. Identical PXRD patterns and heat capacity
confirm the phase purity and the presence of three crystal-
lographic phase transitions in all four samples synthesized by
different techniques. However, the presence of a broad peak
between 600 nm and 700 nm was observed in the sub-bandgap
region (bandgap of CH3NH3PbBr3 is approx. 506 nm) in the
room temperature absorption and temperature-dependent PL
studies in case of samples grown by ITC, STL and DCM diffused
AVC methods, which was absent in the sample grown by the EA
diffused AVC method. The time-resolved PL study confirms that
the lifetime associated with this broad peak is higher (Bms)
than that of band-edge transitions (Bns). A comparison with
the formation energy calculations confirmed that excess Pb
atoms in interstitial positions create defect levels for the
samples whose growth rate is high. This observation was also
confirmed by dc magnetization studies. Thus, a novel approach
to synthesize defect-free crystals is put forth which will be
useful to fabricate optoelectronic devices using metal halide
perovskite single crystals.

Experimental section
Materials

All chemicals were purchased from Sigma-Aldrich and used
as received without further purification: hydrobromic acid
(HBr; 48 wt% in water), methylamine (CH3NH2; 40 wt% in
water), PbBr2 (99.99%), PbI2 (99.99%), and g-butyrolactone
(GBL; 99.9%).

Synthesis of CH3NH3Br

Single crystals of CH3NH3Br were synthesized by reacting
CH3NH2 and HBr in a molar ratio of 1.2 : 1. HBr was added
dropwise into CH3NH2 in a flask under a nitrogen atmosphere
in an ice bath for 3 hours; the resulting solution was evaporated
at 60 1C in a rotary evaporator to remove the unreacted solvent
and white crystals of CH3NH3Br were obtained.

Synthesis of CH3NH3PbBr3 single crystals

Method-1: Inverse temperature crystallization (ITC) method.
0.367 g lead(II) bromide (1 mM) and 0.111 g methylammonium
bromide (1 mM) were dissolved in 10 ml N,N-dimethyl-
formamide (DMF) and the precursor solution was kept at
80 1C. After 3 h nice orange-colored single crystals of
CH3NH3PbBr3 were grown.

Method-2: Solution temperature lowering (STL) method. In
this technique, we have reduced the temperature of precursor
solution (same as method-1) from 100 1C to room temperature
over 48 h as reported earlier. This is the most common and
traditional way to synthesize CH3NH3PbBr3 perovskite single
crystals. It is also observed that crystallization increases at
around 80 1C.

Anti-solvent vapor assisted crystallization (AVC) method

We know that the solubility of a compound in one solvent (good
solvent) decreases due to the slow incorporation of another
solvent (bad solvent) in which the solute is not soluble (an anti-
solvent). This can be done in two ways; one is by direct contact
between the saturated solution and the anti-solvent (‘‘layering’’)
and other by allowing the vapors of the anti-solvent to slowly
diffuse into a saturated solution. In this method, ethyl acetate
(EA) and dichloromethane (DCM) vapors are used to reduce the
solubility of the solute.

Method-3: Dichloromethane (DCM) diffused AVC method.
In this method, the precursor solution (same as method-1)
filled vial was kept in a DCM environment and orange crystals
were grown within 1–2 days.

Method-4: Ethyl acetate (EA) diffused AVC method. In order
to achieve very slow crystallization, we have taken a high boiling
point solvent (ethyl acetate: 77.1 1C). Then, the vial containing
the CH3NH3PbBr3 precursor solution (same as method-1) was
kept in an EA environment. With slow diffusion of EA into the
solution, nice orange crystals were grown within 8–10 days.

Characterization techniques

X-Ray powder diffraction of all samples was performed by
using a Bruker D8 Advance diffractometer using Cu Ka
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radiation (l = 1.34 Å) to confirm the phase purity of all four
samples. The temperature dependence of specific heat of all
four samples was recorded using a Physical Property Measure-
ment System (PPMS) Evercool II, from Quantum Design, USA.
Heat capacity measurements were performed in the tempera-
ture range between 70 K and 300 K. The optical absorption
spectra were recorded using an ultraviolet-visible-near-infrared
spectrophotometer (Shimadzu, 3101PC) in the wave-
length range of 400–800 nm. Temperature-dependent photo-
luminescence (PL) spectra of all the samples were recorded in
the temperature range of 77 K to 300 K using a FL920 spectro-
meter from Edinburg instruments with an excitation energy of
325 nm. Time-resolved PL experiments were performed on the
same FL 920 spectrometer by means of time-correlated single-
photon counting (TCSPC). For both the measurements, sam-
ples were mounted on a copper plate in a cryostat and cooled by
liquid nitrogen. The dc-magnetization measurements of all
four samples were performed at 300 K using a PPMS system
equipped with VSM head from Quantum Design, USA.
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