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Finding  renewable  energy  sources  is of paramount  importance  to meet  the  increasing  global  energy
demand  whilst  minimizing  the  impact  on  the  environment.  The research  community  has  focused  on
solar  energy  as  it is endlessly  available,  and  have  ranked  the  methylammonium  lead  iodide  (MAPbI3)
as one  of  the  most  promising  candidate  amongst  perovskite  solar  cells.  Despite  its high  efficiency,  the
MAPbI3 is sensitive  to humidity,  light,  and  temperature,  its  instability  affects  primarily  on the  crystalline
structure  and  eventually  leads  to degradation.  Three  crystalline  structures  are  known  for  this  material,
orthorhombic,  tetragonal,  and  cubic  which  exist  in different  temperatures.  Here  we report  on  several
processes  detected  from  laser  excitation  of  MAPbI3 single  crystal  at ambient  conditions.  A  phase  transition
from  tetragonal  to cubic  phase  was  induced  by excitation  of  over  15  mW  laser  power.  The phases  were
characterized  by LF-Raman  and  photoluminescence,  taken  simultaneously  with  the  increase  of exciting

laser  power  and  the  spectral  changes  were  assigned  to  the  structural  differences.  In addition,  Raman
stimulation  of  iodine  vapors  signal  was  observed,  those  vapors  were  generated  from  the  core  of  the focus
wherein  the  highest  temperature  led to degradation.  The  stimulated  Raman  phenomenon  was  enabled
due  to the  unique  properties  of the  MAPbI3 single  crystal  and  revealed  viability  to use  this  material  for
additional  applications  in other  research  fields.

© 2020  Published  by  Elsevier  Ltd.
. Introduction

Tremendous efforts are made worldwide in the search for
enewable energy sources due to increasing global demand for
nergy, reduction in fuel-based energy sources, and environmen-
al responsibility concerns. The most promising renewable energy
ource is the solar energy, as it can be converted into electrical
nergy and is endlessly available. [1–3] Commercial solar cells
re based mainly on silicon and other semiconductors and have
stablished efficiencies that meet global energy demand. How-
ver, the high costs of the existing technologies lead to expanded
earch for cheaper alternative photovoltaic devices such as per-
vskite solar cells (PSCs) [4]. The promising performance of PSCs
as been attributed to extraordinary material’s properties, such

s high absorption coefficient, [5] tunable bandgap [6], low exci-
on binding energy [7], and long charge carrier diffusion length
8]. The most widely used PSC material is methylammonium lead
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352-9407/© 2020 Published by Elsevier Ltd.
iodide (MAPbI3), where MA is an organic cation at the center
of a lead iodide cage structure. MAPbI3 is sensitive to humid-
ity, light, and temperature, its instability affects primarily on the
crystalline structure and eventually leads to degradation. [2] Cur-
rently, the instability prevents from MAPbI3 to achieve the market’s
requirements as a material for solar cell, hence extensive research
has recently focused on the study of degradation mechanisms to
improve the device stability. [2,9,10] Investigations on the struc-
tural characterization of MAPbI3 have identified three polymorphs:
orthorhombic, tetragonal, and cubic. An orthorhombic to tetrago-
nal phase transition occurs around 165 K and a second transition
from tetragonal to cubic phase occurs around 330 K. [11,12]

The different crystalline structures were characterized by X-ray
diffraction (XRD), [13] neutron powder diffraction (NPD) [14], pho-
toluminescence (PL) [15,16], and low frequency (LF) vibrations by
THz absorption or LF-Raman. The assignment of the LF vibrations
to the vibrational modes was  suggested using several calculation
methods [11,17,18].

Resonance Raman Scattering (RRS) occurs when the exciting

beam is within the electronic absorption region and results a higher
intensity of fundamental spontaneous Raman bands and in many
cases lead to appearance of overtone bands. [19–21] Stimulated
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aman Scattering (SRS) is a third-order nonlinear process that
xhibits narrow-line emission from existing Raman shifts, this is
ormally generated using two synchronized pulsed lasers as single-

requency excitation sources, or a narrowband source synchronized
ith a broadband source for multiplex excitation [22]. For some
aterials under certain conditions, a high enough laser power may

nduce SRS using only one laser, even when the exciting laser is con-
inuous wave (CW). This self-stimulated phenomenon is generally
eferred to as impulsive stimulated Raman scattering [23] or cas-
aded Raman process [24]. Self SRS was extensively investigated for
onic single crystals, it has been concluded that two main parame-
ers influence the Raman gain, bigger crystal and larger ionic radius
f the cation will be beneficial [25–28].

In this paper, we report on several processes obtained from
aser excitation of MAPbI3 single crystal. The main volume of the
ocus underwent a laser induced phase transition from tetragonal
o cubic crystalline structure. The polymorphs were identified by PL
nd LF-Raman spectra as the PL indicates on the materials’ bandgap
nd the LF-Raman provides information on low energy vibrations
hat are resulted by the spatial structure. Moreover, we report on a
RS process obtained from the cavity that is generated by the laser
xcitation at the core of the focus.

. Experimental section

.1. Materials

The following materials were purchased from MERCK: methy-
amine solution (CH3NH2, 33 wt % in absolute ethanol), hydroiodic
cid (HI, 57 wt % in water, 99.99 %), Methylammonium iodide
MAI, 98 %), diethyl ether (99.7 %), PbI2 (99.99 %), N,N-
imethylformamide (DMF, 99.8 %), gamma-butyrolacetone (99 %),
-propanol (anhydrous, 99.5 %). Double distilled water was used,
btained by purifying water through a Barnstead EASY Pure II
smosis system (Thermo Fisher Scientific Inc.).

.2. Synthesis of MAPbI3 single crystal

MAPbI3 single crystal was prepared by inverse temperature
rystallization. Firstly, a mixture of 1:1 MAI  and PbI2 was dissolved
n gamma-butyrolacetone to prepare 1.0 M MAPbI3 solution at
oom temperature. Seed crystals were produced by heating the
olution at 110 ◦C for 1 h. After that, a few seed crystals were
elected to grow larger single crystals. An image of a typical tetrag-
nal MAPbI3 single crystal is presented in Figure S1.

.3. Synthesis of MAPbI3 thin film

MAI  was synthesized by reacting methylamine solution with
ydroiodic acid under a nitrogen atmosphere at 0 ◦C for 2 h. The
olvents were evaporated by a rotary evaporator providing a white-
olored powder. The precipitate was washed several times with
iethyl ether and dried under vacuum at 60 ◦C for overnight.
he MAPbI3 thin film was synthesized inside a glovebox (nitro-
en atmosphere) using a two steps method, hence including two
olutions. The first solution contained 1 M of PbI2 stirred in DMF
or overnight at 80 ◦C, and the second solution contained 0.2 M
f MAI  dissolved in 2-propanol right before the synthesis at 60 ◦C.
he solutions were filtered prior to use by a PTFE filter with a pore
iameter of 0.45 �m.  The substrates used for the deposition were
5 × 25 mm of clean glass activated by oxygen plasma. First, a film

f PbI2 was fabricated on top of the substrate by spin coating 100 �L
f PbI2 solution at 4000 rpm for 60 s, followed by annealing at 100
C for 60 min. Next, the PbI2 film was dipped in the MAI  solution
or 5 min. A dark-brown color appeared, indicating the formation of
 Materials Today 19 (2020) 100571

the MAPbI3 perovskite. The formed film with a thickness of 500 nm
was washed with 2-propanol and annealed at 100 ◦C for 65 min.

2.4. Structure illustrations

Structural illustrations of the MAPbI3 single crystal and distance
calculations were performed by the Mercury program using CIF
codes 291372 for the tetragonal phase and 250735 for the cubic
phase from the Inorganic Crystal Structure Database ICSD.

2.5. Raman measurements

In general, for measurements of both LF-Raman spectral region
and above, acquisition time and laser power varied between the
measurements. For all measurements: exciting laser was  CW,
objective magnification was  100X, and groove density of the
selected grating was 1800 g/mm.  At least 20 different spots from
multiple crystal faces in each crystal and at least 3 crystals were
measured. Systems details: for the LF-Raman spectral region, an
integrated laser with three VHG filters system (ONDAX, XLF-MICRO
532 nm)  was  used. The excitation wavelength was  generated from a
solid state, double frequency 532 nm (Nd:YAG laser). The laser out-
put was  routed to the sample through a microscope, and the Raman
signal was  fiber-coupled into an imaging spectrometer (Princeton
Instruments, SP-2500i) with an EM-CCD camera (Princeton Instru-
ments, Pro-EM 16002). For measurements of the spectral region
of above the LF vibrations (above 200 cm−1), three Raman sys-
tems were used. The first was  described previously in this section
(ONDAX). The second is micro-Raman instrument (HORIBA Sci-
entific LabRAM HR), in which two  wavelengths are available for
excitation, 532 (Nd:YAG laser) and 784 nm (diode laser), the signal
was collected to an integrated spectrometer through an open space.
The third system is a multichannel Renishaw In Via Reflex spec-
trometer (Renishaw plc, Wotton-under-Edge, UK) coupled with
a CCD detector (Peltier cooled). The excitation wavelengths were
514.5 (Ar-ion gas laser) and 380 nm (diode laser), here also the sig-
nal was  collected to an integrated spectrometer through an open
space.

2.6. PL measurements

The PL was taken with the micro-Raman instrument (HORIBA
Scientific LabRAM HR) using exciting wavelength of 532 nm. At
least 5 different spots from multiple crystal faces were measured
in each crystal, at least 3 crystals were measured.

3. Results and discussion

Few crystalline structures were observed for MAPbI3,
orthorhombic is the existing phase below ≈165 K, tetragonal
is stable in the range of 165−330 K, and in higher temperatures,
cubic is the stable phase. We  have focused on the phase transition
that occurs around 330 K from tetragonal to cubic as illustrated
in Fig. 1a and b, respectively. Calculations derived from XRD
measurements have demonstrated a bigger Pb-I cage for the
cubic phase as was  also reported in literature. [29] The measured
distances from the partial negative charge of the iodine atoms to
the ammonium are 4 and 4.5 Å in the cubic phase unit cell and 3.6,
3.8, 4.1, and 4.9 Å in the tetragonal phase unit cell (measured from
the cifs). This is expected to result a less restricted vibration of the
MA within the Pb-I cubic cage.

We  report on phase transition of a MAPbI3 single crystal from

tetragonal to cubic phase induced by a laser excitation at ambi-
ent conditions as presented in Fig. 2. The laser excitation was used
both to determine the existing phase and, over a certain power, to
heat the crystal enough to induce the phase transition. The phase
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Fig. 1. Crystallographic image of the (a) tetragonal and (b) cubic MAPbI3 structures.

bic phase of MAPbI3 before and after phase transition, respectively.
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Fig. 2. (a) LF-Raman spectra and (b) PL of the tetragonal and cu

as identified by LF-Raman (Fig. 2a) and PL (Fig. 2b) measure-
ents. At a low laser power, the tetragonal phase was detected,

nd over 15 mW,  after 2 min  of excitation and structural stabiliza-
ion, the cubic phase was observed. Calculation confirmation for
he conversion of energy to heat is complicated to achieve since it
epends on many parameters, but in the case of exciting MAPbI3
ith 532 nm CW laser, we found evidence of the phase transi-

ion only above 15 mW.  Theoretical calculations have assigned the
ibrational modes in the spectral range of 20-60 cm−1 to the var-
ous vibrations of Pb-I-Pb. [18] The experimental Raman spectra
emonstrate more active vibrational modes in this region for the
etragonal phase (blue curve) than the cubic phase (red curve), this
an be explained by the lower symmetry of the tetragonal structure
esulted by varied distances between the atoms of the inorganic
age. The spectral range of 60−100 cm−1 is assigned mainly to the
urching vibrational modes of the MA.  The Raman shift at 135 cm−1

f the tetragonal phase is assigned to the MA  liberation in the Pb-
 cage; [17,18] this mode is blue shifted to 132 cm−1 in the cubic
hase (magnification window in Fig. 2a) indicating a less restricted
ibration, as expected from the previously mentioned distances
etween the positive charge and the partial negative charges. The
L spectra (Fig. 2b) correlate to the discussed phases according to

iterature, [15,16] hence support the existence of phase transition
rocess. The spectrum of the cubic phase (red curve) demonstrates

 blue shifting PL of the perovskite from 780 nm of the tetrag-
nal to 770 nm indicating a wider bandgap, i.e. a higher energy
ap with increasing temperature. Generally, for semiconductors

such as Si, Ge, and GaAs) the bandgap red-shifts to lower energies
ith increasing temperature. However, some Pb-based compounds

how the opposite trend (such as PbS and MAPbI3). [30] The bond-
ng and antibonding splitting width depends on the overlap of
Fig. 3. SRS from the resonant vibrational mode when laser power crosses 15 mW
(green plot), and RRS obtained from high laser power excitation of PbI2(s) (pink plot).

atomic orbitals and bonding strength. Therefore, increasing tem-
perature that leads to lattice thermal expansion will impact both
the valence band maximum and conductive band minimum levels.
If both shift to the same direction, then the quantity of shift in the
energy levels can be much larger than the change in the bandgap.
For the temperature-dependent bandgap of MAPbI3, it has been
established that the bandgap increases with temperature. [15]

A couple of decomposition pathways have been suggested for
MAPbI3, [9,10,31] all involve the generation of PbI2(s) which can
undergo further degradation to form I2(g) [32]. During high laser
power excitation, the focused laser along with the material’s sen-
sitivity, generated decomposition at the core of the focus while
the main focal volume underwent phase transition. As a result,

iodine vapors were trapped inside a cavity within the MAPbI3 single
crystal. Fig. 3 presents a periodic narrow-lines emission from the
measured spot of the single crystal (green plot). The laser energy
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long a focal volume follows a Gaussian shape, hence the measured
pot has a temperature gradient and the laser power required for
hase transition in the majority of the focal volume, leads to a min-

mal decomposition at the core of the focus. Back in the 1970th,
he Raman of iodine gas has been extensively investigated estab-
ishing RRS of the fundamental spontaneous Raman band at 213
m−1 [21,33,34]. The condition for obtaining RRS is to excite the
as within its absorption region, therefore, the RRS can be achieved
sing quite a wide range of excitation wavelengths, such as 532 and
14.5 nm according to previously published I2(g) absorption spec-
rum. [35] We  detected the reported resonant Raman by using 532
nd 514.5 nm excitation but not by using 380 and 784 nm excitation
avelengths, as expected from the iodine absorption spectrum.

 comparison between the RRS achieved from the single crystal
green plot) to that achieved from the excitation of PbI2 powder
pink plot) indicates a clear non-linear process of narrow-lines
mission from the RRS shifts of the single crystal. The non-linearity
as analyzed by the peak intensity dependence in the laser exci-

ation power, as presented in Figure S2. This process matches SRS
nd may  be explained by one of the unique materials properties of
APbI3 single crystal such as non-linearity and ionic crystal. Non-

inear material is a precondition for the generation of SRS as it being
 non-linear optical process [36,37] and ions within a crystal are
nown to affect the Raman signal gain as a factor of their radius
28]. The produced cavity has an important role in enabling the
aman stimulation since the cavity traps the iodine vapors where
he walls are composed of ionic single crystal. This effect was not
bserved when we measured a spin coated MAPbI3 film which can
e attributed to the following causes, the generated cavity was too
hallow to trap iodine vapors long enough for detection, and the
tructural continuity length was not sufficient for Raman stimu-
ation. Longer single crystals were reported to exhibit better SRS
ue to higher light absorption. [25] The SRS spectrum shadows any
ther signal obtained from the measured spot for about 2 min, and
s the iodine slowly diffuses out of the cavity, the LF-Raman of
he cubic phase is revealed. Decreasing the laser power to ≤ 10

W allows the crystal to cool back to room temperature and the
xhibited Raman spectrum fits tetragonal phase. This shows that
he phase transition is a reversible process. It is however impor-
ant to emphasize that the decomposed part of the crystal is lost
nd excitation using high laser power for over 30 min  is likely to
ecompose all of the focal volume. After a month of crystal’s storage

n ambient conditions, we could detect only the RRS without the SRS
henomenon, which we attributed to the adsorbed humidity that
ave changed the material’s properties, for example by solvating
he ions [38,39].

It is notable that the spontaneous Raman shift of the iodine at
13 cm−1 can be barely observed in Fig. 3, neither for the single
rystal nor for the PbI2(s). This is explained by the collection of
he scattered photons to the spectrometer in the LF-Raman sys-
em that is performed by an optical fiber rather than open space.
ifferent fiber positioning affects the peaks intensity ratio and as a

esult can even hide signals [24]. Measuring the single crystal with
igh laser power using other systems have detected the sponta-
eous Raman shift of the iodine at 213 cm−1. Fig. 4 presents the
pectra taken with 532 nm (dark green plot) and 514.5 nm (brown
lot) excitation wavelengths, both Raman systems are built to col-

ect through open space, hence detecting the spontaneous shift.
n addition, the narrow-line emission is clearly split to two  lines
sing 532 nm,  a solid state laser, while it appears as one line when
14.5 nm,  a gas laser, is used for excitation. In general, a solid state

aser outputs slightly broader emission than a gas laser, leading

o slightly broader Raman shifts. Therefore, a possible explanation
o the emission differences is the laser linewidths that when the
aman is stimulated with 532 nm,  two lines are emitted from each
Fig. 4. SRS from the resonant vibrational mode when 532 nm (green plot) and 514.5
(brown plot) wavelengths are used for excitation.

shift while the narrower excitation of a gas laser generates only one
emission line.

The spectrum obtained by a continuous excitation of the cubic
phase with high laser power for about an hour is similar to that of
PbI2(s) under high laser power excitation since after decomposition
and evaporation of the formed gases, the main product of the crystal
is PbI2(s) that undergoes further degradation [9,10]. Both spectra are
presented in Figure S3.

4. Conclusions

In this work we present an investigation of several processes
obtained from laser excitation of MAPbI3 single crystal. The pre-
dicted process of phase transition from tetragonal to cubic phase
was induced by excitation of over 15 mW laser power. The phases
were characterized by LF-Raman and PL, taken simultaneously
with the increase of exciting laser power and the spectral changes
were assigned to the structural differences. In high laser power,
the focused laser beam along with the sensitivity of the material,
lead to decomposition only at the core of the focus. As a result,
iodine vapors were trapped inside a cavity within the MAPbI3 single
crystal. Using wavelength excitation in the range of iodine absorp-
tion exhibited RRS of the spontaneous Raman signal which was
stimulated. The SRS was  enabled due to the MAPbI3 unique prop-
erties, and even though this was  a secondary process to the phase
transition, the revealed properties can open a new frontier in inves-
tigating the MAPbI3 for more applications. Future applications may
include stimulation for Raman enhancement device or production
of a tunable Raman laser based on iodine or any other RRS obtaining
material.
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