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Abstract

Metal halide-based perovskite semiconductors exhibit excellent optoelectronic

properties such as a sharp absorption edge, high absorption coefficients, and a

small recombination rate. Mixed compositions result in a variation of the

structure of these perovskite materials, which also influences their electronic

properties. Even though huge progress in synthesis and device fabrication has

been made, still systematic investigations of structural properties of lead

halide-based perovskites are missing. Here, we systematically investigate the

vibrational features of lead bromide-based perovskites using Raman spectros-

copy and density functional theory (DFT). We have performed these investiga-

tions using MA+, FA+, and Cs+ as cations in the lead bromide structures and

determined the vibrational modes both from Raman experiments and DFT

simulations. We find a clear dependence of the Raman band wavenumbers on

the chosen cations. The structural differences are reflected in the different

line-width broadening of Raman bands, charge distribution on the cations and

the extent of their interactions with the bromide anions.
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1 | INTRODUCTION

Metal halide perovskites (MHP), in particular the tri-
halide perovskites, are a remarkable class of materials
that have resulted in a rapid series of breakthroughs in
the field of optoelectronic devices.[1–6] Over the past
decades the MHPs have emerged as suitable materials for
solar cells, light emitting diodes, lasers, transistors, and
memory devices.[7–13] It has been demonstrated that
MHP-based photovoltaic devices show power conversion
efficiencies of more than 22%,[14,15] and the devices can
be produced on cheap non-crystalline substrates by both
vapor deposition and solution processing.[8,11,16,17] Their
excellent performance originates from the outstanding
optoelectronic properties such as direct band-to-band
recombination, long exciton diffusion length, high
absorption coefficient. and long photoluminescence
(PL) lifetime.[9,18–20]

MHPs are characterized by the general chemical for-
mula ABX3, where A is an organic or inorganic cation
(methylammonium (MA), formamidinium (FA), or
cesium (Cs)), B = Pb2+ or Sn2+, and X is a halide anion
(Cl�, Br�, and I�, or an alloyed combination of these).
The change of A and B sites in MHP influences lattice
dynamics, phase transitions, and the interactions
between the organic and inorganic counterparts. Infrared
and Raman spectroscopy have proven to be very useful
for studying properties of hybrid perovskite materials.
Following reports of highly efficient solar cells fabricated
with MAPbI3, many infrared[21–23] and Raman studies
have been performed.[24–28] For example, Raman spec-
troscopy can be used for in situ studies of devices
fabricated on a glass substrate; that is, buried layers.
Low-wavenumber lattice vibrations can also be detected
by Raman spectroscopy. Indeed, it was shown that
scattering from longitudinal optical phonons via the
Fröhlich interaction dominates electron scattering at
room temperature in double perovskites, manifested
within the nominally non-resonant Raman spectrum as
multi-phonon processes up to the fourth order.[29] As a
further example, surface structural changes that go hand
in hand with perovskite decomposition upon light irradi-
ation have been characterized by Raman spectroscopy.[30]

Despite high power conversion efficiency, the devel-
opment of MA-based perovskite devices is plagued by
their poor resistance to moisture or high temperatures, as
well as by the formation of trap states induced by the
exposure to light.[31,32] In principle, the synthesis of
FAPbX3 provides an attractive alternative as it has a band
gap smaller than its MA counterpart.[11,33] It influences
the device conversion efficiency, as the bandgap is closer
to the optimal value for a single junction solar cell.[34]

Alternatively, fully inorganic cesium-based CsPbX3

perovskite compounds have excellent thermal stability up
to 450�C and they have been explored as efficient light
harvesters.[15,35] MAPbX3, FAPbX3, and CsPbX3 represent
prototype systems for photovoltaic applications. The
structures and properties of these materials have been
investigated by X-ray diffraction and UV–Vis spectros-
copy, along with electronic structure calculations.[36–39]

However, a comprehensive vibrational spectroscopic
study of MAPbBr3, FAPbBr3, and CsPbBr3, particularly, a
comparative study of the effect of different cations on the
vibrational relaxation process is still missing.

Here, we report a combined experimental and theo-
retical Raman vibrational analysis of MAPbBr3, FAPbBr3,
and CsPbBr3 perovskites in both low- and medium-
wavenumber region, where the bands associated with the
vibrations of the interacting inorganic and organic con-
stituents are expected. The cubic structures of these three
materials are shown in Figure 1. The assignment of the
Raman spectral features of MAPbBr3 (MPB), FAPbBr3
(FPB), and CsPbBr3 (CPB) is supported by first-principles
DFT calculations carried out on simplified models. We
have analyzed the changes in Raman bandwidths and
peak positions in detail, focusing our attention on the
intramolecular vibrations of different organic cations.

This paper is dedicated to late Prof. Derek A. Long.
His pioneering work in the field of Raman spectroscopy
contributed significantly to the great popularity of this
method in different areas of research. His well-known
book on Raman spectroscopy[40] still serves as reference
for many researchers. An overview about his many con-
tributions to the development and use of this technique
can, for example, be found in the appreciation of Prof.
Long's work by Edwards.[41]

2 | EXPERIMENTAL DETAILS

2.1 | Synthesis of CsPbBr3, MAPbBr3,
and FAPbBr3 microcrystals

PbBr2 (99.99%) was purchased from Sigma-Aldrich, CsBr
(99.99%) was obtained from Alfa Aesar, hydrobromic
acid (48 wt. % in H2O) was purchased from Acros
Organics, and formamidinium bromide (FABr) and
methylammonium bromide (MABr) salts were obtained
from Greatcell Solar Materials. All the chemicals were
stored under inert argon atmosphere and used without
further purifications.

CsPbBr3: For the synthesis of CsPbBr3 microcrystals,
10.1 mmol PbBr2 (3.7 g) was dissolved in 8 ml of concen-
trated hydrobromic acid, and 10 mmol CsBr (2.12 g) was
dissolved in 2-ml water by prolonged sonication. Then,
the CsBr solution was added to the PbBr2 solution swiftly,
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resulting in immediate formation of CsPbBr3 microcrys-
tals. The mixture was left for 2 h at room temperature
under magnetic stirring. The filtrated microcrystals were
washed twice with diethyl ether followed by vacuum dry-
ing for further use.[3]

MAPbBr3: For the synthesis of MAPbBr3 microcrys-
tals, 2 mmol of PbBr2 (734 mg) and 2 mmol of MABr
(224 mg) were dissolved in 6 ml of solvent mixture of
dimethylformamide and γ-butyrolactone (DMF:GBL)
(4:2 v/v) at room temperature under stirring. The solu-
tion was filtered using a 0.22-μm pore size filter, followed
by dilution in 6-ml DMF. Twenty-milliliter toluene was
added to saturate the solution. Orange colored MAPbBr3
microcrystals were formed after stirring on a hot plate at
80�C for 10 min. The particles were filtered and washed
with toluene followed by vacuum drying for further
use.[42]

FAPbBr3: For the synthesis of FAPbBr3 microcrys-
tals, 5 mmol of PbBr2 (1.835 g) and 5 mmol of FABr
(625 mg) were dissolved in a 10-ml mixed DMF:GBL
(1:1 v/v) solvent at room temperature under stirring.
To remove impurities and non-dissolved salts, the
solution was filtered using nylon filters with a 0.22-μm
pore size. The filtrate was diluted in 20-ml DMF.
Then, 40 ml of toluene was added to the filtrate
followed by 80�C hearing on a hot plate with 400 rpm
stirring for 40 min. The microcrystals were filtered,
washed with toluene and vacuum dried for further
use.[43]

2.2 | Spectroscopic techniques

2.2.1 | UV–Vis absorption and
photoluminescence

For all optical measurements, the microcrystal particles
from each sample dispersed in hexane were drop-cast on
a cover slip and let to dry at room temperature. UV–Vis
absorption and photoluminescence (PL) spectra were
taken using a Perkin Elmer Lambda 950 and an
Edinburgh FLS980 spectrometer, respectively.

2.2.2 | Raman spectroscopy

A portable i-Raman Plus spectrometer (BWS465-785S,
B&W Tek, USA) was used for Raman measurements.
It features an easy-to-use fiber-coupled and compact
Raman spectrometer with built-in parts including a
detector, a near-infrared 785-nm laser source for
excitation, and a fixed grating allowing a very wide
spectral coverage up to 3350 cm�1 within a single
detection window. In addition, the system is equipped
with an optical fiber probe with an actual Raman cut-
off at 47 cm�1 (better than the system specification).
This allows low-wavenumber Stokes Raman shift
detection as close as 65 cm�1 (the low Raman spectral
range specification) or less from the laser line. The
optical fiber probe head of the laser is optionally fitted
into a narrow collimator lens tube in order to couple
it with a compact microscope assembly, which enables
detailed analysis through a microscope objective. This
combination, including a �50 long working distance
microscope objective with 0.50 numerical aperture,
resulted in a beam spot size of 30–35 μm on the
sample. All spectra were recorded in the 180� back
scattering geometry. The system delivers a spectral
resolution of about 4 cm�1. The aromatic ring
breathing mode of toluene at 1003.7 cm�1 was used
for checking the wavenumber calibration of the sys-
tem. The BWSpec Software (version 4.03_33, B&W
Tek, USA) was used to control the i-Raman Plus spec-
trometer and to automatically monitor the laser power
delivered to the sample.

3 | COMPUTATIONAL DETAILS

All quantum chemical calculations have been carried
out using the Gaussian 09 software package.[44] The
ground state structures of the cation-anion systems,
i.e., CH3NH3Br3 (MABr3), CH3NH2Br3 (FABr3), and
CsBr3 have been optimized using density functional
theory (DFT) with the LSDA functional and LanL2DZ
basis set. The separated cations, that is, CH3NH3

+ and

FIGURE 1 Structures of lead

bromide-based perovskites (a) MAPbBr3,

(b) FAPbBr3, and (c) CsPbBr3
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CH3NH2
+ have been also optimized using the B3LYP

functional and LanL2DZ basis set. The optimized
structures are shown in Figure 2. The optimized energies
are given for all the cases in Table S1 showing how the
single crystals differ from the whole compounds. In
addition, we also present the coordination bond lengths
for each case in Figure 2.

The same basis sets have been used to calculate the
vibrational wavenumbers along with the Raman band
intensities. For all cases, the optimized geometries and
structures converged to the minima of the potential
energy surfaces; no negative wavenumbers resulted
from the wavenumber calculations. To analyze and
visualize the data, the GaussView 5 software has been
used.[45] Quarti et al.[24] demonstrated that comparing
the simplified structure MAI3 with the complete
periodic structure MAPbI3, the vibrational features
remained nearly unchanged. This can also be expected
for our system. Therefore, we have concentrated on the
calculation of Raman spectra for the isolated parts of
each material under consideration and compared them
with the experimental Raman spectra. With this, we
obtain the desired information about the influence
of the different cations on the vibrational and thus
structural properties of the bulk perovskite material,
which up to now was missing.

4 | RESULTS AND DISCUSSION

Figure 3 shows the electronic absorption and emission
spectra as well as powder X-ray diffraction (XRD)
patterns of MPB, FPB, and CPB perovskites. The absorp-
tion peak positions are 519, 517, and 516 nm for FPB,
MPB, and CPB, respectively. The PL peak positions are
564, 534, and 531 nm for FPB, MPB, and CPB respec-
tively. The XRD results confirmed the cubic phase of the
FPB and MPB, and the orthorhombic phase of the CPB
perovskites.[39,42,46] The energy bandgap increases from
FPB to CPB due decreasing dielectric constant of the A
site cation, which in consequence results in an increase
of the exciton binding energy.[35] The small Stokes shift
between absorption and emission peaks indicates, that
the PL originates from band edge states. To avoid
laser-induced degradation during measurement, we have
selected an optical excitation wavelength of 785 nm for
the Raman spectra measurements.

The Raman spectra were measured from FPB, MPB,
and CPB powder samples. The spectra are analogous to
those reported earlier for perovskite samples.[35,47,48] In
our work, we compare three samples by using a combina-
tion of Raman spectroscopy and DFT. Figures 4–6 show
parts of the Raman spectra obtained from MPB, FPB, and
CPB, respectively. The spectrum of MPB shows different

FIGURE 2 Optimized structures of different parts of lead bromide-based perovskites (a) MA+, (b) FA+, (c) MABr3, (d) FABr3, and

(e) CsBr3. The coordination bond lengths are also shown for each case
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vibrational bands in the low wavenumber region. The
Raman signals at 65 and 141 cm�1 are in good agreement
with results reported in previous literature.[24] The band
at 65 cm�1 is mainly due to the bending mode of the
Br-Pb-Br bonds. The presence of the 65 cm�1 band also
in CPB (see Figure 6) confirms that this band is associ-
ated to the inorganic cage. The band at 141 cm�1 is due
to the liberation of cations involving the deformation of
the inorganic cage.[24] The band falling in the range

between 400 and 450 cm�1 in MPB is mainly determined
by the torsional motion of the MA cations.[24,27,49] This is
confirmed by the absence of this band in CPB. The band
observed in the range 700–800 cm�1 can be assigned to
MA rocking (both CH3 and NH3

+ rocking), which is
sensitive to the phase transition of MPB.[28]

For a better assignment of the Raman modes, we
have simulated the Raman spectra using DFT; the results
are shown in Figure S1. The precise wavenumbers for

FIGURE 4 Raman spectra of MPB in the (a) low- and (b) medium-wavenumber region

FIGURE 3 Electronic absorption (blue) and emission (black) spectra of (a) FPB, (b) MPB, (c) CPB perovskites, and (d) respective

powder X-ray diffraction (XRD) patterns
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individual modes have been summarized in Table S2.
The simulated Raman spectra can only approximately
reproduce the experimental results since we have dealt
with only MABr3. The spectral contribution related to the
cations (FA, MA, and Cs) and their interactions with
the anion Br� is visible in the simulated spectra. The
calculated Raman modes for the isolated parts of each
material help to identify the vibrational modes originat-
ing from the lattice structure. We can assign the Raman
modes around 420 and 442 cm�1 to the NH2-C-NH2

torsional motion.[24] Our calculations also reveal a mode
for this motion at 490 cm�1 as shown in Table S2. The
band at 1578 cm�1 could be assigned to the umbrella
bending of NH3. The scissoring vibration of NH2 is
reflected by the bands at 1628 and 1690 cm�1. The
simulated results also show vibrational modes from 3000
to 3600 cm�1, which are due to the NH2, NH3, and CH3

vibrations.
In a similar way, we have investigated FPB (Figure 5),

in which only the cation is different in comparison to
MPB. Like in MPB (see discussion above), the band
found at 65 cm�1 is due to the bending mode of the
Pb-Br-Pb bonds. The band at 141 cm�1 is due to the

libration of the cations, which arises from the deforma-
tion of the inorganic cage. It is important to note that in
both MPB and FPB, this band is broader than in CPB,
which basically reflects the low octahedral activity of
MPB and FPB compared to CPB. The larger Goldschmidt
Tolerance Factor (GTF) of FA+ and MA+ compared
to Cs+ ensures the better fit of FA+ and MA+ to the
octahedral cage and therefore a less flexible lattice.[26]

The vibrational modes at 306 and 479 cm�1 are due to
the out-of-plane symmetric and bending vibrations of the
NH-C-NH bonds and the NH2-C-NH2 wagging motion,
respectively. The vibrational mode at 746 cm�1 is
assigned to the NH2 torsional motion and the C-H out-
of-plane bending, which is also observed in the
simulation. The vibrational modes at around 1733 and
1788 cm�1 are assigned to the NH2 scissoring motion.
These results also correlate with previously reported
data.[50,51]

Since CPB does not have any organic counterpart in
the structure, we have only seen the vibrational modes
associated with the PbBr6 cage (Figure 6). Similar to MPB
and CPB, the band detected at 65 cm�1 is due to the
bending mode of the Br-Pb-Br bonds. The band at

FIGURE 5 Raman spectra of FPB in the (a) low- and (b) medium-wavenumber region

FIGURE 6 Raman spectra of CPB in the (a) low- and (b) medium-wavenumber region
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141 cm�1 is due to the libration of the cations related to
the deformation of the inorganic cage. The simulation
produces several bands in the low-wavenumber region,
which have been listed in Table S4.

When comparing the different materials, we
observe that the associated Raman modes for FA+ are
shifted to higher wavenumbers compared to MA+. The
main reason for this is the weaker ionic bonding
between FA+ and Br� because FA+ has a weaker
polarization and larger size than MA+.[26] This can be
further demonstrated by the electrostatic potential map
(ESP), which yields the charge distribution of FA+ and
MA+ and the extent of the interaction with Br�.
Figure 7a,b shows the ESPs of FA+ and MA+, respec-
tively. The red parts show the electron-rich region and
the blue parts show electron-poor regions. As
mentioned above, MA+ is more polarized than FA+.
In the FA+ ion, the positive charge is delocalized
between the two nitrogen atoms, whereas for MA+ the
electrons are localized on the nitrogen atom of the
NH3

+ ion. According to our theoretical calculations,
FA+ possesses a much lower dipole moment (0.28 D)
than MA+ (2.37 D). The weaker polarization and
planar structure of FA+ results in an out-of-plane
vibration without significant interactions with the
surrounding sublattice PbX6.

[26,52] Figure 7c–e show
the ESPs of the interactions between MA+, FA+, and
Cs+ with Br�, respectively. One finds that Cs+ more
strongly binds with Br� than MA+ and FA+.

We have performed a band-profile analysis using a
traditional deconvolution process over the whole range;
details have been described earlier.[53] The experimental
data have been analysed using pseudo-Voigt functions,

y¼ y0þA

�
μ

2
π

� �
w

4 x� xcð Þ2þw2

 !

þ 1�μð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
4ln 2ð Þ
w
ffiffiffi
π

p
s

exp � 4ln 2ð Þ x� xcð Þ2
w2

 !" #�

where y0 is an offset, μ is the profile shape factor, w the
full width at half maximum (FWHM), and xc the line
position. Varying the parameters, we have obtained
quasi-Lorentzian profiles for all bands. The fitted curves
and the deconvolution components of the Raman spectra
for MPB and FPB are shown in Figure 8. Among all the
extracted parameters, we have only focused on
the FWHM of different components, which are listed in
Tables 1 and 2 for two different perovskites. As the CPB
does not show any vibrational features after 200 cm�1,
we did not attempt a deconvolution process there. The
fitted curves and the deconvolution components of
the Raman spectra below 200 cm�1 for MPB, FPB, and
CPB are shown in Figure S3.

From the deconvolution analysis we find that the
FWHM values differ for different bands. For example, we
can focus on the NH2 scissoring motion found at 1628
and 1688 cm�1 for MPB and at 1734 and 1788 cm�1 for

FIGURE 7 Electrostatic

potential maps (ESPs) of the

isolated parts of MPB, FPB, and

CPB. (a) MA+, (b) FA+,

(c) MABr3, (d) FABr3, and

(e) CsBr3
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FPB. We find that the FWHM values are smaller for FPB
compared to MPB, which implies that the cation
influences the line-width broadening of the Raman
bands. In parallel, we see that the peak positions are also
shifted for different cationic features.

The change of the polarizability of the cations and
consequently the change of the extent of their interaction
with other atoms, leads to the shift of Raman bands. This
reflects the structural change, which becomes apparent
when comparing the perovskites with different cations. It
is important to note that from an XRD study one can

FIGURE 8 Fitted Raman spectra of (a and b) MAPbBr3 and (c–e) FAPbBr3 obtained with 785 nm excitation. The blue curves are used

for the experimental Raman spectra, the red dotted lines show the cumulative fitting curve and the brown curves represent the

deconvolution components

TABLE 1 Deconvolution analysis of different Raman bands in

MAPbBr3

No. Peak position/cm�1 FWHM/cm�1

1 420 55

2 442 3.9

3 582 39

4 685 50

5 706 15

6 767 50

7 927 11

8 1578 10

9 1628 45

10 1688 5

11 1745 59

12 1819 11

13 1869 18

Abbreviation: FWHM, full width at half maximum.

TABLE 2 Deconvolution analysis of different Raman bands in

FAPbBr3

No. Peak position/cm�1 FWHM/cm�1

1 232 12

2 261 64

3 306 75

4 514 28

5 640 46

6 660 8

7 746 31

8 788 31

9 842 17

10 1734 34

11 1788 3.8

12 1907 39

Abbreviation: FWHM, full width at half maximum.
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extract the structure of crystalline materials.[54,55] XRD is
useful to quantify the atomic level distances, extract
symmetries, compositional and temperature dependent
phase orientation and size of crystallites in polycrystal-
line films.[56,57] On the other hand, Raman spectroscopy
does not only provide information about chemical
composition and phases in crystalline systems, but
also can be used for the characterization of vibrational
properties of amorphous structures, molecular materials,
solvents, and gases.[58–60] It is also a useful tool for the
investigation of the lattice vibration symmetry, degree of
crystallinity, the structural change in mixed halide perov-
skites, electron–phonon interactions, dielectric screening,
elastic properties and the stability of MHP during their
operation in solar cell.[61,62]

5 | CONCLUSION

In summary, we have reported the vibrational properties
of lead halide-based perovskites with different cation
substitutions using Raman spectroscopy and density
functional theory (DFT). We have experimentally
observed the low- and medium-wavenumber Raman
modes of these systems. Theoretical simulations resulted
in more details regarding different modes of the isolated
parts of the materials. This study provides insight into
the polarizabilities of the isolated cations and the extent
of their interactions with anions. We have found that
when different cations are introduced, clear shifts of
vibrational modes can be observed for the three different
perovskite materials considered here. These shifts
together with the broadening of the Raman bands reveal
structural differences. Our study provides assignments of
the different bands observed in the Raman spectra of
MHP perovskites with different cations, which is an
important information helping also other researchers to
better understand fundamental properties of this class of
materials in relation to their efficiency in optoelectronic
devices.
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