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“archetypical” hybrid 3D perovskites, a 
vivid interest has emerged for their deriva-
tives with reduced dimensionality.

The general formula of 2D perovskites 
is A2BX4, where A is a monovalent organic 
cation, B is a divalent metallic cation (for 
example Pb), and X is a halide anion 
(Cl, Br, or I). 2D perovskites consist of 
alternating organic (A) and inorganic 
layers ([BX6]4– octahedra), where A acts 
as an electronically insulating spacer that 
strongly confine excitons in the inorganic 
part, forming a natural multiple quantum 
well.

In particular, layered 2D Ruddlesden–
Popper perovskites combine some of 
the outstanding physical properties of 

hybrid 3D perovskites with the unique tunability of low-dimen-
sional materials.[3–5] As a result of dielectric confinement, the 
excitons in 2D perovskites are stable and show strong photo-
luminescence up to room temperature, unlike the artificially 
constructed quantum well structures of the classical III−V sem-
iconductors (for example, the GaAs-based heterostructures). For 
these reasons 2D perovskites have become one of the forefronts 

Combining the characteristics of hybrid perovskites and layered materials, 
2D Ruddlesden–Popper perovskites exhibit unique properties, some of which 
still require to be deeply understood. In this study, the vibrational signatures 
of such materials are analyzed by collecting experimental Raman spectra of 
four distinct compounds. Supported by density functional theory simulations, 
the role of the phenyl spacer single fluorination on the phonon modes of two 
similar yet different compounds, i.e., phenethylammonium lead iodide (PEAI) 
and 4-fluorophenethylammonium lead iodide (PEAI-F), is explained. In addi-
tion, this work analyzes some so-far unreported experimental Raman peaks 
in the 600–1100 cm−1 range and discusses their origin in this class of 2D 
compounds. This work paves the way for a better design of novel compounds 
as well as for their exploitation in (opto)electronic applications.

ReseaRch aRticle

1. Introduction

Hybrid perovskites have garnered significant attention within 
the scientific community since the revamping of their photo-
voltaic properties in 2009,[1] and the demonstration of their 
immense potential.[2] Over a decade afterwards, while vig-
orous academic and industrial research is still focusing on 

© 2022 The Authors. Advanced Optical Materials published by Wiley-
VCH GmbH. This is an open access article under the terms of the Crea-
tive Commons Attribution License, which permits use, distribution and 
reproduction in any medium, provided the original work is properly cited.

Y.-F. Chen, A. D. Lubio, L. Skokan, Y.-G. Jeong, L. Razzari, A. Ruediger,  
E. Orgiu
Institut national de la recherche scientifique
Centre Énergie Matériaux Télécommunications
1650 Blv. Lionel-Boulet, Varennes QC J3X 1P7, Canada
E-mail: emanuele.orgiu@inrs.ca
A. Mahata, F. De Angelis
CompuNet
Istituto Italiano di Tecnologia
Via Morego 30, Genova 16163, Italy
E-mail: filippo@thch.unipg.it
A. Mahata, F. De Angelis
Computational Laboratory for Hybrid/Organic Photovoltaics (CLHYO)
Istituto CNR di Scienze e Tecnologie Chimiche “Giulio Natta”  
(CNR-SCITEC)
Via Elce di Sotto 8, Perugia 06123, Italy

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adom.202100439.

A. Mahata
Department of Chemistry
Indian Institute of Technology Hyderabad
Kandi, Sangareddy, Telengana 502285, India
M. Cinquino, A. Coriolano, L. De Marco
CNR NANOTEC Institute of Nanotechnology
Via Monteroni, Lecce 73100, Italy
E-mail: luisa.demarco@nanotec.cnr.it
M. Cinquino, A. Coriolano
Dipartimento di Matematica e Fisica E. De Giorgi (Campus Ecotekne)
Università Del Salento
via Monteroni, Lecce 73100, Italy
F. De Angelis
Department of Chemistry, Biology and Biotechnology
University of Perugia
Via Elce di Sotto 8, Perugia 06123, Italy
F. De Angelis
Department of Mechanical Engineering, College of Engineering
Prince Mohammad Bin Fahd University
P.O. Box 1664, Al Khobar 31952, Kingdom of Saudi Arabia
S. Colella
CNR NANOTEC Institute of Nanotechnology
Via Amendola, 122/D, Bari 70126, Italy

Adv. Optical Mater. 2022, 10, 2100439

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadom.202100439&domain=pdf&date_stamp=2022-06-16


www.advancedsciencenews.com

© 2022 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH2100439 (2 of 12)

www.advopticalmat.de

of advanced material researches, in particular for their potential 
for optoelectronic applications.[6–9]

If such materials are to be integrated in optoelectronic 
devices, studying their vibrational properties is of vital impor-
tance as the latter ones can and will also affect the electronic 
properties through, for example, electron–phonon coupling, 
thermal expansion of the crystal, or changes in specific heat. 
Though inelastic neutron scattering is generally considered as 
the most comprehensive experimental technique to quantita-
tively explore phonon dynamics over the whole Brillouin zone, 
it cannot be performed in simple laboratory settings, typically 
requiring access to large-scale facilities. On the other hand, 
vibrational spectroscopic techniques such as Raman scattering 
and THz absorption can provide accurate and reliable charac-
terization of the vibrational modes of many categories of mate-
rials. Raman and THz spectroscopies are generally limited 
to phonons near the Brillouin zone center, except when this 
restriction is lifted in some specific cases. In particular, this 
could happen in layered materials where the possible existence 
of confined modes can allow part of the far-from-center phonons 
(in the sense of the bulk modes of the materials constituting the 
individual layers) to be observed through optical methods.[10] 
On the other hand, the so-called zone-folding effect, where the 
Brillouin zone of the layered material is considered as “folded” 
from the zones of the constituting layers, also plays a major 
role in the interpretation of the observed phonon vibrations.[10] 
These modes have long been experimentally observed and con-
firmed in semiconducting superlattices grown by molecular-
beam epitaxy.[11–16] Recently, Dahod et al.[17] have proposed using 
the Rytov model, first used in seismic tomography and then 
expanded to describe the vibrations in layered materials,[18,19] to 
account for the low-frequency (<30 cm−1) Raman features of lay-
ered hybrid perovskite materials. However, due to the difficulty 

in obtaining the precise material parameters, the assignment 
cannot be considered definite.

In our study, four types of 2D hybrid perovskites crystals 
with various species of organic spacers and identical inorganic 
framework ([PbI6]4−) are investigated (see structures in Figure 1) 
and studied with Raman spectroscopy, with additional compar-
ison data from THz spectroscopy, to elucidate the influence of 
the organic ligands on the vibrational modes. In particular, two 
perovskites having a benzene ring (namely PEAI and PEAI-F, 
shown in the sketches in Figure 1a) and two perovskites having 
linear alkyl chains with different lengths (namely BAI and OCT, 
Figure 1b) have been selected.

With the help of density functional theory (DFT) simula-
tions, insights into the effect of the molecular spacer on the 
crystal vibrations are obtained. However, some features on the 
experimental spectra appeared to be inconsistent with the sim-
ulation results which, in accord with the general one phonon 
Raman scattering restrictions, only considered the phonon 
response near the center of the Brillouin zone. Thus, such a 
serendipitous inconsistency prompted us to take into account 
the superlattice effect, extending the work of Dahod et al. into a 
higher frequency region and suggesting, for the first time, the 
observation of superlattice confined modes.

2. Results and Discussion

We first focused on the most well-known 2D perovskite 
among the four derivatives, i.e., phenethylammonium lead 
iodide (PEAI), composed of a Pb-I inorganic framework and 
phenethylammonium ions as the organic spacer in between the 
inorganic layers (Figure  1a, up). Being one of the first demon-
strated example of this family of layered structures,[20] various 
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Figure 1. Sketches of the 2D perovskites investigated in this study, their organic ligands, and their approximate structure dimensions: a) Phenethylam-
monium lead iodide perovskite (PEAI) and 4-fluorophenethylammonium lead iodide perovskite (PEAI-F). In PEAI-F, a fluorine atom replaces a hydrogen 
atom in para position on the benzene ring. b) Octylammonium lead iodide perovskite (OCT) and butylammonium lead iodide perovskite (BAI). The 
former includes the longer alkyl chain with eight carbon atoms, while in the latter the alkyl chain is of four carbon atoms. This allows to tune the dis-
tance between the inorganic layers, causing the interlayer length reducing from 1.2 to 0.7 nm.
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experimental and theoretical observations on PEAI were car-
ried on, including exciton properties,[21–23] polaron signature,[24] 
polariton interactions,[25] and opto-spin effects,[26] while the prop-
erties of 2D perovskite with other kinds of spacers have also 
been under the spotlight.[4,6] Specifically to our study, the vibra-
tional properties of PEAI 2D perovskites have been probed using 
Raman spectroscopy as previously reported,[27,28] and the assign-
ment of the spectral lines to the simulated vibrational modes to 
obtain a satisfying description of the measured spectra has been 
shown to be possible. However, due to the “soft” nature of the 
hybrid perovskite materials and the formation process via self-
assembly,[29] inherently disordered crystals or polycrystalline 
films at room temperature and above are generally formed,[30] 
obscuring identifiable Raman peaks. Therefore, most of the 
Raman studies in hybrid perovskites have to resort to lowering 
the sample temperature in order to obtain clear enough spectra 
for the comparison with simulations, sometimes all the way to 
cryogenic temperatures.[27,28,31] On the other hand, a study at 
room temperature is of utter importance, as it is at this tem-
perature that most device applications are conceivable. Further, 
the vibrational properties of the 2D perovskites are expected 
to change drastically at low temperature, due to the occur-
rence of crystalline phase transition at temperatures as high as 
250 K.[32,33] We found that this dilemma (no clear spectra can be 
obtained at temperatures where the interest lies) can be resolved 
by the optimized selection of the excitation wavelength in the 

Raman measurement: by choosing a wavelength that is as short 
as possible to increase the Raman activity to obtain higher signal-
to-noise ratio, but not so short that it introduces photolumines-
cence in the sample. In the case of 2D perovskites, whose optical 
bandgap is ≈2.5  eV (see Figure S2, Supporting Information), a 
helium-neon laser (633 nm, corresponding to a photon energy of 
1.96 eV) meets the requirements. Such measurement conditions, 
combined with high quality single crystalline samples (for prepa-
ration details, see the Experimental Section), provide the oppor-
tunity of resolving the spectral features at room temperature.

The measured Raman spectrum of PEAI is shown in 
Figure 2b (dark green line). Surprisingly, strikingly different 
features, compared to the spectra obtained using lower photon 
energies,[17,27,28] can be observed. Generally, a few groups of 
peaks are observed in this frequency range while, in Figure 2b, 
several peaks with width of tens of cm−1 overlapping on an 
increasing background toward low wavenumbers could be 
observed. Following the assignments widely accepted within 
the (hybrid perovskite) literature,[34–37] and, more specifically 
Yaffe et  al.,[30] we identify the origin of the broad peaks to be 
the phonon vibrations in the crystal, while the background is an 
example of Raman central peaks,[38–40] resulting from the con-
tinuous polar fluctuations occurring in the material.

Further understanding of the origin of the features can be 
obtained by comparison with the complementary THz spectra 
(Figure 2c, dark red line). Note that the signal-to-noise ratio of 
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Figure 2. Experimental low-wavenumber vibrational spectra of phenethylammonium lead iodide perovskite (PEAI) and 4-fluorophenethylammonium 
(PEAI-F) 2D perovskites: a) Schematics of the crystal structures of the two perovskites. b) Raman spectra (λex = 633 nm). c) THz spectra of thin crystals.
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this set of spectra suffered greatly from the partial and uneven 
sample coverage (see Figure S1, Supporting Information), 
mainly owing to the size of the illuminated region in the THz 
measurements (of the order of a few square millimeters) com-
pared to the few µm2 of the focused laser spot used in Raman 
spectroscopy. However, a few resonant features with width of a 
few tens of cm−1 (similar to those in the Raman spectra) could 
still be identified. The positions of the observed features in the 
two spectra do not correspond, confirming the phonon assign-
ment as it is widely expected that the selection rules for the 
Raman process and infrared process (THz absorption) are dif-
ferent, resulting in different groups of optical phonons being 
activated.

As discussed in the introduction, we then carried out the 
same spectroscopic characterization on PEAI-F 2D perovskite 
to better understand the intriguing observed features. PEAI 
and PEAI-F only differ by the presence of a fluorine atom in 
place of a hydrogen in para position on the benzene ring (see 
sketches in Figure  2a)[41], as determined by X-ray diffraction 
measurements reported in previously published papers.[42–44] 
The fluorination of 2D perovskites allowed to compare straight-
forwardly the two sets of spectra and to analyze in detail the 
role of the hydrogen/fluorine atom in the organic spacer, as 
exampled by the temperature dependent photoluminescence 
spectroscopy study by Tekelenburg et al.[45]

The Raman and THz spectra of the PEAI-F samples are 
shown in Figure 2b,c (lighter lines), respectively. Similar spec-
tral features to that of PEAI are observed, with minor frequency 
shift and, in some cases, what appears to be a peak splitting. 
A general consideration on the structural compositions helps 
to gain some insight into the observed difference: The fluorine 
substitution results in a “stiffer” crystal, resulting in higher 
phonon frequencies (see, for instance, the peaks around 75, 100, 
and 225 cm−1 in Figure  2b). Indeed, as shown by Tu et  al.,[46] 
the organic spacer has notable effects on the elastic properties 
of the 2D perovskites, and it is likely that the introduction of 
fluorine increases the bond strength and therefore the rigidity 
of the spacer. The splitting of the PEAI peak centered around 
125 cm−1 into two peaks in the case of PEAI-F can be linked to 
the lifting of the degeneracy in this particular branch of pho-
nons as a result of the substitution.

Moving beyond the qualitative descriptions above, we carried 
out density functional perturbation theory (DFPT). Following 
the general density functional theory framework but pertur-
bating the positions of individual atoms to calculate the force 
matrices, DFPT can be used to simulate the phonon dispersion 
relations and the resulting phonon density-of-state, or, by addi-
tionally calculating the second and third derivative of the per-
mittivity, the Raman and infrared activity of the material.[47,48] 
We note that DFPT simulations capture mostly the static part 
of the spectroscopic response, and, as such they are unable to 
describe the dynamics of the system. Such a shortcoming can 
be overcome to a certain extent by the inclusion of molecular 
dynamics simulation.[30] Another aspect that can modify the 
phonon structure of hybrid perovskite materials is the anhar-
monic effects,[49–51] whose experimental probing generally 
involves temperature dependent measurements.[52]

As described more in detail within the Experimental Section, 
the DFPT simulated Raman and infrared activity of the PEAI 

and PEAI-F 2D perovskites are shown in Figure 3a,b, respec-
tively. As can be observed from Figure  3, even with the finite 
temperature broadening effect taken into account and con-
sidering the simplifying conditions used in the simulations, 
the overall qualitative similarity between the simulated and 
experimental spectra seems to be lacking. For example, in the 
experimental spectra, one of the most notable features is the 
rapid decrease of Raman intensity with increasing wavenumber 
observed in the experimental spectra, but this can hardly be 
conceived to be reproduced by the simulation. Such discrep-
ancy between DFPT simulation and experiment is not rare in 
the literature, in different kinds of materials or even hybrid 
perovskites,[5,36] but is rarely directly addressed, as multiple 
influencing factors might be at play, both computationally and 
experimentally. However, in this case we note that the layered 
nature of our samples presents some unique possibilities of 
lifting the Raman and infrared selection rules, as mentioned 
earlier, and therefore the experimental spectra could also likely 
include phonons from all over the Brillouin zone. In such 
cases, the phonon density of states (pDOS) will provide valu-
able information concerning the nature of the observed vibra-
tional states.

The simulated pDOS of PEAI and PEAI-F 2D perovskites 
are shown in Figure  3c. The main difference in the simu-
lated pDOS between PEAI and PEAI-F arises in the frequency 
range between ≈75−200 cm−1, which is approximately in the 
same region where the experimental spectra show the most 
differences. A closer examination of the simulation results, 
including the visualization of the individual vibrational modes, 
shows that PEAI-F presents additional modes in this frequency 
region. Specifically, the 4-fluorophenethylammonium ion flip-
ping along with Pb-I stretching modes at 78.52 and 84.85 cm−1 
and the 4-fluorophenethylammonium ion flipping modes at 
131.13 and 157.05 cm−1 do not have corresponding peaks on 
the of PEAI spectra (Figure  3c, the indicated mode positions 
and the vector diagrams). These additional modes are a result 
of the much heavier fluorine atom restricting the phenyl ring 
rotations within its equatorial plane and promoting the axial 
flipping motions with respect to the 1-to-4 diagonal carbon 
atoms of the phenyl ring. The vector diagrams of the fluorine 
induced modes are shown in Figure 3c. Additional analysis of 
the pDOS simulation compared with MAPbI3 is also of great 
interest as it provides another examination of how the organic 
molecules affect the vibrational motion and can be found in the 
supporting information.

In order to better understand the role played by the phenyl 
rings on the Raman activity in this frequency region, we next 
turn our attention to two other kinds of 2D perovskites whose 
organic spacer is either an 8-carbon (OCT) or a 4-carbon (BAI) 
alkyl chain (see Figure 4a). The Raman spectra, obtained upon 
excitation at a photon energy close to the bandgap width, are 
shown in Figure 4b. The features of OCT and BAI were found 
to be similar to those of PEAI and PEAI-F: broad phonon 
peaks overlapped with central peaks resulting from polar fluc-
tuations were observed. It seems like that the overall features 
of the BAI spectrum are shifted toward higher frequencies 
than those of OCT, which again can be intuitively explained as 
the result of a “stiffer” crystal structure resulting from shorter 
alkyl chains.

Adv. Optical Mater. 2022, 10, 2100439
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The Raman and infrared activity of OCT and BAI simulated 
using DFPT are shown in Figure 5a,b, respectively. As with 
the case of PEAI and PEAI-F, the similarity between simula-
tion and experiment seems to be lacking, further confirming 
our suggestion that, in these layered materials, the k-vector 
preservation has been modified, and therefore the total pDOS 
should be taken into account (Figure 5c). A closer examination 
into the frequency region where the spacers play an important 
rule (75−200 cm−1) shows that this region is dominated by the 

motions of the alkyl chains: For BAI, the libration motions 
along the C2-C3 bonds appear at 130, 131, 133, and 134 cm−1, 
while at 128, 131,  138, and 140 cm−1 in the case of OCT. The 
librations of the NH3 groups occurs at 176, 179, 186, and 
189 cm−1 for BAI, and 176, 179, 180, and 182 cm−1 for OCT. Addi-
tional peaks emerging from the longer chains of OCT are at 
142, 142, 144, and 145 cm−1 and at 156, 161, 164, and 166 cm−1.

Though these peaks are difficult to distinguish on the experi-
mental spectra, we note that in this region no marked peaks 

Adv. Optical Mater. 2022, 10, 2100439

Figure 3. Density functional perturbation theory (DFPT) simulation of the vibrational modes in phenethylammonium lead iodide (PEAI) and 4-fluoro-
phenethylammonium lead iodide (PEAI-F) perovskites: a) Raman active modes with their activity in ang4amu−1. b) IR active modes with their intensity 
in D2ang2amu−1. c) Total phonon density of states. Additional modes in PEAI-F are visualized in the bottom graphs. The green arrows attached to the 
atoms indicate the vibrational amplitudes of each mode. As the arrows are presented mostly on the phenyl rings of the 4-fluorophenethylammonium 
ion, these modes are associated with the ion flipping modes, as discussed in the text.
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were observable experimentally, consistent with the simulation 
in that multiple modes are contributing and hence their broad-
ening “blurs out” the overall spectra. Additionally, unlike the 
case of PEAI versus PEAI-F, the Raman spectra of OCT versus 
BAI seem to display a higher resemblance in that the peak split-
ting is not observable in the latter case, which serves as an indi-
cation of the similarity of the active modes in this region. This 
is consistent with the idea that the additional modes introduced 
by the longer alkyl chain do not lead to substantial structural 
changes, which are most likely responsible for the observed 
peak splitting, as a result of the fluorine substitution (that intro-
duces additional flipping motion of the organic spacers). A 
more detailed analysis of the 200−300 cm−1 region can be found 
in the Supporting Information.

After examining the role played by the organic spacers on 
the vibrational properties in the low wavenumber range (i.e., 
70−500 cm−1), we note that among the Raman spectra of the 
four kinds of 2D perovskites, a striking pattern seems to repeat 
itself: certain notable peaks pair with each other with a fre-
quency splitting of the order of 10 cm−1 (see Figure 2b, around 
80, 125, and 230 cm−1; Figure 4b, around 110 cm−1). An earlier 
study suggested that the existence of such pairwise peaks could 
be a signature of the zone-folded modes that is the result of a 
folded Brillouin zone occurring in superlattices.[10] As discussed 
in the introduction, the existence of such modes in 2D perov-
skites has been proposed by Dahod et al.,[17] although in a much 
lower frequency region (≈<30 cm−1). We note that, therefore, 
it is not completely unreasonable to investigate the possibility 

Adv. Optical Mater. 2022, 10, 2100439

Figure 4. a) Crystalline structure of octylammonium lead iodide perovskite (OCT) and butylammonium lead iodide perovskite (BAI). b) Experimental 
Raman spectra (at low wavenumber) of OCT and BAI 2D perovskites (λex = 633 nm). The peaks around 230 and 300 cm−1 originate from the silicon 
substrate (see Figure S7, Supporting Information).

Figure 5. Density functional perturbation theory (DFPT) simulation of the vibrational modes in butylammonium lead iodide perovskite (BAI) and 
octylammonium lead iodide perovskite (OCT) perovskites: a) Raman active modes. b) IR active modes. c) Total phonon density with representative 
modes. As above, the green arrows indicate the vibrational amplitudes of the modes, showcasing the motions of the atoms.
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that these pairwise peaks as the higher order zone-folded super-
lattice modes originating from the sub-30 cm−1 region.

Besides the zone-folded modes, other widely studied super-
lattice modes are the so-called localized modes or confined 
modes, in which the vibrations are mostly confined within one 
of the layers of the superlattice (Figure 6). To satisfy the nulli-
fying boundary condition, the wavenumbers of such modes are 
quantized into:

2
n

d

π
 (1)

where d is the thickness of the layer in which the phonon is 
confined, and n is a natural number.[10,53,54] The confined-mode 
phonon Raman response has been established in GaAs/AlAs 
superlattices and in other previous studies.[11–14] For 2D perov-
skites, though the structural similarity to superlattice is only 
apparent, no such assignment has been suggested in the litera-
ture so far, to the best of our knowledge. Besides the relative 
structural complexity of 2D perovskites, the major difficulty of 

such assignment lies in the ill-defined material parameters: 
the packing of the PbX6

−4 framework and organic spacers are 
nowhere near their free-standing structures, resulting in vastly 
different elastic and dielectric constants, making modeling 
from these parameters very difficult to obtain, contrary to the 
case of GaAs/AlAs superlattices,[55] where the individual layers 
are well-defined.

Qualitatively, though, one might expect that the modes 
trapped in the inorganic framework (Figure  6b) would be 
largely indifferent to the composition of the organic spacers, 
as long as the interaction between the layers does not signifi-
cantly affect the orientation of the PbX6

−4 octahedra. This is the 
case for the four kinds of samples used in this study, where 
the Pb-I-Pb angles range from 152° to 156°.[42,56–58] Therefore, 
the identification of these “invariant” modes between different 
spacer compositions could, in first approximation, provide an 
indication of the confined modes.

One such set of modes appears in the frequency region of 
600 to 1100 cm−1 (Figure 7). First, we note that, compared with 

Adv. Optical Mater. 2022, 10, 2100439

Figure 6. Confined-mode solution of the alternating linear chain model: a) Modes confined within an organic layer and b) confined within an inorganic 
layer.

Figure 7. Experimental Raman modes in the 600 to 1100 cm−1frequency range for a) phenethylammonium lead iodide (PEAI) and b) 4-fluorophenethyl-
ammonium lead iodide (PEAI-F) 2D perovskites. (Green lines: measured Raman intensity. Blue lines: density functional perturbation theory (DFPT) 
simulated Raman activities.)
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DFPT simulation of Raman activity, multiple unaccounted-for 
peaks appear in this frequency region, most strikingly in the 
case of PEAI-F (Figure  7b). The appearance of these modes 
gives the first evidence that different mechanisms might be 
at play, as generally the DFPT simulation in hybrid perovskite 
materials gives more than enough modes for experimental 
spectra to identify with due to the large number of atoms in the 
unit cells and the lack of directional symmetries.

The observed mode frequencies in this region are listed in 
Table 1, in which one can clearly observe a subset of almost 
identical peak positions (difference less than 1%, bold in 
Table  1). Interestingly, the spacing between the subsequent 
common peaks (Table  1, last column) shows a steady increase 
toward lower frequencies. Taking into account the fact that the 
ω-versus-k phonon dispersion relations are generally slightly 
concave, this behavior is consistent with the quantized con-
fined phonon wavenumbers: As the confined phonons are 
equally separated in the k-space (Equation  (1)), the differences 
between mode positions should be increasing when assigning 
the highest-frequency peak to be n = 1, second highest peak to 
be n = 2, etc.

The existence of the unaccounted-for peaks commonly 
observed between different organic spacers with their fre-
quency spacing increasing toward lower frequencies thus 
provides the basis to tentatively assign these modes to the 
superlattice confined modes in the inorganic framework (CMi 
in Figure  6b). Following this reasoning, it is possible that the 
remaining peaks in Table 1 may arise from confined modes in 
the organic layer (CMo in Figure 6a) if their spacing follows the 
same trend (increases toward lower frequencies), and, indeed, 
such subsets can be found in both compositions, as indicated 
by the asterisks in Table  1. These two subsets (CMi and CMo) 
thus account for over two-thirds of the peaks in this frequency 
region. The remaining peaks, in similar compounds, were 
suggested to originate from molecular vibrations within the 
organic layers,[59,60] or further superlattice modes.[61,62]

Returning to the spectra and assigning the CMi and CMo 
modes to the peaks as discussed (Figure 8), it can be observed 
that the peak intensities decrease monotonically with mode 
index n (see Equation (1)), in agreement with the trend observed 
in GaAs/AlAs superlattices,[11–14] and generally expected in 
higher order modes. Assuming the layer thickness of the inor-
ganic framework to be about two-third of the total thickness, 
constructing the simplified linear chain model,[10] we can then 
plot the dispersion relation of the two branches of the confined 
phonons in PEAI and PEAI-F (Figure 9). As discussed before, 
the inorganic branches of PEAI and PEAI-F overlap with each 
other, while the organic branches intercept with the inorganic 
branches.

In terms of the absolute frequencies of these branches 
though, we note that there is a possibility that what we are 
observing in this frequency range might be the result of the 
higher-order Raman scattering that involves multiple confined 
phonons at once,[63–65] and the single phonon response might 
not be clearly observable, being blended into the response of 
other nonlocalized modes. Further clarification on these points 
constitutes the object of an ongoing work.

Another indication of the nature of the possibly confined 
modes could perhaps be suggested by the (unexpected) absence 
in OCT and BAI samples (Figure S6, Supporting Information): 
No identifiable peaks appear in this frequency range, contrary 
to the prediction of DFPT simulation. However, the confined 
mode response has been known to be sensitive to the excita-
tion wavelength,[11,64] or, more specifically, it is subject to spe-
cific conditions that involve the ratio between excitation energy 
and energy gap of the material.[64] Regarding the four mate-
rials encompassed in our study, we note that the bandgap of 
both OCT and BAI is larger than that of PEAI and PEAI-F 
(Figure S2, Supporting Information). As the excitation wave-
length (λex = 633 nm) was fixed in all measurements, the laser 
energy might not be enough to excite the confined modes of 
OCT and BAI due to their larger bandgaps.[65]

Adv. Optical Mater. 2022, 10, 2100439

Table 1. Observed mode frequencies in the range of 600 to 1100 cm−1. The commonly observed modes are highlighted in bold.

PEAI PEAI-F Average position of the common peaks Difference between subsequent peak positions

Mode frequencies [cm–1] 1076 1070 1073 61

1058 1012 1012 85

1031 928 927 88

1012 884* 839 92

998* 852 747

987 818*

926 839

914 750

880* 717

839 635*

800

758*

744

700

620*
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However, in order to prove the very nature of such modes 
further Raman measurements were carried out on PEAI perov-
skites with a higher number of octahedral layers, i.e., n = 2 and 
3 (see Figures S10–S12, Supporting Information). In the case 
of n = 2 and 3, the values of CMi observed in PEAI with n = 1 
should not shift while the CMo values should peak at wavenum-
bers that are 1/2 or 1/3 of those measured by Raman in PEAI 
with n  = 1. The experimental results did not confirm the last 
assumption. Hence, we emphasize that the assignment of such 
peaks is not conclusive and more work will be needed in the 
near future to single out their origin. DFT did not provide any 
strong candidates for assignment, but further work is required 
to fully understand these experimental findings.

3. Conclusion

In conclusion, in this study we recorded, analyzed, and simu-
lated the phonon response of four different kinds of layered 
perovskites. In particular, the role of the single fluorination 
of the phenyl spacer on the phonon modes of two widely 
employed 2D perovskite compounds, i.e., PEAI and PEAI-F, 
was analyzed and found to profoundly affect their Raman 

spectra. Noteworthy, we measured experimental Raman peaks 
in the 600–1100 cm−1 range and discussed their origin. In spite 
of the fact that the assignment of such peaks still deserves more 
computational and experimental efforts to be fully understood, 
interpretation of the vibrational modes in this class of materials 
clearly paves the way for a better chemical design as well as for 
their exploitation in (opto)electronic applications.

Although this work puts forward the analysis of vibrational 
modes in 2D layered perovskites, it is worth stressing that 
the understanding of phonons in this novel class of materials 
is key for an in-depth comprehension of other major physical 
mechanisms, such as exciton separation in solar cells as well 
as charge, exciton, and heat transport, all involving interactions 
between charged or excitonic species and phonons.

4. Experimental Section
Synthesis of 2D Perovskite Single Crystals: PEAI, PEAI-F, BAI, and OCT 

solutions (0.5 m) were prepared in a nitrogen-filled glovebox by dissolving 
PbI2 and phenethylammonium iodide, 4-fluorophenethylammonium 
iodide, butylammonium iodide, and octylammonium iodide, respectively, 
(1:2 molar ratio) in γ-butyrolactone and stirring at 70 °C for 1 h.

Figure 8. Tentative assignment of the observed peaks to confined modes in a) phenethylammonium lead iodide (PEAI) and b) 4-fluorophenethyl-
ammonium lead iodide (PEAI-F) 2D perovskites.

Figure 9. Summary of the experimental results attempting to model confined modes in 2D perovskites. The simplified model of alternating organic 
“o” and inorganic “i” layers. Dispersion relation of the confined modes of (left) phenethylammonium lead iodide (PEAI) and (right) 4-fluorophenethyl-
ammonium lead iodide (PEAI-F) 2D perovskites. The solid lines are guides for the eye.
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2D perovskite single crystals are synthesized using an anti-
solvent vapor-assisted crystallization method as follows:[25,43,44] 3  µL 
of perovskite solution are deposited on glass or Si/SiO2 and covered 
with glass or Si/SiO2. Substrates and a small vial containing 2  mL of 
dichloromethane were placed inside a bigger Teflon vial which is closed 
with a screw cap and left undisturbed for 12 h at room temperature 
(see Figure S1a, Supporting Information). As the antisolvent 
(dichloromethane) saturates the environment and slowly infiltrates the 
precursor solution, supersaturation is reached and perovskite single 
crystals begin to form in the gap between the two substrates. At the 
end of the process, high-quality, millimeter-sized yellow flakes with a 
thickness of a few microns are obtained (see Figure S1b, Supporting 
Information). Their thickness varies from few to tens of micrometers. 
Using SPV 224PR-M Nitto Tape or polydimethylsiloxane (PDMS), 
mechanical exfoliation is carried out on the perovskite flakes in order 
to obtain single crystals having the desired thickness (see Figure S1c, 
Supporting Information).

PEAI perovskite single crystals with a higher number of octahedral 
layers, i.e., n = 2 and 3 were prepared as follows: lead iodide 447 mg, 
phenethylammonium iodide 46 mg, methylammonium iodide 370 mg, 
and potassium iodide (1400  mg for  n   =   2, 1000  mg for  n   =   3) 
were dissolved at 70 °C in a mix of water/acetonitrile (1.05/0.45 mL, 
respectively). All the precursors were stirred at 70 °C for 1 h producing 
a bright yellow solution. Then the temperature was raised to 
83 °C. After some minutes the crystallization occurs at the water−
air interface followed by a fast lateral growth within the water−air 
plane. Then, crystals were extracted using a net and gently collected 
and dried with paper in order to remove the remaining perovskite  
solution.[66]

Raman Spectroscopy: Raman spectroscopy was performed using a 
linearly polarized helium–neon laser (Melles-Griot 25-LHP-928-249, 
λex  = 633  nm, TEM 00, linewidth 12  MHz) with a power of 10  mW in 
front of the entrance pupil of the confocal objective. The laser beam was 
focused using a 100× objective with NA = 0.7, resulting a light spot area 
at the order of 1 µm2. The backscattering light was collected confocally 
in a Tokyo Instruments spectrometer with a focal length of 500 mm via a 
grating of 1800 lines per millimeter with data acquisition time of 5 min to 
obtain a spectral resolution of approximately 1 cm−1. A thermoelectrically 
cooled CCD (Andor iDUS 420 BUV) operating at −70 °C  was used for 
detection with reduced dark noise.

Raman spectroscopy on PEAI with n = 2 and 3 was performed using 
a depolarized incident beam (λex = 785 nm) with a laser power of 10 mW 
in front of the entrance pupil of the confocal objective. The estimated 
spot size was of 3.1 μm (10× objective) while the spectral range spans 
from 8 to 1846 cm−1. Each sample has 5 spectra taken on different spots 
of the sample.

THz Spectroscopy: THz spectroscopy is carried out using a dedicated 
Fourier-transform spectrometer (Blue Sky Spectroscopy Inc.) equipped 
with a silicon nitride blackbody light source and a pyroelectric detector 
(QMC Instruments Ltd.). The transmission spectra are retrieved by 
Fourier transforming the average of 500 interferogram scans with a 
resulting resolution of 2 cm−1.

pDOS Simulation: The first-principles calculations based on DFT 
were carried out as implemented in the PWSCF Quantum-Espresso 
package.[66] Geometry optimization was performed using GGA-PBE 
level of theory,[67] and the electrons-ions interactions were described 
by ultrasoft pseudo-potentials with electrons from I 5s, 5p; N, C, F 2s, 
2p; H 1s; Pb 6s, 6p, 5d; shells explicitly included in calculations. The 
experimental cell parameters have been used in all the cases. Geometry 
optimizations for 2 × 2 × 1 supercell were performed with a k-point 
sampling of 4 × 4 × 2,[68] along with plane-wave basis set cutoffs for the 
smooth part of the wave functions and augmented electronic density 
expansions of 25 and 200 Ry, respectively.

Frequency calculations had been performed by DFPT and by using 
PBE functional and ultrasoft pseudopotentials with a cutoff on the 
wavefunction of 25 Ry (200 Ry on the charge density) and uniform 
4 × 4 × 2 grid of k-points in the Brillouin zone. Phonon DOS had been 
plotted from the interatomic force constant in real space, which was 

calculated from the dynamical matrices produced at Gamma point 
followed by their Fourier transformation.

Raman and Infrared Activity Simulation: Similarly to the pDOS 
simulation, the Raman and infrared simulation were carried out 
with the help of PWSCF Quantum-Espresso package. Due to the 
intrinsic limitation of the Raman simulation algorithm, the geometry 
optimization and the subsequent vibrational mode simulation were 
implemented at the LDA level of theory, with Perdew–Zunger exchange 
correlation functional, with a cutoff on the wavefunction of 80 and 800 Ry 
on the charge density and 4 × 4 × 2 grid of k-points in the Brillouin  
zone.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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