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Abstract

The family of 2D Ruddlesden-Popper per-
ovskites is currently attracting great interest
of the scientific community as highly promis-
ing materials for energy harvesting and light
emission applications. Despite the fact that
these materials are known for decades, only
recently has it become apparent that their opti-
cal properties are driven by the exciton-phonon
coupling which is controlled by the organic spac-
ers. However, the detailed mechanism of this
coupling, which gives rise to complex absorp-
tion and emission spectra, is the subject of
ongoing controversy. In this work we show
that the particularly rich, absorption spec-
tra of (PEA)2(CH3NH3)n−1PbnI3n+1, (where
PEA stands for phenylethylammonium and
n = 1, 2, 3), are related to a vibronic progression
of excitonic transition. In contrast to other two
dimensional perovskites we observe a coupling
to a high energy (40 meV) phonon mode proba-

bly related to the torsional motion of the NH+
3

head of the organic spacer.
Low-dimensional layered metal-halide per-

ovskites have recently attracted attention as a
significantly more stable alternative1–4 to their
3D counterparts which suffer from rapid degra-
dation in air.5 These natural quantum wells,
consisting of octahedral slabs separated by large
organic spacers, are considered promising can-
didates for energy harvesting applications1,4,6–9

and light-emitting devices.10–13

The most intensively studied members of
2D perovskite family are those of the 2D
Ruddlesden-Popper (RP) type that are de-
scribed by the formula (R1NH3)2Bn−1PbnI3n+1

13–15

where n is the number of perovskite octa-
hedra in the inorganic slab, R1NH3 is the
large organic molecule which forms the bar-
riers and B is a smaller cation, for exam-
ple Cs, methylammonium (CH3NH+

2 ) or for-
mamidinium (CH(NH2)+

2 ). The hydrophobic-
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Figure 1: Transmission spectra of (a) n = 1 and (b) n = 2 thin film samples at T = 4 K. (c) First derivative of the reflectivity spectrum
for the n = 3 sample. The dashed line in this panel shows the same derivative spectrum in a higher energetic range magnified ×20 and
shifted to fit the figure scale to highlight the feature around 2.05 eV. The arrows mark features assigned to phonon replicas of the 1s
excitonic transition. (d) Energetic separation of the 1s transition and the first replica phonon replica (marked by arrows in (a)-(c)) as a
function of the number of layers. The error bars correspond to the standard deviations of the mean values obtained from fitting spectra
for all magnetic fields acquired from several shots.

ity of the spacer molecules is the main cause
of the strongly improved stability of 2D per-
ovskites.4,13 The 2D confinement provided by
the band alignment of the inorganic and or-
ganic part of RP perovskites, together with
dielectric confinement (due to the contrasting
dielectric constants of barriers and octahedral
slab), result in very strong excitonic effects.14–17

The exciton binding energy can reach several
hundreds of meV,16,18–21 which is detrimental
for the application of RP perovskites as solar
cells absorbers1,4,7 and beneficial in the case of
light emitters22,23 and polaritonic devices oper-
ating at room temperature.10,24 The enhanced
excitonic effects, characteristic of many other
2D semiconductors,25–29 is accompanied by an
intriguing coupling of the excitons to the soft
lattice vibrations30–36 which controls the optical
properties of 2D perovskites. The excitonic and
vibrational properties can be easily tailored by
an appropriate choice of organic spacers from
a plethora of available molecules.9,13,17,35,37–41

Despite the fact that the band-edge states of
2D perovskites are derived from metal and
halide orbitals14,42–44 the absorption and emis-
sion properties are affected by the octahe-
dral templating (steric effects),39,42,45–47 dielec-
tric confinement17,20 and the strength of the
electron-phonon coupling.32,35,48,49 The possi-
bility to tune the electron-phonon coupling
strength, unique for 2D perovskite semiconduc-

tors, allows to tune their emissive properties
from monochromatic to white-light11,35,50 as
well as controlling the carrier cooling rate51

and transport properties48,52–54 crucial for any
device. Although 2D perovskites have already
been studied for several decades18,55,56 many
fundamental physical aspects underlying their
usefulness in real devices remain to be explored.
In order to fully utilize the concept of material
engineering via electron-phonon coupling a de-
tailed understanding of the complex interplay
between lattice vibrations, electronic excita-
tions and the material parameters (such as the
type of organic spacer or the inorganic slab
thickness) is essential.

The absorption and photoluminescence spec-
trum of 2D perovskites often exhibit complex
shape with multiple sidebands18,32,34,40,49,57 (see
also Fig. 1 (a)-(c)). The spacing and broad-
ening of the multiple resonances depends on
the incorporated spacer molecule. For exam-
ple, a dramatic increase of the resonance spac-
ing in absorption from ∼ 14 to ∼ 40 meV
can be observed when long aliphatic chains40,57

are exchanged for spacers containing a phenyl
group.18,32,34,58,59 However the detailed mecha-
nism leading to the appearance of these com-
plex features is the subject of ongoing con-
troversy. The features visible in PL and ab-
sorption spectra have been attributed to a vi-
bronic progression19,32,40,57,60 of excitons cou-
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pled to a phonon mode of the inorganic32,40,61

or organic32,60 sublattice. Alternatively, it has
been suggested that the complex spectrum of
band-edge excitons is related to distinct exci-
tonic transitions, the origin of which however
remains to be elucidated.18,33,34,58,59

Here we present the results of magnetoabsorp-
tion studies of (PEA)2(CH3NH3)n−1PbnI3n+1

for n = 1, 2, 3 which support the vibronic pro-
gression scenario. For all n (i.e. all thicknesses
of the octahedral slab) we observe spectral fea-
tures separated by around 40 meV in the ab-
sorption and reflectivity spectra. All the peri-
odically spaced features exhibit identical shifts
in magnetic field as expected for phonon repli-
cas. Our results suggest the presence of a cou-
pling between the spacer vibrations and the
excitons confined in the inorganic layers for
2D Ruddlesden-Popper perovskites containing
phenylethylammonium and that this coupling
can be tuned by the quantum well thickness.

Fig. 1 (a)-(c) show the transmission spectra
of the n = 1 and 2 samples together with the
reflectivity contrast derivative for the n = 3
sample, all measured at T = 4 K. Transmission
measurements were not possible for the n = 3
sample due to the large thickness of this par-
ticular crystal. The 1s excitonic transition is
identified as a dominant minimum in the trans-
mission spectrum at 2.35 eV for n = 1 and
2.15 eV for n = 2. For n = 3, the 1s excitonic
transition can be assigned to the minimum of
the derivative curve at 2.01 eV. The observed
decrease of the 1s excitonic transition energies
with increasing n is due to the decreasing quan-
tum confinement, as already observed on these
crystals.62 In addition, for the n = 1 sample the
first excited excitonic state (2s) can be iden-
tified in the transmission spectrum at around
2.5 eV. This assignment is supported by its sig-
nificantly larger diamagnetic shift presented in
the Supplementary Information in Fig. S1. For
each sample additional features (marked by ar-
rows in Fig. 1 (a-c)) on the higher energy side
of the 1s transitions are observed. In the case
of n = 1 two additional features with a spacing
of around 40 meV are clearly visible which we
assign as phonon replicas. For n = 2 a single
phonon replica, blue-shifted by around 45 meV

is visible. For n = 3 a weak phonon replica is
observed, around 38 meV above the dominat-
ing 1s transition. The phonon energies involved
(separation between 1s and phonon replica) for
each n investigated are summarized in Fig. 1(d).

The results of magneto-absorption studies
shown in Fig. 2 provide important information
which strengthens our conclusions about the
origin of the absorption side-bands. Using ex-
treme magnetic fields up to 65 T we observe
clear diamagnetic shifts of the transitions in
all samples. In Fig. 2(a-c) we plot representa-
tive transmission or derivative reflectivity spec-
tra measured at 0 and 65 T for the three sam-
ples. Despite an exciton binding energy which
exceeds 200 meV,18,20 a clear blue shift (in mag-
netic field) is observed which increases with in-
creasing n. To avoid any complicated line shape
analysis, the diamagnetic shift is obtained by
shifting the 0T spectra to obtain perfect over-
lap as shown in Fig.2 (d). This works only
because all features track each other perfectly
in magnetic field as expected for phonon repli-
cas. The detailed magnetic field dependence of
the 1s transitions energies for all samples are
presented in Fig.2 (e). In all cases the mag-
netic field dependence is well described by a
quadratic dependence δE = C0B

2. The ex-
tracted diamagnetic coefficients C0 are equal
to 0.49 ± 0.01µeV/T2, 0.77 ± 0.02µeV/T2 and
1.81 ± 0.03µeV/T2 for n = 1, 2, 3 and are pre-
sented in Fig. 2(f). The diamagnetic coefficients
reported for butylammonium (BA) based RP
perovskites16,40 are shown for comparison.

The increase of the diamagnetic shift with in-
creasing n is a natural consequence of the de-
creasing exciton confinement and binding en-
ergy, which for (PEA)2(CH3NH3)n−1PbnIn+1 is
estimated to be 220 meV, 170 meV and 125 meV
for n = 1, 2, 3 respectively20 (see also Sup-
porting Information). These diamagnetic co-
efficients are higher than those reported for
butylammonium based RP perovskites16 (see
Fig. 2(f) which reflects the higher exciton bind-
ing energy in the latter.55 As the diamag-
netic coefficient is directly proportional to the
mean square radius of the exciton wave func-
tion63 this provides direct evidence that the
excitons in PEA based 2D perovskites are
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Figure 2: Transmission spectra at T = 4 K in zero (red) and high magnetic field (blue) for (a) n=1 and (b) n=2 thin film samples. (c)
Derivative of the reflectivity spectrum for the n=3 sample in zero (red) and high magnetic field (blue). The dashed lines in (c) show
×20 magnified portions of the same derivative spectra in the higher energetic range to highlight the features at higher energies. (d)
The diamagnetic shift is obtained by shifting the 0T spectra to obtain perfect overlap. Open circles are transmission spectra at 65 T,
red curve is the 0 T field spectra shifted by ∼ 3.5 meV. In addition, the perfect overlap shows that the two features exactly track each
other in magnetic field. (e) Relative shifts of the 1s transitions for n = 1, 2, 3 as a function of the magnetic field together with quadratic
fits used to obtain the diamagnetic coefficients. The shaded regions illustrate the uncertainty of the diamagnetic coefficients determined
from the fits. (f) The diamagnetic coefficient of PEA (this work) and butylammonium (BA) (literature values16,40) as a function of the
number of layers.

more spatially extended than in perovskite
compounds containing alphatic chains. The
larger spatial extent of the wavefunction is
related to the reduced dielectric confinement
induced by phenylethylammonium spacers.20

In addition the significantly smaller out of
plane corrugation of the octahedral cages in
(PEA)2(CH3NH3)n−1PbnI3n+1

64 compared to
2D perovskites with alphatic chains65 should
reduce the carrier effective mass14,40 leading to
an increased extension of the exciton wavefunc-
tion.

The origin of the complicated transmission
spectrum of (PEA)2(CH3NH3)n−1PbnI3n+1 is
the subject of ongoing controversy in the lit-

erature. For n = 1 the high energy features
separated by around 40 meV were initially
attributed to phonon replicas related to the
coupling of the exciton to a PEA ligand vi-
bration.32 Subsequently this interpretation was
questioned and the observed sidebands were as-
signed to distinct excitons (excitons-polarons)
whose detailed nature was, however, not speci-
fied.33,34,58,59 The observation of sidebands with
a similar energy spacing of around 40 meV (see
Fig.1(d)) for all n is a strongly supporting argu-
ment for the interpretation that they are related
to PEA ligand vibrations, more specifically to
the torsional motion of the NH+

3 head.32,66–68

In the case of the distinct exciton-polaron pic-
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ture we would rather expect significant differ-
ence in the energy separation of the additional
features for different n due to the modification
of quantum and dielectric confinement, analo-
gous to the modification of the exciton binding
energy and effective mass.16 Most hypothetical
mechanisms proposed in,33 which would lead to
a complex excitonic spectral structure69–72 in-
cluding spin–orbit coupling, exchange interac-
tions or many-body correlations are highly sen-
sitive to the octahedral layer thickness. For ex-
ample the exchange interaction scales as 1/a3

B,
where aB is Bohr radius of the exciton.73 More-
over, important predictions about the exciton
fine structure can be derived from the orbital
structure forming the band-edge states and the
symmetry of the crystal. Similarly to the case
of 3D perovskites, the edges of the conduction
and valance bands are predominantly built from
lead orbitals with total angular momentum of
1/2. The qualitative impact of spin-orbit inter-
action, Coulomb and exchange interaction on
excitons state is well known and has already
been presented and discussed in literature for
3D74–76 and 2D perovskites.77 In short, there
are only two exciton states that couple effec-
tively to light propagating in the direction per-
pendicular to the quantum well surface, which
can therefore be observed in the absorption
spectrum. These are states with total angular
momentum Jz = ±1. Crucially, there are not
enough bright exciton states to explain the com-
plex absorption spectrum i.e. 3 or more absorp-
tion peaks observed in case of PEA2PbI4.34,58

In addition, states which are split due to the
exchange interaction behave in a characteristic
way in magnetic field74,76,78 shifting in opposite
directions, leading to an increased splitting in
magnetic field which is not the case here.
At the same time the energy of the organic
spacer vibrations is expected to only weakly
depend on the thickness of the inorganic part.
Therefore, the weak variation of the energetic
spacing of the transitions with n points to a
common mechanism for their origin which is in-
sensitive to the quantum well thickness. A nat-
ural candidate for such a mechanism is coupling
to a phonon mode associated with the invariant
organic spacer.

We would like to emphasize that we do not ne-
glect coupling of excitons to low energy phonon
modes revealed by resonant impulsive stimu-
lated Raman spectroscopy.33 The only issue
that is in our opinion controversial is the attri-
bution features separated by 40 meV to distinct
excitonic states.

To further support this conclusion we have
performed Raman scattering measurement for
(PEA)2PbI4 and (BA)2PbI4 presented in Fig.
3. Here we focus on Raman modes in the
spectral range around 35 meV. The spectrum
of (PEA)2PbI4 displays 6 sharp modes, divided
into 2 triplet-like groups, around 32 meV and
35 meV. (BA)2PbI4 n=1 spectrum displays two
modes around 25 meV and 30 meV, each as wide
as a triplet. The structural similarity of PEA
and BA n=1, and the proximity in mode energy
suggests these atomic motions are similar. Sim-
ilar modes around 30 meV were also observed
in the orthorhombic phase of (CH3NH3)PbX3

(X= Cl, Br, I).68,79 Ab initio computation of
the latter, indicate that these peaks correspond
to a torsional motion of the NH3 group inside
the PbX3 cage.32,66–68 However, the same peak
was also observed in CsPbBr3 where an organic
molecule is absent. This suggests the peaks in
this spectral range is a result of a combined
motion of the A cation and the adjacent Pb-X
cage.

The blue-shift in energy in PEA compared to
BA is likely the result of the stronger C−H−π
interactions between the PEA molecules com-
pared to the weak van der Waals forces be-
tween the BA molecules, which hinders the mo-
tion of NH3 group.80,81 The higher number of
modes in PEA is due to the lower symme-
try of PEA n=1 which crystallizes in a non-
centrosymmetric structure (P-1) compared to
the orthorhombic (Pbca) BA n=1.49,65 The
lower symmetry leads to symmetry breaking of
the atomic motion involved in the specific mode
as well as the breakdown of the mutual exclu-
sion rule. This leads to the mode splitting and
the observation of otherwise Raman inactive
modes.82 The energies of these Raman modes
are close to the energy spacing observed in the
transmission spectrum of (PEA)2PbI4 support-
ing our interpretation.
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Figure 3: Raman spectrum of (PEA)2PbI4 and (BA)2PbI4 in the
spectral range of 35 meV, showing the NH3 torsional modes cou-
pled to the exciton in (PEA)2PbI4. The intensity in the spectrum
of (BA)2PbI4 was multiplied by 13 for comparison.

It is important to note that despite the fact
that these high energy modes related to tor-
sional motion of NH+

3 are also observed in
(BA)2PbI4 Raman spectrum they are absent in
the excitonic spectra of this compound.40,61,83,84

This indicates that different organic spacers,
not only impose different crystal structures, but
also impose different electron-phonon interac-
tions which result in excitonic coupling to a
lower energy phonon in (BA)2PbI4. Therefore,
our result demonstrates that the type of organic
molecule has a strong effect on the vibrational
motion of the ammonium and subsequently, on
the vibronic coupling.

The detailed answer why an exciton localized
within the metal halide plane couples to the or-
ganic cation motion remains so far elusive. Ob-
viously the NH3 head penetrates the layer of oc-
tahedra and is situated below the surface of api-
cal halide anions.85,86 Therefore the overlap be-
tween exciton/charge density and the vibrating
spacer is expected. This can explain why the in-
tensity of the phonon replicas clearly decrease
for thicker quantum wells (n = 2, 3). Never-
theless, the presence of coupling for PEA and
absence of coupling in BA containing 2D per-
ovskites is not obvious. It could possibly be at-
tributed to the different nature of organic spac-
ers molecules interaction. Alternatively we sup-
pose that difference between BA and PEA orig-
inates from the different organic spacer interac-

tion with apical halides by hydrogen-bonding.
It was shown that it is highly sensitive to the
penetration depth of the NH3 group which has a
non-trivial impact on the octahedral distortion
and melting temperature.85,86 It is possible that
there exists an optimal value of the penetra-
tion depth which effectively couples the organic
spacer vibration to the octahedral cages, and in
this way modifies the band structure leading to
exciton coupling to the NH3 motion.

In conclusion, we have performed magneto-
optical studies of 2D RP perovskites with vary-
ing octahedral slab thickness and phenylethy-
lammonium cations as organic spacers. We
demonstrate that the multiple excitonic fea-
tures observed in the absorption spectra of for
n = 1, 2, 3 can be assigned to phonon replicas
of the 1s transition. This conclusion is sup-
ported by the constant energy spacing of the
transitions, independent of the quantum well
thickness, and their identical shift in magnetic
field. Raman spectroscopy measurements re-
veal the presence of modes at energies corre-
sponding to the spacing observed in the trans-
mission spectrum which most likely give rise
to the observed replicas.This indicates that the
broad absorption spectrum is an inherent fea-
ture of PEA2PbI4 which can have direct im-
pact on the possible applications of this ma-
terial. We have also shown that the dia-
magnetic coefficients of the 1s transitions are
higher than in the case of 2D perovskites with
alkyl chain spacers which is a natural conse-
quence of the weaker binding energy of the ex-
citons in (PEA)2(CH3NH3)n−1PbnI3n+1 due to
the weaker dielectric confinement and different
octahedral distortion.

Methods

Crystals have been synthesized following the
“Anti-solvent Vapor-assisted Capping Crystal-
lization” method87 for n = 1 and 2, and by slow
cooling method reported by Bakr88 for n = 3.
For n = 2, a ratio 2/0.75/1.6 of phenylethylam-
monium iodide, methylammonium iodide and
lead iodide was used. 249 mg (1 mmol) of
phenylethylammonium iodide, 59.6 mg (0.375
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mmol) of methylammonium iodide and 369 mg
(0.8 mmol) of lead iodide were dissolved in
1 mL of dry GBL. 10 µl of the 0.8 M solu-
tion in GBL are deposited on a cleaned quartz
substrate. For n = 3 crystals prepared by
slow cooling method, a ratio 1/24/10 of pheny-
lamine, methylammonium and lead iodide was
used. Firstly, a mixture of 2.23 g of lead oxide
was dissolved in 30 mL of hydriodic acid solu-
tion (stabilized, 1.5%w H3PO2). Then 3.82 g of
methylammonium were added and immediately
dissolved. Finally, 124 µl of phenethylamine
were added. The mixture was completely dis-
solved after 15 minutes of stirring at 80◦C. The
temperature was raised to 120◦C for 1 hour,
then the solution was slowly cooled down to
room temperature at a rate of 1◦C/h. The crys-
tals were filtered and then carefully dried on
paper until no trace of humidity was observed.

Transmission and reflectivity measurements
were performed using a tungsten halogen lamp
as a source of broad-band white light. Opti-
cal fibers were used to illuminate the sample
and to collect the signal, which was dispersed
by a monochromator and detected using a CCD
camera. The spectral resolution of the measure-
ment is estimated to be 0.2-0.5 meV. The mea-
surements in magnetic field were performed in
pulsed magnetic fields up to 68 T with a pulse
duration of 500 ms in the Faraday configuration
with the direction of the magnetic field along
the out-of-plane c-axis of the layered crystals.
Measurements were performed at T = 4 K tem-
perature obtained by placing the sample in a
helium cryostat. Ramana measurement were
performed at a temperature of 10 K with excita-
tion well below the material band gap/exciton
transition provided by 785 nm laser.

Supporting Information

2s exciton states diamagnetic shift analysis, un-
certainty analysis, exciton binding energy de-
termination

Acknowledgement MB and PP appre-
ciates support from National Science Cen-
tre Poland within the OPUS program (grant
no. 2019/33/B/ST3/01915). This work

was partially supported by OPEP project,
which received funding from the ANR-10-
LABX-0037-NEXT. Joanna M. Urban, E.
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