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The incorporation of such cations results 
in the formation of inorganic layers sand-
wiched between the organic cations. 
Compared to purely 3D perovskites, mix-
tures of 2D and 3D perovskites have, for 
example, been incorporated into solar cells 
and light emitting diodes to improve their 
ambient and thermal stability as well as 
their overall performance.[1–4]

It is important to note that improve-
ments in the stability are prerequisites for 
the use of metal halide perovskites on an 
industrial scale. The use of layered perov-
skites in photovoltaic devices has shown 
important stabilization effects, and in 
addition, these low dimensional systems 
are also particularly promising for light-
emitting applications. Layered perovskites 
can be seen as natural quantum wells, 
where the charge carriers are confined to 
the inorganic layers. One of the conse-
quences of the confinement is the forma-
tion of excitons with binding energies of 
hundreds of meV.[5,6] The excitonic nature 

of these materials results in bright and narrow emission, even 
at room temperature, which enables highly efficient and color-
pure LEDs.[7]

In 2019, several reports showed that the use of fluorinated 
organic cations can further enhance the photovoltaic device 
performance and stability compared to non-fluorinated cat-
ions.[8–11] In addition, halogen-substituted organic cations have 
shown interesting photophysics, however, more studies are 
needed to fully understand their physical properties.[12,13]

Several studies on phenethylammonium lead iodide 
((PEA)2PbI4) reported a detailed exciton substructure with mul-
tiple photoluminescence (PL) and absorption peaks at cryogenic 
temperatures.[14,15] The proposed origins vary and include emis-
sion from bound excitons,[16,17] vibronic progressions,[13,14] or the 
formation of distinct exciton polarons.[15,18] The even spacing 
of the peaks by 40 to 46  meV in both the absorbance and PL 
spectra was attributed to a single vibronic progression governed 
by a phonon mode of the organic cation.[14] The energy sepa-
ration of the peaks could be reduced by substituting different 
halogens on the phenethylammonium cation, suggesting the 
importance of a low-energy vibrational mode of the heavier 
organic cation on the PL structure.[13] However, Thouin et  al. 
reported two distinct exciton polaron peaks, associated with dif-
ferent sets of Raman modes, which excluded the existence of a 
single vibronic progression.[18] In addition, it was observed that 
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1. Introduction

Metal halide perovskites have become a popular class of mate-
rials due to their outstanding properties for optoelectronic 
applications. Layered lead iodide perovskites are denoted by the 
structural formula A2PbI4, where A is a large organic cation. 

© 2021 The Authors. Advanced Optical Materials published by Wiley-VCH 
GmbH. This is an open access article under the terms of the Creative 
Commons Attribution-NonCommercial-NoDerivs License, which permits 
use and distribution in any medium, provided the original work is properly 
cited, the use is non-commercial and no modifications or adaptations are 
made.
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the spacing of the peaks, 35 ± 5 meV in their case, was identical 
in both butylammonium and phenethylammonium layered 
perovskites, suggesting an overarching mechanism in this class 
of materials.[15] These recent reports show that no consensus 
has been reached regarding the origin of these evenly spaced 
PL peaks.[13,18] With this work we want to contribute to the sci-
entific debate by studying an unexplored fluorinated derivative 
of phenethylammonium with high spectral resolution.

In this study, the structural and optical properties of 3-fluo-
rophenethylammonium lead iodide ((3-FPEA)2PbI4) single 
crystals are investigated and compared to the properties of the 
prototypical non-fluorinated variant ((PEA)2PbI4). In both cases, 
temperature-dependent PL spectra reveal that the emission 
spectra are dominated by free excitons whose luminescence is 
broadened by the same effective phonon mode associated with 
the inorganic cage. High-energy emission from hot-exciton 
resonances, however, exhibits a smaller separation for the 
fluorinated variant compared to the prototypical compound. 
In addition, high-resolution PL spectra at 5.4 K reveal a previ-
ously unreported substructure. The diverse spectral shifts and 
the time-resolved behavior of these PL resonances prove that 
the peaks do not originate from a single vibronic progression, 
while excitons bound to defects are their proposed origin.

2. Results

Two types of A2PbI4 single crystals, namely 3-fluoropheneth-
ylammonium and phenethylammonium lead iodide, were 
synthesized following the procedure described in our pre-
vious work.[19] Figure  1a displays the crystal structure of 
(3-FPEA)2PbI4 solved in the monoclinic I2/m space group from 
single crystal X-ray diffraction data collected at 100 K; full details 

of the structure refinement are given in Table  S1, Supporting 
Information. This structure shows the typical arrangement 
of alternating organic and inorganic layers found in layered 
perovskites. The equatorial iodine atoms in the PbI6 octahedra, 
depicted by the two-tone white and purple spheres in Figure 1a, 
show partial occupancies over two positions, which indicate dis-
order or an unresolved superstructure. The Pb atom also shows 
partial occupancies over two positions. These occupancies 
stem from two possible ways that the ammonium group on 
the 3-FPEA molecule forms hydrogen bonds to the inorganic 
layer, namely a “pinched-in” or “pinched-out” conformation in 
the ab-plane as previously reported for (3-FPEA)2SnI4.[20] Fur-
thermore, the mirror plane perpendicular to the b-axis results 
in two partially occupied orientations of the 3-FPEA molecule. 
We observe evidence for a superstructure with a doubled b-axis, 
as indicated by the weak and rather poorly defined diffraction 
spots shown in Figure  S1, Supporting Information, but this 
structural model could not be refined in a satisfactory manner. 
The superstructure might be the result of local ordering of the 
organic cations, which was reported to be of long-range nature 
both in the (3-FPEA)2PbI4 and the (3-FPEA)2SnI4 crystals.[8,20]

The structure of (PEA)2PbI4 at 100  K was solved in the 
triclinic 1P  space group and exhibits fully ordered octahedral 
rotations and disordered PEA molecular orientations (Figure 1b 
and Figure S2, Supporting Information). This results in a basal 
ab-plane that is enlarged by a factor of 2 2a b×  compared to 
that of (3-FPEA)2PbI4. The unit cell contains a single inorganic 
layer and PEA bilayer. This is different to the monoclinic P21/c 
structure that we previously determined for crystals grown 
using the antisolvent vapor-assisted method, where both the 
in-plane octahedral rotations and the orientations of the PEA 
molecules showed disorder over two positions.[21] It is also dif-
ferent to the monoclinic C2/m structure with disordered rota-
tions reported by Calabrese et al. for crystals grown by a simple 
solvent evaporation method.[22] Disordered rotations were also 
reported by Du et  al. for crystals grown by a layered-solution 
method, although with a triclinic 1P  structure with a doubled 
c-axis at room temperature.[23]

The ab-plane of (PEA)2PbI4 is displayed in Figure 1b with the 
in-plane Pb-I-Pb angle indicated by θ. θ affects the band gap and 
the photophysics of layered perovskites and is influenced by the 
choice of the organic cation.[13,24] The bulkier fluorinated cation 
introduces a larger distortion, decreasing the average θ from 
152.24° for (PEA)2PbI4 to 150.23° for (3-FPEA)2PbI4. The tilting 
of the axial iodides is negligible in both materials, indicated 
by a small distortion up to 1.8°. In addition, the larger 3-FPEA 
cation introduces a longer interlayer distance, 16.7  Å  versus 
16.2 Å, in the direction perpendicular to the inorganic layers.

Whereas grain boundaries can influence the properties of 
multicrystalline thin films, single crystals allow for studying the 
intrinsic properties of the material. The single crystals were exfoli-
ated in order to obtain clean surfaces. Figure 1c shows the PL map 
of a representative (3-FPEA)2PbI4 crystal flake obtained by confocal 
laser scanning microscopy. As expected from the layered crystal 
structure, clear step edges are evident as a result of the exfoliation.

Representative PL and absorbance spectra at room tem-
perature are shown in Figure  2a for (3-FPEA)2PbI4 (top) and 
(PEA)2PbI4 (bottom). Absorption peaks are located at 2.420 
and 2.387  eV for (3-FPEA)2PbI4 and (PEA)2PbI4, respectively. 
The PL for both materials consists of two emission bands: a 

Figure 1.  a) (3-FPEA)2PbI4 crystal structure at 100  K. b) In-plane pro-
jection of the inorganic perovskite layer of (PEA)2PbI4 at 100 K with the 
Pb–I–Pb angle indicated by θ. c) Confocal PL map of a representative 
(3-FPEA)2PbI4 exfoliated crystal.
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narrow emission with peaks at 2.378 and 2.351 eV, and a broad 
emission with peaks at 1.732 and 1.765  eV for (3-FPEA)2PbI4 
and (PEA)2PbI4, respectively. Thus, a small Stokes shift of 42 
and 36 meV is observed for the narrow emission, and a Stokes 
shift of hundreds of meV for the broad emission. We previously 

showed that the broad emission is due to bulk defect states in 
the band gap, characterized by a longer PL decay compared 
to the narrow emission; also see Figure  S3, Supporting Infor-
mation.[19] In this report, we aim to provide a deeper under-
standing of the narrow emission, which is commonly attributed 
to radiative recombination of free excitons.[25]

A blue shift of 33  meV of the absorption peak is observed 
with the use of the fluorinated cation compared to the non-
fluorinated cation. This shift is attributed predominantly to 
the larger in-plane distortion in (3-FPEA)2PbI4, as the larger 
distortion raises the bottom of the conduction band and lowers 
the top of the valence band, increasing both the electronic and 
optical band gap.[24,26]

The asymmetric shape of the narrow emission toward lower 
energies suggests additional contributions from emitting 
states, as highlighted in Figure S4, Supporting Information. To 
verify this assumption, PL spectra were measured as a func-
tion of temperature, as shown in Figure 2b. Upon cooling, the 
narrow emission shows an initial blue shift followed by a red 
shift starting at 200  K (Figure  S5, Supporting Information). 
This observation is explained by two competing effects: the blue 
shift is caused by a reduced exciton–phonon interaction, whilst 
the red shift is caused by the lattice contraction.[27] The lattice 
contraction increases the overlap of anti-bonding hybridization 
of Pb 6s and I 5p orbitals of the valence band maximum and the 
Pb 6p and I5p orbitals of the conduction band, which results in 
a smaller optical band gap.[26–28] Both materials exhibit a similar 
behavior of the peak position, suggesting that the difference in 
distortion and crystal structure does not fundamentally change 
the behavior of the emission with temperature.

In addition to the shift of the peak position, a narrowing of 
the PL is observed upon cooling. The main PL peak is fitted 
with a Lorentzian function, and the full width at half maximum 
(FWHM) versus temperature is plotted in Figure  2c. Analysis 
of the PL linewidth can reveal different scattering mecha-
nisms.[15,29–31] The total PL linewidth is typically described by 
the summation of an inhomogeneous broadening term Γ0, the 
scattering by longitudinal optical (LO) and acoustic phonons, 
and the scattering from ionized impurities:
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where γac, γLO and γimp are the effective coupling strengths of 
scattering by acoustic phonons, optical phonons, and ionized 
impurities, respectively. ELO is the effective optical phonon 
energy, and Eimp is the effective binding energy of ionized 
impurities. Each of the terms in Equation  (1) gives a distinct 
trend of the linewidth. Figure 2c shows that an excellent fit to 
the temperature-dependent broadening of the linewidth can be 
achieved by exclusively considering contributions from LO pho-
nons. Thus, there is negligible contribution of acoustic phonons 
and ionized impurities to the FWHM, which is consistent with 
other metal halide perovskites.[2,15,31,32] Therefore, we attribute 
the dominant broadening to scattering by LO phonons, and 
their values are displayed in Figure 2c.

Both materials show virtually identical values for the effec-
tive phonon energy (17  meV) and phonon coupling strength 

Figure 2.  a) The PL and absorbance spectrum of (3-FPEA)2PbI4 and 
(PEA)2PbI4 at room temperature. b) Temperature dependence of the 
narrow emission for (3-FPEA)2PbI4 (left) and (PEA)2PbI4 (right), c) with 
the FWHMs extracted from Lorentzian fits. The solid line is the fit of the 
linewidth broadening. The fitted values are indicated in the figure.
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(≈40 meV), showing that the same phonons are involved in the 
broadening of the PL. We identify Raman modes at 2.9  meV 
(23  cm−1), 5.3  meV (43  cm−1), 7.1  meV (57  cm−1), 12.4  meV 
(100  cm−1), 17.4  meV (140  cm−1), 32.6  meV (263  cm−1), and 
51.3 meV (414 cm−1) that could be accounted for the observed 
effective phonon energy (Figure S6, Supporting Information). 
Phonon energies up to 17 meV are typically associated with the 
modes of the lead iodide cage of the perovskites.[14,15,28,31,33,34] 
To verify this correlation in our materials, we compared 
the Raman modes of PbI2 with those of (3-FPEA)2PbI4 and 
(PEA)2PbI4 (Figure S7, Supporting Information). We observed 
Raman modes up to 20.6  meV (166  cm−1) in PbI2. This sug-
gests that the low-energy modes up to 17.4 meV are dominated 
by the lead iodide cage, whilst higher energy modes include 
Raman contributions of the organic cations.[14,18] The Raman 
modes that are observed at room temperature play an impor-
tant role also at low temperature, as shown in Figure  S8, 
Supporting Information.

The low-temperature PL spectra in Figure 2b show an intri-
cate peak substructure. To elucidate the nature of those fea-
tures, we measured high-resolution spectra of the two samples 
at 5.4  K. We will first discuss the spectrum of (3-FPEA)2PbI4, 
which is shown in Figure 3a. The most intense peak XF is attrib-
uted to the recombination of free excitons, consistent with its 
temperature behavior discussed above and its linear dependence 
on the excitation fluence (Figure  S9, Supporting Information). 
The PL peaks at the high-energy side of the free exciton are 
denoted as HXF1 and HXF2, whilst the peaks at lower energy 
are LXF1, LXF2, LXF3, and LXF4. The energetic positions of the 
above mentioned features are summarized in Table 1.

Starting from the high-energy side of the free exciton, HXF2 
and HXF1 are typically ascribed to hot-exciton emission.[13,14] 
The peaks are separated by 12 to 15 meV, which is in the region 
of the phonon modes discussed above. XF and HXF1 are both 
asymmetric with a shoulder at high energy, suggesting an unre-
solved substructure. We excluded a significant contribution 
of PbI2, a known degradation product, to the measured high-
energy spectra of the layered perovskites; see Figure S11, Sup-
porting Information.[35]

The time-resolved PL of the peaks HXF2, HXF1, and XF are 
displayed in Figure 3b. Here, the peaks HXF2 and HXF1 show a 
fast decay with a lifetime of ≈5 ps; the instrumental resolution 
is approximately 2 to 3 ps. Peak XF shows a much slower decay 
of 43 ps. In addition, peak XF shows a delayed onset of approxi-
mately 10 ps, indicating that relaxation occurs from higher 
energy states toward the bottom of the electronic excited state 
(ES). The fast decay of peaks HXF2 and HXF1 together with 
their energy spacing coinciding with perovskite phonon modes 
leads us to ascribe these emissions to the radiative recombina-
tion of hot excitons as part of a vibronic progression; this is 
schematically depicted in Figure 3c.

The low-temperature PL spectrum of (PEA)2PbI4 also shows 
high-energy peaks (Figure  S12, Supporting Information, peaks 
HXP2 and HXP1) that are in accordance with previous reports.[14,15] 
Strikingly, the interpeak separation is 40 to 46 meV for (PEA)2PbI4, 
therefore much larger than the 12 to 15  meV separation for 
(3-FPEA)2PbI4. The smaller energy spacing of 12 to 15  meV 
in (3-FPEA)2PbI4 opposes the view that the energy spacing of 
35 ± 5 meV is an overarching observation in these materials.[15,36]

Similar to a previous report, we observe that the heavier 
mass of the halogen reduces the spacing of the hot-exciton 
emissions.[13] Assuming the hot-exciton peaks originate from a 
vibronic progression, it is remarkable that there is practically no 
change of modes observable in the Raman spectra (Figures S6 
and   S8, Supporting Information). Since Raman spectroscopy 
only probes the electronic ground state (GS), one explanation 
would be strikingly different modes in the electronic excited 
state governed by the organic cation. This observation warrants 
further studies to explain the impact of fluorination on the 
vibrational structure of the electronic excited state.

Figure 3.  a) The narrow emission of (3-FPEA)2PbI4 at 5.4 K shows mul-
tiple PL peaks both on the high energy side of the free exciton XF as well as 
on the low energy side. The HXF2, HXF1, and XF peaks all show a similar 
high energy shoulder. b) Their time-resolved traces are shown in. c) The 
recombination processes of HXF2, HXF1, and XF peaks are illustrated in 
a configurational coordinate scheme with ES being the electronic excited 
state and GS the ground state.

Table 1.  Summary of the energetic positions of the PL peaks.

HX2 HX1 X LX1 LX2 LX3 LX4

3-FPEA 2.411 eV 2.399 eV 2.384 eV 2.376 eV 2.371 eV 2.344 eV 2.340 eV

PEA 2.435 eV 2.389 eV 2.349 eV 2.347 eV 2.309 eV 2.305 eV –

Adv. Optical Mater. 2021, 9, 2001647
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Focusing on the low-energy side of the free exciton, Figure 4a 
shows a similar substructure in both compounds: LXF3 
and LXF4 for (3-FPEA)2PbI4; LXP2 and LXP3 for (PEA)2PbI4. 
Analogous to the room-temperature PL, the PL at 5.4  K of 

(3-FPEA)2PbI4 is shifted to higher energy compared to the 
PL of (PEA)2PbI4 due to the increased distortion of the Pb-I-
Pb angle. The substructures are only observed using a high-
resolution grating. In addition, these high-resolution spectra 
allow to observe important differences near the main peak, 
that is, two individual peaks LXF1 and LXF2 for (3-FPEA)2PbI4 
and LXP1 for (PEA)2PbI4. Mostly, these differences appear from 
a larger broadening of the PL of (PEA)2PbI4, which could be 
determined by a form of long-range disorder characterizing this 
system. The small rotations of the inorganic layers around the 
stacking direction observed for this system (see Figure S1, Sup-
porting Information), could be the source of such a disorder. 
The shoulder LXP1 could indicate a fine-structure splitting of 
the free exciton.[21,37] The plateau between LXF2 and LXF3 in 
(3-FPEA)2PbI4, and between LXP1 and LXP2 in (PEA)2PbI4 indi-
cates emission from a large number of unresolved peaks.

Variation of the excitation fluence can help in discriminating 
recombination processes from each other. The PL intensity of 
these processes can be described by I∝Pk with P the excita-
tion fluence.[38,39] Monomolecular recombination processes, for 
example, exciton recombination, typically show an exponent k of 
one. Exponents equal to or lower than one can be linked to free-
to-bound and donor–acceptor pair transitions, whereas both a 
linear and superlinear dependence are associated with bound 
excitons.[38] A superlinear dependence has also been attributed 
to the emission of biexcitons in layered perovskites.[21,28,40]

The PL intensities versus increasing excitation fluence are pre-
sented in Figure S9, Supporting Information for (3-FPEA)2PbI4 
and Figure  S10, Supporting Information for (PEA)2PbI4. The 
main peaks X rise linearly with increasing excitation fluence, 
corroborating our assignment of free exciton emission. Inter-
estingly, peaks LXF3 and LXF4 in (3-FPEA)2PbI4 show a linear 
dependence opposed to the superlinear dependence of peaks 
LXP2 and LXP3 in (PEA)2PbI4. This suggests either the absence 
of biexcitons in (3-FPEA)2PbI4 or the misattribution of biexci-
tons in (PEA)2PbI4, since a superlinear dependence points both 
to the emission of bound excitons and biexcitons.[21,38]

We extracted the time-resolved traces of the free exciton 
and the low-energy peaks for both materials, as shown in 
Figure  4b,c. The traces of the low-energy peaks are combined 
as these could not be displayed separately; see Figure S13, Sup-
porting Information for the streak camera images. The PL for 
both materials shows a biexponential decay, where the free 
exciton decays faster than the low-energy peaks, as summarized 
in Table 2. Additionally, the low-energy traces exhibit a delayed 
onset up to tens of picoseconds, suggesting a transfer process 
from the free exciton. The similarity of PL decays of LX1F+LXF2 
and LXF3+LXF4 suggests a similar origin of these emissions. 
We note that a long PL tail of LXF1+LXF2 continues well beyond 
the displayed time window and persists for hundreds of ns into 
the μs range (Figure S14, Supporting Information). It has been 
argued that the long decay stems from weakly allowed emission 
from a dark state due to spin-orbit coupling and intermixing of 
a triplet state with a singlet state.[21,41,42] This leads us to assume 
the presence of a dark state slightly below the main peak of 
(3-FPEA)2PbI4 as observed in (PEA)2PbI4; see for additional dis-
cussion Note S1, Supporting Information.[21]

As mentioned earlier, the assignment of the low-energy PL 
peaks in layered perovskites based on PEA has been a source 

Figure 4.  a) Normalized PL spectra of (3-FPEA)2PbI4 and (PEA)2PbI4 show 
similar low-energy substructure. Time-resolved traces of the main peak 
together with the low-energy peaks b) of (3-FPEA)2PbI4 and c) of (PEA)2PbI4.
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of contradicting reports.[13–18,43] Explanations include excitons 
bound to defects,[16,17] vibronic progressions,[13,14,43] and exciton 
polarons.[15,18]

Our data, namely, the intricate substructure, the PL intensity 
dependence on the excitation fluence, and the slower PL decay 
of the low-energy peaks suggests the presence of bound exci-
tons. This explanation is further corroborated by the marked 
change in PL intensity upon temperature variation, an observa-
tion only expected for bound excitons (Figure S15, Supporting 
Information).[17] It is clear that, as discussed above, the crystal 
structure influences the emission energy of the of the bound 
excitons. The larger emission linewidth of XP compared to XF 
could indicate an increased disorder in (PEA)2PbI4; an example 
could be the small rotation of the inorganic planes around the 
stacking direction.

Furthermore, for the emission LXF3 and LXF4, we exclude 
that phonon replicas could be their origin as the required 
modes in the Raman spectra are absent. In addition, we have 
no clear evidence of the energetic separation of 35 meV to con-
firm the proposed model of exciton polarons being important 
for this class of materials.

3. Conclusion

To conclude, in this study we address a current debate in the 
literature and contribute to the understanding of the emission 
properties of layered perovskites. This is achieved by investi-
gating the structural and optical properties of (3-FPEA)2PbI4 
and (PEA)2PbI4 single crystals. Fluorination of the organic 
cation increases the distortion of the octahedral layer, resulting 
in a shift to higher energy of the absorbance and PL spectrum. 
Interestingly, the PL spectra exhibit an intricate substructure at 
5.4 K, where the interpeak separation of two hot-exciton peaks 
is reduced from 40 to 46 meV for (PEA)2PbI4 to 12 to 15 meV 
for (3-FPEA)2PbI4. In addition, high-resolution PL spectra show 
a previously unreported substructure in the low-energy peaks. 
Analysis of these spectra reveals that the emission at lower 
energies originates from bound excitons, in contrast to the 
commonly reported phonon replicas.
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