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Two-dimensional metal-halide perovskites are highly versatile for light-driven applications due to
their exceptional variety in material composition, which can be exploited for tunability of
mechanical and optoelectronic properties. The band edge emission is governed by the exciton fine
structure that is defined by structure and composition of both organic and inorganic layers.
Moreover, electronic and elastic properties are intricately connected in these materials. Electron-
phonon coupling plays a crucial role in the recombination dynamics. However, the nature of the
electron-phonon coupling, as well as which kind of phonons are involved, is still under debate.
Here we investigate the emission and phonon response from single two-dimensional lead-iodide
microcrystals with angle-resolved polarized spectroscopy. We find an intricate dependence of the
emission polarization with the vibrational directionality in the materials, which clearly reveals that
several bands of the low-frequency phonons of the inorganic lead-iodide perovskite lattice play
the key role in the band edge emission. Our findings demonstrate how the emission spectrum and
polarization of two-dimensional layered perovskites can be designed by their material
composition, which is essential for optoelectronic applications, where fine control on the spectral

and structural properties of the light is desired.

Two-dimensional layered organic-inorganic perovskites alternate sub-nanometer thin
semiconductor layers consisting of a single plane of inorganic metal halide octahedra with

dielectric layers formed by the organic cations.! This leads to strong confinement of the electronic



carriers, which renders such systems as natural quantum wells, with binding energies for electron-
hole pairs (excitons) of the order of several hundred meV. > These properties are highly appealing
for light emission and manipulation in a large variety of applications, in particular, because the
emission can be tailored by the choice of the halide, and to some extent by the composition of the
organic layers that influence the structural and electrical properties of the material. ® Here the
static distortions induced by the binding of the organic cations to the octahedra layer have a
significant impact on the crystal structure and electron-phonon coupling. ¢ Furthermore the
organic layer defines the dielectric confinement of the charge carriers in the semiconductor metal
halide lattice. Several recent works investigated the confinement effects on the exciton fine
structure, and on the dark singlet and a bright triplet states at the band edge, *!* and provided a
detailed understanding with insights on crystal symmetry, polar distortions, and other structural
property effects. ' 12 1418 However, the influence of the electron-phonon coupling in the
recombination dynamics is much less investigated, and which mechanisms and phonon bands
contribute to the band edge emission is under debate. For example, a series of equally spaced
peaks in the emission spectra has been attributed to a vibronic progression due to coupling to
phonons of the organic cations 2!, while other works observed emission dynamics that were

related to polaron formation. 22>

In this work, we correlate the band-edge exciton emission of single two-dimensional lead-iodide
perovskite flakes with their phonon response. The latter is measured by Raman spectroscopy under
resonant (above band gap) and non-resonant (below band gap) excitation. In detail, we record
angle-resolved polarized photoluminescence (PL) and Raman spectra from the same region of
single, regularly shaped 2D microcrystals, where we resolve emission peaks with width of less

than 0.5 meV, and where we have access to the low-frequency Raman response down to 8 cm!



(equivalent to 1 meV). This allows to directly correlate the in-plane polarization of the different
exciton emission bands with the directionality of the phonon modes of the inorganic octahedra
lattice. We find a distinct polarization of the different emission peaks that is strongly connected to
the directionality of the low-frequency phonon bands. Furthermore, these optical properties

critically depend on the type of organic cation in the 2D crystal.

RESULTS & DISCUSSION

Figure 1 (A-B) illustrates the main features of the optical setup that enables angle-resolved PL
and Raman spectroscopy on the same region of a single micron-sized crystal. The coaxial beam
path of the different laser lines allows to measure under excitation with different wavelengths (457
nm for above, and 633 nm for below band gap excitation), and the switching of the grating in the
spectrometer enables to record PL. and Raman spectra from the same excitation spot. In the
experiments, we first recorded the PL that required much shorter integration time (fractions of a
second) and less excitation power, and then the Raman signal that was integrated over several tens
of seconds and, if needed, measured with higher excitation power. In all cases we assured that the

beam exposure did not lead to degradation or damage of the sample.

As metal halide perovskite samples, we chose two-dimensional lead-iodide crystals in the
Ruddlesden-Popper phase with butylammonium (BA), undecylammonium (UDA), and
phenylethylammonium (PEA). BA,Pbl, is the most studied 2DLP system with an aliphatic chain
cation, and UDA,Pbl, provides insight on the impact of the aliphatic chain length on the
optoelectronic properties. PEA,Pbl, is the archetype of a 2D perovskite with a phenyl ring in the
organic portion that leads to different properties of the organic layer, for example in its stiffness.

Furthermore, the above materials have different symmetries in their low-temperature phase (here



our structural characterization is in agreement with literature, as discussed in the Supporting

Information (SI) in Section 1).
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Figure 1. Directional photoluminescence and Raman spectra from single 2D perovskite flakes. A)

Scheme illustrating the setup for the angle-resolved PL and Raman spectroscopy experiments. The half-



wave plate in both the combined excitation and collection path allows to rotate the angle of the incident
linear polarization with respect to the orientation of the exfoliated single crystalline perovskite flake under
investigation. PL. and Raman spectroscopy measurements were recorded from the same micron-size spot
of the 2D perovskite flakes. B) Optical microscope image of a single exfoliated 2D perovskite flake
overlayed with an illustration of its octahedra lattice. The blue arrow illustrates the linear polarization
impinging on the sample, which is defined by the angle of the half wave plate that can be rotated with
respect to the orientation of the flake (red circular arrow) and the vertical axis of the setup (green arrow)
that corresponds to the analyzer direction. C) Color map of the angle-dependent PL intensity with laser
excitation s at 457 nm (2.71 eV). The inset shows an optical image of the measured flake, where the
yellow dot shows the location of the excitation spot, and the green arrow indicates the direction of the
(fixed) vertical analyzer of the optical setup. D) PL spectra recorded at angles of 15° and 105° (white
dashed lines in A) together with Gaussian fitting of the spectra. E) Waterfall plot of the spectra recorded
from 15° (red) to 105° (blue), which show the increase of P2 and decrease of P1 with increasing angle. F)
Angle-resolved Raman spectra displayed as a color map, recorded with 457 nm laser excitation from the

same spot as the PL. See Section 2 in the SI for data from another BA,Pbl, flake.

The angle-resolved PL spectra measured from a single BA,Pbl, flake are shown in Figure 1C. We
clearly observe a maximum in the overall emission intensity at an angle of around 105°-120° and
a minimum at around 15°. These angles correspond to those of the straight edges of the flake
parallel to the vertical direction of the analyzer (see inset), and therefore we can associate the main
emission intensity roughly to be along one of the major axes of the octahedra lattice. Gaussian
fitting of the emission spectra reveals the contributions of two bands to the main peak, as depicted
in Figure 1D, where the spectra recorded at 15° and 105° are displayed. The emission at 105° is
characterized by a Gaussian peak (P2) at 2.534 eV with width of 3.5 meV (we take as Gaussian

peak width twice the standard deviation) that has a series of small narrow peaks overlaying its



low energy side, which feature a non-equidistant spacing that increases from 1.8 meV to 5 meV
towards lower energies. The spectrum at 15° can be well fitted with four Gaussian peaks, three
with similar narrow width of around 3 meV, and one broader background peak with 15 meV width.
We associate the peaks with ca 3 meV width to the confined band edge excitons, and focus on the
peaks labeled P1 and P2 that show an orthogonal behavior in intensity with respect to the
polarization angle (Peak P3 has a similar angular behavior as peak P2, as evident in Figure 2C).
Fig. 2C shows that P1 decreases from 15° to 105°, while P2 increases. Therefore, we assign P1
and P2 to the confined excitons along the orthogonal in-plane directions of the major axes
(respectively a and b in Figure 1B) of the 2D single crystal. The resonant Raman spectra recorded
from the same region are depicted in Figure 1F. Dominant modes are found at 25 cm™! and 49 cm
!, which have their intensity maxima at the same angles as the PL. maxima of peaks P1 and P2
(indicated by the white dashed lines in Figure 1C,F). We therefore conclude that these low
frequency phonons, which correspond to octahedral twists (25 cm!) and Pb-I bond bending and
stretching (49 cm), 222628 are fundamentally involved in the emission dynamics. To summarize,
the regular BA,Pbl, flake manifests two emission bands, P1 and P2&P3, respectively, that have
their intensity maxima at orthogonal angles, and which can be associated to the in-plane confined
exciton modes along the major axis of the octahedra lattice. Intensity maxima of the low-frequency
phonon modes occur at the same angles as the emission intensity maxima, pointing to a strong
impact of electron-phonon coupling with these low-frequency vibrational modes in the

recombination dynamics.

We now turn to UDA,Pbl, that features an organic cation with a longer aliphatic chain (11
carbons), which leads to a thicker organic layer and stronger dielectric confinement. Accordingly,

the emission of UDA,Pbl, is blue-shifted with respect to BA,Pbly, as shown in Figure S2 in the SI.



Furthermore, from literature we expect the low temperature crystal phase of UDA,Pbl, to be

monoclinic, with a stronger out-of-plane octahedra tilting. %
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Figure 2. Angle-resolved PL and Raman spectra of UDA,Pbl4. A) Color map of the angle-dependent PL
intensity. The inset shows an optical microscope image of the measured flake, the yellow dot illustrates
the excitation spot, and the green arrow indicates the direction of the analyzer in the optical setup. B)
Normalized PL spectra recorded at angle of 0° and 90° (white dashed lines in A) together with Gaussian
fitting. C) Waterfall plot of the spectra recorded from 0° (red) to 90° (blue) - as indicated by the white
arrow in A -, which show the dominant increase of P3, and a more rapid increase of P1 with respect to P2

(see Section 3 in the SI for data from another UDA,Pbl, flake). D) Angle-resolved resonant Raman



spectra recorded with 457 nm excitation from the same spot as the PL spectra, displayed as color map.
No distinct angle dependence of the phonon intensities is observed. All spectra were recorded at T=4K

with excitation at 457 nm.

Figure 2A-C displays the angle-resolved PL of a single UDA,Pbl,flake. In contrast to BA,Pbl,,
all emission peaks in the UDA,Pbl, spectrum have their intensity maximum at the same angle, at
around 90° (Figure 2C). However, we distinguish differences in the strength of the intensity
increase with changing angle: peak P1 is weaker than P2 at 0°, which is reversed at 90°, and peak
P3 features the strongest angle-dependent increase in intensity. We therefore associate the peaks
P1, P2, and P3 to exciton states with different (in-plane) symmetry. The polarization dependence
of the emission peaks with a single angular maximum goes along with phonon modes under
resonant excitation that manifest no significant angle dependent intensity variation, see Figure 2D,
and with vibrations along the diagonal lattice directions (Figure 3), as will be discussed in the

following.
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Figure 3. A) Angle-resolved non-resonant Raman spectra of UDA,Pbl, recorded with excitation
wavelength of 633 nm (1.96 eV) at T=4K. A very rich phonon spectrum is observed, containing a
large number of modes that show different angular behavior. White arrows indicate intensity
maxima of phonons at angles of 30 and 120°, cyan arrows indicate maxima at 75° and 165°. The
45° difference between these angles evidences phonon modes along the major axes of the
octahedra lattice and along their diagonals. B) Optical microscope image of the flake under
investigation, the green arrow indicates the polarization direction of strong emission. C) Top view
on the crystallographic unit cell for DA,Pbl, (10 carbons), the in-plane orientation is rotated to
match the straight edges of the flake in B, and the dashed lines indicate the directions that

correspond to the Raman intensity maxima in A.

Interestingly, we observe a strong directionality of the phonon modes under non-resonant
excitation in the Raman spectra of UDA,Pbl,, as shown in Figure 3A. Here we find the intensity
maxima of different phonon modes at angles that differ by multiples of 45°, which lifts the
orthogonal occurrence of the phonon bands. It is therefore plausible that phonon modes with
different directionality are coupled the recombination processes of the confined excitons, which
homogenizes the angular intensity dependence of the different emission peaks. In this picture the
emission polarization is defined by the vector product of the emission dipoles and the different
phonons. As for BA,Pbl, , we also observe a series of narrow peaks with few meV spacing in the
emission spectra of UDA,Pbl, (Figure 2A-C). This series mainly occurs on the low energy side of
peaks P1&P2, and is more dominant at the angle where strong emission occurs.

We also investigated the emission and vibrational properties of single PEA,Pbl, flakes and report
the PL and Raman spectra in Section 4 in the SI. Overall, the behavior of PEA,Pbl, is similar to

that of UDA,Pbl,, featuring intensity maxima of the emission peaks at a similar polarization angle,
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and phonon bands with a strong angular intensity variation under non-resonant excitation in the
Raman spectra, while under resonant excitation no significant angular dependence is present. The
main emission band shifts in energy with polarization angle, in agreement with literature. °
Interestingly, in the PL spectra of PEA,Pbl, we observe two additional strong sharp peaks in the
emission spectrum, and their energy spacing of 9.4 meV corresponds very well to the energy of
the out-of-plane phonon mode, see Figure S8. Therefore, we conclude that these sharp peaks
originate from a vibronic progression related to this out-of-plane phonon mode that is favored by
the stiffer organic layer in PEA,Pbl,, in agreement with literature. - 2! This interpretation is
corroborated by the weak angular intensity dependence of both the sharp emission peaks and of
the out-of-plane phonon mode. We also note two weak double-peak structures that are present at
the high energy side of the main emission band that show an orthogonal intensity dependence with
respect to their polarization angle: the higher energy double-peak vanishes towards the polarization
angle at which all other peaks have their maximum intensity (Figure S9). This could indicate an
out-of-plane confined exciton state that is weakly coupled via the tilting of the octahedra.
Summarizing our findings on the correlation of the emission properties with their vibrational
behavior we observe the following: The BA,Pbl, flakes feature relatively few low-frequency
phonon modes, with mostly two orthogonal angle-dependent maxima. Accordingly, we observe
exciton peaks in the emission of the BA,Pbl, flakes that have their intensity maximum with
polarization along these two directions. For UDA,Pbl,, where the longer aliphatic chain leads to a
larger thickness of the soft organic layers, the vibrational response and the optical behavior are
different. UDA,Pbl, crystals feature a much richer phonon spectrum (best resolved under non-
resonant excitation) that contains vibrations along both major axes of the octahedra lattice and,

importantly, also along its diagonals. Therefore, the set of phonon modes cannot be separated in
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two orthogonal components, and the intensity of all emission bands maximizes at one distinct
polarization angle. This goes along with a negligible angle dependence of the phonon modes under
resonant excitation, where the scattering is strongly coupled to hot excitons. For PEA,Pbl,, the
higher stiffness of the organic layers (due to the m — m bonding of the phenyl rings*®) leads to
significant coupling of the excitons also to out-of-plane phonon modes that have higher
frequencies (around 10 meV), and which are isotropic in the octahedra lattice plane, and weak
higher energy emission peaks with orthogonal polarization indicate signatures of out-of plane
confined excitons. For all studied samples, the dominant presence of the low-frequency phonon
modes (<7 meV) in the resonant (and non-resonant) Raman spectra underpins their important role
in the optical recombination processes. This behavior supports the interpretation that polaron
vibronic progressions involving these modes with few meV energy are dominant in band edge
emission.

Figure 4 reports temperature dependent PL experiments in the range from 4-80K that reveal how
the band edge emission fine structure observed at 4K evolves from a single broad peak at 80K for
all samples. The exciton-fine structure emerges in the temperature range below 80K, which
underpins the key role of the low-frequency phonons with energy below 10 meV in the emission
dynamics. With decreasing temperature, we observe a red shift of the main emission band for
BA,Pbl, (Figure 4A) and PEA,Pbl, (Figure 4C,D), in agreement with literature, 3!- 3 while for
UDA,PbL, (Figure 4B) the broad peak observed in the range from 60 -80 K splits into a set of
sharper peaks below 40K. For the systems build with organic cations with an aliphatic chain
(BA,Pbl, and UDA,Pbl,), the emission intensity increases significantly with decreasing
temperature. This is different for PEA,Pbl, where the emission intensity has a maximum at around

50K, a local minimum at 20K, and then again relatively strong emission intensity at 4K. Such
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behavior can be explained by the involvement of phonons with different energies in the emission
process, namely the out-of-plane phonon at 9.4 meV (77 cm™), and the low-frequency in-plane
phonons in the range from 2.5 -6 meV (20-50 cm). The weak dependence of the emission
intensity at temperatures below 30K for PEA,Pbl, indicates that the impact of the in-plane phonons
to the thermal coupling of the exciton band edge states is much less as compared to BA,Pbl, and
UDA,PbL. Accordingly, we do not find a low-frequency signal in the resonant Raman spectra

recorded from the PEA,Pbl, flake, see Figure S10.
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Figure 4. Temperature dependence of the band-edge emission of single lead-iodide microcrystals.
A-B) Semi-log plot of the emission intensity of BA,Pbl, (A) and UDA,Pbl, (B). The insets show
the emission at 80K on a linear scale. C-D) Color-plot and emission spectra at different

temperatures of a single PEA,Pbl, flake.
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In conclusion, our combined study of the angle-resolved photoluminescence and Raman spectra
of single two-dimensional lead-iodide microcrystals evidenced the strong correlation of the low-
frequency phonons with the band edge emission. In particular, the exciton polarization is not
isotropic in the plane of the octahedra lattice, as would be expected from the electronic structure,
13 highlighting the strong influence of the exciton-phonon coupling. Here subtle differences in
the organic cation, like a change in the length of the aliphatic chain, can lead to very different
emission polarization and PL line width broadening. Our results reveal the complexity of the
electron-phonon coupling and provide detailed insight on how the directionality of the phonons
impacts the polarization and intensity of the band-edge emission. One consequence is that the
typically applied Bose-Einstein modeling of the thermal broadening of the PL, which is based on
a single LO phonon energy, 33-3* is not adequate to describe the thermal behavior of the 2DLPs. In
this respect, the correspondence of the energy of the directional low-energy phonons with the
thermal range below 80K, where the complex splitting of the band edge emission appears,
highlights the impact of multiple low energy phonons on the emission properties of these materials.
These insights on how phonon directionality impacts exciton polarization, are important for
designing photonic devices, in particular, where the orientation of the emission dipoles is crucial

for their performance, for example in optical cavities and other resonators.

EXPERIMENTAL SECTION

Materials. Lead (IT) iodide (Pbl,, 99 %), hydroiodic acid (HI, 57 %, distilled, 99.999 % trace metal
basis), hypophosphorous acid (H;PO,, 50 %), phenethylamine (PEA, 99 %), undecylamine (UDA,
>98 %), butylamine (BA, 99.5 %), ethyl acetate (=99.5 %), toluene (=99.7 %) were purchased

from Sigma-Aldrich without any further purification.
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Sample fabrication. Microcrystalline powders of BA,Pbl,, UDA,Pbl, and PEA,Pbl, were

synthesized by a modified antisolvent-assisted fast crystallization approach published previously
by our group. ** Briefly, 0.25 mmol Pbl, was dissolved in 200 pl of HI and 108 pl of H,PO;,
followed by the dilution with 2 ml ethyl acetate for UDA,Pbl, and PEA,Pbl, and 2 ml ethyl acetate
and 1 ml toluene for BA,Pbl,. Afterward, 0.6 mmol of the respective amine was directly injected
into the mixture, leading to the immediate crystallization of orange microcrystals. The reaction
mixture was continuously agitated for at least 3 h. Subsequently, the microcrystalline powder was
separated from the solution by centrifugation at 6000 rpm, followed by the redispersion in the
respective solvent system. The washing procedure was repeated twice and the purified crystals

were dried under vacuum for 1 h.

Angle resolved PL. and Raman experiments. Raman experiments were performed under resonant

conditions with wavelengths of 457 nm from an Ar* laser and non-resonant conditions with
wavelengths of 633 nm from a He—Ne laser. The spectra were collected in a backscattering
geometry using a Jobin—Yvon HR800 micro-Raman system equipped with a charged-coupled
detector (CCD) and a 50x objective (numerical aperture (NA) of 0.55) with a long working
distance. 2400 lines/ mm gratings were used yielding a spectral resolution was 0.19 cm~! per CCD
pixel under 633 nm excitation with 2400 lines/mm. The laser plasma lines were removed by Bragg-
volume-grating-based bandpass filters (BPF) from OptiGrate Corp. The samples were placed in a
closed cycle cryostat (Montana Instruments) and cooled to cryogenic temperatures of about 4K.
For angle-resolved Raman measurements, two vertical polarizers and one rotational half-wave
plate were utilized. One polarizer was inserted in the incident path, and one analyzer with
polarization parallel was allocated in the scattered path before the spectrometer. The half-wave

plate was positioned in the common optical path of the incident and scattered light to
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simultaneously alter their polarization directions. Rotating the fast axis of the half-wave plate by
an angle of ¢/2 is equivalent to a rotation of the sample by an angle of ¢ relative to the
polarization directions of the polarizer and analyzer.’ The laser power was kept lower than 40uW
to avoid laser-induced degradation of the sample. For the temperature-dependent measurements,
the sample was first cooled to 4 K and then the temperature was raised stepwise to the indicated
values. The angle-resolved photoluminescence spectra were recorded with the Raman setup using
a grating with 600 lines/mm and a laser at 457 nm wavelength from an Ar* laser. For PL

measurements, the laser power is lower than 0.1pW.
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