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1. Introduction

The strong coupling between the crystal lattice and excitons
would lead to the generation of self-trapped excitons
(STEs)™?!, which are one type of bound state excitons. Unlike
bound state excitons usually formed by binding to defects,
STE can be produced even in a perfect crystal lattice, which is
created by the deformation of the crystal lattice under the cou-
pling effect due to the softness of the crystal lattice!™*). Once the
excitation is removed, the coupling disappears, and the lattice
will return to its original state, resulting in removal of STE!.
Therefore, STE can be regarded as one type of trapped state that
exists only under an excited state!!. STE exhibits broadband
emissions with a large Stokes shift below the bandgap, which is
beneficial to the white-light emitting devices”®™°). Identifying
and investigating the basic physical properties of STE is the basis
for designing optoelectronic devices and optimizing device
performance.

Recent studies reveal that two-dimensional (2D) perovskites
show strong broadband luminescence, which is attributed to
STE emission!>""""*), Usually, STEs are only present under
excited states, and thus it is a great challenge to directly detect
them!®. The intensity of STE is related to the temperature, the
dimension of the materials, and the exciton-phonon coupling
strength); however, it is still difficult to distinguish STE from
defect emissions at present. Currently, two strategies are
usually adopted to identify the presence of STE, which are the
ultrafast spectroscopy technique®'>'® and the evaluation of
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Two-dimensional (2D) perovskites exhibit broadband emission due to strong exciton-phonon coupling-induced self-trapped
excitons and thus would find important applications in the field of white-light emitting devices. However, the available
identifying methods for self-trapped excitons are currently rather limited and complex. Here, we identify the existence
of self-trapped excitons by Raman spectroscopy in both excited and non-excited states. Under excited states, the shifting
of the Raman peak indicates the presence of the lattice distortion, which together with the extra Raman scattering peak
reveals the presence of self-trapped excitons. Our work provides an alternative simple method to study self-trapped
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exciton-phonon coupling strength extracted from absorption
and luminescence spectra'®'®'”), The former requires an expen-
sive femtosecond laser, while the latter generally needs to carry
out temperature-dependent measurements, and the error of
experimental fitting is also unavoidable. Therefore, it is desirable
to find a simple and efficient method to identify and study STE
in 2D perovskites.

Here, we report on the identification of STE in 2D perovskite
crystals by Raman spectroscopy. By measuring the Raman spec-
tra of the (CgHoNHj;),PbI,[(PEA),Pbl,] 2D perovskite under
excitation of the 2.33 eV and 1.96 eV lasers, we observed red
shifting of Raman peaks in the excited states, revealing lattice
distortion under the excited states. In addition, the extra
Raman scattering peak under the excited states further confirms
the formation of STE.

2. Crystal Preparation

(PEA),Pbl, perovskite crystals are synthesized according to the
previously reported solution method!"*2%! The structure of
(PEA),Pbl, can be regarded as an inorganic layer of [Pblg]*~
octahedral sandwiched by two layers of phenethylammonium
(PEA) organic cations [Fig. 1(a)]. The color of the as-synthesized
crystal is orange, which is consistent with previous reports
[Fig. (b)Y A powder X-ray diffraction (XRD) pattern
[Fig. 1(c)] of as-synthesized crystals shows that all diffraction
peaks can be indexed to the (00]) direction, similar to previous
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Fig. 1. (a) Schematic of (PEA),Pbl, crystal structure. (b) Optical microscope
image of the as-synthesized crystal. Scale bar: 2 mm. (c) Powder XRD pattern
of as-synthesized crystals. (d) Optical microscope image of an exfoliated
flake. Scale bar: 10 um.

reports'>!]. The 2D perovskite flakes were exfoliated from bulk
crystals and transferred onto a silicon substrate for the following
optical measurements [Fig. 1(d)]22,

3. Self-Trapped Exciton Emission

Figure 2 displays the photoluminescence (PL) spectra of as-
synthesized crystals at 80 K under different laser excitation.
Under a 2.62 eV laser excitation, which is larger than the exci-
tonic energy of (PEA),Pbl, (~2.36 eV), the crystal can be
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Fig. 2. PL spectra of a (PEA),Pbl, crystal under different excitation at 80 K.
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excited, and thus there are emission peaks of both free excitons
(Xo) and STE (Xgrg)'*?). Similarly, when the excitation beam
with an energy of 2.33 eV is located at the band-edge of
(PEA),Pbl,, the crystal can still be excited, and only STE emis-
sion is present. The emission peak of STE excited by the 2.33 eV
laser shows a blue shift compared with the spectrum excited by
the 2.62 eV laser, which might be due to the heating effect. In
contrast, when the energy of the excitation beam (1.96 eV) is
far lower than the bandgap of 2D perovskite crystals, no emis-
sion peak can be observed except for a sharp line (Pg;) close to
the excitation laser, which can be ascribed to the Raman signal
from the silicon substrate. Those observations clearly indicate
that STE only exists in excited states, agreeing with previous
reports[4].

We have further carried out temperature-dependent PL stud-
ies. Figures 3 and 4 show the temperature-dependent PL spectra
excited by the 2.33 eV and 1.96 eV lasers, respectively. We inten-
tionally plot them at the same intensity scale for comparison.
With the increase of temperature, the intensity of STE emission
gradually decreases under the 2.33 eV laser excitation [Fig. 3(a)],
while no emission peak is present for all of temperatures we
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Fig. 4. Raman spectra of a (PEA),Pbl, crystal under 2.33 eV (black) and 1.96 eV
(red) laser excitation at 80 K. The positions of all peaks are 76cm™" (Py),
1025¢cm~" (P,), 134cm~' (Ps) [non-excited state), and 79.6cm~" (Py),
1085cm~" (P,), 134cm" (P;), 160.8cm~" (P,) (excited state).
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Fig. 3. PL spectra of a (PEA),Pbl, crystal excited by (a) 2.33 eV and (b) 1.96 eV lasers at different temperatures.
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investigated under a 1.96 eV excitation [Fig. 3(b)]. This further
confirms that STE must be formed under excited states and in-
dependent of the surrounding temperature.

4. Raman Spectroscopy

We have measured the Raman spectra of (PEA),Pbl, under
both excited states and non-excited states to investigate how
the STE can alter the Raman spectrum. The Raman spectra
under excited states and non-excited states are collected under
the 2.33 eV and 1.96 eV laser excitation, respectively. All Raman
spectra were calibrated by using a silicon wafer. Figure 4 indi-
cates that there are three peaks (labeled as Py, P,, P;) under both
excited and non-excited states, whereas an additional peak
appears under the excited states (labeled as P,;). In order to elimi-
nate the influence from sample degradation'?*!, we changed the
excitation laser from 1.96 eV to 2.33 eV and back to 1.96 eV for
cyclic measurement, and no apparent difference in Raman spec-
tra can be observed, suggesting that a difference in the Raman
spectra between excited and non-excited states indeed originates
from the excited states. According to a previous report, we assign
P, to Pb-I bond bending and twisting, P, to out-of-plane Pb-I
bond stretching, and P; to in-plane Pb-I bond stretching!®*'.

In addition, compared with the spectrum under non-excited
states, P; and P, show a red shift under the excited states, while
P; remains at the same position. It has been reported that the
shifting of the Raman scattering peak can reflect the change
of vibration mode and lattice distortion®**”). Therefore, the
shifting of P, and P, indicating the bending and twisting of
Pb-I bonds in the out-of-plane direction is changed. Since
STE is created due to the lattice distortion caused by exciton-
phonon coupling, it is reasonable to use Raman peak shifting
to identify the existence of lattice distortion and further the pres-
ence of STE.

In order to investigate the origin of P4, we have acquired
Raman spectra at different temperatures. There are always three
peaks under non-excited states for all temperatures that we
investigated, and all peaks are not sensitive to temperature
[Fig. 5(a)]. In contrast, under the excited states, the relative
intensities of Py, P,, and P; are changed against temperature,
while P, is rather sensitive to temperature and disappears above
140 K [Fig. 5(b)]. Similar to GaAs when a new Raman scattering

peak from localized holes emerges at low temperature!*®??, we
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Fig. 5. Temperature-dependent Raman spectra of a (PEA),Pbl, crystal under
non-excited states excited by (a) 1.96 eV and (b) 2.33 eV lasers, respectively.
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assign the P, peak to the Raman signal of STEs, which are a type
of localized excitons. This assignment is further supported by
the correlation between the STE emission in the PL spectra
and the P, signal in Raman spectra. The STE emission is greatly
enhanced below 140 K [Fig. 3(a)], and simultaneously P, scat-
tering peaks are present below 140 K [Fig. 5(b)].

The evolution of the Raman peak position with temperature
under excited states and non-excited states is also extracted from
Fig. 5 and plotted in Fig. 6. All Raman peaks exhibit a red shift as
the temperature increases. Nevertheless, P, and P, under excited
states show an overall blue shift compared with that under non-
excited states. Therefore, we can exclude the possibility that the
observed Raman shifting under excited states is actually from
the laser heating effect.

We have also measured the Raman spectra of (PEA),PbBr,
perovskite crystals for comparison. There is no Raman peak
shifting and no additional Raman under both 2.33 eV and
1.96 eV laser excitation (Fig. 7). Since the bandgap of
(PEA),PbBry is 3.02 eV, both 2.33 eV and 1.96 eV lasers are
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Fig. 6. Raman peak versus temperature extracted from Fig. 5. The gray dot
lines are used to guide the eye.
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Fig. 7. Raman spectra of (PEA),PbBr, under 2.33 eV (black) and 1.96 eV (red)
laser excitation at 80 K.
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unable to excite (PEA),PbBr,. As a result, no STE can be formed
under both laser excitations. Therefore, this observation further
verifies that the Raman peak shifting and the presence of an
extra Raman peak in (PEA),Pbl, under excited states are due
to STE.

5. Conclusions

In summary, we have investigated the Raman spectra of
(PEA),Pbl, under both excited states and non-excited states.
The Raman peaks P; and P, show a red shift under excited
states, indicating the distortion of the crystal lattice, whereas
the temperature-sensitive Raman peak P, under excited states
verifies the presence of STE. Raman peak shifting and extra
Raman scattering peaks can be borrowed to identify the exist-
ence of STE in 2D perovskites. Our work provides an alternative
simple method to study STE in 2D perovskites and promotes
more investigations on STE-based optoelectronic devices.
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