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Organic-inorganic halide metal perovskites are an exciting class of two-dimensional (2D) materials that have
sparked renewed interest for next-generation optoelectronics. In particular, the self-trapped excitons (STEs)
in 2D perovskite with excellent optical properties suggest great potential in display and narrowband detection.
A prerequisite of understanding STEs’ properties is correct identification of the underlying interaction that leads
to STEs. Here, the optical properties of STEs in (iso-BA),Pbl, are characterized through laser spectroscopy at
various temperatures and excitation intensities. It is found that STEs are related to the octahedral distortion
caused by strong electron—phonon interaction. Trapping and detrapping between STEs and free excitons
(FEs) are clearly observed. With the increase in temperature, STEs and FEs will gain enough energy and migrate
to each other. Moreover, by characterizing the thickness-dependent and two-photon excitation emission, it is
confirmed that STEs exist inside the material because of their weak absorption. Our findings are of great sig-
nificance for not only the fundamental understanding of STEs, but also the design and optimization of 2D-

perovskite-based electronic and optoelectronic devices.
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1. INTRODUCTION

Organic—inorganic halide metal perovskites have attracted tre-
mendous interest due to their high power conversion efficiency
and convenient synthesis. Although significant progresses
have been achieved in perovskite-based optoelectronic devices,
the stability issue of materials in ambient environment
prevents their commercialization. In contrast, the emerging
Ruddlesden—Popper two-dimensional (2D) perovskites have
received increasing attention owing to their superior ambient
stability and optoelectronic properties. In this structure, or-
ganic chains are inserted between inorganic octahedral sheets,
so that the inorganic layers can prevent moisture in the air.
Moreover, the unique architecture represents a natural quan-
tum well structure due to the energy difference between organic
and inorganic layers [1-4]. Due to the quantum confinement
effect, the exciton binding energy of 2D perovskites can be as
large as hundreds of meV [5]. The layered structure of the 2D
perovskite provides greater flexibility for optoelectronic appli-
cations while maintaining the convenience and economy com-
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parable to bulk materials. The bandgap and the electronic band
structure can be easily tuned by changing the organic cations or
the number of layers [6—12]. Based on these characteristics, 2D
perovskite has shown attractive applications in the field of opto-
electronic devices, such as light-emitting diodes (LEDs)
[8,13-16], solar cells [7,17,18], lasers [19,20], and photoelec-
tric detection [21-23]. However, as a novel material, the under-
standing of the unique properties of 2D perovskite materials is
still insufficient, especially the self-trapped excitons (STEs) that
often exist in these materials [24,25].

STEs are widely found in halide crystals [26,27], condensed
rare gases [28], oxide crystals [29,30], and organic molecular
crystals [31], which possess strong electron—phonon interaction
and a soft lattice. In this case, the strong electron—phonon in-
teraction can easily induce local lattice distortion, which will
generate self-trapped states within the bandgap of the material
[32]. In 2D perovskite materials, STEs always result in a broad
emission with peak energy lower than that of free excitons (FEs)
[33,34]. Moreover, different from the traditional localized
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states related to defects, STEs are caused by the lattice distor-
tion inside the material, which does not affect the crystal quality
of the material. STEs play an important role in 2D perovskite
devices, such as white light LEDs [33], narrowband detection
[22,23], and laser cooling [35-37]. Therefore, it is essential to
fully understand the characteristics of STEs in 2D perovskites
to design new material architectures and improve device per-
formance rationally.

In this work, the optical properties of STEs in
(iso-BA),Pbl; are characterized through temperature-
dependent and power-dependent photoluminescence (PL)
spectroscopy, and it is found that STEs are related to the octa-
hedral distortion caused by strong electron—phonon interac-
tion. In addition, trapping and detrapping between STEs
and FEs are clearly observed. When the STEs and FEs gain
enough energy through the environment, they can overcome
the potential barrier and migrate to each other. Moreover,
by characterizing the thickness-dependent and two-photon ex-
citation emission, it is found that STEs usually exist inside the
material. According to these characteristics, STEs in 2D perov-
skite can be utilized in the fields of position sensing and three-
dimensional information storage.

2. EXPERIMENT

A. Material Preparation

The synthetic method of (iso-BA),Pbly single crystals can be
found in our previous reports [23,38]. Perovskite microplates
were directly exfoliated from bulk crystals by using Scotch
tape and transferred onto a pre-cleaned quartz substrate for
thickness-dependent characterizations.

B. Material Characterizations

Measurement for absorption was performed by a UV-VIS
spectrophotometer  (Lambda 950, PerkinElmer, Inc.).
Temperature-dependent PL measurements were carried out
from 40 to 300 K within a closed-cycle helium cryostat.
A 325/442 nm He—Cd gas laser was used as the excitation
source. The spot size of the laser beam was about 0.12 cm?.
The PL emission was dispersed by an Andor SR-750 mono-
chromator, and the signal was detected by a charged coupled
device. For two-photon excitation emission, the signal was col-
lected using the same system, but the excitation was replaced by
an 800 nm femtosecond laser (Astrella Ultrafast Ti:Sapphire
Amplifier, Coherent, 1 kHz, 100 fs). A Nikon Ti2-U micro-
scope was used for optical microscopy imaging and spectrum
measurement. Under the 100x objective lens, the spot size of
the laser beam was about 20 um?2.

3. RESULTS AND DISCUSSION

Figure 1(a) displays the schematic crystal structure of
(iso-BA),Pbl,, where iso-butylamine (iso-BA) organic chains
are inserted between the inorganic layers of [Pbl]*~ octahedra
[23]. These layers are stacked by van der Waals interaction to
form the (iso-BA),Pbly crystals. As shown in Fig. 1(b), the as-
synthesized (iso-BA),Pbl; crystals are bright orange plates
with an average size of about 1 mm?. Two peaks can be ob-
served from the room temperature emissions that locate at
around 525 and 560 nm. There is no obvious excitonic
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Fig. 1. (a) Schematic crystal structure of (iso-BA),Pbl, crystals.
(b) Photograph of as-synthesized (iso-BA),Pbl, crystals. (c) Room-
temperature absorption and PL spectra of (iso-BA),Pbly crystals.
(d) PL spectra of (iso-BA),Pbly crystals under different excitation
wavelengths.

absorption peak in the absorption spectrum as shown in
Fig. 1(c). It is worth noting that under different excitation
wavelengths, the emission peak position from the sample shifts
accordingly. For example, as shown in Fig. 1(d), when the sam-
ple is excited by a 325 nm laser, the peak position on the high-
energy side shows a blueshift by 3 nm compared to the case of
442 nm laser excitation, while the low-energy emission peak
remains unchanged. At the same time, the relative intensity be-
tween the two peaks becomes larger. Interestingly, when an
800 nm laser was used to excite the sample, only one emission
peak can be observed, and the location of this peak is the same
as the previous low-energy emission peak. Generally, the emis-
sion peak on the high-energy side is considered to be a radiative
recombination from FEs, while the emission on the low-energy
side is still inconclusive. Based on the positional relationship
between the two emissions, there are several possibilities for
the origin of the low-energy emission, such as defect states,
biexcitons [39], reabsorption, and STEs. A detailed discussion
will be presented below.

To further confirm the origin of the two emissions, a power-
dependent PL measurement at low temperature (40 K) was per-
formed. The PL spectra of (iso-BA),Pbl; single crystals
under different excitation powers (0.01-1.00 mW) are shown
in Fig. 2(a). With the increase in excitation power, the intensity
of the high-energy emission peak increases faster than that of
the low-energy one, as shown in the inset of Fig. 2(a).
Furthermore, a gradual blueshift of the high-energy emission
peak with an increase in excitation power can be found, while
the low-energy emission peak is slightly redshifted. These phe-
nomena are related to the laser thermal effect under excitation
of a 325 nm laser due to the high photon energy. However,
when the excitation source was replaced by a 442 nm laser,
the peak positions and relative intensities of the two emissions
remained unchanged. The laser thermal effect can be further
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Fig. 2. (a) Low temperature PL emission of (iso-BA),Pbly crystals
under different excitation intensities. The inset shows normalized
spectra. (b) Integrated PL intensity of two emission peaks under differ-
ent excitation powers. (c) Low temperature PL emission of
(iso-BA),Pbl, crystals under different excitation intensities. The inset
shows normalized spectra. (d) Integrated PL intensity of two emission
peaks under different excitation powers.

proved by the following temperature-dependent PL measure-
ment where the emission peak position and relative intensity
change under the 325 nm laser excitation. The integrated
PL intensities of the two emission peaks under different exci-
tation powers were extracted and are shown in Fig. 2(b). The
intensity of the emission peak for high-energy emission shows a
linear relationship with excitation power, which confirms the
emission is from the recombination of FEs [40]. In contrast,
a sub-linear relationship between the intensity of the low-
energy emission peak and excitation power is observed. It is
known that the integrated intensity of biexciton emission is
usually proportional to the square of the excitation power
[39]; therefore, the possibility that the low-energy side emission
peak originates from biexciton emission can be ruled out. The
two-photon excitation emission spectra at room temperature
are shown in Fig. 2(c). There is only one emission peak for
all excitation powers. The peak position is the same as the
low-energy emission of single-photon excitation emission
(560 nm), and the integrated intensity of the emissions is pro-
portional to the square of the excitation power. Generally, the
thermal effect of 800 nm laser excitation is negligible, and the
square linear relationship further eliminates the possibility of
biexcitons and defects. Considering a deeper penetration depth
for 800 nm laser excitation, it is speculated that this peak orig-
inates from STEs that appear inside the material. Therefore, the
high-energy side emission peak and low-energy side emission
peak are ascribed to FEs and STEs, respectively.

Figure 3 plots the temperature-dependent PL spectra excited
by a 325 nm laser with a power excitation of 0.5 mW. Both
peaks are presented in the whole temperature range from 40 to
300 K, but different temperature dependences can be clearly
observed. It can be seen from Fig. 4(a) that the FE peaks slightly
blueshift with increasing temperature, while the STE emissions
show a significant redshift. With the increase in temperature,
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Fig. 3. (a) Normalized temperature dependent PL spectra from 40
to 300 K. (b) Peak positions of FEs and STEs as a function of temper-
ature. The solid lines are the fitting curves with Eq. (1) described in
text. (c) FWHM of FEs and STEs as a function of temperature. The
solid lines are the fitting curves with Eq. (2) described in text.

the full width at half maximum (FWHM) of the two peaks
gradually increases, and the broadening of STEs becomes more
obvious. The relative ratio of the integrated PL intensity from
two emissions (/g /I gyp) first increases and then decreases with
temperature. These changes are consistent with the observation
in Fig. 2, which further confirms the existence of a laser
thermal effect. In addition, based on different trends from
the temperature-dependent PL spectra, the low-energy emis-
sion is excluded to be related to reabsorption.

To further study the emission characteristics of
(iso-BA),Pbly single crystals, the peak positions of FEs and
STEs as a function of temperature are plotted in Fig. 3(a).
With the increase in temperature, the emission of FEs was
slightly blueshifted, while the STEs’ emission redshifted signifi-
cantly. In perovskite materials, with a temperature increase, the
blueshift is usually related to the thermal expansion of a lattice,
while the redshift is caused by the electron—phonon interaction
[38,41,42]. To better describe the experimental peak positions,
both effects should be taken into consideration. The formula is
represented as [43]

E,(T) = Eq + Ag T - S{ho) (coth é:;“; - 1). (1)
Here, E represents the bandgap at 0 K, Ay is the adjust-
able linear parameter accounting for the contribution of ther-
mal expansion, S is the dimensionless Huang—Rhys (H-R)
factor characterizing the electron—photon coupling strength,
and (fiw) is the average or effective phonon energy. The black
and red curves in Fig. 3(b) are the fitting for FEs and STEs,
respectively. For FEs, £y = 2.355 ¢V, Arg = 0.058 meV/K,
§=10.04, and (hw) = 22.42 meV (R* = 0.98528). For
STEs, E,=2.322¢V, A = 0.180 meV/K, S =7.09,
and (hw) = 38.21 meV (R? = 0.99917). It can be seen that
the STE peaks have much higher At and S values. The former
describes the contribution of thermal expansion, which arises
from the anharmonicity of the inter-atomic potentials.
Therefore, the bigger values imply that the anharmonicity of
self-trapped energy levels is much larger than that of FEs, which
is consistent with previous reports [44,45]. The larger S value is
also consistent with the stronger electron—phonon interaction
required to form STEs [46]. The different average phonon en-
ergy may be related to the different locations of excitons in the
material.
The FWHMs of those two peaks were calculated from

Fig. 3(a), and the result is shown as a function of temperature
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in Fig. 3(c). The PL spectra of these two peaks both demon-
strate continuous thermal broadening behavior, and the broad-
ening rate for STEs is much higher than that of FEs. Besides the
PL peak position, the PL linewidth also carries important in-
formation of the electron—phonon interaction. Generally, both
homogeneous and inhomogeneous broadenings contribute to
the broadening of the emission. The emission broadening
with temperature can be fitted according to the following

formula [43]:

T(T) =Ty + e T+ 10—, P

oo/l _ 1

where the first term I'y represents the temperature-independent
inhomogeneous broadening, which arises from the scattering
due to the energetic disorders or imperfections. The second
and final terms are the homogeneous broadening terms, result-
ing from the acoustic and longitudinal optical (LO) photon
scattering with coupling strengths of y,. and y1 ¢, respectively.
The black solid line in Fig. 3(c) represents the fitting curve
of FE emission, when the parameters T'j = 3.57 meV,
Yae = 0.13 meV/K, y;0=045¢eV, and fHwo=
80.82 meV were adopted. The red solid line represents the fit-
ting curve of STE emission, and the parameters are
Iy =6.19meV, y,. = 0.24 meV/K, y1 0 = 10.36 €V, and
hwro = 114.24 meV. The y,. parameter of STEs is larger
than that of FEs, which suggests that a strong thermal effect
of acoustic photon scattering exists in FE emission. The 1o
value for STEs is almost 25 times larger than that of FEs, im-
plying the stronger interaction between excitons and LO pho-
nons. These results indicate that both acoustic and LO phonon
scatterings play an important role in the PL broadening of STE
emission. It is noted that the fitting curve slightly deviates from
the experimental results at temperatures below 80 K, which
may be due to the reduced H-R factor of the STEs within this
low temperature range.

Figure 4(a) shows the normalized integrated PL intensity of
FEs and STEs at different temperatures. It can be seen that with
the increase in temperature, the FE emission intensity first in-
creases and then decreases, while the intensity of the STE emis-
sion decreases monotonously. The difference indicates that
carrier migration takes place between the two energy states.
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Fig. 4. (a) Integrated PL intensity (normalized) of samples at differ-
ent temperatures. The solid lines are the fitting curves with Eq. (3).
The inset shows the ratio of integrated PL intensity of two emissions
(Zgp/IstE) at different temperatures. (b) Schematic energy level struc-
ture. GS, ground state; FE, free exciton state; FC, free carrier state;
STE, self-trapped exciton state; E o band energy; E Fs trapping
barrier energy; £ detrapping barrier energy; £, lattice deformation
energy.
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The band structure was proposed and is schematically shown
in Fig. 4(b). In this model, the migration of carriers from FE to
STE states needs to overcome the trapping barrier £_, while
the diffusion of carriers from STE into FE states needs to over-
come the detrapping barrier £,_,. For more detailed interpre-
tation, the model proposed by Poescu ez al. [47,48] was used to
R.N R.Np

describe the data:
-1
K,
14—+ —— |1+ K; exp( ) }
G, { 1+ exp( £ ) Z

(i=1or2), 3

where R, is the recombination rate of electron—hole pairs, IV
is the population of electrons, G, is the number of carriers cap-
tured by the trapping states per unit time, Ky is a constant, 4 is
the Boltzmann constant, 7" represents temperature, and £,
shows the potential of the barrier. With the increase in temper-
ature, thermally escaped carriers should be considered, where i
is the number of thermal escape channels for carriers, K is a
constant, and E; represents thermal activation energy. The ex-
perimental data of FEs could be perfectly fitcted when two ther-
mal escape channels are considered. In this case, £, represents
the detrapping barrier (£,_r), £ represents the trapping barrier
(Es_,), and E; can be ascribed to thermally activated nonradia-
tive defects. The values of the potential barriers of detrapping
E,; and tapping E, are estimated to be 18.99 and
10.69 meV, respectively, while £, is 145.21 meV.
Moreover, the integrated PL intensity of STE emission can also
be fitted with this formula. At this time, £ = 11.33 meV rep-
resents the trapping barrier (£, ), E] = 18.16 meV repre-
sents the detrapping barrier (l:f /) and E) = 252.88 meV
is also considered as the thermally activated nonradiative de-
fects. By fitting these two curves, it was found that the trapping
energy in the band structure model is about 11 meV, and the
detrapping energy is about 19 meV. Due to the relatively small
trapping barrier, the carriers in FE states have enough energy to
overcome the trapping barrier and enter STE states. However,
only when the carriers in STE states obtain enough thermal
energy from the environment can they overcome the barrier
and enter FE states. Moreover, the larger thermally activated
nonradiative defect energy in STE emission indicates that
STE emission has better temperature stability, which makes
it more suitable for optoelectronic devices.

Next, the reason why only one STE emission peak is ob-
served in the two-photon excitation emission will be discussed.
The penetration depth of an 800 nm laser in the material is
much larger than that of a 442 nm laser, and therefore, it is
speculated that STE emission exists only inside the material.
To verify this hypothesis, a microscope fluorescent system
was used to measure the sample, and the data are shown in
Fig. 5(a). By adjusting the distance between the objective lens
and the material surface, the laser focus plane can be adjusted
outside, on the surface, or inside the material. After normalizing
the spectral intensity according to FEs, it was found that the
STE emission shows higher intensity when the focus plane
is inside the material, which indicates that STEs appear inside
the material. Although there are complicated reasons for the
formation of STEs, in 2D perovskites, it is generally related
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Fig.5. (a) Microscope PL with different distances between objective
lens and material surface. The inset shows PL photos of the sample in
light and dark fields. (b) Schematic microscopy fluorescent system.
(c) Optical photos of samples with different thicknesses; red arrow in-
dicates the position of laser excitation. The thicknesses of samples 1-4
gradually increase. (d) PL spectra of samples with different sample
thicknesses.

to the deformation of the octahedron [16,25,49]. It is specu-
lated that most of the octahedral deformation in the 2D layered
perovskite material occurs inside the material. In this case, there
will be no STE emission in a sufficiently thin 2D perovskite
material. To verify this claim, (iso-BA),Pbly thin layers with
different thicknesses were prepared. The thickness of the sam-
ples is determined by the change of color from the optical image
and the focal length of the lens during measurement. It should
be noted that the thickness determination is not quantitative.
However, it will not influence the discussion about the physical
mechanism for the thickness-dependent optical measurement.
As shown in Fig. 5(c), the thicknesses of samples 1-4 gradually
increase due to the light reflection of the thin film. The 800 nm
laser was used to excite these samples, and the PL spectra are
shown in Fig. 5(d). It can be clearly seen that the peak position
moves from the FE positions to the STEs with the increase in
sample thickness. The experimental results are consistent with
the model, which implies that the STEs in the 2D perovskite
are caused by the octahedral deformation, and mainly exist in-
side the material. Since the stress on the surface of the material
is easier to release, it is not easy to form STEs on the surface of
the material. Therefore, the optical properties of STEs in 2D
perovskite are related with the octahedral distortion caused by
strong electron—phonon interaction inside the materials.
Since STEs appear inside the material and propagate along
the edge of the material, the relative intensity of the two emis-
sion peaks can be used to determine the relative position of the
excitation spot on the sample. As shown in Fig. 6, when the
442 nm laser is irradiated on the edge of the material, the rel-
ative intensity of STE emission will become larger, and when
the laser is irradiated at the center of the material, the relative
intensity of STEs will decrease. This kind of optical position
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Fig. 6. (a) Relative integrated intensity (/gg//s7g) of two PL peaks

at different positions of the same sample. The inset shows normalized

spectra. (b) Excitation spot at different positions of the same sample.

sensing is only one of the proof-of-concept demonstrations
for applications. Using the relationship between STE emission
and material thickness, 2D perovskite materials can be used to
make three-dimensional optical storage or information encryp-
tion, and the characteristics of multiphoton absorption PL can
also be used for multiphoton imaging.

4. CONCLUSION

In summary, we have investigated the optical properties of
STEs in 2D (iso-BA),Pbly perovskite crystals, and discussed
the reasons for their formation. Temperature-dependent and
power-dependent PL measurements were carried out, and re-
sults indicate that STEs are related to the octahedral deforma-
tion caused by the strong electron—phonon interaction.
Trapping and detrapping between STEs and FEs are clearly
observed during the temperature-dependent PL measurement.
When STEs and FEs obtain enough energy through the sur-
rounding environment, they can overcome the potential barrier
and migrate to each other. The characterization of thickness-
dependent and two-photon excitation emission further demon-
strated the properties of STEs. It is found that STEs usually
exist inside the material. Finally, according to these character-
istics, potential applications of STEs in 2D perovskite for po-
sition sensing and three-dimensional information storage were
discussed. This work not only demonstrates the characteristics
of STEs but also reveals the reason for the formation of STEs,
which will lay the foundation for the application of 2D perov-
skite materials in the field of optoelectronic devices.
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