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Abstract With strong electron—phonon coupling, the
self-trapped excitons are usually formed in materials,
which leads to the local lattice distortion and localized
excitons. The self-trapping strongly depends on the
dimensionality of the materials. In the three-dimensional
case, there is a potential barrier for self-trapping, whereas
no such barrier is present for quasi-one-dimensional
systems. Two-dimensional (2D) systems are marginal
cases with a much lower potential barrier or nonexistent
potential barrier for the self-trapping, leading to the easier
formation of self-trapped states. Self-trapped excitons
emission exhibits a broadband emission with a large
Stokes shift below the bandgap. 2D perovskites are a class
of layered structure material with unique optical properties
and would find potential promising optoelectronic. In
particular, self-trapped excitons are present in 2D per-
ovskites and can significantly influence the optical and
electrical properties of 2D perovskites due to the soft
characteristic and strong electron—phonon interaction.
Here, we summarized the luminescence characteristics,
origins, and characterizations of self-trapped excitons in
2D perovskites and finally gave an introduction to their
applications in optoelectronics.

Keywords self-trapped exciton (STE), two-dimensional
(2D) perovskites, broadband emission, electron—phonon
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1 Introduction

Since the rapid development in the field of solar cells,
organic—inorganic hybrid perovskite has attracted tremen-
dous interest [1,2]. Recently, the power conversion
efficiency of perovskite solar cells has overpassed to
25% [3]. Nevertheless, although great progress has been
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made in the perovskite-based solar cells, the stability of
perovskites in ambient prevents perovskite solar cells from
being commercialized [4]. One solution to address the
stability issue is the insertion of organic chains between the
inorganic octahedral sheets so that the inorganic layers are
protected from being contacted by the moisture in the air.
Under such a case, the so-called two-dimensional (2D)
perovskites are formed with improved stability [5—7].

The 2D perovskites are one class of layered materials,
and we can mechanically exfoliate thin flakes from their
bulk crystals and further integrate with other layered
materials to achieve the desired functionalities [7—10].
Furthermore, the bandgap and electronic band structure
can be easily tuned by changing the organic cations or
layer number, which provides great flexibility for the
optoelectronic applications [11-14]. Also, owing to the
different dielectric constant between the organic chain and
inorganic layers, 2D perovskites are naturally formed
multi-quantum wells, and the exciton binding energy is
over hundreds of meV in 2D perovskites [15,16]. There-
fore, we could observe a pronounced exciton emission at
room temperature, and 2D perovskites provide an ideal
platform to investigate exciton emission and dynamics,
and their related optoelectronic applications [17-20].

In particular, 2D perovskites possess soft lattice and
strong electron—phonon interaction [15,18,21]. As a result,
the local lattice distortion can easily take place because of
the strong electron—phonon interaction, leading to the self-
trapped states within the bandgap [22-27]. Self-trapped
excitons (STEs) are therefore formed with emission peak
below free exciton emission peak. STEs are essentially
localized excitons, and therefore, these emissions usually
process a very broad full width at half maximum (FWHM)
over 100 nm together with a large Stokes shift about
hundreds of meV [23,28]. STEs are expected to play an
important role in the electronic and optical properties of 2D
perovskites [29,30]. To this end, it is essential to fully
understand STEs in 2D perovskites to design the new
device architecture and improve device performance
rationally.
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Here, we first introduced features of STEs in 2D
perovskites and illustrated the possible reason for the
formation of STEs. Subsequently, we analyzed the factors
that influence the intensity of STEs, including dimension,
temperature, and lattice distortion. Furthermore, we
summarized the experimental route to characterize STEs
and associated optoelectronic applications. Finally, we
summed up the trends and challenges of STEs in 2D
perovskites.

2 STEs in 2D perovskites

The general formula of 2D perovskites is R>4,, 1M, X3,11,
where R is an organic spacer cation, 4 is an organic cation,
M is a divalent metal, and X is a halide anion. The structure
of 2D perovskites can be regarded as an organic chain
inserting into three-dimensional (3D) perovskites to serve
as a spacer layer (Fig. 1(a)) [7,31]. Thus, 2D perovskites
process a natural quantum-well structure, and the width of
the quantum well can be tuned by changing the inorganic
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layer number, n. With the increase of », the bandgap of
2D perovskites shows a redshift, which is a result of
reduced quantum confinement effect [15]. Taking
(C4HoNH3),(CH;5NH3),, 1Pb, I3, emission spectra as an
example (Fig. 1(b)), we can observe a clear redshift of peak
position with increasing n [32]. Only one emission peak is
present at room temperature, whereas multiple emission
peaks can be observed at low temperatures [32,33]. For
n=1 perovskite, we can observe additional broadband
emission peaks below the free exciton emission peak, and
the intensity of the broadband emission peaks becomes
weaker forn > 2 perovskites; the reasons of which will be
discussed in the following. The power-dependent emission
intensity shows that the intensity of these broadband
emission peaks linearly increases with the excitation
intensity similar to that of free exciton emission (Fig. 1
(d)), which indicates defects should not be the response to
the broadband emission [33,34]. Thus, the broadband
emission can be ascribed to the localized exciton states
below the free excitons. Yu et al. [35] measured the
fluorescence lifetime of free excitons and localized
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Fig. 1 Luminescence characteristics of 2D perovskites. (a) Crystal structure schematics of 2D perovskites. (b) and
(c) Photoluminescence (PL) spectra of (BA),(MA), 1Pb,l5,,; 2D perovskites at (b) room temperature (c) and low temperature.
(d) Power-dependent emission intensity of free exciton (blue) and self-trapped exciton (black and red) in (BA),Pbl, at low temperature.
(e) Fluorescence lifetime spectra of the free exciton (green) and self-trapped excitons (red) in (PEA),Pbly,. (a) Reprinted with permission
from Ref. [31]. Copyright (2016), American Chemical Society. (b) Adapted with permission from Ref. [16]. Copyright (2017), The
American Association for the Advancement of Science. (c) and (d) Adapted with permission from Ref. [33]. Copyright (2018), Nature
Publishing. (¢) Adapted with permission from Ref. [35]. Copyright (2019), John Wiley & Sons
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excitons in 2D perovskite (PEA),Pbl, and found a much
longer lifetime for the broadband emissions (Fig. 1(e)).
Besides, considering the large Stokes shift, these broad-
band emissions are similar to the STEs emission in alkali
halides and organic molecular crystals, which are due to
the strong electron—phonon interaction in the deformable
lattice with distortion [28,35]. According to the different
origination of lattice distortion, STEs can be divided into
intrinsic and extrinsic. Intrinsic STEs exist in lattice
without defects, and self-trapped states can be regarded as
excited states. Once the excitation is removed, these
excited states disappear. In terms of extrinsic STEs,
permanent defects are required to nucleate the STEs.
However, these defects do not induce any additional
absorption onsets except the broadband emission with a
large Stock shift [29].

To describe the interaction of an electron or exciton with
phonons, we introduced deformation potential [36].
Figure 2 shows three pathways to form STEs: (1) direct
relaxation, (2) thermal activation, and (3) tunneling. The
potential barrier Ey is a critical factor that influences the
transformation between free excitons and STEs. Usually,
in 3D materials, a potential barrier is present to overcome
and to initiate the self-trapping process. Nevertheless, in
the low-dimensional materials, such a potential barrier for
self-trapping is reduced or vanished, and thus, it is easier to
observe STEs [28]. Therefore, it is expected that STEs
emission can be easily observed in 2D perovskites
compared with 3D materials.

exciton
band

STE

3) :\

/y/

Fig. 2 Band diagram of free exciton and self-trapped excitons.
Fx is the free exciton. STE is the self-trapped exciton. Ej is the
self-trapped energy. Three paths toward self-trapped excitons
are represented: (1) direct relaxation, (2) thermal activation, and
(3) tunneling

3 Factors affecting the intensity of STEs

The emission intensity of STEs is mainly affected by the
potential barrier and the transformation between the free
excitons and STEs. The dimension of the materials and
electron—phonon coupling strength determines the height
of the potential barrier, whereas the temperature limits the
transformation between the free excitons and STEs. In this
sense, the dimension of the materials, the electron—phonon
coupling strength, and the temperature finally together
decide the emission intensity of STEs [28]. For 3D
perovskites (Fig. 3(a)), only free exciton emission can be
observed, and no STEs emission is present [23]. Never-
theless, for (BA),Pbl; 2D perovskite (Fig.3(b)), the
broadband STEs emission peak becomes obvious at low
temperature [23]. This is expected because the minimum
electron—phonon coupling strength required to form STEs
is related to the dimension of the crystals. The threshold
value (g.) to form STEs is given by the formula:

gC = 1_(2‘})717

where v is a constant determined by the dimension of the
system (v =6 for 3D; v =4 for 2D) [28]. The threshold is
smaller for 2D systems, and thus, STEs are prone to exist
in 2D crystal. Wu et al. [23] further synthesized 2D
perovskites with different inorganic layer numbers, n,
(Fig. 3(c)) and adopted a transient absorption technique to
identify the intensity evolution of STEs against n. The
intensity of STEs decreases as n increases, which is
evidence that STEs are prone to exist in low-dimension
materials. STEs emission in 1D and 0D perovskites
reported with enhanced emission intensity compared
with that in 3D perovskites, which further confirms that
the dimension of the materials is an important factor in
deciding the emission intensity of STEs [37-39].

There is a competition between free excitons and STEs,
which can be modulated by thermal activation energy (Et)
[28]. Therefore, the temperature is a critical factor that
affects the thermal activation process. At low temperatures,
free exciton emission and STEs emission can coexist, and
their relative intensity varies with temperature, suggesting
the presence of the competition between free excitons and
STEs (Fig. 3(b)) [23,30,34]. At low temperatures, Et is
smaller than E, and then STEs are trend to be localized in
the deformable lattice. As the temperature increases, Et
becomes comparable with Eg, and free exciton emission
intensity is accordingly comparable with that of STEs. At
room temperature when Er is larger than Eg, the free
exciton becomes dominant, and STEs emission manifests
itself as a long emission tail [23]. Similar temperature-
dependent emission evolution has been reported in other
2D perovskites with different compositions [40].

The distortion degree of the lattice is another factor that
influences the intensity of STEs in 2D perovskites [26].
There is a clear relationship between the distortion degree
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Fig. 3 Influence of dimension and temperature on self-trapped excitons in 2D perovskite. (a) Temperature-dependent fluorescence
spectra of (MA)PbI; perovskite. (b) Temperature-dependent fluorescence spectra of (BA),Pbl, 2D perovskite. (c) Absorption (dashed
lines) and fluorescence spectra (solid lines) of (BA),(MA), Pb,l5,1 (n=1, 2, 3) perovskite. (d)—~(f) Transition absorption spectra of
(BA)>,(MA),, 1Pb,l3,; (n=1, 2, 3). (a)~(f) Adapted with permission from Ref. [23]. Copyright (2015), American Chemical Society

of the lattice and the intensity of STEs emission. Usually,
the relative bond distance of octahedral can be described
via

I—d,—d*
Ad:ZZ d

where d is the mean of bond distance and d,, is individual
bond distance. The average Ad is the factor to describe the
distortion degree of the structure. The crystal should
process a large Ad to achieve a noticeable STEs emission
[26]. In addition to the relative bond distance, bond angle
(0) is a parameter that reflects the deviation of the
octahedron [26], which can be expressed as

2 b
11

where 6; is the X—-M-X bond angle of the octahedron. By
using Ad and o, we can describe the distortion levels of the
individual octahedron and the degree of the lattice
distortion. Mao et al. [41] used chloride ion to replace
the bromide ion in 2D perovskites and to increase the
lattice distortion (Fig. 4(a)) because of the smaller size of
chloride ion that makes the lattice more deformable. On the
other hand, halogen affects the self-trapping depth and the
energy levels of free excitons, which impact the trapping
and detrapping barriers of 2D perovskites [42]. Hence, the
intensity of STEs in the chloride perovskite is enhanced

o (6;—90°)%,

compared with that in the bromide counterpart (Fig. 4(b))
[41]. In addition to halogen, organic layers in 2D
perovskites serve as a framework that influences the
distortion degree of the inorganic layers (Fig. 4(c)). Thus,
the intensity of STEs can be tuned by organic chains,
which deserves further investigations. The PL spectra in
Fig. 4(d) show that the larger the distortion is, the broader
the emission peaks are. Yu et al. [35] improved STEs
emission in 2D perovskites by the tin doping process due
to the increased lattice distortion (Fig. 4(e)). To sum up, the
intensity of STEs can be tuned by halide ions, species of
the organic layer, and a metal cation—all of which can
affect the distortion degree of the lattice and further
influence the potential barrier between the free excitons
and STEs.

4 Characterizations of STEs

The STEs emission has a large Stocks shift and broad
FWHM, which are the main characteristics to identify
STEs emission. Nevertheless, additional experimental
techniques are required to exclude further the possibility
of localized excitons induced by defects. Time-resolved
[36], power-dependent PL [33], and photoconductivity
studies [22] are feasible methods to distinguish STEs
emission from defects emission.

Time-resolved PL spectroscopy provides a powerful
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Fig. 4 Effect of lattice distortion on the intensity of self-trapped excitons. (a) Schematic of the chloride-ion-enhanced lattice distortion.
(b) Photoluminescence spectra of 2D perovskite with different ratios of chloride ion. (c) Structure diagram of 2D perovskite with the
different organic layers. (d) Photoluminescence spectra of 2D perovskite in (c). (¢) Photoluminescence spectra of (PEA),Pbl, before and
after incorporation of tin ions. (a) and (b) Adapted with permission from Ref. [41]. Copyright (2017), American Chemical Society. (c) and
(d) Adapted with permission from Ref. [27]. Copyright (2017), American Chemical Society. (¢) Adapted with permission from Ref. [35].

Copyright (2019), John Wiley & Sons

way to investigate the details of STEs emissions (Fig. 5(a))
[36]. We can distinguish two bands in the region of STEs
emission and obtain the relative intensity of them against
time by time-resolved PL spectra. These two small
emission peaks can be indexed to different self-trapped
centers in 2D perovskites predicted by calculations [43].
Combined with time-resolved PL spectroscopy, the detail
of the fine band structure, together with the decay process
of these emission peaks, can be obtained.
Photoconductivity measurement is another effective
way to characterize STEs. Figure 5(b) exhibits the
photocurrent of 2D perovskites [22]. Three response
peaks can be observed, which can be attributed to band-
to-band transition (B), free excitons (Xo), and STEs (X,)
[22]. The STEs peak with weak absorption intensity is

observed in the photoresponse spectrum because the
applied bias voltage magnifies the absorption.

In addition to these two methods mentioned above, the
exciton—phonon coupling strength can be used to judge
whether there are STEs existed or not. Usually, the
empirical slope coefficient of Urbach Tail and Huang—
Rhys factor are two parameters to describe the electron—
phonon coupling strength. The absorption tail can be
described by the formula:

E,—FE
kT )

where a is absorption coefficient, £ is the Boltzmann
constant, T is the temperature, o is the empirical slope
coefficient, and o, and E, are fitting parameters [28]. The

o = ayexp (—
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Fig. 5 Characterization of self-trapped excitons. (a) Time-resolved photoluminescence spectra of 2D perovskites at different
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slope coefficient can be extracted from the absorption
spectra (Fig. 5(c)), from which the coupling strength (g)
can be extracted by the following formula: g =s/0 (s=
1.24 in 2D materials) [28]. Once g is larger than the
threshold value (g.), STEs are prone to be formed. As we
have already discussed, g. is related to the dimension of
the crystals, typically g. =0.87 for 2D systems [28]. In
Fig. 5(c), the calculated g= 1.817> g; therefore, STEs are
expected to be present in 2D perovskites [22].

The electron—phonon coupling strength can also be
extracted from the FWHM of the emission spectra [44].
The FWHM satisfies the following formula:

FWHM = 2.36/5h®ponon "Oth%’

where h is the Planck constant, @yponon 1S the phonon

frequency, k is the Boltzmann constant, and s is the
Huang—Rhys factor. By extracting the FWHMs of
emission peaks at a different temperature, we can estimate
s [44]. The bigger the s is, the stronger the exciton—phonon
coupling is. Both s and g are factors that can be used to
evaluate the intensity of exciton—phonon/electron—phonon
coupling strength in semiconductors.

5 STEs-based optoelectronic applications
in 2D perovskites

The large Stokes shift of STEs can greatly reduce the self-
absorption effect in 2D perovskites [45]. This merit makes
2D perovskites be a class of promising materials for
luminescent solar concentrators, which can improve the
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efficiency of solar cells. The broadband emission of STEs
in 2D perovskites would find promising applications in
white-light illumination [25]. Compared with traditional
light-emitting diodes, 2D perovskites with STEs could
achieve naturally white-light emission without requiring
additional phosphors for color modulation (Fig. 6(a)) [25].
Therefore, the device structure can be greatly simplified,
and the cost can be reduced. Also, the bandgap of 2D
perovskites can be easily tuned by changing halide ions
and layer number (Figs. 6(b)-6(d)). As a result, the color
temperature of the STEs emission can be tuned, which
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would be beneficial for indoor illumination (Fig. 6(e)) [25].

The STEs in 2D perovskites can also be applied to
achieve narrowband photodetections based on charge
collection narrowing (CCN) mechanism [22]. Photons
with energy higher than free excitons are absorbed in the
surface of the crystals, which cannot significantly
contribute to the photocurrent due to the large resistance
of the organic layer. In contrast, photons with energy near
STEs are absorbed inside the crystal and thus could
contribute to photocurrent (Fig. 6(f)) [22]. Therefore,
narrowband photodetections using 2D perovskites can be
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realized by taking advantage of the STEs-assisted-
enhanced absorption with the concept of CCN. By further
tuning the bandgap of 2D perovskites, the response peak of
the narrowband photodetectors can cover the whole visible
spectrum (Fig. 6(g)) [22]. STEs show an orientation
preference because of the layered structure of 2D
perovskites, which induces a polarization-dependent
absorption coefficient (Fig. 6(h)) [34]. Taking advantage
of the polarization-dependent absorption coefficient of
STEs in 2D perovskites, Li et al. [46] have demonstrated
the polarization-resolved narrowband photodetectors. The
photodetectors possess the ability to simultaneously sense
both the wavelength and the polarization of the light.

6 Conclusions and perspective

In conclusion, we have summarized the recent develop-
ment of STEs in 2D perovskites. First, we introduced the
basic characteristics of STEs in 2D perovskites. Next, we
discussed the factors that can affect the emission intensity
of STEs. Then, we represented the experimental techni-
ques used to identify the STEs. Finally, we discussed the
possible optoelectronic applications based on STEs in 2D
perovskites.

Although great progress has been made on STEs in 2D
perovskites, several challenges have to be addressed to
explore more possible applications based on STEs in 2D
perovskites. First, how the species of organic layer affect
the formation of STEs in 2D perovskites is still unclear.
Despite the electronic band structure of 2D perovskites that
is largely determined by the inorganic layer, the organic
layer can alter the electron—phonon coupling strength. As a
result, the organic layer would also influence the formation
of STEs. Second, the detailed formation of the STEs in 2D
perovskites has rarely been studied. Understanding the
formation process of STEs is essential for engineering
STEs in materials for desired applications. Last, the decay
process of STEs in 2D perovskites has not been fully
investigated. Revealing the decay process of STEs would
be beneficial for developing light-emitting devices based
on STEs.
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