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Abstract: Two-dimensional (2D) organic-inorganic hybrid
perovskites have attracted growing attention recently
due to their naturally formed quantum-well structure,
unique photoelectric properties and better environmen-
tal stability compared to three-dimensional perovskites.
The reduced screening and enhanced Coulomb interac-
tion in 2D perovskites result in the formation of excitonic
complexes. While the properties of free excitons have
been well investigated, studies on biexcitons remain elu-
sive. Here, we report on the biexcitons in 2D (iso-BA) PbI,
(BA=C,H,NH)) crystals. The biexciton emission can be
observed under a very low excitation power density of
6.4 W/cm? at 78 K. The biexciton exhibits a large biexciton
binding energy of 46 meV due to the large exciton bind-
ing energy of (iso-BA),Pbl,. Furthermore, the biexcitons
exhibit a favorable polarization orientation, resulting in
different anisotropy between biexcitons and excitons. Our
findings would motivate more studies on biexcitons in 2D
perovskites and pave the way for exploiting the many-body
physics for biexciton lasing and optical storage devices.

Keywords: biexcitons; quantum wells; optical anisotropy;
2D perovskites.

1 Introduction

Two-dimensional (2D) organic-inorganic hybrid per-
ovskites exhibit unique optical properties due to their
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naturally formed quantum well-structure and layered
nature [1]. Due to the Coulomb interaction binding elec-
trons and holes, quasi-particles named excitons are
formed. The significant difference in dielectric constant
between the organic barrier layers and the inorganic well
layers leads to the enhanced Coulomb interaction in the
well layers, resulting in the extreme large exciton binding
energy in 2D perovskites [2, 3]. If the exciton binding
energy is larger than the thermal excitation energy, exci-
tons cannot be thermally ionized. We can observe the
exciton emission spectrum in perovskites since excitons
have a lower energy than free carriers [4-6]. As a con-
sequence, a series of novel optical properties, such as
the formation of excitonic complexes, are present in 2D
perovskites, which make 2D perovskites attractive for
potential exciton-related applications [7, 8].

Biexciton, formed by binding two excitons together,
has been studied in 2D transition metal dichalcogenides
such as WSe, [9-11] and 2D organic-inorganic hybrid per-
ovskites such as (C,H,NH,),PbBr, and (C H,NH,)Pbl,
crystals [12, 13]. Strong many-body Coulomb interactions
lead to the emergence of biexcitons, forming a bound
state with a lower energy than free excitons, which can
be reflected in the PL spectra. The enhancement of the
quantum confinement in structures of reduced dimen-
sionality such as quantum wells, wires and dots results
in the formation of the excitonic complexes. Biexcitons
have important applications in lasing due to the reduced
self-absorption effect compared to conventional excitonic
lasing [14]. Generally, high excitation power density and
low temperature (e.g. 4 K) are required to observe the
biexciton emission since biexciton emission essentially
is a nonlinear process [15]. Therefore, it is necessary to
explore new materials for the biexciton emission with a
low excitation power density for biexciton-associated
optoelectronic applications.

Here, we report the biexciton emission in 2D perovs-
kite (iso-BA) Pbl, (BA=C,H,NH,) crystals at liquid nitrogen
temperature by temperature- and power-dependent pho-
toluminescence (PL) spectroscopy. The excitation power
density of the biexcitons is below 6.4 W/cm?, due to the
enhanced Coulomb interaction and the reduced screen-
ing effect. A large biexciton binding energy of 46 meV has
been observed due to the large exciton binding energy
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in (iso-BA),Pbl, crystals. In addition, biexcitons exhibit
a rather different anisotropy compared to that of exci-
tons. The study of power dependence and anisotropy of
biexcitons is beneficial to the further understanding of
biexcitons, which has important applications of novel
photoelectric detectors, solar cells and biexciton lasing
[14, 16-20].

2 Experiments

2.1 Sample preparation

The synthesis of the (iso-BA),Pbl, and (n-BA),PbI, per-
ovskites can be found in our previous reports [21, 22].
Perovskite microplates were directly exfoliated from their
respective bulk crystals onto a pre-cleaned 300 nm SiO,/Si
substrate by using Scotch tape.

2.2 Material characterizations

Atomic force microscope image and scanning electron
microscope (SEM) image were taken on a Bruker Dimen-
sion EDGE microscopy and a Tescan Vega3 microscopy,
respectively. The PL spectra were acquired in a confo-
cal micro-Raman system (Horiba HR550) equipped with
a 600 g mm™ grating in a backscattering configuration
excited by a 405-nm solid-state laser. For the low-tempera-
ture measurement, we used a liquid nitrogen continuous-
flow cryostat (Cryo Industry of America, USA) to control
the temperature from 78 K to 290 K at a base pressure of
10~ mBar evacuated by a molecular pump.
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3 Results

Figure 1A displays the crystal structure of (iso-BA),PbI,,
which is comprised by the corner-sharing Pbl, octahe-
drons with iso-BA* ions filling between layers. iso-BA*
is the short branched chain butylamine (iso-BA) spacer
cation, which is the isomer of n-BA [23, 24]. The
(iso-BA),Pbl, bulk crystals are synthesized according to
the previously reported method [25]. To investigate their
optical properties, the (iso-BA),Pbl, microplates are
obtained by mechanically exfoliated from as-synthesized
bulk crystals. The optical microscope images and SEM
images of the as-prepared (iso-BA),PbI, microplates reveal
that those microplates have rather smooth surface and are
tens of micrometers in width and length (Figure 1B and C).
Since iso-BA is the isomer of n-BA, the PL spectra of
(is0-BA),Pbl, and (n-BA),Pbl, are similar at 290 K (Figure
S1A and B). Nevertheless, (n-BA),Pbl, shows a phase tran-
sition at low temperature while there is no such phase
transition for (iso-BA),Pbl, at low temperature [26]. In
particular, two emission peaks are also observed for
(iso-BA),Pbl, microplates at 78 K (Figure 1D).

To identify the origins of those two emission peaks,
we carried out excitation-power-dependent PL studies at
78 K. As the excitation power increases, the intensity of
both emission peaks increases (Figure 2A). We extracted
the integrated emission intensity from Figure 2A and
plotted against the excitation power as shown in Figure 2B.
The power-dependent integrated emission intensity
can be well fitted by a power function I, ocI;‘x, where
I, stands for the integrated PL intensity, and I_, for the
excitation power, and k is the fitting parameter. k values
are 1.05 and 1.90 for those two emission peaks, respec-
tively (Figure 2B) [26]. According to the fitting results and
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Figure 1: Crystal structure and PL spectra of (is0-BA),Pbl, perovskite crystals.
(A) Crystal structure of (iso-BA),Pbl,. (B) The optical microscope image of the as-prepared (iso-BA),Pbl, perovskite microplates. (C) The SEM
image of (is0-BA),Pbl, perovskite microplates. (D) The PL spectra of (is0-BA),Pbl, perovskite microplate at different temperature.
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Figure 2: Power-dependent PL studies.
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(M) Power-dependent PL spectra of a (iso-BA),Pbl, perovskite microplate at 78 K under a 405-nm CW laser excitation. The thickness of
the microplate is 60 nm, measured by atomic force microscope. (B) PL intensity vs. excitation power. The XX intensity obeys a power-law

function of the excitation power (I, «<I.?).

temperature-dependent PL studies (Figure 1D), the two
emission peaks can be assigned as free exciton (denoted
as X) and biexciton emission (denoted as XX), respectively
[27]. As the temperature increases, exciton emission inten-
sity decreases (Figure S2) and the exciton emission peak
gradually broadens (Figure 1D), resulting in the absence
of the biexction emission at a higher temperature.
Strikingly, the biexciton emission peak can be
clearly visualized when the excitation power is as low as
0.2 uW at 78 K for (iso-BA),Pbl, microplate with a thick-
ness of 60 nm, which corresponds to a power density of
6.4 W/cm? for a 405-nm continuous wavelength (CW)
laser excitation. We also measured thickness-dependent
biexcitons emissions, which are easily observed in thick
samples due to the large density of excitons (Figure S3).
The excitation power density of (iso-BA),Pbl, excited by a
CW laser is lower than that of other 2D materials (Table 1).
The presence of biexciton emission under such low excita-
tion power density can be ascribed to the high crystalline
quality of the as-synthesized (iso-BA),Pbl, crystals and
multiple quantum well structure of (iso-BA),Pbl, [28]. We
have also carried out power- and temperature-dependent

Table 1: Summary of biexciton emission in 2D materials.

PL measurement for (n-BA),Pbl, microplates and no hiex-
citon emission was observed even under a higher exci-
tation power due to different configurations of organic
chains (Figure S4A and B).

From Figure 2A, the biexciton binding energy in
(iso-BA),Pbl, is estimated to be 46 meV, which is close
to that in other 2D layered materials such as WSe, and
comparable to that in 2D perovskites [11, 15]. This biexci-
ton binding energy is approximately 20.8% of the corre-
sponding exciton binding energy, which is extracted to be
around 221 meV (Figure S5) [29].

To explain the large biexciton binding energy and the
low excitation power density required to observe the biex-
citon emission, we propose that the biexciton possibly
consists of a bright exciton and a dark exciton (denoted as
D), the schematics of which is displayed in Figure 3. Under
such configuration, the biexciton binding energy should
be given by A =E +E —E_, where E  is the energy of
dark state, leading to the large biexciton binding energy,
which has been proved in WSe, [9, 10].

Finally, the polarization-resolved PL spectra of
(iso-BA),Pbl, microplates at 78 K was conducted. The

Material Power Temperature Binding energy Reference
WSe, 1274 W/cm? 4.2 K 16-17 meV [10]

CdSe colloidal 6.5 W/cm? Room 30+5 meV [14]
quantum wells temperature

(n-BA),PbBr, 1 MW/cm? 10K 60 meV [12]
(C,,H,,NH,),Pbl, 100 kW/cm? 2K 50 meV [13]
(is0-BA),Pbl, 6.4 W/cm? 78 K 46 meV This work
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Figure 3: Possible dark exciton states in (iso-BA),Pbl, perovskite.

schematic illustration of the measurement setup is dis-
played in Figure S6. Figure 4A shows two representative
PL spectra under different detection polarization angles.
It is obvious that both free exciton and biexciton emission
depends on the detection polarization angle. We measured
PL spectra by continuously tuning the detection polariza-
tion angle from 0° to 360° in a 10° step under an excita-
tion power of 1.58 uW for the microplate with a thickness
of 60 nm. The extracted integrated emission intensity vs.
the detection polarization angle for both free exciton and
biexciton emission is given in Figure 4B. Both curves can
be well fitted by the function I =1 sin(20+¢)+ A, where 6
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is the polarized angle. ¢ is the initial phase at the polar-
ized angle of 0°. I, and A are the parameters for PL inten-
sity and independent of polarization, respectively [22, 30].
The polarization orientation has a 90° difference between
free exciton and biexction emission. We measured the
polarization properties of (iso-BA),Pbl, microplates with
different thicknesses under an excitation power of 1.58 uW
(Figure S7A and C). Figure S7B and D shows the polar plot
of the emission intensity vs. polarization angle and they
essentially exhibit similar anisotropy behavior for dif-
ferent thickness, indicating the thickness does not affect
the polarization properties of the biexciton emission. The
polarization properties of biexciton emission lines have
been reported in semiconductor quantum dots (QDs) and
quantum well crystal [2, 31]. In previous reports, the exci-
tonic fine structure splitting and the polarization degree
of the biexcitons are correlated in QD [32]. The exchange
interaction is responsible for the splittings in different
polarizations between excitons and biexcitons [33]. In this
work, the emission peak position also exhibits a periodi-
cal shift with the detection polarization angle for both free
exciton and biexciton emission (Figure 4C) but also has a
90° difference between free exciton and biexciton, similar
to that of the intensity in Figure 4B. This 90° difference
might be ascribed to the exchange splitting effect arising
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Figure 4: Polarization-resolved PL spectra for a microplate with a thickness of 60 nm.

(A) PL spectra at 78 K under different detection polarization angles. (B) Polarization resolved PL intensity for both exciton and biexciton
emission under an excitation power of 1.58 uW. The solid lines are fitting results. (C) Polarization resolved PL emission energy for both
exciton and biexciton emission under an excitation power of 1.58 uW. The solid lines are fitting results. (D) Linear dichroic ratios of excitons
and biexcitons under different excitation power. (E, F) Schematic illustration (E) and PL spectra (F) from crystal plane and cross-section of a
crystal plane under a 405-nm circularly polarized laser excitation at 78 K.
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from the different configuration of free exciton and biex-
citon [34].

To characterize the emission anisotropy, the linear
dichroicratiowasused, defined as theratio of the maximum
emission intensity to the minimum emission intensity [35].
Based on the fitting results, the linear dichroic ratios are
estimated to be 1.28, 1.37 and 1.81 for free excitons and 1.72,
1.61 and 1.70 for biexcitons under excitation powers of 3.38
uW, 1.58 uW and 0.31 uW, respectively (Figure 4D). The
larger linear dichroic ratio for biexcitons is probably due
to the configuration of the biexcitons we proposed above.
The opposite evolution of the linear dichroic ratio vs. the
excitation power between the free excitons and the biex-
citons suggests that the dark excitons might have a certain
direction of polarization different from free excitons. Since
the biexcitons tend to combine the two excitons in the in-
plane direction, the dark excitons would also affect the
anisotropy of the biexcitons. This is further supported by
the PL emission from the crystal plane (PL-1) and the
cross-section of the crystal (PL-//), as schematically illus-
trated in Figure 4E [36]. The weaker biexciton emission for
PL-// compared to that for PL-1 (Figure 4F) suggests that
biexcitons prefer to combine two excitons in the in-plane
rather than out-of-plane, consistent with what we pro-
posed above [37].

4 Conclusions

In summary, we have observed the biexciton emission in
(iso-BA),Pbl, perovskite microplates under a low excitation
power density of 6.4 W/cm? at 78 K. The enhanced Coulomb
interaction and the large nonlinear effect lead to the biex-
citon emission in (iso-BA)sz14 perovskite under such
low excitation power density. The large biexciton binding
energy of 46 meV for biexciton binding energy is approxi-
mately 20.8% of the exciton binding energy. The anisotropy
of the biexcitons is different from that of the free excitons
since the polarization direction of the biexcitons is more
inclined to the crystalline plane. Our study is beneficial to
the further understanding of biexcitons and has important
applications of novel optoelectronics and biexciton lasing.

5 Supplementary materials

Supplementary figures (Figures S1-S7) and the corre-
sponding discussion. This material is available from the
author.
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