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Abstract

Amplified spontaneous emission (ASE) has become a common phenomenon in hybrid perovskites
by establishing coherent light-emitting excitons. This paper reports a new phenomenon that the
long-range orbit-orbit interaction is established through orbital polarizations between coherent
light-emitting excitons during the generation of ASE in the CsPbBr; microrods. Essentially, when
the orbital polarizations are optically generated with the same direction between coherent light-
emitting excitons by using circularly polarized pumping beam, the ASE amplitude can be largely
enhanced by 22.3 %, as compared to the situation when the orbital polarizations are generated with
opposite directions by using linearly polarized photoexcitation in the randomly orientated
microstructures. This observation provides evidence that the long-range orbit-orbit interaction
occurs between coherent light-emitting excitons in ASE. Furthermore, the long-range orbit-orbit
interaction between coherent light-emitting excitons is simultaneously increased with the ASE
amplitude while increasing pumping fluence. Therefore, the long-range orbit-orbit interaction
plays an important role in developing coherent light-emitting excitons towards ASE in metal halide

perovskites.

Keywords: Amplified spontaneous emission; Orbital polarizations, Metal halide perovskites;
Coherent excitons.
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Introduction

Metal halide perovskites have shown attractive amplified spontaneous emission (ASE) and lasing
actions with low threshold!, high optical gain?, and high quality factor.?> In general, metal halide
perovskites possess tunable bandgap* >, high quantum yield %7, and strong light-matter interaction®
? towards developing ASE. Recently, the continuous-wave operation of ASE and lasing actions in
perovskites have been initially realized in low temperature!® ' and subsequently in room
temperature!?, representing an important development towards developing electrically pumped
laser diodes. On the other hand, the light-emitting excitons are generated with strong electron-
orbital momentum through the hybridization between the s and p orbitals from metal and halide
elements.'3- 14 Therefore, metal halide perovskites are promising thin-film semiconductors with the
possibilities of realizing orbital-tunable light-emitting excitons. In principle, the orbital interaction
between light-emitting excitons can be operated through orbital and magnetic polarizations,
leading to long-range and short-range orbit-orbit interactions between light-emitting excitons,
respectively. Operating long-range and short-range orbit-orbit interactions through orbital and
magnetic polarizations provides a unique method to control the optical properties of light-emitting
excitons in hybrid perovskites. It has been shown that externally injecting spins can lead to spin-
polarized light-emitting excitons in the spontaneous emission regime in hybrid perovskites.!>-17
On the other hand, circularly polarized photoluminescence (PL) was observed in hybrid
perovskites (MAPDbBr3) at low temperature (10 K) under circularly polarized photoexcitation.!®
This provides direct evidence that the light-emitting excitons can be established with in-phase
orbital polarizations during spontaneous emission in hybrid perovskites. We should note that a
coherent interaction can be established between light-emitting states to generate an ASE when the
pumping beam exceeds the threshold fluence.!®-2° However, it has become a fundamental issue on
whether orbital and magnetic polarizations can play an important role in establishing the coherent
interaction between light-emitting excitons carrying both orbital and spin momentums towards

developing an ASE in hybrid perovskites.

In this work, we explore the orbit-orbit interaction between coherent light-emitting excitons by
using circularly polarized optical pumping during the generation of ASE based on the randomly
oriented CsPbBr; microrods. We have shown in spontaneous emission that the orbit-orbit

interaction can occur through orbital and magnetic polarizations between light-emitting excitons,
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leading to long-range and short-range orbit-orbit interactions in hybrid perovskites. 2!-23 In the
spontaneous regime, we have observed that long-range and short-range orbit-orbit interactions can
affect the exciton dissociation through dipole-dipole interaction and the spin mixing between
bright and dark states through spin-orbital coupling effects. Here, we monitor the ASE amplitude
while optically operating the long-range and short-range orbit-orbit interactions by using circularly
and linearly polarized photoexcitations (¢ ™ and ¢°). It is observed that a circularly polarized
optical excitation can generate a higher ASE amplitude as compared to a linearly polarized optical
excitation at the same pumping fluence in the CsPbBr; microrods, leading to a positive AASE
phenomenon at room temperature. Increasing the pumping fluence causes an increase in the AASE
magnitude, proportionally following the ASE trend. This observation provides direct evidence that
long-range orbit-orbit interaction is established through orbital polarizations between coherent
light-emitting excitons towards developing ASE in the CsPbBr; microrods. Essentially, this
indicates that operating the long-range orbit-orbit interaction plays an important role in

establishing coherent light-emitting excitons towards developing an ASE in hybrid perovskites.

Results

Inorganic cesium lead perovskite (CsPbX3) nanostructures have emerged as a very promising gain
medium system for developing lasing actions.!> 24 2> Meanwhile, the CsPbX3 perovskites exhibit
superior thermal and moisture stability to avoid photodegradation in lasing applications.?® In this
work, the randomly oriented CsPbBr; microrods structure was selected as the gain medium to
explore spin-polarized coherent light-emitting excitons in the ASE regime. As shown by the
optical microscopy images in Figure la, the CsPbBr; microrods exhibit a rectangular shape with
the size of a few um. The magnified image of a single microrod is shown in Figure S1. Figure 1b
shows the PL spectrum peaked at 533 nm with narrow full width at half maximum (FWHM) of 23

nm.

Figure 2a shows the emission spectra from the CsPbBr; microrods excited by the 343 nm pulse
laser with a duration of 290 fs at different pumping intensities. The broad spontaneous emission
peaked at 533 nm can be observed at the low pumping intensities. As the pumping fluence was
increased, a spectral narrowing phenomenon was observed with a sharp peak at 543 nm above the

long-wavelength side of the broad spontaneous emission. Therefore, the sharp emission peak is
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not induced by the emission from the potential nanostructure of the CsPbBr; in the sample with
the quantum confinement. Although we cannot completely exclude the possibility of size
distribution induced broadening of lasing emission, this pumping intensity-induced spectral
narrowing phenomenon clearly represents an ASE in the randomly orientated CsPbX; microrods.
The red-shifted ASE peak with respect to the PL peak has been observed in the CsPbXj
nanocrystals, which is believed to originate from the self-absorption during the single exciton
process.?’-28 Figure 2b illustrates the spectral intensity and width as a function of pumping fluence.
The emission intensity was largely increased while the FWHM was decreased to around 10 nm
when the pumping fluence was gradually increased above the threshold of 10.2 uJ/cm?. Figure 2¢
shows the emission dynamics for the ASE region peaked at 543 nm and the PL region at 530 nm
with a pumping fluence of 9 pJ/cm?, right below the ASE threshold. It can be seen that, below the
pumping threshold (12 pJ/cm?), the PL targeted at spontaneous and ASE regions exhibit similar
lifetimes of 2.21 ns and 2.02 ns at 530 nm and 543 nm, respectively. When the pumping fluence
is above this threshold, the average lifetime monitored at 543 nm within the ASE region is
significantly reduced to 0.36 ns with the fast decay component of 51 ps directly related to ASE
and the slow decay component of 1.65 ns. At the same time, the PL peaked at 530 nm within the
broad spontaneous region shows an average lifetime of 1.63 ns (Figure 2d). The rapid decay of
ASE indicates a stimulated light-emitting process occurring in the ASE region above the pumping

threshold.

To identify the orbit-orbit interaction occurring between coherent light-emitting excitons within
the ASE regime, we monitored the ASE intensity while optically operating orbit-orbit interaction
with in-phase and out-phase orbital and magnetic polarizations between coherent light-emitting
excitons by circularly and linearly polarized pumping beams with the same intensity. Here, an
exciton can be considered as the pair between an electron from J = 1/2 at conduction band
minimum and a hole from S = 1/2 at valence band maximum. Essentially, an exciton possesses (1)
transition dipole (h—e), (ii) orbital momentum (L), and (iii) spin momentum (S). When an optical
excitation meets the bandgap, the polarization of the incident electromagnetic wave can operate
the electron-orbital momentum. It should be noted that a circularly polarized pumping beam (c™)
generates the light-emitting excitons with same-directional electron-orbital and magnetic
polarizations, leading to in-phase orbital polarizations between excitons. In contrast, a linearly

polarized pumping beam (c® = ¢ + &) gives rise to opposite-directional electron-orbital and

5
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magnetic polarizations, generating out-phase orbital polarizations between light-emitting
excitons.?!- 22 With the in-phase relationship under circularly polarized photoexcitation (Figure 3
a), the same-directional orbital polarizations can increase the coherent interaction between
excitons. However, the same-directional magnetic polarizations can contribute to spin-orbital
coupling between excitons, consequently increasing spin mixing to convert bright excitons to dark
excitons through spin scattering. With the out-phase relationship under linearly polarized
photoexcitation (Figure 3 b), the opposite-directional orbital polarizations can cause a de-phasing
behavior through dipole-dipole interaction, decreasing the coherent interaction between excitons.
The opposite-directional magnetic polarizations can then decrease the spin-orbital coupling
between excitons, decreasing the spin mixing to convert bright excitons into dark excitons. Clearly,
monitoring the ASE with circularly and linearly polarized pumping beams provides an
experimental method to identify the orbit-orbit interactions between coherent light-emitting
excitons. Here, the AASE generated by switching the pumping from linear to circular polarization
is defined by AASE=(Iask/cCircular- LasE/Lincar)/( 1asE/Lincar-IpL@5430m), Where Iasg/circutar a0d TASE/Linear
are the ASE intensity at 543 nm under circularly and linearly polarized photoexcitation,
respectively. The subtracted spontaneous emission background under ASE conditions, labeled as
IpL@s43nm, 15 calculated by using the measured axIpr gs30nm, Where the ratio a is derived from the
IpL@s43nm/ IpL@s3onm under the low excitation condition below the ASE threshold. Therefore, we
can identify the orbit-orbit interactions between coherent light-emitting excitons by using the

AASE phenomenon upon switching the pumping beam between linear and circular polarizations.

Figure 4 shows the ASE (peaked at 543 nm) and spontaneous emission (peaked at 530 nm) while
the 343 nm pumping beam is switched between linear and circular polarization with identical
intensity for each pumping fluence in the CsPbBr; microrods. We can see in Figure 4a that, under
the pumping fluence of 9 pJ/cm? below the ASE threshold, the PL intensity shows a limited change
upon switching the pumping between linear and circular polarizations in the spontaneous region,
giving rise to a negligible APL. When the pumping fluence is increased to 12 pJ/cm? above the
ASE threshold, circularly and linearly polarized pumping generate higher and lower ASE signals,
respectively, leading to positive + AASE with the amplitude of 22.3 %. At the same time, the PL
intensity still shows a limited change upon switching the pumping between linear and circular

polarizations. Due to the random distribution of the CsPbBr; microrods, the AASE is independent
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of the sample orientation. This AASE phenomenon provides two critical experimental indications.
First, the relaxation lifetime of orbit-orbit interaction between coherent light-emitting excitons is
comparable with the ASE lifetime in the ps regime. This satisfies the precondition that orbit-orbit
interaction between coherent light-emitting excitons can change the ASE, identified by AASE
phenomenon. Second, the positive sign of AASE caused by switching the pumping beam from
linear to circular polarization provides evidence that the long-range orbit-orbit interaction is indeed
established through orbital polarizations between coherent light-emitting excitons during the
generation of ASE. Furthermore, when the pumping fluence is further increased from 12 pJ/cm?
to 25 pwJ/cm? within the ASE regime, the AASE is proportionally increased from 22.3 % to 37.8 %
(Figure 4b and 4c). The ASE spectra under circular and linear polarization sources at different
excitation intensities below and above the threshold are also shown in Figure S2. Thus, the long-
range orbit-orbit interaction between coherent light-emitting excitons is largely increased upon
increasing pumping density during ASE development in the CsPbBr; microrods. Figure 5 shows
that the orbit-orbit interaction between coherent transition dipoles is realized at a threshold
pumping fluence similar to the ASE intensity, shown as a similar trend between AASE amplitude
and ASE intensity as the pumping intensity is increased. This indicates that the long-range orbit-
orbit interaction through orbital polarizations plays an important role in developing coherent

interaction between light-emitting excitons towards realizing ASE.

In summary, we have experimentally identified that the orbit-orbit interaction indeed occurs
between coherent light-emitting excitons in the ASE regime based on the CsPbBr; microrods by
monitoring AASE upon switching the pumping beam between linear and circular polarizations.
We observed that circularly and linearly polarized pumping beams with the same fluence generate
higher and lower ASE, leading to a positive AASE phenomenon in the randomly orientated
CsPbBr; microrods while switching from linear to circular polarization. This positive AASE
phenomenon provides evidence that the long-range orbit-orbit interaction is realized between
coherent light-emitting excitons, increasing ASE in the CsPbBr; microrods. Essentially, this
observation indicates that the relaxation time of long-range orbit-orbit interaction can reach the
time window longer than the lifetime of coherent light-emitting excitons in ASE. This provides
the time-constant precondition that the long-range orbit-orbit interaction can increase the coherent

interaction between light-emitting excitons towards generating an ASE. Furthermore, the similar
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trends between AASE and ASE amplitudes with increasing pumping intensity indicate that the
long-range orbit-orbit interaction plays an important role in developing an ASE in metal halide

perovskites.

Methods

Materials: The method to prepare the microrod CsPbBr; was modified and optimized based on the
literature information.? The CsPbBr; precursor solution was prepared by dissolving 0.1 mmol
CsBr and PbBr, (Xi’an p-OLED Inc.) into 1 ml dimethylformamide (Sigma-Aldrich). Then the
solution was applied to the ultrasonic treatment for 10 min. For CsPbBr; microrods growth process,
5 pL solution was dropped on a pre-cleaned glass substrate. Then put the substrate into a sealed
glass container with isopropyl alcohol atmosphere for 12 hours, in which the CsPbBr; microrods
start to grow. After the growth process was finished, the substrate was rinsed by the toluene solvent

and dried up with nitrogen gas blow.

Characterizations: The optical microscopy images were captured by using the Horiba Xplora Plus
system. The excitation and the PL spectra were measured by using the Horiba Fluorolog 3
spectrometer with the Xenon lamp as the excitation source. The ASE spectra were recorded by
using the Oceanoptics FLAME-S-XR1-ES spectrograph. The pump beam was from the pulsed
laser beam (343 nm) generated through a harmonic generator (Ultrafast Systems LLC, third
harmonic) with a Pharos laser (Light Conversion, 1 kHz, 1030 nm, 290 fs). The diameter of the
focused laser beam is ~ 60 um. All the ASE measurements were performed in the transmission
geometry with the pump beam and detection direction normal to the sample surface. The time-
resolved PL measurements in the ASE regime were token by using the Horiba Fluorolog 3 time-
correlated single-photon counting system in combination with the pulsed laser beam (343 nm, 25
kHz, 290 fs). The FWHM of the instrument response function (IRF) is around 180 ps, which can
resolve the short lifetime around 18 ps through iterative reconvolution. For the APL measurements
in the ASE regime, a linear polarizer combined with the zero-order quarter plate (343 nm) was

used to generate a switchable linearly and circularly polarized pump beam with identical intensity.

Page 8 of 16



Page 9 of 16

220

221
222
223
224
225

226
227

228

Journal of Materials Chemistry C

Acknowledgements

This research was supported by Air Force Office of Scientific Research (AFOSR) under the grant
number FA 9550-15-1-0064, AOARD (FA2386-15-1-4104), and National Science Foundation
(NSF-1911659). The authors thank the Center for Materials Processing, a Center of Excellence at
the University of Tennessee, Knoxville funded by the Tennessee Higher Education Commission

(THEC), for financial support (M. W.).

Conflict of Interest

The authors declare no competing financial interests.



229

230

231
232

233
234
235

236

237

238

239

240

241

242

243

244

245

246

Figures

(a)

Figure 1. Characterizations on CsPbBr; microstructures. (a) Optical microscopy image of the
CsPbBr; microrods grown in the glass substrate. (b) excitation and the PL spectra of the CsPbBr;

microrods in glass substrate.
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Figure 3. Schematic diagram to show in-phase and out-phase orbit-orbit interactions between
light-emitting excitons optically operated by circularly and linearly polarized photoexcitations
(6 and ¢°). (a) Circularly polarized photoexcitation generates in-phase orbital and magnetic
polarizations between light-emitting excitons. In-phase orbital polarizations increase coherent
interaction between light-emitting excitons. In-phase magnetic polarizations increase spin-orbital
coupling, increasing spin mixing to convert bright excitons to dark excitons. (b) Linearly polarized
photoexcitation generates out-phase orbital polarizations between light-emitting excitons. Out-
phase orbital polarizations decrease coherent interaction between light-emitting excitons. Out-
phase magnetic polarizations decrease spin-orbital coupling, decreasing spin mixing to convert
bright excitons to dark excitons.
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