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Abstract
Lead halide perovskite nanocrystals are attracting considerable interest as next-generation optoelectronic
materials. Optical responses of nanocrystals are determined by excitons and exciton complexes such as trions and
biexcitons. Understanding of their dynamics is indispensable for the optimal design of optoelectronic devices and
the development of new functional properties. Here, we summarize the recent advances on the exciton and
biexciton photophysics in lead halide perovskite nanocrystals revealed by femtosecond time-resolved
spectroscopy and single-dot spectroscopy. We discuss the impact of the biexciton dynamics on controlling and

improving the optical gain.

1. Introduction

Currently, halide perovskites described by the formula ABXj; are receiving much attention as novel
semiconductor materials which show intriguing optoelectronic properties from viewpoints of the fundamental
physics and optoelectronic device applications.!~1¢ In particular, halide perovskites with the B site occupied by Pb
have a stable structure, where organic molecules (MA = CH3;NHj3;, FA = HC(NH;),) or cesium can be used as the
A-site cation, and iodine, bromine, and chloride can be used as the X-site halide (Fig. 1a). High-quality thin films
and bulk crystals of lead halide perovskites (LHPs) can be simply prepared by solution-based synthesis methods,
and actual implementation as light-weight flexible solar cell materials is expected since they also show very high
solar-cell conversion efficiencies.!’2¢ The superior solar cell characteristics of LHPs arise from their unique
optoelectronic properties such as steep absorption edges, large absorption coefficients, and long diffusion lengths of
free carriers.?’-37 Furthermore, along with the low defect densities within the bandgap, the high photoluminescence
(PL) efficiencies and the high transmittance for light with the photon energy below the bandgap®#! suggest that
LHPs are one of the promising materials for light-emitting devices and nonlinear optics. In fact, they are attracting
much attention for potential applications as high-efficiency light-emitting diodes (LEDs), low-threshold optical
gain media, photodetectors, optical modulators, etc.*>47

Low-dimensional nanostructures of LHPs exhibit superior PL properties.®*>! In these low-dimensional
perovskites, the enhancement of the density of states at the band edge and quantum confinement effects increase
the PL efficiency with keeping the excellent optical properties of the three-dimensional bulk crystals. In particular,
LHP nanocrystals (NCs), i.e. zero-dimensional quantum dots, have been intensively studied since the first report on
their synthesis in 20142 and much effort has been devoted to structural characterization and realizing highly
efficient PL.*%*° Among these studies, it was reported in 2015 that, without a special surface passivation such as a

core/shell structure, stable all-inorganic CsPbX; (X = CI, Br, I) perovskite NCs can be synthesized and they show
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extremely high PL quantum yields.’* Moreover, LHP NCs show a well-defined cubic shape and narrow size
distribution and exhibit interesting optical properties that differ from those of conventional semiconductor colloidal
NCs. For example, LHP NCs naturally form a superlattice structure when the solvent is evaporated, which was
reported to show superfluorescence.>

Halide substitution and control of the NC size and shape make it possible to tune the bandgap energy of LHP
NCs over the entire visible region.33*3-57 In addition to such good tunability of the bandgap, their low defect density
in the bandgap and high PL quantum yields make LHP NCs promising for potential applications as LEDs, lasers,
etc.5890 A large optical gain is expected to occur due to the quantum confinement of carriers in NCs. In fact, it has
been observed in CsPbX;3 NCs that light amplification with a low threshold occurs in the entire visible region.®® As
shown in Fig. 1b, in such nonlinear optical responses, not only excitons (which are pairs of an electron and a hole),
but also exciton complexes such as charged excitons (or trions, which are states where one electron or one hole is
added to an exciton) and biexcitons (which are bound states consisting of two excitons) are formed.®'"** Because
LHP NCs are ionic crystals, trions play an important role in optical responses.°!

It is known that, if biexcitons and multiexcitons exist in a semiconductor NC, the optical gain is strongly
influenced by exciton many-body effects.®2-%% Due to their band structure characteristics, the influence of exciton—
exciton interactions on the optical responses is especially important in the LHP NCs.%70 In particular, because the
biexciton dynamics determines the lifetime of the optical gain, its detailed understanding is important with respect
to the development of optimal laser designs and optical-gain switching devices.’%7* The biexciton generation and
relaxation dynamics are also inevitable for the understanding of many-body effects such as multiple exciton
generation (MEG) and Auger recombination processes. Efficient MEG is induced by single-photon excitation in
nanomaterials such as NCs, carbon nanotubes, and coupled NC films.”>83 The MEG and Auger recombination
processes in NCs are shown in Fig.1c. Photoexcitation with a photon energy much larger than the bandgap energy
generates an electron and a hole, which possess a large excess energy. An electron-hole pair with such large excess
energy creates another electron-hole pair through the MEG process. The Auger recombination process is a
non-radiative process where the electron—hole recombination energy is not emitted as a photon, but is transferred to
another electron or hole.3* The MEG process is important in terms of improving the performance of solar cells and
photodetectors.?>8¢ The Auger process plays a key role in understanding the blinking phenomenon in NCs%7-%? and
the efficiency reduction of LEDs under high voltages, i.e. the droop phenomenon.’®®! Colloidal NCs are also
known to serve as a single photon emitter.”>?* A biexciton emits a single photon in single NCs when a biexciton
relaxes to the exciton state via a non-radiative Auger recombination process. It has been reported that LHP NCs
exhibit excellent properties as room-temperature single-photon sources,* which also shows the importance of
biexciton dynamics in LHP NCs.

In this Perspective, we provide a summary of recent advances on biexciton dynamics in LHP NCs. We
highlight that the exciton-exciton interactions play an important role in the optical responses and especially in the
optical gain characteristics of LHP NCs. First, in Section 2 we describe the electronic states of LHPs, which are
revealed by nonlinear optical measurements. Then, in Section 3 we discuss the exciton and biexciton dynamics in
LHP NCs measured by femtosecond transient absorption spectroscopy, time-resolved PL spectroscopy, and

single-dot spectroscopy. In Section 4 we show that the many-body interactions between excitons significantly
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impact the optical properties of LHP NCs, and that the biexciton is important in controlling and improving the

optical gain characteristics. Finally, in Section 5 we present conclusions and perspectives.

2. Band-edge structure of lead halide perovskite semiconductors

The electronic states of APbX; consist of conduction-band states that are mainly composed of the Pb 6p
orbitals and valence-band states that are characterized by the Pb 6s orbital (Fig. 2a).°® Furthermore, the large spin—
orbit interaction resulted from the presence of the heavy Pb atom splits the conduction-band states into low- and
high-energy states, which are separated by the spin—orbit splitting energy A4,.”” The split-off states with the total
angular momentum J = 1/2 (|£1/2>*°) are formed at the band edge while the heavy- and light-electron states with J
= 3/2 (|£3/2>P¢ and |£1/2>¢, respectively) appear at higher energies. Here, |m> denotes the electronic state with a
total electron angular momentum projection along the light propagation direction of m. In Fig. 2b, we show the
energy diagram of the electronic states and the optical selection rules.”’1% The electronic states at the band edge of
APbXj; can be described by rather simple doubly degenerate states for both the conduction band and the valence
band: the valence- and conduction-band states with J = 1/2 (|x£1/2>¥ and |£1/2>%°, respectively). Due to these
band-edge states, the band-edge optical responses are characterized to be circular polarization dependent optical
transitions.?®101

Nonlinear optical measurements are an effective method to reveal this band structure.'”'-1% Two-photon
absorption (TPA) is the third-order nonlinear optical effect where excitation light with photon energy E.x generates
photoexcited carriers with an energy of 2E.,. The excitation-energy dependence of the TPA coefficient S of an
MAPbBr; single crystal is shown in the top panel of Fig. 2¢.1% While 8 gently increases for two-photon energies
2E. from 2.3 to 3.2 eV, a steep increase appears as 2E. exceeds 3.2 eV. The value of 2.3 eV, where the onset of
TPA is observed, corresponds to the bandgap energy of MAPbBr;. On the other hand, the steep increase starting
from 3.2 eV reflects the contribution from the high-energy states of the conduction band (Fig. 2a). This is clearly
seen from the excitation-energy dependence of the TPA dichroism (Fig. 2c, bottom panel). The TPA dichroism can
be obtained by measuring f for linearly and circularly polarized excitation lights. From the local minimum in the
TPA dichroism, a spin—orbit splitting energy 4, is estimated to be 0.8 eV. In wide-gap perovskites, exciton effects
play an essential role in optical spectra even at room temperarure.!9%103

The multi-level electronic structure originating from a large spin—orbit interaction has also been revealed by
optical Stark spectroscopy of CsPbBr; NCs.!%! As shown in Fig. 2b, the band-edge optical responses of LHP NCs
are determined by optical transitions from |-1/2>V to [+1/2>%° and from [+1/2>" to |-1/2>%°, which can be excited by
right- (¢") and left- (¢7) handed circularly polarized lights, respectively. In the exciton picture, the ¢*- and o—-active
optical transitions correspond to the excitation of the excitons with total exciton angular momentum projections of
Jex = +1 and —1, respectively. Consequently, when ¢* (¢7)-laser light with a photon energy of Zw < E, (Ey: the
exciton energy) irradiates LHP NCs, the exciton energy of |[+1>* (|—1>%%) shifts from Ej to Eg+JdE only during the
laser excitation. This ultrafast energy shift is called the optical Stark effect (Fig. 2d).!195-19 Figure 2e shows the
pump energy dependence of the energy shift of |[+1>%* in CsPbBr; NCs, which was observed in pump—probe
measurements with o"-pump and o*-probe pulses.!?! In the visible excitation region, the energy shift decreases with
decreasing pump-photon energies, which can be explained by the optical Stark effect in two-level systems (Fig. 2e,
black curve). On the other hand, when the pump-photon energy is reduced further and is in near-infrared region, the

energy shift starts to increase. This behavior is in contrast to that expected for the optical Stark effect in two-level
3
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systems (Fig. 2e, red curve).!9! It has been revealed that the origin of the energy shift enhancement in the
near-infrared region is the Autler—Townes effect!?® resulting from the interaction between light and a multi-level
electronic system.

The nonlinear optical measurements have revealed the electronic structure as shown in Fig. 2a and the spin—
orbit splitting energy. The doubly degenerate conduction- and valence-band edge states show that at most two
electrons and two holes can be excited in a LHP NC. Therefore, the band-edge optical responses of LHP NCs can
be determined by excitons, trions, and biexcitons. Since the excitation of the biexciton state reflects the optical
selection rules for excitons, a selective excitation is possible by using circularly polarized laser light.”> Hence,
polarization-resolved spectroscopy is an effective method for understanding the biexciton state (Fig. 2f). The low
degeneracy of the band-edge states means that population inversion occurs at low excitation intensities. This shows
that compared to conventional inorganic semiconductor NCs, LHP NCs are promising materials for low-threshold
optical-gain media.'' Moreover, the absence of higher-order multiexcitons such as triexcitons (which are generated
if three excitons form a bound state) shows that LHP NCs have great potential for application in single-photon
sources. 111

Inversion symmetry breaking and strong spin—orbit interaction bring about unique spin-split electronic states
in solids. The spin splitting without external magnetic field is called Rashba splitting.!!>!13 Because the Rashba
spin—orbit interaction can be considered as an effective magnetic field depending on the momentum of the electron
k, the interaction induces the spin splitting whose energy spacing is determined by k. Due to the strong spin—orbit
interactions in LHPs, there has been an active discussion on whether the Rashba splitting modifies the energy
structure near the band edge (Fig. 3a).!'%!18 In solids with Rashba-split band structure, circular photogalvanic effect
occurs, where the photocurrent can be generated without electric field and the direction of the photocurrent is
reversed depending on whether the excitation light is right- or left-handed circularly polarized. In LHPs, the
circular photogalvanic effect has been reported.!!s

The Rashba effect has been reported to play an important role in determining the electronic states of LHP
NCs. As shown in Fig. 3b,!!"” the energies of the bright exciton states with a total exciton angular momentum of J =
1 can become lower than that of the dark exciton state with J = 0 due to the Rashba effect. Since the energy shift is
a few meV, the influence of the Rashba effect has intensively studied in the exciton dynamics at low
temperatures.!?%120 The exciton recombination lifetimes in CsPbX3 NCs at low temperatures have been observed to
be very short (< ~100 ps) compared to the recombination lifetimes of other inorganic semiconductor NCs.'% In
contrast, it has been experimentally reported that the lowest state in FAPbX; NCs is dark, like in conventional
semiconductor NCs.!2%121 The question whether or not the lowest energy level of LHP NCs changes by the Rashba
effect should be solved, and further thorough investigations, e.g. on the role of the organic molecule at low
temperatures, are needed. The understanding of the exciton fine structures'?”!>* and the lowest electronic
level!90:120.121 jg particularly important for the development of quantum light sources based on LHP NCs.

One of characteristics of NCs is the size-dependent bandgap energy.!?>-1?7 So far, investigations on the
quantum confinement effects in the semiconductor NCs have been focused on NCs with an almost spherical shape.
For example, CdSe NCs with a strong confinement (individual confinement)'?%12° and CuCl NCs with a weak
confinement (exciton confinement)!3%13!1 have been studied, and the size confinement effect on the optical
properties has been clarified. On the other hand, the LHP NCs are different from these conventional inorganic

semiconductor NCs: they have a cubic shape and their size is relatively large. In ref. 132, the size effect in LHP
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NCs with an intermediate confinement was calculated and discussed in detail. As shown in Fig. 3c, these
calculations well reproduce the experimentally obtained size dependence of the absorption band edge energy of
LHP NCs, where the experimental data are taken from refs. 53, 133, and 134. In addition, LHP NCs with higher
photo and water stability have recently been explored, and one of them is the structure consisting of CsPbBr; NCs
embedded in a Cs4PbBry crystal.!3>-137, Tts green PL is emitted with a high efficiency of more than 90% and is very
stable compared to bare colloidal CsPbBr; NCs (Fig. 3d).!37 Below we review the biexciton photophysics of
cubic-shaped LHP NCs synthesized by colloidal methods.

3. Recombination dynamics in lead halide perovskite nanocrystals
3.1 Biexciton recombination dynamics

The ultrafast dynamics of excitons, trions, and biexcitons in LHP NCs can be investigated in detail by using
femtosecond transient absorption spectroscopy and time-resolved PL spectroscopy.tl:09-74138-144 Tn transient
absorption spectroscopy, excitons, trions, and biexcitons generated by a pump pulse can be measured via the
change in the transmission of a probe pulse. The transient absorption measurements can probe the dynamics in the
time scale typically ranging from the femtoseconds (on the order of the laser pulse width) to nanoseconds. The NCs
dispersed solution samples are usually used and samples are stirred with a magnetic stirrer during the transient
absorption measurements to avoid sample degradation. Monitoring the absorption spectra of the NCs after the
measurements can confirm that the samples are not degraded. As shown in Fig. 4a, the transmission of the probe
pulse with photon energies around the band edge depends on the number of electrons and holes excited in the NC.
The temporal change of this number is mainly determined by non-radiative Auger recombination and radiative
recombination, and their time constants also strongly differ for excitons, trions, and biexcitons.

In Fig. 4b, we show typical examples of the dynamics of the pump-induced change in transmission 47/T in
LHP NCs, which were measured in CsPbBr; NCs (an average edge length of 7.6 nm) using the pump pulses with a
photon energy of 2.82 eV and the probe pulses with photon energies around the band-edge exciton energy of 2.44
eV.13%142 When the pump photon fluence j is small, AT/T decays with a single exponential function that has
relaxation lifetime on the nanosecond time scale. On the other hand, as j is increased, fast decay components appear
and the dynamics can be reproduced using triple exponential functions, which represent the exciton, trion, and
biexcition components. By fitting to the dynamics of A7/T for different j with the triple exponential functions, the
lifetimes of the exciton (zx), trion (x*), and biexciton (zxx) can be estimated to be 5.1 ns, 280 ps, and 52 ps,
respectively.!4? In addition to the lifetimes, the j dependence of the amplitudes of the exciton (4x), trion (4x"), and
biexciton (Axx) can be obtained (Fig. 4c). The j dependence of Ax can be explained by considering that the
generation probability of excitons in a NC is described by the Poisson distribution.®%13%:139 In order to generate an
exciton, it is necessary that one or more photons are absorbed by a NC. Therefore, using the Poisson distribution,
the exciton generation probability Py is given by 1 —e ~ ™ Here, the average number of absorbed photons per
NC, (N), is written as (N) = jo, where o is the NC absorption cross-section for the pump photon energy. Because 4Ax

™ as shown in

corresponds to the number of excitons generated in a NC, Ax can be well reproduced by 1 —e™
Fig. 4c. This also shows that 7x and Ax represent the exciton dynamics. Moreover, by using the value of ¢ =
1.8x107!4 cm? estimated from the fitting, we can determine (N) as shown in the top axis of Fig. 4c. It can be seen
that Ax" and Axx rapidly increase as (N) becomes larger.

5
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These results of transient absorption spectroscopy well agree with those of time-resolved PL spectroscopy
(Fig. 4d).13%140 Under weak excitation conditions (N) << 1, the PL dynamics are determined only by the exciton,
which has a long relaxation lifetime on the nanosecond time scale. As (N) becomes larger, fast decay components
corresponding to the relaxation of trions and biexcitons appear in the PL dynamics immediately after optical
excitation. In contrast, the PL dynamics at sufficiently late times after the optical excitation can be described by the
exciton with a lifetime of 7x = 5.7 ns. The data in Fig. 4e are the decay curves for (N) > 0.25 obtained by
subtracting the slow decay component of zx = 5.7 ns from the PL dynamics. It can be clearly confirmed that two
fast decay components appear under strong excitation conditions. The observed fast decay is caused by

non-radiative Auger recombination processes.

3.2 Single-dot and single-photon spectroscopy

The above-mentioned transient absorption and time-resolved PL measurements are performed on NC
ensembles where NCs are dispersed in a solution. Therefore, the observed results are ensemble averages of the
carrier dynamics in NCs with different sizes. Since the lifetimes of trions and biexcitons are expected to exhibit a
size dependence, single-dot spectroscopy is a powerful tool for revealing the intrinsic properties of LHP
NCs.949511L139-14L145 Tny particular, by measuring the second-order photon correlation g?(¢) of a single NC, we can
clarify the PL and biexciton recombination processes.!4-148 The g®(f) function can be obtained by using a
Hanbury—Brown—-Twiss interferometer (Fig. 5a), where the emission from a single NC is split into two beams and
each of them is measured by a single-photon detector. A biexciton can simultaneously emit two photons via the
exciton state, and this process is called biexciton—exciton cascade emission (Fig. 5b). A non-zero g?(f) at t = 0
means the presence of two-photon emission from the biexciton.

In Fig. 5¢, we show g@(f) observed for a single CsPbBr; NC.!3° The pulse repetition frequency of the
excitation laser is 1/fr, (fiep = 200 ns). The peaks at + # 0 correspond to the case where each of two excitation
pulses with time interval of ¢ induces one photon emission. On the other hand, the center peak at t = 0 shows that
two-photon emission is caused by one excitation pulse, which corresponds to biexciton—exciton cascade emission.
In Fig. 5c, the area ratio of the center peak to the side peak at t = =+ 200 ns takes a small value of 0.1. This
shows that one excitation pulse almost certainly leads to the single photon emission from the single CsPbBr; NC. A
similar behavior has also been observed for MAPbBr; and FAPbBr; NCs. Therefore, independent of the A-site
cation, LHP NCs possess characteristics of single photon sources.'#?

By investigating the first photon emission at the center peak in g®(¢), we can further clarify the biexciton
relaxation dynamics. This is because the first photon emission is induced by the transition from the biexciton state
to the exciton state. Figure 5d shows the PL dynamics of trions and the first photons.!?® This reveals that the
biexciton lifetime is equal to or shorter than the time resolution of the measurement system (~200 ps), and is
shorter than the trion lifetime of 410 ps.

Because the center peak is related to the biexciton PL, the center-peak value at weak excitation conditions ({N)
<< 1) can be used to estimate the PL quantum yield (QY) of the biexciton emission. The general method reported
in ref.146 is only applicable to very weak excitation conditions. In this situation, the biexciton PL can be blurred by

the exciton PL because the PL QY of the biexciton emission is relatively small due to Auger recombination.
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Therefore, the alternative estimation method which can be applied to rather strong excitation conditions is required.
To solve this issue, a versatile method has been developed that allows us to correctly calculate the PL QY ratio of
the biexciton emission to exciton emission #xx/x from the center-to-side-peak ratio of g?(¢), g./g,, even under
strong excitation conditions. A simultaneous measurement of the PL decay curve in addition to g(¥) can provide
the PL intensity ratio of the biexciton emission to exciton emission Ixx/Ix and g./g,, which enables the
determination of 7xx/nx at various excitation intensities.'#”-!“8 As shown in Fig. 5e, in the weak-excitation regime
(N) << 1, the two-photon cascade emission QY, #xx/#x, becomes equal to g./g; and can be determined only by
using g@(¢). Therefore, single-dot spectroscopy can clearly distinguish the exciton and biexciton PL properties and
is exceptionally useful in understanding biexciton dynamics.

The biexciton lifetime can be described by using the lifetimes of negative (rx-) and positive (rx+) trions as
follows: < )&1 = 2( Ty L+ ¢ . }) (Fig. 6a).140149 A negative (positive) trion consists of an exciton with one
additional electron (hole). By using this relation, the biexciton lifetime can be estimated by single-dot spectroscopy.
Figure 6b shows the relation between 7x— and 7x. obtained by single-dot spectroscopy of FAPbBr; NCs, which is
estimated to be rx—_/tx+ = 1.7.1%° Both of negative and positive trion states were prepared by adding a hole quencher
to FAPbBr; NCs. Figure 6¢ is the histogram of the biexciton lifetimes estimated from the trion lifetimes for
individual single NCs, where the average biexciton lifetime is 103 ps. This value agrees with the biexciton lifetime
of 85 ps determined from transient absorption measurements of a FAPbBr; NC ensemble dispersed in a hexane
solution. As described above, femtosecond transient absorption spectroscopy realizes a superior time resolution
while single-dot spectroscopy can reduce the effects of inhomogeneity of NCs. Therefore, utilizing both of these
spectroscopic methods enables us to reveal the dynamics of excitons, trions, and biexcitons in LHP NCs.

One of the phenomena where the three states of exciton, trion, and biexciton are involved, is blinking.®!-% As
is known from conventional inorganic semiconductor NCs, e.g. CdSe NCs, there are two types of blinking and it
can be classified into type A and type B.!>° In LHP NCs, these two types can also be observed.**!41.131 Type A is
the type of PL intermittency that is characterized by two discrete states consisting of an on state with a high PL
intensity (Fig. 7a; intensity region colored in red) and an intermediate state with a low PL intensity (Fig. 7a;
intensity region colored in blue). On the other hand, with respect to type B, the PL intensity changes continuously
and the surface charge trapping occurs (Fig. 7b).!4!

To obtain deeper understanding of these two types of blinking, Figs. 7c and d show the correlation between
the PL lifetime and intensity.!#! For type A, the PL from two states is observed: that from the exciton (X) with a
high PL intensity and a long PL lifetime, and that from the trion (X*) with a low PL intensity and a short PL
lifetime (Fig. 7¢). This is also confirmed from the correlation between the PL intensity and peak energy (Fig. 7e).
On the other hand, for type B, the PL intensity, lifetime, and peak energy strongly fluctuate (Figs. 7d and f). While
for type A the fast component shows a clear size dependence and is caused by the biexciton or the trion, for type B
no size dependence is observed for the fast component. This indicates that type B has an extrinsic origin such as
surface states or the surrounding environment. This interpretation is further confirmed by the fact that by chemical
modification of the NC surface, type B almost disappears and the PL quantum efficiency strongly improves.!4!

Since the first report of the two types of blinking in LHP NCs,* there has been a comprehensive and active

discussion on the mechanisms including Auger ionization and surface traps. Figure 7g illustrates the overview of
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the mechanisms: the trion formation caused by biexcitons and that caused by surface traps. In addition, a
fluctuation of PL that is similar to blinking in NCs has been recently reported in the LHP micrometer-sized
crystals.'3'154 This unexpected result also suggests that further studies are required to reveal the complete picture of
the underlying physics. In particular, the ionization of NCs is a very important issue in the development of light
sources such as LEDs and lasers. The dynamics of ionization and neutralization have been intensively investigated,
and some details are provided in refs. 142, 143, and 155. Similar approaches for CdSe-CdS core-shell NCs, e.g., a
core—thick-shell NC and a CdSe—CdSeS—CdS core-alloyed interface—shell NC,3%149:156-158 would be very useful for

suppression of the Auger recombination and ionization of LHP NCs.

3.3 Biexciton binding energy

The energy level of the biexciton states is shifted due to exciton—exciton interactions, and the biexciton energy
is different from the sum of two exciton energies, as illustrated in Fig. 8(a). There have been many discussions
concerning the value of the biexciton binding energy AExx in LHP NCs. Here, note that we define AExx as the
difference between the energy of two excitons, 2Fx and the biexciton energy Exx, that is, AExx = 2Ex—Fxx (Fig.
8a). The exciton—exciton interaction energy Axx is determined from the biexciton binding energy through the
relation of Axx = —AExx. A negative Axx (positive AExx) means that the exciton—exciton interaction is attractive
and the biexciton state is stable.>% On the other hand, a positive Axx (negative AExx) means that the exciton—
exciton interaction is repulsive.

In CsPbBr; NCs, it was reported that AExx has a huge value of about three times that of CdSe NCs and its
value reaches approximately 100 meV.%° However, in the following reports, the values of AExx were scattered over
a wide range and the value including the sign is still under debate. It has been pointed out that the initially reported
very large AExx of 100 meV was related to sample sintering.!®® In many studies, it has been reported that the
exciton—exciton interaction is attractive and AExx is a few tens of millielectronvolt or less.”0:74:160-162

The value of AExx has been mainly investigated by using transient absorption spectroscopy and time-resolved
PL spectroscopy of NC ensembles. The reported values in CsPbBr; NCs are scattered over a wide range®®16%-161 and
even a negative value (the repulsive exciton—exciton interaction) has been reported.!®> One of the reasons for such
inconsistencies should be that the measurements were performed on NC ensembles, which have a finite NC size
distribution. Because AExx depends on the NC size and the excitation energy,%%70-74164.165 g significant influence of
the size distribution of the measured NCs is considered to appear. By using polarization-dependent
two-dimensional spectroscopy, it has recently reported that the size-dependent biexciton binding energy in CsPbBr;
NCs can be determined even with NC ensembles and AExx is estimated to be less than about 40 meV with AExx
being positive, i.e. the attractive exciton—exciton interaction (Fig. 8b).7?

With the ability to obtain the PL spectrum of a single NC, single-dot spectroscopy is a powerful method that
can directly measure the NC-size dependence of AExx.'?>13* The PL linewidth of ensemble NCs at room
temperature is relatively broad because of the interaction with phonons and the NC-size distribution. In contrast,
the PL spectra of single NCs at low temperature show narrow PL linewidths, which enables a high precision
measurement of AExx. Figure 8¢ shows the PL spectrum of a single FAPbBr; NC at 5.5 K.!3* On the low-energy

side of the exciton emission peak, four emission peaks are observed, which are characterized by the trion and
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biexciton PL and two LO phonon replicas. The biexciton emission energy corresponds to the biexciton—exciton
transition energy as shown in the inset of Fig. 8c. Because the biexciton—exciton transition energy is shifted from
the exciton energy by AExx, AExx can be estimated from the difference between the peak energies of the biexciton
and exciton emission spectra. The binding energy of the trion can be determined in the same way. Figure 8d shows
the observed NC-size dependence of the binding energies of trions and biexcitons. As the NC size becomes smaller,
both of the trion and biexciton energies increase. Such a size-dependent biexciton binding energy has also been
observed in CsPbBr; NCs.%73 Moreover, the size dependence of the biexciton binding energy has been also
observed for CuCI'3! and CdSe/ZnS NCs!% and theoretically calculated!%. Figure 8¢ plots the normalized biexciton
binding energy of several inorganic semiconductor NCs as a function of the normalized NC size, where the binding
energy and the size are normalized by the bulk exciton binding energy and the exciton Bohr radius, respectively. It
can be seen that the normalized biexciton binding energy in LHP NCs is on the same level as those in other
representative inorganic semiconductor NCs, and that the normalized size dependence shows the same behavior
irrespective of the semiconductor materials. We note that in single-dot spectroscopy measurements at low
temperatures, all biexciton binding energies are observed to be positive and thus the exciton—exciton interaction is

attractive.

4. Hot-biexciton effect and control of optical gain
4.1. Exciton—exciton interactions and optical gain dynamics

CsPbX; NCs show excellent properties for optical gain media such as high PL quantum efficiencies exceeding
90% and low-threshold light amplification in the entire visible region.>3-7-3% Biexcitons play a significant role in
nonlinear optical responses such as light amplification and thus the optical gain is strongly influenced by exciton—
exciton interactions.®>7* Because the biexciton dynamics in LHP NCs are very fast, femtosecond transient
absorption spectroscopy is suitable to investigate the optical gain dynamics.

In Fig. 9a, we show the change in the absorption spectrum —4ad of CsPbl; NCs (an average edge length of 7.0
nm) at different pump-probe delay times #,,, where the pump intensity is set to be (V) = 0.1 and the pump photon
energy corresponds to the excess energy Ee of 0.47 eV.0 E,, is the difference between the pump photon energy
and the band-edge exciton energy. A long-lasting (¢,, > 500 ps) bleaching signal (—dad > 0) appears around the
band-edge due to the state-filling effect as described in Fig. 4a. In addition to this bleaching signal, an induced
absorption signal (—dad < 0) appears immediately after excitation (¢, < 2 ps) on the low-energy side of the
band-edge. The induced absorption signal is ascribed to the biexciton effect.6>70.74.138.160 The biexciton effect can be
described as follows (Fig. 9b). First, a hot exciton with an excess energy of E. is generated by the pump pulse.
This hot exciton and the band-edge exciton generated by the probe pulse interact with each other via a Coulomb
interaction. Consequently, the band-edge transition energy shifts from E, to E,+Axx, where E, is the band-edge
transition energy under the absence of the hot exciton. Because the exciton—exciton interaction in CsPbl; NCs is
attractive (Axx < 0), the band-edge transition redshifts. While the relaxation of the hot exciton is not completed (0
ps < t,p < 2 ps), this redshift brings about the induced absorption and bleaching signals around the band edge, which
results in a derivative-like feature of —4ad. On the other hand, after the relaxation of the hot exciton (f,, > 2 ps), a

strong bleaching signal appears near the band edge due to the state-filling effect, and the induced absorption signal



Physical Chemistry Chemical Physics Page 10 of 35

disappears.

Figure 9c plots the E.x dependence of Axx. It can be seen that Axy takes negative values, and |4xx| increases
monotonically and reaches a constant value as E.y is increased. This clearly shows that the strength of the exciton—
exciton interaction between the hot exciton and the band-edge exciton depends on the hot-exciton state.”® The
hot-exciton-state-dependent exciton—exciton interaction significantly influences the optical gain behavior. In Fig.
9d, we show the nonlinear absorption spectra anid = aod + dod (aod: steady-state absorption spectrum)
immediately after excitation (¢,, = 0.3 ps) for (N) = 1 and different values of E.,. For E., = 0.05 eV, axid is smaller
than zero at probe photon energies below 1.80 eV, showing that optical gain occurs. On the other hand, with
increasing F., the optical gain spectral region redshifts and vanishes. Moreover, in Fig. 9e, we show the #,,
dependence of the normalized change in the absorption spectrum —4a/ay at the probe photon energy of 1.80 eV. It
can be seen that #,, when the optical gain appears (—da/ap > 1) is longer for larger E. This results from the fact
that the induced absorption signal immediately after excitation suppresses the optical gain. These findings show
that the optical gain is significantly modulated by the hot-exciton state through the exciton—exciton interactions,

which suggests a novel approach to the optical gain control on the picosecond time scale.

4.2. Optical gain control by symmetry engineering of multiexciton states

As we mentioned above, the optical gain in LHP NCs can be controlled by exciton—exciton interactions which
depend on the excited state. Therefore, an improvement of the optical gain is expected by manipulating the excited
state. Because double-pump transient absorption spectroscopy can realize various excited states, the symmetry of
hot excitons and hot biexcitons can be controlled and the optical gain dynamics can be further clarified.”* In Fig.
10a, we provide a brief description of this method. Excitons are generated by the first and second pump pulses,
which have the same intensity and are separated by a time interval Az. The dynamics of the optical gain spectra are
measured by a white-light probe pulse separated from the second pump pulse by a time interval ¢. In the case of a
single pump excitation, either a hot exciton or a symmetric hot biexciton (which consists of a pair of hot excitons
with equal energy) is formed immediately after excitation (Fig. 10b). On the other hand, in the case of a
double-pump excitation, after the hot exciton generated by the first pump relaxes to a ground exciton state, it is
possible to generate an asymmetric hot biexciton via the additional excitation by the second pump (Fig. 10b). An
asymmetric hot biexciton is a state in which one hot exciton and one band-edge exciton exist within a single NC. In
Fig. 10b, Ay denotes the band-edge exciton energy shift under the presence of i (i = h, hh, g, and hg) state, where
h, hh, g, and hg mean a hot exciton, a symmetric hot biexciton, a band-edge exciton, and an asymmetric hot
biexciton, respectively.

Figure 10c shows the A¢ dependence of Axx in CsPbl; NCs, where Axx contains contributions from all excited
states. The intensities of the first and second pump pulses, (Nyy) and (Npy4), are fixed to (Nig) = (Nang) = 2. By
fitting to the Az dependence of Axx with a model considering contributions from all excited states, we obtained the
values Ay = —36 £2 meV, A®xx = =3 + 6 meV, and AM®yx = —27 +4 meV. For asymmetric hot biexcitons,
the absolute value of the energy shift becomes smaller than the values for hot excitons and symmetric hot
biexcitons. The larger the redshift of the band-edge exciton energy due to the interaction between excitons

becomes, the larger is the reabsorption of amplified light, which leads to lowering of the optical gain performance.

10
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If a double-pump pulse can generate an excited state which provides a small band-edge energy shift, the optical
gain performance would be improved. Therefore, we estimated the optical gain threshold (,) in CsPbl; NCs for
the cases of single- and double-pump measurements. Figure 10d plots the Ar dependence of the estimated (N,). It
can be seen that (N,) at around At = 0 ps agrees with (N,) for single-pump measurements ({(Ny) = 7.3). As At is
increased, (N,) becomes smaller than the value for single-pump measurements at Az = 10 ~ 30 ps and then starts to
increase monotonically.

Such a At dependence of (N,) can be understood by considering the excited state dynamics. In the single-pump
experiment, the presence of hot excitons and symmetric hot biexcitons suppresses the optical gain immediately
after the excitation. On the other hand, in the double-pump experiment, the fraction of asymmetric hot biexcitons is
more significant. Because asymmetric hot biexcitons show a small energy shift, the effective band-edge energy
shift becomes smaller. Therefore, the reabsorption effect becomes weaker and the optical gain threshold is lowered
(At <30 ps). When At is increased further, the time interval between the first pump pulse and the probe pulse starts
to become longer than the biexciton lifetime (zxx = 60 ps). This leads to an increase in the fraction of the biexcitons
that recombine before the probe pulse arrives. Therefore, as At is increased, the fraction of the biexcitons
contributing to the optical gain decreases, and thus the effective optical gain threshold increases (At > 100ps).
Consequently, in double-pump transient absorption spectroscopy, the competition between the two effects changes
depending on the pump interval Az, which decreases or increases the optical gain threshold, and a reduction of the
optical gain threshold is realized in a specific time range.

In the above, we mentioned that the relaxation of hot excitons or hot carriers is important for biexciton
properties and also for the optical gain. In addition, it has been reported that, compared to the conventional
inorganic semiconductors, the intra-band relaxation of photoexcited carriers in LHPs is very slow, that is, the hot
carriers possess a long lifetime.'%*173 The electron—lattice interactions in LHPs are very unique, and a peculiar
hot-phonon bottleneck effect has been observed. Because the hot-phonon bottleneck effect significantly influences
the exciton and photocarrier behaviors,!7#17 these observations revealed that LHPs are materials where hot-carrier
and hot-exciton effects can be clearly observed, and they are promising materials systems for hot-carrier-based
optoelectronic applications. Hot carrier relaxation in LHPs was reported to be characterized by a slow relaxation
time constant of a few tens of picoseconds under strong excitation conditions, which is about three orders of
magnitude longer than in bulk GaAs under the same excitation conditions.!’-'%7 This shows that when the carriers
have a large excess energy at high excitation densities, the relaxation time constant becomes slow. The increase of
the hot-carrier lifetime in high-density carrier systems is very similar to the results previously observed in III-V
quantum wells and can be understood in terms of a hot-phonon bottleneck mechanism. If the decay of LO phonons
into acoustic phonons is suppressed, the LO phonons are again absorbed by carriers and a high carrier temperature
is maintained. Several possible origins of the hot-phonon bottleneck effect in LHPs have been proposed, and an
overview is provided in refs. 10 and 11. Although there are many unresolved issues on the hot-carrier relaxation
dynamics in LHPs, it is most likely true that the characteristic phonon modes of LHPs with the strong electron—
lattice interactions and strong anharmonicity play important roles. By utilizing the long-lived hot carriers,

LHP-based novel optical devices are expected in the future.
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5. Conclusions and perspectives

We have reviewed the recent results on the biexciton dynamics in LHP NCs, which are attracting considerable
interest as next-generation photonic and optoelectronic materials. Related to the electronic structure of LHP
semiconductors, the optical responses of these NCs are governed by the dynamics of excitons, trions, and
biexcitons. This has been revealed by femtosecond transient absorption spectroscopy, time-resolved PL
spectroscopy, and single-dot spectroscopy. The biexciton has a short lifetime of a few tens of picoseconds due to
Auger recombination, which results in the suppression of the two-photon emission via the biexciton—exciton
radiative cascade. Single-dot spectroscopy has shown that LHP NCs have superior characteristics for single-photon
sources. Moreover, we discussed that it is possible to control and improve the optical gain characteristics by
manipulating the excited biexciton state, which is revealed by using single- and double-pump transient absorption
spectroscopy. In terms of device applications, non-radiative Auger recombination process of biexcitons mostly
leads to efficiency reduction of devices such as LEDs and lasers. On the other hand, the optical gain controllability
through exciton—exciton interactions in LHP NCs would realize novel photonics devices, such as ultra-fast optical
switches and low-threshold lasers.

The biexciton-symmetry dependence of exciton—exciton interactions provides a new way to control and
improve the optical gain. At the same time, this property would also be beneficial for quantum information
applications, such as sources of indistinguishable single photons and entangled photon pairs. Recently, a peculiar
exciton fine structure originating from the Rashba effect has been reported for CsPbX3; NCs.!% Due to this
characteristic structure, short radiative lifetimes and long optical coherence times have been observed and these
properties show the great potential of CsPbX; NCs for next-generation quantum emitters.!’® However, if a
non-degenerate exciton level is formed by exciton fine-structure splitting, a two-photon entanglement via a
biexciton—exciton cascade emission is inhibited.!””-!7® Therefore, in order to obtain entangled photon pairs, the
exciton fine structure should be controlled by applying external fields such as magnetic field'”, light!’8, etc. On the
other hand, it has been proposed that, even if a non-degenerate exciton level exists, entangled photon pairs can be
obtained if the biexciton—exciton transition energy is equal to the exciton energy.!8%!8! Such an exciton- and
biexciton-energy control has been realized by applying biaxial strain.'8> Control of the biexciton binding energy via
the biexciton symmetry engineering would become an alternative approach to the conventional energy-state control
method.

With their long hot-carrier lifetimes, LHPs are promising materials for fabrication of novel hot-carrier devices.
For such applications, a detailed understanding of the biexciton symmetry and the exciton—exciton interactions is
crucial. Therefore, we hope that a theoretical framework will be established that describes the
biexciton-symmetry-dependent exciton—exciton interactions by considering the extension and overlap of the
electron and hole wavefunctions in a NC together with the electronic structure of LHPs.

In addition to a simple cubic shape, various nanostructure shapes of LHPs have also been fabricated, including
nanoplatelets>>!83:184 and atomically thin 2D perovskites!®3-187. Therefore, it is expected that the electronic structure
and the exciton dynamics in such LHP nanostructures will be clarified and that new optical functionalities will be
developed. In fact, in addition to characteristic exciton properties!®, unique spin-related optical responses, such as

chiral-induced spin selectivity'® and formation of spin-polarized exciton halo'?°, have recently been observed. One

12



Page 13 of 35

Physical Chemistry Chemical Physics

of new research directions is the exciton physics at homo- and hetero-interfaces of atomically thin LHP films.

These materials systems are expected to become important as novel two-dimensional materials beyond transition

metal dichalcogenides. In addition, a growing number of ferroelectric 2D perovskites has been reported.!! Thus,

another research direction is the study of photophysics coupled to ferroelectricity. Such ferroelectricity-related

optical responses have recently be investigated in a metal-free ferroelectric halide perovskite,'”? which exhibits

both visible PL and ferroelectricity, and visible PL correlated with local ferroelectricity has been observed.!®3 The

detail characterization of the fundamental physical properties by precise laser spectroscopy will become even more

important in the future.
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Fig. 1 (a) Crystal structure of lead halide perovskites APbXj. (b) Illustration of exciton and multiexciton states,
which determine the optical responses of lead halide perovskite nanocrystals. Solid (open) circles represent

electrons (holes). (c) Schematics of multiple exciton generation (MEG) and Auger recombination processes.
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Fig. 2 (a) Electronic band structure of lead halide perovskites. le, light-electron conduction band; he,
heavy-electron conduction band; so, split-off conduction band; v, valence band. (b) Optical transition selection
rules between band-edge states and between conduction band states. 45, denotes the spin-orbit splitting energy. (c)
Excitation energy dependences of two-photon absorption coefficient (top panel) and dichroism (bottom panel). The
top and bottom axes are the excitation energy ~“w and twice of that 2 2w, respectively. The dotted curves are
theoretical results. The vertical dashed lines represent the lowest energy of the heavy- and light-electron bands. (d)
Schematics of the two-level optical Stark effect in lead halide perovskites. The upper panel shows that when the
band-edge optical transition from |[—1/2>" to |[+1/2>%° (from |+1/2>Y to |[-1/2>%°) is driven by right- (left-) handed
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laser excitation. The lower panel is the corresponding description with the exciton picture. (e) Pump energy
dependence of the energy shift for o™-pump and ¢*-probe pulses, observed in CsPbBr; nanocrystals. The top and
bottom axes are the pump energy “*w and the pump detuning energy defined as Ey—=+w, respectively. The red and
black curves show the calculated energy shift based on the Autler—Townes effect and the two-level optical Stark
effect, respectively. (f) Energy level diagram and optical transition selection rules for exciton (J+1>*) and biexciton
(IXX>) states. Panels (b) and (e) are reproduced from ref. 101. Copyright 2021, The Authors, Published by
Springer Nature under the Creative Commons Attribution 4.0 International license. Panel (c) is reproduced with

permission from ref. 104. Copyright 2021, American Physical Society.
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Fig. 3 (a) Rashba spin-split band structure in lead halide perovskites. (b) Schematic for how the Rashba effect
modifies the energy structure of exciton states in lead halide perovskite nanocrystals. (c) The size dependence of
the absorption band edge energy in lead halide perovskite nanocrystals. Data are taken from refs. 53, 133, and 134.
The solid curves are calculated results based on ref. 132. (d) Top left: Optical absorption and PL spectra of
CsPbBr;/Cs4PbBrg (upper panel) and CsPbBr; bulk crystals (lower panel). Top right: Dependence of the external
quantum efficiency on the excitation power density for the CsPbBr;/Cs,PbBry crystal. Excitation photon energy
was 3.1 eV. Bottom: Stability of the PL intensity against light exposure for the CsPbBr;/Cs4PbBrg (red data) and
the CsPbBr; bulk crystal (green data) under continuous-wave photoexcitation in air at room temperature. Panel (b)
is adopted with permission from ref. 119. Copyright 2019, American Chemical Society. Panel (d) is adopted with
permission from ref. 137. Copyright 2022, American Physical Society.

28



Page 29 of 35

(a)

Physical Chemistry Chemical Physics

Z

Absoarption Gain 1 00 —
T T T T
Trion . 13 2 m
Ground state (negatively charged) . 4-5 (x10 2cg'| ) . _é, 1000
e 039 — 0.16 N a
~ 10 K\ £ 100
-
- = - z
Prabe L > > = o | TS — 2 10
—-— > [ - > 10 --—--—-____- ____ = E 1
-6 S -
3 | i
i 10 0.1
Trion
(positively charged) 0.0 0.5 1.0 15 2.0
ty (NS)
(c) (e)

_ ; 110'2 10 10 10

Transparency

Exciton

Biexciton

_ T ‘[—»
> =

|
IYT
e
Y

Intenisity Difference

2 Time (ns)
Photon Fluence (cm ")

Fig. 4 (a) Schematics of how the photoexcited states determine the transmission of the probe pulse with photon
energies around the band edge. The green and black arrows represent stimulated emission and absorption,
respectively. When stimulated emission overcomes absorption, the probe light is amplified and optical gain
appears. (b) Dynamics of the pump-induced change in transmission for various excitation fluences in CsPbBr;
nanocrystals. The dashed curves are the global fitting results using the triple exponential function. (¢) Pump photon
fluence dependence of estimated amplitudes of the exciton (Ax), trion (4x™), and biexciton (Axx). The solid curve
shows the fitting result using the Poisson distribution. (d,e) PL dynamics (d) and fast-decay components of the PL
curves (e) of CsPbBr; nanocrystals for different excitation fluences. Panel (b) is adopted and panel (c) is
reproduced with permission from ref. 142. Copyright 2018, American Chemical Society. Panels (d) and (e) are
adopted with permission from ref. 139. Copyright 2017, American Chemical Society.
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Fig. 5 (a) Schematic of a Hanbury—Brown-Twiss interferometer. APD denotes avalanche photodiode. (b)

[lustration of the biexciton—exciton cascade emission. (c,d) Second-order correlation function (¢) and PL dynamics

of trion and first photons (d) observed for a single CsPbBr; nanocrystal. IRF denotes instrument response function.

(e) Calculated (N) dependence of g /g for different values of nxx/nx. Panels (c¢) and (d) are adopted with

permission from ref. 139. Copyright 2017, American Chemical Society. Panel (e) is adopted with permission from

ref. 147. Copyright 2017, American Physical Society.
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Fig. 6 (a) Schematics of recombination pathways in negative and positive trions, and biexciton. (b) Relationship
between the negative and positive trion lifetimes in FAPbBr; nanocrystals. The dashed line is a linear fit. (c)
Histogram of the biexciton lifetime estimated from the lifetimes of negative and positive trions. The red arrow
indicates the biexciton lifetime of the ensemble nanocrystals obtained from transient absorption measurements.

Panels (b) and (c) are adopted with permission from ref. 140. Copyright 2018, American Physical Society.

31



(b)

—
O
~

PL Intensity (cts/bin)

PL Intensity (cts/bin)

PL Intensity (cts/bin)

PL Intensity (cts/bin)

2000 r

Physical Chemistry Chemical Physics

Page 32 of 35

1500
1000 l|
500

40 60
Time (s)

80 100

2000 .
1500
1000f
500

2000

(=]

Occurrence

1500

g
g
6

1000

o
(=]
o

0 5 10 15 20
Lifetime (ns)

(=]

ONBH0=
Occurrence

0 5 10 15 20
Lifetime (ns)

40 60

1400
=1200
5 1000
800
600
400
200

n

08
c
e
5
8

o

oNAD=

PL Intensity (ct

0
234 235 236 237 238
PL Peak Energy (eV)

ORBOD=
o
ce

Occurren

PL Intensity (cts/bin)

238 239 240 241 242
PL Peak Energy (eV)

€6

+

80 100

Auger ionization

—o—
=

lonized NC

Photochemical doping

——
—f

lonized NC

Fig. 7 (a,b) PL intensity time traces which show type A (a) and type B (b) blinking, obtained from single

FAPbBr; nanocrystals. (c,d) Correlation between PL intensity and lifetime for type A (c) and type B (d) blinking.

(e,f) Correlation between PL intensity and PL peak energy for type A (e) and type B (f) blinking. (g) Illustration of

two mechanisms for formation of ionized nanocrystals. When the ionized nanocrystals are photoexcited, trion is

formed. Panels (a), (b), (d), and (f) are adopted and panels (c) and (e) are reproduced with permission from ref. 141.

Copyright 2017, American Chemical Society.
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Fig. 8 (a) Energy level diagram of exciton and biexciton states. AExx is the biexciton binding energy. (b)
Two-dimensional spectrum of CsPbBr; nanocrystals measured by polarization-dependent two-dimensional
spectroscopy at 10 K with the cross-circular excitations. The energy difference between the red (I) and blue (II)
lines at an excitation energy corresponds to AExx. (¢) PL spectrum of a single FAPbBr; nanocrystal at 5.5 K. Five
PL peaks correspond to exciton, trion, and biexciton PL and two LO phonon replicas. The PL intensity is shown in
log scale. The inset shows the optical transitions related to exciton and biexciton PL. (d) Size dependence of the
binding energies of biexcitons (AExx) and trions (AEx"). The solid curves are fits using a function of AExx
xH=A/L?+ B/L + C. (e) Size dependence of biexciton binding energy in inorganic semiconductor nanocrystals,
where the binding energy and the size are normalized by the bulk exciton binding energy and the exciton Bohr
radius, respectively. Data are taken from refs. 131, 134, and 164. Panel (b) is adopted with permission from ref. 73.

Copyright 2020, American Chemical Society. Panels (c) and (d) are reproduced with permission from ref. 134.
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Fig. 9 (a) Change in the absorption spectrum —4ad of CsPbl; nanocrystals at different pump-probe delay times #,,
for (N) = 0.1 and the excess energy E.x of 0.47 eV. (b) Schematics of how the biexciton effect modifies the spectra
of —Aad at different delay times. The black and blue shaded areas represent the absorption bleaching (centered

at £,) and induced absorption (centered at £, + Axx) signals, respectively. The spectral shape of —4ad is determined
by the sum of the two spectra (red shaded areas), which shows a derivative-like feature at 0 ps < ,, <2 ps. (c)
Excess energy dependence of the exciton—exciton interaction energy (red dots). The top axis shows the
corresponding pump photon energy. The black and gray curves are steady-state absorption spectrum and its second
derivative, respectively. (d) Nonlinear absorption spectra at #,, = 0.3 ps for three different pump excess

energies E¢, = 0.05, 0.11, and 0.26 eV, where (N) = 1. The gray dashed curve is the steady-state absorption
spectrum. The shaded spectral region corresponds to the optical gain region. (¢) Dynamics of the normalized
change in the absorption spectrum probed at 1.80 eV for E., = 0.05, 0.11, and 0.26 eV and (V) = 1. The inset shows
the induced absorption (blue curve) and bleaching (red curve) components obtained from the fit to the
pump-induced dynamics for E., = 0.26 eV. All panels are adopted with permission from ref. 70. Copyright 2018,

American Chemical Society.

34



Page 35 of 35

(a)

Excitation -@——

Relaxation

—_ =

1st pump

(b)

Hot-biexciton

Physical Chemistry Chemical Physics

I Excitation g
— —
— — 1Y — —
/ ——a
7
2nd pump

Asymmetric hot- biexciton

(c) 30
25
20
15
10

-Ayy (meV)

(d)

<Ng>
o]

E E .......
| | | 1]
100 200 300 400
At (ps)

Fig. 10 (a) Illustration of carrier excitation and relaxation dynamics under double-pump photoexcitation. (b)

Photoexcited states in lead halide perovskite nanocrystals. E, is the energy of the lowest energy state of a single

exciton. A represents the energy shifts induced by exciton—exciton interactions. The superscript h (g) shows that the

pump-induced state is one hot (ground) exciton. (¢) Pump-pulse interval dependence of the band-edge exciton

energy shift for a fixed probe delay time of 0.1 ps in CsPbl; nanocrystals. The dotted curve is the fitting result. (d)

Pump-pulse interval dependence of the optical gain threshold. The dotted line is the threshold observed from

single-pump measurements. Panels (a) and (b) are reproduced and panels (¢) and (d) are adopted with permission

from ref. 74. Copyright 2020, American Chemical Society.
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