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ABSTRACT
Metal halide perovskite semiconductors fabricated with simple low-temperature solution processes are a unique class of materials antici-
pated for use in photonic devices such as solar cells, light-emitting diodes, and light modulators. The metal halide perovskites in the form
of nanocrystals are particularly attracting attention as novel functional materials because of their exceptionally high luminescence efficien-
cies and wide range of possible luminescence wavelengths. By combining different optical characterization techniques, that is, single-dot
spectroscopy, photon correlation spectroscopy, femtosecond transient absorption spectroscopy, and time-resolved photoluminescence spec-
troscopy, we study the dynamics of excitons, trions, and biexcitons in perovskite nanocrystals. Here, we provide a concise review of recent
developments in this research field with a focus on trions in lead halide perovskite nanocrystals. A deep understanding of trion dynamics
is especially important because they determine the luminescence properties of nanocrystals and are related to the ionization processes of
nanocrystals.
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I. INTRODUCTION

For almost 40 years, semiconductor nanocrystals (NCs) have
constituted the central material of nanoscience and have been
widely investigated.1–12 Among their various useful properties, the
optical properties that depend on the NC size have opened up
avenues for basic research and novel applications in many fields.
The quantum confinement of excitons (electron–hole pairs) in
NCs is responsible for many fascinating optical phenomena that
cannot be observed in bulk crystals. As an example, NCs made
from indirect-gap Si,13–15 Ge,16 and SiC17 semiconductor materi-
als show highly efficient luminescence even at room temperature,
despite that their bulk counterparts exhibit only poor luminescence.
This evidences that outstanding functional properties can be read-
ily obtained with NCs. With the development of high-quality col-
loidal NCs, which can be fabricated without the need of expen-
sive ultrahigh vacuum facilities like those required for molecular
beam epitaxy, many researchers in different fields were able to get
involved in the NC research. By the early 1990s, it had become
possible to obtain stable photoluminescence (PL) as a result of the

development of high-quality NCs with high luminescence efficien-
cies and uniform size (e.g., CdSe NCs18 and core/shell NCs19–21).
Owing to this technological advance, the use of NCs was proposed
for many applications.

The understanding of the optical properties of NCs signifi-
cantly advanced through both improvements in sample fabrication
technologies18–25 including core/shell-type NC synthesis and pre-
cise characterization by modern laser spectroscopy (such as single-
dot spectroscopy and femtosecond pump–probe spectroscopy).26–29

From a viewpoint of fundamental physics, NCs are especially use-
ful because the excited electrons inside the NC can be individu-
ally counted in contrast to bulk crystals. Therefore, the detailed
discussion of exciton-related optical phenomena becomes possible.
Moreover, the effect of quantum confinement and reduced dielec-
tric constants in NCs enhances the Coulomb interactions, leading
to novel multiple-exciton processes such as quantized Auger recom-
bination30–36 and multiple exciton generation.37–44 A wide range of
optical responses of NCs are determined by excited states such as
a single exciton, a trion (charged exciton) formed by one exciton
and a bound electron or hole, a biexciton which comprises two
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FIG. 1. Illustration of exciton, positive trion, negative trion, and biexciton in single
NCs. These exciton complexes are different excited states with electrons in the
conduction band (CB) and holes in the valence band (VB).

electrons and two holes, and other many-particle states. Figure 1
depicts four NCs containing different numbers of excited electrons
in the conduction band (CB) and holes in the valence band (VB).
The nonradiative Auger recombination of trions and biexcitons usu-
ally determines the NC’s PL quantum yield (PLQY) and PL life-
time45–48 and also induces unique phenomena such as PL intermit-
tency.49–55 As their deep understanding is extremely important for
efficiency improvements of NC-based photonic devices such as solar
cells and light-emitting diodes, there have been extensive studies on
the PL intermittency mechanisms and recombination dynamics of
trions and biexcitons.

In addition to the covalent semiconductors such as CdSe and
PbSe, which have been investigated in detail so far, recently, the
halide perovskite ionic semiconductors have been attracting much
attention. It is becoming more and more evident that bulk optical
properties of halide perovskites largely differ from those of con-
ventional semiconductors like GaAs and CdSe.56–60 The perovskite
NCs, which can be fabricated by a simple colloidal synthesis, inherit
the excellent optical properties of the perovskite bulk crystals and
also exhibit novel photophysics induced by quantum confinement
effects. As such, they are highly anticipated functional materials for
photonics.61,62

In this review, we summarize recent results regarding the
room-temperature luminescence properties of lead halide perovskite
NCs. The recombination dynamics of excitons, trions, and biex-
citons in lead halide perovskite NCs are studied by perform-
ing single-dot PL spectroscopy and femtosecond time-resolved

spectroscopy of ensemble NCs. We discuss the trion generation and
recombination dynamics and the ionization mechanisms of halide
perovskite NCs.

II. LEAD HALIDE PEROVSKITE SEMICONDUCTORS
A. Electronic structure and luminescence properties
of bulk crystals

The different types of lead halide perovskites can be represented
using their chemical composition APbX3. As shown in Fig. 2(a),
the lead halide perovskite crystal contains robust inorganic octa-
hedra (composed of lead and halogen atoms) and the A-site cation
between them. The fundamental optical and electrical properties are
mainly determined by the inorganic octahedron, PbX6. By using I,
Br, or Cl in the X site, the bandgap energy can be continuously
changed within a wide wavelength range extending from the near
infrared to the blue.60 For the A-site cations, organic molecules, such
as CH3NH3

+ (MA), CH(NH2)2
+ (FA), or inorganic ions like Cs+

can be used. By using mixtures of different cations in the A site
and different halogens in the X site, the photovoltaic characteris-
tics and durability of solar cell devices can be strongly improved.63

One characteristic of halide perovskites is that their composi-
tions can be easily controlled by using simple chemical techniques.
This enables easy fabrication of materials with various different
functionalities.

An important aspect for photonic device applications is that
the lead halide perovskite semiconductors have direct band-to-band
transitions.64 The conduction band reflects the p orbital of the Pb
atom, and as shown in Fig. 2(b), it consists of the heavy electron
(he), the light electron (le), and, furthermore, a separated spin split-
off (so) band due to spin–orbit interaction.64,65 Since the orbital
degeneracy at the conduction-band edge is small, more than two
excitons cannot be generated in the lowest excited state if the crys-
tal size is reduced to about several nanometers (therefore, analysis of
exciton relaxation in lead halide perovskite NCs is relatively easy).66

Both the bottom of the conduction band and the top of the valence
band of a lead halide perovskite semiconductor are formed from
antibonding orbitals. Owing to this characteristic, deep lying defect

FIG. 2. (a) Cubic structure of APbX3 lead
halide perovskite crystals. (b) Schematic
of electronic band structure of lead halide
perovskites near the band edge. Eg is the
bandgap energy.
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levels hardly form within the bandgap.67 Furthermore, the refrac-
tive index of a perovskite semiconductor decreases with increasing
temperature.68 This effect is opposite to the characteristic of com-
mon inorganic semiconductors such as Si and GaAs and thus can
be utilized to compensate temperature drifts of inorganic optical
devices.68

Although halide perovskites are semiconductors that can be
fabricated by solution processes, they are semiconductors with
exceptionally low densities of defects and exhibit highly efficient PL.
When focusing on data obtained from MAPbX3, we can list down
optical characteristics such as (1) a sharp absorption edge reflecting
low densities of localized levels within the bandgap, (2) an internal
luminescence efficiency that approaches 100% even at room temper-
ature, (3) free-carrier band-to-band emission and free-exciton emis-
sion, (4) efficient photon recycling, and (5) anti-Stokes PL due to
strong electron–phonon interactions.69–77 These properties, which
are advantageous for solar cells in particular and also light-emitting
diodes and lasers, and the cost-effective fabrication of perovskite lay-
ers with high quality are the reasons for the huge popularity of this
material system.

B. Synthesis and optical properties of NCs
The first synthesis of perovskite NCs was reported for the

organic–inorganic hybrid MAPbBr3 perovskite NCs in the year
2014.78 However, at that time, the large nonuniformity of the NC
sizes and a low PLQY of about 20% remained issues to be solved.
Owing to the first successful fabrication of stable all-inorganic
CsPbX3 (X = Cl, Br, I) perovskite NCs, it was possible to start the
NC research at full scale by 2015.79 By the synthesis of CsPbX3
NCs through the hot injection method and exchange of the halo-
gen atom, luminescence colors extending over the whole visible
regime have been obtained.80 CsPbX3 NCs exhibit high PLQYs of
50%–90% despite the simple synthesis method without any spe-
cial surface treatment.80 These high PLQY values can compete with
those of core/shell CdSe/ZnS and CdSe/CdS NCs, which have to
be synthesized by precise control of reaction time and temperature.
Additionally, the CsPbX3 NCs adopt the form of well-defined cubes
and have a good size uniformity.79

The perovskite NCs possess a unique exciton structure as a
result of the perovskite’s band structure: the fine structure present
in the energy states can be described by the optically allowed bright
exciton and the optically forbidden dark exciton.81 In CdSe NCs,
which are well-studied NCs, the recombination path via the dark
exciton becomes dominant at low temperatures, and thus, the PL
lifetime becomes extremely long.82,83 In contrast, it has been veri-
fied that at low temperatures, the CsPbX3 NCs exhibit a very short
PL lifetime of subnanoseconds.81 It has been shown that the exci-
ton triplet state in CsPbX3 perovskite NCs has a lifetime that is
much shorter than that of other inorganic or organic semiconduc-
tors and that it is optically active, i.e., bright.81 Theoretical calcula-
tions for the CsPbX3 NC including the Rashba effect predict that
the energy level of this bright triplet exciton is below that of the
singlet exciton. However, many single-dot spectroscopy measure-
ments have been performed, and as there are also reports stating that
the dark exciton state has the lowest energy, the clarification of the
low-temperature exciton fine structure in perovskites is still being
awaited.84–90

In case that multiple excitons exist in a NC, the interactions
between the excitons become important. It has been shown that
when the binding energy of a biexciton in a CsPbX3 NC is deter-
mined from the difference between the PL peak energies of the
biexciton and exciton states, a value three times larger than that
for a CdSe NC is obtained.91 Additionally, the Auger recombination
rate in CsPbX3 NCs is about ten times faster than that of CdSe and
PbSe NCs with the same NC volume.66,92 Based on these reports,
it has been clarified that the Coulomb interaction between two
excitons in a perovskite NC is strong.93 This fact indicates that
perovskite NCs are excellent materials for investigations of many-
body effects of excitons. The large Coulomb interaction leads to a
loss of biexcitons induced by fast Auger recombination, which is
often considered detrimental.34,36 However, the Auger recombina-
tion can be beneficial from the viewpoint of single-photon emit-
ters because it inhibits multiple photon emission from multiple
excitons.

III. RECOMBINATION DYNAMICS OF EXCITONS,
TRIONS, AND BIEXCITONS

The PL properties of a NC depend strongly on the number of
excitons generated inside the NC. The analysis method explained
below allows us to quantify the dependences of PL intensities of exci-
tons, trions, and biexcitons on the excitation fluence. In order to
determine the average number of excitons generated in a NC upon
excitation, ⟨N⟩, it is first necessary to measure the absorption cross
section of the NC, σ. The average number of photons absorbed by
a NC equals ⟨N⟩ and can be expressed by the product of σ and the
excitation photon flux per unit area, jex. For the distribution of the
number of excitons generated in NCs, we assume the Poisson dis-
tribution.34 This distribution together with the fact that at least one
photon has to be absorbed by a single NC to generate one exciton
allows us to derive an analytical expression for the excitation fluence
dependence. When we denote the exciton PLQY by ηX , the excita-
tion power dependence of the exciton PL intensity IX is given by the
following equation:

IX = ηX(1 − e−⟨N⟩) = ηX(1 − e−jexσ). (1)

By employing Eq. (1), we can determine the NC’s absorption cross
section from the dependence of the exciton PL intensity with respect
to the excitation photon flux. We note that the absorption cross sec-
tion can be also determined from the excitation fluence dependence
of transient absorption (TA) signals.34,94 Furthermore, the excita-
tion fluence dependence of the biexciton PL intensity, IXX , can be
described in a similar way,

IXX = ηXX(1−e−⟨N⟩−⟨N⟩e−⟨N⟩) = ηXX(1−e−jexσ − jexσe−jexσ). (2)

Here, ηXX is the PLQY of the biexciton. An important point is that
subsequent emission of two photons is possible for the biexciton.
This process is called two-photon cascade emission,95–98 and it can
be clarified through single-dot spectroscopy.

In order to determine ηXX , it is necessary to measure the
second-order photon correlation function g(2)(t) as a function of
time t by a Hanbury Brown–Twiss interferometer as shown in
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Fig. 3(a). The pulsed light source excites the diluted NC ensemble
on a transparent substrate, and the PL signal of a single NC is mea-
sured by a pair of avalanche photodiodes (APDs). Their responses
are recorded by a time-correlated single photon counting (TCSPC)
board. The g(2)(t) data correspond to the occurrences when both
APDs detect a photon within a given delay time. An example for
the g(2)(t) of the PL from a single CsPbBr3 NC that is excited
by a pulsed laser with a repetition frequency of 1/trep = 5 MHz
is shown in Fig. 3(b).94 The average size of NCs in this ensem-
ble on the transparent substrate is 7.7 ± 1.1 nm, and the data are
obtained for ⟨N⟩ ∼ 0.07. We can confirm that peaks appear corre-
sponding to the repetition frequency of the excitation pulses. The
side peaks are large and have almost the same integrated counting
rate gs. The important point is the center peak at t = 0; here, the
two detectors simultaneously detect photons with a nonzero rate
gc, indicating that two individual photons were emitted by the NC.
This indicates the existence of a two-photon cascade emission from
a biexciton, as shown in Fig. 3(c). The lifetime of the first pho-
ton emission in the cascade process is shown in Fig. 3(d), which
clarifies that the lifetime of the biexciton is faster than the mea-
surement limit of 200 ps for this single-dot spectroscopy setup. In
the weak excitation regime ⟨N⟩ ≪ 1, the quantum efficiency of the
two-photon cascade emission, ηXX/ηX , becomes equal to gc/gs, and
thus, it can be easily determined by measuring g(2)(t) only.95,96 If we
simultaneously perform the measurements of the PL decay curves
in addition to g(2)(t), we can actually measure gc/gs and IXX/IX for
a wide range of excitation fluences.98,99 This approach constitutes a

FIG. 3. (a) Experimental setup to measure the second-order photon correla-
tion function g(2). The PL signals of a single NC are measured by a pair of
avalanche photodiodes (APDs) connected to a time-correlated single photon
counting (TCSPC) board. (b) g(2) data obtained from a single CsPbBr3 NC. (c)
Illustration of the first photon emission and (d) PL dynamics of a trion and a biex-
citon. The latter is characterized via the first photon emission in the cascaded
emission. The instrumental response function (IRF) of the measurement system
is shown with the red solid curve. Figures (b) and (d) are adapted with permission
from Yarita et al., J. Phys. Chem. Lett. 8, 1413 (2017). Copyright 2017 American
Chemical Society.

FIG. 4. (a) Excitation fluence dependence of the TA decay curves monitored at
the CsPbBr3 NC exciton ground state energy. The excitation fluence is expressed
in terms of average absorbed photons per NC. The decay curves are fitted using
triple exponential functions (dashed curves). (b) Fast decay components of the PL
curves as a function of the excitation fluence. The resulting curves are fitted using
double exponential functions. Figures are adapted with permission from Yarita
et al., J. Phys. Chem. Lett. 8, 1413 (2017). Copyright 2017 American Chemical
Society.

measurement method of wide applicability.98,99 In this way, single-
dot spectroscopy is extremely powerful, as only this measurement
enables us to clearly distinguish between exciton and biexciton PL
properties.

In order to characterize the fast biexciton and trion recombina-
tion time constants with higher time-resolution, we can employ fem-
tosecond TA spectroscopy measurements of NC ensemble samples.
Figure 4(a) shows the excitation fluence dependence of the time evo-
lution of the ground-state exciton population in the CsPbBr3 NCs.94

For the weak excitation condition ⟨N⟩ = 0.094, the TA decay curve
consists of a single exponential component which shows that the
exciton has a recombination time constant on the order of nanosec-
onds. On the other hand, as the excitation fluence is increased,
faster decay components clearly appear. The two faster lifetimes are
obtained by fitting with a triple exponential function. Time-resolved
PL spectroscopy also allows us to observe the three components in
a similar way. As the slow PL component is that of the exciton, we
plot the fast components obtained by subtracting this slow compo-
nent from the actually measured PL decay data in Fig. 4(b). The
single-dot and ensemble-averaged optical measurements clarify that
the biexciton lifetime is about 40 ps and that of the trion is about
200 ps.

We note that the combination of microscopic spectroscopy of
a single NC and TA measurements (performed on the NC ensem-
ble sample) enables us to clarify the recombination dynamics of
excitons, trions, and biexcitons in perovskite NCs because their
recombination lifetimes are extremely short compared with other
conventional semiconductor NCs.

IV. IMPACT OF SURFACE TRAP STATES ON THE
EXCITON DYNAMICS

To discuss the intrinsic optical properties of semiconductor
NCs, the single-dot spectroscopy proves to be useful because indi-
vidual NCs with different optical responses can be examined. In the
following, we present some experimental results on trion dynam-
ics in organic–inorganic halide perovskite NCs. It is known that the
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degradation of perovskite NC samples occurs under strong light illu-
mination in air. A significant blueshift of the PL peak energy and a
decrease in the PL intensity are observed during sample degrada-
tion.100,101 However, in our measurements presented in this paper,
the blueshift of the PL peak and the decrease in the PL intensity are
not observed.

A representative example of the temporal change in the PL
intensity of a single FAPbBr3 NC during light illumination is shown
in Fig. 5.102 Among the total of 67 NCs that have been measured,
37 NCs exhibit a PL blinking which can be characterized by two
discrete states, i.e., the on state with a high PL intensity (the inten-
sity region shown in red) and a state with low PL intensity (the
intensity region shown in blue) [Fig. 5(a)]. On the other hand,
the remaining 30 NCs exhibit a flickering behavior, that is, the
PL intensity changes more gradually [Fig. 5(b)]. Note that dur-
ing these measurements, a blueshift of the PL peak and a decrease
in the PL intensity has not been observed,102 and we also con-
clude that the degradation of NCs is not the origin of the flickering
behavior.

Figure 6 summarizes the correlations between the PL peak
energies, PL lifetimes, and the PL intensities of the blinking and
flickering NCs.102 For the blinking NC, we can confirm PL from
two excited states: the exciton (X) with its characteristic high PL
intensity and long lifetime, and the positively charged trion (X+)
with a low PL intensity and a short lifetime [Fig. 6(a)] (the lat-
ter assignment is based on experiments with surface treatments as
explained below). These two states can also be observed in the cor-
relation between PL intensity and PL peak energy [Fig. 6(b)]. On
the other hand, for the flickering NC, the PL intensity, lifetime, and
also the PL peak energy only fluctuate relatively largely [Figs. 6(c)
and 6(d)]. We note that these relations are also affected by the size
dependence of the PL lifetime, which is explained in the following.
As shown in Fig. 7(a), the PL that exhibits a clear dependence on the
size (absorption cross section) is that from the exciton102 because the
state with the large PL intensity is the state with the long lifetime.
This size dependence is independent of the type of PL intermittency.
On the other hand, for the state with short PL lifetime, there is a
large difference between the size dependences of blinking and flick-
ering types [Fig. 7(b)]. In the NCs that exhibit blinking, the fast decay
component shows a clear size dependence (dashed line for blink-
ing NCs) since it is caused by biexcitons or trions. In contrast, no

FIG. 6. Correlation between (a) PL intensity and PL lifetime and (b) PL intensity
and PL peak energy for a blinking NC. [(c) and (d)] The corresponding cor-
relations for a flickering NC. Figures are adapted with permission from Yarita
et al., J. Phys. Chem. Lett. 8, 6041 (2017). Copyright 2017 American Chemical
Society.

size dependence is observed for the fast component of the flicker-
ing NCs. This suggests that flickering is a phenomenon that origi-
nates from extrinsic factors such as surface states and surrounding
environment.

Evidence for this interpretation can be obtained by modifying
the surfaces of FAPbBr3 NCs by sodium thiocyanate (NaSCN).103

After the surface modification, almost no NC exhibits flicker-
ing and the PLQY of the FAPbBr3 NCs significantly improves.
Furthermore, the absorption cross section of surface-modified
FAPbBr3 NCs exhibits a clear dependence with respect to the inte-
grated PL intensity.102 With these results, it has been clarified

FIG. 5. PL intensity time trace of (a) a
blinking FAPbBr3 NC and (b) a flickering
FAPbBr3 NC. Figures are adapted with
permission from Yarita et al., J. Phys.
Chem. Lett. 8, 6041 (2017). Copyright
2017 American Chemical Society.
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FIG. 7. Summary of (a) the exciton lifetimes and (b) the fast decay lifetimes
as a function of the absorption cross sections of 67 different NCs exhibiting
either blinking or flickering. Figures are adapted with permission from Yarita
et al., J. Phys. Chem. Lett. 8, 6041 (2017). Copyright 2017 American Chemical
Society.

that the flickering can be controlled by the surface modifica-
tion with NaSCN, and the reason for this is the electron sup-
ply to trap levels that exist on the NC surface.103 Although
defects cannot be easily formed in lead halide perovskites,67 a NC
PLQY close to 100% requires the precise control of the surface
states.103–105

V. POSITIVE AND NEGATIVE TRIONS IN PEROVSKITE
NANOCRYSTALS

We have mentioned that trions are formed in perovskite NCs
and that their recombination dynamics govern the PL properties.
As shown in Fig. 1, the trion is a three-particle state and two con-
figurations are possible: the positively and the negatively charged
states. The trion generation process is related to the ionization
of the NC, and the following two processes have to be consid-
ered: First, by chemical treatment of the NC surface, it is possible
to extract a photogenerated hole from the inside of the NC, and
an ionized NC can be obtained [Fig. 8(a)].106,107 Second, an ion-
ized NC is generated by Auger recombination of a biexciton and
a trion state appears upon subsequent photoexcitation [Fig. 8(b)].
The same process has also been reported for carbon nanotubes; the
trion generation is possible by chemical doping as well as optical
doping.108–110

Here, we discuss the photophysics of trions in a NC thin film
that is doped with a material that can extract photoexcited holes
from the NCs.111 The NCs in the film exhibit blinking behavior and
thus allow us to clearly observe the contribution of trions in the PL
signal. In Fig. 9(a), we show the PL intensity time trace of an as-
prepared single FAPbBr3 NC (average edge length is about 10.5 nm),
which has not been chemically treated after fabrication.111 We can
clearly observe the abrupt transitions between the state with high PL
intensity (region indicated with red) and the state with low PL inten-
sity (region indicated with blue). The existence of these two states
can be also inferred by drawing the event histogram as shown in the
right-hand side of Fig. 9.

By adding copper thiocyanate (CuSCN)112 to the FAPbBr3 NC
thin film, the PL blinking behavior strongly changes: the occupation
probability of the state with the low PL intensity becomes almost
zero, and instead a new intermediate state appears [Fig. 9(b)]. In

FIG. 8. (a) Formation of a negatively ionized NC by photochemical doping. A reduc-
ing agent is used to extract the photogenerated hole from the NC, leaving behind
an excess electron in the CB of the NC. (b) Formation of a negatively ionized
NC by Auger ionization after a biexciton has been generated in the NC. Photoex-
citation of these NCs leads to negatively charged excitons or so-called negative
trions.

order to investigate the origins of the three different states with
high, intermediate, and low PL intensities, we separately measured
the PL dynamics for each state in the single FAPbBr3 NCs by
time-tagged single photon detection.98 The state with the high PL
intensity exhibits a single exponential decay with a long lifetime
of 21 ns [Fig. 10(a)]. The lifetime of this state is about 20 ns on
average for both NCs with and without CuSCN additive. There-
fore, this state is assigned to the neutral NC containing one exci-
ton. We emphasize that the PL lifetime of a single NC changes
according to the size of the monitored NC. The average life-
times obtained in this experiment are equal to the lifetime of the
neutral exciton obtained from an ensemble of NCs dispersed in
hexane.

In the PL decay curve of the intermediate state, a fast lifetime
component (600 ps) appears as shown in Fig. 10(b). As CuSCN
is a material that enables extraction of a photoexcited hole from
a perovskite NC, this component is assigned to the Auger recom-
bination of the negative trion. The lifetime of the state with low
PL intensity shown in Fig. 10(c) is significantly faster (330 ps).
Because the intentional negative ionization of the NC by CuSCN
leads to suppression of the state with low PL intensity, this short
lifetime is assigned to the Auger recombination of the positive
trion.

In order to verify the above assignment, we investigated the
relation between the biexciton lifetime, the lifetime of the nega-
tive trion, τX−, and the lifetime of the positive trion, τX+. We can
express the biexciton lifetime τXX in terms of the lifetimes of the
trions,48

τXX−1
= 2(τX−−1 + τX+

−1
). (3)

The distribution of the predicted biexciton lifetimes for the 67
NCs is shown in the histogram in Fig. 10(d) and the aver-
age value is about 100 ps. To obtain an exact value for such
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FIG. 9. PL intensity time trace for a
single FAPbBr3 NC in (a) a thin film
without CuSCN and (b) a thin film with
CuSCN. The right-hand side of (a) and
(b) represents the event histogram. Fig-
ures are adapted from Yarita et al., Phys.
Rev. Mater. 2, 116003 (2018). Copyright
2018 Author(s), licensed under a Cre-
ative Commons Attribution 4.0 License.

a short biexciton lifetime, we performed femtosecond TA spec-
troscopy of FAPbBr3 NCs dispersed in hexane.111 The result is
shown with the red arrow. It is found that this lifetime well
agrees with the predicted average value calculated from the sets
of negative and positive trion lifetimes of each NC. This result
supports the assignments of states with intermediate and low
PL intensities to NCs containing negative and positive trions,
respectively.

FIG. 10. PL decay curves derived from the time-tagged time-resolved PL data
for the states with (a) high PL intensity, (b) intermediate PL intensity, and (c)
low PL intensity. (d) Histogram of the biexciton Auger lifetime predicted from the
experimentally determined lifetimes of negative and positive trions. The red arrow
indicates the actual biexciton Auger lifetime measured by TA spectroscopy of an
ensemble of NCs. Figures are adapted from Yarita et al., Phys. Rev. Mater. 2,
116003 (2018). Copyright 2018 Author(s), licensed under a Creative Commons
Attribution 4.0 License.

VI. TRIONS AND IONIZATION OF NANOCRYSTALS
The trion in the NC is frequently in the focus of interest

because it is directly related to the ionization of the NC. In case
that electron or hole traps exist on the NC surface, it can be con-
sidered that these traps play an important role in the ionization of
the NC’s interior and trion generation. Furthermore, it is known
that the photoionization of NCs depends strongly on the measure-
ment conditions such as stirring of the sample.113 To clarify fur-
ther details, we prepared CsPbBr3 NCs with and without surface
treatment by NaSCN and performed femtosecond TA spectroscopy
measurements of each sample under static and stirred conditions.
This enables studying the ionization of NCs via the trion generation
yield.114

As mentioned in Sec. III, while an almost single exponential
decay is present due to the exciton in the NC under weak exci-
tation conditions, faster decay components appear due to trions
and biexcitons as the excitation fluence increases. In order to com-
pare the degrees of trion generation under the above-mentioned
four measurement conditions, we consider the ratio of trion TA
amplitude to exciton TA amplitude, AX∗/AX . The plot of this
ratio as a function of the average number of photons absorbed
by a NC is shown in Fig. 11. It is found that the extent of the
trion generation can be suppressed by both stirring and surface
treatment.114

To investigate the ionization of NCs, two trion generation pro-
cesses are considered: the generation from an ionized NC and the
generation from a neutral NC. In order to generate a trion in an ion-
ized NC, it is sufficient to generate one electron–hole pair [Fig. 8(a)].
In the case of the neutral NC, the generation of an excess carrier
via a nonradiative process between at least two electron–hole pairs
has to be involved [Fig. 8(b)]. According to this model, we can
derive the ratio of trion signal to exciton signal by using Eqs. (1)
and (2),

AX∗

AX
= a +

b(1 − e−⟨N⟩ − ⟨N⟩e−⟨N⟩)

1 − e−⟨N⟩
. (4)

The fitting results obtained by using this equation are shown with
the solid curves in Fig. 11. We can confirm that this model allows
us to reproduce the experimental results. From the present analysis,
we can infer that the dominant trion generation process under weak
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FIG. 11. (a) Excitation fluence dependence of ratio between the trion and exciton
TA amplitudes for the untreated CsPbBr3 NCs. The red and blue circles represent
the results estimated by triple-exponential fitting of the TA data. (b) Results for
the surface-treated NCs. The solid curves show the fitting results using Eq. (4).
Figures are adapted with permission from Nakahara et al., J. Phys. Chem. C, 122,
22188 (2018). Copyright 2018 American Chemical Society.

excitation is the one involving the ionized NC, and this process can
be suppressed by stirring and also surface treatment. Under strong
excitation conditions, the trion generation starting from neutral
NCs becomes dominant, and this process involves the nonradiative
Auger recombination of biexcitons.

To confirm the existence of ionized NCs induced by strong
photoexcitation, TA experiments that employ two successive pump
pulses with a tunable pump delay time Δt are useful.115 To ionize
many of the NCs in the ensemble, the first pump pulse illuminates
the NCs (stirred but not surface treated) with a strong excitation
intensity that corresponds to ⟨N⟩ = 5.1. Under this condition, ≥99%
of the NCs absorb at least one photon and ≥95% absorb more than
one photon. Therefore, biexcitons or trions are generated in almost
all NCs by the first pump pulse. By changing the delay of the second
pump pulse, we obtain different TA signals as shown in Fig. 12(a).
For a pump delay time Δt = 811 ps, almost all biexcitons and trions
have recombined but excitons still exist due to their long lifetime.
Therefore, the second pump pulse mainly excites NCs containing
either one exciton or a single excited carrier (ionized NCs). In other
words, it is expected that only components of biexcitons and trions

FIG. 12. Double-pump TA spectroscopy of CsPbBr3 NCs. (a) Dependence of the
TA decay curves on the pump delay time Δt. (b) TA amplitudes of excitons, trions,
and biexcitons generated by the second pump (impinging at Δt = 811 ps) as a func-
tion of the excitation fluence of the second pump pulse. Figures are adapted with
permission from Nakahara et al., J. Phys. Chem. Lett. 10, 4731 (2019). Copyright
2019 American Chemical Society.

appear in response to the second pump. By subtracting the TA sig-
nal that is obtained by single-pulse excitation from the TA signal in
the above outlined double-pump scheme, the effect of the ionized
NCs can be extracted. The TA amplitudes of the different compo-
nents can be obtained from the analysis of the decay of this difference
TA signal.115 The actual biexciton, trion, and exciton TA amplitudes
induced by the second pump pulse for Δt = 811 ps are summarized
in Fig. 12(b). NCs containing trions and biexcitons are generated by
the second pulse, while almost no additional NCs with single exci-
tons are generated. The result evidences that NC ionization via the
nonradiative Auger recombination of biexcitons occurs. Moreover,
from the rate equations, we are able to evaluate the ionization prob-
abilities of NCs that contain a trion or a biexciton. We find that
the NC ionization rate involving trions is larger than that involving
biexcitons.115 This is reasonable because both radiative and nonra-
diative Auger recombination processes of trions contribute to the
generation of ionized NCs.

VII. CONCLUSIONS AND PERSPECTIVES
We provided a concise summary of the behaviors of exci-

tons, trions, and biexcitons in lead halide perovskite NCs at room
temperature. We explained that their behaviors can be clarified
by combining single-dot spectroscopy and femtosecond TA spec-
troscopy. The nonradiative Auger recombination processes of tri-
ons and biexcitons induce a reduction in the PL efficiency, lifetime,
and intermittency. The generation and recombination dynamics of
trions are especially important from the viewpoint of device per-
formance. Their influences can be verified, for example, in previ-
ous reports on efficiency improvements of light-emitting diodes by
suppression of trion generation.116 By chemical treatment of the
NC surface and surrounding environment, the formation of posi-
tive and negative trions can be manipulated. Their Auger recombi-
nation lifetimes are different from each other. Experimental stud-
ies on the relation between the NC surface condition that has
been chemically modified and the resulting PL dynamics help
us to understand the intrinsic optical properties of perovskite
crystals.

The detailed studies of the energy structures of excitons and
trions are also useful for the identification of the interior crys-
talline structure and the surface localized structure of individual
NCs. At cryogenic temperatures, the PL linewidth of excitons and
trions becomes very narrow and the recombination dynamics of
the trions can be studied by single-dot PL measurements.84,85,89

The PL spectrum and dynamics can be discussed in conjunction
with complexed exciton fine structures. The low-temperature sin-
gle dot spectroscopy will clarify the dynamics of excitons and
trions and the fine structure of electronic states in more detail.
Even at room temperature, perovskite NCs shows narrow PL
linewidths because of weak and moderate quantum confinement
of carriers in relatively large-sized NCs. Because of large oscilla-
tor strengths of halide perovskites,81,117 their exciton PL decay rates
are large compared to those of conventional metal-chalcogenide
NCs. Moreover, it has been recently reported that highly monodis-
persed cubic NCs can form micrometer-sized cubic crystals by
self-assembly and they show unique light emission.118 Cubic per-
ovskite NCs with these outstanding PL properties will open up new
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opportunities for fundamental optics as well as photonic device
applications.

The understanding of the trion generation dynamics is impor-
tant for the understanding of ionization mechanisms of NCs. Ion-
ized NCs provide a unique experimental stage to study single-carrier
spin and/or transport properties by selective doping of an electron
or a hole within NCs. In addition, since the Auger lifetime of trions
is much longer than that of biexcitons, ionized NCs show long gain
lifetimes. Long-lived trions can reduce the threshold for optical gains
and cause the efficient amplified spontaneous emission.119,120 More-
over, we anticipate that positively or negative ionized NCs becomes
a unique class of materials for electrical transport, selective photo-
chemical reactions, light-emitting devices, and so on. We believe that
suppression or increase in trion generation is necessary to develop
novel functions of NCs.

The research field of environmentally friendly lead-free per-
ovskites and related compounds has become active during the last
five years.121 In particular, unique zero-dimensional (0D) halide
materials and double-perovskite halide materials were synthesized
for light-emitting materials.122–125 They show very broadband white-
light emission that originates from self-trapped excitons due to
strong exciton-phonon coupling,122–125 while the lead halide per-
ovskite NCs show very narrow-band PL (high color purity) men-
tioned above. It is anticipated that the halide perovskite NCs
and related halide compounds have great potential for the next-
generation lighting and display technologies.
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Mater. 29, 4667 (2017).
68T. Handa, H. Tahara, T. Aharen, and Y. Kanemitsu, Sci. Adv. 5, eaax0786
(2019).
69M. Shirayama, H. Kadowaki, T. Miyadera, T. Sugita, M. Tamakoshi, M. Kato,
T. Fujiseki, D. Murata, S. Hara, T. N. Murakami, S. Fujimoto, M. Chikamatsu,
and H. Fujiwara, Phys. Rev. Appl. 5, 014012 (2016).
70A. M. A. Leguy, P. Azarhoosh, M. I. Alonso, M. Campoy-Quiles, O. J. Weber,
J. Yao, D. Bryant, M. T. Weller, J. Nelson, A. Walsh, M. van Schilfgaarde, and
P. R. F. Barnes, Nanoscale 8, 6317 (2016).
71Y. Yamada, T. Nakamura, M. Endo, A. Wakamiya, and Y. Kanemitsu, IEEE J.
Photovoltaics 5, 401 (2015).
72A. Miyata, A. Mitioglu, P. Plochocka, O. Portugall, J. T.-W. Wang, S. D. Stranks,
H. J. Snaith, and R. J. Nicholas, Nat. Phys. 11, 582 (2015).
73Y. Yamada, T. Nakamura, M. Endo, A. Wakamiya, and Y. Kanemitsu, J. Am.
Chem. Soc. 136, 11610 (2014).
74Y. Yamada, T. Yamada, L. Q. Phuong, N. Maruyama, H. Nishimura,
A. Wakamiya, Y. Murata, and Y. Kanemitsu, J. Am. Chem. Soc. 137, 10456 (2015).
75T. Yamada, T. Aharen, and Y. Kanemitsu, Phys. Rev. Lett. 120, 057404 (2018).
76S.-T. Ha, C. Shen, J. Zhang, and Q. Xiong, Nat. Photonics 10, 115 (2016).
77T. Yamada, T. Aharen, and Y. Kanemitsu, Phys. Rev. Mater. 3, 024601 (2019).
78L. C. Schmidt, A. Pertegás, S. González-Carrero, O. Malinkiewicz, S. Agouram,
G. M. Espallargas, H. J. Bolink, R. E. Galian, and J. Pérez-Prieto, J. Am. Chem. Soc.
136, 850 (2014).
79L. Protesescu, S. Yakunin, M. I. Bodnarchuk, F. Krieg, R. Caputo, C. H. Hendon,
R. X. Yang, A. Walsh, and M. V. Kovalenko, Nano Lett. 15, 3692 (2015).
80G. Nedelcu, L. Protesescu, S. Yakunin, M. I. Bodnarchuk, M. J. Grotevent, and
M. V. Kovalenko, Nano Lett. 15, 5635 (2015).
81M. A. Becker, R. Vaxenburg, G. Nedelcu, P. C. Sercel, A. Shabaev, M. J. Mehl,
J. G. Michopoulos, S. G. Lambrakos, N. Bernstein, J. L. Lyons, T. Stöferle,
R. F. Mahrt, M. V. Kovalenko, D. J. Norris, G. Rainò, and Al. L. Efros, Nature
553, 189 (2018).
82M. Nirmal, D. J. Norris, M. Kuno, M. G. Bawendi, Al. L. Efros, and M. Rosen,
Phys. Rev. Lett. 75, 3728 (1995).
83Al. L. Efros, M. Rosen, M. Kuno, M. Nirmal, D. J. Norris, and M. Bawendi, Phys.
Rev. B 54, 4843 (1996).
84G. Rainò, G. Nedelcu, L. Protesescu, M. I. Bodnarchuk, M. V. Kovalenko,
R. F. Mahrt, and T. Stöferle, ACS Nano 10, 2485 (2016).
85M. Fu, P. Tamarat, H. Huang, J. Even, A. L. Rogach, and B. Lounis, Nano Lett.
17, 2895 (2017).
86M. Isarov, L. Z. Tan, M. I. Bodnarchuk, M. V. Kovalenko, A. M. Rappe, and
E. Lifshitz, Nano Lett. 17, 5020 (2017).
87C. Yin, L. Chen, N. Song, Y. Lv, F. Hu, C. Sun, W. W. Yu, C. Zhang, X. Wang,
Y. Zhang, and M. Xiao, Phys. Rev. Lett. 119, 026401 (2017).
88D. Canneson, E. V. Shornikova, D. R. Yakovlev, T. Rogge, A. A. Mitioglu, M. V.
Ballottin, P. C. M. Christianen, E. Lhuillier, M. Bayer, and L. Biadala, Nano Lett.
17, 6177 (2017).

89L. Chen, B. Li, C. Zhang, X. Huang, X. Wang, and M. Xiao, Nano Lett. 18, 2074
(2018).
90P. Tamarat, M. I. Bodnarchuk, J.-B. Trebbia, R. Erni, M. V. Kovalenko, J. Even,
and B. Lounis, Nat. Mater. 18, 717 (2019).
91J. A. Castañeda, G. Nagamine, E. Yassitepe, L. G. Bonato, O. Voznyy, S.
Hoogland, A. F. Nogueira, E. H. Sargent, C. H. B. Cruz, and L. A. Padilha, ACS
Nano 10, 8603 (2016).
92M. Achermann, J. A. Hollingsworth, and V. I. Klimov, Phys. Rev. B 68, 245302
(2003).
93G. Yumoto, H. Tahara, T. Kawawaki, M. Saruyama, R. Sato, T. Teranishi, and
Y. Kanemitsu, J. Phys. Chem. Lett. 9, 2222 (2018).
94N. Yarita, H. Tahara, T. Ihara, T. Kawawaki, R. Sato, M. Saruyama, T. Teranishi,
and Y. Kanemitsu, J. Phys. Chem. Lett. 8, 1413 (2017).
95G. Nair, J. Zhao, and M. G. Bawendi, Nano Lett. 11, 1136 (2011).
96Y. S. Park, A. V. Malko, J. Vela, Y. Chen, Y. Ghosh, F. García-Santamaría,
J. A. Hollingsworth, V. I. Klimov, and H. Htoon, Phys. Rev. Lett. 106, 187401
(2011).
97J. Zhao, O. Chen, D. B. Strasfeld, and M. G. Bawendi, Nano Lett. 12, 4477 (2012).
98N. Hiroshige, T. Ihara, and Y. Kanemitsu, Phys. Rev. B 95, 245307 (2017).
99N. Hiroshige, T. Ihara, M. Saruyama, T. Teranishi, and Y. Kanemitsu, J. Phys.
Chem. Lett. 8, 1961 (2017).
100G. Yuan, C. Ritchie, M. Ritter, S. Murphy, D. E. Gómez, and P. Mulvaney,
J. Phys. Chem. C 122, 13407 (2018).
101G. Rainò, A. Landuyt, F. Krieg, C. Bernasconi, S. T. Ochsenbein, D. N. Dirin,
M. I. Bodnarchuk, and M. V. Kovalenko, Nano Lett. 19, 3648 (2019).
102N. Yarita, H. Tahara, M. Saruyama, T. Kawawaki, R. Sato, T. Teranishi, and
Y. Kanemitsu, J. Phys. Chem. Lett. 8, 6041 (2017).
103B. A. Koscher, J. K. Swabeck, N. D. Bronstein, and A. P. Alivisatos, J. Am.
Chem. Soc. 139, 6566 (2017).
104M. I. Bodnarchuk, S. C. Boehme, S. ten Brinck, C. Bernasconi, Y. Shynkarenko,
F. Krieg, R. Widmer, B. Aeschlimann, D. Günther, M. V. Kovalenko, and
I. Infante, ACS Energy Lett. 4, 63 (2019).
105D. P. Nenon, K. Pressler, J. Kang, B. A. Koscher, J. H. Olshansky, W. T.
Osowiecki, M. A. Koc, L.-W. Wang, and A. P. Alivisatos, J. Am. Chem. Soc. 140,
17760 (2018).
106J. D. Rinehart, A. M. Schimpf, A. L. Weaver, A. W. Cohn, and D. R. Gamelin,
J. Am. Chem. Soc. 135, 18782 (2013).
107K. Wu, J. Lim, and V. I. Klimov, ACS Nano 11, 8437 (2017).
108R. Matsunaga, K. Matsuda, and Y. Kanemitsu, Phys. Rev. Lett. 106, 037404
(2011).
109S. M. Santos, B. Yuma, S. Berciaud, J. Shaver, M. Gallart, P. Gilliot, L. Cognet,
and B. Lounis, Phys. Rev. Lett. 107, 187401 (2011).
110T. Nishihara, Y. Yamada, and Y. Kanemitsu, Phys. Rev. B 86, 075449 (2012).
111N. Yarita, T. Aharen, H. Tahara, M. Saruyama, T. Kawawaki, R. Sato, T.
Teranishi, and Y. Kanemitsu, Phys. Rev. Mater. 2, 116003 (2018).
112S. Ye, W. Sun, Y. Li, W. Yan, H. Peng, Z. Bian, Z. Liu, and C. Huang, Nano
Lett. 15, 3723 (2015).
113J. A. McGuire, J. Joo, J. M. Pietryga, R. D. Schaller, and V. I. Klimov, Acc.
Chem. Res. 41, 1810 (2008).
114S. Nakahara, H. Tahara, G. Yumoto, T. Kawawaki, M. Saruyama, R. Sato,
T. Teranishi, and Y. Kanemitsu, J. Phys. Chem. C 122, 22188 (2018).
115S. Nakahara, K. Ohara, H. Tahara, G. Yumoto, T. Kawawaki, M. Saruyama,
R. Sato, T. Teranishi, and Y. Kanemitsu, J. Phys. Chem. Lett. 10, 4731 (2019).
116H.-C. Wang, W. Wang, A.-C. Tang, H.-Y. Tsai, Z. Bao, T. Ihara, N. Yarita,
H. Tahara, Y. Kanemitsu, S. Chen, and R.-S. Liu, Angew. Chem., Int. Ed. 56, 13650
(2017).
117K. Ohara, T. Yamada, H. Tahara, T. Aharen, H. Hirori, H. Suzuura, and
Y. Kanemitsu, “Excitonic enhancement of optical nonlinearities in perovskite
CH3NH3PbCl3 single crystals,” Phys. Rev. Mater. (in press).
118G. Rainò, M. A. Becker, M. I. Bodnarchuk, R. F. Mahrt, M. V. Kovalenko, and
T. Stöferle, Nature 563, 671 (2018).
119K. Wu, Y.-S. Park, J. Lim, and V. I. Klimov, Nat. Nanotechnol. 12, 1140 (2017).
120Y. Wang, M. Zhi, Y.-Q. Chang, J.-P. Zhang, and Y. Chan, Nano Lett. 18, 4976
(2018).

J. Chem. Phys. 151, 170902 (2019); doi: 10.1063/1.5125628 151, 170902-10

Published under license by AIP Publishing

https://scitation.org/journal/jcp
https://doi.org/10.1038/nphoton.2016.62
https://doi.org/10.1039/c7tc00669a
https://doi.org/10.1126/sciadv.1701217
https://doi.org/10.7567/jjap.57.090101
https://doi.org/10.1126/science.aam7093
https://doi.org/10.1038/s41563-018-0018-4
https://doi.org/10.1126/science.aam6323
https://doi.org/10.1103/physrevb.67.155405
https://doi.org/10.1021/acs.jpcc.5b00695
https://doi.org/10.1021/acs.nanolett.5b05077
https://doi.org/10.1021/acs.nanolett.5b05077
https://doi.org/10.1021/acs.chemmater.6b05496
https://doi.org/10.1021/acs.chemmater.6b05496
https://doi.org/10.1126/sciadv.aax0786
https://doi.org/10.1103/physrevapplied.5.014012
https://doi.org/10.1039/c5nr05435d
https://doi.org/10.1109/jphotov.2014.2364115
https://doi.org/10.1109/jphotov.2014.2364115
https://doi.org/10.1038/nphys3357
https://doi.org/10.1021/ja506624n
https://doi.org/10.1021/ja506624n
https://doi.org/10.1021/jacs.5b04503
https://doi.org/10.1103/physrevlett.120.057404
https://doi.org/10.1038/nphoton.2015.243
https://doi.org/10.1103/physrevmaterials.3.024601
https://doi.org/10.1021/ja4109209
https://doi.org/10.1021/nl5048779
https://doi.org/10.1021/acs.nanolett.5b02404
https://doi.org/10.1038/nature25147
https://doi.org/10.1103/physrevlett.75.3728
https://doi.org/10.1103/physrevb.54.4843
https://doi.org/10.1103/physrevb.54.4843
https://doi.org/10.1021/acsnano.5b07328
https://doi.org/10.1021/acs.nanolett.7b00064
https://doi.org/10.1021/acs.nanolett.7b02248
https://doi.org/10.1103/physrevlett.119.026401
https://doi.org/10.1021/acs.nanolett.7b02827
https://doi.org/10.1021/acs.nanolett.8b00184
https://doi.org/10.1038/s41563-019-0364-x
https://doi.org/10.1021/acsnano.6b03908
https://doi.org/10.1021/acsnano.6b03908
https://doi.org/10.1103/physrevb.68.245302
https://doi.org/10.1021/acs.jpclett.8b01029
https://doi.org/10.1021/acs.jpclett.7b00326
https://doi.org/10.1021/nl104054t
https://doi.org/10.1103/physrevlett.106.187401
https://doi.org/10.1021/nl3013727
https://doi.org/10.1103/physrevb.95.245307
https://doi.org/10.1021/acs.jpclett.7b00547
https://doi.org/10.1021/acs.jpclett.7b00547
https://doi.org/10.1021/acs.jpcc.7b11168
https://doi.org/10.1021/acs.nanolett.9b00689
https://doi.org/10.1021/acs.jpclett.7b02840
https://doi.org/10.1021/jacs.7b02817
https://doi.org/10.1021/jacs.7b02817
https://doi.org/10.1021/acsenergylett.8b01669
https://doi.org/10.1021/jacs.8b11035
https://doi.org/10.1021/ja410825c
https://doi.org/10.1021/acsnano.7b04079
https://doi.org/10.1103/physrevlett.106.037404
https://doi.org/10.1103/physrevlett.107.187401
https://doi.org/10.1103/physrevb.86.075449
https://doi.org/10.1103/physrevmaterials.2.116003
https://doi.org/10.1021/acs.nanolett.5b00116
https://doi.org/10.1021/acs.nanolett.5b00116
https://doi.org/10.1021/ar800112v
https://doi.org/10.1021/ar800112v
https://doi.org/10.1021/acs.jpcc.8b06834
https://doi.org/10.1021/acs.jpclett.9b01554
https://doi.org/10.1002/anie.201706860
https://doi.org/10.1038/s41586-018-0683-0
https://doi.org/10.1038/nnano.2017.189
https://doi.org/10.1021/acs.nanolett.8b01817


The Journal
of Chemical Physics PERSPECTIVE scitation.org/journal/jcp

121T. Handa, A. Wakamiya, and Y. Kanemitsu, APL Mater. 7, 080903 (2019).
122M. D. Smith and H. I. Karunadasa, Acc. Chem. Res. 51, 619 (2018).
123B. M. Benin, D. N. Dirin, V. Morad, M. Wörle, S. Yakunin, G. Rainò,
O. Nazarenko, M. Fischer, I. Infante, and M. V. Kovalenko, Angew. Chem. 130,
11499 (2018).

124T. Jun, K. Sim, S. Iimura, M. Sasase, H. Kamioka, J. Kim, and H. Hosono, Adv.
Mater. 30, 1804547 (2018).
125J. Luo, X. Wang, S. Li, J. Liu, Y. Guo, G. Niu, L. Yao, Y. Fu, L. Gao, Q. Dong,
C. Zhao, M. Leng, F. Ma, W. Liang, L. Wang, S. Jin, J. Han, L. Zhang, J. Etheridge,
J. Wang, Y. Yan, E. H. Sargent, and J. Tang, Nature 563, 541 (2018).

J. Chem. Phys. 151, 170902 (2019); doi: 10.1063/1.5125628 151, 170902-11

Published under license by AIP Publishing

https://scitation.org/journal/jcp
https://doi.org/10.1063/1.5109704
https://doi.org/10.1021/acs.accounts.7b00433
https://doi.org/10.1002/ange.201806452
https://doi.org/10.1002/adma.201804547
https://doi.org/10.1002/adma.201804547
https://doi.org/10.1038/s41586-018-0691-0

