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ABSTRACT: Lead halide perovskites have emerged as promis-
ing materials for light-emitting devices. Here, we report the
preparation of colloidal CsPbBr; nanoplatelets (3 X 4 X 23 nm?)
experiencing a strong quasi-one-dimensional quantum confine-
ment. Ultrafast transient absorption and broadband fluorescence
up-conversion spectroscopies were employed to scrutinize the
carrier and quasiparticle dynamics and to obtain a full description
of the spectroscopic properties of the material. An exciton
binding energy of 350 meV, an absorption cross section at 3.2 eV
of 50 + 03 X 107 cm™, an efficient biexciton Auger
recombination lifetime of 9 + 1 ps, and a biexciton binding
energy of 74 + 4 meV were determined. Moreover, a short-lived
emission from hot excitons was observed, which is related to the
formation of band-edge excitons. The time constant of both
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processes is 300 + S0 fs. These results show that CsPbBr; nanoplatelets are indeed quite promising for light-emitting

technological applications.

D 1 etal halide perovskite (MHP) materials have been the

object of intense research in the past decade since their
first application in photovoltaic cells in 2009." Currently, the
best efficiency for perovskite solar cells exceeds 25%.” Beyond
photovoltaic applications, perovskites have been applied in
different technological devices, such as LEDs,>* lasers,” and
photodetectors,” as well as photocatalytic materials for organic
synthesis.7 Perovskites possess many interesting properties,
such as a high photoluminescence quantum yield, extended
carrier lifetime, and long charge diffusion lengths. Because of
their versatility, distinct perovskite compositions and nano-
structures with or without quantum confinement effects have
been studied, such as quantum dots (QDs) (0D), nanorods
(NRs) (1D), and nanoplatelets (NPIs) (2D).”” Quantum
confinement effects increase the exciton binding energy and
exciton radiative recombination, making these materials more
interesting for LEDs and laser devices than the bulk analogues.
In contrast, bulk compounds are better suited for photovoltaic
applications, where an efficient charge separation is required."
Studies on the bulk form of perovskites have shown that they
have a slow hot-carrier relaxation, ~1 ps, which can help
increase the carrier diffusion length, resulting in better
efficiency.'””'* However, LEDs require fast hot-carrier
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dynamics because of the competition between hot-carrier
relaxation and charge-trapping dynamics.'’ Multiexciton
recombination through nonradiative Auger recombination, in
which an exciton transfers its energy to a third particle, exciting
it into a higher state, competes with both processes of exciton
radiative recombination and charge separation. Furthermore,
the Auger recombination probability increases with quantum
confinement because the momentum conservation require-
ment is relaxed.”> Another parameter strongly dependent on
the quantum confinement is the biexciton binding energy; a
biexciton consists of two neutral bound excitons red-shifted
compared to the unbound excitons because of Coulombic
effects. Nagamine et al. demonstrated a strong correlation
between the biexciton binding energy and amplified sponta-
neous emission (ASE) threshold in perovskite nanocrystals
(NCs).'* Although many studies on ultrafast processes, such as
biexciton Auger recombination, ASE, and carrier relaxation
dynamics, have been conducted in recent years, they have
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focused mainly on larger cubic NCs, which lie in the weak
quantum confinement regime.'”'*~>' Recently, Rossi et al.
showed that the presence of excitons can activate a forbidden
transition in strongly confined perovskite QDs, which explains
a particular feature in the transient absorption spectrum of
perovskite NCs.”” Li et al. reported the absence of a phonon
bottleneck in strongly confined perovskite QDs.”> Most of
these studies were carried out using transient absorption
spectroscopy (TAS). Although the hot exciton transition
becomes more spaced in structures with strong quantum
confinement,”>** directly detecting this process by TAS is
difficult because of limitations on the white light probe beam
and the complexity of the signal which can encompass ground-
state bleaching, emission, and excited-state absorption. In this
scenario, application of time-resolved fluorescence spectrosco-
Py appears as an interesting alternative, as this technique allows
us to monitor the population dynamics of the sole excited
states. Here, we use femtosecond broadband fluorescence
upconversion spectroscopy (FLUPS) for detecting hot exciton
and biexciton emission. By gating the fluorescence with an
ultrashort laser pulse, we are able to access the initial 0—1 ps
time window with a flat spectral response, which allows single-
scan 7Eump—gate measurements for the entire visible spec-
trum.” Considering previous studies, we prepared very small
colloidal nanoplatelets (CNPIs) lying in the strong quantum
confinement regime with a narrow size distribution and in the
absence of different structures. We conducted a careful study
combining both ultrafast techniques, TAS and FLUPS. We
explored the dynamics of band-edge excitons at low and high
fluences, the biexciton Auger recombination lifetime, the
biexciton binding energy, and the hot exciton emission.
CsPbBr; CNPIs were prepared at room temperature by a
procedure described previously in the literature with some
modifications. Details of the procedure are reported in the
Supporting Information.”® First, a stability test was performed
in different solvents, such as hexane, dodecane, toluene, and
chlorobenzene (Figure S1). Dodecane and hexane appeared as
the best solvents for stabilizing the CNPIs for a long period of
time; however, the growth of the particles in dodecane was
slower than that in hexane. Figure la shows a transmission
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Figure 1. (a) Transmission electronic microscopy image of CsPbBr;
CNPIs. (b) Emission and absorption spectra (gray and black spheres),
where the red line is the fitted model and the blue and green lines are
the exciton and continuum contributions, respectively.

electron microscopy (TEM) image of the CsPbBr; CNPIs. The
particles have a rectangular shape with average lateral sizes of 4
+ 2 nm and length of 23 + 7 nm (Figure S2). Figure 1b shows
the emission and absorption spectra for CsPbBr; CNPIs in
hexane (Figure S3 displays the second-derivative spectrum for
CsPbBr; CNPIs). The absence of reverse peaks in the region
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between 460 and 550 nm indicates the absence of larger
particles and of different shapes, such as cubic NCs. The
emission and absorption spectra show very narrow and
symmetric bands and a blueshift of a];;)roximately 420 meV
compared to the bulk value of 2.36 eV.”" The absorption peak
is located at 2.78 eV (~44S nm). The photoluminescence
(PL) peaks at 2.72 eV (4SS nm), with a Stokes shift of
approximately 60 meV and an emission quantum yield of 30%.
According to previous reports, the excitonic absorption at 2.78
eV corresponds to the band-edge transition of 5 monolayers of
CsPbBr; with a thickness of ~3 nm.””*® Hence, the shape of
the nanoplatelets of dimensions 3 X 4 X 23 nm’ approaches
that of nanorods with a strong quasi-1D quantum confinement.
The full-width at half-maximum (fwhm) of the PL band is 84
meV, which is narrower compared with that of other NPIs
(90—170 meV)*”*® and cubic NCs (100—-200 meV),"*!"?%3°
indicating uniform quantum confinement in the structure. We
observed one strong and very well-shaped exciton transition
and two weak ones in the absorption spectra, corresponding to
the second and third exciton transitions of ~3.1 and 3.36 eV,
which could be better resolved in the photoluminescence
excitation (PLE) spectrum (Figure S4). We observe an
asymmetry on the emission spectrum of the CNPLs, which
is typical for perovskites in a strong quantum confinement
regime.zg’31 Time-resolved emission spectra (TRES) measured
on the nanosecond time scale confirm that the shoulder does
not result from the presence of different particle sizes (see
Figure SS and the related discussion). We used a well-known
model for quantum wells to fit the steady-state absorption
spectrum according to previously reported papers,”*** but we
fitted only the first exciton transition because the contributions
of the second and third transitions were not very pronounced.
Basically, this model consists of the exciton and continuum
absorption band contributions (see the Supporting Informa-
tion for more details). We find a value of 350 + 10 meV for the
exciton binding energy (E,), which is greater than the results
for other NPIs (120—260 meV)**** and 1 order of magnitude
greater than that for bulk CsPbBry of ~40 meV.”
Theoretically, the enhancement in Ey for two-dimensionally
confined excitons is four times. Because our calculation
exceeds this value, it is concluded that the reduced lateral
dimensions in the CNPIs, especially the width, lead to strong
quasi-1D quantum confinement and a large dielectric
mismatch between the inorganic CsPbBr; and the organic
environment of the ligands. A similar behavior was reported for
CdSe nanorods.™

We applied TAS and FLUPS techniques to evaluate some
photophysical processes that occur on an ultrafast time scale.
Figure 2a shows the transient absorption spectra at different
time delays, and Figure 2b shows a two-dimensional
representation of the fluorescence upconversion spectra of
the CsPbBr; NPIs at a low fluence, with an average exciton
occupancy per particle (N,) of less than 0.3. In this regime, the
probability of Auger recombination due to multiexcitons is
negligible, and only exciton recombination is considered to
occur. This assumption can be verified by the normalized
transient absorption spectral shape (Figure S6), which is
independent of the time delay between 1 and 1000 ps.

The TA spectra show a bleaching peak at 2.77 eV, labeled
Bl in Figure 2a, close to the excitonic peak in the absorption
spectrum, which is related to the state filling of band-edge
excitons (electrons and holes), and two photoinduced
absorption bands: A broad band at approximately 3.0 eV,
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Figure 2. (a) Transient absorption spectra at different time delays at a
low fluence. (b) Two-dimensional representation of FLUPS spectra at
a low fluence. (c) B1 decay at different fluences. (d) Decay at 450 nm
obtained by FLUPS at different fluences.

labeled PA1, was reported to be related to a forbidden exciton
transition, which is activated by the presence of the band-edge
excitons in strongly quantum confined QDs.”* However, for
weakly quantum-confined nanocrystals'> and in bulk perov-
skites, this band has been assigned to band gap renormaliza-
tion.”> Another band centered at 2.70 eV, labeled PA2, is
assigned to the Stark effect produced by the interaction
between hot excitons and band-edge excitons.”>***

The second exciton transition is not observed in the TA
spectra because it is resonant with the excitation energy. The
upconversion photoluminescence spectrum shows an emission
closely centered around the steady-state emission spectrum
and one short-lived component at approximately 2.85 eV,
which will be discussed later. Initially, we evaluated the
dynamics of the bleaching feature B1 and the maximum of the
upconversion photoluminescence over a longer time scale
using different fluences of 0.26 < (N, ) < 6. As shown in Figure
2¢,d, the dynamics is biexponential, with a short-lived
component and a long component. The profile of the
fluence-dependent decay is very different from those of bulk
or quasi-2D perovskites, which follow the 1/7 characteristic of
the bimolecular recombination of free carriers.'" The different
behavior in the system studied here is expected owing to the
high exciton binding energy, which avoids the dissociation of
excitons into free carriers at room temperature.

The amplitude of the short-lived component increases when
the photon fluence increases, which could be attributed to
biexciton Auger recombination. We fitted the data from 1 to
1880 ps in TAS and until 1000 ps in FLUPS using a
biexponential function. We observed that the time constant
does not change very much with the fluence; only the
amplitude is increased. We found time constants of 8.0 + 2 ps
for the short-lived component and greater than 2000 ps for the
long component by both techniques (see the Supporting
Information for the details of the fitting procedure).

The long decay measured by TAS and FLUPS is an
extrapolation because our optical delay stages are limited to the
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range mentioned above. However, we could measure this
decay by use of the time-correlated single-photon counting
(TCSPC) technique, which gave two exponential decays with
time constants of 2.3 + 0.1 and 4.9 + 0.1 ns (see Figure S7).
The double-exponential PL decay behavior is attributed to
exciton and trap-assisted recombination. We attribute the time
constant decay of 4.9 ns to trap-assisted recombination
because this process is characterized by a slow decay due to
the accumulation of charges and slow depopulation. The good
stoichiometry and the highly ionic nature of the perovskite is
expected to vyield practically no bulk point defects in
nanoparticles. Trap sites involved in the latter process are,
then, believed to result mainly from surface defects in a
material characterized by a large surface/volume ratio.”"** The
faster decay, which is closer to the values measured by FLUPS
and TAS, is attributed to excitonic recombination.

To ascertain if the fast recombination comes from the
biexcitons, we used a procedure based on Poisson statistics that
is well-described in the literature.'"”'>*” The probability of
having n excitons per particle is given by the Poisson statistics,
as shown in eq 1:

Y (1)

where (N,) is the average exciton occupancy per particle,
which is also equal to the product of the absorption cross
section of the CNPIs measured at a specific excitation energy
(634.v) and the density of photons per pulse per area (j): (N,)
= (032.ev)j- At the earlier time of 3 ps, each CNPI is populated
at the band edge by up to two excitons because of the 2-fold
degenerate edge. Those particles that have absorbed just one
photon contribute only once to the signal, and all others that
have absorbed more than one photon per pulse will contribute
twice. After a long time delay, all biexcitons have already
decayed via Auger recombination, and only one exciton occurs
per particle independent of the initial number of excitons
created. In this case, all CNPIs will contribute just once to the
bleaching, which can be modeled by eq 2:

AA = A[1 — P(0)] = A(1 — e=W) (2)

We can also define the TA bleaching for the biexciton as eq
3:
AA
= P(1) + 2[1 — P(0) — P(1)]

= A2 — (2 + (N))-e" ™ 3)

Figure 3a shows plots of the amplitude of the bleaching
measured at the peak Bl in the TA spectra, at the later time
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Figure 3. (a) Dependence of TA bleaching on the photon fluence at 3
and 1000 ps. (b) Biexciton Auger recombination lifetime.

DOI: 10.1021/acs.jpclett.9b03282
J. Phys. Chem. Lett. 2020, 11, 387—394


http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b03282/suppl_file/jz9b03282_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b03282/suppl_file/jz9b03282_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b03282/suppl_file/jz9b03282_si_001.pdf
http://dx.doi.org/10.1021/acs.jpclett.9b03282

The Journal of Physical Chemistry Letters

PL Intensity / a.u.
0.6000

©
a b
) N 107 A, =74mev ) 04875
£ 081 0.3750
= @ 10
S o 02625
= 067 > 0.1500
> g
= [ 0.03750
2 044 a
S -0.07500
Ko
£ 02 -0.1875
4 % o
2 T ; . . : a 00 . —a % - - : : -0.3000
25 26 27 28 29 30 31 25 2.6 2.7 2.8 2.9 3.0 25 26 27 28 29 30
Energy/ eV Energy / ev Energy / eV

Figure 4. (a) Transient absorption spectrum at 0.2 ps. (b) FLUPS spectra at 1 ps (black dots) and 100 ps (red dots), and the biexciton emission
spectrum obtained from the subtractive procedure (blue dots). (c) Two-dimensional representation of the reconstructed emission spectra obtained
from the subtractive procedure from —0.1 to 100 ps.

delay of 1000 ps and earlier time delay of 3 ps, as a function of group showed that biexciton Auger recombination in PbSe
the fluence and fitted with eqs 2 and 3, respectively. When the nanorods (NRs) has a linear dependence on both the volume
fast component comes exclusively from biexcitons, both and absorption cross section.”’ They compared the absorption
equations should be fitted with the same value of the cross cross sections for NRs and QDs with the same volume and
section 63 5,y. In this case, we found a figure 03,y = 5.0 +£ 0.3 same band gap and found that the absorption cross section is
X 107" cm™ which indicates that the fast component comes three times larger for NRs than for QDs. Nevertheless, they
from biexciton Auger recombination. With the value of o3,y also found that the local field correction factor, which accounts
we can estimate the (N,) for the different photon fluences for incomplete penetration of the external field into NRs, is
employed. also three times larger for NRs than for QDs. As a result, the

We also measured the biexciton Auger recombination log—log plot of the biexciton Auger lifetime versus the
lifetime. In this approach, we used the methodology described absorption cross section shows similar values for both NRs
by Klimov et al.”’ Basically, we normalized the data at the and QDs.* Furthermore, Li et al. showed that the biexciton

longer time delay, and we subtracted the data at a high fluence

Auger lifetime in CdSe NPIs does not follow the “universal
from those at the lowest fluence (Figure S8). The result is a

X : i volume scaling law”; instead, they found a linear scaling with
MOnoexp onent1a! decay (Figure 3b). We found time constants the NPI area. Additionally, they showed that the NPI thickness
of 8.0 + 0.3 ps with our data from TAS and 10.0 + 0.5 ps when plays an important role, and the thickness is proportional to
measured by FLUPS (Figure S9 shows a comparison between

v & parisor the biexciton Auger lifetime. Finally, they concluded that the
the decays obtained by T.AS .and FLUPS). The b.lexc.lton decay nonconfined dimension can be accounted for by the binary
has tv.vo <.:omp onfans: biexciton Auger recomb'matxc.)n (T’C’C'A) collision frequency for forming biexciton complexes, while the
and biexciton radiative decay (7,,,). The latter is estimated to dependence on the quantum-confined dimension accounts for
be one-fourth of the exciton radiative decay (z,,). We the Auger recombination probability of biexciton complexes.*’

measured the exciton recombination decay, which is . e
. . s Therefore, these studies demonstrate that this “universal
constituted by 7., and the nonradiative decay (z,,,), as 2.3 ) . . ) .
' ' volume scaling law” is not valid for semiconductors with

ns. Thus, we can say that 7, is <2.3 ns. Because we measured a . ) .
’ different morphologies and compositions.

biexciton recombination decay much smaller than 2.3 ns (8—
. 7 e . ( We expected different behavior for perovskite nanomaterials
10 ps), we can claim that biexciton Auger recombination )
compared to PbSe or CdSe nanomaterials because the

dominates the biexciton decay.38 biexci A lifeti . Lites i h sh h
The biexciton Auger recombination rate increases when the 1exc1-ton uger 1_et1me 10 perovs t?i glfggn uct s orter than
that in chalcogenide nanostructures. ™ ”°” This fact comes

overlap between the hole—electron pair wave functions e .
increases. The value for the absorption cross section reported from the similarities between the 33ﬁ'ect1ve masses of both
electrons and holes in perovskites.”™ In CdSe, for example,

by Padilha et al. linearly depends on the volume of the cubic
NCs from 0.34 to 15 X 10~ cm?, and they found a biexciton biexciton Auger recombination is dominated by the excitation

Auger recombination lifetime from 5 to 30 ps, which was of electrons (m, = 0.13m,) because the excitation involving

sublinearly dependent on the absorption cross section, 7,, = heavy holes is morggf&fﬁcult because of the greater effective
cV°. They concluded that this sublinear relation is due to the mass (my, = 0.9m,)."""" Li et al. reported an interesting study
weak quantum confinement of the particles studied.'’ on the size- and morphology-dependent Auger recombination
Recently, Li et al. demonstrated that biexciton Auger in CsPbBrs.”* They obtained CsPbBrs NPIs with lateral areas
recombination for perovskite NCs has a linear relationship from 352 to 1104 nm® and NRs 3 nm in diameter with lengths
with the particle volume in the strong quantum confinement from 43 to 84 nm. They found that the biexciton Auger
regime.”” According to the latter report, for NCs of 280 nm?, lifetime does not have a linear dependence on the volume but
we should expect a biexciton Auger recombination lifetime of on the lateral area for NPIs or length for NRs.”® Because our
approximately 20 ps, twice as long as what we have found. This CNPIs have a strong confinement in two dimensions (width
result indicates that the biexciton Auger recombination is more and thickness), our results agree very well with the results for

efficient in perovskite CNPIs than in cubic NCs. Klimov’s NRs reported by Li et al.*®
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Figure 5. (a) Decay-associated spectra (DAS) obtained from FLUPS. (b) Scheme showing the mechanisms involved in hot exciton emission.

The TA spectrum is similar to the second derivative of the
steady-state absorption spectrum. The short-lived PA2 spectral
feature has been observed in different materials, such as II-VI
QDs, and in perovskite materials, even in bulk or quantum-
confined structures. This feature has been ascribed to the
biexciton-induced Stark effect due to the shifting of the band-
edge exciton absorption in the presence of the hot excitons
created by the pump pulse. The Coulomb interaction between
the excitons redshifts the exciton resonance, appearing in the
spectrum as a bleaching at the resonance position of the first
excitonic band and a photoinduced absorption at lower energy.
This biexciton state decays very quickly, which is associated
with the cooling of the hot excitons into the band-edge state.
Therefore, this biexciton state has been used to study the
carrier energy relaxation in traditional QDs and in perovskite
materials.*”™ We calculated the biexciton binding energy
(A,,) by fitting the TA spectrum at a 0.2 ps time delay with
two Gaussian functions, as shown in eq 4. As suggested by
Aneesh and colleagues, in the presence of a hot exciton, the
transition energy of the probe excitons will be red-shifted by

A 44
_[E—EX— Am)z _[E—EX)2
w w
(4)

where A; and A, are the amplitudes of PA2 and B1 features,
respectively. Furthermore, Ey is the exciton transition energy,
and w is the line width of the band-edge transition. Both
parameters were obtained from fitting of the steady-state
absorption spectra and were found to be 2.776 eV and 36 meV,
respectively. Using this methodology, we found a value of A,,
of 68 + 4 meV (Figure 4a). This value is greater than that of
CsPbBr; NCs, 30 + 5 meV, which lies in the weak quantum
confinement regime."*

Although many studies have applied the methodology
described above to calculate A, by TAS, Klimov and
colleagues have shown that TAS is not the best way to
measure this interaction energy in CdSe.** In this case, the
biexciton comprises not only a well-defined 1S, exciton (the 1S
electron and the 1S, hole) but also a poorly defined exciton in
some highly excited state. For this case, the most direct
approach to measure A, is based on the relative position of
the exciton and biexciton emission bands, which can be
measured by FLUPS. The radiative recombination of the
biexciton produces a photon (hv,,) and an exciton state (X),
but this exciton could be in its excited or ground state.
However, if we suppose that the biexciton decays into the

AA(E) = A-exp — A,-exp
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ground-state single exciton E, then the shift of the biexciton
will be given by hv,, = E, + A, which provides a direct
measurement of A,.*” Therefore, we employed fluence-
dependent FLUPS to confirm the value of A, obtained
from TAS (Figure S10 shows the two-dimensional representa-
tion of the FLUPS spectra at different photon fluences). When
(N,) is less than 1, the time-resolved spectra show a narrower
emission and a homogeneous decay, while when (N,) is
greater than 1, the spectra become broader at earlier times and
narrower after 10 ps. This broadening at earlier times is due to
the emission from biexcitons, which decays readily via
biexciton Auger recombination (the plot of Figure SI1
confirms the quadratic behavior expect for the biexciton).
Therefore, to calculate A, and obtain the biexciton emission
spectra, we subtracted the emission spectrum at a high fluence
from that at a low fluence, both at 1 ps; subtraction of a
spectrum at high fluence at 1 ps from that at the same fluence
at 100 ps, when the emission from the biexcitons has already
decayed, could also be utilized. We compared both spectra and
found that they are very similar; however, the signal-to-noise
ratio is better for the spectrum taken at 100 ps at a high fluence
(Figure S12 shows this comparison). Figure 4b shows the
spectrum for CsPbBr; CNPIs at a high fluence at 1 ps (black
dots) when both excitons and biexcitons contribute to the
emission spectrum (XX + X), the spectrum at 100 ps when the
spectrum is composed only of the exciton recombination
contribution (red dots), and the biexciton emission spectra
(blue dots) obtained through the subtractive procedure. We
also performed a Gaussian fit of the spectra to accurately
measure the center of the band. Following this procedure, we
measured a value of 74 &+ 2 meV, which is statistically similar
to the result obtained by TAS. The theoretical prediction
indicates that the biexciton and exciton binding energies have a
ratio of A, /E, = 0.228. Using our value of E, = 350 + 10
meV, we calculate A, to be 80 + 4 meV, which is very close to
the value experimentally measured by use of both FLUPS and
TAS. Castafieda et al. showed that A, is dependent on the size
of perovskite NCs, and they found values between 100 and 40
meV."s Recently, Ashner et al. showed that biexciton
interaction in CsPbBr;NCs in a weak confinement regime is
repulsive and with energies increasing with decreasing size."
This finding is contradictory to the results presented by
Castafieda et al. Ashner et al. used TAS combined with a
method of target analysis to extract the component spectra
corresponding to exciton and biexciton states. TAS has its
limitations because of complexity of the signal, while
Castafieda et al. used TRES, which was limited by the time
resolution of their system (200 ps). In our case, the FLUPS
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spectrum is simple and the time resolution (<1 ps) is high
enough to measure such processes. Therefore, we can say that
in CsPbBr; CNPIs, the exciton—exciton interaction in
biexcitons is attractive. The large value of A, also indicates
that the biexciton is stable at room temperature. Nagamine et
al. showed a strong correlation between increasing A, and
decreasing ASE threshold."* Therefore, we expect that
CsPbBr;CNPIs will be a promising candidate for devices
based on low-threshold ASE because of the high A, and larger
absorption cross section compared to QDs.

We also performed the same procedure described above to
isolate the biexciton emission, but with different time delays
spaning from —0.1 to 98 ps, and the result is shown in Figure
4c. From this two-dimensional representation of the FLUPS
spectra, the decay from the biexciton emission is clear.
Moreover, a contribution from the hot excitons is observed,
i.e,, the emission at approximately 2.9 eV, which decays very
quickly, within ~0.3 ps. The emission of hot excitons occurs
even at low fluences (Figure S8). To ascribe this ultrafast
emission to a hot exciton, we used a global analysis of the
FLUPS data (see the Supporting Information for details).
Figure Sa shows a decay-associated spectrum (DAS) obtained
by FLUPS. We observed an ultrafast component of 0.3 + 0.05
ps, which manifests as a positive signal due to hot exciton
emission and a negative signal due to the rise of the band-edge
emission. The second contribution comes from the biexcitons
at 8.0 ps, and the third contribution, which is greater than 2.0
ns, is due to exciton recombination (Figure S13 shows the
DAS for different fluences). At high fluences, the biexciton
contribution is larger and redshifts the spectra; however, the
DAS at 8 ps has contributions from both exciton and biexciton
emission. We observed that the decay for hot excitons is linked
to the rise of the band edge. Because we have used an
excitation energy of ~3.1 eV, which is resonant with the
second exciton transition, this state is populated and quickly
relaxes, on a time scale close to the instrument response
function (IRF) width of the experiment. In this scenario,
excitons can be emitted from the edge of the second transition,
producing hot exciton emission or decay via internal
conversion to the first excited state, given the rise of the
band-edge exciton emission, as shown in Figure Sb. Recently,
Papagiorgis et al. reported that hot carriers in formamidinium
lead iodide NCs decay very slowly, within ~0.8 ns.

They also showed that under high fluence, 5 < (N) < 10,
the emission from hot carriers is prolonged, which can delay
the onset of the population inversion, suppressing the ASE in
favor of the emission from hot excitons.*®*" Therefore,
because the hot exciton emission in our system is very fast,
besides other properties discussed above, our colloidal
suspension of nanoplatelets could be an interesting candidate
for ASE.

In summary, we have synthesized minute CNPIs (thickness
= 3.0 nm, width = 4.0 £ 2 nm, and length = 23 + 7 nm). This
material shows a large blueshift in both the photoluminescence
and absorption spectra compared with the bulk, with a larger
exciton binding energy of approximately 350 meV. Using the
ultrafast spectroscopy technique, we calculated that the
absorption cross section of this material is 5.0 + 0.3 X 107"
cm™? and that the biexciton Auger recombination lifetime is 9
+ 1 ps. Additionally, we showed that this kind of material does
not follow the “universal scaling law” observed for II-VI-IV—
VI QDs. We also calculated the biexciton binding energy (74 +
2 meV) through two different techniques, which statistically
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gave the same results. Finally, we observed emission and decay
from a hot exciton state (2.85 eV), which is linked with the rise
of the band-edge emission. On the basis of these results, we
expect that quasi-1D nanoplatelets, with their large biexciton
binding energy, large absorption cross section, and ultrashort
hot exciton emission, will be promising candidates for devices
based on low-threshold ASE.
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