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ABSTRACT: Strongly confined, fully inorganic cesium lead halide perovskite
nanocrystals are of great promise for light-emitting devices in the blue spectral range
owing to their high photoluminescence quantum yields. A combination of broadband
fluorescence up-conversion and transient absorption spectroscopies was used to
study early exciton dynamics in quasi-1D CsPbBr3 nanoplatelets (3 × 4 × 23 nm3,
NPls). This allowed to reveal emitting band-edge states in the NPls that form
instantaneously upon photoexcitation and then relax within the first picosecond to
lower energy confined hole states (CHSs). The influence of the pump excitation
intensity on the latter process was further scrutinized. The band-edge population
lifetime was found to increase with the rise of the photon fluence due to CHS filling.
When the concentration of NPls in solution becomes very high, nanoparticles
overlap, resulting in a decrease in their external absorption cross-section and an
increase in the emission Stokes shift due to photon reabsorption.

■ INTRODUCTION
Hybrid lead halide perovskite nanocrystals (PNCs) have
become one of the most attractive materials for optoelectronic
applications over the last years. The intrinsic properties of
perovskite structures make them promising for light-emitting
diodes (LEDs) or lasing.1−4 PNCs exhibit a wide band gap
tunability (400−700 nm), which is obtained via the halide
composition and particle size, narrow photoluminescence (PL)
linewidths, and close to unity PL quantum yields.5−8 However,
due to the instability of chloride compounds, CsPbX3-based (X
= Cl, Br, or I) devices show limited performances in the blue
spectral range.9−11

Recently, studies on strongly confined CsPbBr3 nanocrystals,
that is, systems that have at least one dimension smaller than
the bulk-exciton Bohr diameter, a0 = 7.0 nm,5 such as
nanoplatelets (NPls) or nanowires, exhibited a high-intensity
blue emission coming from the recombination of tightly bound
excitons (up to few hundreds of meV).12−18 The NPl thickness
is precisely controlled throughout the synthesis process by
adjusting the stoichiometry between the lead and the cesium
sources.19 By decreasing the number of perovskite layers,
quantum confinement is increased, which shifts the emission
toward the blue region. Although many studies are focusing
their efforts on improving the stability and the brightness of
perovskite NPls, there is a lack of understanding about the
underlying photophysics.
For example, divergent findings concerning hot-carrier

dynamics in PNCs are reported in the literature. Because
hot-charge trapping can compete with carrier cooling, it is,
therefore, crucial to achieve fast relaxation for LEDs.20 On one
hand, slow charge carrier relaxation (up to tens of ps) was

observed at a high photon fluence, mainly for weakly confined
systems.20−24 Li et al.21 suggested that a combination of hot-
phonon bottlenecks and Auger-heating effects may be
responsible for the lengthening of the cooling dynamics.21,25

On the other hand, some studies noted ultrafast cooling for
strongly confined NPls.26−29 Hintermayr et al.26 compared
hot-carrier dynamics for 3D and 2D methylammonium lead
iodide perovskites by using transient absorption spectroscopy
(TAS). They reported a fast build-up of the band-edge signal
for the 2D system, even when pumping the sample at a high
fluence and far above the band edge. The fast dynamics are
attributed to the accelerated dissipation of excess energy to
phonon emission from the surrounding capping ligands. As the
surface-to-volume ratio is higher for strongly confined PNCs,
the transfer of phonons into the organic ligands is promoted.
Additionally, some questions need to be answered regarding

the origin of the Stokes-shifted emission in strongly confined
NPls. Indeed, to avoid as much as possible photon
reabsorption in LEDs, it is essential to have a material with a
large intrinsic Stokes shift (ΔES). In strongly confined systems,
ΔES is equal to the difference between the energies of the first
excitonic absorption and the static emission peak. Having a
Stokes-shifted PL also indicates that different states are
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involved during absorption and emission. Theoretical and
experimental studies suggest that ΔES is due to the existence of
a confined hole state (CHS) above the valence band,30,31 as
already reported in CIS and CdSe quantum dots (QDs).32−34

The value of ΔES is reported to be increasing with quantum
confinement.30,31 However, different mechanisms have also
been proposed, such as photon reabsorption due to the NPl
ensemble size distribution35 or lattice relaxation with the
formation of a polaron.36

In this study, we are combining ultrafast transient absorption
and broadband fluorescence up-conversion spectroscopies
(FLUPS) to investigate the early exciton dynamics in the as-
synthesized NPls. A short-lived emission, overlapped with the
first excitonic absorption, is detected by FLUPS, and its decay
follows the rise in the main peak. We assign the first emission
to the radiative relaxation from the conduction band-edge state
to the valence band-edge state, while the main emission
corresponds to the relaxation from the conduction band-edge
state to CHSs, supporting the conclusions of Brennan et al.30,31

Moreover, we study the hole-trapping dynamics of relaxation
to CHSs, first by isolating the band-edge emission and second
by varying the pump intensity and the sample concentration.
We report a slower decay of the band-edge signal at a higher
fluence, which can be rationalized by Auger heating, phonon
bottleneck, or state filling. Interestingly, the dynamics of the
photoinduced absorption (PIA) located on the red side of the
TA spectrum, which has previously been attributed to the
biexciton-induced Stark effect,16,27,28 follows the same
dynamics as the band-edge emission observed by FLUPS.
Finally, we show that for a highly concentrated solution (with
an absorbance A > 2 at the band edge), NPls are overlapping,
which decreases the calculated absorption cross-section and
leads to photon reabsorption.

■ METHODS
Synthesis of CsPbBr3 NNPls. The synthesis of CsPbBr3

NPls has been previously described in full detail.16 Two
precursor solutions were prepared. The lead source was
prepared by adding PbBr2 (0.20 mmol), ZnBr2 (0.13 mmol),
oleic acid (OA, 1 mL), and oleylamine (OAm, 1 mL) together
in dodecane (5 mL) in a 50 mL three-necked flask. The
solution was dried for 60 min on a Schlenk line and heated
under vigorous stirring to 150 °C under an argon atmosphere
to solubilize PbBr2. At the same time, the Cs+ cation source

was prepared by mixing Cs2CO3 (2.0 mmol), OA (2.5 mL),
and octadecene (17.5 mL) in a second 50 mL three-necked
flask. The mixture was dried at 120 °C for 60 min and heated
to 150 °C under argon for 30 min. Finally, the warm cesium
oleate precursor (0.2 mL) was injected into the lead solution at
room temperature under stirring. After 20 min, the product
was centrifuged at 5000 rpm for 5 min with 5 mL of methyl
acetate, and the precipitate was discarded. A second
purification step was achieved by adding another 10 mL of
methyl acetate to the solution, which was centrifuged for 15
min at 5000 rpm. The purified NPls were finally dissolved in
dodecane (2 mL) and kept at 4 °C.

Optical Measurements. The fresh NPls were diluted and
transferred to a 1 mm-optical pathlength quartz cuvette (Type
61, FireflySci) for static characterization. Ultraviolet−visible
absorption spectra were acquired on a PerkinElmer Lambda
950 UV/Vis/NIR spectrometer.
Steady-state PL and time-correlated single photon counting

(TCSPC) measurements were carried out on a Horiba Jobin
Yvon Fluorolog-3 instrument. The excitation source for
TCSPC was a nanoLED N-390 system with a repetition rate
of 1 MHz, a pulse duration of 1.3 ns, and an excitation
wavelength λexc = 390 nm. The PL detection was performed at
90° relative to the excitation source with a photomultiplier
tube.
A broadband fluorescence up-conversion setup (FLUPS,

LIOP-TEC) was used for ultrafast time-resolved PL measure-
ments. The pump pulse (λexc = 400 nm) was generated by
frequency doubling the output of a chirped pulse-amplified
(CPA) Ti:sapphire laser (Libra-HE USP, Coherent) and
focused onto a 200 μm spot at the sample position. The gate
pulse (λG = 1300 nm) was obtained from a white light-seeded
optical parametric amplifier (OPerA-Solo, Coherent). The
upconverted fluorescence was generated by type II sum
frequency generation in a 100 μm-thick BBO crystal (EKSMA
Optics). The signal was dispersed in wavelength using UV
grating and sent to a CCD camera (Newton 920, Andor). The
time correction for the impulse response function (IRF) was
calculated to be 250 fs using the cross-correlation between the
pump and the probe. The NPL solutions had an absorbance
between 0.3 and 1.6 in a 1 mm cuvette at 400 nm.
For transient absorption, the pump pulse (λexc = 389 nm and

500 Hz repetition rate) was obtained by frequency doubling
the output of a CPA Ti:sapphire laser (Clark-MXR, CPA-

Figure 1. (a) Normalized absorption (black dots), emission (green dashed line) spectra, and the integrated FLUPS signal at the lowest photon
fluence (green dots) of CsPbBr3 NPls in dodecane. (b) 2D time-resolved emission spectra of CsPbBr3 acquired by FLUPS (λexc = 400 nm). The
low-excitation energy fluence (38 μJ cm−2/pulse) corresponded to an average number of photogenerated electron−hole pairs per nanoparticle
<Nex> = 0.1.
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2001), and a white-light continuum probe beam (λwl = 400−
780 nm, 1 kHz repetition rate) was generated by focusing a
part of the laser fundamental output at λ = 778 nm onto a
CaF2 crystal. The white-light probe beam was made smaller
and weaker than the pump beam to ensure homogeneity
within the probed area. The signal and the reference were sent
into a spectrograph (Spectra Pro 2150i, Princeton Instru-
ments) and detected shot-to-shot using a CCD camera
(Hamamatsu S07030-0906). The time resolution of the
experiment was determined to be 250 fs.

■ RESULTS & DISCUSSION
The synthesis and standard characterization of strongly
confined CsPbBr3 NPl solutions have been discussed in a
previous study.16 The shape of fresh NPls is close to that of
nanorods (3 × 4 ± 2 × 26 ± 6 nm3) as seen in the TEM
images shown in the Supporting Information (Figure S1) and
suggests that the quantum confinement of the charges is
applied in one to two dimensions. The linear absorption
spectrum (Figure 1a) displays a strong and sharp excitonic
feature at 435 nm due to quantum confinement. The NPl
thickness distribution is homogeneous because the second
derivative of the absorption spectrum (Supporting Informa-
tion, Figure S2) has only one local minimum at 435 nm and is
flat from 465 to 600 nm. By fitting the absorption spectrum
with a well-known quantum well model (see Supporting
Information, Section S1 and Figure S3),37,38 we estimate the
exciton binding energy to be 318 meV, which is in the range of
previous calculations.16

Figure 1a also shows the NPl static emission spectrum and
the integrated FLUPS signal at a low fluence, which are both

centered at 446 nm. The sharp emission (full width at half
maximum = 110 meV) is indicative of a weak exciton−phonon
coupling, as already reported for strongly confined perovskite
NPls.39 Here, the value of ΔES, 59 meV (11 nm), is smaller
than the theoretical value for QDs with the same radius30

because the synthesized NPls are not confined equally in each
dimension. However, at this point, some questions can be
raised: is there only one emitting state? Why is the band-edge
emission invisible in the static measurement? Is it possible to
track the sub-picosecond dynamics of the photogenerated
charge carriers?
Here, we used the fluorescence up-conversion technique to

obtain information on early excited-state dynamics. Because
the time-resolved photoluminescence (TRPL) signal only
depends on the excited-state population, it is, therefore, more
straightforward to interpret than TAS spectra. The main
advantage of FLUPS over other TRPL techniques is that the
time resolution of the setup is only limited by the laser pulse
duration. Moreover, the used FLUPS setup was broadband and
allowed for scan-free measurements, leading to 2D time-
resolved emission spectra, as displayed in Figure 1b. All
measurements were carried out at room temperature on fresh
colloidal NPl solutions, with the optical pump set at λexc = 400
nm (see the Methods section). Figure 1b shows the obtained
TRPL signal when the NPls were pumped at the lowest
fluence, which should produce much less than one exciton per
particle. The FLUPS signal has a maximum at 446 nm, and the
dynamics of the main peak matches the ones on the red side
(λprobe = 460 nm) of the PL, as shown in the Supporting
Information (Figure S4a). This indicates that the emission

Figure 2. (a) Absorption spectrum (black dots), main emission at 100 ps (green dots), and isolated band-edge emission (blue dots) of CsPbBr3
NPls. (b) Main emission dynamics (λprobe = 445 nm, green dots) and isolated band-edge emission dynamics (λprobe = 435 nm, blue dots) of
CsPbBr3 NPls in dodecane. (c) Normalized main emission dynamics at 400 nm (blue dots) and 435 nm (green dots) pump wavelengths. (d)
Normalized time-resolved emission spectral slices of CsPbBr3 acquired by FLUPS (λexc = 430 nm) for <Nex> = 3.3 and the signal obtained at time
zero from the up-conversion of the transmitted pump beam.
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does not shift with time and confirms the homogeneous size
distribution of the NPls.40,41

Interestingly, a short-lived feature at approximately 430−435
nm is visible within the first ps of the FLUPS spectrum. To
isolate and study the short-lived emission, we subtracted the
late-time signal (corresponding to the steady-state emission)
from the one at early time (see the detailed procedure in the
Supporting Information, Section S2). Figure 2a shows the
absorption, the PL at 100 ps, and the isolated short-lived signal
(<1 ps). Although the 100 ps emission (referred to as the main
emission hereafter) is Stokes-shifted compared to the linear
absorption, the short-lived signal overlaps nearly perfectly with
the excitonic feature in the absorption spectrum. Therefore, we
assign this short-lived signal to the radiative relaxation of the
exciton from the conduction band-edge state to the valence
band-edge state, which will be called the band-edge emission
for the remainder of the text. Figure 2b shows the dynamics of
the band edge and the main emission within the first 5 ps. The
rise in the band-edge signal is instantaneous, indicating that
band-edge excitons are formed faster than the time resolution
of the instrumentation. Ultrafast carrier thermalization and
cooling have already been reported in such a confined system,
suggesting that the signal at 435 nm corresponds to the lowest
vibrational state.16,26−29 Moreover, the low amount of excess
energy (0.25 eV) and the low pump photon fluence (38 μJ
cm−2/pulse) used for this study favor ultrafast carrier cooling.
By fitting the band-edge emission with a mono-exponential
decay convoluted with the IRF (see the Supporting
Information, Section S3 for the fitting procedure), we obtain
a lifetime of τ = 0.29 ps. As shown in the Supporting
Information (Figure S5), τ is independent of the probed
wavelength, which indicates that a unique population state is
involved (homogeneous broadening). Interestingly, the band-
edge decay also matches the rise in the main emission at 445
nm (Supporting Information, Table S1), which may unveil the
relaxation of band-edge excitons to a lower energy state. The
difference between the fitting curve and the main peak signal
after 1 ps arises from the fast trapping of excitons into dark
states, resulting in a PL decay.42−44 To ascertain that the rise in
the main PL emission is not linked to the cooling of hot
carriers, we also set the pump wavelength to 430 nm, which is
close to the lowest excitonic level (Figure 2c). Here, the main
peak rise is strictly the same as the one when pumping at
higher excitation energy. Moreover, the band-edge emission is
still visible around 435 nm at the highest energy fluence
(Figure 2d). Because band-edge states are the only states
populated upon 430 nm excitation, the short-lived emission

cannot be explained by the recombination of higher excited
excitons.
This signal is, however, overlapped with a part of the

transmitted pump beam around time zero, which makes the
analysis of the dynamics impossible. This state has already
been assigned as a CHS and is used to explain the size
dependence of ΔES in PNCs.

30,31 Therefore, we suggest that in
strongly confined NPls, hot-carrier cooling to the band edge is
ultrafast (faster than the time resolution of the setup) and the
hole confinement into CHSs happens subsequently in 290 ±
20 fs at a low fluence. Our TAS measurements reveal ground-
state bleaching (GSB) close to the band edge of the linear
absorption spectrum, and PIA occurs at a lower energy than
GSB, which decays quickly within approximately 270 ± 20 fs
(Figure 3a). This PIA peak has been previously assigned to the
biexciton-induced Stark effect, which takes place prior to
thermalization and cooling.16,27,28,45 According to the liter-
ature, the cooling in PNCs can be measured by the rise in the
GSB extent or the decay of PIA.27,28,45 However, in this case,
the GSB build-up time is faster than the PIA decay, as
displayed in Figure 3b. The GSB rise agrees well with the data
obtained by FLUPS, indicating that hot-carrier cooling in
CsPbBr3 NPls is faster than FLUPS and the TAS time
resolution, which our fittings have found to be rise-limited to
the IRF, < 200 fs. We also extracted the carrier temperature
(Tc) by fitting the high-energy tail of the TA spectrum (see the
Supporting Information, eq S5). It is well known that the
effective masses of electrons and holes are roughly equal in
halide perovskites, which means that the electron temperature
(Te) is considered the same as the hole temperature (Th). Tc
represents an average temperature of electrons and holes. We
used an electronic excess energy of 0.35 eV for the TAS
experiment after absorbing a photon energy of 3.2 eV (390
nm), which is equally distributed between the electron and
hole. The temperature corresponding to the thermal energy E
= 1.5 kBT = 0.17 eV is ∼1300 K.27,28,45 The carrier
temperature at a low pump fluence (<Nex> = 0.2) at 0.2 ps
is measured to be Tc ≈ 350 K, as shown in the Supporting
Information (Figure S6). Weakly confined CsPbBr3 NCs have
a Tc of approximately 1000−2000 K with a cooling time of
approximately 0.4 ps when they are excited with extra energy,
while CsPbBr3 NPls show a similar Tc but with a faster decay
rate.26,46 Note that the CsPbBr3 NPls reported here are much
more confined than others reported in the literature, which
should make cooling even faster. We did not consider the band
gap renormalization to be important here because this process
is dominated in the presence of free carriers, likely in bulk

Figure 3. (a) TA spectral slices of CsPbBr3 NPls (λexc = 390 nm) for <Nex> = 0.2. The extracted GSB dynamics were taken at 2.77 eV and the PIA
at 2.84 eV. (b) PIA dynamics (red dots) and GSB dynamics (black dots) obtained from TA experiments at the lowest photon fluence. (c) TA
dynamics at three different position around the GSB signal (blue-edge, main peak, and red-edge). These data were normalized at 1880 ps.
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semiconductors, and it occurs faster than the time resolution of
our experiment (∼200 fs).47 Nevertheless, the NPls reported
here showed a large exciton binding energy of ∼350 meV. As it
is well known that the exciton transition roughly maintains the
absolute energy with increasing photofluence until the binding
energy vanishes at the Mott density. Usually, a red or blue shift
in the exciton transition is observed with increasing fluence in
narrow quantum wells due to the decrease in the band gap
energy or decrease in the exciton binding energy, respec-
tively.48 However, we did not observe an appreciable shift in
the TA spectrum at 0.3 ps with different excitation energy
fluences, revealing the exciton stability under these conditions
(see the Supporting Information, Figure S7). If the biexciton-
induced Stark effect peak decay reflects hot-carrier cooling, we
should not observe the PIA peak or it should at least decay
faster. Moreover, the PIA decay follows the same dynamics as
those of the band-edge emission observed by FLUPS. Our
interpretation for the origin of the PIA suggests that this signal
has a minor contribution from the exciton−exciton interaction
due to the faster cooling and a major contribution from the
transition of electrons in the CHS into the conduction band
edge, denoted here as CHS−CB. When the hole is trapped
into the CHS, the transition CHS−CB is blocked. Therefore,
the PIA-decay time constant is due to the hole-trapping rate.
According to our proposed mechanism, we should observe a
GSB decay with the same lifetime as the one observed for the
PIA peak. However, as shown in Figure 3b, the GSB dynamics
is flat in this time window. In order to get more information,
we probed the dynamics few meV above (blue-edge) and
below (red-edge) the GSB minimum (Figure 3c). At short
wavelengths, we observe an instantaneous rise and an ultrafast
decay of 300 fs, while at longer wavelengths, the rise is

lengthened and has, as well, a 300-fs component. At the
minimum of the GSB signal, the rise is instantaneous and no
decay is present, which suggests that it displays an average
between the two edges. Moreover, we observed in Figure S4
that the three decay curves follow the same trend at longer
timescales, indicating that the signal comes from the same set
of population. We interpret this result as a contribution of
VB−CB and CHS−CB transitions. Because of their large
bandwidths, the signals are overlapped. However, as the
probed energy moves to the blue edge, we can maximize the
VB−CB contribution, while the same happens for the CHS−
CB transition when the dynamics are probed at the red edge.
Therefore, the fast decay at shorter wavelengths and the rise at
longer ones support the hole confinement from band-edge
states. The same behavior has been observed in the literature
and is ascribed to hole trapping.49,50 Here, we can exclude the
possibility of charge or energy transfer between different
particle sizes because the sample concentration was kept low.51

Until now, we have discussed the PIA just in terms of time
dependence. In addition, the energy dependence agrees well
with our interpretation. ΔES gives the CHS energy, which is
located above the valence band edge, in this case, 58 meV. The
biexciton binding energy calculated by FLUPS by following the
same subtractive procedure is calculated to be 70 meV. The
difference between both quantities, ΔES and biexciton binding
energy, corresponds to just 2 nm in the region of 445 nm,
which is quite reasonable to overlap.
To further study the dynamics of the transfer from the band

edge to CHSs, we progressively increased the pump photon
fluence from 38 to 955 μJ cm−2/pulse in seven steps. The
collected spectral slices, at given time delays following
excitation at the lowest and the highest fluence, are displayed

Figure 4. (a) Normalized time-resolved emission spectral slices acquired by FLUPS (λexc = 400 nm) at the lowest (<Nex> = 0.1) and (b) the
highest photon fluence (<Nex> = 5.7).

Figure 5. (a) Normalized PL decays of the isolated band-edge emission for <Nex> = 0.1−5.7. (b) PIA dynamics for < Nex> = 0.2−4.
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in Figure 4, while every 2D spectra and spectral slices are
shown in the Supporting Information (Figures S8 and S9,
respectively). To obtain the average number of excitons per
particle generated by the pump pulse, <Nex>, we used Poisson
statistics (see the procedure in the Supporting Information,
Section S4) and found an absorption cross-section σ = 3.4 ×
10−15 cm2 at 400 nm (Supporting Information, Figures S10
and S11a). Consequently, <Nex> varies from 0.1 to 5.7 by
increasing the photon fluence. Figure S11b in the Supporting
Information shows that the PL intensity is only linear to the
average number of excitons per particle when this number is
lower than 1. At each fluence value, the band-edge emission is
visible within the first ps on the blue edge of the spectrum and
is convoluted with the main emission peak, leading to the
broadening of the signal. At higher fluences, another feature,
with a lifetime of tens of ps, appears on the red side of the
spectrum and has already been attributed to biexciton
emission.16 As seen on the spectral slices, the band-edge
emission lifetime seems to be enhanced when the fluence is
increased.
To highlight the dependence of the band-edge signal

dynamics on the photon fluence, we normalized the PL
decay of the isolated band-edge emission for <Nex> = 0.1 to 5.7
(Figure 5a). Note that the emission appears instantaneously at
all fluences, indicating that hot-carrier thermalization and
relaxation to the band edge are faster than the time resolution
of the setup, even at the highest fluence. We fitted all the
isolated emission with a double-exponential decay convoluted
with a Gaussian function simulating the IRF (see the
procedure in the Supporting Information, Section S6). The
best obtained fits are displayed in the Supporting Information
(Figure S12), and the extracted parameters are shown in Table
S3. At a sufficiently low fluence (<Nex> ≪ 1), the band-edge
decay is fast and mono-exponential with a lifetime τ1 = 330 ±
30 fs, as already mentioned in the latter section. However, a
second component, τ2 = 1.5−2 ps, appears when there is more
than one exciton per particle. Its relative amplitude increases
with the fluence and reaches 42% at <Nex> = 5.7. The same
procedure was carried out for the TAS data probed at the PIA
peak. All the TA spectral slices are displayed in Figure S13
(Supporting Information). We normalized the TAS decay for
<Nex> = 0.2 to 4.0 (Figure 5b). We conducted the same fitting
procedure with a double-exponential function convoluted with
the IRF (Supporting Information, Table S4), and we found a
mono-exponential decay behavior for excitation fluences lower
than <Nex> = 1. At higher fluences, the decay is fitted with a

double-exponential function, and the amplitude related to the
second component also increases with the fluence. Many
factors might explain the slower relaxation at high fluences:
exciton−exciton interactions leading to Auger heating,21,52

phonon bottlenecks due to the coupling of the NPls with
organic ligands that can dissipate the excess energy,21,26 or
solely the state-filling effect, because the density of state
(DOS) of CHSs is lower.29,30 At this point, theoretical models
are missing for evaluating the weight of each part. However,
because hot-carrier cooling to the band edge in strongly
confined perovskite NCs is independent of the fluence, Auger
heating and phonon bottlenecks are less likely to be able to
explain the slower relaxation to CHSs. Hence, we expect that
state filling may be the critical step. To support this argument,
Brennan et al. suggested than the ratio between the DOS in the
conduction band edge and CHSs could be as high as 50.30

Finally, we conducted FLUPS measurements on suspensions
with different NPl concentrations to be able to rule out photon
reabsorption as a cause of the Stokes-shifted emission. Four
samples were prepared from the same batch, whose absorption
spectra are shown in the Supporting Information, Figure S14.
The samples will be named NPl-0.3, NPl-0.5, NPl-1.2, and
NPl-1.6 in the following, according to their absorbance
measured at λ = 400 nm. All the absorption spectra overlap,
meaning that the optical properties remain unaffected upon
dilution. For each sample, the pump energy is set to 12 nJ per
laser pulse (fluence = 38 μJ cm−2/pulse) and 300 nJ/pulse
(fluence = 955 μJ cm−2/pulse). The 2D time-resolved emission
spectra and the spectral slices at a given time delay following
excitation are shown in the Supporting Information, Figures
S15 and S16. As seen in Figure S16, at the lowest pump
fluence, the PL peak does not shift with time, ruling out the
formation of bigger NPls through aggregation when the
concentration is increased. When the pump fluence is
increased to 300 Nj, an additional emission, red shifted
compared to the main peak, appears. This has been already
attributed to the biexciton signature.16 Figure 6a displays the
normalized PL decay of the isolated band-edge emission for
NPl-0.5 and NPl-1.2 at both a low and high fluence. Under a
high excitation intensity, the population decay of the band-
edge exciton is faster for the concentrated solution than for the
dilute solution. Table S5 summarizes the obtained decay
lifetimes and their relative weights for the four traces. As
reported in the last section, the two decay components, τ1 =
0.32 ps and τ2 = 2.1 ps, are independent of the fluence not the
concentration. However, under high pump fluence, the relative

Figure 6. (a) Normalized PL decays of the isolated band-edge emission for different concentrations at <Nex> = 0.1 and 5.7. (b) Dependence of the
PL intensity on the photon fluence at 100 ps with the fitted Poisson model obtained from eq S7 (Supporting Information) for different
concentrations. (c) Absorption (lines) and integrated FLUPS signals (dots) of the CsPbBr3 NPl solution with absorbances going from 0.3 to 1.6 at
λexc = 400 nm.
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amplitude of τ2 decreases when the NPl concentration is
increased.
To explain this observation, we calculated the average

interparticle distance <d> between two NPls (see the
Supporting Information, Section S7) and found <d> = 37
nm and 67 nm for the concentrated and the dilute solution,
respectively. Consequently, in the former solution, the average
distance between two particles is smaller than twice the NPl
average length (46 nm), suggesting that we may have an
overlap between NPls. In colloidal solutions, if the NPls are
overlapped, they cast a shadow on each other, breaking the
conditions that need to be fulfilled for the Beer−Lambert law
to be valid. Therefore, we expect a decrease in the extrinsic
absorption cross-section, related to the global absorption of
light from the sample, for highly concentrated solutions. The
extrinsic absorption cross-section of the NPls in each solution
is obtained by the same procedure as described earlier, in
which the emission at 100 ps is recorded at different fluences.
The dependence of the PL intensity on the fluence and the
fitted Poisson models is shown in Figure 6b. The extrinsic
absorption cross-section σ values obtained from the fits are
displayed in Table 1. There is a noticeable decrease in σ when

the mean inter-distance between NPls is close to or less than
twice the NPl length. Even more, the obtained σ values for
NPl-1.2 and NPl-1.6 are overestimated because we do not
reach the plateau at the highest fluence. Because σ is smaller
for NPl-1.2 and NPl-1.6 than for NPl-0.3 and NPl-0.5, the
average number of excitons per particle generated by the same
pump fluence will decrease as well (Table 1). From the latter
section, we already highlighted the slower decay of the band-
edge signal when <Nex> increases. Remarkably, going back to
Table S2 and S4 (Supporting Information), one can notice
that the weights of A1 and A2 reported at the highest fluence
for NPl-1.2 are close to the values obtained in Table S2 with
<Nex> = 3.2. Hence, the faster relaxation of the band-edge
population for a highly concentrated NPl solution is explained
by the decrease in the average number of excitons per particle
upon photoexcitation.
Remarkably, the PL is slightly red shifted for NPl-1.2 and

NPl 1.6 (Figure 6c). In addition, we can see that the relative
intensity of the band-edge emission decreases for NPl-1.2 and
even cancels out for NPl-1.6 (Supporting Information, Figure
S16). These observations, combined with the calculation of the
mean interparticle distance, might point out photon recycling
for highly concentrated solutions. In this case, CsPbBr3 NPls
are packed together and tend to behave as films.52−54 Larger
NPls have a narrower band gap and can reabsorb the emitted
photon from the smaller ones, enlarging ΔES.

35 Because the

emission of NPl-1.6 is not shifted with time, the reabsorption
should be fast and efficient. Indeed, a photon cascade has
already been observed in 2D perovskite films having different
numbers of layers, and multiple emission peaks were
visible.51,55,56 This is supported by the decay associated
spectrum (DAS) (Supporting Information, Figure S17)
obtained by globally fitting the FLUPS signal, in which all
the amplitudes have their maximum at the same wavelength.
Because photon recycling is faster than the IRF, it cannot
explain the observed short-lived emission (τ = 300 fs) when
the NPl concentration is kept low enough. To summarize,
photon recycling increases the external Stokes shift when the
NPl concentration is high but has only a minor impact in dilute
solutions, as already mentioned by Gan et al.35

■ CONCLUSIONS
By combining FLUPS and TA measurements on the as-
synthesized strongly confined perovskite NPls, we unveiled the
presence of a short-lived emission overlapping with the
excitonic absorption. This signal has been assigned to the
recombination of band-edge excitons, and its decay matches
the rise in the main emission, corroborating the suggestion of a
CHS, which explains the Stokes-shifted emission in PNCs.
Although TA data are often difficult to interpret due to the
overlap between multiple contributions, FLUPS is more
appropriate to study hole confinement because its signal
depends only on the excited population. We also investigated
the dependence of the band-edge emission dynamics on the
photon fluence and found that at high pump intensities, the
band-edge PL lifetime is enhanced, possibly due to the state
filling of CHSs. Finally, we showed that for highly
concentrated solutions, the NPls are packed together and
start to interact with each other, decreasing the absorption
cross-section and photon recycling extent. This study not only
unveils for the first time, the band-edge emission from strongly
confined NPls but also shows the utility of combining ultrafast
spectroscopic methods to understand the photophysical
processes in semiconductor materials.
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Minas Gerais, Brazil; orcid.org/0000-0002-1553-5388

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpcc.1c01353

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
Financial support by the Swiss National Science Foundation
(SNF, grant no. 200021_175729) and the National Center of
Competence in Research “Molecular Ultrafast Science and
Technology” (NCCR-MUST), a research instrument of the
SNF, is gratefully acknowledged. B.R.C.V. thanks the Swiss
Confederation for a Swiss Government Excellence Scholarship
and the Federal University of Saõ Joaõ del-Rei for support.
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Figure S1. a, b) Transmission electronic microscopy images for two different 
magnifications . c) Histogram for the width and length of CsPbBr3 NPls. 
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Figure S2. Second derivative of the absorption spectrum of as-synthesized CsPbBr3 
nanoplatelets (NPls). 
 
 

S1. Quantum Well Model  

The quantum well model (Equation S1) was used to fit the absorption spectrum of CsPbBr3 
NPls.2,3 This model has already been used for CdSe colloidal quantum wells and perovskite 
NPls.1,4-5  
 

   𝐴𝑏𝑠(𝐸) = 𝑐𝛼(𝐸)                (S1) 
 
where Abs(E) is the absorbance from the sample as a function of the energy, α(E) the absorption 
strength of band edge transitions and c its weight. α(E) is composed of the exciton absorption, 
X(E) and the continuous band absorption, Cont (E) (Equation S2). 
  

          𝛼(𝐸) = 𝑋(𝐸) + 𝐶𝑜𝑛𝑡(𝐸)                                  (S2) 
 
The two last terms are expressed by Equation S3 and S4. 
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where Ex, Eb, WX, Wc, H and η are the exciton transition energy, exciton binding energy, exciton 
peak width, continuum edge width, continuum step height and asymmetric broadening 
respectively. 
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Figure S3. Absorption spectrum of as-synthesized CsPbBr3 NPls (black dots), with 
the best-fitted model used to extract the exciton binding energy (Equation S1, red 
line), the exciton (Equation S3, green dots) and continuum contributions (Equation  
S4, blue dots).      

 
 

 
 

Figure S4. a) Normalized dynamics at the peak position (green dots) and on the red side 
of the emission (red dots); b) long-timescale of TA dynamics at three different position 
around the GSB signal (blue-edge, main peak, red-edge). These data were normalized at 
1880 ps. 
 

 
 
S2. Band Edge Emission Isolation  

A homemade MATLAB procedure has been written to isolate and fit the blue-shifted short-
lived emission ascribed to recombination from exciton at the band edge (see main text). Firstly, 
the signal was normalized at the maximum emission for each time delay. Then, we subtracted 
the normalized signal at early times (0-20 ps) from the normalized signal at the same fluence 
at 100 ps. An average of 5 spectral slices around 100 ps was used for the subtraction to increase 
the signal over noise ratio, 
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Figure S5. a) Isolated band edge emission spectral slices for CsPbBr3 pumped at the 
highest fluence (<Nex> = 5.7). b) Isolated band edge emission dynamic slices for CsPbBr3 
pumped at the highest fluence (<Nex> = 5.7). 
 

 
 
The procedure for fitting early time signals was carried out by convoluting a Gaussian and 
exponential function. For decay signals such as PIA and band-edge emission, we have used the 
equation d, while growth signals such as GSB and main emission peak, we used the equation r.  
      
Exponential decay:  d  =   A1*exp(-t/	τ	1)		+	A0 
Exponential rise:   r  =     A1(1-	exp(-t/	τ	1)	)	+	A0 
Gaussian function:   𝑔 = ( )

((+∗-./0[%&" ]))
) ∗ 𝑒𝑥𝑝[−2 ∗ ((0%4)

+
)^2]      

 
 
 

Table S1. Extracted parameters from the fitted equations displayed in Figure 2b. 
 

Parameters Band edge Main peak 

A1 1.82 ± 0.04 1.33 ± 0.03 

w 0.2 ± 0 ps 0.2 ± 0 ps 

τ 1 0.29 ± 0.02 ps 0.29 ± 0.02 ps 

t0 -0.104 ± 0.006 ps -0.104 ± 0.006 ps 

A0 -0.02 ± 0.01 -0.35 ± 0.03 

B 1 ± 0 1 ± 0 
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Table S2. Extracted parameters form the fit equation display in Figure 2c for TA 
dynamics 

 
Parameters GSB peak PIA Peak 

A1 0.955 ± 0.008  1.23 ± 0.05 

w 0.25 ± 0  ps 0.25 ± 0 ps 

τ 1 0.0036 ± 0.007 ps 0.27 ± 0.02 ps 

t0 0.018 ± 0.009  ps 0.052 ± 0.004 ps 

A0 0 ± 0  0.450 ± 0.009 

B 1 ± 0  1 ± 0 
 
 
 
S3. Carrier Temperature 

For the hot carriers with energies higher than the Fermi Energy Level, the Fermi-Dirac 
distribution function can be approximated to a Maxwell-Boltzmann distribution, which can be 
used to extract the carrier temperature by fitting the high-energy tail of TA spectrum.6 In this 
case, we have used the Equation S10. 
 

𝛥𝐴 = 	𝐴!𝑒𝑥𝑝 3−
$

5$6'
5                                    (S5) 

 
Where kB, E, and Tc are the Boltzmann constant, energy, and carrier temperature, respectively. 
We selected the energies from 2.85 to 2.95 eV from the TA spectrum at 0.2 ps and at <Nex> = 
0.2. We found a carrier temperature of 350 K.  
 
 
 

 
 

Figure S6. Carrier temperature extracted from the TAS data at 0.2 ps. 



 
S6 

 
 

Figure S7. TA spectra recorded at 0.3 ps time delay upon excitation at 390 nm (3.1 
eV) with different excitation energy fluences. <Nx > is the average number of 
excitons generated per nanoplatelet. 

 
 



 
S7 

 
 

Figure S8. 2D time-resolved emission spectra of CsPbBr3 acquired by FLUPS 
(λexc = 400 nm) for average numbers of excitons generated by nanoplatelet ranging 
from <Nex > = 0.1 to 5.7. 
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Figure S9. Normalized time-resolved emission spectral slices of CsPbBr3 acquired 
by FLUPS (λexc = 400 nm) for <Nex> = 0.1 – 5.7. 
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S4. Poisson Distribution 

The average number of excitons per NPl, <Nex>, is proportional to both the photon fluence, j, 
and the absorption cross-section, σ, at a specific wavelength (Equation S6). 
  

               〈𝑁78〉 = 𝜎'99.;< ∙ 𝑗                           (S6) 
 
To find the value of the absorption cross-section, we used a procedure based on Poisson 
statistics which has been described elsewhere.1,7 The probability of a nanoparticle to contain n 
excitons is given by Equation S7.  
 

             𝑃(𝑛) = 〈>()〉*∙7+〈-()〉

;!
                (S7) 

 
After a long time, all the multi-excitonic events have occurred, and only one exciton can be 
found per NPl at maximum. Since the PL signal is linear to the number of NPLs containing an 
exciton, we can plot the intensity emission as a function of the photon fluence of the pump 
pulse (Equation S8). 
 
 

          𝐼(𝑃𝐿, 𝑡 = 100	𝑝𝑠) = 𝐴 ∙ 𝑃(1) = 𝐴[1 − 𝑃(0)] = 𝐴[1 − 𝑒%B/00.*2∙C]             (S8) 
 
Since the biexciton lifetime as been previously estimated to 10 ps in a similar system,5 we fitted 
for each fluence the spectral slices at 100 ps with a Gaussian function and we displayed the 
fluence dependence of the amplitude of the Gaussian (Figure S10). 
 
 

 
 

Figure S10. CsPbBr3 PL spectral slices at 100 ps for <Nex> = 0.1 – 5.4. 
 



 
S10 

 
 

Figure S11. a) Dependence of the PL intensity on the photon fluence at 100 ps 
(black dots) with the best-fitted Poisson model obtained from Equation S7 (blue 
line). b) Dependence of the PL intensity on the average number of excitons per 
particle (<Nex >) (black dots) with a line illustrating the linear regime when <Nex > 
is lower than 1. 

 
 
 
S5. Fitting of the Band Edge Dynamics 

Since the dynamics of the band edge emission were similar for each wavelength (Figure S5), 
an average of 5 dynamic slices was calculated before fitting. Finally, we fitted the PL decays 
of the isolated band edge emission at each fluence with a mono-exponential (for the lowest 
photon fluence) or a double exponential function (for the other photon fluences) convoluted 
with a Gaussian function. The amplitudes and lifetimes were left free, while the Gaussian width 
and time-zero were fixed. Those values have been extracted from a 2D Gaussian fit using the 
cross-correlation between the pump and the gate at 400 nm. 
 
 

Table S3. Extracted amplitude and lifetimes from the fitting procedure described 
here above. 

 
<Nex> 0.1 0.4 0.6 1.1 2.2 3.2 5.4 

%A1 100 97 96 92 81 77 58 

%A2 - 3 4 8 19 23 42 

τ1 / ps 0.35 ± 
0.05 

0.36 ± 
0.06 

0.33 ± 
0.03 

0.35 ± 
0.04 

0.32 ± 
0.04 

0.32 ± 
0.03 

0.32 ± 
0.03 

τ2 / ps - 1.5 ± 
2.71 

3.06 ± 
2.53 

1.47 ± 
0.70 

1.43 ± 
0.35 

1.5 ± 
0.25 

1.99 ± 
0.17 
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Figure S12. Normalized PL decays (dots) of the isolated band edge emission and 
best fits (lines) obtained according to the abovementioned procedure for 
<Nex > = 0.1 – 5.7. 
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Figure S13. Normalized time-resolved emission spectral slices of CsPbBr3 
acquired by TA (λexc = 390 nm) for <Nex> = 0.2 – 4. 
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S6. Fitting of the PIA Band 

We average the signal around 5 different wavelengths around the maximum to increase the 
signal over noise. We fitted the decay at each fluence with a double exponential function with 
a global fitting, in which time constants were linked to each other depending on the fluence 
and convoluted with a Gaussian function. The Gaussian width and time-zero were fixed, while 
All the time constants and amplitudes were left free. The IRF has been extracted from a 2D 
Gaussian fit using the cross-correlation between the pump and the probe at 390 nm.  
 
 

Table S4. Extracted amplitude and lifetimes from the P fitting procedure for the 
PIA decay described above. 

 
<Nex> A1 τ1 / ps A2 τ2 / ps y0 

0.2 1.57 0.30 ± 0.02 0.002 2.51 ± 0.12 0.299 
0.4 2.27 0.30 ± 0.02 0.026 2.51 ± 0.12 0.380 
0.8 3.55 0.30 ± 0.02 0.105 2.51 ± 0.12 0.620 
1.3 4.44 0.30 ± 0.02 0.196 2.51 ± 0.12 0.862 
1.7 3.90 0.30 ± 0.02 0.595 2.51 ± 0.12 0.779 
2.0 4.51 0.30 ± 0.02 0.777 2.51 ± 0.12 0.989 
2.5 4.12 0.30 ± 0.02 1.01 2.51 ± 0.12 0.765 
3.5 5.33 0.30 ± 0.02 1.26 2.51 ± 0.12 1.02 
4.0 5.14 0.30 ± 0.02 1.54 2.51 ± 0.12 1.02 

 
 
 

 
 

Figure S14. Absorption spectra of CsPbBr3 NPls solutions with different 
concentrations. 
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Figure S15. 2D time-resolved emission spectra of CsPbBr3 solution with different 
concentration acquired by FLUPS (λexc = 400 nm) for pump energies of 12 nJ / pulse 
and 300 nJ / pulse. 
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Figure S16. Normalized time-resolved emission spectral slices of CsPbBr3 solution 
with different concentrations acquired by FLUPS (λexc = 400 nm) for pump energies 
of 12 nJ / pulse and 300 nJ / pulse. 
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S7. Calculation of the Mean Inter-Particle Distance 

From the absorption cross-section obtained with Poisson statistics, we can deduce the 
concentration of NPls in the cuvette with Equation S9-S10: 
 

𝑐 = D
EF
= !999∙F;	(!9)∙D

>3BF
	[𝑚𝑜𝑙/𝐿]                  (S9) 

 
           𝑁 = H∙>3

!94
= F;	(!9)∙D

BF
	[𝑁𝑃𝑙𝑠/𝑐𝑚I]                                  (S10) 

 
where A [-] is the absorbance, ε [cm2/mol] is the molar attenuation coefficient, l is the optical 
path length [cm], Na [mol-1] the Avogadro number and σ [cm2] the absorption cross-section. 
The mean inter-particle distance is then estimated by Equation S11: 
 

      < 𝑑 >	≈ (!
>
)
5
4	[𝑐𝑚]                                        (S11) 

 
      

Table S5. Extracted amplitude and lifetimes from the fitting procedure described 
above Table S2. 

 
 NPl-0.5 NPl-1.2 

J / nJ per pulse 12 300 12 300 
%A1 100 55 100 76 
%A2 - 45 - 24 
τ1 / ps 0.32 ± 0.03 0.34 ± 0.02 0.26 ± 0.02 0.32 ± 0.01 
τ2 / ps - 2.2 ± 0.11 - 2.1 ± 0.06 
<Nex> 

estimated 0.3 6.5 0.1 2.7 

 
 

 
 

Figure S17. Decay associated spectra obtained by global fitting the FLUPS signal 
obtained for the highest concentration at the lowest fluence. 
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