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ABSTRACT. Improving the understanding of multiple exciton interactions and dynamics in
semiconductor nanostructures is mandatory for their successful use as photoactive materials in
light convertors such as electroluminescent diodes (LEDs), lasers or single-photon sources.
Here high-fluence and high-energy excitation effects are investigated in strongly confined two-
dimensional lead iodide perovskite nanoplatelets using time-resolved photoluminescence and
femtosecond transient absorption spectroscopy. Non-radiative Auger recombination is the
dominant pathway for multiexciton recombination. Its dynamics is found to be sub-quadratic
with the exciton density. Indeed, due to the limited exciton wavefunction delocalization length,
the Auger recombination is limited by the exciton diffusion in the two-dimensional plane at
moderate excitation fluence and takes place in several hundreds of picoseconds, with typical
recombination rates in the order of 102 cm?/s. At high excitation fluence leading to an average
inter-exciton distance comparable with the exciton delocalization length, the measured
“intrinsic” Auger recombination time is faster than 10 ps and independent of the nanoplatelet
composition. The strong dependency of the Auger recombination rate on the inter-exciton
distance allows us to identify the recombination resulting from multiple exciton generation,
involving the reaction of “geminate biexcitons”, when exciting at low fluence with high-energy

photons.
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INTRODUCTION

By combining strong photoluminescence, color purity and enhanced stability with easy and
cheap solution-processing fabrication, two-dimensional (2D) halide perovskites have taken a
central role in the development of electroluminescent diodes (LEDs), laser gain media or single-
photon sources.! For all these various light-emitting devices, understanding the exciton-
exciton annihilation process, which ultimately limits the exciton density in these materials, is
essential in order to control the device performances. For example, lasing threshold and LED
efficiency are affected by the rapid non-radiative Auger recombination (AR) rate that limits the
maximum electron-hole pair density in the photoactive material.# It is well established that AR
is the dominant recombination process that occurs in semiconductor nanostructures under high-

excitation density.>¢

Over the last few years, AR has been the subject of several investigations in weakly-confined
colloidal perovskite nanocrystals (NCs).”” However, studies in strongly confined 2D
perovskite samples are limited to a few cases: methylammonium lead iodide (MAPI) 2D
layered thin films!%!! and 5 monolayers (MLs) CsPbBr; nanoplatelets (NPLs).!%!3 While an
increase of the AR rate is expected with the increase of the Coulomb interactions in confined
systems, a surprisingly slow “bimolecular” AR rate of a few 10 and 10-* cm?/s was reported
in 2D perovskite films in the strong confinement regime (1 to 5 MLs), leading to effective AR
times on the order of hundreds of picoseconds to nanoseconds.!®!! Interestingly, in a recent
publication a decrease from 78 ps to 18 ps was reported in the effective biexcitonic
recombination time of weakly-confined CsPbl; NCs (size 12.1 nm) compared to in more-
strongly confined ones (6.2 nm).'* Depending on the nature of the photoexcited species (free
charge carrier or excitons), the AR process will follow third-or second-order kinetics.!3:16

Besides, the anisotropic geometry of a system like the 2D quantum wells can induce further
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modifications in the measured kinetics such as asymmetric exciton-exciton interactions!” and

diffusion-limited recombination.!!!8

Here, we studied the multiple exciton dynamics in strongly-confined lead iodide colloidal NPLs
of 2 and 3 MLs by varying the excitation fluence from less than one to tens of pJ/cm?. We found
a fast intrinsic AR rate with a corresponding effective recombination time of less than 10 ps at
high exciton density (> 5x10'! cm?) while exciton diffusion slows down the AR process to

hundreds of ps when the initial exciton density is low.

We also studied the formation of multiple excitons in these NPL samples by observing the AR
that occurs after high photon energy and low fluence excitation. So far, multiple exciton
generation (MEG) has only been observed in weakly-confined iodide-based perovskite
nanocrystals, CsPbl; and FAPbI;, using transient absorption spectroscopy.!'#!%?0 These
measurements are always very sensitive to photo-charging effects and/or a misinterpretation as
a result of a too high excitation fluence.?! Surprisingly, Klimov and coworkers did not observed
any MEG signatures in Cs-based perovskite NCs using time-resolved photoluminescence (TR-
PL) techniques.” Here, we show that MEG induces a fast AR rate in 3 ML-thick NPLs due to
the proximity of the two “geminate” excitons, that can be easily isolated from other non-

radiative recombinations.
EXPERIMENTAL SECTION

Perovskite Nanoplatelets synthesis. All the commercially available chemicals used for the
synthesis of colloidal perovskite nanostructures are listed in the Supporting Information (SI).
Thin perovskite nanoplatelets were synthesized at room temperature by precipitation by
injecting the precursor solution into a non-polar solvent, here the toluene (see full details in the

SI).
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Steady-state optical characterization. Absorption measurements were carried out with a
UV/Vis Lambda 850 spectrophotometer (Perkin Elmer) covering the 175-900 nm spectral
range. Photoluminescence was carried out with a Fluorolog 3-22 spectrofluorometer (HORIBA
JOBIN-YVON) equipped with a R928P photomultiplier tube detector (200-870 nm) and a CW
Xenon arc lamp (450 W, 250-2500 nm). A UV enhanced silicon photodiode reference detector

monitores and compensates for variation in the Xenon lamp intensity.

Time-correlated single photon counting (TCSPC). We used a mode-locked Ti:Sapphire
(MIRA 900, Coherent) pumped by a solid state laser (VERDI V10, Coherent) and providing
120 fs pulses tunable between 720 and 950 nm (about 2 W at 800 nm), at 76 MHz repetition
rate. The rate was reduced to 200 kHz using a pulse picker (Model 9200, Coherent). The output
pulse train was subsequently frequency-doubled, providing 400 nm pulses. The polarization of
the excitation beam was controlled by a Fresnel thomb (EKSMA) and set parallel to the
detection. The fluorescence was collected on a monochromator (HR250, Jobin-Yvon). A Schott
WG 420 filter was positioned in front of the entrance slit in order to cut the diffused excitation
light. The fluorescence was detected with a microchannel plate photomultiplier (R1564 U,
Hamamatsu). The temporal resolution is about 60 ps with a time window < 100 ns. To avoid
photodegradation, the samples were continuously refreshed using a circulating system and a

stirred bar in a 3 mm quartz cell.

Transient Absorption (TA). All measurements of the colloidal perovskite nanostructures were
carried out at room temperature in a 1 mm-thick flow cell connected to a peristaltic pump in
order to refresh the sample at the focus position to avoid photodamage and photocharging
effects. Flexible and organic solvent compatible F-5500-A fluoroelastomer (Saint-Gobain®)
tubing and Teflon adaptors were used to build the flow system. The employed sample solutions
were prepared with optical density (OD) below 0.3 at the excitation wavelength and above in

anhydrous toluene (or chloroform). We used a home-built TA fs spectrometer with an initial
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Ti:Sa laser source at 3 kHz, 40 fs and about 2 W to generate a tunable excitation in the 500-650
nm range with a non-collinear optical parametric amplifier (NOPA) and a white-light (WL)
continuum for the probe. The output of the NOPA, after a temporal compression involving
chirped mirror pair and a double-prism compressor, can be frequency doubled using a set of
lens, a BBO crystals and polarizers to filter out the residual visible beam. The temporal
resolution is about 100 fs in the visible and about 300 fs for the UV experiments. The maximum
pump-probe time delay that can be reached is about 3.2 ns using a long delay line with a
retroreflector mounted on a motorized stage (60 cm long, minimum step 200 nm,
IMS600CCHA from Newport). The continuum probe beam was filtered to remove the
fundamental 800 nm and reduced in intensity by a neutral density filter. Both pump and probe
were set vertical in polarization using broadband half-waveplates. The repetition rate of the
pump is reduced to half (1.5 kHz) to block one pulse out of two, allowing for measures with

and without the pump.

The continuum spectrum was registered at 3 kHz by a commercial spectrograph (IsoPlane 160,
Princeton Instruments) coupled to a CCD camera (ProEM-HS 1024B, Princeton Instruments).
To measure a spectrum of 1024 pixels at 3 kHz with the CCD camera (3000 frames/s), we use
a fast-custom acquisition mode with a vertical binning of 64 pixels (13 um each) over the region

of interest (ROI) closest to the chip and an exposure time of 1 ps. The TA signal was calculated

1< — -
as follow: (, )=— (*2 _ 01 = (( )) (())), with I(1,f) the WL spectrum measured
- 2 +10 -

at a pump-probe time delay ¢ with the pump “ON” for a pulse 2k (even) and the pump OFF for
the following pulse 24+1 (odd), /g, the spectrum recorded with the probe beam blocked, Id,
the spectrum measured with both pump and probe blocked and m the number of ON/OFF
kinetic cycle pairs to average at one position of the translation state (for each different 7). Both

Iy and g, correspond to background spectra that need to be subtracted before performing the
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ratio of the WL spectrum. They are collected just before the scan collection, averaged over 3000

pulses.
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Scheme 1. Schematics of the lead iodide perovskite NPL samples and their colloidal synthesis
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Nanoplatelet sample characterizations. Colloidal perovskite NPLs were synthesized at room
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temperature based on the ligand assisted re-precipitation (LARP) method?? (Scheme 1, details
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in EXPERIMENTAL SECTION and SI). From the initial report of two-monolayer-thick
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inorganic (cesium, Cs) or organic (methylammonium, MA or formaminidium, FA) cation, we
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extended the synthesis to three-monolayer-thick L,[MAPbI;],Pbl; NPLs (MAPI n=3). The
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schematics of the different samples is shown in Scheme 1. Unlike the ligand-assisted
exfoliation procedures used in previously reported hybrid colloidal NPLs, 23?4 the direct

solution approach allows a more well-defined population (i.e. number of monolayers) in thinner

NPLs.

T T T T T ]

MAPI n=3

1+ i .
0 - L nar’ Al X .
A DI O
54| IAPI =2 §
2 ©
: |E
O (o]
© 0 | L . =
o : ! - T =
N 1F . FAPI n=24 %
e A o
: At |
= . ‘qs i

D N N ..q' ~ N
1+ “ CsPIl n=2+
D = ik _". ‘7' -----
500 600 700

Wavelength (nm)

Figure 1. Absorption (full line) and photoluminescence (dashed line) spectra of colloidal
perovskite NPLs of two monolayers (CsPI, FAPI, MAPI n=2) and three monolayers (MAPI

n=3).

The steady-state absorption and photoluminescence (PL) spectra of the synthesized NPLs
dispersed in toluene are shown in Figure 1. For each sample, the energy corresponding to the
first exciton transition matches the previous reports of strongly confined 2D NPLs and thin
films 227, Except for CsPI n=2, all NPL samples present lateral dimensions from hundreds of

nanometers to a few micrometers (see SI) and thus confinement in these dimensions can be
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neglected. The CsPI sample, however, might display some degree of confinement in one of the
lateral dimensions (nanoribbons with a width of 17 + 3 nm and a length of several hundreds of
nm, see Figure S1 in SI). While the small blue shift in the spectrum of Cs-based perovskite
samples compared to MA- and FA-based ones is typical,?® here it might be the consequence of

the extra confinement effects, which could affect the AR rate.!?

Time resolved photoluminescence experiments. TR-PL is a standard method to study multi-
exciton dynamics in colloidal nanostructures. Since the PL signal is proportional to the average
number of bound electron-hole pairs in the excited nanoparticles, which allows to distinguish
different kinetic recombination processes.?® Here, we employ the time-correlated single-photon
counting (TCSPC) technique (see EXPERIMENTAL SECTION) with an instrument response
function (IRF) of about 60 ps, to record luminescence decays of the four colloidal perovskite
NPLs at the band-edge after excitation at 400 nm. By varying the excitation fluence from 40

nJ/ecm? to 15 pJ/cm?, multiexciton interactions may be revealed.

a MAPI n=3 b
T T 5
103_ 10 15 0l MZApl n=3 MAP
15 pJd/cm? E*) H

\M Q
= N
3 © 1
& . £ 11 40 nuiem?
> o
‘» ==, £ 5 1 2 3
< 1024 | >
= G 1 FAPI n=2 | 10 CsPI n=2
: S 15 pd/icm?
o S

1
{ 40 nJlcm? a i
! 1 111 40 ndrem?
1 ! !
10 0 4 8 12 0 1 2 3 0 1 2 3
Time (ns) Time (ns) Time (ns)

Figure 2. Fluence-dependent PL decay traces of the perovskite NPLs excited at 400 nm
(bandedge detection). (a) Experimental data (full lines) and fit (dashed lines) for MAPI n=3
NPLs. (b) Experimental data and fit of the four different NPL samples normalized at long time
to highlight the extra decay at early time at high excitation fluence.
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The PL decay traces recorded for MAPI n=3 at different excitation fluences at 400 nm are
shown in Figure 2a. The data for the n=2 NPL samples are displayed in Figure S2 in the SI.
The PL decay traces could be well fitted by a multiexponential function. All the corresponding

fit parameters are given in the SI Tables S1-S4.

At low excitation fluencies, the dynamics are almost mono-exponential for MAPI and FAPI
NPLs, but a better description is obtained for all the samples using a biexponential decay
function, having time constants 7, and 73. Starting at about 2 pJ/cm? (see the calculation of the
excitation fluences in the SI), an extra short-lived component appears, characterized by a time
constant 7; that decreases from a few hundreds to a few tens of ps with increasing excitation
fluence. At the same time, the middle component 7, decreases from just below (or few ns) to a
few hundreds of ps. The long component 73 however, remains almost constant and is 10 + 1,
57+0.1,3.2+ 0.6 and 5.9 £ 0.1 ns for MAPI n=3, MAPI n=2, FAPI n=2, and CsPI n=2,

respectively.

The constant value of the long component 3 for all excitation fluences shows that the PL signal
detected at several ns is mainly associated to mono-exciton recombination. Indeed,
recombination of free charge carriers will lead to bimolecular recombination, as previously
observed in bulk halide perovskites.’® The amplitudes associated with this long component
saturate much faster than the total amplitudes (i.e. intensity at time #=0), as seen in Figure S3
in the SI for MAPI n=3. This means that while a high excitation fluence can generate several
excitons within a single NPL, multiexciton recombinations are efficient enough to reduce the
dynamics at long times to single exciton recombination. The larger value of z; for the n=3 NPL

sample can be explained by its larger fluorescence quantum yield (see SI).

The consistency of the long time dynamics due to mono-exciton recombination allows us to
normalize the PL decay traces at a long time and to isolate the extra faster decay component

appearing at larger excitation densities. We assigned this faster component to multiple exciton
10
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dynamics (Figure 2b), in line with previous reports.®31-33 The decrease of the corresponding
effective multiexciton decay times 7; and 7, with the initial number of created excitons is
expected for quadratic multi-exciton recombination (see discussion below). As these time
constants are on the order of hundreds to tens of ps, they correspond to non-radiative AR rather
than radiative biexcitonic recombination (see discussion in SI). Here, trion dynamics, which
corresponds to another kind of Auger recombination can be neglected since the samples were
circulated within the 3 mm-cell and the repetition rate decreased to 200 kHz to prevent from

photo-charging and photo-degradation effects.>*

If the main excited species are excitonic, AR follows bimolecular recombination kinetics:!3

—=- () (1]
with 7i(¢) the time-dependent exciton density and £ the “bimolecular” AR rate. For highly
asymmetric 2D nanostructures, the exciton density is surfacic (number of excitons N per NPL
surface, in cm™), such as f is typically displayed in cm?/s. We note that a factor 2 should
normally be added in front of S because, for relatively low excitation photon energy, the re-
excited exciton is not ionized and relax back to the band-edge at a cooling rate expected much
higher than the AR rate. We note however that this factor was not taken into account previously

so for a fair comparison we intentionally omit it.

The bimolecular Auger recombination requires a sufficiently high density of excitons to occur
since it involves short-range exciton-exciton interactions that are described either by a collision
process or a Forster energy transfer which scales as (1/dx.x)°, where dx.x is the distance between
the excitons (one exciton transfers its energy to re-excite the other exciton).?® In the two limiting
cases of immobile excitons (e.g. self-trapped excitons)*¢ and large exciton delocalization length
in the 2D plane (the wavefunction of the exciton center-of-mass motion extends well beyond

dyx?),>’ Bis constant in time and the solution to the Equation 1 has the analytical form:'3

11
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O=1r0 [2]

with 71(0), the initial exciton density.

The measured PL intensity is proportional to the averaged instantaneous number of excitons
N(f) and thus to the corresponding density 7i(f). We thus use the Equation 2 to fit the isolated
multiexciton PL decay traces, by fixing the initial exciton density 7(0) calculated from the
excitation fluence and the linear absorption coefficient of the sample (Figure S4a in SI). The
early-time TR-PL decay were well reproduced by the fit and we obtained an effective
bimolecular AR rate f decreasing from 8.2 x 102 to 1.1 x 102 cm?/s with increasing excitation
fluence from 0.15 to 15 uJ/cm?. These bimolecular AR rate values, listed in the first column of
Table S6 in the SI, are plotted against the exciton density in Figure 3 (black squares). It is here
worthwhile to note that the § values are orders of magnitude lower when using Equation S2 in
the SI to fit the full PL decay, including both multi- and single-exciton dynamics (second
column of Table S6 in SI), as reported by Huang and co. and Garrot and co..!%!! However, it
is clear from the corresponding fits (Figure S4b), that these values are not representative of the
multiexciton dynamics as the early time dynamics are not well reproduced. That is why we

found important to fit the isolated multiexciton dynamics to extract the S values.

The experimental dynamics become faster when increasing the initial exciton density 7(0),
which is in agreement with the effective linear AR rates, extracted from the multi-exponential
fit, increasing with the excitation fluence (Figure 3, red dots). This expresses a super-linear
dependency of the kinetics related to multi-exciton dynamics depending on the exciton density.
As expected for a pure bimolecular recombination (¢/ Equation 1 and 2), the dynamics indeed
become faster when increasing the initial exciton density. However, the corresponding
bimolecular AR rate 5 should remain constant. The fact that the experimental f values extracted

by bimolecular fits using Equation 2, decrease with the initial exciton density 71(0), shows that

12
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the isolated multi-exciton dynamics deviate from bimolecular kinetics. In particular, it shows

that the experimental kinetic dependency on 7 is sub-quadratic.

This trend can be understood if the bimolecular AR rate § in Equation 1 is time-dependent.
This is for example the case if the bimolecular AR is limited by the exciton diffusion in the 2D
plane. In that case, the diffusion process reduces the dependency of the AR kinetics on the
exciton density 7i. Indeed, excitons initially separated by distances larger than the typical
reaction radius (i.e. moderated 7(0)) will diffuse and eventually encounter, leading to an

effective recombination.

Several works on the exciton-exciton annihilation at moderate excitation fluence in molecular
systems presenting highly-limited delocalization length have included the random walk motion
(diffusion) of the excitons before collision and resulting exciton-exciton recombination, at
moderate excitation fluence.!!® For example, in one-dimensional systems such as linear J-
aggregates, the bimolecular rate A(¢) is predicted to have a 2 dependency.?® Excitons in 2D
halide perovskites are expected to be much more spatially delocalized than their counterparts
in molecular systems. However, due to the ionic nature of the perovskite structure, excitons in
2D perovskite structures might present reduced delocalization length along the 2D plane
compared to transition metal dichalcogenides (MoS,, WSe,, etc...) or II-VI semiconductors
such as CdSe. To the best of our knowledge, the effect of the exciton diffusion on the exciton-
exciton annihilation process in perovskite nanostructures has only been discussed by Li et al.
and Deng et al..''> The former study did not investigate the evolution of the AR times with the
excitation fluency but extracted the biexciton dynamics from transient absorption
measurements on #=5 CsPbBr; NPLs with different lateral areas and found it very fast but
sensitive to the NPL geometry (recombination time: 14 to 70 ps).!? The latter work reported a

transient absorption microscopy study of 2D layered (n=1 to 5) perovskite thin films. By
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comparing the diffusion constant and the AR rate extracted from their analysis, the authors

concluded that the AR is reaction-limited and not diffusion-limited.!!

Exponential functions are commonly used to fit the AR dynamics.”-%1>13 In the absence of
accurate analytical formula to describe the Equation 1 with time-dependent bimolecular AR
rate, we found that the multiexponential fit was adapted to effectively fit the decay traces with
high quality. In order to relate the AR rate in s'! extracted from the multiexponential fit with
the bimolecular AR rate in cm?s, we introduce an effective AR rate, tayger, o, Which is the
instantaneous rate that can be approximated by using the initial exciton density 7(0), according
t0 Taugeretr = 1/[f * 71(0)]. The effective Auger recombination times are plotted against the initial
exciton density for the four NPL samples in Figure S5 in the SI. It should be noted that 7ouger efr
calculated from £ using Equation 2 cannot be uniquely identified with a specific term in the
multiexponential fit. It describes the dynamics occurring over a broad range, from tens to
hundreds of picosecond, that are described separately by 7; and 7, in the case of the

multiexponential fit.
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Figure 3. Evolution of the effective bimolecular AR rate f (black squares) and of the effective

linear AR rate constant k; (red dots) with the initial exciton density extracted from the TR-PL
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decay fit of MAPI n=3 NPLs excited at 400 nm. While S decreases with 7, the corresponding
effective linear AR time taygererr = 1/[f * 7i(0) follows the same behavior than 7; = 1/k; (see

Figure S5 in the SI).

For moderate exciton fluence, the results in Figure 3 clearly show a diffusion-limited exciton-
exciton annihilation process with decreasing bimolecular AR rate and increasing corresponding
linear rate with 7. Furthermore, the values of the bimolecular AR rates in the order of 102
cm?/s are consistent with the exciton diffusion constant reported by Prins and co. in the case of
2D lead iodide perovskite thin film based on butylammonium ligands.*’ From the trend of the
effective linear and bimolecular AR rates, we found it more appropriate to use the multi-
exponential fit, clearly showing faster dynamics occurring at larger initial exciton density. We
further note that the AR time is increasing in NPL samples with larger dimensionality: MAPI
n=3 NPLs seem to present a much-reduced effective linear AR rate than FAPI and MAPI n=2
(Figure S5). Moreover, CsPI n=2 NPLs presenting a lateral confinement show the fastest AR
dynamics at low exciton density, i.e. this latter sample displays an effective linear rate that is
less diffusion-limited. We can conclude from these results that the diffusion constant is higher,
or the exciton wavefunction delocalization in the 2D plane is larger, in more strongly-confined

NPLs.

At higher excitation fluences, 7; and the effective AR lifetimes match. However, they attain
asymptotically a limiting value that is comparable to the temporal resolution of our TCSPC
setup (IRF about 60 ps). To determine the intrinsic AR rate (i.e. not diffusion-limited), we need

to access the high fluence dynamics with a much higher temporal resolution.

Visible femtosecond transient absorption (TA). TA is a spectroscopic technique providing a
much higher temporal resolution than TCSPC. Excitation fluence-dependent TA experiments
were carried out on the four NPL samples using band-edge excitation to avoid the effect of

cooling in the early time dynamics. A detailed description of our TA setup with pump energy
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tunable with a visible non-collinear optical parametric amplifier (NOPA) is given in the
EXPERIMENTAL SECTION. The NPLs were refreshed within the cuvette using a peristaltic
pump with adapted tubing to prevent from photo-degradation and photo-charging effects. The
transient absorption signal AA we focus on in this study corresponds to the photo-induced
bleach (PIB) coming from the saturation of the band-edge transition due to the presence of

excitons generated by the pump in the lowest energy levels.3?

From a global fit analysis of the TA data, we found that the line-shapes where conserved within
the time-range of interest (ps-ns), including no significant spectral shift in the PIB of the band-
edge transition (Figure S6 in SI). Consequently, the kinetic trace at the PIB maximum averaged
over a few nanometers can be fitted directly. The sign of the negative PIB signal was inverted
in order to facilite comparisons with TR-PL analysis and the PIB decays were normalized at
long time to highlight the extra faster decay component appearing at high excitation fluence.
The data are shown in Figure 4a for MAPI n=3 NPLs and Figure S7 in the SI for the three n=2
NPL samples. Similarly with TR-PL dynamics, the TA decays were fit by a multiexponential

function. The resulting fit parameters are given in Table S7-S10 in the SI.
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Figure 4. (a) Band-edge PIB traces of MAPI n=3 NPLs normalized at long time for different
excitation fluences (squares) and multiexponential fit (dashed lines). (b) Early-time AR time
constants 7; extracted from the TA data of MAPI n=3 NPLs at three different fluences and in

the highest excitation fluence TA decay traces of MAPI, FAPI, and CsPI n=2 NPLs.

One kinetic component in the nanosecond time range was enough to fit the traces measured at
the lowest excitation fluences (about 0.6-0.7 pJ/cm?), which is in agreement with TR-PL data
(see the calculation of the number of excitons and exciton density in Table S11 in the SI). The
long-time constants are consistent with the nanosecond single-exciton recombination times
measured in TR-PL for all the samples, even if the total TA time range is much shorter (about
2 ns compared to 12 ns for TR-PL). Increasing the excitation fluence to of few pJ/cm? leads to
the appearance of additional faster kinetic components, a first on the order of a few hundreds
of ps, and a second as short as sub-10 ps. Both time constants decrease with the excitation
fluence. In line with the discussion of the TR-PL data, we assign these faster components to
multiexciton processes, notably Auger recombination. However, the very fast (< 60 ps)
dynamics could not be determined by TR-PL due to its limited IRF. The short time constants
(1) obtained by TA are plotted as a function of the exciton density for the four samples in
Figure 4b. The isolated 7; components tend to the same value for all the measured NPL
samples, corresponding to an intrinsic Auger recombination time (not diffusion-limited). This
shows that the AR process can be described by a collision process (or a short-range energy
transfer) without involving a recombination probability per collision. We further note that this
sub-10 ps component is much faster compared to other nanomaterials such as II-VI and II-V
semiconductors that typically have an AR time on the order of a few hundreds of picoseconds.
The second time component (z,) on the order of hundreds of ps is assigned to a diffusion-limited
Auger recombination process.

17
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To further address how the multiexciton recombination rate depends on the exciton density in
the two-dimensional perovskite structures, the corresponding inter-exciton distance dx_x can be
calculated. In the case of MAPI n=3 NPLs, an additional component with a time constant on
the order of hundreds of ps appears at excitation fluences as low as 1.3 pJ/cm?, corresponding
to an initial exciton density of 3 x 10!9 cm (calculation in the SI). This leads to an average
inter-exciton distance dyx = 57 nm (center to center distance, see SI). In the same manner, we
estimated the exciton-exciton distance from the excitation fluence where an ultrafast component
as short as 10 ps becomes predominant (> 40 % in amplitude at 25 = 4 pJ/cm?). For this initial
exciton density of (6 + 2) x 10'! cm2, d,, = 13 nm. For this distance only four to six times
larger than the exciton Bohr radius ag reported for MAPbI; perovskite (ag < 3 nm*!), the
excitons must overlap spatially as they recombine efficiently. Assuming an isotropic exciton
delocalization in the 2D plane, we can estimate the coherent exciton radius a, (i.e. the
characteristic size of the extent of delocalization of the exciton center-of-mass motion'® to be
about dy.x min/2 = 6.5 nm. For dy much larger than the delocalization length, we can only assume
that the multiexciton AR rate is limited by the exciton diffusion in the 2D plane. In that case,
the effective AR time depends strongly on the sample geometry. This could explain the range
of AR rates reported by Li et al. in 5 ML-thick CsPbBr; NPLs with different lateral sizes,
without the need of invoking a different AR probability per exciton collision.!? It also means
that the mono-exponential decay usually extracted for discrete biexcitonic to mono-excitonic
recombination process in semiconductor nanostructures is not the intrinsic biexcitonic rate in
anisotropic perovskite samples such as 2D NPLs. The intrinsic AR rate can only be obtained at
high excitation fluence where the initial photogenerated excitons overlap before diffusion takes

place (reaction-limited AR).

Multiple exciton generation in 2D NPLs. So far, the exciton-exciton interactions were probed

at high excitation fluences, where each absorbed photon creates a unique electron-hole pair and
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multiple excitons within a single NPL decay predominantly through the Auger recombination

process. We now investigate the case of high photon energy, which can potentially lead to

multiexciton generation, even in the case of low excitation fluence.
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Figure 5. (a) PIB traces at low fluence of MAPI »=3 NPLs (band-edge detection, normalized
at 500 ps) for different excitation photon energies (corresponding to 500, 310, 290, 270, 260
and 250 nm in wavelength). Experimental data are represented by squares, multi-exponential
fits are represented by dashed lines. (b) Evolution of the amplitude of the early-time component
relative to the single exciton one in MAPI n=3 NPLs, including the sub-10 to hundreds of ps
components (black squares) and sub-10 ps only (red squares). Dashed grey lines represent the
theoretical limit of the maximum quantum yield of generated excitons, 200 %, with an

excitation threshold of 2 X Ejee.

We focused the analysis on MAPI n=3 NPLs which present the lowest optical bandgap energy
(E1exc = 1.95 eV) among the four synthesized samples. This allows us to excite the NPLs at
various energies F in the ultraviolet (UV), using the second harmonic of the NOPA, well-above
(about 2.45 X E|exe, 250 nm) and below (e.g. about 320 nm) the minimum required threshold
for MEG (£ = 2 X E|c.) To avoid multiphoton absorption within a single NPLs as far as

possible, the excitation pulse energy was decreased to below 1 nJ, while keeping well-behaved

19

ACS Paragon Plus Environment



oONOULL DA WN =

uUuuuuuuuuuuuudbDdDBDdDBESEDDDDEPEDIMNDWWWWWWWWWWNNNDNNNMNNNDN=S =2 =2 2 Qa2 230209
QUOVWONOUPAAWN—_LODVOONOOUDDWN—_,LOVONOOTULAAWN—_,POCOVOUONOOCTULDWN—_OOVONOOTULD, WN-=O

ACS Applied Nano Materials

TA dynamics (AA from PIB signal around 0.5 x 10-3). The corresponding exciton density for
250 nm excitation was for example calculated to be less than 10! cm (see SI with the full
absorption spectrum of the sample Figure S8). The extracted PIB dynamics measured at the
band-edge and normalized at long times are displayed in Figure 5a for six different excitation

wavelengths. The corresponding fit parameters are in the Table S12 in SI.

While for a visible excitation the PIB dynamics can be well described by a mono-exponential
decay with a long-time component of about 10 ns (represented in black in Figure 5a, excitation
at 1.23 x E corresponding to 500 nm), extra decay components with time constants ranging
between few and hundreds of ps emerge for UV excitation. We also observe a coherent artifact
at times below 300 fs. This is taken into account in the exponential fit but not considered any
further. Similar to the previous analysis, the faster components can be isolated from the long-
time single-exciton dynamics after normalization at long times (Figure S9 in SI). This faster
dynamics could be interpreted as the indirect observation of MEG, since the excitation fluence
was reduced to a minimum while exciting the NPLs with high-energy photons. We should note
that here, per opposition with visible TA experiments, we expected at most two excitons per
NPL (for low enough excitation fluence). The component characterized by a time constant on
the order of hundreds of ps is directly observed at relatively low energy excitation (1.98 XE| ¢
and 2.11 xE|¢.) with a relatively low amplitude. However, it becomes much more pronounced
starting from 2.26 x E/e. (270 nm in wavelength). At E>2.35 X E| ., an additional component
of a few picoseconds appears. It should be kept in mind that this time constant is much longer

than the temporal resolution (< 300 fs for UV excitation).

The sum of amplitudes of the extra dynamics relative to the long one can be plotted versus the
excitation energy relative to the optical bandgap one (hV/Ee.). This leads to an apparent
number of excitons generated by a single photon (exciton generation quantum yield, QY), seen

in Figure 5b (black squares), as previously reported for perovskite nanocrystals'+!? and other
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semiconductor nanostructures.*?>-#* From this plot, it seems that more than one exciton starts to
be generated just below the theoretical threshold (1.98 XFEj..) and the maximum MEG
efficiency (200 %) is reached at 2.45 XE|.. In the following, we argue that only the fastest
component of a few picoseconds corresponds to the indirect observation of MEG through the
resulting fast Auger recombination (red squares Figure Sb), while the intermediate component
with a time constant of hundreds of picoseconds arises from side effects of high excitation

photon energy.

First, several experiments were performed to check that the short picosecond component did
not arise from a solvent effect. The reason is that toluene starts to absorb light below 290 nm.
Attempts to re-disperse the n=3 NPLs or to synthesize them directly in chloroform (CHCI5)
solvent with negligible absorption in the whole UV range of interest, were unsuccessful.
Nevertheless, liquid scintillation experiments reveal that no emission could be detected from
the perovskite NPLs after excitation of the toluene molecules, showing the absence of efficient
energy transfer (see discussion in the SI). Furthermore, the direct synthesis of thinner MAPI
n=2 NPLs in chloroform was possible and TA measurements on this sample do not show any
picosecond component when exciting at 250 nm, even at higher excitation fluence (Figure S10a
in SI). From our point of view, the MEG threshold was not reached in these materials excited
under similar conditions to those used for MAPI n=3 NPLs, since they have a higher optical

bandgap.

Instead, these NPLs show an intermediate component characterized by a time constant on the
order of hundreds of ps after excitation at 250 nm, but having a much-reduced amplitude
compared to the same NPLs dispersed in toluene (Figure S10a in SI). We interpret this result
by the enhanced stability of the NPLs in chloroform versus toluene, which leads to a reduction
of the intermediate component due to non-radiative pathways induced at high photon energy

exposition. Similarly to the NPL #»=3 sample in toluene, we found a much higher proportion of
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this intermediate component when exciting at 250 nm compared to 310 nm (Figure S10b in
SI). If this component was due to MEG, it would lead to a QY of about 134 % when excited at

250 nm (corresponding to an energy of 2.28 X FE\e.).

Reported observations of MEG in colloidal semiconductor nanostructures have often been
controversial. That is essentially because the MEG process is not directly observed and the
measurements are subject to artefacts, such as photo-charging effects leading to other Auger
recombination process (trion-related).’ In addition, experiments should be performed as
substantially lower excitation fluence to avoid the direct generation of multiple excitons via
multiphoton absorption. Here, the smooth evolution between 260 and 270 nm of the toluene
absorption (Figure S8) and of the MAPI n=3 NPL absorption cross section, cannot explain why
the few picosecond component is only observed at 260 nm under similar excitation condition.
In perovskite NPLs, the strong dependence of the AR rate on the average inter-exciton distance
due to the limited exciton delocalization length allows us to unambiguously rule out the
possibility that the short ps component could result from an excessive excitation fluence.
Indeed, even if the low excitation fluencies used here can still generate more than one exciton
per NPL (assuming a Poisson distribution!¢), the resulting Auger recombination rate will be at
least one order of magnitude slower (diffusion-limited AR, see above). The calculated exciton
density obtained for the 250 nm excitation of MAPI n=3 NPLs is found to be 10'! cm™? at
maximum (see SI), which is an order of magnitude lower than the density needed to obtained
the sub-10 ps component in the case of one photon generates a single exciton. On the contrary,
multiple excitons photogenerated from a single high-energy photon will be spatially very close,
resulting in a diffusion-less AR time, in the picosecond time range. This is similar to what was
measured for high excitation fluence in the visible, when the coherent delocalization areas of
two near-lying excitons overlap (> 25 puJ/cm?). The Auger recombination induced by MEG is a

reaction of “geminate” biexciton formation (i.e. generated directly or indirectly from the same
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photon, depending on the mechanism*®), while at high excitation density, the Auger process is
due to recombination of excitons generated by the absorption of different photons at distinct
locations. For nanostructures with a highly delocalized center-of-mass motion wavefunction,
no clear distinction can be made between the two different origins of the Auger recombination.
Here, the limited exciton delocalization length in the 2D plane of the perovskite NPLs and their
highly anisotropic shape allows to isolate the contribution of MEG-induced AR by its
characteristically fast decay rate. Finally, we can notice that the measured threshold for MEG
in n=3 NPLs is well above the theoretical limit of 2xE/.. This can explain why no biexciton

generation could be observed in the n=2 NPL samples with larger confinement effects.
CONCLUSIONS

The multiple exciton recombination in strongly-confined 2D perovskite NPLs is dominated by
non-radiative Auger recombination. Due to the large asymmetric geometry of these samples
and the limited exciton wavefunction delocalization, the Auger recombination rate depends
strongly on the excitation fluence. At low fluence, when the initial average inter-exciton
distance is several tens of nanometers, the Auger recombination is limited by exciton diffusion
and occurs on a timescale of several tens to hundreds of picoseconds. In contrast, high excitation
fluences produce “overlapping” excitons with inter-exciton distances only a few times the
exciton Bohr radius, resulting in recombination times of less than 10 ps. This fast rate can
explain why no efficient lasing could be obtained in these 2D materials. Finally, the dependence
of the AR rate on the inter-exciton distance allows us to identify the multiexciton dynamics
resulting from the multiple exciton generation process occurring at high photon energy
excitation (in the ultraviolet range). For the first time we report the energy threshold of this
multiple exciton generation in colloidal 2D perovskite NPLs. These findings will hopefully

contribute to the ongoing research and development of light-emitting devices using 2D
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perovskite structures. In particular, the fast AR rates and efficient MEG make the NPLs

promising for applications in single photon sources and photodetectors, respectively.

ASSOCIATED CONTENT

Supporting Information. This includes the synthesis and characterization of the NPL samples,
additional TR-PL and TA data, table of the fitting parameters, details of the calculation of the
exciton density, discussion on the time scale of the radiative biexciton rate and on the liquid

scintillation experiments. The following files are available free of charge.
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ABBREVIATIONS

AR, Auger recombination; BBO, Ba(BO,),; CCD, charge coupled device; CsPI, cesium lead
iodide; CW, continuous-wave; FAPI, formamidinium lead iodide; IRF, instrument response
function; LARP, ligand assisted re-precipitation; LED, electroluminescent diode; MAPI,
methylammonium lead iodide; MEG, multiple exciton generation; ML, monolayer; NC,
nanocrystal; NOPA, non-collinear optical parametric amplifier; NPL, nanoplatelet; OD, optical

density; PIB, photo-induced bleach; QY, quantum yield; TA, transient absorption; TCSPC,
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time-correlated single photon counting; TR-PL, time-resolved photoluminescence; UV,

ultraviolet; WL, white-light; 2D, two-dimensional.
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