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ABSTRACT: CsPbX; (X = Cl, Br, I) perovskite nanocrystals (NCs), including zero-
dimensional (0D) quantum dots (QDs), one-dimensional (1D) nanorods (NRs), and two-
dimensional (2D) nanoplatelets (NPLs), have shown promising performances in light-
emitting diode (LED) and lasing applications. However, Auger recombination, one of the key
processes that limit their performance, remains poorly understood in CsPbX; 2D NPLs and
1D NRs. We show that the biexciton Auger lifetimes of CsPbBry; NPLs (NRs) scale linearly
with the NPL lateral area (NR length) and deviates from the “universal volume scale law”
that has been observed for QDs. These results are consistent with a model in which the Auger
recombination rate for 1D NRs and 2D NPLs is a product of binary collision frequency in the

nonquantum confined dimension and Auger probability per collision. Comparisons of Auger

recombination in CsPbBr; NCs of different dimensionalities and similar band gaps suggest that Auger probability increases in
NCs with a higher number of confined dimensions. Compared to CdSe and PbSe NCs with the same dimensionalities and
similar sizes, Auger recombination rates in 0D—2D CsPbBr; NCs are over 10-fold faster. Fast Auger recombination in CsPbBr;
NCs shows their potentials for Auger-assisted up-conversion and single photon source, while suppressing Auger recombination
may further enhance their performances in LED and lasing applications.

KEYWORDS: Perovskite, nanoplatelets, nanorods, multiple excitons, Auger recombination, biexciton lifetime

Metal—halide perovskite materials (APbX;, where A =
methylammonium or Cs and X = Cl, Br, I) have shown
great potentials for optoelectrical applications,'~ because they
possess a high luminescent quantum vyield, long charge carrier
lifetime, and long carrier diffusion leng‘ch.4 For example, the
solar-to-electricity conversion efficiency of the best-reported
perovskite solar cells exceeds 20%.”~'* Recently, CsPbX; (X =
Cl, Br, I) nanocrystals (NCs), including zero-dimensional
(0OD) quantum dots (QDs),"*™"? one-dimensional (1D)
nanorods (NRs),””*" and two-dimensional (2D) nanoplatelets
(NPLs)***° have been reported. Compared to their bulk
counterparts, CsPbX; QDs have both size- and anion-tunable
emission that covers the whole visible region (400—700 nm)
with a luminescent quantum yield as high as ~90% and can be
synthesized facilely via solution methods.'® In addition,
CsPbX; NRs and NPLs have strongly bound excitons (>100
meV binding energy) with a larger transition oscillator strength
and sharp emission peaks.””’”’" These properties make
CsPbX; NCs even more promising materials for light-emitting
diodes (LEDs)**"*” and lasing,**~*" than their bulk counter-
parts.

Optoelectrical applications in LEDs and lasing require
multicarrier or exciton radiative recombination, while photo-
voltaics require multicharge separation. These processes
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compete with the deactivation of multiple exciton states by
Auger recombination, in which one electron—hole pair
recombines nonradiatively by exciting another carrier into a
higher energy level. The rate of this process is enhanced in
quantum-confined NCs due to the relaxation of momentum
conservation requirement.”>*® Thus, understanding and
controlling Auger recombination in NCs are essential for the
rational design and improvements of their optoelectrical
performances. For example, direct-current electrical pumped
optical gain has been achieved using engineered cadmium
chalcogenide QD film with suppressed Auger recombination.*’
A reported amplified spontaneous emission threshold (~6 uJ/
cm?) of 2D CdSe NPLs*** is an order of magnitude lower
than that in similar QDs (~6 mJ/cm?)*° due partially to the
longer Auger recombination lifetime in 2D NPLs. Despite its
importance, how the Auger recombination times in CsPbX;
2D NPLs and 1D NRs depend on size and morphology has yet
to be reported.

Herein, we report a study of the Auger recombination
lifetime of colloidal CsPbBr; NPLs and NRs with different
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Figure 1. CsPbBry NPLs and NRs. (a) TEM image of NPL3. (b) Normalized absorption spectra of NPL1—S. (c) TEM image of NR3. (d)
Normalized absorption spectra of NR1—3. Inset: Expanded view of the absorption spectra at the exciton peak region (435—465 nm).
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Figure 2. Auger recombination in CsPbBr; NPLs and NRs. (a) TA spectra of NPL1 at early delay time (tz, 1—2 ps) at indicated pump fluences
(circles). The black solid line is the fit of the TA spectra at 9888 uJ/cm’. Inset: Schematics of the multiexciton state with a saturated number of
band-edge excitons. (b) XB kinetics of NPL1 at different pump fluences. (c) Normalized TA spectra of NPL1 at long delay time (f,, 800—1000 ps)
at indicated pump fluences (circles). Black solid line is the fit of the TA spectra at 9888 yJ/cm? Inset: Schematics of a single exciton state. (d)
Normalized XB amplitude at f; as a function of pump fluence (red spheres), its fit according to a Poisson distribution model described in SI section
S3 (blue solid line), and the average total exciton number per NPL ({N)) as a function of pump fluence (gray dashed line). (e) Extracted biexciton
decay kinetics (circles) and their single-exponential fit (black solid line). Inset: Normalized XB kinetics at low pump fluences (<118 uJ/cm?). (f)
Biexciton lifetime of CsPbBr; NPLs (black spheres), NRs (blue spheres), and QDs (gray spheres) as a function of their volume (V). The biexciton
lifetimes of CsPbBr; QDs with different volumes are adapted from ref 54. The solid lines are the linear fits to the volume-dependent biexciton
lifetime of QDs, NRs, and NPLs, respectively. Inset: Comparison of biexciton lifetime of 0D, 1D, and 2D NCs with similar band gap, diameter (or
thickness of NPLs), and length (of NRs and NPLs).

lateral areas and rod lengths, respectively, via transient
absorption (TA) spectroscopy. The biexciton Auger lifetime
of CsPbBr; NPLs and NRs scales linearly with the NPL lateral
area and the NR length, respectively, consistent with an Auger
recombination model reported previously.”’ This model is
used to analyze how the Auger recombination rate depends on
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on material compositions.
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the morphology of CsPbBr; NCs. Furthermore, this model
enables a comparison of Auger recombination times with CdSe
and PbSe NCs of the same morphology and similar sizes,

revealing the dependence of Auger recombination probabilities
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Sample Characterization. CsPbBr; NPLs with 5
monolayers (ML) of unit cells and varying lateral areas were
synthesized following reported procedures with slight mod-
ifications.””***” Synthesis details are provided in Supporting
Information (SI) section S1. These NPL samples are dispersed
in hexane and labeled as NPL1—5 with increasing lateral areas,
which were determined from their transmission electron
microscopy (TEM) images (Figure la for NPL3 and Figure
Sla—d for the remaining NPL samples). These CsPbBr; NPLs
show a rectangular shape and an average lateral area (Sypr)
from 352.0 + 80.0 to 1104.3 + 180.0 nm? (Table S1). The
NPL thickness can be well characterized by the exciton peak
position (~450 nm) in the absorption spectra (Figure 1b) and
is estimated to be ~3 nm based on the characterization
reported in literature.”* Note that the TEM images of some
NPL samples show the presence of small particles and voids
(Figure S1b—d), which can be attributed to the reduction of
Pb** to Pb nanoparticles from NCs under the electron beam of
TEM characterization,”” and has also been observed previously
in CsPbBr; Cle,52 NRs,”* and NPLs.>*** The normalized
absorption spectra of NPL1-S (Figure 1b) show an
pronounced band-edge exciton peak at ~450 nm.”* Both
exciton absorption and photoluminescence (PL, Figure S4)
peaks show negligible shifts among different NPL samples,
confirming that their thicknesses are the same. Some NPL
samples also show a small absorption and emission peak
(Figure S4) below the main exciton peak, which is attributed
to the presence of a small amount of thicker NPLs with a
smaller band gap.”***** CsPbBr; NRs with similar diameters
and different rod lengths were synthesized following reported
procedures with slight modifications (see SI section S1 for
details).”” These NR samples are dispersed in hexane and
labeled as NR1—3 with increasing rod lengths. Figure 1c and
Figure Sle,f show the TEM images of NR3 and NR1-2,
respectively, from which the rod diameters and length (in
parentheses) for NR samples are determined to be 3.1 + 0.6
(42.7 £ 9.0), 3.4 + 0.7 (46.7 + 9.4), and 3.2 + 0.5 (83.7 +
25.0) nm for NR1-3, respectively (Table S2). Figure 1d shows
the normalized absorption spectra of NR1—3, where their
exciton peaks center at ~445, ~448, and ~447 nm,
respectively (inset of Figure 1d).

Size-Dependent Auger Recombination Lifetime. We
carried out pump fluence-dependent TA spectroscopy on
CsPbBr; NPL and NR solution samples (in a cuvette with 1
mm light path) to quantify their Auger recombination
lifetimes. All samples were excited at 400 nm in this work.
Figure 2a shows the TA spectra of NPL1 (circles) at early
delay time (t;, 1-2 ps) with different pump fluences.
According to our previous study on CsPbBr; NPLs, the
exciton bleach (XB), the negative peak centered at ~450 nm, is
induced by the band-edge exciton state-filling with an electron
at the conduction band (CB) edge and a hole at the valence
band (VB) edge, directly probing the population of band-edge
excitons.” Figure 2b shows the XB kinetics at different pump
fluences. The XB amplitude reaches the maximum at t; (1-2
ps) when the band-edge exciton formation is completed and
multiexciton annihilation is negligible. With increasing pump
fluence, more NPLs in solution are excited, and more band-
edge excitons are generated per NPL so that XB amplitude (at
tg) grows with pump fluence until the band-edge exciton states
in NPLs are fully occupied at 7739 uJ/cm? or higher (inset of
Figure 2a). The TA spectra at t; show different spectral
features (Figure 2a), reflecting the presence of different
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multiple exciton states, and the amplitudes of faster decay
component in the XB kinetics (Figure 2b) also increases,
indicating a larger contribution of shorter lived multiexciton
states. Figure 2c shows the comparison of TA spectra at long
delay time (¢, 800—1000 ps) measured with different pump
fluences. These normalized TA spectra at t; show identical
spectral shape, indicating that multiexciton annihilation is
completed at #; and only single exciton states remain in excited
NPLs (inset of Figure 2c). Therefore, XB amplitude at the #;
probes the population of excited NPLs and can be directly
related to the probability of finding excited NPLs (AS(# )) by
a scaling factor a. As shown in Figure 2d, AS(# ) of NPL1 as a
function of pump fluence can be fitted to a Poisson distribution
model.>" This fit also reveals the average number of absorbed
photons per NPL, (N) , which increases with the pump fluence
(gray dashed line in Figure 2d), confirming the presence of
multiple exciton states at high pump fluence. The details of the
model and fitting procedure can be found in the SI section S3.

A comparison of XB kinetics measured at low fluences and
normalized at # (inset of Figure 2e) shows that at low pump
fluence (<18 pJ/cm?), the normalized XB kinetics are
independent on the pump fluence, indicating that these signals
are dominated by single-exciton kinetics. At higher pump
fluence (>46 pJ/cm?*), the kinetics show an additional faster
decay component that can be attributed to biexciton decay. At
46 pJ/cm? the estimated (N) is ~0.32, and according to
Poisson distribution, the percentage of NPLs with single-, bi-,
and higher-exciton (>2) states among all excited NPLs are
~84.8%, ~13.6%, and ~1.6%, respectively, indicating single-
and biexciton decay dominates the XB kinetics. Thus, biexciton
decay kinetics (orange circles in Figure 2e) can be extracted by
subtracting the normalized single-exciton kinetics at 7 yJ/cm”
from the normalized total kinetics at 46 uJ/cm? Subtraction of
normalized XB kinetics at 118 yJ/cm?® by that at 46 yJ/cm®
also gives the same decay kinetics (blue circles in Figure 2e),
confirming that the additional fast decay component is
dominated by biexciton decay at these low fluences (<118
uJ/cm?). This kinetics subtraction method has been used to
extract biexciton lifetimes of other 0D-2D NCs,'”*>1°%3% and
the details of this method are described in SI section S4.
Biexciton decay kinetics of NPL1 can be well fit by a single-
exponential decay (solid line in Figure 2e) with a time constant
(1) of 142 + 1.2 ps. It is important to note the solution
samples were vigorously stirred during the TA measurements
to avoid photocharging effect, which can produce trions and
other species.'”*°~*® Biexciton decay contains biexciton
radiative decay and nonradiative Auger recombination. The
biexciton radiative decay time is estimated to be half of the
single-exciton radiative decay time (7yx,) because biexcitons
have two radiative decay channels.”” XB kinetics at 7 uJ/cm?
contains both radiative and nonradiative single-exciton decay
processes, thus, the half-life of XB kinetics at 7 uJ/cm?* (7 ~
1000 ps) provides the lower limit of the single-exciton radiative
decay half-life: 7 < 7x,. Since the half-life of biexciton decay
(9.84 + 0.50 ps) is much shorter than 7y/2 (<7x,/2),
nonradiative Auger recombination dominates the biexciton
decay in NPL1, and 7, can be taken as the biexciton Auger
recombination lifetime.

Using the same method, we extracted the biexciton Auger
lifetime of all NPL and NR samples, which are plotted as a
function of NC volume (V) in Figure 2f. The relevant TA
spectra and kinetics of all NR and other NPL samples are
shown in SI sections S3 and S4 (Figure SS—S8). The volume
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Figure 3. Comparison of Auger recombination in CdSe and CsPbBr; NPLs. (a) Scheme of Auger recombination model in CsPbBr; NPLs (left)
and NRs (right). F is the binary exciton collision frequency, and P, is the Auger probability per collision. (b) Biexciton lifetime of S ML CsPbBr;,
NPLs and CdSe NPLs with different thicknesses as a function of NPL lateral area. The biexciton lifetimes of CdSe NPLs are adapted from ref S1.
The solid and dashed lines are the linear fits. (c) Morphology- and material-dependent Auger probability per collision (PAug). (d) Scheme of the
band structures of CdSe and CsPbBr; NPLs. HH and LH represent heavy hole and light hole bands in CdSe NPLs, respectively.

of NRs is calculated by assuming a cuboid morphology with a
square cross-section and a long rod length due to the cubic
perovskite structure.””*> The biexciton lifetimes of CsPbBr,
QDs (gray spheres, from ref 54) are also compared in Figure
2f, which scales linearly with their volume (gray dashed line). It
should be noted that it has been reported that the biexciton
lifetime of a set of larger CsPbBry QDs scales sublinearly to
their volume (V°°),'” and the different volume dependence has
been attributed to a much weaker confinement in these larger
QDs.** The results in Figure 2f suggest that the biexciton
lifetimes of 0D QDs, 1D NRs, and 2D NPLs do not show a
linear dependence on their volumes with the same slope,
indicating that they do not obey a “universal volume scaling
law” that has been reported for 0D QDs.””"* Thus, different
models should be considered when comparing biexciton Auger
lifetimes of NCs of different dimensionalities.

Morphology-Dependent Auger Recombination in
CsPbBr; NCs. Extensive studies in 0D QDs have shown
that the biexciton Auger rate (1/7,) follows the “universal
volume scaling law”:

1
[T_) = VQDAAug
2/op (1)
where Vp is the QD volume and AA‘?S is the biexciton Auger
recombination rate per unit volume.”™**°~% According to
our previous study, the biexciton Auger lifetime shows a
dramatically different dependence on the sizes of the quantum-
confined and the nonquantum-confined dimensions in CdSe
NPLs, and volume is not a useful indicator (see SI section S5
for details).”" Exciton motion along the nonquantum-confined
dimensions is diffusive, and the collision frequency of two
excitons (Fc) depends inversely with the areas of NPLs (Sypy)-
Auger recombination probability per collision (PAug) depends
strongly on the size of the quantum-confined dimension. sLo
The biexciton Auger recombination rate (1/7,) is then the
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product of collision frequency and Auger probability (Figure
3a), as shown in eq 2. A similar model can be extended to
derive an expression of biexciton Auger lifetime of 1D NRs
(with rod length of Lyg), shown in eq 3:

1 Sy @
[_] = FCPAug = [4 — —]PAug
) 7 SpL

1 v
(_) = FCPAug = [L—)PAug
%) NR (3)

In eqs 2 and 3, Sy is the exciton center-of-mass (COM)
coherent spatial area, and 7 is the average exciton diffusion
velocity (see SI section SS for Auger recombination model
details).

Because these NPLs (NRs) have the same thicknesses
(similar diameters), the results shown in Figure 2f suggest that
biexciton lifetimes of NPLs (NRs) scale linearly with NPL
lateral area (NR length), consistent with eqs 2 and 3.°"%° As
shown in the inset of Figure 2f, with a similar diameter (~3
nm) and band gap (~450 nm), the biexciton lifetime of NR1
(21. 3 + 1.3 ps) is ~7-fold longer than that in QDs (~3.14
ps),”* but is over 3-fold shorter than that of NPLS (70.0 + 6.6
ps) with a similar length (42.7 + 9.0 nm for NRI and 36.9 +
3.7 nm for NPLS). These results support a morphology-
dependent Auger recombination.

To identify the origin of the morphological dependence of
the Auger recombination rate in CsPbBr; 2D NPLs and 1D
NRs, we estimate the exciton collision frequency (Fc) and
extract the Auger probability (P,,g) of 2D NPLs and 1D NRs
using eqs 2 and 3, respectively. F¢ is determined by the exciton
COM coherent area (Sx) of CsPbBr; NPLs and the average
exciton collision velocity (7). Assuming 2D NPLs have a
homogeneous quantum confinement along the thickness
direction, Sy is determined by exciton—phonon scattering

)
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and can be estimated as Sy = 4A4%/A(T)M, where 7 is the
Planck’s constant, A(T) is the transition line width at
temperature T, and M is the sum of the effective masses of
the CB edge electron and VB edge hole.”®® At room
temperature, A(298 K) is considered as the emission line
width of CsPbBry NPLs (~70 meV as shown in Figure S4).
With M of 5 ML CsPbBr; NPL reported as ~0.4my,”" the
estimated Sy for CsPbBry NPLs is ~430 nm” The average
exciton collision velocity (7) in NCs are limited by the
scattering with thermal phonons: Mv*/2= 3k T/2, where ky is
the Boltzmann constant and T is temperature (298 K).*
Assuming the same M (0.4m,)>* for both CsPbBry NPLs and
NRs, 7 can be estimated to be ~184 nm/ps for both NCs. 2D

biexciton collision frequency is a factor of 2d//Syp; larger

than 1D collision frequency if Syp, = Lyg’, where d = 2,/Sy /7
is the diameter of the exciton COM coherent area (see Figure
S9). The value of 2d/,/Sypy varies from ~1.2 to ~0.7 from
NPL1-S, indicating the exciton collision frequency ratio
between 2D and 1D is close to 1 and is not the dominant
factor that determines morphology-dependent Auger recombi-
nation between 2D and 1D.

With the estimated F and the measured biexciton lifetimes,
the value of P,,, can be determined to be 0.204 + 0.050% and
1.03 + 0.06% for CsPbBr; NPLs and NRs using eqs 2 and 3,
respectively, as shown in Figure 3c. This ~S-fold larger Py, of
CsPbBr; 1D NRs than that of 2D NPLs indicates that the
morphology-dependent P,,, is the key to different Auger
recombination rates in 2D and 1D NCs. Although the reason
for this morphology-dependent P,,, remains unclear, Py, is
determined by the wave function overlap among the four
involved carriers: the recombined electron—hole pair, the
additional carrier before Auger excitation, and the carrier on
the higher energy level after Auger excitation.”””° It has also
been reported previously that the Auger recombination rates of
CdSe NPLs and NRs scale with (~z77)*"** and (~d73),”°
respectively, where z is the thickness for NPLs and d is the
diameter for NRs. The morphology-dependent Auger lifetimes
in both CdSe and CsPbBr; NCs suggest that Auger probability
increases with more degrees of quantum confinement in NCs
of the same composition.

Enhanced Auger Probability in CsPbBr; NCs. It is
interesting to compare the Auger recombination of CsPbBr;
NCs to NCs with different chemical compositions and the
same morphology. Figure 3b shows the comparison of the
lateral area-dependent biexciton lifetimes of CsPbBr; and
CdSe NPLs of different thicknesses. The biexciton lifetime of
CsPbBr; NPLs ranges from 14.2 + 1.2 to 70.0 + 6.6 ps, which
is shorter than the reported value (100s of ps)°' of CdSe NPLs
of smaller lateral areas. For example, for S ML CdSe NPLs with
a thickness of ~1.7 nm’" and a lateral area of ~110 nm?, the
reported biexciton lifetime is ~300 ps,”' over 20-fold longer
than that in S ML CsPbBry NPLs (~14 ps) with a thickness of
~3 nm,”* and a 3-fold larger lateral area (~352 nm?). Similarly,
the biexciton lifetime of CsPbBr; NRs (ranges from 21.3 + 1.3
to 47.3 + 1.9 ps) is much shorter than that reported in
CdSe’””* and PbSe NRs>> (100s of ps) of shorter rod lengths,
and CsPbBr; QDs are also reported to have a 10-fold shorter
biexciton lifetime compared to CdSe and PbSe QDs with
similar volumes.'”>*

The Auger recombination lifetime in CsPbBr; QDs is 10
times faster than CdSe and PbSe QDs of similar volumes,'”**
which according to eq 1 suggests that the Auger probability
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(Apyg) is 10 times larger in CsPbBr;QDs. For 1D NRs and 2D
NPLs, according to eqs 2 and 3, both F¢ and P, affect the
Auger recombination rate. The estimated Sy of 5 ML CdSe
NPLs is ~156 nm%°® and the estimated 7 of CdSe NPLs and
NRs is ~115 nm/ps. Thus, assuming the same NC dimensions
(SypL, and Lyg), the estimated F¢ for CsPbBr; 2D NPLs and
1D NRs is ~2.7- and ~1.6- fold larger than those of CdSe
NPLs and NRs according to eqs 2 and 3, respectively. Py, for
CdSe 2D NPLs and 1D NRs is then estimated to be 0.010 +
0.001% and 0.111 =+ 0.027%, respectively, using the parameters
(Swpr, Lyw, and 7,) reported in NPL®' and NR literature,””
which is ~20- and ~9.3-fold smaller than that of CsPbBr; 2D
NPLs and 1D NRs, respectively, as shown in Figure 3c. These
values suggest that larger Auger probability (PAug and AAug) is
the key factor for faster Auger recombination rates in CsPbBr;
2D, 1D, and 0D NCs compared to CdSe NCs of the same
dimensionalities and sizes. One possible explanation is the
smaller effective mass of the VB hole in CsPbBr; compared to
CdSe. As shown in Figure 3d, in biexciton Auger
recombination, the annihilation of an exciton requires the
excitation of a CB electron or VB hole to conserve both energy
and momentum. Because of the small momentum of excitons,
the momentum conservation requirement can be more easily
satisfied by exciting carriers with a small effective mass. In
CdSe NPLs, biexciton Auger recombination is dominated by
the excitation of CB electron (with effective mass of 0.13m,),”*
while the pathway involving excitation of a heavy hole (with
effective mass of 0.9m,)”* into a h'gher energy level in heavy
hole band is less favorable.’**”> Moreover, the Auger
recombination pathway involving the excitation of a heavy
hole into the light hole band is also negiligble in CdSe NPLs
because P,,, for this process depends on the amplitude of
heavy hole wave function at the NPL boundary, which is
calculated to be small in 2D quantum wells with similar
electronic structures.”* However, in CsPbBr, NPLs, the
effective mass for band-edge electrons and holes is similar
and small (~0.2m,),** leading to an additional Auger
recombination pathway involving hole excitations (Figure
3d) compared with CdSe and an increased Pyyg A more in-
depth understanding of the enhanced P, (and AAug) in
CsPbBr; NCs compared with conventional II-VI semi-
conductor NCs remains unclear and requires detailed
theoretical studies. We hope that our results can stimulate
more comprehensive theoretical studies that can quantitatively
explain the enhanced Auger probability in perovskite NCs.
Despite fast Auger recombination in CsPbBr; NCs,
promising performances in optoelectrical applications, such
as LED* ™ and lasing,**™*" have been reported for these
materials. For NPL-based LEDs,’® the reported maximum
external quantum efficiency (EQE,,,,, ~0.1—1.1%) and onset
voltage (V,,, ~3.8—4.0 V) of CsPbBr;*>”” are comparable to
the reported values (~0.6—3.6% and ~1.9—5.5 V) of CdSe
NPL-LED.”*”®" This indicates that other properties of
CsPbBr; NCs may have compensated for the loss caused by
fast Auger recombination in those optoelectrical applications.
Possible factors may include the high PL quantum yield of
CsPbBr; NCs, which can reach ~90% without passivation by
an inorganic shell.'® Our finding also suggests that suppressing
Auger recombination in CsPbBr; NCs can be a potential way
to further enhance their light emitting and lasing performances.
In addition to size tuning (as shown in Figure 3b), another
possible approach for extending Auger lifetime is to use
organic cations in perovskite NCs. Ginger and co-workers have
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reported that biexciton Auger recombination in CsPbBr; QDs
is faster than that in hybrid perovskite QDs such as
CH,(NH,),PbBr; and CH,;NH,Pbl; QDs with a similar
size.*” This cation exchange method may also apply to 1D
and 2D perovskite NCs. Moreover, the fast Auger recombi-
nation rate of CsPbBr; NCs may make them promising
materials for Auger-assisted up-conversion®”** and a single
photon emission source.”> ™%’

In summary, we have studied how biexciton Auger
recombination lifetimes depend on size, morphology, and
material composition in 0D, 1D, and 2D NCs. The biexciton
Auger recombination lifetimes of CsPbBr; NPLs and NRs
increase linearly with NPL lateral areas and NR lengths,
respectively. Comparison of the biexciton lifetimes of NRs and
NPLs with the reported values of QDs shows that the
“universal volume scaling law” does not apply to NCs of
different dimensionalities. The failure of this simple scaling
rule, which has been demonstrated for QDs, can be attributed
to a very different dependence of the biexciton lifetimes on the
sizes of the quantum confined and nonquantum confined
dimensions, as demonstrated previously for CdSe NPLs.”' We
propose that Auger recombination rates in 1D NRs and 2D
NPLs depend on the product of binary collision frequency of
excitons and Auger probability per collision. The observed
linear dependence of biexciton Auger lifetimes in NPLs (NRs)
on lateral area (rod length) can be attributed to the area
(length)-dependent 2D (1D) exciton collision frequency. For
NPLs and NRs with similar lengths and band-gaps, the
biexciton Auger lifetime in NPLs is much longer than that in
NRs, which is attributed to a reduced Auger probability per
collision (P,,g) in 2D materials. Compared to CdSe and PbSe
NCs of the same dimensionalities and similar sizes, Auger
recombination rates in 0D—2D CsPbBr; NCs are over 10-fold
faster, which can be attributed to a larger Auger probability per
collision (AAug for 0D and Py, for 1D and 2D) in CsPbBr,
NCs. Our findings suggest that suppressing Auger recombina-
tion in CsPbBr; NCs may be a fruitful approach to further
improve their performance in optoelectronic devices, such as
LED and lasers. Furthermore, the fast Auger recombination of
CsPbBr; NCs may be exploited for other applications, such as
Auger-assisted photon up-conversion.

Methods. Sample Synthesis. The colloidal CsPbBry; NPLs
and NRs with different sizes were synthesized following the
literature with slight modifications.””*****” Detailed synthesis
procedures are shown in the SI section S1.

Experimental Setup. Femtoseconds TA measurements were
carried out by a regeneratively amplified Ti:sapphire laser
system (Coherent Legend, 800 nm, 150 fs, 2.4 mJ/pulse, and 1
kHz repetition rate). The TA signals were collected and
analyzed by the Helios system (Ultrafast Systems LLC). PL
measurements were conducted with FluoroMax-3 spectro-
fluorometer of HORIBA Scientific. Details of the experimental
setup and optical characterizations of NPLs and NRs are
shown in SI section S2.
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