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Abstract

Biexciton emission in quantum dots is an efficient way to generate entangled photon pairs, which are key resources in
quantum informatics. Compared with epitaxial grown quantum dots, chemically synthesized colloidal quantum dots
show advantages of tunable wavelength and easy integration to realize quantum light sources. However, biexciton
efficiency of colloidal quantum dots has been limited by Auger recombination. In this paper, we reported nonlocal
interaction enhanced biexciton emission with efficiency up to 80% in large perovskite nanocrystals (> 20 nm). The
nonlocal interaction between carriers and excitons leads to the abnormal exponential decrease of Auger recombi-
nation with volume in large nanocrystals, which distinguishes with the linear scaling in small counterparts. Such an
exponential decrease of Auger recombination results in long lifetime of biexcitons, responsible for the required high
biexciton efficiency. The discovery of nonlocal effects in large semiconductor nanocrystals provides new strategies to
achieve high efficiency multiple excitons for quantum optics and energy conversation applications.

1 Introduction

Due to the size-dependent quantum confinement effects,
quantum dots (QDs) exhibit excitonic properties with
tunable absorption and emission properties for modern
photonics [1-5]. Efficient single photon [6—8] and entan-
gled photons [9-11] emission, which are key resources
in quantum informatics [12-15], have been successfully
demonstrated by combining QDs and microcavities [6—
8]. Besides epitaxial grown QDs (InGaAs, GaAs) [16],
chemically synthesized colloidal QDs are also considered
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as ideal quantum emitters [17-22] with advantages of
high photoluminescence (PL) efficiency, tunable color,
and easy integration [23, 24]. Because of the strong elec-
tron—electron coulomb repulsion in small CdSe and per-
ovskite QDs (strong quantum confined), excellent single
photon emitters were successfully demonstrated [19,
25-28]. For colloidal QDs, biexciton emission is usually
generated under high excitation intensity, which suffers
from serious Auger recombination [17, 29]. It has been
found that the Auger recombination rate decreases lin-
early with volume increasing in quantum confined QDs
[30, 31]. In comparison, Auger recombination in bulk
materials only slightly affects the biexciton recombina-
tion due to the lower carrier density and momentum
conservation [32]. It can be described by adapting the
charge carrier recombination ABC model with a constant
Auger coefficient [33]. To gain high biexciton efficiency,
thick shelled CdSe/CdS nanocrystals were developed
to suppress Auger recombination by reducing the wave
function overlap between the electrons and holes [34—
37]. Accordingly, large colloidal QDs may be suitable
candidates to generate efficient biexciton emission, how-
ever, has been rarely investigated. Herein we reported
that the Auger recombination rate in large perovskite
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nanocrystals can be exponentially decreased due to the
nonlocal effects.

Nonlocal effects refer to the influence of wave spatial
dispersion on the light-matter interactions [38]. The spa-
tial wavefunction usually contains a term of eX”, where
k is the wave vector and r is the spatial coordinate. For
the nanostructure with radius of R, nonlocal effects are
negligible when the phase kR <« 1, while become signifi-
cant when kR approaches to 1 [39, 40]. In plasmonics,
nonlocal effects have been successfully demonstrated to
explain optical response in metallic nanostructures [41].
For exciton recombination in QDs which emits a photon,
nonlocal interactions need to be considered when the
size of QDs (R) approaches to 2% where /, is the wave-
length of the photon and # is the refraction index of sur-
rounding [39]. For CsPbBr; QDs, 4, ~ 520mm and n ~ 2,
resulting in 22—’; ~ 40nm. Auger recombination can be
described as energy shift from an exciton to another elec-
tron or hole, or a process in which one electron or hole
absorbs an exciton to a higher energy level. Accordingly,
the nonlocal effects of Auger recombination are mainly
determined by wavefunction of exciton. At room tem-
perature, the estimated spatial wavelength of an exciton
in CsPbBr; is~14 nm (refer to theory part in supple-
mentary material), enabling the possibility to observe
the nonlocal interaction enhanced biexciton emission
in large nanocrystals with size of>14 nm. Benefiting
from the unique defects tolerance ability of perovskite
nanocrystals [42], we here observed high biexciton effi-
ciency in large CsPbBr; nanocrystals.

Biexciton Auger Lifetime

Weak Confinement
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As schematically shown in Fig. 1, there is a linear rela-
tion between biexciton Auger recombination lifetime and
volume for small nanocrystals. The maximum biexciton
lifetime is~100 ps due to the strong Auger recombina-
tion. For bulk materials, Auger recombination is mainly
related to the carrier density and band structure with a
constant coefficient [32]. For example, a bulk crystal with
carrier density of 10'® is predicted to have a biexciton
lifetime of ~ 10 ns [43, 44]. In the meso-scale region, the
nonlocal effects are expected to alternate the biexciton
lifetime with volume from linear scaling to exponential,
which is observed in large CsPbBr; nanocrystals for the
first time.

2 Results
2.1 Morphologies and optical properties of large CsPbBr,
nanocrystals

The large CsPbBr; nanocrystals with spheroidal shape
were fabricated by using hot-injection [45] method,
and the samples with rod shape were synthesized using
a modified ligand assisted reprecipitation (LARP)
method [46] (see details in method). Figure 2a—c shows
the high-resolution transmission electron microscopy
(HRTEM) images with fast Fourier transform (FFT)
patterns of three typical CsPbBr; nanocrystals (Sphe-
roids 1-3), which exhibit spheroidal shape of dodeca-
hedron. The average diameters of these spheroids are
129+1.1 nm (Spheroid 1), 17.5+1.4 nm (Spheroid
2), and 25.8+1.8 nm (Spheroid 3) and their volumes
are ~ 1100 nm?, ~ 2800 nm?, and ~ 9000 nm?, respectively.

Bulk

Determined by
Carrier Density and
’ Band Structure

Nonlocal Effects

\ >

~ (100 nm)?

Volume

Fig.1 The illustration of volume dependent biexciton Auger lifetime and nonlocal effects in perovskites. Auger recombination lifetime linearly
increases with volume in strong confinement regime (left side), while exponentially increases in weak confinement regime (center) due to nonlocal
effects. The exciton wavefunction is spatially confined in small nanocrystals, and turns to oscillation in large nanocrystals. For bulk materials, Auger
recombination is mainly related to the carrier density and band structure with a constant coefficient [32]. For example, a bulk crystal with carrier

density of 10'® is predicted to have a biexciton lifetime of ~ 10 ns [43, 44]
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Fig. 2 Morphology, structure, and optical properties of large CsPbBr; nanocrystals. a-c, TEM, HRTEM images with FFT patterns of 12.9+1.1 nm,
175414 nm, and 25.8 + 1.8 nm Spheroids 1-3. d-f, The PL (red) and UV-vis absorption (black) spectra of Spheroids 1-3

Additional file 1: Fig. S1 shows the typical HRTEM and
FFT images of nanorod samples (Rod 1 and Rod 2). Rod
1 has an average width of 12.0+1.8 nm and an average
length of 22.1 nm + 3.4 nm. Rod 2 has an average width of
13.0+£1.9 nm and an average length of 27.4 nm +4.8 nm.
The volumes of Rod 1 and Rod 2 are~3000 nm?
and ~4600 nm?, respectively. As indicated by FFT pat-
terns and powder X-ray diffractions (XRD) (see Addi-
tional file 1: Fig. S2), large CsPbBr; nanocrystals have
an orthorhombic structure. Figure 2d—f presents the PL
and UV-vis absorption spectra of Spheroids 1-3. These
spheroid samples show similar PL peaks with centers
around 518 nm (2.39 eV) and full width at half maximum
(FWHM) of ~80 meV. The PL peak centers are close to
the bulk bandgap of CsPbBr; (~2.36 eV at 300 K [47]),
suggesting the weak quantum confinement. The PL and
UV-vis absorption spectra of Rods 1-2 are shown in

Additional file 1: Fig. S3. Furthermore, these samples
have high PL quantum yield (QY) (Spheroids 1-3>90%,
Rods 1 and 2>70%) and good photo stability for spectro-
scopic measurements.

2.2 Biexciton emission of large CsPbBr; nanocrystals

The properties of biexcitons in nanocrystals can be meas-
ured by recording time resolved emission intensity of
ensembles or single particles. Figure 3a shows an exam-
ple of fluence-dependent decay traces from Spheroid 3
ensemble. As the pump power increases from (N) = 0.15
to (N) = 2.4 ((N) is the number of exciton pairs per par-
ticle on average), a faster PL component appears. As
shown in the inset of Fig. 3b, the observed fast PL com-
ponent can be assigned to the biexciton recombina-
tion due to the square relationship between its intensity
and (N). Figure 3b shows a typical analysis of biexciton
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Fig.3 Biexciton emission properties of Spheroid 3 (First row: ensemble; Second row: single particle). a Excitation-fluence dependent PL decay
curves of a typical ensemble sample measured using a micro-liquid film method. b The PL recombination dynamics of biexcitons (solid lines)

that extracted by subtracting the single-exciton component. They are fitted using mono-exponential decay functions (dotted lines), yielding the
biexciton lifetime 7 & 6.3 ns. The inset shows excitation-fluence dependent single-exciton (black dots) and faster component (purple dots) PL
intensity extracted from (a). The excitation-fluence dependence of faster component PL intensity follows quadratic scaling (purple dotted line) of
biexcitons. ¢ Excitation-fluence dependent single-exciton (black dots) and total PL intensities (red dots) of ensemble sample. Solid lines are the fits
to the emission saturation model for single-exciton PL (black) and total PL (red), respectively, yielding QY,, of ~ 78%. d Representative blinking traces
and corresponding distribution of intensities for single particle sample. Red line was chosen as the threshold between “on”and “off” states. e Typical
second-order photon correlation curve from single particle sample. The calculated QY,, is ~80%

lifetime of Spheroid 3 ensemble. Under the power of
(N) = 0.15, the PL decay curve is nearly single exponen-
tial, corresponding to the single-exciton recombination.
Additional file 1: Fig. S4 shows the single-exciton recom-
bination dynamics of these samples. The single-exciton
lifetime for Spheroid 3 is ~ 35.0 ns. By subtracting the PL
decay curves under the higher excitation like (N) = 0.9
with that of (N) = 0.15, the biexciton decay curve can be
derived and fitted using single-exponential decay func-
tion. Biexciton lifetime of Spheroid 3 is ~ 6.3 ns. Figure 3¢
shows the excitation dependent emission intensity of
single-exciton PL and total PL from Spheroid 3 ensemble.
According to the fitting curves (solid lines) using stand-
ard saturation model [34], the calculated biexciton quan-
tum yield (QY,,) is ~ 78%.

The biexciton properties were further investigated
by applying single particle spectroscopy. Figure 3d
shows the PL intensity traces of a typical single CsPbBr,
nanocrystal from Spheroid 3 ensemble, which was meas-
ured using single-photon avalanche photodiodes (APDs)
and time-tagged, time-resolved (TTTR) mode of the

time-correlated single-photon counting (TCSPC) mod-
ule. The results show that Spheroid 3 is nearly nonblink-
ing with large fraction of “On” time (PL intensity traces
of other samples, see Additional file 1: Fig. S5). Figure 3e
shows the second-order photon correlation curves ( g(z))
of a typical single CsPbBr; nanocrystal from Spheroid 3
under low excitation intensity. QY,, can also be derived
by calculating the area ratio between the center peak
and side peak in the g® curve of single particle [48]. The
results indicate that Spheroid 3 has the QY,, of ~80%. The
PL dynamical behaviors of single particle were further
investigated by recording the transient PL spectra under
different excitation intensities. Additional file 1: Fig. S6
shows the PL intensity traces and PL decay traces at two
different powers with (N) = 0.15 and (N) = 1.2 of single
Spheroid 3. A biexciton lifetime of 7.5 ns was measured
using a similar operation to subtract the contribution of
single exciton recombination. By using similar measure-
ments, we further studied the samples with different size
(Spheroids 1 with 1100 nm® and 2 with 2800 nm?®) and
shape (Rods 1 with 3000 nm? and 2 with 4600 nm?). Since



Huang et al. eLight (2023) 3:10

the exciton quantum yield of our samples is above 90%
and different scaling rule between the recombination of
biexciton and that of single excitons with traps, the non-
radiative recombination of single excitons can be ignored
by subtracting operations [49]. The biexciton properties
of these samples are shown in Additional file 1: Fig. S7—
S10. The key features are summarized in Table 1, which
indicates that both the biexciton efficiency and lifetime of
ensemble increase with volume increasing. Their maxi-
mum values approach to~80% and ~ 6.3 ns, respectively.
It is also noted that the Auger recombination can be sup-
pressed for the samples with volume over 3000 nm?.

3 Discussion

To elucidate the size dependence of biexciton emission in
CsPbBr; nanocrystals, we extracted the reported exciton
and biexciton lifetimes of perovskite nanocrystals from
previous works [50-52]. Combining with our results of
large perovskite nanocrystals, Fig. 4a—c plots the biexci-
ton radiative lifetime (defined as one quarter of exciton
radiative lifetime [53]), biexciton Auger recombination
lifetime, and biexciton lifetime of CsPbBr; nanocrystals
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with volume increasing. As shown in Fig. 4a, the biex-
citon radiative lifetime of CsPbBr; nanocrystals slightly
varies with volume less than ~ 1000 nm® When the vol-
ume exceeds ~ 1000 nm?, the radiative lifetime increases
in power law [50]. In comparison, the biexciton life-
time shows linear scaling with volume in the small vol-
ume range, but transits to nonlinear when the volume
exceeds ~ 1000 nm?® (Fig. 4c). To understand the nonlin-
ear increase of biexciton lifetime in large nanocrystals,
we further analyze the variation of Auger lifetime with
volume in CsPbBr; nanocrystals. As shown in Fig. 4b,
Auger recombination lifetime linearly increases in small
volume range (<1000 nm®) but turns to an exponen-
tial increase in large volume range. These experimental
results are consistent with the nonlocal model described
in Fig. 1, confirming the significance of nonlocal effects
of large nanocrystals.

The biexciton radiative lifetime can be modeled by
™x = tx0 +aV* (tx0, 4, and « are fitting parameters
[50]), where tx and the particle volume V take the units
of ps and nm>. As shown in Fig. 4a, the fitting curve (solid
line) of biexciton radiative lifetime (7, xx) is in good

Table 1 The biexciton features of CsPbBr; nanocrystals including quantum yields, lifetime, and Auger lifetime

Sample Volume QY,, Biexciton lifetime Auger lifetime
Single-particle Ensemble Single-particle Ensemble Ensemble
Spheroid 1 11004294 nm? ~34% - - 0.6ns 0.9 ns
Spheroid 2 2800+ 706 nm> ~55% ~56% 37ns 32ns 7.1 ns
Spheroid 3 9000 + 1860 nm?> ~75% ~78% 7.5ns 6.3ns 25.2ns
Rod 1 3000+ 1131 nm? ~53% ~70% - 227ns 757 ns
Rod 2 4600+ 1635 nm?> ~80% ~75% 4.18ns 4.0ns 16.4 ns
The time window of biexciton lifetime was shown in Additional file 1: Fig. S11 and Fig. S12
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Fig.4 Analysis of biexciton lifetime from CsPbBr; nanocrystals. a Size dependence of biexciton radiative lifetime, defined as one quarter of
single exciton lifetime [53], and its fitting (blue line) byzx = txo + aV¥ The fitting parameters take 7y = 4000 ps,a = 55, anda = 0.68. b Size

v\
dependence of biexciton Auger lifetime and its fitting (red line) bytauger = b\/ﬂe( Vo) .The fitting parameters take b = 0.05and Vy = 450 nm?
under the theoretical values of 8 = 1(from reference [14]) andy = % c Size dependence of biexciton lifetime and its fitting (black line) by
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T =
XX Trxx +TAuger
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agreement with experimental data (dots). On the other
hand, the Auger recombination lifetime with volume can

Y
be simulated using Tayger = bVﬁe( VO) (b, B, Vo, and y are

fitting parameters), where V' and tyger take the units of

nm®> and ps. Considering nonlocal effects in large

. 3
(LX) ~ 370

T

nanocrystals, the model leads to Vp = %”

nm®andy = % (see theory part in Additional file 1: Mate-
rial S1). When the volume takes about 1000 nm? (~ 2Vj),
the relationship between 7ayge; and V' changes from lin-
ear to exponential, corresponding to a transition from
strong confinement to weak confinement. Combing 7, xx
and tayger, We can also fit the biexciton lifetime using
Tr, XX X TAuger
Tr, XX T TAuger
dominates biexciton dynamics in small nanocrystals,
while radiative recombination plays a critical role in large
nanocrystals, where nonlocal effects make the Auger
recombination negligible.

In conclusion, we discovered nonlocal effects of biexci-
ton emission in CsPbBr; nanocrystals by comparing our
spectroscopic results of large nanocrystals with previ-
ously reported small nanocrystals. Such a nonlocal effect
can be illustrated by considering the influence of nonlocal
effects on Auger recombination. With volume increasing,
the Auger recombination rate of large CsPbBr; nanocrys-
tals can be greatly reduced to achieve high biexciton
efficiency up to 80%. The discovered nonlocal effects in
large nanocrystals not only provide a guideline to fabri-
cate advanced quantum emitters with efficient biexciton
(multiple exciton) emission, but also create new oppor-
tunities to explore semiconductor nanocrystals beyond
strong quantum confinement.

XX = (see Fig. 4c). The Auger recombination

4 Methods

4.1 Materials

Lead (II) bromide (PbBr,,>99.99%, Alfa Aesar),
Cesium bromide (CsBr,>99.99%, Alfa Aesar), Lead
(II) oxide (PbO,>99.999%, Aladdin), Cesium car-
bonate (Cs,CO43,>99.99%, MREDA), Phenacyl bro-
mide (C(H;COCH,Br,>99%, Amethyst Chemicals),

1-octadecene(ODE, >90%, Alfa Aesar), Oleic acid (>90%,
Aladdin), Octylamine (>90%, Aladdin), Hexylamine (>90%,
Aladdin), n-tetradecylamine (>99%, Aladdin), Dimethyl sul-
foxide (DMSO,>99.99%, Aladdin), Isopropanol (>99.99%,
Beijing TongGuang Fine Chemicals), Hexane (>99.99%,
Beijing TongGuang Fine Chemicals) and Toluene (>99.99%,
Beijing TongGuang Fine Chemicals) were used.

4.2 Synthesis of large CsPbBr; nano-spheroids

In a typical synthesis, the precursor solution of Cs-oleate
was prepared by dissolving 1.2 mmol (390.8 mg) of
Cs,CO; into a mixture of 18 mL of 1-octadecene (ODE)
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and 2 mL of oleic acid in a three-neck round-bottom flask.
The reaction mixture was degassed with nitrogen for 1 h
at 120 °C, and then kept at 80 °C for further use. The Pb
precursor solution was prepared by dissolving 0.2 mmol of
PbO (44.6 mg), 0.6 mmol of phenacyl bromide (119.4 mg)
into a mixture of 1 mL of oleic acid, and 5 mL of ODE in
a three-neck round-bottom flask. The precursor solu-
tion was degassed at 120 °C for 1 h and then increased to
220 °C and a fixed amount of amine was injected (n-tetra-
decylamine is used for Spheroid 1, oleylamine is used for
Spheroid 2 and Spheroid 3). The solution turned to yellow
around 15 min. After that, 0.5 mL of Cs-oleate precursor
solution was swiftly injected into the yellow solution at
different temperatures and annealed 30 min for obtain-
ing different size nanocrystals (reaction temperature for
Spheroid 1, Spheroid 2 and Spheroid 3 are 200 °C, 220 °C
and 240 °C respectively). Crude solution was collected
with ice-quenching. 6 mL methyl acetate was added to
the 1 mL crude solution and then centrifuged at 8000 rpm
for 5 min. Finally, the nanocrystals were precipitated and
redispersed in hexane.

4.3 Synthesis of CsPbBr; nanorods

A mixture of 0.2 mmol CsBr and 0.2 mmol PbBr, was
dissolved in 1 mL of DMSO with 120 pL of oleylamine
or 60 pL of octylamine and 0.5 mL of oleic acid to form
a precursor solution. The sample of Rod 1 was fabricated
using octylamine as ligands, while the sample of Rod 2
was fabricated using oleylamine. 1 mL of precursor solu-
tion was dropped into 8 mL isopropanol with vigorous
stirring. The obtained solution was precipitated by the
centrifugation at 6000 rpm for 5 min. The precipitates
can be redissolved into 3 mL toluene or hexane to form
colloidal nanocrystals solutions.

4.4 Sample preparations for spectroscopic measurements

Colloidal solutions with~0.1 optical density at exciton
absorption peak for UV-vis optical absorption and PL
spectra. The samples for transient PL spectra were fab-
ricated by transferring a droplet (~10 pL) of the colloi-
dal nanocrystal solutions mentioned above to a clean
cover slip (micro-liquid films). The samples for single
particle spectra were prepared by diluting the solution of
the nanocrystals in a polymethyl methacrylate (2.5% by
weight in toluene) solution, and spin-casting (5000 rpm,
60 s) the solution on a clean cover slip.

4.5 Morphology and structure characterizations
TEM and HRTEM images were collected using Tec-
nai G2 F30 S-TWIN transmission electron microscope.
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XRD patterns were recorded using a Rigaku SmartLab SE
X-ray diffractometer equipped with a Cu K a-radiation
source (wavelength of 1.5405 A).

4.6 Characterizations of the optical properties of solutions
For conventional spectra experiments, UV-vis optical
absorption spectra were collected on a UV-6100 UV-
vis spectrophotometer (Shanghai Mapada Instruments,
China). Steady-state PL spectra were measured using
a F-380 fluorescence spectrometer. The absolute PL
QY of solutions were determined using a fluorescence
spectrometer (calibrated multichannel spectrometer,
PMAI12) with an integrated sphere (C9920-02, Hama-
matsu Photonics, Japan).

4.7 Time-resolved PL spectra measurements

An inverted fluorescence microscope (Olympus IX
83) equipped with a 60Xxoil immersion objective
(N.A.=1.49) and suitable spectral filters was used to
collect optical spectra of micro-liquid films and single
particle. The laser spot is about 400 um? To measure
the transient PL spectra of micro-liquid films and single
particle, a 405 nm pump wave laser (PicoQuant) with
1 MHz repetition and~50 ps pulse width was used
as the excitation light source and the photolumines-
cence signal was recorded by a single-photon counting
system (a Micro Photon Devices MPD-050-CTD-FC
photon detectors with 165 ps resolution and PicoQu-
nat Picoharp 300 TCSPC module). Photoluminescence
intensity traces of single particle was collected with the
same single-photon counting system mentioned above
in a time-tagged time-resolved (TTTR) mode. Second-
order photon intensity correlation measurements were
performed with the same system and module with a
Hanbury-Brown and Twiss (HBT) experiment set-up
comprised of a 50/50 beam splitter and two single-pho-
ton detectors.

4.8 Model of emission saturation for biexciton quantum
yield calculation.

Calculation of biexciton quantum vyield from the PL
saturation curve is adapted from the methods in pre-
vious work [34]. The photon number absorbed per
dot per excitation pulse ({(N)) is assumed to follow the
Poisson distribution, the probability of finding a QD
in m-exciton state is P(m, (N)) = (N)’"e_<N>/m!. At a
given pulse, the total PL intensity can model as:

1= 1> Pom (N)IQm (1)

For multi-exciton emission, the m-excitons quan-
tum yield Qux = Kr,mx/(kr,mx + Kur,mx), scaling of the
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multi-exciton radiative and non-radiative rates are
Krmx = mzkr,x and kyrmx = m2(m — Dkyrx. krx and
karx are the scaling of the single-exciton radiative and
non-radiative rates. Therefore, the total emission inten-
sity curve (I) is essential a function of Qyx and (N). Fit-
ting the total emission intensity curve, we can obtain
the biexciton quantum yield Qax= QY,,.

For single-exciton-only PL intensity, the single exciton
emission saturates following the equation:

L= Z:zlp(m» (N))Qx = Qx(1 = P(0,(N)))
= Qx (1 — e_W)): Q, (1 — e_C“)

where P(m, (N)) is a Poisson distribution function, Qy is
the single-exciton quantum yield, C is the scaling factor
depending on the absorption cross section, u is the exci-
tation intensity. Therefore, C and (N) can be determined
by fitting the single-exciton-only PL curve with the func-
tion above.

(2)
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Additional file 1: Figure S1. TEM images of CsPbBr3 nanocrystals and
their size distributions. Figure S2. Powder X-ray diffractions patterns.
Figure S3. PL and UV-vis absorption spectra. Figure S4. Exciton lifetime
analysis. Figure S5. Single particle blinking behaviors of samples. Figure
S6. Single particle transient PL spectra of Spheroid 3. Figure S7. Ensemble
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