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All-inorganic lead-halide perovskite (LHP) (CsPbX3, X = Cl, Br, I) quantum
dots (QDs) have emerged as a competitive platform for classical light-
emitting devices (in the weak light—-matter interaction regime, e.g., LEDs

and laser), as well as for devices exploiting strong light—-matter interaction

at room temperature. Many-body interactions and quantum correlations
among photogenerated exciton complexes play an essential role, for example,
by determining the laser threshold, the overall brightness of LEDs, and the
single-photon purity in quantum light sources. Here, by combining cryogenic
single-QD photoluminescence spectroscopy with configuration-interaction
(CI) calculations, the size-dependent trion and biexciton binding energies are
addressed. Trion binding energies increase from 7 to 17 meV for QD sizes
decreasing from 30 to 9 nm, while the biexciton binding energies increase
from 15 to 30 meV, respectively. Cl calculations quantitatively corroborate
the experimental results and suggest that the effective dielectric constant for
biexcitons slightly deviates from the one of the single excitons, potentially

as a result of coupling to the lattice in the multiexciton regime. The findings
here provide a deep insight into the multiexciton properties in all-inorganic
LHP QDs, essential for classical and quantum optoelectronic devices.

size, shape, and composition,3] (see
Figure S1, Supporting Information, for the
TEM images) have largely been motivated
by the near-unity photoluminescence
quantum yield (PLQY), stemming from a
defect tolerant electronic structure, and a
narrow PL band, tunable across the entire
visible spectral region.2#l These com-
pelling material properties have already
enabled superior performance of optoelec-
tronic devices exploiting CsPbX; QDs, for
example, LEDs with external quantum effi-
ciencies above 20%,71% lasers with wide
spectral tunability,"'®l and photodetectors
with record-high responsivity.’-2% In addi-
tion to the development of classical light
emitting devices, CsPbX; QDs are also
conceived as sources of quantum light,
being capable of either delivering single
photons?™°! or bunched (temporally cor-
related) N-photon bundles,?% enabled by
a fast radiative decay (sub-ns)?%2%31 and

1. Introduction

Fully inorganic LHP (CsPbX;, X = CI, Br, I) QDs, first col-
loidally synthesized in 2015, have been the focus of intense
research efforts since then. Synthetic endeavor, which cul-
minated in the presently available precise control over QD

a long exciton coherence.??3233 Similarly,

exploiting the strong light-matter inter-
action regime represents the tantalizing perspective of real-
izing room-temperature (RT) exciton—polaritonics operating
at the quantum level.}¥ For the latter, it is crucial to optimally
utilize the sizable many-body interactions in perovskite QDs,
with the ultimate goal of demonstrating a strong nonlinearity
down to the single-photon level, as has been recently reported
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Figure 1. Fundamental properties of many-body interactions in a single CsPbBr; QD. a) Radiative recombination scheme of an exciton, trion (here
depicted for the case of a negatively charged exciton), and biexciton, respectively. The emitted photon has an energy of Ey, Ex. and Exy, respectively.
b) Time series of PL spectra from a single =9 nm CsPbBr; QD at 4 K, acquired with 1's binning time. The two peaks are attributed to the exciton and a
red-shifted trion recombination, respectively. c) Intensity time-trace of the exciton and trion from (b). The integrated intensity of each species is inferred

from a double-Lorentzian fitting of the acquired spectra.

for a polymer embedded in a dielectric microcavity.>®! We
anticipate that such a demonstration is also within reach for
perovskite QD exciton polaritons, once the current knowledge
gap on many-body excitonic interactions in perovskite QDs is
addressed. In the following, we will delineate how our study
attempts to provide a comprehensive description of many-body
excitonic interactions in perovskite QDs.

The many-body interaction in exciton complexes can be
probed by studying the binding energies of bound multiexciton
species. In the simplest case, after optical excitation, a single
exciton is created, that is, an electron in the conduction band
Coulombically bound to a hole in the valence band. The radia-
tive decay of such an exciton generates a photon at energy Ey
(see left sketch in Figure la). Multiexciton complexes, that is,
trions and biexcitons, can be created at high excitation den-
sities. The trion, also known as charged exciton, is a three-
charges complex, which can be formed when an exciton is cre-
ated in the presence of an unpaired charge carrier in the QD.
A negatively (positively) charged exciton is comprised of two
electrons (holes), which share the same energy level, and one
hole (electron), bound through the Coulomb interaction. Pho-
tons emitted from the trion configuration have energy Exs (see
the middle sketch in Figure 1a exemplifying a negative trion).

A biexciton refers to two bound electron-hole pairs, which
can be formed when exciton is created in the presence of
another exciton already in the QD. The biexciton decays via a
cascade process, sequentially transitioning from the biexciton
state to the exciton state and, finally, to the ground state. Pho-
tons emitted from the biexciton configuration in transitioning
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to single exciton state possess an energy Exy (see right sketch
in Figure 1a).

Generally, Ex (Exx) differs from Ex due to the many-body
Coulombic interaction among the photogenerated charges.
Consequently, the energy shift of the PL of a trion (biexciton)
with respect to the exciton can serve as a probe of the correla-
tion effects within a single QD, and the trion (biexciton) binding
energy is usually defined as Ay« = Ex — Exx (Axx = Ex — Exx)-
In most studied colloidal QDs, trion emission is altered by
non-radiative Auger recombination which dominates at RT,
correlated with PL intensity intermittency.?*3%1 Conversely, at
cryogenic temperatures, the trion has been reported as a bright
and narrow PL peak in LHP QDsl?6283137-83] and other semi-
conductor QDs/QWsl*-33] with typically positive trion binding
energies, that is, red-shifted trion emission. In extreme situa-
tions with strong internal piezoelectric field and large mass
mismatch between the electrons and the holes, opposite
binding behavior between positively and negatively charged
trions in buried 111-V QDs has been reported.’ In contrast, the
biexciton binding energy depends on a fine balance between
attractive and repulsive interaction, while usually dominated
by attractive interaction in type-I QDs due to the correlation
energy of the confined excitons overwhelming the Coulombic
repulsion.”> In the case of a strong internal electric field, it
has been shown that including correlation effects in the simu-
lation of the biexciton ground state is necessary to reproduce
the cross-over from binding to anti-binding as a function of the
size in 11I-V QDs.’ The biexciton binding energies in perov-
skite semiconductors have been intensively characterized via a
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broad range of methods, for example, heralded spectroscopy,
transient absorption,’®° time-resolved PL trace,®>%3 and 2D
electronic spectroscopy. Note that care needs to be exercised
when comparing results from either single or ensemble meas-
urements, acquired at either RT or cryogenic temperature. For
example, the reported values for Ayy in CsPbBr; QDs span the
large range of —100 to +100 meV;[133559,60.6263.65-67] Jargely con-
tradicting each other. We posit that single-QD PL spectroscopy
at low temperatures is a promising route to lower the current
uncertainty on many-body interactions, as this method allows
for direct observation of individual multiexciton bands which
typically feature significant spectral overlap at RT. However,
biexciton emission studies via cryogenic single-QD PL spec-
troscopy have so far only been reported for CsPbl; QDs, with
a very limited QD size range.’®* The current lack of further
reports, also on other CsPbX; QD systems, stems from the typi-
cally sub-optimal optical and/or structural stability of perovskite
QDs at high excitation densities and the typically efficient non-
radiative Auger recombination of multiexcitons.[®% Despite
the clear importance of multiexcitons, exciton—exciton interac-
tion as well as multiexciton—phonon coupling are still poorly
understood, both experimentally and theoretically.

In this work, we report on the size dependence of trion and
biexciton binding energies of single CsPbBr; QDs across a
broad size range to unveil the many-body interactions in such
unusually soft inorganic semiconductors. We combined single-
QD PL spectroscopy at cryogenic temperatures with theoretical
calculations based on a configuration interaction (CI) method
to gauge the importance of many-body effects. In the following,
we will first discuss the spectral dynamics of trions and then
assess their size-dependent binding energies (Ax:). Next, we
will show optical properties of biexcitons, that is, fine struc-
ture, fluence dependence, and size-dependent binding ener-
gies (Axy). At the same time, CI calculations under effective
mass approximation (EMA) on CsPbBr; QDs are presented
and return specifics of soft perovskite compounds, for example,
polaronic coupling in the multiexciton regime.

2. Results

2.1. Size-Dependent Trion Binding Energy

The CsPbBr; QDs used in this study were synthesized according
to refs. [4] and [70]. The studied QDs have average edge lengths
of =9, 13, 16, 23, and 30 nm. The ensemble absorption and PL
spectra as well as TEM images and size distributions are pre-
sented in Figure S1, Supporting Information.

Figure 1b displays the time series of PL spectra of a single
9 nm CsPbBr; QD, obtained at cryogenic temperature. Two
spectral emission lines are discernible, subject to both spectral
diffusion as well as discrete exchanges of intensity between
both lines. The latter would not be observed for phonon rep-
lica and biexcitons, since fluctuations in intensity and/or
spectral position of the exciton typically occur in concert with
either biexciton®®* or phonon replica.* In contrast, intensity
fluctuations between both bands are well explained by photo-
charging events which transfer the photoexcited QD from the
exciton state (neutral, with PL at higher energy) to the trion
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state (charged, with PL at lower energy), and vice versa in
discharging events. In line with previous reports,’+37#2 the
photo-charging and -discharging processes seem to occur in
a random fashion, and the residence times in the trion state
depend on the excitation fluence, vary from QD to QD, and
are sensitive to the dynamics of the surface/environment. For
some QDs, multiple trion emission levels can be discerned (see
Figure 1b), originating mainly due to fast spectral diffusion. By
performing a double-Lorentzian fitting of each spectrum in the
time series (details see Supporting Information), we extract the
dynamics of PL energy, linewidth, and intensity of each band.
Both exciton and trion band feature a linewidth of =1-2 meV,
close to the spectral resolution of our monochromator (=1 meV
with a grating of 300 lines/mm). Under this experimental
condition, we do not resolve the exciton fine-structure. Their
intensities as a function of time are shown in Figure 1c, sug-
gesting that the integrated intensities of the exciton and trion
PL are very similar and their sum is constant, that is, exciton
and trion exhibit comparable PLQY.?®] For the trion binding
energy, we obtain Ay« =17 meV for this 9-nm CsPbBr; QD, well
within the broad range of 6-24 meV reported for 8-10 nm QDs
in ref. [37].

By performing such measurements and analysis on QDs
covering a broad range of sizes (see Figure S1, Supporting
Information), we are able to quantify the dependence of
Ay« on QD size (or exciton energy). The representative time
series of PL spectra from a 9-nm and a 30-nm QD are shown
in Figures 2a,b, respectively, with clear spectral and intensity
jump as well as bright emission of both exciton and trion. For
the larger QD, we observe a clear decrease of Ay« from 21 meV
down to 8 meV together with a red-shift of the exciton from
2.374 to 2.338 eV due to the weaker quantum confinement. In
total, we extracted Ay« for over 100 single CsPbBr; QDs (under
0.11-75 uJ cm2) by measuring from the intermediate to weak
quantum confinement regime. Figure 2c shows the trion
binding energies (Ax-) as a function of exciton energies (Ey) for
all individual QDs as well as the mean value for each QD batch.
QDs displayed in Figures 2a and 2b are marked by hollow
dots, respectively, in Figure 2c. With decreasing QD size (mean
exciton energy increasing from 2.32 to 2.42 eV), the mean
trion binding energy increases from 7 + 1 to 17 + 3 meV. Since
smaller QDs (9-13 nm) are more vulnerable to the surface/
environment fluctuations, their spectra display stronger spec-
tral diffusion (see Figures 1b and 2a) and therefore larger error
bars in Ay« (see Figure 2c,d). Figure 2d reports the mean values
of Ay« (blue solid) as a function of QD size, which agree well
to previously reported results (Fu et al.’”] and Becker et al.[*?)).
The observed increase in trion binding energy for decreasing
QD size is consistent with the enhanced Coulomb interaction
between electrons and holes in stronger quantum confinement.

In the following, we will address the questions of 1) why
trion binding energies in CsPbBr; QDs are high compared to
epitaxial, for example, GaAs and InAs QDs/QWs,”=3 and 2)
which factors contribute to the size dependence of the trion
binding energy in CsPbBr; QDs. To unveil the origin behind
the large Ay« in CsPbBr; QDs, especially at small QD size, we
perform theoretical calculations considering parameters rele-
vant to the orthorhombic crystal phase at low temperature, with
a reduced effective mass u = 0.126, and an effective dielectric

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH

85U8017 SUOWILLIOD A1) 3|qed ! [dde au Ag peuenob aJe sl YO ‘@SN JO Sa|nJ o} Afeld178UIIUO /3|1 UO (SUONIPUOD-PUB-SW.B) W00 A8 | M Afe.d|BulUO//SdnL) SUORIPUOD pue sWe 1 8y} 88 *[£202/S0/9T] Uo Alqi8uluO A8|IM ‘ISd ININSU| J81UdS [Med AQ 1SE802202 eWPe/Z00T 0T/I0p/AW0D" A8 | Afe.d 1 |puluo//:SAny Wouy papeojumoa ‘6 ‘€202 ‘S60rTZST



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

PL intensity (a.u.)

235 236 237 238

Energy (eV)
Cc
25
®°
20+ . ool o
g e® A ’\..o.
215 * &,
¥ J ® oo °
= ° . o
<x10- .? :.‘ o °
e ':o ¢ e 9nm
5 L4 ® 13 nm|
® 16 nm|
® 23nm
0 . . . 30'nm
2.32 2.36 2.40 2.44
Ex (eV)

www.advmat.de

(o

PL intensity (a.u.)

X

233 234 235

g Energy (eV)
25 " @ meanexpd,.
B Fuetal
20+ ® Beckeretal. 4
S NG (N o = 1.0
%} 154 == - T €t = 256 |
e T ot T Ein
10 i
5 o
0 T T - - .
0 5 15 20 25 30

10
Edge Length L (nm)

Figure 2. Size-dependent trion binding energy in CsPbBr; QDs. a,b) Time series of PL spectra from a single CsPbBr; QD with an edge length of =<9 nm
(a) and =30 nm (b), acquired with 1 s binning time. The trion binding energy (Ax), indicated by white arrows, is reduced in the larger QD. c) Experi-
mental Ay« of single QDs from QD batches with different mean QD sizes (see the legend for the color coding), reported as a function of the exciton
energies (1s—1s transition). The single QDs depicted in (a) and (b) are displayed as the hollow dots. d) Trion binding energy as a function of size. Our
experimental data (blue diamonds) are averaged over all the single QDs within one batch. Error bars are the standard deviation of Ay within each
sample. Cl calculations are performed without reduced dielectric constant in the environment (dash—dot line), for the experimentally employed poly-
styrene environment (&,,; = 2.56, solid line), and an air/vacuum environment (&,,; = 1.0, dot line). The best agreement with both our own experimental
data as well as those reported by Fu et al.l’] with single QDs in PMMA (red cube) and Becker et al.*? with single QDs in SEBS (red dot) is achieved
by the ClI calculation specifically accounting for the reduced dielectric screening by the employed polystyrene matrix. More details of Cl calculations

can be found in the Supporting Information.

constant &g = 73 (see detailed discussion in Supporting
Information).

First, we perform calculations using the well-established
single-band EMA combined with a treatment of the quantum
correlations between the carriers up to second order of many-
body perturbation theory, as shown in Figure S3a, Supporting
Information, where the predicted trion binding energies are
systematically lower than the experimental data. As discussed
in ref. [71], this underestimation could plausibly be explained
by a combination of a slightly overestimated dielectric constant
and/or so far neglected third- and higher-order terms in the
correlation energy. To further refine the theoretical model, we
performed additional calculations based on the full CI method
under single-band EMA. Further details of the theoretical
methods and assumptions can be found in Section SII, Sup-
porting Information. Theoretical calculations considering dif-
ferent environment dielectric constant (&,,) are plotted and
compared in Figure 2d.

A first scenario &, = &g = 73 (dash—dot grey line) mimics
the case of a densely packed QD ensemble (e.g., in a thin
film), where QDs are surrounded by other QDs with the
same effective dielectric constant. Clearly, such a scenario still
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underestimates the experimental values. In the second scenario,
we consider QDs in the vacuum with g, = 1, where results pre-
dict higher binding energy compared to experimental values.
In the last scenario, we consider QDs embedded in a dielec-
tric matrix with lower dielectric constant, which is the case of
our single-QD experiment where we have embedded our single
QDs in a polystyrene (PS) matrix to enhance the stability!?7>~7]
(see the Experimental Section for details about the sample
preparation). In this scenario, the theoretical calculations
include the approximate effect of dielectric confinement as
detailed in Section SII, Supporting Information. With the die-
lectric constant &,,; = 2.56 for PS, an excellent agreement with
the experimentally derived values is reached. The developed
theoretical model can further predict trion binding energies in
QDs with different compositions, for example, weakly confined
(=30 nm) CsPb(Br/Cl); QDs obtained by performing anion
exchange on CsPbBr; samples of the same size. On average,
we find higher trion binding energies after the anion exchange,
as shown in Figure S4, Supporting Information. CI calculations
for PS-encapsulated QDs again yield a good agreement with the
experimental values. Hence, apart from the above established
effect of size (via the quantum confinement), the perovskite
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Figure 3. Size-dependent biexciton binding energy (Axx) and polarization-dependent biexciton fine structure in single CsPbBr; QDs. a) PL spectra of
a single =23 nm CsPbBr; QD at three different excitation fluences. Inset: Fluence-dependent PL spectra show the gradual emergence of the trion and
biexciton peaks. The integration time of each spectrum is 1s. b) Fluence dependence of the spectrally integrated intensity of the exciton peak (dark
grey), trion peak (red), and biexciton peak (blue); power-law fits yield exponents of 0.72 (1.06 within low excitation regime), 1.43, and 2.06, respectively.
c) Polarization-resolved exciton and biexciton fine structures from a single =30 nm QD. The left panel: PL spectra measured at the polarization angles of
0° (blue, labeled as//) and 90° (green, labeled as L) for X and XX of a single CsPbBr; QD excited well above the saturation. Inset: schematic representing
the polarization of photons generated via the cascade process from biexciton to exciton to ground state. The right two polar plots are PL intensities
of the exciton (biexciton) doublet as a function of the linear polarizer angle. The blue (green) data points correspond to the exciton/biexciton doublet
peak shown in the left panel with a low (high)/high (low) energy. d) Size-dependent biexciton binding energies from single QDs, expressed as a func-
tion of their single-exciton energies (1s—1s transition). A perfect match between experiment and theory in the case of g = 6.9 = 95%¢.¢ suggest that
the effective dielectric constant for QDs with a biexciton is reduced by 5% compared to a QD with a single exciton (& = &5 =7.3) with &,,, = 2.56 for
PS. Inset: schematic representing the biexciton-induced lattice distortion. The latter results in an unconventionally high biexciton interaction, especially

in strongly confined QDs.

composition is another tuning knob for controlling the trion
binding energy, here achieved via a decrease of the dielectric
constant to &g = 7.0 after partial Br — Cl anion exchange in the
mixed-halide CsPb(Br/Cl); QDs.

2.2. Size-Dependent Biexciton Binding Energy

To identify the biexciton state, we study the PL spectra from
single QDs under progressively high excitation fluences.
Figure 3a shows the case of a 23 nm QD, which at low fluence
(dark grey solid) predominantly exhibits PL from the exciton
state (2.3445 eV), while at higher fluences (red and blue solid
lines) two additional sharp peaks appear at lower energies
(additional fluence-dependent measurements on different sized
QDs are presented in Figures S6 and S7, Supporting Infor-
mation). We attribute the latter to a trion and biexciton with
an energy Ex« (2.3358 eV) and Exx (2.3280 eV), respectively.

Adv. Mater. 2023, 35, 2208354 2208354 (5 of 9)

The inset shows the full fluence dependence with PL spectra
acquired between 0.49 and 13.60 pJ cm™. With increasing flu-
ence, first the trion and then the biexciton band significantly
increase in relative strength. To further confirm the origin of
the two red-shifted lines, we explore the fluence dependence
of their respective intensities. After spectrally deconvoluting
the respective lines via Lorentzian fits to the spectra, we plot,
in Figure 3b, the integrated intensity of exciton (grey markers),
trion (red markers), and biexciton (blue markers). Power-law
fits (solid lines) to each of the three intensity traces (see Sup-
porting Information for further details) reveal distinctly dif-
ferent behavior, with power-law exponents of 0.72 (1.06 within
low excitation regime), 1.43 (up to high excitation regime), and
2.06 (up to high excitation regime) for exciton, trion, and biex-
citon, respectively. The super-linear fluence dependence of the
trion and biexciton with exponents close to the expected values
(=1.5 and 2 for the trion and biexciton, respectively) corroborate
our assignment of the emissive species.26-3878-80]
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Having identified and assigned the biexciton band in the
rich PL spectrum of colloidal CsPbBr; QDs, we now proceed
to target an outstanding challenge in the colloidal QD field.
Unlike for the well-studied and robust epitaxial QDs,# a
thorough study of the biexciton fine structure with a full polari-
zation dependence of each sub-level has still not been reported
for CsPbBr; QDs, and only few reports exist employing
CsPbl; QDs.33# This can, in part, be attributed to the pres-
ently still limited photostability of perovskite QDs at the high
excitation densities required for observing biexciton emission.
Obtaining such knowledge would be important for unlocking
the full potential of colloidal QDs for several quantum-tech-
nology applications.

Here, enabled by the latest development in the synthesis
of bright and photostable QDs (see Supporting Informa-
tion),”%l we report, to the best of our knowledge, for the first
time the polarization dependence of the biexciton fine struc-
ture in CsPbBr; QDs. Consistently with previous reports,3!
trions emission has been found to be unpolarized (Figure S8,
Supporting Information). In Figure 3c, the representative PL
spectra excited at 1.50 uJ cm™ (QD size =30 nm) at the polar-
izer angles of 0° (blue, labeled as//) and 90° (green, labeled as
1) are displayed. The spectra indicate spectral fingerprints of
exciton and biexciton doublet fine-structure, with fine structure
splitting (Agrs) around 0.6 meV. In the right panel of Figure 3c,
a polarization diagram is displayed for each studied structure,
each point representing the integrated intensity of one peak
at a given orientation. The linear and orthogonal polarization
of this doublet is fully unveiled by these two polar plots. Com-
paring the two polar plots with the spectra, peak X (XX]) cor-
responds to the exciton (biexciton) doublet peak with the low
(high) energy. The peak X, (XX)) refers to the other sub-level.
Single-exciton fine structures with linear and orthogonal polari-
zation have been reported for perovskite QDs and associated to
bright triplet exciton character.!?31:37.38.86-88] For the biexciton,
as the energy diagram depicted in the inset of Figure 3c, tran-
sition lines start from the bright biexciton state |XX> to the
non-degenerate exciton triplet |X>, and the latter to the ground
state |G>. Each pair of photons from |XX> to the ground state
with | X> being an intermediate state should conserve the same
total energy as well as polarization.?®#1-%% This is consistent
with the symmetry analysis of the exciton and biexciton states
in the orthorhombic phase of CsPbBr; (see Supporting Infor-
mation). In conclusion, both the power-dependent measure-
ments and the polarization resolved fine-structures in these
large CsPbBr; QDs confirm our assignment to a biexciton, with
an overall attractive exciton—exciton interaction. Weakly con-
fined QDs (=23-30 nm) exhibit biexciton binding energies Ayy
of =15-18 meV. The biexciton binding energy can further be
enhanced via the quantum confinement effect (by reducing the
QD size), as shown in Figure 3d. When QD sizes decrease from
30 to 9 nm, the Ayy is doubled from =15 to 30 meV. For such
small QDs, large spectral diffusion hinders the observation of
biexciton fine structures. Remarkably, the biexciton binding
energy is large and nearly equal to the exciton binding energy,
contrary to standard semiconductors in which Ayxy accounts
for =20-30% of the exciton binding energy. This remarks
the quite strong correlation of excitons in soft perovskite
compounds.
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As for the case of trions, Figure 3d compares the experi-
mental data of biexciton binding energies with the theoretical
predictions based on the developed CI model. CI calculations
which include the sole, approximate environmental dielectric
screening (purple dash) fail to reproduce the experimental
trend, especially for small QD size. This is consistent with
previous variational calculations on CdSe nanoplatelets, which
demonstrate that the ratio of the biexciton to exciton binding
energies remains smaller than the theoretical 2D limit of
0.23 when the same dielectric confinent effect is considered for
both cases.B%%1 A so far missing contribution to the binding
energy may come from the recently discussed photoinduced
lattice deformations in metal-halide QDs and the formation
of biexciton polarons,’#¢791-%] 3 weak and generally neglected
effect in conventional semiconductor QDs. It shall yield a
polaronic interaction with the biexciton complex slightly dif-
ferent from the one of the excitons due to the non-negligible
local lattice deformation and enhanced carrier correlations
(see inset in Figure 3d). Specifically, we posit that the effect of
polaron manifests itself as decreased dielectric constant in the
biexciton regime (). Tuning the &y in the calculations, we
found that a hypothetical 5% reduction in eyy compared to the
effective dielectric constant of single exciton (&.q) well repro-
duces the experimental data. Such a limited, albeit important,
lattice-mediated reduction in the dielectric constant for biexci-
tons may be one of the keys to rationalize the surprisingly high
biexciton binding energy, and hence, strong multiexciton inter-
action in CsPbX; QDs, particularly in the strong confinement
regime. In other words, our combined experimental-theoretical
work suggests that colloidal perovskite QDs not only display
remarkable optical properties in the single-exciton regime,
but also unfold exciting and unconventional many-body inter-
actions under strong optical excitations. From a theoretical
perspective, it is important to note that the conjecture for lat-
tice-mediated reduced dielectric constant of biexcitons can be
rigorously assessed only when a full CI implementation, espe-
cially one that contains the triple and quadruple excitations,
based on a more sophisticated model beyond EMA and an exact
description of the dielectric screening are included.

3. Conclusion

In conclusion, we reveal the size-dependent trion and biexciton
binding energy of CsPbBr; QDs via a combination of single-
QD PL spectroscopy at cryogenic temperatures and calculations
based on the CI method. Both the trion and biexciton interac-
tion is attractive and the associated binding energies increase
with decreasing QD size. The experimentally inferred size-
dependent trion binding energies can be fully reproduced in
our calculations after including the effects of quantum confine-
ment, phonon screening due to exciton—phonon interaction,
as well as dielectric screening by the environment. However,
in the case of biexciton binding energies, satisfactory agree-
ment between theory and experiment is only achieved after
accounting for an altered effective dielectric medium. We
posit that the latter is a result of photoinduced lattice distor-
tions and biexciton—polaron formation in the soft host material,
particularly important for smaller QDs. Our findings deepen
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the understanding of many-body interactions in all-inorganic
CsPbX; LHP QDs and serve as a basis for exploring the uti-
lization of trions and biexcitons in quantum technologies, for
example, single-photon sources, entangled-photon pair emis-
sion, and polaritonic devices.

4. Experimental Section

Sample Preparation: The preparation consisted of two major steps:
dilution and spin coating. Both steps were conducted in a glove box
under N, atmosphere. The QDs dispersion with a concentration of
=0.5-1 mg mL™" was diluted by a factor 100 to 200 in toluene (ACROS,
99.85% extra dry over molecular sieves). The solution was further
diluted by another factor 100 in a 3-mass% solution of polystyrene
(ALDRICH, average Mw = 280 000) in toluene (ACROS, 99.85% extra dry
over molecular sieves). 50 uL of the final solution was spin coated onto
an intrinsic crystalline Si wafer with a 3-um-thick thermal-oxide layer at
50 r.p.s for 60 s.

Optical Characterization: For single-QD spectroscopy, a home-
built micro-PL setup was used. The samples were mounted on xyz
nano-positioning stages inside an evacuated liquid-helium closed-
loop cryostat (Montana Instruments) and cooled down to a targeted
temperature of 4 K. Single QDs were excited by means of a fiber-
coupled excitation laser at an energy of 3.06 eV with a repetition rate of
20 MHz (PicoQuant, <50 ps pulses) or at an energy of 2.58 eV with a
repetition rate of 80 MHz (Toptica Photonics, 400 fs pulses), which was
focused (1/€? radius = 1.2 um) on the sample by a microscope objective
(NA = 0.8, 100x). Typical power densities used to excite single QDs were
0.1-7.5 uJ cm~2 The emitted light was collected by the same objective
and passed through a dichroic mirror (long-pass, cut-on wavelength
450 nm or 488 nm) and a long-pass filter at 450 or 500 nm. The
emitted light was analyzed by a monochromator coupled to an EMCCD
(Princeton Instruments, 0.75 m, typical integration time of 1) for spectra
measurements. Spectra could be measured with a grating of 300 lines/
mm, blaze 500 nm, giving around 1 meV spectral resolution. Polarization
resolved spectra were measured under 1.5 pj cm™ excitation, with a
grating of 1800 lines/mm, blaze 500 nm (=0.3 meV resolution), and a
linear polarizer in the collection path with rotatable axis.

Theoretical Model: The CI method based on single-band EMA was
used to treat the correlation energy beyond second order in perturbative
expansion. To reduce the computational cost, only the blocks involving
double excitations that directly connected to the multiexciton ground
states were considered in the Cl matrix. The single-particle basis
states were obtained analytically from eigenvalues and eigenvectors
of the noninteracting Hamiltonian in the EMA with the underlying
impenetrable wall assumption. The N-particle basis was constructed as
the tensor product of N single-particle bases. The effect of the dielectric
confinement due to the presence of an external medium outside was
approximated by using the multiplicative factor that was derived
from second-order energy, which contained Coulomb interaction, in
the spherical perturbative calculations. More details can be found in
Section SlI, Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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