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Quasi-two-dimensional semiconductor nanoplatelets (NPLs) are intriguing systems for studying
the influence of Auger recombination processes on the multiexciton emission efficiencies in the weak
in-plane confinement regime. We investigate CdSe/CdS core/shell NPLs using cryogenic tempera-
ture single particle spectroscopy and observe bright biexciton emission at high excitation powers.
The average binding energy of the biexcitons is determined to be 16.5 meV. The observed switching
between the biexciton and trion states indicates charging-decharging dynamics of the NPLs me-
diated by the Auger ionization process. These findings are highly relevant for harvesting efficient
biexciton emission for energy, lighting and quantum applications.

Quantum confinement in low-dimensional semiconduc-
tor materials is often manifested as reduced dielectric
screening and strong many-body Coulomb interaction,[1,
2] which can lead to the formation of stable excitons and
higher-order excitonic states with large binding energies
and oscillator strengths. Of particular interest are biex-
citons, bound states of two electron-hole pairs, due to
their applications in low-threshold lasing, energy harvest-
ing and quantum cascade emission of photon pairs.[3–
5] While biexciton emission in highly confined quantum
dots is typically diminished due to ultrafast nonradiative
Auger recombination processes, control over electron and
hole wavefunction overlaps has been demonstrated to be
an effective strategy for suppressing Auger processes and
enhancing multiexciton emission.[6, 7]

Semiconductor nanoplatelets (NPLs) are quasi-two-
dimensional nanostructures that are tens of nanometers
in lateral dimension but only a few atomic layer thick.
Due to the strong quantum confinement in the thickness
direction, NPLs present narrower optical spectra com-
pared to their quantum dot counterparts.[8] The spread-
ing of the exciton wavefunction over the extended lat-
eral dimension[9, 10] has led to the observation of gi-
ant oscillator strength and fast radiative decay rates in
NPLs.[11, 12] Moreover, they can serve as a model system
for tuning the Auger recombination rates and biexciton
states due to their adjustable plate geometry. Specifi-
cally, an increase in the NPL lateral dimension can re-
sult in a reduction in the Auger recombination rate and
consequently more efficient multiexciton emission,[11, 13]
attested by previous observation of bright trion emission
from the NPLs.[9, 14] However, despite the importance
of biexciton emission in energy and quantum related ap-
plications, study of biexciton states in nanoplatelets has
remained sparse.[3, 15]

Here, we investigate CdSe/CdS core/shell NPLs us-
ing cryogenic temperature single particle optical spec-
troscopy. An advantage of performing measurements on
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FIG. 1. (a) Transmission electron microscope image of the
NPLs. Inset: a sketch of the NPLs. (b) Absorption (black)
and emission (red) spectra of the NPL solutions at room tem-
perature. HH: heavy hole; LH: light hole.

single NPLs is that it could help reveal the intimate de-
tails of the nanoscale photophysics such as homogeneous
broadening and local electrostatic field fluctuations of in-
dividual NPLs. We demonstrate evidence of biexciton
emission in the NPLs which exhibits characteristic spec-
tral correlation with single exciton emission and super-
linear power dependency. Biexciton binding energies of
10 - 28 meV with an average value of 16.5 meV were dis-
covered. Switches between trion and biexciton emission
were also observed, which allows for the derivation of the
relative energy levels in the studied NPLs. These findings
provide evidence for the suppressed Auger recombination
processes and efficient multiexciton emission in NPLs.

The NPLs used in this study were synthesized follow-
ing a previously published colloidal atomic layer depo-
sition technique.[16] Each NPL was comprised of four
monolayer-thick (∼ 1.2 nm) CdSe cores conformally
coated with four monolayers of CdS shells. The aver-
age lateral dimension of the NPLs was determined to
be around 21 x 7 nm2 using transmission electron mi-
croscopy (Fig. 1(a)). These lateral dimensions are well
above the exciton Bohr radius of CdSe (5.6 nm),[17] thus
placing the NPLs in the weak and medium confinement
regimes in the length and width directions, respectively.
Fig. 1(b) shows the absorption and emission spectra of
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FIG. 2. (a) A second-order photon correlation (g(2)(τ)) trace

of a NPL. (b) The g(2)(τ) trace after applying a gate time of
5 ns. (c) Time-dependent PL spectra of an individual NPL.
The integration time of each frame is 5 s. (d) PL spectra of
a NPL at various excitation powers. The excitation power is
shown to be normalized to the maximum power. (e) Pump-
power dependent PL integral of the two emission peaks in (d).
The lines are power-law fits to the data.

the NPL solutions at room temperature. Two character-
istic features can be resolved in the absorption spectra,
which can be assigned to the electron-heavy hole (HH,
lower energy) and electron-light hole (LH, higher energy)
transitions.[8] The emission occurs at a small Stokes shift
(22 meV) from the electron-heavy hole absorption peak.

NPL samples for cryogenetic temperature optical mea-
surements were prepared by diluting the stock solutions
followed by spin coating them onto pre-cleaned quartz
substrates. The prepared samples were then loaded into
a continuous-flow liquid helium cryostat that is installed
on a home-built micro-photoluminescence setup. We use
a 400 nm diode laser to excite the NPLs into the contin-
uum band by focusing the laser beams onto the samples
using a microscope objective (NA = 0.7, 40x). The pulse
width and repetition rate of the laser are around 50 ps
and 5 MHz, respectively. Photoluminescence (PL) from
the NPLs was collected by the same objective and sent
to a charge-coupled device equipped on a 500 mm spec-
trometer for imaging and spectroscopic measurements,
or to two single-photon avalanche diodes in a Hanbury
Brown-Twiss configuration for time-resolved and time-
correlated single photon counting experiments. Unless
otherwise stated, all the optical measurements were per-
formed at 5 K.

In order to ensure that single NPLs instead of their

clusters were measured each time, we start by perform-
ing second-order photon correlation (g(2)(τ)) studies of
the NPLs. In this mode, the laser excitation power was
kept sufficiently low so that the average absorbed photons
per pulse was below 0.5. Fig. 2(a) shows a representative
g(2)(τ) trace of a NPL. By defining the area ratio between
the center peak and the side peaks of the g(2)(τ) trace
as R, we obtain its value to be 0.96. For a typical quan-
tum dot, the so-called photon antibunching manifested as
R → 0 in the g(2)(τ) trace is expected, which indicates
that the probability of detecting two or more photons per
excitation pulse is low. The observation of the non-zero
R value could have two origins: the excitation of more
than one NPLs in the laser beam spot or quantum cas-
cade emission of biexcitons.[11, 18] To identify the origin,
we apply a time gating technique[19, 20] to the g(2)(τ)
measurements. Based on the fact that biexcitons decay
faster than single excitons[21] and by constructing the
g(2)(τ) traces only using photons with decay times much
longer than the biexciton lifetime, we are able to exclude
the contributions of the biexciton emission in the R val-
ues and only single photon emission is considered. Fig.
2(b) shows the g(2)(τ) trace after applying a gate time
of 5 ns. Apparently the R value has decreased to nearly
zero. This observation reveals that the non-zero R value
observed in Fig. 2(a) is indeed caused by biexciton emis-
sion instead of the excitation of multiple NPLs. By ap-
plying this approach, we are able to distinguish single
NPLs from multiple ones even though both could give
rise to non-zero R values. We only consider those NPLs
exhibiting gated R value of zero to be single and further
investigate them.

Emission spectra of the single NPLs at cryogenic tem-
peratures can help reveal their electronic fine struc-
tures and related photophysics. Fig. 2(c) shows a
time sequence of photoluminescence spectra from a NPL.
Two distinct PL peaks can be observed with an almost
constant energy spacing of around 15.4 meV between
them. Fluctuations in local electrostatic fields can in-
duce changes in the exciton binding energies, leading to
spectral shift or broadening, as observed for both PL
peaks in Fig. 2(c).[22] This kind of spectral diffusion
behavior has also been observed in other quantum con-
fined systems and is typically attributed to fluctuations in
surface charges.[23] Moreover, the two PL peaks demon-
strate correlated on/off blinking behavior, as evident at
around 0 s and 120 s in Fig. 2(c). The correlated PL
peaks outline a possible emission cascade initialized by a
biexciton state.[24]

We further perform excitation power-dependent stud-
ies of such correlated PL features (Fig. 2(d)). At low ex-
citation powers, the high-energy peak dominates, but as
we increase the power, the low-energy peak becomes more
prominent. A careful inspection of the power-dependent
PL integral intensity reveals distinctively different be-
haviors of the two peaks, with the intensity of the low-
energy peak increasing much rapidly compared to the
high-energy peak (Fig. 2(e)). Fitting of the power-
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dependent PL intensity data with power law functions
I ∝ Pα yields a linear coefficient α = 1.02 for the high-
energy peak and a superlinear coefficient α = 1.40 for the
low-energy peak. This superlinear dependency together
with the correlation between the two PL features allows
us to assign the high- and low-energy peaks to single ex-
citons and biexcitons, respectively.[25, 26] For a quantum
emitter in full thermal equilibrium, the biexciton density
is expected to grow quadratically with respect to the sin-
gle exciton density (i.e. α = 2), but instead α = 1.2
- 1.9 has often been observed[25] and it is typically at-
tributed to the lack of thermal equilibrium between the
involved states.[27] We believe the α = 1.40 coefficient
observed here is due to a similar mechanism caused by
the short lifetimes of the single excitons[8, 9] and the
weak exciton-phonon interactions in CdSe NPLs at low
temperatures.[28]

We observe biexciton emission in around 32% of the
studied NPLs (22 out of 68). From the spectral posi-
tions of the exciton and biexciton emission, we can derive
the biexciton binding energy Ebxx. Specifically, biexciton
binding energy is defined as Ebxx = 2Ex − Exx, where
Ex and Exx are the energies of the single exciton and
biexciton states, respectively (Fig. 3(a)). Since the ra-
diative decay of a biexciton results in a single exciton,
Exx = ~ωxx + Ex, where ~ωxx is the biexciton emission
energy. Given that Ex = ~ωx with ~ωx being the exciton
emission energy, the biexciton binding energy is equal to
the energy shift between the single exciton and biexciton
emission: Ebxx = ~ωx−~ωxx. For the NPLs studied here,
Ebxx varies in the range of 10 - 28 meV with an average
value of 16.5 meV (Fig. 3(b)). This variation in the bind-
ing energy could be related to the small deviations in the
NPL sizes aside from contributions from local environ-
mental perturbations. The average value obtained here
is smaller than the biexciton binding energies reported
for epitaxially grown quantum dots[29] but larger than
those of quantum wells[30], which is consistent with the
quasi-two-dimensional nature of the NPLs. As the exci-
ton localization increases, which is manifested as an in-
crease in the exciton emission energy, the biexciton bind-
ing energy would increase accordingly.[31] No systematic
dependency between the biexciton binding energy and
exciton emission energy is observed here (Fig. 3(c)). This
may be due to the narrow emission energy window of the
NPLs and the spectral diffusion which make the obser-
vation of any confinement-induced enhancement in the
biexciton binding energy negligible.[29] Further studies
of the binding energies that could preclude the influence
of spectral diffusions could be beneficial for elucidating
the effect.

For the NPLs that exhibit biexciton emission, we
sometimes observe abrupt switching from the two cor-
related exciton-biexciton emission peaks to a third fea-
ture, as exemplified in Fig. 3(d) and 3(e): when the
biexciton-exciton cascade emission turns dark, the third
feature turns bright, and vice versa. The energy sepa-
ration between this third feature and the exciton emis-

FIG. 3. (a) Energy levels in the studied NPLs. |G〉, |T〉,
|X〉 and |XX〉 represent the ground, trion, exciton and biexci-
ton states, respectively. Eb

T and Eb
xx are the binding energies

of the trions and biexcitons. (b) Histogram of the biexciton
binding energies. (c) The biexciton binding energies plotted
as a function of the corresponding exciton emission energy.
(d) A representative time sequence of PL spectra of a NPL
showing switching between the biexciton and trion states.
The integration time of each spectrum is 2 s. (e) PL spec-
tra corresponding to the highlighted time regimes in (d). X,
XX, and T represent excitons, biexcitons and trions, respec-
tively. (f) Sketch of the transitions among biexciton, trion
and exciton states. The example is given for a negatively
charged NPL. I: cascade emission of a biexciton to a single
exciton. II: trapping of surface charges leading to charged
NPLs. III: Auger ionization of biexciton states resulting in
charged NPLs. IV: trion emission.

sion is around 8.2 meV. This energy separation and the
correlated switching characteristics of the third feature
with single exciton emission lead us to its assignment as
the trion emission, as was previously discovered in such
NPLs.[9] When the NPL undergoes photoexcitation upon
illumination, it creates single excitons at low excitation
powers but generates biexcitons at high powers, which
can lead to the biexciton and single exciton emission (I
in Fig. 3(f)). However, it has been reported[9, 14] that at
low temperatures, the NPL tend to turn into a charged
state either through trapping of surface charges (II in
Fig. 3(f)) or Auger ionization process of the biexcitons
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(III in Fig. 3(f)). The excited state of the charged NPL,
i.e. the trion state, can lead to the trion emission (IV
in Fig. 3(f)). The trapping and detrapping of the extra
charge results in the observation of switches between the
biexciton-exciton emission and trion emission. We note
though that the charging-decharging process can happen
very fast and take place within the experimental integra-
tion time, which explains the observation of both types of
spectral features at around 15 - 35 s in Fig. 3(d). For the
NPLs exhibiting biexciton emission, the transition typ-
ically happens between the biexciton-exciton and trion
states (III and IV) but rarely between the single exci-
ton and trion states (II and IV), which indicates that in
these NPLs, the charged states are predominantly formed
through Auger processes. Moreover, the binding energies
of the biexcitons and trions allow us to derive the rela-
tive energy levels of these states for the NPLs studied
here (Fig. 3(a)).

In conclusion, we investigate CdSe/CdS core/shell
NPLs using cryogenic temperature single particle spec-
troscopy and observe bright biexciton emission at high
excitation powers. This provides new evidence for
the suppressed Auger recombination processes in these

quasi-two-dimensional NPLs and the potential to harvest
bright multiexciton emission from them. The binding en-
ergy of the biexcitons is determined to be around 16.5
meV. The direct transition between biexciton and trion
states indicates that the biexciton states in the NPLs are
still prone to Auger processes. The findings obtained in
this study may have important implication for the devel-
opment of lightening devices and photovoltaics based on
the NPLs.[32–34]
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