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Semiconductor colloidal nanocrystals (NCs) can interact with each other to profoundly influence the charge trans-
fer, transport and extraction processes after they have been assembled into a high-density film for optoelectronic
device applications. These interactions normally occur among several nearby single colloidal NCs, which should
be effectively separated from their surroundings to remove the ensemble average effect for fine optical character-
izations. By means of atomic force microscopy (AFM) nanoxerography, here we prepare individual clusters of
perovskite CsPbBr3 NCs and perform single-particle measurements on their optical properties at the cryogenic
temperature. While discrete photoluminescence bands can be resolved from the several single CsPbBr3 NCs that
are contained within an individual cluster, the shorter- and longer-wavelength bands are dramatically different
in that their intensities show sub- and superlinear dependences on the laser excitation powers, respectively. This
can be explained by the generation of charged excitons (trions) at high laser excitation powers, and their subse-
quent Dexter-type energy transfer from smaller- to larger-sized CsPbBr3 NCs. Our findings not only suggest that
these individual clusters prepared by AFM nanoxerography can serve as a potent platform to explore few-NC
interactions but they also reveal the long-neglected role played by trions in channeling photo-excited energies
among neighboring NCs.

PACS: 78.67.Bf, 71.35.Pq, 78.55.−m, 36.40.Vz DOI: 10.1088/0256-307X/37/12/127801

Semiconductor perovskite nanocrystals (NCs)
have been subjected to intensive optical characteri-
zations that aim to explore their fundamental pho-
tophysical properties, since their first synthesis in
2015.[1,2] At the ensemble level, very rich research top-
ics are currently being covered, ranging from ultrafast
exciton dynamics,[3,4] carrier-phonon coupling,[5] am-
plified spontaneous emission,[6] energy transfer[7] to
the novel ion migration[8] and superfluorescence[9] ef-
fects. At the single-NC level, the quantum-emitter
feature has been confirmed from the single-photon
emission measurements,[10,11] with the subsequent
revelations of fluorescence blinking,[12,13] exciton fine
structure[14−16] and coherent optical property.[17,18]

Concomitant with the ever-increasing fundamental
understandings of perovskite NCs, they have been im-
plemented in a variety of practical applications, such
as solar cells,[19,20] light-emitting diodes,[21] lasers[22]

and photodetectors.[23] In these optoelectronic de-
vices, perovskite NCs are unavoidably assembled into
high-density films, where their mutual interactions are
decisive in optimizing or deteriorating the relevant op-

eration parameters. It is obvious that neither the
ensemble nor the single-NC approach is capable of
precisely resolving these fine mutual interactions that
normally occur among several neighboring perovskite
NCs, which are difficult to be isolated out from the
as-prepared solid films.

A viable solution of this problem is to prepare an
individual cluster that contains a limited number of
closely packed NCs, which was realized in several pre-
vious reports by focusing on the traditional CdSe sys-
tem. By mixing methanol with hexane to change the
solvent polarity, Yu and Van Orden demonstrated that
several single CdSe/ZnS NCs could be clustered to-
gether with enhanced fluorescent blinking that might
be caused by their collective charge interactions.[24]

Under the condition of limited ligand protection, a
flower-like cluster of 4–5 single CdSe/CdS NCs was
synthesized by Zhang et al., which was shown to
still possess a photon-antibunching behavior arising
from Auger interactions among their photogenerated
excitons.[25] Cui et al. linked two single CdSe/CdS
NCs with tetrathiol molecules and then fused them
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via constrained oriented attachment to yield a dimer
cluster, wherein the coherent coupling and wavefunc-
tion hybridization led to a redshift of the bandgap
energy.[26] Very recently, Sharma et al. observed that
individual clusters of perovskite CsPbBr3 NCs could
be formed in the emission layer of a light-emitting
diode, and the electroluminescence (EL) primarily
originated from larger-sized CsPbBr3 NCs, due to ef-
ficient charge migration from smaller-sized CsPbBr3
NCs.[27] Owing to the random formation feature, it
was difficult in this case to achieve a systematic con-
trol over the size of an individual cluster, which could
contain tens to hundreds of single CsPbBr3 NCs, to
give a succinct interpretation of their mutual interac-
tions.

In this work, we employ atomic force microscopy
(AFM) nanoxerography to deposit individual clusters
of perovskite CsPbBr3 NCs onto the sample substrate,
the number of which can be well controlled by vary-

ing the voltage applied to the AFM tip. From optical
measurements on individual clusters at the cryogenic
temperature, discrete photoluminescence (PL) peaks
can be well resolved from the neutral excitons of differ-
ent single CsPbBr3 NCs. With the increasing power
of laser excitation on an individual cluster, the PL
intensities of larger-sized CsPbBr3 NCs show a super-
linear dependence and become dominant over those
of smaller-sized CsPbBr3 NCs with a sublinear de-
pendence. From optical measurements on single iso-
lated CsPbBr3 NCs, this superlinear dependence on
the laser excitation power is also reflected in the PL
intensities of charged excitons (trions). We thus pro-
pose that there should exist Dexter-type energy trans-
fer from smaller- to larger-sized CsPbBr3 NCs within
an individual cluster, which is facilitated by the in-
creasing probability of trion generation at higher laser
powers.
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Fig. 1. (a) Transmission electron microscopy image of CsPbBr3 NCs. Inset: statistic histogram for the size
distribution of CsPbBr3 NCs. (b) Scanning electron microscopy images of four individual clusters of CsPbBr3 NCs.
(c) Atomic force microscopy image of an array of individual clusters of CsPbBr3 NCs. (d) Topographic height profile
of individual clusters taken along the vertical dashed line in panel (c).

Results. By means of the hot injection method
that has been reported before,[15] the colloidal
CsPbBr3 NCs are synthesized with an edge length of
14.5 ± 1.4nm [Fig. 1(a)], which is significantly larger
than the exciton Bohr diameter of ∼7 nm to imply a
weak quantum confinement.[1] To prepare individual
clusters of CsPbBr3 NCs with the AFM nanoxerog-
raphy method,[28] a 100-nm-thick fluoropolymer film
unwettable to cyclohexane is first spin-coated onto a
Si substrate. Then a voltage ranging from 30 to 70V

is applied to the AFM tip for the injection of charges
into the fluoropolymer film. When the CsPbBr3 NCs
dissolved in a cyclohexane solution are spin-coated
onto the fluoropolymer film, they can interact with
the charges electrostatically to form local clusters. By
moving the AFM tip and changing the applied volt-
age, the location of a cluster and the number of sin-
gle CsPbBr3 NCs therein can be well controlled. As
shown in the scanning electron microscopy (SEM) im-
age that is given in Fig. 1(b), the individual clusters
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studied in our experiment are each characterized with
a lateral size of ∼62 ± 13 nm. Meanwhile, the AFM
image measured for an array of individual clusters is
plotted in Fig. 1(c), from which an average vertical
height of ∼12 nm can be estimated for each cluster
[Fig. 1(d)]. Based on these lateral size and vertical
height measurements, it can be deduced that there
are at most 10 single CsPbBr3 NCs dwelling inside an
individual cluster.

For comparison purposes, we have also prepared
a solid film of isolated single CsPbBr3 NCs by spin-
coating one drop of their diluted cyclohexane solution
onto a fused SiO2 substrate. The sample substrate
containing either individual clusters or isolated sin-
gle CsPbBr3 NCs is attached to the cold finger of a
helium-free cryostat operated at 4 K, where they are
excited at 405 nm by a picosecond pulsed laser with
a repetition rate of 80 MHz. A dry objective with a
numerical aperture of 0.82 is used to focus the laser
beam, as well as to collect the PL signal, which is sent
through a spectrometer to either a CCD for the PL
spectral measurement or to an avalanche photodiode
for the PL lifetime measurement with a resolution of
∼100 ps. To avoid possible generation of multiple ex-
citons that might complicate the experimental results,
all of the optical measurements are performed at the
linear excitation regime so that the PL intensity of a
single CsPbBr3 NC increases linearly with the increas-
ing laser power.
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Fig. 2. (a) PL spectra of a single CsPbBr3 NC measured
at three different laser excitation powers. (b) PL intensi-
ties of neutral exciton (X, blue dots) and trion (X*, red
triangles) measured for this single CsPbBr3 NC as a func-
tion of the laser excitation power, and fitted by the solid
lines with power-law functions. (c) PL decay curves mea-
sured for neutral exciton (X, blue square) and trion (X*,
red circle) of this single CsPbBr3 NC, and fitted by the
solid lines with single-exponential functions.

The typical PL spectra measured for an isolated
single CsPbBr3 NC are plotted in Fig. 2(a), where
only a single peak (∼523.5 nm) exists at the low laser

power of 0.1µW, due to the optical emission of neu-
tral exciton. With the increasing laser power, there
emerges a new PL peak (∼526.0 nm) from charged ex-
citon (trion) whose recombination energy is ∼11 meV
smaller than that of neutral exciton. As shown in
Fig. 2(b), the PL intensities (𝐼) measured for neutral
exciton at different laser powers (𝑃 ) can be fitted by
the power-law function of 𝐼 = 𝑃𝑛 to yield a sublin-
ear exponent of 𝑛 = 0.99. Nevertheless, the trion
PL intensity shows a superlinear behavior with an
exponent of 𝑛 = 1.17, which is consistent with the
previous reports that the fast charging and discharg-
ing events would be triggered at high laser excitation
powers.[13] The PL decay curves that are measured
for neutral exciton and trion of this specific CsPbBr3
NC are plotted in Fig. 2(c), which can be both fitted
by single-exponential functions with the PL lifetimes
of ∼0.32 and ∼0.29 ns, respectively. From the opti-
cal measurements on tens of single isolated CsPbBr3
NCs, it can be concluded for the trion that its PL peak
never appears at the low laser power of 0.1µW, its PL
intensity always increases superlinearly with the laser
power, and its PL lifetime is relatively shorter than
that of the corresponding neutral exciton.
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Fig. 3. (a) PL spectra measured for an individual cluster
of CsPbBr3 NCs at five different laser excitation powers,
showing the existence of five emission bands marked by A,
B, C, D and E, respectively. (b) PL intensities measured
for these bands versus the laser excitation power, and fit-
ted by the solid lines with power-law functions. (c) PL
decay curves measure for the A and B bands, and fitted
by the solid lines with single-exponential functions.

In the next experiment, we switch to the optical
studies of individual clusters to probe possible interac-
tions among the composing CsPbBr3 NCs. As shown
representatively in Fig. 3(a) for an individual cluster
excited at increasing laser powers, five PL bands from
different single CsPbBr3 NCs can be roughly resolved,
which are marked by A, B, C, D and E from the
longer to shorter wavelengths. At the low laser power
of 0.1µW, nearly all of these bands are present with
comparable PL intensities. When the laser power is
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further increased, it is surprising to see that PL in-
tensities of the longer-wavelength bands become sig-
nificantly dominant over those of the shorter wave-
lengths. From power-law fitting of the PL intensity
as a function of the laser power [Figure 3(b)], the
shorter-wavelength C, D and E bands are associated
with sublinear exponents of 0.75, 0.90 and 0.92, re-
spectively. In contrast, the respective exponents of
1.21 and 1.04 fitted for the longer-wavelength A and
B bands are reminiscent of the superlinear PL behav-
ior demonstrated in Fig. 2(b) for the trion. Since the
A band has a more prominent superlinear dependence
on the laser power than the B band, we will focus on
it in the following discussions to explain the relevant
PL mechanisms.

As mentioned earlier in the text, the A band al-
ready shows up at the laser power of 0.1µW, and

therefore it should originate from neutral exciton in-
stead of trion that appears only at high laser powers.
Meanwhile, it can be clearly seen that the A band is
composed of triplet PL peaks especially at the laser
power of 1.0µW, which should correspond to the fine
energy-level structures of neutral exciton commonly
observed in single perovskite NCs.[16,29] Meanwhile,
a single PL peak should be expected from the trion
emission due to the removal of electron-hole exchange
interactions.[15] The PL lifetime measured for the A
band is ∼0.41 ns [Fig. 3(c)], which is obviously longer
than that of ∼0.28 ns for the B band, as well as those
values for all the other bands in Fig. 3(a). This again
excludes the possibility of trion emission from the A
band, in which case its corresponding band (B, C, D
or E) from neutral exciton should have a longer PL
lifetime.
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Fig. 4. (a) Statistic histogram showing the distribution of power-law fitting exponents (𝑛) for the laser-power-
dependent PL intensities of the longer-wavelength bands in ∼10 individual clusters. (b) Statistic histogram showing
the distribution of PL lifetimes (𝜏) measured for the longer-wavelength bands in ∼10 individual clusters. (c) At low
laser power, the energy transfer via exciton migration among NCs is inefficient. (d) At high laser power, the trion
presence facilitates Dexter-type energy transfer from smaller- to lager-sized NCs.

The trion-like feature, manifested as a superlin-
ear dependence of the PL intensity on the laser ex-
citation power, has been universally observed in the
longer-wavelength bands emitted by individual clus-
ters studied in our experiment. In Fig. 4(a), we plot
a distribution histogram of the fitted power-law ex-
ponents 𝑛 for the longer-wavelength bands from ∼10
individual clusters, which are all larger than one with
an average value of ∼1.25. The distribution of PL
lifetimes measured for these longer-wavelength bands
is plotted in the histogram of Fig. 4(b), which range
from ∼0.28–0.41 ns with an average value of ∼0.32 ns
and a standard deviation of 0.04 ns. In contrast,
the trion PL lifetimes measured for single isolated
CsPbBr3 NCs are distributed within ∼0.24–0.28 ns
with an average value of ∼0.26 ns and a standard de-
viation of 0.02 ns. Based on the facts that the longer-
wavelength bands originate from neutral excitons and

their PL intensities carry a trion-like feature in the
laser-power dependence, we propose that, compared
to the inactive energy transfer via exciton migration
[Fig. 4(c)], there should exist trion-facilitated energy
transfer from smaller- to larger-sized single CsPbBr3
NCs within an individual cluster [Fig. 4(d)].

Discussions. In general, the colloidal NCs closely
packed inside a solid film can interact with each other
through the cascaded, Förster resonance and Dexter-
type energy transfer (ET) processes.[30] The cascaded
ET mechanism can be safely ruled out here since we
are dealing with an individual cluster of several single
CsPbBr3 NCs, so that the photons emitted by one NC
cannot be efficiently reabsorbed by the others. The
Förster resonance ET proceeds through dipole-dipole
interaction, and its efficiency is critically determined
by the spectral overlap, separation distance and spa-
tial orientation of the donor and acceptor NCs. Since
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these parameters are fixed for the single CsPbBr3 NCs
inside an individual cluster, it is obvious that the ef-
ficiency of Förster resonance ET should be indepen-
dent of the laser excitation power. This is in contrast
to what has been observed in our experiment, which
shows that the PL intensities of larger-sized CsPbBr3
NCs have a faster increase than those of smaller-sized
ones with the increasing laser excitation power. We
are naturally left with the Dexter-type ET for the in-
teractions of single CsPbBr3 NCs within an individual
cluster, which is made possible by the increasing prob-
ability of trion generation at higher laser excitation
powers.

In a Dexter-type ET process, the photo-excited
charge carriers can migrate directly among neigh-
boring fluorophores, owing to the electron-density
overlap between the donor excited and the acceptor
ground states.[30] This overlap can be reinforced by
the weak quantum confinement of the as-synthesized
single CsPbBr3 NCs, which dictates an easy diffu-
sion of charge carriers to the interfaces, as well as
by the larger spatial extent and higher electron den-
sity possessed by trions relative to those of neutral
excitons.[31,32] From statistical optical measurements
on a large number of single isolated CsPbBr3 NCs,
the trion binding energy is estimated to range from
∼6–14 meV with an average value of ∼10 meV. Be-
cause of this large distribution of trion binding ener-
gies, it is feasible for the transition energies of trions
and neutral excitons from, respectively, the smaller-
and larger-sized CsPbBr3 NCs to overlap with each
other, especially under the influence of spectral dif-
fusion effect that is greatly enhanced at high laser
excitation powers. Meanwhile, the average binding
energy of ∼10 meV for trions is significantly smaller
than that of ∼19–62 meV obtained previously for neu-
tral excitons in CsPbBr3 NCs,[33] which can also play
an important role in accelerating the Dexter-type ET
process.[34] With all of these beneficial factors, it can
be envisioned that the energies of trions can be effi-
ciently channeled out of smaller-sized CsPbBr3 NCs
before their radiative recombination, leading to en-
hanced absorption cross sections of neutral excitons
in larger-sized CsPbBr3 NCs.

In summary, we have fabricated individual clusters
of single CsPbBr3 NCs by means of AFM nanoxerog-
raphy, and observed from each cluster that PL inten-
sities of the longer-wavelength bands have a super-
linear dependence on the laser excitation power. We
propose that there should exist Dexter-type ET from
smaller- to larger-sized single CsPbBr3 NCs, which is
facilitated by the efficient generation of trions at high
laser powers. It should be noted that these results
are consistent with what has recently been observed
from the electroluminescence studies of individual NC
clusters, where the charge carriers could also migrate

from smaller- to larger-sized CsPbBr3 NCs to yield
a red-shifted emission peak.[27] Since the EL oper-
ation is featured with imbalanced electron and hole
injections,[35−37] the formation of trions should pro-
mote efficient charge transfer, accumulation and re-
combination in larger-sized CsPbBr3 NCs with smaller
bandgap energies.[27] Thus, our current work has not
only revealed the important role played by trions in
the charge exchange process among neighboring per-
ovskite NCs but it has also provided valuable infor-
mation on judicious designs of their high-performance
optoelectronic devices. Specifically, the charging effect
can be positively employed in photodetector and pho-
tovoltaic applications to strengthen the charge trans-
port and extraction functionalities, and it should be
minimized to the lowest level for achieving highly ef-
ficient photon outputs from light-emitting diodes and
laser devices.
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