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ABSTRACT: Single-particle spectroscopy has demonstrated great
potential for analyzing the microscopic behavior of various
nanoparticles (NPs). However, high-resolution optical imaging of
these materials at the nanoscale is still very challenging. Here, we
present an experimental setup that combines high sensitivity of
time-correlated single-photon counting (TCSPC) techniques with
atomic force microscopy (AFM). This system enables single-
photon detection with a time resolution of 120 ps and a spatial
resolution of 5 nm. We utilize the setup to investigate the
photoluminescence (PL) characteristics of both zero-dimensional
(0D) and three-dimensional (3D) perovskite nanocrystals and
establish a correlation between the particles’ sizes, their PL
blinking, and the lifetime behavior. Our system demonstrates an
unprecedented level of information, opening the door to understanding the morphology−luminescence correlation of various
nanosystems.

■ INTRODUCTION
Since the first demonstrations of single-molecule measurement
techniques,1,2 their rapid progress enabled the discernment of
individual features of single nanoparticles (NPs) and provided
the direct measurements of their heterogeneity. Optical
signatures of individual NPs are often influenced by particle’s
size, shape, composition, surface states, and the local
environments and carry a wealth of information that is
obscured in the ensemble measurements. Aided by the rapid
advance of ultrasensitive single-photon detectors and time-
correlated single-photon counting techniques (TCSPC),
photon statistics such as fluorescence blinking, lifetime
imaging, and photon antibunching (a measure of the particle’s
individuality) provide indispensable information about elec-
tronic properties of the materials and their underpinning
photophysics.3,4

Besides all the remarkable information obtained from single-
particle optical spectroscopy, a number of limitations exist. The
main drawback is the fundamental principle of light diffraction,
limiting the resolution between 200 and 300 nm. Super-
resolution microscopy techniques,5,6 while going beyond the
diffraction limit, are not readily applicable for single-particle
studies in the few nanometer limit. However, transmission
(TEM) and scanning (SEM) electron microscopy methods,
while possessing requisite nanometer resolution, are difficult to

conjugate with the optical properties of individual particles.7,8

Being in this regime, the plethora of nanomaterials, such as
semiconductor quantum dots (QDs), nanocrystals (NCs), and
micelles, while extensively studied using single-particle optical
spectroscopy methods, have not been correlated with their
structural and environmental heterogeneities. Thus, it will be
crucial to understand the impact of the size, surface properties,
and shape of the particles on their emissive behavior.
Among the nanoscale materials, perovskite nanocrystals

(PNCs) have recently attracted considerable interest due to
their high emissive properties,9−12 as well as the straightfor-
ward synthetic methods.10,13,14 Being a relatively new addition
to the nanomaterials’ field, many open questions still remain,
including the microscopic origin of the emissive transitions and
the direct influence of particles’ shape/size and surface
properties. While several papers have researched purely optical
emission properties of single three-dimensional (3D) and zero-
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dimensional (0D) lead-based PNCs,9,12,13,15 no attempts have
yet been shown to correlate them with the specific structural
attributes at the individual particle level.
In this work, we develop an experimental setup that

combines TCSPC-based confocal optical detection and atomic
force microscopy (AFM) imaging of the same individual
PNCs. It has the ability to characterize the topography of the
materials at the nanometer resolution while being sufficiently
noninvasive to allow extended measurements of time-resolved
signatures and statistics of photon correlations. The exper-
imental data for 3D CsPbBr3 and 0D Cs4PbBr6 PNCs as model
systems demonstrate the versatility of the new setup to unveil
morphology-luminescence relationships between particles’
blinking behavior and size distribution within the inhomoge-
neously broadened ensemble.

■ METHODS

Synthesis. For the synthesis of both Cs4PbBr6 and CsPbBr3
nanocrystals, all reagents were purchased from Sigma-Aldrich
and used without any purification. The Cs4PbBr6 nanocrystals
(0D PNCs) were synthesized using a modification of the
reported method.16 First, a mixture of 2.25 g of Cs2CO3 (99%)
and 21.5 mL of oleic acid (90%) was stirred and degassed at
130 °C under vacuum for 1 h to generate a transparent stock of
cesium oleate precursor. Then, 0.2 mL of Cs-oleate precursor,
10 mL of anhydrous n-hexane (99.98%), and 2 mL of oleic
acid were loaded in a 20 mL glass vial. Following that, a well-
mixed (by vortex) solution of PbBr2 (0.03 M, DMF, 1 mL),
HBr (48 wt %, 15 μL), 0.1 mL of oleic acid, and 0.05 mL of
oleylamine (90%) was swiftly injected into the vial under
vigorous stirring. A color change from pale-white to pale-green
was observed in 10 min, suggesting the formation of Cs4PbBr6
nanocrystals. The as-synthesized nanocrystals were collected
via centrifugation at 8000 rpm for 5 min. The pellet was finally
rinsed with 2 mL of n-hexane, followed by dispersion in 2 mL
of n-hexane for the spectroscopic measurements. The CsPbBr3
nanocrystals (3D PNCs) were synthesized using a similar

method as above, except for the usage amount of PbBr2
precursor (0.24 M, DMF, 1 mL) and anhydrous toluene
(99.8%) as a solvent.

Experimental Setup. In order to achieve single-particle
optical characterization and morphological measurements at
the nanoscale level, we integrated scanning AFM head into a
confocal microscopy system coupled with time-correlated
single-photon counting detection. The layout for the system
is depicted in Figure 1. The setup consists of three main parts:
confocal TCSPC microscope, AFM system, and wide-field
microscopy imaging. TCSPC measurements were performed in
a modified microscope (Olympus IX71). The excitation source
is 447 nm picosecond pulsed laser (70 ps, 100 kHz to 100
MHz variable repetition rate, DeltaDiode, HORIBA) that is
passed through a 50 μm pinhole to clean the laser output
mode. The beam is directed to the back-illumination port of
the microscope and focused into the sample with a 100×, 1.3
NA oil microscope objective (Olympus). The sample is
mounted on the Physik Instrumente (PI) scanning stage that
allows sub-50 nm positioning of the individual nanoparticles
with respect to the confocal excitation spot. Laser excitation
intensity is controlled with a set of neutral density filters
(ThorLabs). A wide-field illumination by 405 nm continuous
wave (cw) laser (Cobolt 06-MLD) is independently coupled
via the top port in the AFM head and allows for the initial
particle’s localization within the area of interest. A small CCD
camera (Thorlabs) with a 405 nm long-pass filter was used to
produce real time wide-field images of individual blinking
PNCs. To minimize laser exposure, we first performed TCSPC
confocal data acquisition on a selected PNC, followed by
topographical AFM scanning of the same area to determine the
size and shape of the nanoparticle. The scanning AFM head
(Smena, NT-MDT) has been mounted on the same PI stage
and has its own coarse positioning (25 × 25 mm) and fine
scanning (200 × 200 μm) capabilities. We used Techno-nT
VIT_P/IR top visual cantilevers (force constant 25−95 N/m,
tip radius 10 nm). The imaging mode was semicontact tapping

Figure 1. Schematic representation of the TCSPC-AFM experimental setup.
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with 278 kHz oscillation frequency and a set point value of
about 6 nA. Typical scanning area is 10 μm × 10 μm with 600
× 600 pixels at 0.5 Hz scanning speed. During calibration, the
AFM tip was visually aligned to the focal spot of the confocal
picosecond laser to ensure both techniques have been
measuring the same nanoparticle. All measurements were
taken in ambient conditions. During confocal PL detection, the
emitted light was filtered with a long-pass 470 nm filter to
eliminate scattered laser light. The filtered signal was
recollimated and sent into two avalanche photodiodes
(APDs, PDM series, Micro Photon Devices) placed in a
Hanbury−Brown−Twiss arrangement with a 50/50 beam
splitter. Time-tagged TCSPC data was collected using
HydraHarp 400 controller (PicoQuant). Photon arrival times
were recorded simultaneously, allowing us to compute second-
order photon correlation functions. All the lifetime fittings and
correlation functions were calculated in SymphoTime 64
software (PicoQuant). For noise-free PL measurements, we
first prepared quartz coverslips by cleaning in piranha solution
for 1 h and then rinsed with deionized water and methanol. To
achieve adequate concentrations for single-particle measure-
ments, stock solutions of CsPbBr3 PNCs were diluted
∼100 000 times. After that, ∼5 μL of each dilution was
drop-cast on treated quartz slides and dried before performing
the experiments.

■ RESULTS AND DISCUSSION

The steady-state absorption and photoluminescence spectra
and TEM images for 0D and 3D PNCs are presented in Figure

2. For 3D PNCs, Figure 2a shows characteristic absorption and
narrow emission spectra at 510 nm. The respective TEM
micrograph in Figure 2b indicates that 3D PNCs have a cubic
shape and exhibit a range of different sizes from ∼10 to
∼35 nm within the ensemble. This size distribution confirms
that within the sample, particles with different optical
properties could be found. However, the 0D PNCs exhibit
an emission peak centered at 512 nm (Figure 2c). Also, the
TEM image presented in Figure 2d shows spherical particles
with a size distribution from ∼15 to 40 nm, representing a
good agreement with the previously reported data for 0D
perovskite nanocrystals.9,10,16

Figure 3 demonstrates single-photon emission characteristics
and AFM imaging of an individual Cs4PbBr6 (0D) PNC. The
intensity trajectory shown in Figure 3a,b exhibits common
blinking behavior characteristic of single emitters like
molecular systems and quantum dots.17−19 The blinking
trace presents two well-defined states, the “ON” state with
high intensity and the low intensity “OFF” state, characteristic
of quenched emission output. We note that emission of the
“OFF” state is above the noise level, thus proving the
capabilities of the system to detect individual emitters with
the low light output. At the same time, the PL emission is split
into two detection channels, allowing us to determine the
second-order photon correlation function g2(τ) simultaneously
for the corresponding particle. The g2(τ) for the same PNC is
shown in Figure 3c. The near absence of the central peak at τ =
0, known as antibunching (AB), proves the single-photon
emitter nature of the emissive transition, demonstrating the
capability of our system to perform single-particle measure-

Figure 2. Steady-state absorption and photoluminescence for CsPbBr3 (3D) (a) and Cs4PbBr6 (0D) (c) PNCs in solution, together with TEM
images for 3D (b) and 0D (d) nanocrystals.
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ments and discriminate between individual and multiple
emitters in the nanocrystals. Using time-tagging TCSPC
capabilities, we can process the data to simultaneously extract
PL emission lifetimes from any region within the intensity
trajectory, thus exploring the nature of the emissive transitions.
The PL lifetimes showed in Figure 3d exhibit comparatively
long, τON ∼ 16 ns, PL dynamics of the “ON” state, typical for
the excitonic transitions in Cs-based PNCs.14,20−23 The
lifetime of the “OFF” state, τOFF ∼ 1−3 ns, is much shorter.
It indicates that the emission is likely coming from a charged
(trion) state with the intensity quenched by an Auger-type
process.24 Overall, the confocal, time-tagged TCSPC system is
able to resolve PL lifetimes of individual nanoparticles with
∼120 ps time resolution while simultaneously recording two-
photon streams to determine photon correlation functions.
The longest PL decay collection time window is determined by
the laser repetition rate (10 kHz to 100 MHz), allowing us to
explore a large variety of chemical and nanomaterial systems.
The surface topography capability of the system is illustrated

by the scanning AFM 3D surface reconstruction of the same
PNC as displayed in Figure 3e. We found the height of this
particle to be about 35 nm, which is in agreement with the
typical ensemble average of such 0D perovskite PNCs as
recently reported.14 As the tapping mode of the AFM system
has the most sensitivity, the small surface features around the
nanoparticle resolved by the AFM allow us to estimate the
resolution limit as low as 5 nm. At the same time, the lateral
resolution of the system is on the order of 0.2 μm as can be
seen from the lateral extent of the image in Figure 3e. It is
worth pointing out that the convolution of the sample
morphology with the tip’s shape, size, and contact angle
determines the lateral size in AFM measurements.25,26 Since
perovskite NCs are “soft” materials, the lateral size convolution
can also be affected by the AFM tip “dragging” the particle
during the surface scanning. In addition, the ligands capping

the PNC’s core could spread on the substrate’s surface due to
capillary forces, further aggravating the lateral size spread.
However, the vertical resolution (provided by the “tapping”
mode of detection) is not affected by these effects, allowing us
to easily differentiate between PNCs of different sizes and
shapes within the ensemble.25

To correlate a variety of blinking behaviors with particle’s
size and shape, we have now chosen to explore CsPbBr3 (3D)
PNCs. Typically, 3D PNCs have a better size distribution and
have been more widely studied compared to 0D ones, thus
allowing us to analyze the observed dependencies better.
Previous studies have shown that 3D PNCs exhibit shorter PL
lifetime compared to the 0D NCs due to the presence of
different deactivation pathways for each dimensional-
ity.15,19,20,27

Figure 4 exhibits AFM images, blinking traces, and extracted
PL lifetimes for three different CsPbBr3 PNCs with heights 8.5,
30, and 45 nm (the last one is at the extreme range of the
distribution). All nanoparticles are from the same ensemble
with the mean particle size of ∼20 nm. Again, the measured
lateral size seems larger due to the material’s softness and the
tip dimensions mentioned before, but we can observe well-
defined boundaries for each nanocrystal. The smallest particle
shown in Figure 4a (8.5 nm) exhibits low emission intensity
(Figure 4b). The shortest lifetime component of ∼1 ns may
indicate that the particle mostly resides in the quenched states,
while the longer one, ∼6 ns may indicate the emission from the
exciton (Figure 4c). The apparent “noisiness” and the
independence of the PL lifetime from the intensity level in
this PNC refer to a very quick cycling between the excitonic
and the quenched states on a time scale much shorter than the
integration bin (20 ms for all blinking traces). Next, for the
nanocrystal with ∼30 nm size (Figure 4d), we observe a
predominantly “ON” and “OFF” type behavior, with the “ON”
states coming in shorter “burst-like” intervals (Figure 4e). The

Figure 3. Results of Cs4PbBr6 (0D) PNC measurements from the confocal TCSPC-AFM setup. (a) Blinking trace for a single particle and (b) its
occurrence histogram. (c) Photon correlation function, g2(τ). (d) Extracted PL decays times, color-coded to bars in (a). PL for the “ON” (red),
“OFF” (blue) states and system’s IRF (gray). (e) AFM three-dimensional topography of the measured single PNC. Bin size: 20 ms.
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PL lifetime cross-sectioning in Figure 4f exhibits several
lifetime components, with τshort ∼ 1−2 ns and τlong ∼ 6−7 ns
values. These correspond well with previously measured PL
lifetimes for individual 3D PNCs of the similar mean sizes.20,27

Lastly, the largest nanocrystal (45 nm, Figure 4g) exhibits
more of the “bursting” type behavior as well as much longer PL
lifetimes as can be observed in Figure 4h, with longer
components τlong ∼ 15−21 ns (Figure 4i). Such bursting
behavior has been recently observed for both 3D and 0D
cesium bromide nanocrystals and has been attributed to the
emergence of the molecular-like emitters.14,17,27−29

This detailed analysis of the relationship between size and
single-particle emissive properties has only been made possible
by the joint TCSPC-AFM measurements that show a
considerable heterogeneity of the optical properties within
the ensemble. The difference in sizes allows us to explore
different confinement regimes without specifically synthesizing
PNCs of different sizes that often present a particular challenge
for small size NCs. The observed difference in PL properties
could be stemming from the different confinement conditions
for the excitons, involvement of various types of excitonic
species as well as the emergence of the larger number of
localized emissive centers in larger nanoparticles.

■ CONCLUSION AND OUTLOOK
In summary, we presented a new setup based on a confocal
TCSPC microscope and an AFM system to characterize the
photoluminescence from individual nanoemitters. This system
offers single-photon detection efficiency of individual nano-
crystals combined with high spatial AFM resolution. We
demonstrated the broad capabilities of the system by studying
(0D and 3D) individual perovskite NCs. We demonstrated
that size of the particles directly influences PL lifetime and
blinking properties of the perovskite NCs. Further explorations
of morphologies and PL emission properties for several types
of the PNC emitters are currently underway. This approach
could easily be extended to a variety of nanomaterials, from

conventional semiconductor NCs to single crystals, hetero-
junction materials, and thin film embedded molecular systems
to give detailed information about how nanoscale morphology
affects their luminescent properties.
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