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Abstract

Optically bright lead halide perovskite nanocrystals of different morphologies ranging from
nanocubes to flat nanoplatelets to elongated nanowires have been reported. The morphology of the
nanocrystals is expected to affect various properties such as the band edge energy and the electron-
hole exchange interaction. However, aside from nanocubes, the investigation of the optical
properties of the lead halide perovskite nanocrystals of different morphologies at the single emitter
level has been lacking. We have performed optical spectroscopy in single CsPbBr3; nanoplatelets
and observed a single photon emission without blinking. Furthermore, the PL emission exhibits
excitonic fine structure peaks similar to what has been previously observed in nanocubes. Our
work paves the way for further investigations into the excitonic and quantum optics properties
when the lateral size and morphology can be further controlled in lead halide perovskite

nanocrystals.

Introduction

Lead halide perovskite! ™ is a class of material which has seen significant resurgence in interest
recently in photovoltaic®, lasing®, optoelectronics®’, polaritonics® and quantum optics®'!. Lead

halide perovskite nanocrystals have been shown to be amenable to shape anisotropy control both

12,13

in the organo-metal hybrid perovskites'>!3, as well as the all-inorganic perovskite counterparts'*-

20 Partly building on the experience and expertise from past investigations on conventional

21,22

colloidal nanocrystals”“~, in the short span of a few years, perovskite nanocrystals with a variety



of morphologies have been reported including nanospheres'’, nanoribbons'®, nanorods'’,

1419 and nanowires®°. Anisotropic shape control is achieved via tuning one or a

nanoplatelets
combination of variables of colloidal synthesis including the temperature'*!%!3 the type of
Bronsted acid used!”, the type'>'82% as well as the concentration'®? of ligands. A different
synthesis approach which utilizes the thermodynamic equilibrium of halide and the growth kinetic
anisotropy has reportedly produced nanocrystals with highly uniform sizes with shapes ranging
from cubes to plates to wires'®. There is also a report of formation of nanoplatelets via the self-
assembly of cubic shape nanocrystals?.

As demonstrated in other material systems, like size, the shape of a structure can significantly
affect the optical’* and electronic properties®? giving rise to, for example, polarized® and

26 as well as directional charge transport?’. In lead halide perovskite

directional PL emission
nanoplatelets and nanowires, the thickness of the structure strongly affects the optical
bandgap!*!>!°, The decrease in the thickness of the nanoplatelets and nanowires is accompanied
by the blue shifting of the band edge in the absorption spectrum and the PL emission peak!*!>1,
a manifestation of increasing quantum confinement. This has enabled the production of the much
sought after deep blue emitting nanocrystals without resorting to the mixing of halide
compositions'* 6. From temperature around 100K and above, the radiative lifetimes measured in
ensemble of nanoplatelets show a linear increase with temperature which is a characteristic of 2D
excitons?®. Also, it has been demonstrated that the emission lifetime of thinner nanowires decreases
as expected due to the effects of quantum confinement®’.

102933 the investigation of the optical

Unlike the cubic-shaped perovskite nanocrystals
properties of perovskite nanocrystals with anisotropic shapes at the single emitter level has

received less attention. In this work, we investigate the optical properties of single CsPbBr;



nanoplatelets produced via a quasi-one-pot colloidal synthesis method. At a temperature of 5K, a
single nanoplatelet shows no blinking effect and exhibits highly pure single photon emission with
2°(0)=0.1. Furthermore, the PL emission from the nanoplatelets exhibits excitonic fine structure
splitting. Our work highlights the importance of investigating the effects of the morphology of
halide-based perovskite nanocrystals at the single emitter level as this will allow us another degree

of freedom to tailor the electronic or optical properties to their prospective applications.

Results and discussion

To synthesize the CsPbBr3 nanoplatelets, a mixture of tetraoctylammonium bromide and toluene
was injected into a flask containing a mixture of lead acetate, oleylamine, oleic acid, dodecyl
benzene sulfonic acid, octadecene and cesium carbonate at 130°C followed by cooling of the flask
in a water bath (see Materials and Methods section for further details, and supplementary
information Figure S1). The morphology of the resulting nanoplatelets was confirmed via
transmission electron microscopy (TEM) and atomic force microscopy (AFM) measurements. At

high concentrations, the nanoplatelets tend to stack face-to-face'*!

and lie on their edge when
deposited onto the TEM grid (Figure 1a). Whereas at low concentration, single nanoplatelets can
be spatially isolated and tend to lie flat on a substrate (Figure 1b). Since the nanoplatelet stacks are
lying on their edge in the TEM images, this allows us to measure the thickness of individual
nanoplatelets to be 2.6+0.4 nm with a mean lateral size of 23.5+3.2 nm (refer to supplementary
information Figure S2 for the histograms). From AFM measurements (Figure 1c), the thickness of

the nanoplatelets is determined to be between 2 - 5 nm which is consistent with that obtained from

TEM images.



The low temperature ensemble PL spectrum shows multiple sharp peaks with an average full
width at half maximum of 11 meV (Figure 1d). These peaks can be attributed to the presence of
nanoplatelets with different thicknesses'*!>!. By comparing our data with that reported in the
literature!*!3, the emission peaks originating from nanoplatelets of 3 monolayers (ML) to 7 ML
are identified and labelled in Figure 1d. A nanoplatelet of » monolayers consists of » number of
PbBrs* octahedral units across the thickness of the nanoplatelet'>!°. Nanoplatelet thicknesses of
more than 7 ML cannot be clearly determined as the spacing between peaks becomes smaller with
increasing thickness. The identified number of monolayers is consistent with the range of the
thickness (2 — 5 nm) measured with AFM. The peak at 2.32 eV most likely arises from stacked
nanoplatelets which essentially behave like a bulk emitter’*. Thinner nanoplatelets tend to have
their band edge and PL emission at higher energies and vice versa (see supplementary information
Figure S3 for further analysis). At room temperature, the absorption and PL measurements on

ensemble nanoplatelets also show broad spectra with multiple peaks (Figure 1d inset).
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Figure. 1. TEM images of the CsPbBr3 nanoplatelets prepared from solutions with high (a) and

low concentration (b) of nanoplatelets. The scale bars indicate 50 nm in both (a) and (b). In (a), a

mixture of nanoplatelets lying flat and edge-on can be seen. Spatially isolated nanoplatelets lying

flat can be seen in (b) enabling single emitter optical characterization. (c) AFM topography image

of individual and aggregated CsPbBr; nanoplatelets. (Inset) Color-coded height profiles

corresponding to the line cuts indicate that the thickness of the nanoplatelets is about 2 — 5 nm. (d)

Low temperature nanoplatelets ensemble PL spectrum showing multiple sharp peaks with an

average full width at half maximum of 11 meV. The multiple peaks indicate the presence of

nanoplatelets with varying thicknesses in the ensemble. The corresponding nanoplatelet



thicknesses of the emission peaks are labelled in units of monolayers (ML). (Inset) Absorption and

PL emission spectra of nanoplatelets ensemble measured at room temperature.

In order to obtain a better understanding of the optical properties of single CsPbBr;

nanoplatelets, low-temperature (T = 5 K) optical spectroscopy experiments were conducted.

Figure 2a shows the PL spectra of a nanoplatelets under increasing excitation power. The PL

emission arises from an exciton given that its intensity increases linearly with excitation power

(Fig. 2b). For a different nanoplatelet, an additional peak appears at about 17 meV away on the

lower energy side of the exciton peak under high excitation power (Figure S4 in supplementary

information). This additional peak could correspond to emission from a trion.
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Figure. 2 (a) PL spectra of a nanoplatelets under increasing excitation power. (b) Plotted on a log-

log scale the integrated PL intensity increases linearly to the excitation power raised to the

exponent of ~1.



Figure 3a shows the PL emission spectrum from a different single nanoplatelet, with a full width
at half maximum (FWHM) of 0.94 meV. The time-resolved PL decay measurement (Figure 3b) is
fitted with a single exponential decay function convolved with the instrument response function
(IRF), giving a PL decay time of 79 + 8 ps. The decay times reported in the literature for nanocubes
are on the order of 200 ps'®32. The relatively short decay time measured in the nanoplatelets here
could be due to the presence of giant oscillator strength transition??. Figure 3¢ shows the PL
intensity time trace with a time bin of 10 ms of the same nanoplatelet emission — under pulsed
excitation and recorded with avalanche photodiodes — indicating no blinking behavior at this
timescale. This is corroborated by the PL intensity distribution (Figure 3d) indicating only
emission from an “on” state, which is largely consistent with a Poisson distribution fit. We further
investigated the nature of the emission of the single nanoplatelet, and more specifically the photon

emission statistics, by measuring with a Hanbury-Brown and Twiss setup the second-order
intensity correlation function g°(z) =(1(z)I(t+7))/(l (t)>2 , where 7 is the time delay between the

detectors and /() is the PL intensity at time ¢. The excitation power used in the measurements here
were kept low such that only one exciton was created within the nanoplatelet per excitation pulse.
Under pulsed excitation, the coincidence counts histogram (Figure 3e) shows a clear antibunching
effect as indicated by the inhibited coincidence counts at the time delay of = 0, which is the
signature of a sub-Poissonian emission. In particular, at zero time delay, the second-order intensity
correlation is measured to be g°(t=0)= 0.1 < 0.5, signifying the single photon nature of the PL
emission from a single nanoplatelet. Figure 3f is the plot of the g°(z) on a logarithmic time scale.
The g°(7) is normalized to the mean of the data within the plot. The g’(z) tends to 1 at long time
scales as indicated by the dashed line indicating the blinking is strongly suppressed in the PL

emission. Two other examples of g°(z) are presented in the supplementary information Figure S5.
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Figure 3 (a) PL emission spectrum of an individual CsPbBr3 nanoplatelet that exhibits a single
peak with a FWHM of 0.94 meV at 5.0 Kelvin. (b), PL decay (black) and fitted curve (red) of this
single CsPbBr3; nanoplatelet. The instrument response function (IRF) (shaded gray) — measured at
2.431 eV (510 nm) — is taken into consideration in the fitting of the PL decay. (c) PL intensity time
trace plotted with a binning time of 10 ms. (d) Distribution of the PL intensity in (c) showing only
an emission from an “on” state. The distribution of the PL intensity is largely consistent with the
Poissonian fit. (e) Second-order PL intensity correlation g’(z) measured for a single CsPbBr;

nanoplatelet under pulsed excitation showing a clear antibunching at zero time delay. (f) Plot of



the normalized second-order intensity correlation function on a logarithmic time scale. Dash line

corresponds to normalized g°(zr) = 1 indicating the absence of blinking in the PL emission.

For this work, measurements were focused on emission peaks with energies above 2.4 eV to
avoid the bulk-like stacked nanoplatelets and multiple single nanoplatelets were studied. The
antibunching signature in the second-order intensity correlation was also observed in other single
nanoplatelets (see supplementary information). In addition, the PL emission of the single
nanoplatelets exhibits a different number of peaks. Figures 4a-c present the exemplary spectra of
PL emission from single nanoplatelets showing one, two and three peaks respectively. The
splittings AE, AE; and AE>, as labelled in Figures 4b and 4c are deduced from the fittings to be
0.71 £ 0.06 meV, 0.57 + 0.02 meV and 1.84 + 0.13 meV respectively. Figures 4d-f are the polar
plots of the polarization dependence of the intensity of each peak present in the corresponding
spectra in Figures 4a-c. A degree of polarization of almost 80% is measured in the nanoplatelet in
Figure 4a. The high degree of polarization could be facilitated by the dielectric antenna effect
induced by the elongation of the lateral plane®. In the cases of nanoplatelets exhibiting multiple
emission peaks (Figure 4b, c), the polarizations of the two lower energy peaks are almost
orthogonal to each other, whereas the higher energy peak is almost co-polarized as the lower
energy peak. The observed polarization dependence of the emission peaks strongly indicates that
they arise from exciton fine structure.

In the PL spectra, the lowest energy peak tends to be the most intense since the emission from
the lowest lying energy level tends to be the most heavily populated energy level as expected from
thermal distribution. The higher energy peaks should not originate from excited states which are

expected to be ~200 meV away>®. The additional peak could not be from biexcitons which should

10



be ~100 meV on the lower energy side of the exciton®’. Besides, biexciton emission could not
explain the spectra with 3 peaks. Furthermore, the polarization dependence of the PL emission is
consistent with previous reports*2>** which claimed that the multiple peaks observed arose from
the excitonic fine structure levels of single nanocrystals. Given the polarization dependence, these
peaks are unlikely to arise from surface or trap states. Therefore, we conclude that the multiple

peaks in the PL spectra arise from the exciton fine structure.
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Figure. 4 Excitonic fine structure of the CsPbBr; nanoplatelets. PL spectra of the single
nanoplatelets with one peak (a), two peaks (b) and three peaks (c) as well as the corresponding

linear polarization properties (d-f). In (b) and (c), the splittings are labeled 4E, AE; and AE> and
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are deduced from the fittings to be 0.71 meV, 0.57 meV and 1.84 meV respectively. (g) The
relative abundance of the single CsPbBr3 nanoplatelet with one, two and three emission peaks. (h)
Summary of the fine structure splitting of CsPbBr3; nanoplatelets with two and three emission

peaks.

In lead halide perovskite nanocrystals, the PL emission arises from excitons in the triplet state.
The triplet state could split into non-degenerate states depending on the crystal phase and the shape

of the nanocrystal®’

. For an isotropically shaped nanocrystal in the cubic crystal phase, the triplet
states are expected to be degenerate and thus no splitting should be observed. In the tetragonal
phase — which has a lower symmetry than the cubic phase —the triplet state will split into a doublet
whereas in the orthorhombic phase, the triplet state will split into three nondegenerate states>>>.
For a completely anisotropically shaped nanocrystals — in which all three dimensions are of
unequal length, the triplet states are split into three nondegenerate states regardless of the crystal
phase®”. The reduction of the symmetry of the crystal phase by Rashba effects could also be
responsible for splitting the triplet state into three nondegenerate states’?.

At low temperature of 5 K, the nanoplatelets are expected to be in the orthorhombic phase.
However, the nanoplatelets in both orthorhombic and tetragonal phases could coexist within the

same batch of colloidal synthesis*® or even the same nanocrystal*’

as it has been previously shown
for cubic shape nanocrystals. Given the anisotropic shape of the nanoplatelets, the triplet states
should be completely split. Nonetheless, emission with one or two peaks were still observed in the
nanoplatelets. This could be due to the low population of the highest energy level or the insufficient

resolution of the detector to distinguish the multiple peaks in case of splittings smaller than 250

ueV . Furthermore, the observation of the multiple peaks in the PL emission also depends on the

12



orientation of the nanocrystal*?. The combination of these factors could explain the observation of
nanoplatelets with one, two and three peaks in the PL emission.

As described in a previous paragraph, the triplet state is expected to split into three
nondegenerate states due to the anisotropic shape of the NPLs. However, most of the measured
single NPLs exhibits one or two peaks in the PL spectra (Figure 4g). The relative lack of NPLs
with three peaks in the emission could be due to the low population of the highest energy level.
This could also suggest that the splitting of the degenerate energy levels is not as strongly governed
by the shape anisotropy.

The fine structure splittings (Figure 4f) observed in the nanoplatelets are comparable to
previously reported values for that in nanocubes®! 33384142 despite predictions that the splitting
should increase with shape anisotropy>’. Nonetheless, the predicted effect was for nanocubes with
arelatively small shape anisotropy and thus may not apply directly to nanoplatelets which are more
highly anisotropic. A possible reason for the comparable splittings observed in nanoplatelets and
nanocubes could be that the excitons are only in the weak or intermediate confinement regime due

to the large lateral dimensions of the nanoplatelets.

Conclusions

We have performed optical spectroscopy on single CsPbBr3 nanoplatelets produced via a quasi-
one-pot synthesis method. The emission from the single nanoplatelet showed no blinking and is
single photon in nature with a measured g°(0) = 0.10 at a temperature of 5 K. In addition, excitonic
fine structures were observed in the PL spectra. Despite their highly anisotropic morphology the

observed fine structure splitting values are comparable to that reported for nanocubes. Our work

13



highlights the importance of investigating the effects of the morphology of halide-based
perovskites, which could be utilized as a degree of freedom to manipulate on their electronic and

optical properties.

Materials and methods

Chemicals: Cesium carbonate (Cs2CO3, 99.9%), lead acetate trihydrate (Pb(OAc)2-3H>0,
99.99%), oleylamine (OLA, 70%), oleic acid (OA, 93%), 1,4-dodecyl benzene sulfonic acid (1,4-
DBSA, 95%), tetraoctylammonium bromide (TOAB, 99%), 1-octadecene (ODE, 90%), toluene
(99.8%) and hexane (anhydrous, 99%) are used for the synthesis of CsPbBr3; nanoplatelets.

Synthesis: Cs>CO3 (0.0889 g, 0.273 mmol), Pb(OAc)2-3H20 (0.309 g, 0.945 mmol), 1,4-DBSA
(1.8067 g, 5.534 mmol), OA (1.5 ml), OLA (1.5 ml) and ODE (15 ml) are added into a 100 ml 3-
neck flask. The flask is evacuated and refilled with N> three times to ensure an inert atmosphere.
Then the flask is heated under vacuum for 1 h at 130 °C. After the mixture of chemicals have
dissolved completely, the pump is turned off and the flask is refilled with N». The temperature of
the flask is kept at 130 °C for 30 min under N atmosphere. TOAB (1.122 g, 2.055 mmol) is added
into the toluene (3 ml) and heated at 130 °C till the TOAB dissolves completely. The TOAB-
toluene solution is then quickly injected into the flask while keeping the flask at 130 °C for 5
seconds. Then the flask is cooled down in a water bath.

Purification of the CsPbBr3 nanoplatelets: The crude solution is centrifuged for 5 min at 5000
rpm and the supernatant is discarded. The precipitate is dispersed in hexane and centrifuged again
for 5 min at 5000 rpm. The dispersion of the precipitate and centrifugation step are repeated twice.

The supernatant is then separated from the precipitate and kept for investigations.

14



Sample preparation: The colloidal dispersion is diluted in 5-wt% poly(methyl methacrylate)
(PMMA) in toluene and spin-coated on distributed Bragg reflectors (5000 rpm/min) for single
nanoplatelet spectroscopy.

Optical characterization: The absorption spectrum of the nanoplatelet ensemble was measured
using a PerkinElmer Lambda 950 UV-vis-IR spectrometer. The nanoplatelet sample dispersed in
hexane is held in a cuvette for the measurement.

For single nanoplatelets, the optical measurements are performed with a home-built confocal
micro-photoluminescence setup. The samples are put in a cryostat fixed on a xyz translation stage.
All measurements are carried out at a low temperature of 5 K. A Ti:sapphire femtosecond-pulsed
laser with ~100 fs pulses at 80 MHz is used as the excitation source. The emission of the laser is
frequency-doubled to output 457 nm pulses and is focused (50x objective lens, NA = 0.65) onto
the sample. The laser spot size at focus is about 1 pm in width. The excitation fluence is typically
around 1 W/cm?.

The PL emission, which is separated from the excitation laser by a combination of a 90:10
beamsplitter and a longpass filter, is dispersed in a 320 mm spectrometer together with a 1800
lines/mm grating. For the time-averaged measurements, the PL emission is detected using a liquid
nitrogen cooled Si CCD detector. For time-resolved decay measurements, the PL emission is first
spectrally filtered with the spectrometer and the filtered PL emission is detected with an avalanche
photon detector (APD) connected to a single photon counting module (PicoHarp 300). A Hanbury-
Brown and Twiss setup is used to characterize the single photon nature of the PL emission. In this
case, the spectrally filtered PL emission is directed to a 50/50 beam splitter and two corresponding
APDs located at each output of the 50/50 beamsplitter. The overall temporal resolution of the time-

resolved setup for the range of wavelengths under investigation is measured to be about 40 ps.
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For polarization resolved measurements, a motorized half-wave plate and a linear polarizer is
placed before the entrance slit of the spectrometer. The half-wave plate is rotated while the linear
polarizer is fixed to ensure that any change in the PL intensity is due to the intrinsic polarization

of the emission and not due to the polarization response of the spectrometer grating.

ASSOCIATED CONTENT

The schematic of the synthesis, the statistics of the dimensions of the nanoplatelets and a summary

of the reported fine structure splittings are included in the supplementary info document.
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