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Abstract 



Perovskite colloidal nanocrystals have emerged as important new optical materials, with 

tuneable light emission across the visible spectrum, narrow linewidths for high colour purity, and 

quantum efficiencies approaching unity. These materials can be solution processed in large 

volumes at low cost making them promising for optoelectronic devices. 

The structure of nanocrystals influences the radiative and non-radiative recombination of 

carriers within them through trap states and Auger recombination. To optimise the emission 

properties it is vital to understand the relationship between the optical emission of individual 

nanocrystals and their structure, size, and composition of individual nanocrystals.  

Here, we use nano-cathodoluminescence to relate the nanoscale optical emission of individual 

inorganic perovskite nanocrystals to their size. This approach reveals that larger nanocrystals 

exhibit brighter luminescence, indicating lower non-radiative losses compared to smaller 

nanocrystals. We also show nanoscale colour mixing with bright red and blue emission from 

individual CsPbI3 and CsPbCl3 nanocrystals respectively in mixed films. 

The optical and structural characterisation serve as a powerful approach to the study of 

colloidal semiconductor nanocrystals that improves the fundamental understanding of quantum 

structures leading to improved optoelectronic devices. 

 

 

 

 

 

 

The increasing demand for sustainable development has led to the search for more efficient optical 

materials for light emitting and harvesting devices, and driven the development of novel nanostructures. 



Nanocrystal emission properties can be precisely controlled by variations in their size and composition 

1,2. This gives rise to high colour purity over a wide spectral range with spatially localised emission, 

making them desirable for displays3. Remarkably high emission efficiencies often approaching unity 

have been shown and combined with their controllable emission wavelength makes them well-suited to 

lighting applications4, as well as promising gain media for low-threshold lasers 5. Many nanocrystals 

structures have high absorption cross-sections making them suitable energy harvesting materials for the 

next-generation graded multi-junction solar cells 6. These desirable properties combined with low cost 

synthesis makes them attractive for large area and low cost devices 7. In particular, perovskite colloidal 

semiconductor nanocrystals have emerged recently as promising materials for these applications 8,9. 

The emission dynamics of luminescent materials are determined by the competition between different 

processes, such as trapping at surface states, radiative band to band transitions, and Auger 

recombination.  

Trapping of carriers at surface states can lead to non-radiative recombination reducing the overall 

quantum efficiency. Carriers can also escape from the traps, returning to a band edge state 10. The rate 

of trapping can vary substantially with the size of the nanocrystals as the surface to volume ratio 

changes. The trapping and trap-escape times depend sensitively on the nature and location of the surface 

state, varying by many orders of magnitude even for the same material 11–13.  

Auger recombination can reduce emission in nanocrystals as the energy released by electron-hole 

recombination is transferred non-radiatively to another carrier 14. This therefore increases at higher 

excitation fluences when multiple excitons are created within a nanocrystal. It can also occur at low 

fluence when one of the carriers from a photo-generated electron-hole pair becomes trapped at the 

surface and the other survives within the nanocrystal volume until a subsequent photo-excitation event 

and so is available to enable Auger recombination; which is one of the causes of the well-known 

intermittent luminescence effect in nanocrystals, known as ‘blinking’10. In nanocrystals, the Auger 

lifetime scales linearly with nanocrystal volume, independent of the bulk semiconductor material band 

structure 15. When the nanocrystal size increases relative to the Bohr radius and  enters the weak 



confinement regime, the Auger lifetime deviates from the ‘universal volume scaling’ and shows sub-

linear dependencies.16 As the size continues to increase, the Auger lifetime becomes dependent on the 

electronic structure of the bulk material. For perovskite nanocrystals with weak confinement the rate of 

Auger recombination has previously been shown to scale sub-linearly with volume 16. 

Understanding the relationship between the structure and size of individual nanocrystals and their 

recombination processes is essential to the development of high efficiency semiconductor materials for 

optoelectronic devices. 

Optical spectroscopy techniques can yield information on carrier dynamics for ensembles of 

nanocrystals, but lacks the spatial resolution and sensitivity to structure and composition to provide 

insights on individual nanocrystals. Scanning transmission electron microscopy (STEM), is widely used 

to study the structure and composition of individual nanocrystals. It has recently been adapted with high 

sensitivity cathodoluminescence detectors that offer the opportunity to investigate the optical properties 

of individual nanostructures, an approach known as nano-cathodoluminescence (nano-CL) 17. Nano-CL 

has been shown to reveal the effect of carrier recombination mechanisms on the emission of individual 

quantum structures 18, 19.  

Here we perform nano-CL to reveal the effect of the structure and size of individual inorganic CsPbI3 

perovskite nanocrystals on their optical emission. We show that the nanocrystal size affects the emission 

dynamics caused by variations in the rate of trap defect and Auger recombination. In mixed solutions 

of CsPbI3 and CsPbCl3 nanocrystals, nano-CL reveals bright red and blue emission respectively from 

individual nanocrystals suitable for multi-wavelength emission with nanoscale uniformity 20.  

Nanocrystals of CsPbI3 were prepared using a solution based method previously reported by 

Protesecu et al. 21 , and deposited on a transparent support film. Bright red emission is observed from 

CsPbI3 solution under UV excitation (365 nm) at a concentration of 1 mg/mL, as shown in Figure 1a. 

The photoluminescence (PL) spectrum of the solution (Figure 1b), shows emission centred at 1.79 eV 

(694 nm) with a 100 meV linewidth at the FWHM.  



Figure 1c shows the relative PL quantum efficiency (𝑄𝑄𝑄𝑄𝑃𝑃𝑃𝑃) as a function of the photon fluence of the 

excitation laser pulse, 𝐽𝐽𝑝𝑝, for ensembles of CsPbI3 nanocrystals. Here 𝑄𝑄𝑄𝑄𝑃𝑃𝑃𝑃 is defined as the ratio 

between the time-averaged, spectrally-integrated PL signal and the excitation fluence, normalised to the 

maximum value of this ratio. The 𝑄𝑄𝑄𝑄𝑃𝑃𝑃𝑃 initially increases with photon fluence until reaching a plateau 

region before beginning to decrease again as the photon fluence is increased further.  

At low fluence, the probability of absorbing more than one photon per nanocrystal per excitation 

pulse is negligible and so only single excitons are present in the sample. The 𝑄𝑄𝑄𝑄𝑃𝑃𝑃𝑃 is then determined 

by the competition between radiative recombination and trap-mediated non-radiative channels. The 

increase of 𝑄𝑄𝑄𝑄𝑃𝑃𝑃𝑃 with increasing excitation fluence corresponds to the gradual saturation of the trap 

states. The deactivation of the non-radiative recombination channels must have a lifetime similar to, or 

longer than,the interval between excitation pulses. Studies of luminescence intermittency have shown 

that suitably long-lived changes, ~1 s in duration in some cases, to the emission properties of 

CsPbI3 nanocrystals are observed 22.  

The plateau region corresponds to fluences where the probability of absorbing more than one photon 

per nanocrystal becomes significant, and the increase of 𝑄𝑄𝑄𝑄𝑃𝑃𝑃𝑃 due to trap saturation begins to be offset 

by Auger recombination. It has previously been shown that Auger recombination in perovskite 

nanocrystals has a characteristic lifetime that is much shorter than that of radiative recombination 23 and 

so dominates when multi-excitons form, in trapping and trap-free nanocrystals alike.  As the fluence 

increases further, the probability of more than one photon being absorbed per nanocrystal per pulse 

becomes greater and so an increasing number of nanocrystals contain multiple excitons which undergo 

Auger recombination. This causes a decrease in 𝑄𝑄𝑄𝑄𝑃𝑃𝑃𝑃 . 

As described in the Supporting Information, fitting to the data in Figure 1c yielded an absorption 

cross-section of 𝜎𝜎𝑎𝑎𝑎𝑎𝑎𝑎 = (2.9 ± 0.2) × 10−14 cm-2 at the excitation wavelength of 400 nm consistent 

with the value reported previously for CsPbI3 nanocrystals 24 ; this cross-section was used to calculate 



the average number of photons absorbed per excitation pulse, 〈𝑁𝑁〉 = 𝜎𝜎𝑎𝑎𝑎𝑎𝑎𝑎𝐽𝐽𝑝𝑝, at each fluence, as also 

shown in Fig. 1c.  

  For greater insights into the relationship between emission properties of individual nanocrystals and 

nanocrystal structure, nano-CL was performed in a scanning transmission electron microscope (STEM). 

Miniature elliptical mirrors positioned around the specimen were used to collect the light emitted from 

each position in the sample as the sub-nanometre electron probe was rastered across the specimen, 

schematically shown in Figure 2a. The collected light was coupled to optical fibres and detected using 

a photomultiplier tube to give the CL intensity at each pixel. Simultaneously the inelastically scattered 

electrons were recorded on an annular dark field (ADF) detector and electron energy loss spectrometer 

(EELS) to reveal the structure and composition in addition to the optical emission. 

ADF STEM images, such as the one shown in Figure 2b, show the morphology and sizes of the 

nanocrystals. The CsPbI3 nanocrystals are cuboidal in shape with an average size of ~18 nm and a low 

aspect ratio (see Table 1 in SI). A histogram of their size distribution is shown in the supplementary 

information Figure S1. The degree of quantum confinement is given as the ratio of the Bohr radius (a), 

which for CsPbI3 is 6 nm 21, to the length of the nanocrystals (L/2a). This ratio is 1.5, indicating 

intermediate confinement where the nanocrystal size is comparable to that of the bulk exciton.  

The panchromatic CL image of the CsPbI3 nanocrystals (Figure 2c) shows CL that directly correlates 

with individual nanocrystals in the ADF-STEM image. Homogeneous emission is observed across the 

surface of each CsPbI3 nanocrystal. This is shown in Figure S3 for a different area of the specimen. The 

larger nanocrystals identified in the ADF-STEM image exhibit brighter CL, independent of their aspect 

ratio and shape.  

Nano-CL offers the opportunity to study the effect of individual nanocrystal size on emission 

efficiency directly. To investigate the effect of nanocrystal volume on CL emission, we segmented the 

CL and ADF-STEM images to measure the area and thickness of more than 900 individual CsPbI3 

nanocrystals (further details of the analysis approach can be found in SI,  Figure S4). The probability 

of inelastic scattering of beam electrons by the specimen increases linearly with thickness over this 



range, and directly relates to the probability of generating excited carriers. The CL emission for each 

nanocrystal is averaged over the area and normalised to the thickness to yield CL per volume, so that 

the emission data is independent of excitation and only reflects recombination processes.  

The colour scatter plot in Figure 3a shows the correlation between nanocrystal thickness, area and 

nanocrystal CL emission per volume. An increase in CL emission is observed with both thickness and 

area, supporting the qualitative effect apparent in Figure 2c. The CL is dominated by the largest and 

thickest nanocrystals, whilst the smallest nanocrystals exhibit the lowest radiative recombination 

intensity. Figure 3b displays the scatter plot of the nanocrystal CL emission per volume against volume. 

The CL emission of the CsPbI3 increases super-linearly with the volume, and is described by a power 

law with an exponent of 1.2.   

The high electron energies used in STEM create  multiple excitons in individual nanocrystals even 

from single interactions with  beam electrons. This leads to large populations of excited carrier which 

then have a high probability of undergoing Auger recombination. Owing to the relatively long radiative 

lifetime of CsPbI3 nanocrystals (~40 ns) compared to the lifetime for Auger recombination (~100 ps) 

16, radiative recombination is only likely to occur for the final exciton, for which Auger recombination 

is not possible. An increasing rate of Auger recombination relative to the rate of radiative recombination 

as the nanocrystal volume decreases, does not therefore on its own explain the reduced CL emission 

per volume observed for smaller nanocrystals.  

 The fluence dependence of 𝑄𝑄𝑄𝑄𝑃𝑃𝑃𝑃 discussed above shows that trap-mediated recombination is an 

important recombination channel for these nanocrystals. The relative contribution of each nanocrystal 

to PL is determined by the size-dependence of the absorption cross-section, as discussed in detail in the 

SI.  The trap density and trap-mediated recombination rate have been shown to increase with smaller 

size in other nanocrystals 25, which results in greater competition with radiative recombination and thus 

decreased emission. Overcoming non-radiative recombination at trap states is therefore crucial to realise 

the benefits of semiconductor nanocrystals in optoelectronic devices.  
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The development of mixtures of different discrete nanocrystal species, offers the potential for multi-

wavelength optoelectronic devices with nanoscale emission uniformity. We use nano-CL to study bright 

red and blue emission of self-assembled layers of CsPbI3 and CsPbCl3 nanocrystals respectively in a 

mixed solution.  

A mixed solution was obtained by solution-mixing of the two nanocrystal species in an oxygen- and 

water-free environment 26.  The ADF-STEM image shown in Figure 4a reveals two distinct nanocrystal 

species corresponding to individual CsPbI3 and CsPbCl3 nanocrystal species. The CsPbI3 nanocrystals 

can be identified from their larger, more regular morphology and brighter contrast. These are 

surrounded by smaller, CsPbCl3 nanocrystals that show a broader distribution of sizes and shapes (size 

distribution and aspect ratios are given in SI Table 1 and Fig.S2). EELS compositional analysis confirms 

there are two discrete nanocrystal populations as shown in Figure 4b and in Figure S5.  

Individual nanocrystals give rise to discrete emission as seen in the monochromatic CL images at 

700 nm (shown in red) and 400 nm (shown in blue) in Figure 4c, corresponding to CsPbI3 and CsPbCl3 

respectively. All CsPbI3 nanocrystals in the mixed specimen show uniform, bright CL, while only the 

largest CsPbCl3 nanocrystals show efficient emission. 

The CL emission spectrum averaged over all the nanocrystals in Figure 4 shows two emission peaks 

at 700 nm and 400 nm. No other emission wavelengths are detected, which would typically be 

associated with the red-shifted orthorhombic phase, reflecting the high crystal quality of the inorganic 

perovskite nanocrystals in this mixed solution. 

We studied the luminescence of individual inorganic perovskite nanocrystals, to reveal how it 

depends on size and recombination mechanisms.  The fine spatial resolution of nano-CL shows the 

relationship between nanoscale optical emission and size of individual nanocrystals. This approach 

reveals that CL emission per volume is greater in larger nanocrystals, which we attribute to reduced 

trap-mediated recombination. Developing strategies to suppress the effects of surface trap states, such 

as engineering the nanocrystal size  and employing heterostructures 27,28 will be critical to developing 

higher efficiency light emission and harvesting devices. Nano-CL identified bright red and blue 



emission from discrete CsPbI3 and CsPbCl3 nanocrystals respectively in mixed solutions. This offers 

multi-wavelength emission with nanoscale colour uniformity. The insights gained by the combination 

of optical and structural techniques have aided in the fundamental understanding of colloidal 

semiconductor nanocrystals and will support the development of future optoelectronic devices.  
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Materials and methods 

Perovskite synthesis 

Perovskite nanocrystals were synthesized using previously reported procedures 21. Cs2CO3 (0.814g, 

99.9%) was loaded into 100 mL three-neck flask along with octadecene (ODE, 30 mL, 90%) and oleic 

acid (2.5 mL, OA, 90%), the mixture was dried for 2 h at 120oC under N2. The solution temperature 

was then lowered to 100oC. ODE (75 mL), oleylamine (7.5 mL, OLA, 90%), and dried OA (7.5 mL) 

and PbX2 (2.82 mmol) such as PbI2 (1.26 g, 99.99%), PbCl2 (0.675g, 99.99%), were loaded into a 250 

mL three-neck flask and dried under vacuum for 2 h at 120oC. After complete solubilisation of the PbX2 

salt, the temperature was raised to 170oC and the Cs-oleate solution (6.0 mL, 0.125 M in ODE, prepared 

as described above) was quickly injected. After 10 s, the reaction mixture was cooled in an ice-water 

bath. For CsPbCl3 synthesis, 5 mL of trioctylphosphine (TOP, 97%) was added to solubilize PbCl2. The 

nanocrystals were transferred to an argon gloved box (H2O and O2 < 1 ppm) precipitated from solution 

by the addition of equal volume anhydrous butanol (BuOH, 99%) (ODE:BuOH = 1:1 by volume). After 

centrifugation, the supernatant was discarded and the nanocrystals were redispersed in anhydrous 



hexane (99%) and precipitated again with the addition of BuOH (hexane:BuOH = 1:1 by volume). 

These were redispersed in hexane. The nanocrystal dispersion was filtered through a 0.2 μm PTFE filter 

and diluted to 50 mg/mL in hexane before use. Specimens for characterisation were prepared and stored 

in the glove box to minimise exposure to air and moisture.  

Scanning transmission electron microscopy 

Samples for STEM were prepared by drop-casting 40mg/mL perovskite nanocrystal solution in 

hexane on a carbon coated 200 mesh copper grid in an argon filled glove box. Specimens were 

transported in inert atmosphere and only exposed to the environment briefly when loaded onto the TEM 

specimen holder. A liquid nitrogen holder was used to cool the specimen to 100 K. Nano-CL 

measurements were performed on a Jeol 2100F operating at 80 keV with 6 pA fitted with a Gatan 

Vulcan CL system. Typical dwell times for imaging at intermediate magnifications were 16 μs/pixel 

(dose ~15 e-/Å2 ), and for spectroscopy were 100 μs (dose ~85 e-/Å2 ). Miniature elliptical mirrors 

around the specimen were used to collect the light and then coupled to optical fibres before being 

detected on a photomultiplier tube. EELS measurements were recorded on a Gatan Quantum SE 

spectrometer.  

Photoluminescence measurements 

PL spectra were measured on an Edinburgh instruments FLS980 fluorimeter in solution in a 10 mm 

× 3 mm cuvette excited along the longest side and recorded along the shortest side.  

Ensembles of the nanocrystals were studied by fluence-dependent photoluminescence (PL) 

spectroscopy. This was performed using a pulsed Ti:sapphire (RegA 9000) laser source at a repetition 

rate of 250 kHz and 170 fs pulse duration. A frequency doubler (PHOTOP TP-2000B) was used to set 

the excitation wavelength at 400 nm. The laser fluence was varied with a neutral density filter wheel 

and measured by a power detector. The spot size at the sample position was measured to be 1.3 x 10-3 

mm2 after defocusing with an objective lens. The emitted light was collected by an optic fibre and 

directed into a spectrometer (Ocean Optics) after passing through a long pass filter to eliminate scattered 

light from the source. More details of this experimental setup are given in Reference 29.   
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Figure 1: (a) The optical emission from the CsPbI3 nanocrystal solution under UV illumination (b) PL 
emission spectra from CsPbI3 nanocrystals. (c) Normalised photoluminescence quantum efficiency, 𝑸𝑸𝑸𝑸PL, 
as function of photon fluence,  𝑱𝑱𝒑𝒑, and average number of photons absorbed per pulse, 〈𝑵𝑵〉.  

Figure 2: a) Schematic diagram of the STEM fitted with a CL system, showing the trajectory of the 
electrons in green and the collection of the emitted CL in yellow. (b) ADF-STEM image of the CsPbI3 
nanocrystals reveals the structure. (c) The panchromatic CL image of CsPbI3 shows bright luminescence 
that corresponds with each of the nanocrystals in the corresponding ADF-STEM image. The total width of 
all images is 350 nm.  

Figure 3: (a) Colour scatter plot reveal the individual impact of the nanocrystal area and thickness on the 
normalised CL emission per volume shown in colour. (b) The effect of the nanocrystal volume on the CL 
emission per volume. The solids line is a power law fit with the index a fitting parameter. 

Figure 4: a) ADF-STEM image of the mixed CsPbI3 and CsPbCl3 nanocrystals. b) EELS of the regions 
highlighted by the white box on the ADF-STEM image shows the halogen composition of the nanocrystals. 
c) The corresponding monochromatic CL images at 700 nm and 400 nm reveal distinct emission arising
from CsPbI3 and CsPbCl3 in the corresponding ADF-STEM image. d) The averaged CL emission reveals
the emission from CsPbI3 at 700nm and emission from the CsPbCl3 at 400 nm.
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