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Synthesis of strongly quantum confined and emissive CsPbBr3 

perovskite nanocrystals with sizes < 4 nm has proven  challenging 

owing to fast nucleation and rapid growth. In this work,  ultra-small 

blue-emitting (~ 461 nm) CsPbBr3 nanocrystals with an average 

particle size of 3.2 nm are synthesized via a high-temperature (170 

°C) colloidal approach by controlling the supersaturation reaction 

conditions. Our approach yielded stable nanocrystals with uniform 

size, shape, and excellent color purity, making them promising for 

blue light emitting diode applications. 

Solution processable inorganic lead halide perovskite (APbX3, A= Cs, 

X= Cl, Br, I) nanocrystals (NCs) have caught the attention of the 

research community due to their extraordinary optoelectronic 

properties like near-unity photoluminescence (PL) quantum yield 

(QY), narrow full width at half maxima (FWHM < 100 meV), and 

defect tolerance.1 Particularly in the field of light emitting diodes 

(LEDs), these NCs hold a very promising future.2 Green and red LEDs 

fabricated with CsPbX3 perovskite NCs with an external quantum 

efficiency (EQE) of > 20% have already been demonstrated.3,4 

Unfortunately, the development of their blue counterpart which is 

required for a complete color gamut in LED displays (465- 475 nm = 

pure blue region and < 465 nm = deep blue region) is seriously lagging 

with corresponding EQEs currently limited to only < 5%.5,6 This gap in 

technology exists primarily due to the lack of stable blue emission 

from lead halide perovskite NCs which in turn can be associated with 

the lack of robust synthesis schemes for small (< 4 nm) NCs and 

associated challenges with material stability.7  

The hot injection synthesis conducted at temperatures ~ 170 °C using 

oleic acid and oleylamine as ligands, first reported by the Kovalenko 

group,8 is one of the most followed and well-studied routes to 

prepare CsPbX3 NCs. The reaction is very fast and completes within 

seconds giving rise to cubic NCs of size ~ 9 nm. Owing to the rapid 

growth, controlling particle size by tuning reaction time is not an 

option following this approach. Lower injection temperatures lead to 

CsPbX3 NCs with smaller sizes but with broader size distribution and 

shape inhomogeneity.9 The CsPbX3 NCs synthesis are also reported 

in literature using supersaturated recrystallization method at room 

temperature popularly known as LARP (ligand assisted 

reprecipitation) technique.10 Small-sized or reduced dimensional NCs 

have primarily been obtained by tuning the nature of ligands used or 

the ligand-to-precursor ratio in the reaction mixture.11–13 Recently 

Akkerman et al.14 have shown by changing ligand nature, different 

sizes of CsPbX3 NCs can be realized in a one-pot synthesis at room 

temperature. The synthesis of ultra-small NCs including magic sized 

clusters (MSCs) of CsPbBr3 showing deep and pure blue emission has 

been reported at the room temperature in the literature.15–20  

In our current work, we show that by tuning the supersaturation 

condition, the size of the CsPbBr3 NCs can be controlled without 

modifying the temperature or changing the ligand nature. The 

supersaturation that we refer to in the manuscript is not the actual 

measurement but rather the relative supersaturation compared to 

the standard synthesis reported by Protesescu et al.8  which is 

governed by the monomer concentrations. This approach is 

especially beneficial for device applications since surface chemistry 

and post-synthetic modification of oleic acid/oleylamine capped 

CsPbX3 NCs are well explored and understood. The relative 

supersaturation condition is controlled by changing the 

concentration of the reactant precursors while keeping their 

individual ratio as well as the reaction volume the same. 

Supersaturation is one of the key steps during the synthesis 

(crystallization) of NCs that controls the size of nuclei and quality of 

the NCs. Control over supersaturation has been demonstrated to 

result in higher crystallinity of the resultant NCs.21,22 Higher 

supersaturation results in smaller crystallite sizes as given by the 

Thomson-Gibbs equation:23 Δµ = µl - µc = 2σv/r, where µl and µc are 

the chemical potentials of solute in solution and solid crystal 

respectively. The difference in their chemical potentials, Δµ is termed 

as the supersaturation, σ is the specific surface energy of a crystal, v 

is the volume and r are the crystallite sizes. Also, it is noteworthy that 

the supersaturation reaction condition can be manipulated to result 

in high-energy facets of the crystals, which is not easily attainable 

through simple growth schemes.24 While this approach has been 

predominantly adopted for II-VI materials like ZnTe NCs,25 no studies 

have focused on using this technique for the halide perovskites. We 
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demonstrate that the size of CsPbBr3 NCs can be reduced from 9 nm 

to 3.2 nm by increasing the relative supersaturation condition at a 

constant temperature, resulting in blue emission. We present one of 

the first reports on ultra-small sized CsPbBr3 NCs synthesized at high 

temperatures with stable blue emission at 461 nm.  

 

Figure 1: a) Absorbance and PL spectra of CsPbBr3 NCs sample 
synthesized at 170 °C at different relative supersaturation 
conditions. It shows with the increase of relative supersaturation, 
bandgap increases suggesting an increase in quantum confinement 
and a decrease in size. Inset shows the photograph of the NCs under 
UV light with different relative supersaturation conditions. (b) PXRD 
pattern of 1SCPB and 9SCPB CsPbBr3 NCs along with the reference 
orthorhombic phase of CsPbBr3. The XRD peak of 9SCPB is significantly 
broadened compared to 1SCPB. (c) Representative TEM image of 1SCPB 
CsPbBr3 NCs having an average size of 8.6 ± 0.7 nm with cubic 
morphology. (d) Representative TEM image of 9SCPB CsPbBr3 NCs 
having an average size of 3.3 ± 0.4 nm with spherical morphology.  

Figure 1a shows the absorbance and PL spectra of the CsPbBr3 NCs 

synthesized at 170 °C with varied relative supersaturation conditions. 

1SCPB is termed for reaction conducted in a conventional way ([PbBr2] 

=0.03 M) at 170 °C resulting in green emitting CsPbBr3 NCs of size 8-

9 nm (Details mentioned in SI). Similarly, 0.5SCPB, 3SCPB, 6SCPB, 9SCPB, 

and 12SCPB refer to the synthesis of CsPbBr3 NCs where the precursor 

amount is multiplied by the given factor (0.5, 3, 6, 9, and 12 

respectively) while reaction volume is kept constant. With increasing 

relative supersaturation, the absorbance and PL blueshifts indicating 

a reduction in average particle size and an increase in quantum 

confinement. 1SCPB has a PL peak at 505 nm which gets blueshifted 

to 480 nm for reaction conducted under a relative supersaturation 

condition of 6SCPB and further to 462 nm for 9SCPB. (Figure X1 and X2 

in SI shows the variation of PL peak along with corresponding full 

width at half maxima and PL decay traces of CsPbBr3 NCs synthesized 

at different relative supersaturation conditions respectively). Figure 

1b shows the powder X-ray diffraction (PXRD) pattern of the two 

CsPbBr3 samples, 1SCPB and 9SCPB. The PXRD peaks of 9SCPB are 

significantly broadened compared to 1SCPB indicating its ultra-small 

size. Figures 1c and 1d show representative transmission electron 

microscopy (TEM) images for the 1SCPB and 9SCPB NCs respectively 

(Figure X3 in SI shows TEM images for 6SCPB). While 1SCPB has cubic 

morphology with an average size of ~ 8.6 nm, 9SCPB has spherical 

morphology with an average size of ~ 3.3 nm. This is seen by other 

reports also where smaller size shows spherical morphology 

indicating stabilization of different high energy facets. The size 

distribution of 1SCPB is found to be 9% while for 9SCPB size distribution 

is found to be ~ 8%, suggesting homogeneous size distribution of 

particles.  

To check the effect of synthesis temperature on the size of CsPbBr3 

NCs, 9SCPB synthesis is performed at different temperatures, 170 °C, 

130 °C, 100 °C and 80 °C. Figure 2a shows the absorption and PL 

spectra of 9SCPB synthesized at different temperatures. (Figure X4 in 

SI shows PL decay traces of 9SCPB synthesized at different 

temperatures). The spectra do not vary significantly under the 

various temperature reaction conditions suggesting similar particle 

sizes for these batches of NCs. This is further corroborated by 

recording the TEM images of these samples. Figure 2b shows the 

TEM image of 9SCPB synthesized at 80 °C (denoted as 9SCPB @80 °C) 

showing similar size to the 9SCPB synthesized at 170 °C (shown in 

Figure 1d). The size of CsPbBr3 NCs synthesized at higher relative 

supersaturation is independent of temperature, which is very 

interesting. Unlike the conventional synthesis of CsPbBr3 NCs, where 

lowering the temperature reduces the particle size or dimensionality, 

the size of the NCs remains similar in this case. We hypothesize that 

at such large relative supersaturation conditions, the range of 

reaction/growth temperatures investigated in this study has minimal 

influence in controlling the nucleation and growth of the crystals.  

 

 

Figure 2: (a) Absorbance and PL spectra of 9SCPB CsPbBr3 NCs sample 
synthesized at different temperatures. The absorbance and PL 
spectra remain similar at different synthetic temperatures implying 
similarity in size. (b) Representative TEM image of 9SCPB CsPbBr3 NCs 
synthesized at 80 °C. Inset shows the size distribution of the NCs 
having an average size of 3.4 ± 0.3 nm and spherical morphology. This 
is interesting as both 9SCPB CsPbBr3 NCs synthesized at 170 °C and 80 
°C have similar sizes. 

We then proceeded to optimize the reaction conditions including the 

relative supersaturation concentration and time of reaction (Figure 

X5 in SI shows the PL spectra of 9SCPB @170 °C at different reaction 
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times) to further fine-tune the PL peak and narrow down the size 

dispersion. Figure 3a shows the absorbance and PL spectra with the 

first excitonic peak at 449 nm and corresponding PL peak at 461 nm 

of the optimized CsPbBr3 NCs sample, 10SCPB NCs. The PL peak has a 

narrow FWHM of 17 nm with a PL quantum yield (QY) of 66 % (Figure 

X6 in SI shows the determination of PL QY). Please note that no size-

selective precipitation has been used to reduce the particle size 

dispersion and no post synthetic modifications have been used to 

boost the PL QYs. Figure 3b shows the TEM image of the 10SCPB NCs 

with the size distribution. The NCs have spherical morphology with 

an average size of 3.2 nm.   

 

Figure 3: (a) Absorbance and PL spectra of optimized 10SCPB NCs 
having PL peak at 461 nm with PL QY of 66%. Inset shows the digital 
photograph of the colloidal dispersion of NCs and its thin film on glass 
under UV light. (b) TEM image of optimized 10SCPB CsPbBr3 NCs. Inset 
shows the size distribution of the NCs with an average size of 3.2 ± 
0.3 nm and also the high-resolution TEM image with the lattice 
planes assigned on an individual NC. 

CsPbBr3 NCs synthesized at lower temperature having size < 4 nm or 

thinner nanoplatelets do exhibit blue emission but these NCs are not 

spectrally stable and over time they grow in size and their 

absorption/emission redshifts towards higher wavelengths.26,27 

However, we observe that NCs synthesized by increasing the relative 

supersaturation condition at elevated temperatures (> 170 °C) do not 

suffer from this problem and their absorption/emission does not 

change with storage time. To show this, we synthesized two sets of 

blue emitting CsPbBr3 NCs; one at a lower temperature (80 °C), 

termed as 1SCPB @80 °C and the other blue emitting sample at 

increased relative supersaturation condition at a higher 

temperature, termed as 10SCPB @170 °C. Both these samples are 

then irradiated with UV light (365 nm, 50W), and their absorption 

and emission spectra are recorded with increasing irradiation time. 

From Figures 4a and 4b, we can see absorption and emission of 1SCPB 

@80 °C redshifts with increasing time under UV irradiation. The NCs 

transform from blue emitting to green emitting dots within 3 hours 

only. This redshift in emission is due to the growth of NCs, as they 

agglomerate rapidly from smaller to bigger NCs. Figures 4c and 4d 

shows the TEM images of 1SCPB @80 °C before and after the UV 

irradiation respectively. Note that the growth of these NCs also 

happens without external UV irradiation but takes a longer time (the 

growth is more significant for films as shown in Figure X7 in SI). 

Similarly, this UV irradiation test is also applied for the 10SCPB @170 

°C synthesized sample and we see that it is stable under the UV 

irradiation and absorption/emission does not change with time as 

shown in Figures 4e and 4f. Figures 4g and 4h show TEM images of 

the NCs before and after UV irradiation, verifying that their shapes 

and sizes remain unchanged. 

 

Figure 4: (a) Absorbance and (b) PL spectra of blue emitting sample 
CsPbBr3 NCs synthesized at a lower temperature, 1SCPB @80 °C with 
varied UV irradiation time. (c, d) TEM image of 1SCPB @80 °C before 
(0 minutes) and after UV irradiation (180 minutes) respectively. Inset 
shows the photograph of samples where the emission color changed 
from blue to green.  (e) Absorbance and (f) PL spectra of blue 
emitting sample CsPbBr3 NCs synthesized at a higher temperature at 
increased relative supersaturation, 10SCPB @170 °C with varied UV 
irradiation time. (g, h) TEM image of 10SCPB @170 °C before (0 
minutes) and after UV irradiation (180 minutes) respectively. Inset 
shows the photograph of samples where blue emission is 
maintained. (Note: min =minutes)  

Smaller NCs have high energy facets on their surface and so they tend 

to grow in size to minimize their free energy. Generally, ligands on 

the surface of NCs hinder this growth but for perovskite NCs, the 

ligand binding is weak and dynamic and hence insufficient to stabilize 

the smaller NCs. Elemental composition determined by energy 

dispersive spectroscopy (EDS) suggests that 10SCPB @170 °C is very 

deficient in Cs compared to Pb (Table X3 in SI).  Although ligand 

density is similar for both the sample (Figure X8 in SI shows 

thermogravimetric spectra of the CsPbBr3 NCs), nuclear magnetic 

resonance (NMR) spectra (Figure X9, X10, and X11 in SI) suggest that 

the 10SCPB @170 °C samples have the signature of oleylammonium 

(OLA+) binding. Previous literature has shown that OLA+ ions bind to 

CsPbBr3 NCs by substituting Cs+ ions on the surface.28 We 

hypothesize that the 10SCPB @170 °C NCs are stabilized by the OLA+ 

binding that replaces the Cs+ ion on the surface of the NCs, which 

prevents them from growing in size. On the other hand, the 1SCPB 

@80 °C NCs do not have such strong ligand binding, which makes 

them prone to crystal growth. Based on this observation, we also 
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hypothesize that there exists a minimum temperature required for 

OLA+ to replace the Cs+ ion on the surface of CsPbBr3 NCs. 

                                   In conclusion, we have shown that the size of 

CsPbBr3 NCs can be controlled and reduced to achieve strongly 

confined NCs just by increasing the relative supersaturation 

condition, without changing the ligand nature or the synthesis 

temperature. We have obtained CsPbBr3 NCs of size ~ 3.2 nm with a 

high PL QY of around 66% and narrow FWHM of 17 nm without doing 

any post synthetic modifications. The resulting small NCs are stable 

against subsequent grain growth and maintain their desired 

absorption and emission properties even after storage for months (> 

6 months). These NCs can thus be used for the fabrication of blue 

perovskite LEDs where stability and high efficiency remain elusive. A 

more detailed study about the size control, growth, and surface 

analysis of these NCs is still required and would be part of our further 

research. 
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