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Colloidal lead halide perovskite (LHP) nanocrystals (NCs)1-6, with bright and spectrally narrow 

photoluminescence (PL) tunable over the entire visible spectral range, are the latest generation of 

semiconductor quantum dots (QDs) of immense interest as classical and quantum light sources7-9. 

LHP NCs form by sub-second fast and hence hard-to-control ionic metathesis reactions, which 

severely limits the access to size-uniform and shape-regular NCs in the sub-10 nm range. We posit 

that a synthesis path comprising an intricate equilibrium between the precursor (PbBr2) and the 

Cs[PbBr3] solute  for the QD nucleation may circumvent this challenge. Here, we report a room-

temperature synthesis of monodisperse, isolable spheroidal CsPbBr3 QDs, size-tunable in the 3-13 

nm range. The kinetics of both nucleation and therefrom temporally separated growth are 

drastically slowed down by the formation of transient Cs[PbBr3], resulting in total reaction times of 

up to 30 minutes. The methodology is then extended to FAPbBr3 (FA = formamidinium) and 

MAPbBr3 (MA = methylammonium), allowing for thorough experimental comparison and modelling 

of their physical properties under intermediate quantum confinement. In particular, QDs of all these 

compositions exhibit up to four excitonic transitions in their linear absorption spectra and we 

demonstrate that the size-dependent confinement energy for all transitions is independent of the 

A-site cation.  
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Colloidal LHP NCs have recently become popular light-emissive materials4-6, of practical interest for 

LEDs10-13, LCD displays14-16, lasers17-20, scintillators21,22 and luminescent solar concentrators23-25. They are 

much praised for simultaneously exhibiting near-unity PL quantum yields (QYs), a PL peak tailorable across 

the 410-800 nm spectral range with small PL full widths at half maximum (FWHM, ˂100 meV), large-

absorption cross-sections26, long exciton coherence times and sub-ns fast radiative rates at low 

temperatures 27-29. Much scientific interest revolves around single-photon emission from LHP NCs7,8,29-31 

and collective phenomena in LHP NC assemblies such as superfluorescence9,32-34.  

Until now, and owing to their synthetic availability, most studies on colloidal LHP NCs focused on 

relatively large NC sizes, i.e. with diameters of around or exceeding 10 nm. In this weak excitonic 

confinement regime, tunability of the bandgap energy is predominantly achieved via mixed-halide 

compositions. Structurally soft, with rather ionic chemical bonding, LHP NCs vastly, rather orthogonally, 

differ to more conventional QD materials such as CdSe and InP having covalent and rigid crystal structure. 

One such difference is the difficulty in producing small LHP QDs, down to few nanometers in diameter, thus 

hindering the studies into the diverse expressions of the strong size-quantization of excitons in LHPs (and 

practical use thereof) as well as understanding of the mechanism of LHP QD formation. High lattice ionicity 

and low lattice formation energy of LHP NCs is a mixed blessing when it comes to the synthesis of small 

QDs: they form too quickly as ionic co-precipitation, with sub-second formation kinetics. In this regard also 

the surface capping ligands – crucially important for the controlled nucleation and growth as well as for the 

structural integrity of the resulting QDs and their stability against solvents and environment – bind in a non-

covalent and dynamic manner35, thus contributing to the difficulty of arresting the QD formation and 

stabilizing them at small sizes.   

Monodispersity and shape-uniformity, as well as precise size-tunability in the sub-10 nm regime must be 

realized through the scalable synthesis that yields isolable, pure and robust QD samples. Thus far no 

synthesis method fulfilling the entirety of these requirements has been reported for small LHP QDs. Limited 

success had been reached for CsPbX3 (X Cl, Br, I) compositions34,36,37, wherein QD fractions down to 3-4 

nm are obtained post-synthetically, albeit with small synthesis yield for a specific QD size fraction, foremost 

due to broad size dispersion or very lossy isolation. Noteworthy is the use of long-chain zwitterionic capping 
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ligands that exhibit improved surface adhesion relative to more conventional single-binding-head 

molecules, rendering the small CsPbBr3 QDs sufficiently robust to sustain multiple steps of size-selective 

precipitation leading to monodisperse fractions34. Small colloidal FAPbX3 and MAPbX3 NCs, however, 

remained elusive as they are even more labile structurally. 

We reasoned that the slower formation of small monodisperse LHP QDs at full reaction yield cannot be 

accomplished only by mere adjustments of typical reaction parameters, such as lowering of the reaction 

temperature and concentration of reagents. We hypothesized that precursor-monomer-QD nuclei 

conversion path must be characterized by the mutual chemical equilibrium between these moieties 

governed by the common complexing agent, thus having a self-limiting character as well. Importantly, this 

equilibrium shall not be obscured by any competing process, such as binding of a stronger capping ligand 

to the QD surface, which is somewhat contradictory to the previous efforts on stabilizing the perovskite NC 

surfaces by stronger binding ligands. We find that trioctylphosphine oxide (TOPO) serves this three-fold 

mission as it complexes (solubilizes) the PbBr2 precursor, binds to the Cs[PbBr3] monomer (solute) and 

then weakly coordinates to the QD nuclei surface. The issue of isolation and subsequent robustness of the 

obtained QDs is then mitigated by adding a stronger binding ligand – lecithin as a long-chain zwitterion – 

at the end of the QD formation step. We thus present a room-temperature synthesis, wherein the overall 

QD formation occurs on the scale of up to 30 minutes, hereby allowing also the live in-situ observation of 

the reaction by optical absorption and emission spectroscopy. After the isolation, monodisperse 

rhombicuboctahedral CsPbBr3 QDs, with mean size tunable in 3-13 nm range, are obtained at 100% 

precursor-to-QD conversion rate. These CsPbBr3 QDs, as well as FAPbBr3 and MAPbBr3 QDs obtained 

analogously, exhibit up to four well-resolved excitonic transitions and the size-dependent confinement 

energies for all transitions is independent of the A-site cations. The obtained energies of these transitions, 

utilizing the statistics from over 25.000 individual spectra, are then found to agree with those calculated 

using effective mass/kꞏp model. 

 

Synthesis of monodisperse CsPbBr3 QDs.  

We sought to tame the nucleation and growth of LHP QDs while ensuring a facile one-pot synthesis 

methodology that uses off-the-shelf chemicals and that is suited for in-situ monitoring with optical and 
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structural methods, as well as for ex-situ characterization (Fig.1). We hypothesized that the conventional 

approach – referred to as oleylamine - oleic acid (OLAM/OA) path1 – suffers from the immediate conversion 

of the PbBr2 into haloplumbate ionic solute (PbBr3
-) upon the action of OLAM/OA38,39. The subsequent 

reaction with injected Cs-ions is thus quantitative and fast, and hence nucleation and growth are not 

temporally separated. We thus aimed at establishing the mechanism, in which the formation of PbBr3
- 

anions is activated to the introduction of Cs-cations by having the latter as the only available cation in the 

system throughout the synthesis, and wherein the equilibrium is retained with the non-reactive PbBr2 

precursor reservoir through a common coordinating agent. We therefore took an approach of using a neutral 

molecule TOPO as a sole coordinating agent for solubilizing PbBr2 precursor40. Into this PbBr2:TOPO 

solution, Cesium-diisooctylphosphinate (Cs-DOPA) solution was injected at room temperature (both in 

hexane; see Methods, Supplementary Note 1 and Supplementary Figs. 1-5). Since TOPO and DOPA 

are weakly binding ligands for LHP QDs40,41, they were displaced with lecithin as a strongly binding 

zwitterionic ligand42 for subsequent isolation and purification steps, as well as ex-situ characterization (see 

detailed comparison of in-situ and ex-situ data analysis, as well as the in-situ set up in Extended Data 

Fig.1, Supplementary Note 1.2 and Supplementary Figs. 6-12). In-situ recorded absorption spectra 

(Supplementary Video 1, 6 nm CsPbBr3 QDs) exemplify the slow growth lasting for 30 minutes and narrow 

size-dispersion seen as sharp excitonic absorption peaks. Purified lecithin-coated QDs exhibit the same 

sharp absorption features when measured ex-situ and can be prepared in a size range from 3-13 nm 

(Fig.1d and Supplementary Fig. 13). In-situ synchrotron SAXS measurement (6.2 nm QDs, Fig. 1e) 

yielded narrow size-dispersion (8.1%) and rather isotropic spheroidal shape. The latter is in stark contrast 

to previous ex-situ SAXS measurements on cuboidal shaped CsPbBr3 QDs, where on average a 20% offset 

between the shortest and longest edge length of the cuboid was reported34,42. The findings hold also for 12 

nm-large QDs (Supplementary Fig. 14). TEM and scanning TEM (STEM) images of purified 8 nm QDs 

(Fig. 1f and Supplementary Figs. 15-16) showing tendency to hexagonal packing, indicating spheroidal 

QDs, rather than the commonly observed nanocubes.1,9,34,36,37 . High-resolution STEM (HR-STEM) of 12 

nm QDs evidences truncation along the {110} and {111} facets, hence rhombicuboctahedral shape of QDs 

(Extended Data Fig.2), in good-agreement with the spheroidal shape in in-situ SAXS. CsPbBr3 QDs 

crystallize in a phase-pure orthorhombic phase as seen from in-situ WAXS of crude solutions as well as 



 6

powder X-ray diffraction (XRD, Fig. 1g). CsPb(Cl:Br)3 QDs, which exhibit larger bandgaps compared to 

CsPbBr3, and therefore of interest for blue LEDs, could also be obtained using this method by applying an 

in-situ anion exchange43,44, using ZnCl2-TOPO solution added dropwise before lecithin ligand.  Here, the 

sharp excitonic features (Extended Data Fig. 3a and b) and narrow size-dispersion and spheroidal shape 

(Extended Data Fig. 3c, d and Supplementary Fig. 17), were fully preserved.  

In-situ optical measurements allow for thorough and fast parametric screening. The overall dilution 

and the concentration of the TOPO ligands were found most effective for controlling the QD size in our 

room-temperature synthesis, contrary to conventional size control by varying the reaction 

temperature1,34,36,42,45,46. For instance, dilution of the reaction by an order of magnitude leads to a decrease 

in size from 9 nm to 3 nm (Fig. 1h, i and Extended Data Fig. 4a). Similar effects come from adjusting 

concentrations of PbBr2 or Cs-DOPA precursors individually (Supplementary Note 1.1 and 

Supplementary Figs. 1-4). Alternatively, a four-fold raise in TOPO concentration translates in the QD size 

increase from ca. 3 to 9 nm (Fig. 1j, k and Extended Data Fig. 4b). A combined effect of dilution and larger 

TOPO concentration translates into drastically slower QD growth (Fig. 1l, Supplementary Fig. 18 and 

Supplementary Video 2). 



 7

 

Fig. 1 | Room-temperature, controlled-rate synthesis of monodisperse CsPbBr3 QDs. a, A reaction 
scheme and overview of in-situ monitoring techniques. b, Overview of used ex-situ techniques on ligand 
exchanged and washed QDs which are complementary with the used in-situ techniques. c, Example of in-
situ recorded absorption spectra of 6 nm QD during 30 min reaction with solid line being the final recorded 
absorption spectrum, demonstrating clear and sharp first and higher order absorption peaks. d, Absorption 
spectra of series of washed CsPbBr3 QDs ranging from roughly 3 to 13 nm. e, SAXS scattering curve of 6 
nm QD recorded at the end of a reaction, resulting in a size dispersion of roughly 8%, and a fitted pseudo 
spherical shape with one axis being slightly shorter compared to the other two. f, STEM image of washed 
7.8 nm QDs and HRSTEM image of a single QD showing the pseudo spherical shape due to truncation. g, 
Diffractograms of 6.2 nm QD recorded both in-situ in a crude solution using WAXS as well as from a washed 
dispersion using XRD on a film, both exhibiting a match with the orthorhombic crystal structure of CsPbBr3. 
h, in-situ recorded size of CsPbBr3 QDs at various concentrations (concentration of Cs-DOPA) showing 
both the decrease in size and reaction speed upon dilution. i, Respective final absorption spectra of 
reactions shown in panel h, indicating all final samples are highly monodisperse. j, in-situ recorded size of 
CsPbBr3 QDs at various PbBr2:TOPO ratios (with a fixed PbBr2 concentration) showing the increase in size 
with increasing TOPO concentration, whilst the reaction speed remains relatively unchanged. k, Respective 
final absorption spectra of reactions shown in panel c, indicating all final samples are highly monodisperse. 
l, Comparison of reaction speeds of three different reactions resulting in roughly the same QDs size, 
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showing how controlling both the overall dilution and the TOPO concentration can slow down the reaction 
by two orders of magnitude.  

  

Spheroidal vs cuboidal QDs.  

Next, we elucidated the origin of the exceptionally well-resolved excitonic transitions in the 

spheroidal QDs, as compared to conventional cuboidal NCs studied since 20151. The difference cannot be 

merely attributed to the size-dispersion. For instance, Fig. 2a and b compare our spheroidal CsPbBr3 QDs 

with several own examples of cuboidal CsPbBr3 QDs with same or better size-dispersion (Supplementary 

Fig. 19). The latter include NCs capped with didodecyldimethylammonium bromide (DDAB) or OLAM/OA 

as used recently for NC superlattices9, as well as those capped with long-chain sulfobetaine zwitterionic 

ligands (3-(N,N-dimethyloctadecylammonio)propanesulfonate, ASC18) after size-selective precipitation47. 

Similarity of PL FWHM across these different shapes also evidences that the inhomogeneous broadening 

is not the cause for the "blurred" higher order absorption transitions in cuboidal QDs either. We thus turned 

to analyze the effect of the shape itself by computing a one-photon absorption cross-section (Fig. 2c, 2d 

and Supplementary Fig. 20). For this, the effective mass Approximation (EMA) was employed with the 

use of the energy-dependent effective mass to emulate the effect of full two-band coupling48. Beyond this, 

the electron-hole Coulomb interaction was included in a single-shot calculation (i.e. without self-consistency 

iteration, see details in Supplementary note 2). Compared to a perfect sphere, the cubic symmetry 

introduces perturbation that couples the spherical states of different angular momenta. This coupling leads 

to mixing between and splitting of the higher order absorption states, which results in the smoothing out of 

the absorption spectra, as observed experimentally. Furthermore, recent SAXS studies on cuboidal 

CsPbBr3 NCs revealed up to 20% reduction in length along one of the cuboid edges (oblation), which further 

contributes to the splitting of higher order absorption states34,42. Particularly, going from the spherical shape 

to such an oblate cuboidal shape leads to the nearly complete flatting of the second and third absorption 

transitions. 
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Fig. 2 | The effect of QD shape on the absorption spectral features. a-b, Experimental absorption and 
PL spectra of 5 nm and 9 nm cuboidal and spheroidal QDs. Monodisperse cuboidal QDs coated with 
DDAB9, OLAM/OA9, ACS1834. c-d, Calculated absorption spectra of both 5 and 9 nm QDs with different 
shapes using the effective mass approximation (EMA) with the inclusion of electron-hole Coulomb 
interaction in a single-shot calculation. For the cuboidal QD, an oblate shape was chosen with 20% 
shortening along one of the cube's edge (parameter b = 1.2). 
 

Reaction mechanism.  

We used in-situ optical absorption spectra to shed light onto the underlying chemical reactions and test 

reasoning on using solely neutral coordinating agent (TOPO) to prevent premature and uncontrolled 

conversion of PbBr2 into the PbBr3
- solute. PbBr2 dissolves in TOPO forming a PbBr2[TOPO] complex40 that 

has a broad absorption peak around 4.4 eV (Fig. 3a), and its intensity change allows for monitoring the 

depletion of PbBr2 during the reaction. Only upon the injection of Cs-DOPA, does the PbBr3
- appear on the 

course of 100 ms, evidenced as an additional peak emerging at lower energies (3.85 eV) (Supplementary 

Fig. 21), owing to the formation of a PbBr3
- complex39,49.Once the accumulation of PbBr3

- surpasses a 

nucleation threshold (supersaturation), CsPbBr3 QDs form (on the order of seconds, Fig. 3b). Whereas 

more conventional ligands for CsPbBr3 QDs, such as OA or OLAM, react with the PbBr2[TOPO] complex40, 

free DOPA on its own does not  (Supplementary Fig. 22). As the only counter-ion available to PbBr3
- is 
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Cs+, we assume the formation of a Cs[PbBr3] complex (tight ionic pair) as the concentration of PbBr3
- 

species scales with Cs-DOPA concentration (Supplementary Fig. 23a). A Cs[PbBr3] complex might be 

additionally coordinated by TOPO.  Importantly, a higher TOPO concentration suppresses the formation of 

Cs[PbBr3], indicating that its formation is in equilibrium (Supplementary Fig. 23b) with more stable 

PbBr2[TOPO] species. Particularly, an injection of additional TOPO after the initial Cs-DOPA injection 

decomposes Cs[PbBr3] complex back into PbBr2 species (Supplementary Fig. 24).  

An overall precursor-to-QDs path is depicted in Fig. 3c. We illustrate the effect of TOPO-driven 

PbBr2:Cs[PbBr3] equilibrium on the formation of CsPbBr3 QDs for a stoichiometric PbBr2:Cs-DOPA = 3:2 

reaction by plotting in-situ monitored PbBr2, Cs[PbBr3] and CsPbBr3 concentrations (Fig. 3d). An immediate 

decrease of PbBr2 concentration upon injection of Cs-DOPA is accompanied by the formation of Cs[PbBr3]. 

As the reaction progresses, Cs[PbBr3] complexes are converted into CsPbBr3 QDs nuclei, and both PbBr2 

and Cs[PbBr3] species are proportionally consumed, but remain present, in line with the PbBr2:Cs[PbBr3] 

equilibrium. The stoichiometric conversion 3PbBr2  2PbBr3
- + Pb2+ is confirmed by subtracting Cs[PbBr3] 

and CsPbBr3 concentrations yielding the PbDOPA2 concentration. The reaction is eventually reaching a 

close to 100% yield (Supplementary Fig. 25). The rate-limiting step in this reaction is the conversion of 

the Cs[PbBr3] intermediate into CsPbBr3. A reaction with a four-fold excess of PbBr2 compared to Cs-DOPA 

(Supplementary Fig. 26) shows that the Cs[PbBr3] complex solely acts as an intermediate for the CsPbBr3 

QDs and is not stable on its own. The PbBr2:Cs[PbBr3] equilibrium self-limits the available amount Cs[PbBr3] 

for both the nucleation, as well as the subsequent growth of CsPbBr3 QDs. The separation of nucleation 

and growth – a prerequisite for the narrow size dispersion - can be seen by comparing the QD concentration 

vs. the CsPbBr3 molar concentration evolution (Fig. 3e and SI video 3). The self-limiting equilibrium 

mechanism also explains the larger QD size and lower reaction speed with increasing TOPO concentration. 

The equilibrium shifts towards PbBr2, reducing the available quantity of Cs[PbBr3] for the nucleation and 

hence decreasing the number of nuclei (and the final QD concentration, Fig. 3f), whilst the overall yield 

remains relatively unchanged (Supplementary Fig. 27). For instance, a four-fold increase in TOPO 

concentration translates into the size increase from 3.5 to 8.7 nm, corresponding to a 14-fold increase in 

QD volume. The QD concentration correspondingly drops 15 times. Additional experiments confirming the 

self-limiting equilibrium mechanism are described in Supplementary note 3. 
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Fig. 3 | In-situ observation of the precursors-to-CsPbBr3 QDs conversion. a, PbBr2-TOPO solution 
before and within 5 seconds after the injection of Cs-DOPA. b,c Typical evolution of the absorption spectra 
from PbBr2 through Cs[PbBr3] monomer and CsPbBr3 QDs and the corresponding reaction path. d, 
Temporal evolution of precursors' and reaction products' concentrations for a stochiometric reaction (2:3 
Cs-DOPA:PbBr2), wherein both the PbBr2 precursor and the Cs[PbBr]3 intermediate are consumed upon 
the formation of CsPbBr3 QDs. PbBr2 and Cs[PbBr]3 exist in equilibrium, as both are present until PbBr2 is 
consumed. e, Effective separation of nucleation and growth, as well as absence of QD coalescence or 
Ostwald ripening is apparent from the QD concentration evolution and the respective reaction yield. f, QD 
concentration vs. time dependence at different TOPO concentrations. Higher TOPO quantities suppress 
the available Cs[PbBr3] monomer and hence the number of nuclei.  

 

Optical properties of CsPbBr3 QDs.  

Contrasting the many investigations of higher-order excitonic transitions and their size- and shape-

dependencies in CdSe and PbS QDs50,51, the assignment of corresponding datasets for CsPbBr3 QDs 

remains very limited as, typically, only the lowest two transitions (1s-1s and 1p-1p) are reported34,52. In the 

present study, the first four excitonic transitions are readily resolved both in-situ (see Fig. 4a and 

Supplementary Video 4 as well as Extended Data Fig. 5 for various final QD sizes) and ex-situ linear 

absorption spectra (Fig. 4b). Size dependencies captured by 25'000 in-situ experimental spectra recorded 

for 2.5-11 nm QDs (Fig. 4c exemplifies) are retained also in the purified QDs (Fig. 4d). To assign the 

absorption features, the specific excitonic transitions were calculated using a two-band 𝑘.𝑝 model34,52. The 
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Coulomb interaction was included under the self-consistent  Hartree-Fock approximation. More details on 

the theoretical formalism are discussed in the Supplementary Note 2. For the 1s-1s, 1p-1p, 1d-1d and 1f-

1f transitions, we find a good agreement of the theoretical and experimental transition energies, plotted 

relative to the first excited state (1s-1s) as a function of their first excited state energies (Fig. 4f)50. The 

spheroidal CsPbBr3 QDs optically behave as confined model systems with symmetrical electron and hole 

manifolds, owing to their approximately equal effective masses. The theoretical absorption spectrum is then 

obtained from calculations of the oscillator strength for all allowed transitions using second-order many-

body perturbation theory, which allows partial incorporation of correlation effects in the electron-photon 

interaction48,53. Each transition was broadened with a normalized Voigt line-shape and the results for all 

transitions were added to obtain the final absorption spectra shown, for instance, for 7.0 nm (Fig. 4g and 

Extended Data Fig. 5). This model was further extended for a broad range of temperatures between 14 K 

and 300 K, as shown in Extended Data Fig. 6. More discussion on the broadening mechanisms is found 

in Supplementary Note 4 and Supplementary Fig. 28. The calculated low-temperature absorption 

spectrum was compared to the PL excitation (PLE) spectrum at 14 K (Fig. 4h). Whereas only one 1p-1p 

state transition is expected and observed at room-temperature, the narrowing of the absorption features 

upon cooling to 14 K reveals two 1p-1p contributions, separated by ca. 70 meV. This splitting is observed 

in temperature-dependent absorption spectra for various QD sizes (Extended Data Fig. 7b and 7c) and 

was previously ascribed to the shape-asymmetry in cuboidal QDs (oblation in one direction)34,52. A likewise 

observation in isotropic spheroidal QDs calls for other considerations such as anisotropies of the effective 

mass of electrons or holes, stemming from the orthorhombic crystal structure of the CsPbBr3
54,55. Such 

anisotropic effects were already inferred from electrical characteristics56. Inclusion of 10-15% of anisotropy 

in the electron hole mass gives rise to the experimentally found splitting of the 1p-1p transition of the 

magnitude found experimentally (Extended Data Fig. 8 and Supplementary Fig. 29 and 30). The splitting 

of the 1p states potentially experiences a fairly complex dependence on the QD size and temperature; see 

further discussion in Supplementary Note 5.  

Simultaneous in-situ acquisition of both absorption and PL spectra allowed us to study the inherent size-

dependent Stokes shift (Extended Data Fig. 1 and Supporting Videos 1 and 5) with excellent energy 

accuracy (standard deviation of only about 2% in the range of 4-10 nm, Extended Data Fig. 9, 
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Supplementary Fig. 31). The measured Stokes shift agrees with recent calculations that assume an 

intrinsic confined hole state with size-dependent alignment above the valence band maximum57.  

 

  

 

Fig. 4 | Excitonic transitions in CsPbBr3 QDs seen with in- and ex-situ spectroscopy corroborated 
with theoretical calculations. a, Typical second derivative of the absorption during the growth of CsPbBr3 
QDs, featuring up to four transitions that can be extracted using a peak finding algorithm. b, Second 
derivative absorption spectra for purified QDs. c, A compilation of the extracted in-situ transition energy 
values across several syntheses (n ~ 25000 individual absorption spectra). d, Similar data set obtained ex-
situ from 15 different QD sizes. e, Energy level diagram used for the two-band k.p theory with Hartree-Fock 
level description of the Coulomb interaction48,53. f, Comparison of experimental relative absorption 
transitions and theoretical calculated states. g, Theoretical absorption spectrum in which the electron-
photon interaction is considered within the framework of second-order many-body perturbation theory with 
the corresponding peak assignment. h, 14 K PLE spectra revealing splitting of the 1p-1ptransition due to 
slight anisotropy in effective masses.  
 

Extension to FAPbBr3 and MAPbBr3 QDs.  

We then sought to extend the synthesis methodology to hybrid small organic-inorganic LHP QDs 

(Fig. 5). FAPbBr3 QDs were synthesized by replacing Cs2CO3 with FA-acetate and DOPA with a mixture 

of DOPA and OA. FAPbBr3 QDs were observed to form an order of magnitude faster compared to CsPbBr3 

QDs (minute-scale, see Fig. 5a for in-situ absorption in the synthesis of 7 nm FAPbBr3 QDs). Analogous 

experiments with MA-acetate gave rise to a size-series of monodisperse MAPbBr3 NCs, albeit with further 
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reduction of the synthesis time to ca. 10s (Fig. 5e). Such a pronounced effect of the A-site cation on the 

reaction rate agrees with the proposed reaction mechanism (Fig. 3c), wherein coordination of A-cation to  

 

 

Fig. 5 | Monodisperse FAPbBr3 and MAPbBr3 QDs and comparison with CsPbBr3 QDs. a,e In-situ 
spectra during the formation of 7-nm QDs. b,f Absorption spectra of isolated series. c,g STEM images of 
ca. 7 nm QDs. d,h In-situ, ex-situ and calculated excitonic transition energies plotted with respect to their 
first excitonic transition energy.. i, Absorption spectra of ca. 7-nm CsPbBr3, FAPbBr3 and MAPbBr3 QDs 
with matched at the 1s-1s transition energy. j, Experimental size-dependent relative peak position of 
CsPbBr3, FAPbBr3 and MAPbBr3 QDs. 
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PbBr3
- was hypothesized to govern the stability and hence reactivity of these transient species. Size series 

of 6-11 nm lecithin-capped FAPbBr3 and MAPbBr3 QDs (Fig. 5b and 5f), which are found to be quasi-

spherical in shape (Fig. 5c and 5g), are analogous to CsPbBr3 QDs. These hybrid LHP NCs feature narrow 

size dispersion of under 10% and well-resolved, machine-readable excitonic peaks in both in-situ and ex-

situ measurements (see Fig 5d and 5h). See further examples in Extended Data Fig. 10a and b and 

additional TEM images in in Supplementary Fig. 32. Notably, the faster formation kinetics does not 

jeopardize the utility of the synthesis, as the QD size control is accomplished at a full reaction yield by 

adjusting the concentrations, not growth time. 

  We then sought to compare all three LHP homologues as they feature an analogous Pb-halide octahedral 

framework. As illustrated in Fig. 5i, the 7-nm CsPbBr3, FAPbBr3 and MAPbBr3 QDs exhibit nearly identical 

absorption spectra, when matching the positions of their first excitonic transition. Moreover, across the 

experimental and theoretical size-series, all three materials exhibit the same effect of quantum-confinement 

on higher-order excitonic transitions (Fig. 5j and Supplementary Fig. 33).  

In sum, we have introduced a synthesis methodology that (i) can conveniently handle the precursor-

monomer equilibrium and hence the formation kinetics of small LHP QDs at room temperature, inherently 

separating the nucleation and growth, and (ii) yields scalable quantities of such QDs at full reaction yield. 

The slower overall reaction rate allows for convenient in-situ optical parametric screening and, in future, 

also structural characterization. This work provides avenues for studying strongly quantum confined LHP 

QDs with inherently conspicuous excitonic features. 
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Methods 

Chemicals. Lead(II) bromide (PbBr2, 99.999%), zinc chloride (ZnCl2, 98%), cesium carbonate (Cs2CO3, 

99.9%), formamidinium acetate (99%), methylamine (33 wt% in ethanol), acetic acid (99.5%), hexane 

(≥99%), diisooctylphosphinic acid (DOPA, 90%), oleic acid (OA, 90%) and acetone (ACE, ≥99.5%) were 

purchased from Sigma Aldrich. n-Octane (min. 99%) and lecithin (>97% from soy) were purchased from 

Carl Roth. Trioctylphosphine oxide (TOPO, min. 90%) was purchased from Strem Chemicals. All chemicals 

were used as received. Methyl ammonium acetate was synthesized by reacting methylamine with acetic 

acid as described in Ref58.  

Stock solutions. PbBr2 stock solution (0.04 M), as well as ZnCl2 solution used for anion exchange, was 

prepared by dissolving PbBr2 or ZnCl2 (1 mmol) and TOPO (5 mmol) in octane (5 mL) at 120 ⁰C, followed 

by dilution with hexane (20 mL). The Cs-DOPA solution (0.02 M) was prepared by mixing Cs2CO3 (100 mg) 

with DOPA (1 mL) and octane (2 mL) at 120 ⁰C, followed by dilution with hexane (27 mL). The FA-DOPA 

stock solution (0.02 M) was prepared by was prepared by loading formamidinium acetate (64 mg), DOPA 

(3 mL), OA (3 mL) and octane (5 mL) at 120 ⁰C, followed by dilution with hexane (20 mL). This solution was 

diluted further five times prior to the synthesis. The MA-DOPA stock solutions was prepared analogously 

to FA-DOPA solution using methylammonium acetate. The lecithin stock solution (~0.13 M) was prepared 

by dissolving 0.5 gram of lecithin in hexane (10 mL). This solution was diluted 10 times in the case of 

FAPbBr3 and MAPbBr3 QDs. The TOPO stock solution (0.2 M) was prepared by dissolving TOPO (4 mmol) 

in hexane (20 mL). The DOPA stock solution was prepared by diluting DOPA 40 times in hexane. The ZnCl2 

solutions used for anion solution was prepared in the same way as the PbBr2 solutions, with the replaced 

of PbBr2 with ZnCl2. All stock solutions were filtered through 0.2 µL PTFE filter prior to use. 
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Synthesis of CsPbBr3, FAPbBr3 and MAPbBr3 QDs. In an 8 ml vial, PbBr2 and TOPO stock solutions 

were combined along with additional hexane. Under vigorous stirring, a desired volume of Cs/MA/FA-DOPA 

stock solution was injected. Specific volumes of solutions are tabulated in Supplementary Tables 1 and 2 

for all reactions presented in this work. 

Ligand exchange and QD purification. Once the spectral evolution is plateaued at a final bandgap value, 

a stock solution of lecithin is added (the volume being equivalent to the A-cation stock solution used in the 

respective QD synthesis). After half a minute, a ca. 3-fold excess of an antisolvent (acetone for CsPbBr3; 

ethyl acetate:acetonitrile 2:1 for FAPbBr3, and MAPbBr3) was added and the QDs were isolated by 

centrifuging at 19970 g for 2 minutes and redispersed in hexane. 

In-situ absorption and photoluminescence (PL) setup. The reactions were carried out in a modified 

Thorlabs CVH100 cuvette holder. The absorption spectra were recorded with an Ocean Optics deuterium-

tungsten light source (DH-2000-BAL-TTL-24V) and a Thorlabs CCS200/M spectrometer. For collecting PL 

spectra, a bifurcated optical fiber was used in a front-face configuration, minimizing the PL reabsorption. 

PL was excited with a Convoy 53 UV flashlight and recorded with a Thorlabs CCS200/M spectrometer. The 

time resolution in these measurements was set to 50 µs. 

In-situ absorption in the UV range. For the higher-energy absorption studies (precursor formation and 

higher-order absorption transitions), covering both the UV range down to 200 nm, the reaction was carried 

out in a Jasco V670 spectrometer using a 2MAG cuvetteMIXdrive 1 cuvette stirring plate equipped with a 

cuvette magnetic stirrer This allowed for a time resolution of about 20 seconds per spectrum. 

Ex-situ absorption and photoluminescence (PL) spectroscopy. Room-temperature PL spectra of 

purified QDs were recorded with a Fluorolog iHR 320 Horiba Jobin Yvon with an excitation at 350 nm. 

Absorption spectra were recorded on a Jasco V670 spectrometer.  

Low-temperature PLE and absorption setup. PLE spectra were acquired with a Picoquant FluoTime300 

fluorescence spectrometer equipped with a Xe lamp for excitation and a photomultiplier tube for detection. 

Monochromators, in both the excitation and detection path, serve to select and scan the excitation and 

emission wavelength. An ARS closed-cycle He cryostat in combination with a Lakeshore temperature 

controller were employed to control the sample temperature. The QD samples were spin-coated as thin 

films on Si/SiO2 substrates and measured in vacuum. PLE spectra were recorded for an emission 
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wavelength set to 35 meV with respect to the PL peak; qualitatively similar spectra were observed also 

when the emission wavelength was set to the PL peak. The low-temperature absorption was recorded in 

the same cryostat system, but with an Ocean Optics deuterium-tungsten lamp (DH-2000-BAL-TTL-24V) as 

white light source and a Thorlabs CCS200/M spectrometer as detector. 

Data analysis and fitting. Custom-developed batch analysis scripts (written in Python) were employed. 

Here, the low-energy portion of both the absorption and PL spectra were fitted with a partial Gaussian to 

extract the first absorption and PL peak positions. The first absorption peak position was used to calculate 

the size34. The molar concentration of CsPbBr3 was calculated from the absorbance at 3.1 eV59. The 

precursor concentrations were calculated by fitting the absorption data with Gaussians at 4.4 eV (PbBr2) 

and 3.85 eV (PbBr3
-) after a CsPbBr3 background subtraction. The concentration of Pb(DOPA)2 was 

determined by subtracting the PbBr2, PbBr3
- and CsPbBr3 concentration from the starting PbBr2 

concentration. The higher-order absorption transitions were determined via a peak finding function on the 

negative second derivative of the absorption spectra. Further details are given in the Supplementary note 

1.2.  

Small and wide-angle X-ray scattering (SAXS/WAXS) measurements. The SAXS/WAXS experiment 

was performed at beamline P21.2 at Petra III (DESY) synchrotron in Hamburg. X-ray photon energies of 

37.5 keV (0.0331 nm) with VAREX XRD4343CT detector and a sample-to-detector distance of 1.5 m (for 

WAXS) and 15 m (SAXS) were employed. These distances allowed us to probe a q-range between 16 nm-

1 and 58 nm-1 for the WAXS and between 0.15 nm-1 and 2.2 nm-1 for the SAXS. The q-range and the 

scattering intensity were calibrated with LaF6, while absolute intensities were obtained by calibrating with 

glassy carbon. 

Transmission electron microscopy measurements (TEM). TEM images were obtained using a JEOL 

JEM-1400 Plus microscope operating at 120 kV. Bright-field and dark-field scanning TEM (STEM) imaging 

was performed on a JEOL JEM2200FS microscope equipped with a Schottky field emission electron gun. 

High-angle annular dark-field scanning TEM (HAADF-STEM) images were collected at cryo-conditions 

(holder cooled with liquid nitrogen) on an aberration-corrected HD2700CS (Hitachi) operated at 200 kV with 

a point resolution of ca. 1 Å. HR ADF-STEM was carried out using a probe-aberration-corrected FEI Titan 

Themis operated at 300 kV employing a beam semi-convergence angle of 18 mrad and a beam current of 
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1 pA. Under the high-resolution acquisition conditions used, the dose per frame was about 50 electrons/Å2. 

Series of images of each particle were recorded and 8-10 frames were averaged for noise-reduction, 

warranting that the nanoparticles remained unchanged in the averaged frames. The frames were aligned 

using the non-rigid algorithm as implemented in SmartAlign60. 

Empirical modelling. For the comparison between a sphere and a cube, EMA was employed together 

with a single-shot computation of Coulomb interaction. The correspondence 𝐿 √3 𝑅 was made where 𝐿 

and 𝑅 are the cube edge length and sphere radius, respectively. For the peak assignment and the 

absorption cross-section, assuming spherical symmetry, the two-band 𝑘.𝑝 model was used and the 

Coulomb interaction was treated using the Hartree-Fock approximation. Electron-photon interaction was 

computed within second-order many-body perturbation theory. The QD size is taken to be √3 𝑅  where 𝑅  is the effective sphere radius. More details can be found in Supplementary Notes 2 and 4. 
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Extended Data Figures 

 

  
Extended Data Fig. 1 | Comparison between in-situ and ex-situ data analysis and overview of in-situ 
measurements. a, Schematic showing conventional ex-situ data acquisition and analysis. b, Schematic of 
in-situ acquisition and in-situ analysis. c, Setup for in-situ absorption and PL measurements. d, Example of 
in-situ absorption measurement with simultaneous e, in-situ PL measurement. f, Schematic overview of 
data analysis of in-situ absorption and PL data. 
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Extended Data Fig. 2 | HR-STEM analysis of 12 nm CsPbBr3 QDs and their rhombicuboctahedral 
shape. a, HR-STEM image of a single 12 nm QD in [100] orientation, showing truncation along {110} facets. 
b, Overlap of HR-STEM image and crystal lattice of CsPbBr3 along [100] axis. c, Graphic representation of 
20x20x20 unit cell QD truncated along {110} and {111} facets shown along [100] axis. d, Simple graphical 
representation of rhombicuboctahedron shown along [100] axis. e, Single QD in [110] orientation, showing 
truncation along {111} facets. f, Overlap of HR-STEM image and crystal lattice of CsPbBr3 along [100] axis. 
g, graphic representation of 20x20x20 unit cell QD truncated along {110} and {111} facets shown along 
[110] axis. h, Graphical representation of rhombicuboctahedron shown along [110] axis. 
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Extended Data Fig. 3 | CsPbBr3 to CsPbCl3 QDs by anion-exchange. a, In-situ recorded absorption 
spectra of 5 nm CsPbBr3 QDs undergoing controlled Cl- anion exchange via dropwise addition of Cl- 
precursor, with respective second derivative shown in b. c, Absorption spectra of a series of purified 8 nm 
CsPb(Br:Cl)3 QDs with well-resolved higher-order absorption peaks, which remain preserved after the 
anion-exchange reaction and purification. d, Respective PL spectra of QD sample shown in panel c.  
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Extended Data Fig. 4 | In-situ measurements of CsPbBr3 QDs synthesized under different growth 
conditions. a, CsPbBr3 QD size-control by adjusting the overall concentrations. b, Size-tuning of CsPbBr3 
QDs by increasing the TOPO:PbBr2 ratio. All absorption spectra are normalized at 3 eV for better visual 
guide of the spectral evolution. 
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Extended Data Fig. 5 | Theoretical one-photon absorption cross-section 𝝈 𝟏  10
-14

 cm2  versus 
energy (eV) for different sizes using spherical k.p model. The direction of increasing size, where 𝐿
 3.0 8.0 nm with size step equal to 0.5 nm, is indicated by a black arrow. a and b, CsPbBr3, c and d, 
FAPbBr3. The absorption spectra were calculated at 14 K (panels a and c) and at 300 K (panels b and d). 
The broadening parameters used for CsPbBr3 and FAPbBr3 QDs are discussed in Supplementary Note 
4. 
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Extended Data Fig. 6 | Temperature dependence of one-photon absorption cross-section spectrum 𝝈 𝟏  10
-14

 cm2  versus energy (eV) in spherical k.p model. a-d, CsPbBr3, e-h, FAPbBr3. QD size is 𝐿
7.0 nm for both cations. The arrows denote direction of increasing temperature. Each calculated spectrum 
corresponds to the temperature represented by each dot on the leftmost panels. The size dispersion 𝛿  
is 8%, 10% and 15% from left to right (panels b to d for CsPbBr3, panels f to h for FAPbBr3). For CsPbBr3, 
the temperature-dependent electronic band gap is modelled as in Ref 61. Using 𝐴linear 0.339 meV/𝐾,61 
and 𝐸 16 meV,62 the choice of 𝐴 30 meV correctly reproduces the absorption band gap of CsPbBr3 
as measured by Yang et al63. The change of 𝐸gap of FAPbBr3 versus temperature was fitted using linear 
function for the data from Wang et al64. The modelling of line shape can be found in Supplementary Note 
4. 
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Extended Data Fig. 7 | Additional low-temperature absorption and PLE data. a, 14 K absorption and 
PLE spectra with their respective multigaussian fit, demonstrating splitting of 1p-1p states. The higher-
energy 1p-1p has been marked with*. b, Temperature-dependent absorption spectra of 7.3 nm CsPbBr3 
QD from room temperature to 14 K, showing the appearance of the second high-energy p-p peak around 
2.65-2.70 eV. b, 14 K PLE measurements of CsPbBr3 QDs in the range of 6-9 nm, all showing a second 
1p-1p transition. 
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Extended Data Fig. 8| Energy splitting 𝜟𝑬1p 𝐦𝐞𝐕  between the 1p-1p transitions versus the first 

absorption peak 𝑬1s-1s eV . Experimental data points were extracted using second derivative (green 
square) or multi-Gaussian fit (red diamond) from the low-temperature absorption spectra. The theoretical 
lines in panels a to c were done using the dimensionless mass variation 𝛿𝑚/𝑚  10%, 12% and 15%, 

respectively. Aspect ratio 𝑏  1.03. 𝛥𝐸1p
U  (light blue, dash dotted line): upper bound; 𝛥𝐸1p

/  (solid blue): 

without shape anisotropy, i.e. 𝑏  1.00; 𝛥𝐸1p
L  (dark blue, dotted line): lower bound. For panel a, 𝛥𝐸1p (purple 

dash line) was computed without mass anisotropy, i.e. 𝛿𝑚/𝑚 0, 𝑏  1.03, to demonstrate the effect of 
only shape anisotropy. 
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Extended Data Fig. 9 | Overview of in-situ Stokes shift measurements. a, Normalized absorption 
spectra of 6.2 nm CsPbBr3 QD and b, corresponding PL spectra. Here, the spectra are normalized at 3 eV 
to better demonstrate the growth. c, In-situ absorption and PL peak positions and the respective calculated 
Stokes shift as a function of size during the measurement shown in a-b. d, Size-dependent Stokes shift 
study of over 25.000 different spectra from 12 different reactions, compared to Brennan et al57.  
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Extended Data Fig. 10 | In-situ absorption measurements of FAPbBr3 and MAPbBr3 QDs for different 
final sizes. The synthesis conditions are found in Supplementary Tables 1 and 2. a, Absorption spectra 
of FAPbBr3 QDs and their respective negative second derivative, showing the evolution of multiple excitonic 
absorption transitions. b, Analogous study for MAPBr3 QDs. All spectra are normalized at 3 eV for a better 
visual guide of the spectral changes. 
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