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Abstract: Colloidal all-inorganic lead halide perovskite quantum dots 

(QDs) are high-performance light-emitting materials with size-

dependent optical properties and can be readily synthesized by 

mixing ionic precursors. However, the low formation energy of the 

perovskite lattice makes their growth too fast to control under regular 

reaction conditions. We report diffusion-regulated CsPbBr3 perovskite 

QD growth on a nanometer-sized liquid/liquid (L/L) interface 

supported in a micropipette tip without long-chain organic ligands. The 

precursors were divided into two immiscible solutions across the L/L 

interface to avoid additional nucleation, and the QD growth kinetics 

are regulated by the constrained cationic diffusion field depending on 

the size of the micropipette tip. QDs with unprecedentedly small sizes 

(2.7 nm) were obtained due to the slowed-down growth rates. Our 

synthesis approach demonstrates the potential of micro-controlled 

colloidal QD synthesis for mechanistic studies and micro-fabrications. 

Lead halide perovskite nanocrystals (NCs) have experienced 

extensive studies in the past decade due to their high 

luminescence efficiency, large absorption cross sections, and 

narrow photoluminescence (PL) linewidths.[1-3] These exotic 

optical properties have facilitated the rapid development of highly 

efficient light-emitting diodes with enhanced color purity.[4-6] In 

addition, collective exciton behavior, such as super-fluorescence, 

has also been demonstrated in perovskite QD assemblies.[7-9] 

One distinct feature of perovskite QDs is that they grow much 

more rapidly at even room temperatures compared to 

conventional II-VI QDs. This stems from the low formation energy 

of highly ionic perovskite lattices.[10] The sub-seconds growth rate 

of perovskite QDs has posed challenges in size control and 

arresting intermediate products to scrutinize the QD growth 

mechanisms. A series of approaches have been attempted to 

suppress the growth of perovskite NCs. For example, by diluting 

the precursor solution or using a microfluidic platform, perovskite 

NC growth has been delayed for analyzing the reaction 

mechanism.[11,12] However, the reaction rate is still fast (nucleation 

and growth complete within ~ 5 seconds)[11,13]. Varying reaction 

environments to reduce precursor reactivities can also 

dramatically slow down the QD growth[14-17] but can alter the 

growth mechanism and generate 2D and 1D nanostructures.[18] 

Nevertheless, it is still difficult to regulate lead halide perovskite 

QD growth, especially at the early stage when the QD sizes are 

small.[19] 

 

Scheme 1. Schematic illustration of the synthesis of CsPbBr3 QDs on a nano-

confined interface. a) The micropipette is filled with an N,N-dimethylformamide 

(DMF) solution containing the lead acetate and cesium acetate precursors, and 

its tip is immersed in bromobenzene. The bromide precursors are produced by 

photolysis of bromobenzene once a 405 nm laser illuminates the tip area. b) 

The asymmetric diffusion field created by the micropipette. Diffusions of cationic 

precursors inside the micropipette are constrained, whereas the diffusion of the 

bromide precursors is hemispherical and less restricted. 

The kinetically regulated growth of colloidal QDs is often 

described by the LaMer model.[20-22] In this model, supersaturated 

precursors nucleate first, followed by a diffusion-controlled QD 

growth that consumes the remaining precursors. Ostwald ripening 

happens upon further consumption of precursors, where larger 
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QDs grow and smaller QDs disintegrate. The key to obtaining 

homogeneous and controlled QD growth is the separation of 

nucleation and diffusion-controlled growth.[22] However, the 

perovskite QD growth is usually accompanied by continuous 

nucleation events. To overcome this challenge, inhomogeneous 

reactions that can delay precursor mixing to avoid excessive 

nucleation have been applied to organic-inorganic halide 

perovskite NCs.[23] Recently, controllable growth of size-tunable 

CsPbBr3 QDs was achieved by sustainably releasing Pb 

precursors.[24] The (Trioctylphosphine oxide) TOPO-Pb complex 

undergoes equilibrium with the metastable monomer, Cs[PbBr3], 

which slowly converts to QDs. This self-limited monomer 

availability enabled nucleation and growth isolation. Later studies 

also revealed that metastable perovskite nanoclusters also 

regulate the growth of perovskite QDs[25,26] 

In addition to reactivity control, other chemicals, such as strongly 

coordinating ligands like TOPO and Octylphosphonic acid, have 

been used to terminate the reaction and stabilize the NCs.[27,28] 

Oleylamine/oleic acid acid-base pair was first employed to 

perovskite QD synthesis and exhibited promise for synthetic 

control.[29,30] Over the past decade, ligand binding group and 

ligand tail engineering have been explored to enhance PL 

efficiency and photostability of perovskite QDs.[31-33] It should also 

be noted that ligands also play an important role in controlling the 

anisotropy of the perovskite NCs.[34] However, interaction 

between ligands and perovskites is highly dynamic: the long-

chain organic ligands often form active chemical equilibria with 

QD surface ions, further complicating the growth kinetics.[35] To 

date, suppressing the reactivity of precursors is still necessary to 

slow perovskite QD growth for kinetic studies and obtain very 

small (< 6 nm) QDs. 

Confining crystallizations in a micropipette has been reported 

recently[36-38]. Typically, nucleation is triggered by an 

electrochemical stimulus at a micropipette tip dipped in a 

homogeneous solution containing precursor ions. Single crystals 

(from sub-µm to ~ tens of µm) will be generated. The narrow 

pipette tip with a size comparable to the crystal facilitates the 

study of crystal nucleation by monitoring the change in the ion 

current blocked by the crystal. However, nanocrystal growth that 

requires the separation of nucleation can hardly be achieved in a 

homogeneous solution, especially for perovskite QDs that 

nucleate nearly barrierless and grow large in seconds. 

Here, we report a micro-synthesis method for CsPbBr3 QDs that 

physically isolates the nucleation from growth processes by 

creating a static interface that separates different precursors into 

two immiscible solvents. The nano-sized L/L interface limits the 

QD nucleation and prevents unwanted precursor mixing. The 

constrained diffusion field in the micropipette[39] can sustainably 

deliver precursors and significantly retard the QD growth. Without 

the need for low precursor concentrations and long-chain organic 

ligands, the growth time of CsPbBr3 QD was successfully 

extended to 10-15 mins using the L/L interface. The reaction rate 

can be easily regulated by changing the size of the pipettes. QDs 

can be conveniently arrested by retracting the micropipette from 

the non-polar phase. In-situ photoluminescence (PL) 

spectroscopic study unraveled successful growth regulation 

following the LaMer model. Our work directly probes the reaction 

kinetics of perovskite QD growth without the dynamic surface 

ligand binding interferences. Our method can produce size-

controlled perovskite QDs at dedicated locations for 

microfabrication, providing a platform for individually tweaking 

reaction precursors for mechanistic studies.   

The micropipette and QD growth regulated by asymmetric 

diffusion fields are illustrated in Scheme 1. The micropipette is 

filled with the polar phase: an N, N-dimethylformamide (DMF) 

solution containing cesium acetate and lead acetate. The pipette 

tip is immersed in bromobenzene, which acts as both the non-

polar phase and the bromide source. An objective lens focuses a 

405 nm cw (continuous wave) laser on the tip area to excite the 

QDs generated on the L/L interface and collect their 

photoluminescence (PL) emissions. The focused laser beam also 

induces the photolysis of bromobenzene to provide bromide ions 

for QD growth.[40,41] QD generation, therefore, is likely to be 

restricted at the L/L interface where cationic and anionic 

precursors meet each other. The open end of the pipette was 

sealed to maintain the pressure inside and suppress potential L/L 

interface migrations. (Details in Supporting Information, Methods, 

and Figure S2.) The laser-induced precursor generation provides 

a convenient means to switch the reaction on and off. The PL 

spectra of QDs grown on the interface are recorded in situ using 

a fluorescence microscope equipped with a modular 

spectrometer (Supporting Information, Figure S1). It is also worth 

mentioning that long-chain organic ligands are not introduced into 

the system. Therefore, the QDs are unlikely to degrade from 

ligand-precursor ions equilibria[35,42]. The exposure of the ionic QD 

surface also prevented them from entering the organic phase. 

The micropipette supporting the L/L interface was fabricated by 

pulling apart a glass microcapillary (without a filament) using a 

laser puller. Figures 1a, 1b, and 1c show the SEM images of three 

micropipettes with decreasing tip sizes. The pipettes exhibit a 

conical tip shape, which is necessary to constrain the diffusion 

field inside the micropipette. The orifice diameter is determined by 

the magnified images of the same pipettes (Figures 1d, 1e, and 

1f). In this study, micropipettes with three different opening 

sizes,1600 nm (M1), 1200 nm (M2), and 800 nm (M3), are 

fabricated by changing the parameters on the laser puller (Details 

in Supporting Information, Methods). The tip size deviation is 

estimated to be ≤6% after imaging ten individual M3 pipettes 

(Figure S3). The orifice size of the micropipette also determines 

the lateral size of the L/L interface. The narrow tip shank and the 

tip aperture constrains the diffusion field of cations, leading to 

slower precursor diffusions, which will be discussed later. 
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Figure 1. Scanning Electron Microscopy (SEM) images of micropipettes with three different tip sizes. a) - c) Conical shape of the micropipettes. d) - f) close-view of 

micropipette openings. M1, M2, and M3's tip sizes are ~ 1600 nm, 1200 nm, and 800 nm, respectively. 

 

Figure 2. Growth kinetics of CsPbBr3 QDs at the L/L interface. a) In-situ reaction time-dependent PL spectra measured using the M3 pipette. The QDs exhibit a 
red-shifting PL peak over time, accompanied by increasing PL intensity. b) PL peak and FWHM time trace for M1 showing different stages of growth. Three discrete 
stages are observed, which are represented as stage 1, stage 2, and stage 3. c) PL peak and FWHM time traces for two separate M1 with different temporal 
resolutions demonstrating the diffusion-controlled growth (Stage 1) of the QDs. The measurements with spectra recorded at intervals of 600 ms (higher temporal 
resolution) and intervals of 30 s (lower temporal resolution) exhibit a similar trend for the PL peak shift as well as the FWHM over time. d) PL peak time trace for 

M1, M2, and M3 showing the change in growth kinetics due to the change in tip size. e) Finite volume simulation illustrating the different diffusion fields that exist 
inside and outside the micropipette. Ions inside the pipette follow a linear diffusion field, whereas the ions in the bulk solution follow a hemispherical diffusion field. 
f) Mass fractions of Br-, Cs+ and Pb2+ obtained from finite volume simulations. The L/L interface is indicated by the yellow line (marked as ‘0’ µm). The Br- mass 
fraction at 0° with the pipette tip and at 45° with the pipette tip are relatively equal, indicating a homogeneous Br- flux towards the L/L interface from all directions in 
the non-polar reservoir. The Cs+ and Pb2+ exhibit a linear diffusion field that extends over a longer length inside the pipette (40 µm). g) Schematic illustration showing 
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the proposed QD growing status at stage 0 (QD seed generation at the L/L interface area), stage 1 (diffusion-controlled QD growth on existing seeds), stage 2 
(precursor depletion), and stage 3 (Ostwald ripening).   

In-situ PL spectra collected from QDs grown inside the tip area 

are shown in Figure 2a. Bromide ions are generated once the 

laser is turned on, and QD growth starts. The precursor cations 

that already exist in the L/L interface area will nucleate with the 

bromide ions and grow into QD seeds or nanoclusters until the 

domestic precursors are consumed. This process is illustrated in 

Figure 2g as the initial stage of QD growth (Stage 0). The 

spectrometer cannot detect the nuclei or very small seeds due to 

their limited quantity and PL quantum yield (QY).[43-45] The PL 

spectra shown around time zero represents the size of the QD 

seed formed at stage 0. After the initial stage, the PL peak position 

continuously shifts to longer wavelengths, representing the QD 

growth. This can be observed in the contour plot in Figure 2a, 

where the PL peak shifts to higher wavelengths, accompanied by 

an increase in PL intensity. Additional nucleation is likely 

prevented by the separation of cations and anions.  The 

increasing PL intensity is hence attributed to the higher PLQY of 

larger QDs, since they are more defect-tolerant.[46,47]  

To provide further insights into the reaction kinetics, we extracted 

the peak positions and full-width half maximum (FWHM) as a 

function of reaction time (Figure 2b). Details of the time interval 

for spectra collection can be found in the Methods Section in the 

Supporting Information. The growth of CsPbBr3 perovskite QDs in 

the first ~ 5 minutes after the rapid formation of QD seeds is much 

slower than unrestricted QD growth, which typically takes only 

sub-seconds.[49] This suggests a regulated growth on the L/L 

interface resulting from the constrained diffusion of precursors. 

This process is illustrated in Figure 2g as Stage 1. At this stage, 

the precursor ions in the L/L interface area were already 

consumed, and further growth relies on the restricted diffusion of 

precursor ions from outside the L/L interface. The decreasing 

FWHM of PL from QDs also indicates that the QD growth is size-

focused, consistent with the diffusion-controlled colloidal QD 

growth.[48] According to the reported size curve,[24] in Stage 1 (for 

M1), the average size of QDs has increased by only ~ 1.1 nm 

(estimated by the empirical sizing curve of CsPbBr3 QDs). This is 

comparable to the growth rate of conventional II-VI or III-V QDs.[49-

51] A similar growth kinetic trend was obtained from a separate M1 

reaction performed at a high temporal resolution (spectra were 

recorded at 600 ms intervals), as shown in Figure 2c. The higher 

temporal resolution provides more insight into how the PL peak 

position red-shifts gradually in the early regime of stage 1 (10-2 to 

10-1 min), attributed to the regulated diffusion of the precursor ions, 

specifically Pb2+ and Cs+, which is further discussed in the 

ensuing section.  

The unique configuration of the micropipette promises 

asymmetric diffusion processes for separated ionic precursors: 

cation diffusions are more restricted in the narrow micropipette tip, 

whereas anion diffusions in the organic phase are less 

constrained. To verify the ion diffusion processes, we performed 

a finite volume simulation. Figure 2e shows the simulated mass 

fraction gradients of precursor ions, assuming cations and 

stoichiometrically equivalent anions were entirely consumed at 

the L/L interface area (note that bromide anions are constantly 

generated in the vicinity of L/L interface from photolysis, more 

details and parameters are provided in the Supporting Information, 

Methods and Figure S6). The Br- diffusion field is hemispherical, 

whereas the cationic precursor ions diffuse linearly towards the 

tip aperture as obtained from the simulation. The Br- mass fraction 

change across the non-polar reservoir remains almost consistent 

at 0° and at 45° with the pipette tip, indicating a homogeneous Br- 

flux towards the L/L interface from all directions in the non-polar 

reservoir (Figure 2f). The photolysis of bromobenzene near the 

interface area generates a constant supply of Br- indicated by the 

mass fraction plateau (Figure 2f) spanning ~1.5 μm in the 

reservoir near the pipette tip. In contrast, in the case of Cs+ and 

Pb2+, the supply of ions is limited by the diffusion gradient inside 

the pipette. The cationic mass fractions decrease gradually as the 

tip is approached (until ~20 µm) before a sharper decline at ~15 

µm from the interface. The low cation concentration near the L/L 

interface, combined with a lengthy diffusion field, implies that the 

diffusion of cations is more restricted and can determine the QD 

growth kinetics. 

The rate of PL peak evolution slows down after stage 1, while the 

FWHM continues to decrease. This is expected since the growth 

of larger QDs requires even more precursors, and the constrained 

precursor diffusion will no longer support QD growth at the same 

rate as in Stage 1 (Figure 2b and Figure 2g). In the following ~ 10 

minutes (Stage 2), the PL peak of QDs only shifts ~ 4 nm, and the 

FWHM is reduced from 22 nm to a minimum value of 18 nm 

(Figure 2b). This is consistent with the feature of a size-focused 

diffusion-controlled QD growth. Notably, both homogeneous and 

inhomogeneous broadening contribute to the FWHM of QDs. 

While size-focusing growth can reduce inhomogeneous 

broadening, homogeneous broadening can still contribute up to 5 

nm of FHWM, decreasing in Stage 1.[52,53] After Stage 2, the PL 

peak redshifts and broadens over time. This suggests a ripening 

process (Stage 3, Figure 2b and Figure 2g) in which the larger 

QDs consume the monomers generated from the degradation of 

the smaller QDs. Therefore, a confined L/L interface allowed us 

to slow down the growth kinetics of CsPbBr3 QDs into three 

discrete stages that closely follow the LaMer model. 

Our protocol spatially separates the nucleation and seed growth 

from the diffusion-controlled growth since the precursors can only 

meet at the interface area. Such a nanoscale synthesis contrasts 

with macroscopic synthesis, in which nucleation and complete 

growth happen asynchronously in the homogeneous reaction 

conditions. The nano-confined interfacial synthesis allows 

regulation of the growth kinetics by simply manipulating the 

diffusion field. This is demonstrated by conducting the synthesis 

using M2 and M3 with smaller tip openings than M1. It is worth 

mentioning that the L/L interface migration is suppressed by 

sealing the open end of the micropipettes. The QD growth kinetics 

extracted from the reaction using all three pipettes are plotted in 

Figure 2d. When narrower pipettes are used, the initial PL peak 

positions significantly blue shift, appearing at around 463 nm and 

453 nm for M2 and M3, respectively (Figure 2d), indicating the 

formation of smaller QD seeds. This is expected since, as the 

lateral size of the L/L interface decreases from M1 to M3, the initial 

precursors available for the seeds to grow also decrease. In 

contrast, performing the reaction in a microcapillary with a tip 

opening of ~ 1.4 mm (Figure S2) immediately leads to larger (~ 

12 nm) CsPbBr3 QD formation. Interestingly, reducing pressures 

in the pipette led to a larger QD seed. This can be attributed to 
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the expansion of the L/L interface when it was retracted into the 

pipette tip shank (Figure S2). The pressure-sensitive nucleation 

kinetics agree with the tip size-dependent initial PL position in 

Figure 2d. It is worth mentioning that the 453 nm QD seeds from 

M3 can be attributed to metastable nanoclusters, which are in 

good agreement with previous reports[25,56], suggesting the 

potential control over the nucleation kinetics of perovskite QDs by 

engineering the dimensions of the micropipette. 

 

Figure 3. a) Scanning Transmission Electron Microscope (STEM) image of the 

as-synthesized CsPbBr3 QDs. Two QDs have been marked, which have a size 

of ~ 2.7 nm and ~ 2.9 nm. b) Time-dependent PL intensity trace of QDs emitting 

at 490 nm, 474 nm, and 460 nm collected at ~ 1 minute of reaction in M1, M2, 

and M3 pipettes, respectively.  

Apart from the reduced size of QD seeds obtained in Stage 0, the 

growth kinetics of QDs at Stage 1 were successfully regulated by 

the tip size of the micropipettes. As shown in Figure 2d, the Stage 

1 growth time was extended to around 10 minutes and 12 minutes 

when M2 and M3 pipettes were used, respectively. This is 

attributed to the more restricted diffusion of the precursors in the 

polar phase of narrower pipettes, which agrees with the diffusion-

controlled QD growth model discussed above. The derivative of 

the size evolution curves yields the growth rate, as shown in 

Figure S4, which clearly demonstrates the regulatory effect of 

diffusion control in micropipettes. Some practical uncertainties 

can also affect the growth dynamics. For example, QDs 

synthesized on the L/L interface may accumulate in the interface 

area, thus blocking the ion diffusion. However, we have observed 

that some QDs can be occasionally attached to the inner glass 

pipette wall, potentially due to the exposure of the polar QD 

surface without sufficient organic ligand passivation. 

Nevertheless, the QD growth kinetics are consistent over 

individual measurements (Figure S5).  

The slow growth kinetics allow the isolation of small perovskite 

QDs at the early stage. QDs can be collected by retracting the 

pipette from the organic phase and applying pressure on the open 

end of the pipette or by gently breaking the tip.  Figure 3a shows 

the scanning transmission electron microscope image of QDs 

obtained within 1 min of the reaction using the M3 pipette. The 

QDs have an average size of 2.7 nm with a moderate size 

distribution (19%) (Figure S7). This is attributed to the broader 

size distributions at the early stage of the reaction, corroborated 

by the broader FWHM (Figure S4). Elemental analysis using ICP-

MS yields a Cs:Pb ratio of 0.83:1, consistent with the reported 

stoichiometry (QDs synthesized using an M1 pipette, ~ 10 nm in 

diameter).[42,54] The QDs also do not have a regular shape, which 

can be partly due to the absence of long-chain ligands, which 

typically generate cuboidal-shaped QDs in conventional synthetic 

methods.[55,56] PL lifetime of QDs collected from reactions in all 

three pipettes three pipettes (Figure 3b) indicates the absence of 

an organic ligand-passivated QD surface, which is characterized 

by a multiexponential PL intensity decay with a rapid (~1 ns) 

component (Supporting Information, Table S1). The absence of 

ligands leads to directly exposed crystal defects on the QD 

surface, thereby increasing the non-radiative channels and 

reducing the excitonic lifetime. Commonly used bulky organic 

ligands, such as oleylamine and oleic acid, increase the viscosity 

of the non-polar phase and tend to solidify at the L/L interface, 

which can hinder kinetic studies. However, organic ligands can 

passivate surface defects and enhance the colloidal stability of 

QDs. Therefore, future studies should benefit from the 

introduction of designer ligands with bipolar ligand tails to 

enhance the PL efficiency and prevent potential QD aggregations. 

 

Figure 4. Concentration-dependent growth kinetics of CsPbBr3 QDs on different 

L/L interfaces: a) PL peak time trace for reactions in stage 1 with Cs and Pb 

precursor concentrations reduced to half the original value (0.02 M for Pb2+ and 

0.03 M for Cs+). b) The PL peak time trace extracted from reactions with the 

laser power density doubled compared to the original value (60 W/cm2). 

To further investigate the effect of regulated and asymmetric 

diffusion fields on the reaction kinetics, precursor concentration-

dependent QD growth kinetics were measured by fixing the tip 

size (M1) and changing the precursor concentrations. Firstly, 

reactions were performed with half of the original concentrations 

of Cs+ or Pb2+ (details in Supporting Information, Methods), and 

their corresponding QD growth kinetics in the diffusion-limited 

stage 1 are plotted in Figure 4a. Both reactions are significantly 

slowed down, indicated by the smaller shift in PL peak over time 

(~ 5 nm over 3 min, compared to ~ 15 nm for the reaction with the 

original Cs+ and Pb2+ concentrations). This is because the 

diffusion of Pb2+ and Cs+ becomes further limited upon reducing 

their concentrations. The slightly larger QD seeds generated at 

the beginning of stage 1 for the Cs+ or Pb2+ deficient reactions can 

be attributed to fewer nucleation events in stage 0. The effect of 

Br- concentration change on the reaction rates was also explored 

by tuning the laser power. In contrast, the QD growth kinetics in 

Stage 1 exhibited no significant change even when the laser 

power was two times higher than the original conditions (Figure 

4b). Note that increasing the laser power may have introduced a 

heating effect that disturbs the soft L/L interface, thereby affecting 

the initial nucleation and introducing considerable uncertainty 

during peak position identification. In addition, the larger 

discrepancy of PL positions from the low signal-to-noise ratio in 

measurements using M2 micropipette is partially a result of the 

low PLQY of very small QDs or QD seeds compared to larger QDs, 

which tend to have higher PLQY. Thus, the larger QDs could 

contribute more to the PL intensities, leading to an apparent red 

shift of the PL peak. Nevertheless, the QD growth kinetics in 
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Stage 1 are almost identical between the two laser power 

conditions, and such Br-concentration independence is preserved 

when different sizes of micropipettes are used. This is consistent 

with the asymmetric diffusion fields.  It is also worth noting that 

syntheses attempted using low laser power densities (30 W/cm² 

and 15 W/cm²) did not yield sufficient QDs that can be monitored 

using PL spectra due to the limited detection efficiency of the 

optical microscope. However, it is possible that when the laser 

power is sufficiently low, the bromide generation rate may no 

longer support the nucleation or QD growth. Additionally, we note 

that the assumptions made for bromobenzene photolysis kinetics 

are that it is proportional to the laser power, and other catalytic 

processes are not considered for the sake of modelling simplicity. 

These assumptions may no longer be suitable when the laser 

power is very low. Future studies may utilize theta-pipettes with 

dual microchannels to control ion diffusion and study the QD 

growth more independence. 

In summary, we bring forth a novel synthetic approach to 

physically regulate the growth kinetics of CsPbBr3 QDs using a 

nano-sized L/L interface. The constrained diffusion field inside the 

micropipettes allows the study of the reaction kinetics using in-situ 

PL measurements, revealing three discrete stages closely 

following the LaMer model. Moreover, the QD growth rate and 

size can be effortlessly controlled by tuning the micropipette tip 

sizes. The physically separated perovskite nanocrystal nucleation 

and diffusion-controlled growth successfully retarded perovskite 

QD growth and provided insights into their growth mechanism 

without the interferences of coordinating chemicals and ionic 

precursors. Our study also promises the precise controlled micro-

synthesis of perovskite QDs for printing photonics and quantum 

light sources on chips on demand. 

Experimental Section 

Materials 
 

Borosilicate capillaries were procured from Drummond (100 µL 

micropipettes). Lead acetate trihydrate (Pb(CH3COO)2·3H2O, 

>99.99%), bromobenzene (C6H5Br, >99.5%) and anhydrous N,N-

dimethylformamide (>99.8%) were purchased from Sigma Aldrich. 

Cesium acetate (Cs(CH3COO), >99.998%) was purchased from 

Thermo-Scientific. All chemicals were used without further 

purification. 

 

Synthetic protocols 

 
Fabrication of the micropipettes: The micropipettes were 

fabricated using a Sutter P-2000 micropipette puller (Sutter 

Instrument, Novato, CA, USA) using the following pulling 

programs:  

Pipette Heat Filament Velocity Delay Pull 

M1 325 0 20 250 80 

M2 325 0 25 250 80 

M3 325 0 25 250 90 

 

Preparation of the polar precursor solution: 25 mg of lead 

acetate trihydrate and 25 mg of cesium acetate were dissolved in 

4 mL of dimethylformamide (DMF) and vortexed until all the solids 

dissolved to form a clear solution containing 20 mM of Pb2+ and 

30 mM of Cs+. 

Preparation of the nonpolar phase: The nonpolar phase was 

composed of neat bromobenzene. Br- are generated through 

photolysis when this phase is exposed to the 405 nm laser. 

Synthesis of CsPbBr3 QDs at the L/L interfaces supported in 

micropipettes: 30 µL of the polar phase is loaded into the 

micropipette from the broad end using a microliter syringe. The 

air bubbles that may have been trapped at the tip were removed 

by gently shaking the pipette and then the broad end is sealed 

using wax. The micropipette tip is then immersed into the non-

polar phase (1 mL of bromobenzene), to establish the L/L 

interface. The 405 nm laser is focused on the tip area using an 

objective lens (LEICA 518129 with a 40x magnification and 

numerical aperture of 0.5) to initiate the reaction. The CsPbBr3 

QDs then start generating at the tip area, and the corresponding 

photoluminescence (PL) emission is collected using the same 

objective lens and guided to a modular spectrometer. 

Transmission Electron Microscope (TEM) sample 

preparation: The QDs in the pipette tips were deposited onto 

carbon-coated copper TEM grids by gently breaking the tip on the 

surface of the grid. Multiple pipettes with the same tip diameter 

were used for each grid. 

Concentration-dependent studies: For 0.5x Lead acetate 

solution, 12.5 mg of lead acetate trihydrate and 25 mg of cesium 

acetate were dissolved in 4 ml of dimethylformamide (DMF) and 

vortexed until all the solids dissolved to form a solution containing 

10 mM of Pb2+ and 30 mM of Cs+. 

For 0.5x Cs+ solution, 25 mg of lead acetate trihydrate and 12.5 

mg of cesium acetate were dissolved in 4 ml of 

dimethylformamide (DMF) and vortexed until all the solids 

dissolved to form a solution containing 20 mM of Pb2+ and 15 mM 

of Cs+. 

The laser power density was increased to 120 W/cm2 for bromide 

concentration-dependent studies and set to 60 W/cm2 for all other 

measurements. 

Pressure-dependent studies: 30 µL of the polar phase is loaded 

into the micropipette from the broad end using a microliter syringe. 

The air bubbles that may have been trapped at the tip were 

removed by gently shaking the pipette and then the broad end is 

left open. The micropipette tip is then immersed into the non-polar 

phase (1 mL of bromobenzene), to establish the L/L interface. A 

positive or a negative pressure is applied using a syringe pump 

through the open end of the pipette. The 405 nm laser is focused 

on the tip area using an objective lens (LEICA 518129 with a 40x 

magnification and numerical aperture of 0.5) to initiate the 

reaction. The CsPbBr3 QDs then start generating at the tip area, 

and the corresponding photoluminescence (PL) emission is 

collected using the same objective lens and guided to a modular 

spectrometer. 

ICP-MS studies: The QDs generated at the micropipette tip are 

dissolved in concentrated nitric acid (67%) by dipping the pipette 

tip in it. The QD-nitric acid solution is diluted to around 350 times 

and then analyzed using ICP-MS. 

 

Finite volume modelling 
 

A steady-state two-dimensional axisymmetric computational 

model was developed for prediction of the ion diffusion in the 

micropipette. The diffusion of species i in an isothermal 
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multicomponent mixture with constant density and diffusion 

coefficients is described by the following equation: 

𝜌𝐷𝑚,𝑖 [
1

𝑟

𝜕

𝜕𝑟
(𝑟

𝜕𝑌𝑖

𝜕𝑟
) +

𝜕

𝜕𝑧
(

𝜕𝑌𝑖

𝜕𝑧
)] + 𝑆𝑖 = 0 

where 𝜌 is the mixture density, 𝐷𝑚,𝑖 and 𝑌𝑖  are the mass diffusion 

coefficient of species i in the mixture, and mass fraction of species 

i, and Si is the source term accounting for consumption or 

generation of species i due to reaction. For a dilute 

multicomponent mixture like the mixture in the pipette, 𝐷𝑚,𝑖 is the 

binary diffusion coefficient of the species i in the solvent (DMF). 

The computational domain is shown in Figure S6. Due to 

symmetry, the pipette is modeled as a two-dimensional domain 

revolving around the horizontal axis. The tip of the pipette where 

it touches the reservoir has a diameter of 1.6 µm. The diameter of 

the pipette far from the entrance is 10 µm. The length of the 

pipette considered in the simulation is 40 µm. The hemispherical 

reservoir has a diameter of 20 µm. A hemispherical zone near the 

pipette tip in the reservoir with a diameter of about 4 μm 

(“illuminated zone” in Fig. S6) is illuminated by 405 nm laser to 

create bromide ions from bromobenzene. The rest of the reservoir 

is illuminated with an intensity of about one-sixth of the illuminated 

zone. 

Due to the small size of the system, solving the governing 

equation using the actual dimensions will lead to significant 

roundoff errors and will deteriorate the numerical accuracy of the 

results. To overcome this issue, the equation can be 

nondimensionalized by introducing the following non-dimensional 

variables: 

𝑟∗ =
𝑟

𝑅
          𝑧∗ =

𝑧

𝑅
          𝑆∗ = 𝑆 (

𝑅2

𝜌𝐷
) 

where R, 𝜌, and D, are characteristic length, density and diffusion 

coefficient, respectively. It is noted that the dependent variable, 

mass fraction Y, is already dimensionless and as such the mass 

fractions obtained from the non-dimensional solution are the 

same as those obtained from the solution of the dimensional 

version of the equation. Substituting the dimensional variables 

using their non-dimensional counterparts, the governing equation 

in non-dimensional format can be obtained: 

1

𝑟∗

𝜕

𝜕𝑟∗
(𝑟∗

𝜕𝑌𝑖

𝜕𝑟∗
) +

𝜕

𝜕𝑧∗
(

𝜕𝑌𝑖

𝜕𝑧∗
) + 𝑆𝑖

∗ = 0 

Boundary conditions: 

The boundary conditions are obtained from the experimental 

study. They include the consumption rate of the ions, namely Pb2+ 

and Cs+ in the pipette and Br- in the reservoir, at the liquid-liquid 

(L/L) interface, plus the mass fractions of the Br- in the reservoir 

far from the L/L interface, and mass fractions of the Pb2+ and Cs+ 

at the L/L interface. In the pipette, both the consumption rate and 

mass fractions of Pb2+ and Cs+ are approximated at the L/L 

interface. However, since there is no source term for these ions 

along the pipette, the same mass transfer rates prevail along the 

entire pipette length. The boundary conditions are as follows: 

 

Far end of the pipette:  

Pb2+: mass flux = consumption rate of Pb2+/surface area of the far 

end of the pipette 

Cs+: mass flux = consumption rate of Cs+/surface area of the far 

end of the pipette 

Br-: mass fraction = 0 

 

L/L interface: 

Pb2+: mass fraction = 0 

Cs+: mass fraction = 0 

Br-: mass flux = consumption rate of Br-/surface area of the L/L 

 

Far boundary of the reservoir:  

Pb2+: mass fraction = 0 

Cs+: mass fraction = 0 

Br-: mass fraction = 0 

The experimentally determined consumption rates of the ions at 

the L/L were 4.9×10-20 kg/s, 3.1×10-20 kg/s, and 5.7×10-20 kg/s for 

Pb2+, Cs+, and Br-, respectively. The corresponding mass fluxes 

were calculated by dividing the consumption rates by the 

respective surface areas. The non-dimensional mass fluxes are 

calculated by multiplying the dimensional ones by R/(ρDm,i) where 

ρ and Dm,I are the related density and mass diffusion coefficients. 

The employed non-dimensional mass flux boundary conditions 

are listed in the following: 

 

Far end of the pipette:  

Pb2+: non-dimensional mass flux,  𝜕𝑌𝑃𝑏2+/𝜕𝑧∗ = -2.9 × 10-9 

Cs+: non-dimensional mass flux,  𝜕𝑌𝐶𝑠+ /𝜕𝑧∗ = -2.6 × 10-9 

 

L/L interface: 

Br-: non-dimensional mass flux,  𝜕𝑌𝐵𝑟−/𝜕𝑧∗ = 1.8 × 10-7 

The dimensionless source terms for Br- in the illuminated zone 

and the rest of the reservoir were 5.2 × 10-5 and 8.6 × 10-6, 

respectively, corresponding to 0.8 and 0.13 kg/(m3∙s). 

The dimensionless governing equations and related boundary 

conditions are solved using a control volume approach 

implemented in ANSYS Fluent version 2025 R1. diffusion in the 

reservoir was found to be non-linear. 

 

Characterizations 
 

The in-situ PL measurements were obtained using a custom-built 

microscope coupled with an Oceanview USB 4000 spectrometer, 

as illustrated in Figure S1. All measurements were done under 

ambient conditions and room temperature. A 405 nm laser source 

(Coherent OBIS LX) was used to excite the QDs.  

For the in-situ PL measurements, the integration time was set to 

600 ms, and the spectra were recorded at an interval of 600 ms. 

For longer in-situ measurements spectra were recorded at an 

interval of 30 s. The same parameters were used for the bromide 

precursor concentration dependence study. For Cs and Pb 

precursor concentration-dependent studies, the integration time 

was set to 1 s, and the spectra were recorded at intervals of 1 s 

as well.  

 

The PL lifetime was measured with time-correlated single photon 

counting method on a customized epi-illuminating fluorescence 

microscope. A 405 nm diode laser was focused by an objective 

lens (Olympus UPLXAPO100XO, 100× magnification, NA = 1.45) 

to excite the sample (Picoquant LDH-D-C-405, driven by a 

Picoquant Sepia PDL828 module). The emission was collected 

using the same objective, pass through a 405 nm notch filter and 

a 425 nm long-pass filter, and measured by a single-photon 

avalanche diode (Hamamatsu C11202-100) connected to a time-

correlator (Picoquant HydraHarp 400). 

TEM measurements were performed on a Titan Themis 300.  
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ICP-MS was performed on a Perkin Elmer Nexion 2000 

Supporting Information  

Supporting figures are provided in the Supporting Information. 
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Monitoring the growth kinetics of CsPbBr3 QDs by physically separating the nucleation and growth events. A confined liquid/liquid (L/L) 

interface was used to achieve slow growth kinetics and the same was monitored through in-situ photoluminescence (PL) spectroscopy. 

The growth model obtained closely mimics the well-established LaMer model and allows the isolation of very small QDs (2.7 nm). 
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