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ABSTRACT: The growth of catalytic liquid metal nanodroplets on flat substrates is 

essential for many technological applications. However, the detailed nucleation and 

growth dynamics of these nanodroplets remains unclear. Here, using in situ Transmission 

Electron Microscopy (TEM) imaging, we track in real-time the growth of individual Ga 

nanodroplets from a beam of Ga vapor. We show that the nucleation and growth are 

driven by thermally-activated surface diffusion of Ga adatoms, with the diffusion 

activation energy of 𝑬𝐃 = 𝟗𝟓 ± 𝟏𝟎 meV on a SiNx surface. More importantly, our 
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analysis shows that Ga-dimers serve as the critical nucleation clusters and that the 

nanodroplet growth follows a power-law of form 𝑹(𝒕) ∝ 𝒆−𝑬𝐃 𝒌𝐁𝑻⁄ (𝒕 − 𝒕𝟎)
𝟏
𝟐⁄ . These 

insights into the growth dynamics of metallic nanodroplets are essential for tailoring their 

size and density for their application in self-catalyzed growth of nanomaterials. 

 

 

Liquid-metal nanoparticles have a wide range of applications in optics,1-2 catalysis,3 

crystal growth,4 2D materials growth5 and other areas of nanotechnology.6 The interest for 

these nanomaterials arises from their high surface reactivity and exceptional catalytic 

properties. For example, these nanodroplets act as excellent catalysts for the growth of 

semiconductor nanowires through vapor-liquid-solid (VLS) growth method, which is subject 

of great importance due to the variety of nanostructures that it enables to fabricate.7-9 Among 

various metals, Au nanodroplets are the most commonly used catalyst for the growth of group 

IV10 and III-V nanowires.11-12 However, gold is not compatible with Si technology,13 and 

substitutes are required for the integration of nanowires into Si-based processes. In the case of 

III-V nanowires, the most promising alternative to Au-catalyzed growth is the self-catalyzed 

approach in which the group III constituent of the nanowire acts itself as a catalyst. In this 

method, the group III element is deposited on a substrate in a chemical vapor deposition or 

molecular beam epitaxy reactor to form droplets,14-15 and the group V element is added 

consecutively to promote the growth of nanowires. Therefore, it becomes essential to 

understand how the nanodroplets nucleate and grow on the surface, as their size will directly 

determine size16 and shape17 of the nanowire, thus affecting its bandgap energy18 which in turn 

affects the electronic19 and optical20 properties of the nanowires. 

Despite the technological importance of liquid metal nanodroplets as catalysts, some 

aspects of their growth dynamics remain unknown. For example, it is not clear how these 

nanodroplets nucleate and grow as a function of time. The lack of this understanding stems 

from the challenge associated with the real-time observation of their growth processes. 

Previous characterization methods based on atomic force microscopy (AFM),21-22 scanning 

electron microscopy (SEM),14 scanning tunneling microscopy (STM),15, 23-24 low-energy 

electron microscopy (LEEM),25 and reflection high-energy electron diffraction (RHEED)26 are 

not suitable for tracking the evolution of many individual nanodroplets, and thus, cannot 

adequately describe the time-dependence of growth processes. Here, we use a modified 

transmission electron microscope (TEM) equipped with a Ga vapor beam source27 to observe 

in situ and in real-time the nucleation and growth dynamics of Ga nanodroplets on a SiNx 

substrate. In contrast to chemical precursors, which are prevalently used for in situ growth,28-

29 a Ga vapor beam does not require thermal decomposition to go into a liquid droplet. This 

ensures that the incident flux of material remains constant while the substrate temperature is 

changed, and it greatly improves the interpretability of the experimental results. From these 

results, we develop a model to describe the growth dynamics of Ga nanodroplets and show that 
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their growth on surfaces follows a simple power-law, and it is dominated by thermally activated 

diffusion of Ga adatoms.  

 

Figure 1. Overview of the growth dynamics of Ga nanodroplets. (A) Schematic representation of the 

experimental setup showing the growth of the Ga nanodroplets on a heated SiNx membrane from a Ga vapour 

beam source. (B) Scanning electron microscopy image of Ga nanodroplets on SiNx surface after Ga deposition. 

(C) Growth of Ga nanodroplets on a SiNx membrane held at 200 °C (Supplementary Video 1), 300 °C 

(Supplementary Video 2), and 400 °C (Supplementary Video 3). (D) Distribution of Ga nanodroplets at different 

times showing the evolution of the nanodroplet radii distributions at 200 °C (blue), 300 °C (green), and 400 °C 

(red).  

 

Figure 1A shows the experimental schematic used for imaging the growth dynamics of 

Ga nanodroplets. The nanodroplets were grown on a flat 50-nm-thick SiNx membrane held at 

different temperatures (200 °C, 250 °C, 300 °C, 350 °C, 400 °C, 450 °C, 500 °C) inside the 

TEM. The arriving Ga flux was controlled by the temperature of the thermal effusion cell, 

which was held at a fixed temperature of 940 °C. Figure 1B shows the post-growth SEM image 

of typical nanodroplets on the membrane. The nucleation and growth dynamics of the 

nanodroplets on the SiNx substrate held at temperatures of 200 °C, 300 °C, 400 °C (Figure 1C-

D, Supplementary Videos 1-3) reveals that nucleation occurs at early stages of Ga deposition, 
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after which the droplets mostly grow in size with very few nucleation events taking place at t 

> 200 s. Also, the droplet density on the surface decreases with the increasing surface 

temperature (Figure 1C-D). 

 

Figure 2. Growth dynamics of Ga nanodroplets at different substrate temperatures. A time series of in situ 

TEM images showing the nucleation and growth of Ga nanodroplets at a substrate temperature of (A) T = 200 °C, 

(B) 300 °C, and (C) 400 °C. The radii of five representative nanodroplets as a function of time at (D) T = 200 °C, 

(E) T = 300 °C, and (F) T = 400 °C. The solid red lines represent the power law fit to 𝑅(𝑡)~(𝑡 − 𝑡0)
𝛽. (G-I) 

Histograms depicting the distribution of the exponents (β) from the power-law fits yields β of 0.51 ± 0.07, 0.45 ± 

0.05, and 0.49 ± 0.04 for the substrate temperatures of T = 200 °C, T = 300 °C, and T = 400 °C, respectively. 

 

To reveal the underlying mechanisms of the growth, we tracked the evolution of more 

than 600 Ga nanodroplets at different substrate temperatures. Figure 2A-C show the nucleation 

and growth of individual Ga droplets occurring at three different substrate temperatures (for 

growth trajectories at other substrate temperatures see Supporting Information Section 1). Here, 

the plot of the nanodroplet radii as a function of time (Figure 2D-F) shows that the growth 

behavior is similar in all the cases (i.e., curve shapes are similar) despite the different substrate 

temperatures.  
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To describe the observed growth dynamics, we first consider that the nanodroplet 

nucleation on the SiNx substrate occurs when a critical number of Ga adatoms form a critical 

cluster. These clusters form by agglomeration of adatoms driven by their surface diffusion.30 

The subsequent steady-state growth of the nanodroplets is sustained through the continuous 

deposition of Ga onto the substrate.31 The observed growth process can be explained through 

a simple model. We assume the shape of the nanodroplet, which nucleated at any arbitrary time 

t = t0, to be a hemisphere (Figure 2, top). The growth of the nanodroplet volume comes from 

two sources: i) the direct deposition of Ga from vapor at the vapor-liquid interface and ii) the 

surface flux of diffusing Ga adatoms on a substrate at the triple phase contact line. The growth 

rates of the nanodroplet volume (𝑉 = 2𝜋𝑅3 3⁄ ) for the first and second cases are given by: 

d𝑉

d𝑡
= 2𝜋𝑅2

d𝑅

d𝑡
∝ 𝜋𝑅2𝐹      (Eq. 1) 

and 

d𝑉

d𝑡
= 2𝜋𝑅2

d𝑅

d𝑡
∝ 2𝜋𝑅𝑆,      (Eq. 2) 

respectively. Here, 𝐹 is the Ga arrival rate (volumetric flux), and 𝑆 is the surface flux of the 

diffusing Ga adatoms at the triple-phase contact line. For simplicity of the discussion and 

analysis, we assume that the surface flux, whose dimension is equivalent to volume flux per 

unit of length, is constant over time and independent of the size of the nanodroplet. The solution 

to these simple ordinary differential equations is: 

𝑅(𝑡) = 𝐴(𝑡 − 𝑡0)
𝛽,       (Eq. 3) 

where the exponent 𝛽 is 1 for the growth by the adsorption of Ga vapor directly to the 

nanodroplet surface (Eq. 1) and 1 2⁄  for the growth through adatom flux at the contact line (Eq. 

2). Generally, for the case when both growth modes are present, the 𝛽 exponent will be in the 

range between 1 2⁄  and 1. Moreover, note that even though we assumed the droplet to have a 

hemispherical shape, the same power-law behavior is true for droplets with any spherical cap 

shapes (Supporting Information Section 2). 

Remarkably, the fit of the droplet radii to a power-law 𝑅(𝑡) = 𝐴(𝑡 − 𝑡0)
𝛽 (Figure 2D-

F) results in the exponents of 𝛽 ≈ 1
2⁄ , which are in a good agreement with the growth driven 

by Ga flux towards the triple-phase-contact line. This supports our initial hypothesis that the 

main contribution to the droplet growth is from the flux of Ga adatoms at the SiNx surface. The 

values of the exponents obtained for all the nanodroplets at three different substrate 

temperatures are summarized in the histograms shown in Figure 2G-I (for the fits to the growth 

trajectories at other substrate temperatures and corresponding histograms see Supporting 

Information Section 1). Note that in the case of micro- and macroscopic droplets, we expect 

the growth to be dominated by the adsorption of Ga directly to a nanodroplet surface during 
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the deposition, and the growth to be linear with time (𝑅(𝑡)~(𝑡 − 𝑡0)) (i.e., 𝛽 ≈ 1) (Supporting 

Information Section 2). 

The nanodroplet growth rates increase with temperature (Figure 2D-F), indicating an 

increase in adatom flux (S) towards the nanodroplet.32 Under the steady-state condition, the 

flux is proportional to the adatom diffusion coefficient,33 and the observed increase in the flux 

is consistent with the expected increase in the diffusivity:15 

 𝐷 = 𝐷0exp(𝐸D 𝑘B𝑇⁄ )                                                             (Eq.4). 

Here, 𝐷0, 𝑘B, 𝐸D, and 𝑇 are diffusion prefactor, Boltzmann constant, an activation energy 

barrier for the diffusion, and the substrate temperature, respectively. The activation energy for 

the surface diffusion can be extracted directly from the fits to the growth curves. To estimate 

the activation energy, we first calculated the average flux at different temperatures by fitting 

all the nanodroplet growth curves to Eq. 3 with 𝛽 = 1
2⁄  (Figure 3A). Note that from Eqs. 2-3, 

we have 𝐴2 ∝ 𝑆. Next, by fitting the temperature-dependent average flux values to Eq. 4 

(Figure 3B), we readily obtain the diffusion activation energy barrier of 𝐸D = 95 ± 10 meV 

for Ga adatoms on an amorphous SiNx surface. For comparison, this value is much smaller 

than the activation energy of 1.7 eV for the diffusion of Ga on GaAs surfaces,23 where the Ga 

adatoms are known to chemically bond with the surface.34 Hence, the low activation energy 

obtained from our results suggests the absence of any bonding with the surface, and Ga adatoms 

are likely to be only physisorbed to the SiNx surface. 
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Figure 3. Density of Ga nanodroplets at different substrate temperatures. (A) Distribution of the calculated 

flux contributing to the growth of each nanodroplet at 200 °C (blue), 300 °C (green), and 400 °C (red). The values 

of Ga adatom flux are obtained by fitting the nanodroplet growth curves to Eq. 2. Black solid lines are the Gaussian 

fits to the histograms. (B) Plot of the average adatom flux for all the droplets versus the surface temperature. The 

error bars represent one standard deviation. The activation diffusion energy of 𝐸a = 95 ± 10 is obtained from the 

exponential fit (Eq. 3) plotted as a black curve. (C) Effective Ga thickness deposited on a SiNx substrate held at 

different temperatures as a function of time. Thickness was estimated from the volume of all the nanodroplets 

forming in the field of view (~0.6 – 0.7 µm2). Here, droplets are assumed to be hemispherical. Black lines represent 

the linear fit to the data used to estimate the growth rate. (D) Ga deposition rate plotted as a function of the 

substrate temperature. Black solid curve is a fit to Eq. 4, from which the desorption activation energy of 𝐸d =

202 ± 116 meV is extracted. (E) The density of Ga nanodroplets in the field of view as a function of time for the 

growth at different substrate temperatures. Colors correspond to the same temperatures as in (C). (F) The 

saturation nucleation density of the nanodroplets versus the substrate temperature. The critical cluster (dimer) 

formation energy of 𝐸2 = 775 ± 127 meV is extracted by fitting (black solid line) the data points at 𝑇 ≤ 350 °C 

to the complete-condensation model (Eq. 6). 

Apart from diffusion and nucleation, Ga adatoms moving on the flat surface also 

experience desorption. After the nucleation saturates (i.e., very few new nanodroplets are 

forming) and the system reaches a steady-state regime, the amount of Ga adatoms consumed 

for the nucleation of new clusters is insignificant. Hence, the desorption process can be 

quantified based on the growth of stable nanodroplets. The effective thickness of Ga estimated 

by dividing the summed volume of all the hemispherical nanodroplets by the area of the field 

of view is plotted in Figure 3C. Note that the arrival rate of Ga onto the SiNx substrate was the 

same during the in situ TEM imaging experiments at all seven substrate temperatures. The 

growth rates of the effective Ga thickness obtained from the slope of the linear fits in Figure 

3C show that the growth rate decreases drastically for high substrate temperatures (𝑇 > 350 

°C). Here, we emphasize that the evaporation of Ga from the nanodroplets is negligible for all 

the substrate temperatures used for our study (𝑇 ≤ 500 °C), and the evaporation becomes 

relevant only at 𝑇 ≥ 550 °C (Supporting Information Section 3). To describe the Ga desorption 

process, we approximated the growth rate as the difference between the arrival rate of Ga onto 

a surface and desorption from the surface:31 

 
dℎ

d𝑡
= 𝐹 − 𝐵exp(−𝐸d 𝑘B𝑇⁄ )                                                                (Eq. 5). 

Here, the second term is the desorption rate where Ed is the activation energy barrier for the 

desorption. From the fit of Eq. 5 to the data in Figure 3D, we obtain the Ga arrival rate of 𝐹 =

0.59 ± 0.15 Å/min, and the desorption activation energy is 𝐸d = 202 ± 116 meV. The lower 

activation energy for Ga desorption from SiNx than from the GaAs surface of 2.5 eV is 

consistent with our earlier assertion about Ga being physisorbed to the SiNx membrane surface 

during the deposition.35 Note that the sharp increase in the desorption rate at 𝑇 ≥ 350 °C 

(Figure 3C) and the corresponding decrease in the steady-state concentration of Ga at the 

surface should lower the nucleation rate.  
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To put these observations in the context of nanowire growth, we note that 

semiconductor nanowires are usually grown at higher temperatures,11 at which Ga has high 

desorption rate and the nucleation density of the nanodroplets is low. Controlling the desorption 

rate is important for the growth of nanowires. In particular, on pre-patterned substrates where 

positions of nanowires are determined by the patterning mask, the desorption of Ga from the 

surface regulates the amount of Ga deposited on the nanowires.36-37 Thus, the desorption 

activation energy is essential for choosing the fluxes of materials used for MBE growth at 

different temperatures. 

The density of Ga nanodroplets as a function of time at different temperatures (Figure 

3E) shows that the nucleation events mostly take place early (t < 200 s) and saturate afterward. 

The saturation nucleation density decreases with an increase in the substrate temperature 

(Figure 3F). As discussed earlier, Ga desorption becomes significant at elevated temperatures 

(𝑇 ≥ 350 °C) (Figure 3C-D). For simplicity, at a lower temperature (𝑇 ≤ 300 °C), we assume 

a complete Ga condensation on the surface. According to mean-field nucleation theory for 

complete condensation processes (i.e., no adatom desorption from the substrate), the saturation 

density for 3D islands is given by:38  

𝑛S~𝐹
𝑖exp (

𝑖𝐸D+𝐸𝑖

(𝑖+2.5)𝑘B𝑇
)                                                                               (Eq. 6). 

Here, Ei is the critical cluster formation energy for a cluster of i atoms (i.e., the cluster with i+1 

atoms is the smallest stable cluster). Note that the activation energy for the surface diffusion is 

ED = 95 meV (Figure 3B). At low substrate temperatures, the critical cluster is expected to be 

the Ga dimer (i = 2).39 Then by fitting the saturation nucleation density at 𝑇 ≤ 350 °C to Eq. 

6, we obtain the cluster formation energy of 𝐸2 = 775 ± 127 meV (Figure 3F). This value is 

consistent with the Ga-dimer energy of 1.1 eV,40 indicating that critical cluster for the 

nanodroplet nucleation on our experiments is likely a Ga dimer. 

So far, the growth dynamics discussed here was based on the interactions of an isolated 

nanodroplet with Ga vapor and the flat surface. However, potential interactions between 

neighboring nanodroplets might also alter the growth dynamics and statistics. For example, at 

𝑇 ≥ 350 o C, the nanodroplet density deviates drastically from the fit (Figure 3F), consistent 

with other studies at elevated temperatures.24, 39, 41 There are several reasons for such a 

deviation. First, as mentioned earlier, Eq. 6 does not account for desorption of the Ga adatoms, 

which becomes significant at high temperatures (Figure 3C-D). Second, at high temperatures, 

the diffusive movement of clusters may also contribute to the subsequent coalescence and 

Ostwald ripening of small Ga clusters reducing the number of nanodroplets on the surface. 

Detecting the interaction dynamics between these small clusters is beyond our current 

experimental resolution, and we can only detect the droplets that are large enough (≳ 2 nm). 

Hence, in order to show the mechanism of Ostwald ripening and coalescence, we studied these 
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processes in detail at lower temperatures, when the slower diffusion of adatoms allows the 

merging clusters to grow up to detectable sizes. 

Examples of coalescence and Ostwald ripening of nanodroplets that are ≳ 2 nm are 

shown in Figure 4. We found that the frequency of these events depends on the proximity of 

the nanodroplets to each other, and increases with an increase in a nanodroplet density (i.e., 

lower substrate temperatures, Figure 3F). For example, at a substrate temperature of 200 °C, 

121 and 7 out of 280 nanodroplets undergo coalescence and Ostwald ripening, respectively, 

whereas this number drops to 1 and 0 out of 51 nanodroplets for the growth studies at 400 °C. 

The gradual decrease in the nanodroplet density at 𝑡 > 600 s seen in the nucleation curve at a 

substrate temperature of 200 °C (Figure 3E) is due to these coarsening processes. These 

observations show yet another growth mode through which nanodroplets grow in size, which 

is similar to the nanoparticle growth from solution.42 However, at high temperatures, the 

coalescence between small mobile clusters, which are below our detection threshold, is 

expected to dominate, consuming the nanodroplets before they become detectable. The 

observed low droplet density at high temperature is also consistent with this explanation. 

 

Figure 4. Coalescence and Ostwald ripening of Ga nanodroplets. A time series TEM images showing (A) the 

coalescence and (B) Ostwald ripening between two Ga nanodroplets at 300 °C and 250 °C, respectively. Radii of 

the nanodroplets (C) undergoing coalescence and (D) Ostwald ripening as shown in (A) and (B), respectively. 

 

Generally, two of the most widely used materials for masking deposition of Ga are 

SiNx, and SiO2. Based on the previous ex situ nucleation studies,14, 32 we expect the two 
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substrates to behave similarly, though relevant activation energies may slightly vary between 

these two amorphous surfaces. The situation is expected to be different for Ga nanodroplets 

forming on a crystalline surface.43 The model of the nanodroplet growth is not only limited to 

Ga but can be extended to other liquid-metal nanodroplets whose growth on a substrate is 

dominated by the surface flux of adatoms. 

In summary, our observations reveal that the thermally activated diffusion of the 

adatoms drive the nucleation and growth of Ga nanodroplets, and the nanodroplet growth 

follows a power-law: 𝑅(𝑡)~𝑒−𝐸D 𝑘B𝑇⁄ (𝑡 − 𝑡0)
1
2⁄ . Furthermore, the observed decrease of the 

nanodroplet density with increase in substrate temperature suggests a strategy for controlling 

the density of catalytic nanodroplets during the deposition process. In particular, for nanowire 

growth, our study provides an approach to fine-tune their density and size by revealing key 

parameters that control the growth of catalytic nanodroplet. More generally, our study has 

broad implications for the growth of wide-range of metallic nanocatalysts and other 

nanomaterials on surfaces. 

 

Supporting Information 

The following files are available free of charge. 

Supplementary text and figures discussing additional experiments, analyses, and modeling 

(PDF).   

Growth of Ga nanodroplets at a substrate temperature of 200 °C. Segmented droplet 

boundaries are highlighted in white (AVI). 

Growth of Ga nanodroplets at a substrate temperature of 300 °C. Segmented droplet 

boundaries are highlighted in white (AVI). 

Growth of Ga nanodroplets at a substrate temperature of 400 °C. Segmented droplet 

boundaries are highlighted in white (AVI). 
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Materials and Methods 

Experimental Procedures: For imaging the growth of Ga nanodroplets, we used Titan 

ETEM, which is a prototype TEM built by Thermo Fisher (Waltham, MA, USA) as part of the 

NanoMAX project. It operates at 300 keV, and the image is corrected from spherical 

aberrations. This ETEM is designed to accommodate MBE effusion cell sources developed at 

C2N (Palaiseau, France). One of the cells was loaded with solid Ga (99.9999 % purity) and 

heated to 940 °C to generate a Ga vapor beam directed toward the sample holder. The operating 

temperature was optimized by monitoring the density of the Ga droplets at different effusion 

cell temperatures (Supporting Information Section 4). The vapor beam can be stopped by a 

shutter, and the flux is adjusted by changing the temperature of the source. The background 

pressure in the object chamber is 8×10-7 Pa; this value is not affected when beams of matter are 

supplied to the sample. The substrate consisted of a SiNx film deposited over a SiC heating 

membrane (Protochip Inc., Morrisville, NC, USA). The modified Protochips Fusion TEM 

holder allows a line of sight between the collimated beam flux and the SiNx substrate. The 

movies were captured with electron flux ranging from 30 to 40 e-/(Å2·s) at a rate of 4 frames 

per second with the US1000 CCD camera (Gatan, Inc., Pleasanton, CA, USA). 

Image Processing and data analysis: The segmentation algorithm was written in 

Python-2.744 with the implementation of the following libraries, such as numpy,45 scipy,46 

OpenCV,47 scikit-image,48 cython,49 and matplotlib.50 The recorded movies were saved as a 

sequence of 8-bit grayscale images. These raw images were then inverted, and a low-pass 

Gaussian filter with σ = 3 was applied on the inverted images in order to eliminate their high-

frequency noise. It is essential to point out that the image background was not uniform, and 

also the nanodroplets could be situated close to each other, which means that the conventional 

top-hat transform51 was not applicable for this case. In order to address these challenges, we 

applied the Rotational Morphological Processing (RMP) to the inverted blurred images.52 RMP 

performs grayscale morphological opening and utilizes a 1-pixel wide rod as the structuring 

element, whereas the length of the rod must be bigger than the maximum size of the object. 

However, as larger structuring element would require longer computational time, we gradually 

varied the length of the rod, typically, from 25 pixels in the beginning, when all nanodroplets 

were very small, to 75 pixels at the end of the movie. For full RMP procedure, each image was 

rotated from 0° to 360° with a step of 1°, and the corresponding background-subtracted images 

were generated and stacked together. The stack was used to find the total background, which 

is defined as maximum for all slices in the stack. Subsequently, the final result of the RMP – 

refined image – was acquired as the difference between the inverted blurred image and the total 

background. Then refined images were used to generate binary images by applying intensity-

based Kapur threshold algorithm.53 

After obtaining the binary images, the nanodroplets were labeled based on their size 

and position. Since we detected more false positives at the beginning of each movie when the 

contrast is weak due to a small size and low density of the nanodroplets, we labeled the 

https://www.degreesymbol.net/
https://www.degreesymbol.net/
https://www.degreesymbol.net/
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nanodroplets starting from the last frame, when all nanodroplets are bigger and can be easily 

segmented. Subsequently, we filtered the false positives out based on their occurrence and 

maximum radius defined as 𝑟 = √𝐴nanodrop/𝜋, where 𝐴nanodrop is the maximum area of the 

nanodroplet. 
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Figure Captions: 

Figure 1. Overview of the growth dynamics of Ga nanodroplets. (A) Schematic 

representation of the experimental setup showing the growth of the Ga nanodroplets on a heated 

SiNx membrane from a Ga vapor beam source. (B) Scanning electron microscopy image of Ga 

nanodroplets on SiNx surface after Ga deposition. (C) Growth of Ga nanodroplets on a SiNx 

membrane held at 200 °C (Supplementary Video 1), 300 °C (Supplementary Video 2), and 

400 °C (Supplementary Video 3). (D) Distribution of Ga nanodroplets at different times 

showing the evolution of the nanodroplet radii distributions at 200 °C (blue), 300 °C (green), 

and 400 °C (red).  

 

Figure 2. Growth dynamics of Ga nanodroplets at different substrate temperatures. Time 

series of in situ TEM images showing the nucleation and growth of Ga nanodroplets at substrate 

temperatures of (A) 200 °C, (B) 300 °C, and (C) 400 °C. The radii of five representative 

nanodroplets as a function of time at (D) 200 °C, (E) 300 °C, and (F) 400 °C. The red curves 

represent the power-law fit to 𝑅(𝑡) ∝ (𝑡 − 𝑡0)
𝛽. (G-I) Histograms depicting the distribution of 

the exponents (β) from the power-law fits yield β of 0.51 ± 0.07, 0.45 ± 0.05, and 0.49 ± 0.04 

for the substrate temperatures of 200 °C, 300 °C, and 400 °C, respectively. 

 

Figure 3. Analysis of nucleation and growth parameters of Ga nanodroplets at different 

substrate temperatures. (A) Distribution of the calculated flux contributing to the growth of 

each nanodroplet at 200 °C (blue), 300 °C (green), and 400 °C (red). The values of Ga adatom 

flux were obtained by fitting the nanodroplet growth curves to Eq. 3. Black curves are the 

Gaussian fits to the histograms. (B) Plot of the average adatom flux for all the nanodroplets 

versus the substrate temperature. The error bars represent one standard deviation. The 

activation diffusion energy of 𝐸a = 95 ± 10 was obtained from the exponential fit (Eq. 4) 

plotted as a black curve. (C) Effective Ga thickness deposited on a SiNx substrate held at 

different temperatures as a function of time. Thickness was estimated from the volume of all 

the nanodroplets forming in the field of view (~0.6–0.7 µm2). Here, the nanodroplets are 

assumed to be hemispherical. Black lines represent the linear fit to the data used to estimate 

the growth rate. (D) Ga deposition rate plotted as a function of the substrate temperature. Black 

curve is a fit to Eq. 5, from which the desorption activation energy of 𝐸d = 202 ± 116 meV 

was extracted. (E) The density of Ga nanodroplets in the field of view as a function of time for 

the growth at different substrate temperatures. Colors correspond to the same temperatures as 

in (C). (F) The saturation nucleation density of the nanodroplets versus the substrate 

temperature. The critical cluster (dimer) formation energy of 𝐸2 = 775 ± 127 meV was 

extracted by fitting the complete-condensation model (Eq. 6) (black line) to the data points at 

𝑇 ≤ 350 °C.  

 

Figure 4. Coalescence and Ostwald ripening of Ga nanodroplets. Time series of in situ 

TEM images showing (A) the coalescence and (B) Ostwald ripening between two Ga 

nanodroplets at 300 °C and 250 °C, respectively. Radii of the nanodroplets undergoing (C) 

coalescence and (D) Ostwald ripening as shown in (A) and (B), respectively. 
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