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Abstract text goes here. The emergence of monodispersity during particle growth on a liquid substrate was investigated 

both by experimental methods and by computer simulation. Monodispersity arises through a novel mechanism (termed 

“shared coarsening”), associated with the spatial distribution of the particles; smaller particles are simultaneously 

consumed by several larger particles. Particle monodispersity was predicted by kinetic Monte Carlo simulation for suitable 

substrate adsorption probability and adatom diffusion length conditions. High particle monodispersity is predicted for low 

adsorption probability and low/intermediate diffusion length values. Experimentally, formation of uniformly sized copper 

nanoparticles by physical vapor deposition on a liquid substrate was demonstrated. These results demonstrate, by 

experiment and simulation, the facile production of monodisperse particles on liquid substrates

Introduction 

The fabrication of metallic nanoparticles (NPs) generates high 

scientific and technological interest due to their relevance in 

solid state devices, biomedical applications, catalysis, etc. Their 

size and size distribution play a key role in defining their 

unique properties not observed in their bulk form. Magnetic 

NPs with sizes comparable to functional biomolecules provide 

for theranostic applications given their biocompatible nature 

along with their response to external magnetic field
1
. Clinically 

approved iron oxide (Fe3O4) NPs with controlled sizes and 

surface chemistry have been reported for magnetic resonance 

imaging (MRI) and magnetic fluid hypotherma (MFH) 

applications. Monodispersed gold – iron oxide (Au – Fe3O4) 

NPs offer a combined nanostructure of magnetically and 

optically active effects useful for multimodal imaging and 

therapeutics applications. Surface enhanced Raman scattering 

(SERS) active NPs along with surface plasmonic resonance 

(SPR) have been reported for monodispersed Au/Ag 

nanoparticles with potential use in highly sensitive optical 

detections via size control and surface modifications
2
. 

Platinum (Pt) / Palladium (Pd) NPs are highly promising for 

catalyst applications to enable number of coupling reactions or 

even in the reduction of pollutants. The performance of these 

particles again depends on their size and/or shape. Therefore 

the development of innovative methods for NP fabrication 

with ease, and control over their size and distribution is an 

important subject of research.  

Several studies demonstrate precise particle control and the 

fabrication of monodispersed nanoparticles via chemical and 

physical processes. Shen et al., demonstrate a direct reaction 

involving related metal salt and oleylamine in toluene, with 

control over surface modification, for the synthesis of Ag, Au 

and Au3Pd NPs
2
. The size control was achieved by varying 

reaction temperatures, critical in defining optical properties. A 

one-step, one phase synthesis technique of noble metallic NPs 

was reported by Zheng et al, in a homogeneous metal 

reduction process occurring in a selected organic solvent
3
. The 

method shows highly narrow particle size distribution. Their 

process utilizes strong thiol ligands to facilitate the formation 

of monodisperse Au NPs unlike weak ligands. Their mechanism 

concludes that the use of low temperature and low 

concentration enables reduced reaction rate allowing 

controlled particle formation. Nevertheless the prerequisite 

for the metal precursor to be soluble in organic solvents in this 

synthetic route is to be noted.   

Physical vapor deposition (PVD) is an efficient and versatile 

material synthesis technique for thin films or percolation 

structures or discrete particles by performing a purely physical 

form factor change from the source to the product, bypassing 

constraints of complex chemical routes and their attendant by-

products. It is important to understand growth mechanisms in 

PVD to correlate structural and property changes for various 

potential applications. Growth of thin films or particles on 

diverse substrates is an innovative technique to manipulate 

structural properties and understand growth modes. The 

substrate and growth species interaction is a common key 

factor of importance, as highlighted in various studies 

mentioned below
4
. The growth mechanism of Pd sputtered 

onto hexagonal SiC at room temperature highlights its 

importance in electronic devices
5
. The growth mode evolves 

starting from the formation of droplet-like islands to worm-like 

islands leading to percolation structures and then eventually 

forming rough continuous Pd thin films. Electron beam 
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evaporation of various metals onto carbon nanotubes is 

known to result in the formation of nanotube supported 

nanowire structures or even in the formation of discrete 

particles on the nanotubes
6
. The critical importance of metal – 

nanotube interaction is revealed. Fine control of metallic 

nanoparticles size and coverage on graphene surface has also 

been reported by sputter coated PVD
7
. The difference in 

particle size statistics on metal deposited on single and 

multilayer regions was analyzed. Ruffino et al, investigated the 

formation of Au/Ag nanocrystals by nanosecond laser 

irradiations of Au and Ag films on ITO substrates
8
. The effect of 

fast melting and solidification dynamics on the growth 

dynamics was highlighted. The importance of the substrate 

thermal conductivity along with the interfacial metal substrate 

interaction and the dewetting phenomenon are shown to be 

critical to nanoscale island formation.  

Recent efforts involve the synthesis of nanoparticles on liquid 

surfaces or in their bulk. The method of physical vapor 

deposition onto liquid surfaces has been previously 

investigated to produce nanoparticles
9
. The use of a wide 

range of ionic liquids
10,11 

as well as biocompatible liquids, e. g., 

castor oil
12

, has been reported, with a number of potential 

applications
13–17

. The formation mechanism of these 

nanoparticles was described by Dupont et al
18

. Three different 

mechanisms were discussed, describing the nucleation and 

growth to occur either on the surface only or in the liquid bulk 

or the nucleation to occur on the surface and the particles to 

sink to the bulk as per their mass. However the particle sizes 

reported were not highly mono-disperse and the limitation of 

depositing gold clusters by sputtering techniques onto the 

liquid surface could alter the formation dynamics and its study. 

Wender et al report the influence of surface coordination and 

voltage variation on silver nanoparticle formation on three 

different liquids
19

. The variation in distinct final morphologies 

obtained on three different liquids is associated with different 

fatty chain compositions
9
. The formation of NPs or thin films 

was based on the coordination ability of the liquid surface 

composition. Thus this study reveals the effect of liquid surface 

composition on the morphology during sputtering and thus 

could limit the available chemistries to form uniform 

nanoparticles. Ionic liquids (ILs) also offer an efficient liquid 

substrate for particle synthesis as their surface functionalities 

can be altered with ease utilizing, e.g., nitrile, acid, alcohol 

functionalization. Therefore a broad variety of ILs have been 

used for studies of physical vapor deposition onto liquids for 

the formation of metallic nanoparticles
20,11

. The study by 

Dupont et al reported that IL surface composition was one of 

the critical parameter to determine the size of the Au 

nanoparticles when the number of fluorinated groups of IL was 

increased
18

. A study carried out by Mudring et al proposed 

another mechanism for nanoparticle formation in the bulk, 

where short alkyl chains of methyl-imidazolium salts, having 

perflourinated counter ions, provided better particle stability 

than longer alkyl chain length cations or high coordination 

strength anions
10

. Reports of two dimensionally organized Au 

particles via ionic liquid / metal sputter deposition showed 

that, irrespective of the particle density (a function of the 

composition of the ionic liquid), particle size could be tuned by 

varying the sputter conditions. A transfer methodology of the 

Au monoparticle film onto solid substrates was also reported 

thus highlighting the efficiency of the method
21

.   

Therefore liquid substrate provides an unique condensate 

growth environment, which differs from its solid counterpart 

mainly with respect to atom/cluster mobility according to 

several studies. Aggregation following atom deposition on 

liquid substrates can give rise to fractal structures
22

. Brownian 

motion of clusters in the micrometer range has been observed 

over time scales ranging from 3 h to 30 h, this motion is 

strongly influenced by cluster size and deposition rate and the 

liquid structure. The influence of the liquid substrate structure, 

during the first few minutes of condensate growth, on 

condensate morphology has been reported
23,24

. Condensate – 

substrate interactions are critical to the kinetics of condensate 

growth on the liquid. In a weakly binding condensate – 

substrate system, low condensate coverage was observed on 

the liquid compared to its solid counterpart. This difference is 

associated with the liquid substrate’s response to the 

perturbation to its structure caused by the depositing species. 

Depending on the binding strength, this response involves 

either desorption or diffusion of the depositing species. Low 

condensate coverage observed on the liquid substrate is a 

consequence of enhanced desorption
23,24

. In this work, the 

effect of change in diffusion kinetics is explored and verified 

experimentally using a liquid substrate.  

Conventionally, particle coarsening is expected to reduce 

monodispersity; larger particles become even larger, while 

smaller particles shrink. In classical coarsening, the 

microstructural evolution of an alloy is governed by reduction 

in interfacial energy through reduction of interfacial area, 

while volume is conserved
25,26

. A chemical potential gradient 

exists between a pair of particles, one of which has a larger 

diameter compared to the other. This gradient results in inter-

particle transport, via diffusion, by detachment of atoms from 

the smaller particle (higher chemical potential) and 

attachment onto the larger particle (lower chemical 

potential).Coarsening increases the size difference between 

the two particles, leading to polydispersity
25

.Thermodynamics 

driven particle coarsening during sintering at elevated 

temperatures can degrade the properties. Coarsening of 

catalytic particles causes a dramatic reduction in active 

catalytic surface area and thus a loss in size specific properties. 

Uniform grain size in thin film growth on a substrate is also 

limited by coarsening, which often results in polydispersity. On 

the other hand, here, we have identified a novel mechanism 

where early onset of coarsening can maintain a narrow size 

distribution. This phenomenon, termed ‘shared coarsening’ 

depends on the particle spatial distribution during coarsening 

on a liquid substrate.  

Particle monodispersity resulting from coarsening is reported 

with respect to the substrate – condensate binding energy and 

adatom mobility on the substrate. Conditions giving rise to 

narrow particle size distribution (PSD) were determined via 

simulation.  The effect of increased adatom mobility 

(enhanced diffusion) caused by the liquid substrate was 
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investigated in this work. The extent of particle monodispersity 

was optimized by tuning the surface diffusion kinetics. Both 

experiments and simulations were conducted. A statistical 

study of vapor deposition onto a defect free surface is 

reported. Time resolved growth of uniformly sized particles 

was observed for suitable diffusion length and concentration 

of adatoms on the substrate. A suitable liquid-condensate 

system is utilized to experimentally study the shared 

coarsening mechanism. Copper nanoparticles (NPs) with a 

narrow particle size distribution were synthesized on a liquid 

substrate. The formation of monodispersed particles was not 

observed when copper vapor was simultaneously deposited on 

an amorphous carbon substrate (Figure 1), demonstrating the 

essential role of the liquid substrate.  

 

Modeling 

Particle formation model 

Studies of nucleation during electrochemical reactions showed 

local reduction of nucleation rates and the occurrence of 

exclusion zones
27–29

. Nearest neighbor particle effects on the 

spatial distribution and nucleation rates were reported for 

electrodeposited nuclei undergoing diffusion controlled 

growth. This exclusion zone model is adopted in this study as 

well. Figure 2 shows a schematic of the growth stages, along 

with the diffusion zone (also called exclusion zone) of the 

primary nuclei formed. For 2-D conditions, the exclusion zone 

is an area. 

Within the exclusion zone, in order to achieve critical size, the 

atomic clusters are assumed to harvest all single atoms as well 

as smaller atomic clusters. Atoms arriving/deposited into this 

zone are bound to the corresponding nuclei, with no freedom 

to wander out of the zone. Thus, during the stages of atomic 

clustering leading up to the formation of primary nuclei, 

exclusion zones of the primary nuclei become larger. The 

exclusion zone model assumes that no more nucleation occurs 

in the exclusion zone
30,31

. The regions which are not occupied 

by the exclusion zones are available for the formation of 

secondary nuclei, i.e., nuclei formed during the next nucleation 

event. The exclusion zones around the primary nuclei are 

defined by material properties related to adatom diffusion 

length, cluster size/volume, concentration of adatoms on the 

surface and adsorption probability. Formation of primary 

nuclei is critical, since their spatial distribution defines the 

empty regions available for formation of secondary nuclei. The 

secondary nucleation rate is assumed to be constant in areas 

not covered by the exclusion zones. Based on these pre-

requisites the shared coarsening model is described (Figure 3).  

 

Shared coarsening model 

The occurrence of primary nucleation (Figure 3a) with nuclei in 

random locations on the substrate is followed by the 

formation of secondary nuclei (Figure 3b). For appropriate 

surface diffusion dynamics (discussed later) secondary nuclei 

experience coarsening from an equal number of nearest 

neighbor primary nuclei which results in similar growth rate of 

each of these primary nuclei. This is the condition we refer to 

as ‘shared coarsening’. These primary particles grow even 

larger, at the expense of the secondary particles, which grow 

smaller with time and may finally even disappear (Figure 3c). 

Eventually, the growth of these uniform size primary particles 

causes them to come into contact with each other (Figure 3d), 

inducing coalescence and reducing monodispersity. The 

uniformity in the particle size and shape is altered, leading to 

diffusional growth by Ostwald Ripening (OR) (Figure 3e). 

Shared coarsening is more likely to occur at earlier stages of 

growth, unlike conventional coarsening.  

 The liquid surface, which does not have preferential 

nucleation sites, can be modeled by the exclusion zone model. 

The processes and conditions leading to monodispersity are 

now described. Consider an open system with a controlled rate 

of vapor deposition onto a substrate with uniform surface 

energy. Atomic vapor adsorption occurs at randomly 

distributed sites all over the surface. The density of adsorbed 

atoms (adatoms) is dependent on vapor supersaturation, 

condensate-substrate binding energy, substrate thermal 

energy and structure. Here, it is represented statistically by the 

value of ‘adsorption probability’, defined as the ratio of the 

“number of atoms adsorbed onto a substrate” to the “total 

number of atoms impinging on the substrate”.      

 

Adsorption	Probability = 	
�	(��������	�����,�)

�	(����� ���	�����,�)
																									(1)																																																						

 

The adatoms residing on the surface possess a certain mobility 

related to the diffusion length ‘l’, manifested by the surface 

diffusion of atoms performing random walks, resulting in 

collisions and the formation of atomic clusters. These clusters 

eventually form stable nuclei on attaining the critical size for 

nucleation. Stronger condensate-condensate binding energy, 

compared to condensate-substrate binding energy, provides 

lower probability for desorption after atomic clustering and 

prior to nucleation. For these conditions, it is expected that 

the primary nuclei are formed at the same time and are of the 

same size. Therefore, during primary nucleation on a liquid 

surface, particle monodispersity is expected to be present.  

Consider the polydisperse system shown in Figure 4. The 

primary nuclei are black and secondary nuclei are yellow. A 

secondary nucleus may be formed in a region not influenced 

by nearby primary nuclei, as explained in earlier sections. As it 

grows, the diffusion zone of the secondary nuclei becomes 

tangential to the diffusion zones of the primary nuclei.  

This is the beginning of the first coarsening event with respect 

to all three primary particles. Assume the appropriate 

adsorption probability and adatom mobility values to have 

given rise to this spatial configuration. The difference in 

chemical potential due to the difference in sizes causes 

diffusional flux from the smaller particle to the larger particles. 

The secondary nucleus is simultaneously consumed by three 

primary nuclei. Thus the diffusion flux becomes shared and 

allows larger particles to grow at a uniform rate. This event 

Page 3 of 16 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



ARTICLE Nanoscale 

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

 

 

thus gives rise to improved particle monodisperstiy (Figures 3e 

& 3d). The influence of particle size distribution on diffusion 

rate was also considered by DeHoff’s communicating neighbor 

theory
32

, which highlighted the effect of  the number of 

nearest neighbors to be critical.  

Simulation methodology  

To study the conditions favoring shared coarsening, the kinetic 

Monte Carlo (kMC) method was adopted, with surface mobility 

of the condensate atoms and their adsorption probability with 

the substrate as key variables. The change in monodispersity 

on varying diffusion length (l) at various adsorption probability 

values was analyzed and optimum conditions to obtain 

uniform particle sizes determined. Pathway selection 

procedure
33

 and a time algorithm adapted from kMC were 

used. The adapted time algorithm from the kMC technique 

connects the real time to the simulation time by relating the 

time increment to the atom arrival rate. A substrate with 50 

nm*50 nm surface area was simulated, with no preferential 

nucleation sites. Each iteration step begins with the selection 

of a random site (x,y) on the substrate. The occurrence of any 

of the subsequent processes depends on whether this site is 

occupied or empty. At each site several outcomes are possible 

which can change the state of the system. The frequency of 

the event was used in the pathway selection procedure to 

determine the event probability. The diffusion energy (Ed), and 

desorption energy adopted in this work are 0.25 eV and 0.35 

eV respectively. The vibration frequency ‘ν#’ is set to be 10
12 

/s 

and the system is maintained at a temperature (TS) of 298 K. 

The diffusion coefficient ‘D’ plays a key role and is given by:   

 

D = %&ν#e()*/(,-./)																																																																																(2)																																																																		

       

where ‘l’ represents the diffusion length and is varied to 

examine the effect of surface mobility on monodispersity.  

Coalescence and coarsening processes are now discussed. 

Every nucleus is set to have an exclusion zone, equivalent to 

‘radius of cluster + 0.0005*(number of atoms in the cluster)’. 

Coarsening occurs when the edge of another particle’s 

diffusion zone is tangential to this zone. The atoms of the 

smaller nuclei diffuse towards the larger particle due to the 

difference in chemical potential. That is, coarsening occurs 

when:   

 

Distance	between	two	particles	≤	

Radius	of	smaller	particle	+	0.0005*Radius	of	larger	
particle																																																																																													(3)	

 

The atomic flux is always in the direction of the larger 

particle
34

. If the smaller particle contains (cr + p) number of 

atoms (‘cr’ being the critical size for nucleation), a coarsening 

event is said to take place when (0.1p) atoms diffuse from the 

smaller particle to the larger one. However, if there are only 

‘cr’ atoms in the cluster, the whole cluster will coalesce with 

the larger particle; more energy would be required to break 

the critical nuclei instead of taking it ‘all at once’. The 

coarsening events are conducted after 500 steps in simulation 

(22.12 ms in real time correlation) for ease of computation. 

Each simulation is run for 100,000 simulation steps (correlated 

time of ~0.44 s) and the morphology mapped after every 50 

steps. The exclusion zone model is adopted and nuclei 

formation in the exclusion zones of existing particles is not 

permitted, adsorbed atoms in a particle’s exclusion zone can 

contribute to the growth of that particle. This methodology is 

utilized to analyze the effect of neighboring particles, the 

effect of which is not clearly analyzed in conventional 

coarsening. When the diffusion zone of a smaller particle is 

tangential to two or more larger particles, the atomic flux is 

shared in proportion to the size of the larger particles.     

Results and Discussion  

Conditions to obtain a narrow particle size distribution (PSD)  

The final particle size distribution of this diffusion limited 

coarsening system depends on the growth pathways and is 

characterized by the two critical factors investigated in this 

study: adsorption probability (AP) of the substrate (which 

controls the surface adatom concentration) and the diffusion 

length of the adatoms; together these factors determine the 

average interparticle distance. The diffusion length can be 

used to study the effect of mobility on particle growth, these 

two factors are related to the effect of the liquid substrate. For 

each of the adsorption probability values, the morphology at 

an intermediate deposition time is investigated and conditions 

giving rise to monodisperse particle size distribution are 

optimized.  

 Figure 5 summarizes the standard deviation in particle size 

with time for a range of AP. Substrates with low AP (AP = 0.1) 

give rise to low particle density. A narrow size distribution with 

higher particle number density is observed for short diffusion 

lengths (l = 2). For low AP, particle growth with time is low and 

the particle size distribution remains narrow with changes in 

diffusion length. Due to this slow growth rate, monodispersed 

particles can be obtained even at late stages of growth. On the 

other hand, at high AP (AP = 0.8), a narrow PSD is observed 

only at early growth stages (Figure 5). A larger number of 

adatoms results in increased collisional probability, resulting in 

the formation of a high density of particles. Again, a shorter 

diffusion length gives rise to a narrower PSD than a longer one.  

 

Intermediate adsorption probability: Figure 6 shows the 

morphology evolution at adsorption probability (AP) of 0.5 and 

l=2, the corresponding PSD’s are also shown. In the first image 

captured at t2, although a large number of particles are in the 

range of 2 to 3 nm, the existence of a substantial number of 

smaller particles indicates that secondary nucleation has 

occurred (σ = 0.398). Subsequently, improved uniformity 

among particle sizes is observed (σ = 0.358) (Figure 6b) due to 

shared coarsening.  
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After the shared coarsening stage, the increase in 

polydispersity begins because of particle coalescence. The 

simulated morphology (Figure 6c) and the emergence of the 

second peak, in the range of 3 – 4 nm, in the corresponding 

PSD plots show an increasing number of larger particles (σ = 

1.624). This is followed by conventional coarsening and 

coalescence, leading to film formation. Thus the time window 

of narrow PSD is small. The coalescence stage – responsible for 

broadening the size distribution can be delayed by varying the 

spatial distribution of the particles through appropriate 

adsorption probability and diffusion length of the depositing 

atoms. 

Effect of diffusion length: The influence of diffusion length on 

PSD for adsorption probability of 0.5 (intermediate condition) 

was studied (Figure 7). For short diffusion lengths, particle 

sizes are dominated by two different sizes, arising from 

primary and secondary/tertiary nucleation events. The 

interparticle distances are related to this diffusion length. 

Although this condition gives rise to monodisperse particles, 

the higher particle density, combined with smaller interparticle 

distances (due to the shorter diffusion length), leads to early 

onset of coalescence, causing the monodisperse environment 

to be short lived.  

 At higher diffusion lengths the number of particles 

obtained are small. Higher diffusion length results in the 

formation of larger particles with larger interparticle distances, 

due to larger exclusion zones incorporating more adatoms. 

The average particle size is large, due to increased particle 

mobility (σ = 1.45). At l=8 the spatial distribution of particles is 

appropriate to shared coarsening. Although σ is 0.89, the 

stability of the particle size distribution is higher as the 

particles are not too close to each other. Therefore, for 

intermediate adsorption probability values, both small as well 

as intermediate diffusion lengths are suitable to achieve 

monodisperse particles. The large sizes and lower number of 

particles observed for higher diffusion length (l=8) is similar to 

the effect of increasing temperature, which reduces saturation 

island density with growth of larger aggregates
35

.  

Changes in diffusion length correspond to changes in surface 

kinetics induced by external factors such as the kinetic energy 

of incident atoms or temperature of the depositing species or 

substrate temperature. It can also be related to the magnitude 

of response of the liquid substrate, causing adatoms to diffuse 

with shorter or longer step lengths. Therefore, tuning these 

parameters can be used to fabricate particles with narrow size 

distribution. 

 

Emergence of monodispersity 

As discussed, adsorption probability plays a vital role in 

changing surface kinetics. The PSD is narrow in the initial 

stages, prior to secondary nucleation. Conventionally, with the 

growth of secondary nuclei, the variation in particle sizes 

begins to increase, resulting in broader size distribution. This 

change in size distribution with time is compared by varying 

adsorption probability values (Figure 8). The corresponding 

change in standard deviation with time is shown (Figure 9) for 

adsorption probability values (at l = 2,4,6,8) identified to be 

promising conditions to achieve narrow PSD through shared 

coarsening.  

Figure 8 shows significantly increasing particle density with 

increasing adsorption probability due to increasing 

concentration of adatoms available for nucleation and growth. 

Although the particle density is not very different for 

adsorption probability of 0.5 and 0.8, the average particle size 

of the latter is much larger. The evolving particle size deviation 

with average size is quantified in the standard deviation vs 

time plot (Figure 9). It is seen that lower AP conditions give rise 

to particles with higher monodispersity. A decrease in standard 

deviation among the particles with time occurs for the case of 

adsorption probability of 0.5 (only for l2).  

 The trend of improved monodispersity with time, despite 

the relatively close interparticle distance is novel and is due to 

shared coarsening. Shared coarsening may not be readily 

observed in the simulated morphologies since coarsening 

occurs according to discrete iteration steps (one event at a 

time). When the particle size deviations for l=4 and l=6 at 

adsorption probability of 0.5 are compared, size saturation 

occurs at different times. Size saturation for l=6 occurs at a 

later time, indicating that longer deposition time is needed to 

achieve monodispersity. This indicates that the spatial 

distribution suitable for shared coarsening is sensitive to 

diffusion length and adsorption probability parameters. 

Therefore, monodispersity through shared coarsening can be 

achieved for various materials by tuning these two 

parameters.  

Experimental Results  

Experiments using metallic physical vapor deposition onto a 

liquid substrate were performed; the liquid surface has no 

preferential sites for vapor adsorption. Pure copper (99.99% 

purity) is thermally evaporated onto silicone oil at a low vapor 

flux of 9.31*10
17

atoms/(s*m
2
). Silicone oil, being non reactive 

and extremely stable under vacuum conditions (vapor 

pressure = 3*10
-10 

mmHg), is appropriate for copper vapor 

deposition and growth
36

.  

 The property of sticking coefficient, which experimentally 

translates to the condensate – substrate energy was calculated 

via Density Functional Theory (DFT),  it was found that copper 

atoms are weakly bound to the oxygen functional group (-0.55 

eV), resulting in low probability of oxidation from silicone oil. 

The binding energy with other functional groups was also 

found be relatively low (methyl -0.15 eV; Silicon -1.09; 

hydrogen -0.55 eV), indicating minimal interaction between 

condensing species and substrate. On the other hand, copper 

– copper binding energy was found to be much higher (-1.38 

eV) than its binding with silicone oil. Thus, atom clusters can 

be assumed not to undergo breakage or partial desorption on 

bonding, similar to the simulated conditions. This would give 

deposited copper atoms higher residence time on the liquid 

surface.  

 It is remarkable to find uniformly sized copper 

nanoparticles evenly distributed all over the surface after 20 s 
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deposition time. The particle size is ~2 - 3 nm and the particles 

are spherical. The TEM micrographs (Figure 10) along with the 

corresponding PSD histogram show that condensate coverage 

at this stage is not complete, empty areas are visible. The 

other important observation is the close proximity of the 

nanoparticles. Despite their small inter-particle distance, 

particles still remain discrete without coalescence. The 

particles are spherical, which would not be the case if 

coalescence had occurred. After 25 s, particle monodispersity 

still exists with almost complete surface coverage. However, 

there are some regions indicating the occurrence of 

coalescence, which led to empty regions adjacent to irregularly 

shaped particles. The particle monodispersity is still high 

(Figure 10). The majority of the particle sizes are in the range 

of ~4 – 6 nm in diameter (Standard deviation = 0.89). Also, the 

substantial decrease in the number of 2 nm size particles is to 

be noted. Higher particle coverage with improved 

monodispersity is obtained. The modal particle size increased 

from 2.5 nm to 4 nm. The condensate morphology obtained on 

the amorphous carbon substrate under the same deposition 

conditions is also shown (Figure 10a). Copper clusters in the 

size range of 20-30 nm are observed, the morphology is similar 

to those observed during growth on solid substrates.  

 

Liquid substrate effect 

The observed uniformity in particle sizes is a consequence of 

shared coarsening. The binding energy value is related to the 

intermediate adsorption probability values of the depositing 

species, providing sufficient adatom concentration on the 

liquid surface. High diffusion mobility is expected from the 

liquid substrate.  

 Consider the earliest interaction of copper atoms with the 

liquid surface. The range of surface binding energies allows 

silicone oil to offer more roughness in the PES (Potential 

Energy Surface) to incoming copper atoms. Upon collision with 

the surface, the copper atom can transfer most of its kinetic 

energy, becoming immobilized. The energy transfer causes 

significant perturbation to the liquid structure, causing it to act 

against the bond formed. The internal degrees of freedom are 

excited; the extent of excitation is directly proportional to the 

energy transfer
37

 (function of mass and binding energy) of the 

condensate atom. Due to the combination of copper’s 

intermediate mass and its higher binding energy, the 

magnitude of ER (liquids’ response energy) may be insufficient 

to completely break the bond formed between the atom and 

the liquid. However, by causing partial breakage of the bond 

formed the effect of ER causes the adatom to diffuse on the 

surface. The effect of ER is still present, causing adatoms to 

diffuse on the surface, by allowing the bond be partially 

broken, allowing the existence of non-equilibrated energy 

‘Eparallel’. The diffusion length is expected to be small, due to 

the small inter-particle distances. The magnitude of the 

response from the liquid substrate could thus be slightly less 

than the binding energy and in the range of 0.4 – 0.5 eV. The 

adatoms possess high surface mobility, providing higher 

collisional probability with each other. While performing 

diffusive motion, the adatoms can retain a few of their bonds 

with the surface. This is indicative of a non-equilibrated energy 

‘Eparallel’, which facilitates the observed uniform material 

distribution due to the liquid substrate effect. Thus, a balance 

between the binding energy and the mass can result in evenly 

distributed, monodisperse nanoparticles on a non-rigid, 

dynamic substrate surface. The close proximity of the copper 

nanoparticles on the liquid surface can induce a dynamic 

equilibrium between the particles. The diffusing flux is 

dependent on the number of surrounding particles. Thus, the 

uniformly sized particles remain apart despite their small 

interparticle distances. This monodisperse particle size 

distribution is due to shared coarsening. 

 Shared coarsening depends on the binding energy values 

and the adatom mobility. Utilizing the sputtering technique, 

the formation of discrete Pt nanoparticles has been recently 

reported on the surface of Al2O3 substrates
38

. The tunable 

density of NPs with low (0.1 eV) substrate - condensate 

binding energy and high condensate-condensate (1-2 eV) 

binding energy has been reported. Nevertheless, the particle 

size distribution can be further narrowed with increasing 

adatom mobility. This can be achieved by increasing 

temperature, which can induce shared coarsening. A recent in-

situ TEM growth study by Uematsu et al observe the 

nucleation and growth of nanoparticles by reducing gold ions 

through radiolysis of ionic liquids
39

. Their studies (similar to the 

current system of particle growth on a liquid) reveal time 

course variation of mean particle sizes. At low orders of 

current density, larger particle size uniformity is observed at 

an intermediate growth stage (at 240 min) after the first 

nucleation (to have occurred at 200 to 230 min). However with 

increase in time (at 310 min) polydispersity sets in clearly 

observed from their particle size histogram showing two 

separate peaks. This is reported to correspond to the 

occurrence of nucleation at different times and is 

conventionally not desired to obtain particle monodispersity. 

In addition, their study also confirms the shrinkage (or even 

disappearance) of certain smaller particles when surrounded 

by larger particles – as the growth of larger particles 

accumulating the available monomers causes the small particle 

growth to cease. Therefore the study highlights the 

importance of the local environment for growth rate and thus 

the corresponding particle monodispersity. In our current 

study, we have established how the surrounding particle 

geometry can enable and lead to monodispersity under the 

appropriate diffusion kinetics. The unique continuous growth 

system with PVD on a liquid surface which allows for the 

nucleation and growth of smaller particles, which eventually 

contribute to particle monodispersity via shared coarsening is 

demonstrated. In addition we have also shown the probability 

of occurrence of this phenomenon even under lower or higher 

adsorption probability conditions. The proposed method is not 

limited by prerequisites such as material solubility or 

supersaturation for growth conditions. An appropriate 

condensate-substrate system chosen with suitable diffusion 

kinetics would result in particle monodispersity. Shared 
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coarsening is more easily achieved on liquid surfaces, given the 

homogeneous surface conditions. 

Conclusion  

 A novel facile method to obtain monodispersed 

nanoparticles on a liquid substrate is described. The combined 

influence of (1) surface diffusion kinetics and (2) adsorption 

probability of the substrate, dictate the spatial distribution of 

the particles, which in turn induce shared coarsening. The 

response of the liquid to perturbation results in increased 

adatom mobility, which aids in attaining the required spatial 

distribution of the nanoparticles. The condensate-substrate 

interaction is important for the formation of monodispersed 

particles. The formation of copper nanoparticles with narrow 

size distribution, obtained by physical vapor deposition onto a 

liquid substrate, experimentally verified this method. 
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Figure Captions 

Figure 1: Thermal evaporation of copper onto the surface of (a) solid amorphous 

carbon and (b) liquid silicone oil; Note the large difference in condensate coverage.  

Figure 2: Exclusion Zone Model – primary nucleation: Illustration of vapor condensation 

leading up to the stage of nucleation. (1) Substrate with single atoms randomly 

deposited. (2, 3 and 4) Surface diffusion of adatoms results in clustering (dotted 

circles). (5) Accumulation of critical number of atoms in a cluster. The primary nuclei 

formed are shown (small solid circles), along with the diffusion zones/ area scanned to 

attain the critical size (larger solid circles). 

Figure 3: Shared Coarsening - Schematic showing the emergence of monodispersity via 

the shared coarsening effect, followed by further microstructural evolution. 

Figure 4: Geometrical arrangement of primary and secondary nuclei for the occurrence 

of shared coarsening. The black particles (1, 2, 3) represent primary nuclei whereas 

yellow particles (1*, 2*) represent secondary nuclei. The dotted circles indicate their 

diffusion zones.   
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Figure 5: Change in particle size deviation with time is shown for low and high 

adsorption probability values. 

Figure 6: Formation of uniformly sized particles- Simulated images captured at 

increasing time steps of t3, t6 and t8 corresponding to 30000, 60000, 80000 steps. 

Their corresponding particle size distributions are also shown. The length scale of the 

simulated images shown is in units of A
ο
. Note the decrease in σ in Fig. 6b due to 

shared coarsening.  

Figure 7: Simulated morphologies captured after 40000 steps (real time = 0.177 s) at 

adsorption probability of 0.5. The particle growth images for varying diffusion lengths 

((a) – (c)) along with their corresponding size distribution plots ((d) – (f)) are as shown. 

The length scale of the simulated images is shown in units of A
ο
. 

Figure 8: Evolution of particle size and distribution with time for varying adsorption 

probability values of (a) 0.1; (b) 0.5 and (c) 0.8 at l = 4 (at short diffusion length). 

Figure 9: Change in standard deviation in particle size with time for various adsorption 

probability and diffusion length values.  

Figure 10: Copper clusters on carbon surface (amorphous C) after 20 s of deposition(a); 

Monodispersed copper nanoparticles formed on the surface of silicone oil after 20 s 

and 25 s (b & c) are shown along with their corresponding particle size distributions in 

(d) – (f).  
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Figure 1: Thermal evaporation of copper onto the surface of (a) solid amorphous carbon and (b) 

liquid silicone oil; Note the large difference in condensate coverage.  

 

 

 

 

 

 

 
Figure 2: Exclusion Zone Model – primary nucleation: Illustration of vapor condensation 

leading up to the stage of nucleation. (1) Substrate with single atoms randomly deposited. (2, 3 

and 4) Surface diffusion of adatoms results in clustering (dotted circles). (5) Accumulation of 

critical number of atoms in a cluster. The primary nuclei formed are shown (small solid circles), 

along with the diffusion zones/ area scanned to attain the critical size (larger solid circles). 
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Figure 3: Shared Coarsening - Schematic showing the emergence of monodispersity via the 

shared coarsening effect, followed by further microstructural evolution. 
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Figure 4: Geometrical arrangement of primary and secondary nuclei for the occurrence of shared 

coarsening. The black particles (1, 2, 3) represent primary nuclei whereas yellow particles (1*, 

2*) represent secondary nuclei. The dotted circles indicate their diffusion zones.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Change in particle size deviation with time is shown for low and high adsorption 

probability values. 
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Figure 6: Formation of uniformly sized particles- Simulated images captured at increasing time 

steps of t3, t6 and t8 corresponding to 30000, 60000, 80000 steps. Their corresponding particle 

size distributions are also shown. The length scale of the simulated images shown is in units of 

A
ο
. Note the decrease in σ in Fig. 6b due to shared coarsening.  
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Figure 7: Simulated morphologies captured after 40000 steps (real time = 0.177 s) at adsorption 

probability of 0.5. The particle growth images for varying diffusion lengths ((a) – (c)) along with 

their corresponding size distribution plots ((d) – (f)) are as shown. The length scale of the 

simulated images is shown in units of A
ο
. 
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Figure 8: Evolution of particle size and distribution with time for varying adsorption probability 

values of (a) 0.1; (b) 0.5 and (c) 0.8 at l = 4 (at short diffusion length). 
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Figure 9: Change in standard deviation in particle size with time for various adsorption 

probability and diffusion length values.  
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Figure 10: Copper clusters on carbon surface (amorphous C) after 20 s of deposition(a); 

Monodispersed copper nanoparticles formed on the surface of silicone oil after 20 s and 25 s (b 

& c) are shown along with their corresponding particle size distributions in (d) – (f).  
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