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Abstract The diffusion and coalescence of Au–Cu alloy

nanoparticles was studied at high magnification using

in situ transmission electron microscopy. The particles

prepared by physical vapor deposition onto amorphous-C

support films had an average composition of Cu–43 at%

Au and diameters of 15–50 nm. In the case analyzed, the

larger of two nanoparticles remained stationary throughout

the coalescence process while a smaller nanoparticle

moved toward the larger particle at a temperature of

*573 K. The surface of the small nanoparticle was

observed to fluctuate while approaching the larger particle,

demonstrating that collective atom process occurs along

the particle periphery. The particle also decreased in size

during the process, indicating that it was losing mass as

well as migrating. Direct evidence of a diffusional flux

between particles was observed before the coalescence

process. The small nanoparticle coalesced into the large

one at a highly accelerated rate compared to its prior

migration.

Introduction

The dynamic behavior of nanoparticles or clusters of atoms

is of interest to many fields including micro-electronics,

optoelectronics, and catalysis [1]. Some of these applica-

tions such as catalysis try to avoid the coalescence or

agglomeration of nanoparticles, while others desire better

control over the coarsening process such as for thin-film

structures. To achieve either of these objectives, it is

imperative to understand the mechanisms involved in the

process of coarsening.

Substantial work has been done to study coarsening

processes in various environments. The thermodynamic

framework used to explain this phenomenon was first

developed by Ostwald to explain grain coarsening in

solutions. Particles in a matrix try to maintain local ther-

modynamic equilibrium with their surroundings. Smaller

particles are associated with a higher chemical potential

compared to larger particles due to their smaller radius of

curvature. This sets up a chemical potential difference in

three-dimensions (3D), resulting in a diffusional flux from

small particles to larger particles [2]. This phenomenon has

been studied in detail for grain and precipitate coarsening,

which involve 3D diffusion of atomic species [3]. Exten-

sion of this phenomenon is applicable to the process of

coarsening of particles on a substrate [4, 5]. The difference

being that instead of trying to maintain equilibrium in

three-dimensions the particles try to attain local thermo-

dynamic equilibrium with the two-dimensional gas on the

surface of the substrate. This equilibrium is given by the

Gibbs-Thomson equation according to which smaller par-

ticles have higher vapor pressure due to their smaller radius

of curvature. This results in a higher number of free atoms

(2D gas) on the substrate in the vicinity of small particles

compared to large particle, which sets up a composition

gradient leading to 2D diffusion of atoms from smaller

particles to larger particles [6].

Another mechanism responsible for the coarsening of

particles is the migration of atomic clusters, or nanoparti-

cles, on the substrate [7]. Cluster migration has been found

to be the prominent coarsening mechanism in the case of
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small nanoparticles. One possible mechanism responsible

for particle motion has been reported to be adatom diffu-

sion (evaporation–condensation), which involves random

exchange of atoms between the edge of the particle and

surrounding 2D atomic gas, accompanied by condensation

of atoms at other parts of the particle. This asymmetric

evaporation and condensation of atoms leads to motion

of the center of mass of the particle [8]. Another mecha-

nism involves collective vibrational motion of the atoms

constituting the particle. This mechanism involves syn-

chronization of the atomic vibrations of the particle that

results in motion of the cluster as a whole [9, 10]. Along

similar lines, in situ transmission electron microscope

(TEM) studies have shown that metal nanoparticles may

fluctuate among various metastable structural states when

exposed to intense electron irradiation [11, 12].

It is usually observed that the particle trajectory during

migration is random Brownian motion [13]. This is often

the case when the inter-particle separation is larger than the

diameter of the particle. Based on this observation, atomic

clusters are considered as non-interacting particles. How-

ever, experimental observations suggest that particles do

have some field of attractive nature and one possible

mechanism for such a field could be the growth/decay flow

of edges due to the composition profile around the particles

[14]. In work involving simulation of particle kinetics, the

models usually do not consider any interaction between the

particles, although the effect of attractive and repulsive

interactions between particles has been explored in a few

cases [15]. This interaction was incorporated using a cut-

off-distance based force-field between the particles, above

which the particles do not interact with each other and

move according to random Brownian motion.

The process of coalescence is usually assumed to occur

as soon as particles come into contact with one other. The

assumption of immediate coalescence will not affect the

evolution of the final quasi-equilibrium structure or distri-

bution of particles, but it will affect kinetic aspects of the

process. In addition, there is evidence that this assumption

is not physically correct in certain situations. For example,

computational studies of particle coalescence suggest that

during the initial stages, the process involves the formation

of low-energy interface between the particles. This low-

energy configuration is achieved by elastic and plastic

deformations along with particle rotation [16].

In this paper we observe the migration and coalescence

of a relatively large Au–Cu nanoparticle (*15 nm in

diameter) at high magnification using in situ TEM. The

present work is a derivative of an ongoing study on the

dynamic behavior of order–disorder interfaces in Au–Cu

nanoparticles. Gold–copper alloy is a model system to

carry out such in situ TEM experiments because of the low

critical temperature and negligible solubility of both Au

and Cu in the amorphous carbon film and vice versa

[17, 18]. In this paper, we present the dynamic behavior of

the particle (*15 nm in diameter) on an amorphous carbon

substrate supported on a Mo grid, as it interacts with the

nearest larger particle (*45 nm in diameter) located

11 nm away.

Experimental procedure

Au–Cu alloy nanoparticles were prepared by vapor depo-

sition as described in detail elsewhere [19]. In brief, high-

purity Au and Cu metals were evaporated from W baskets

on to heated amorphous-C substrates under vacuum. The

amorphous-C film had a manufacturer-reported thickness

of *20 nm and was supported on Mo-mesh TEM grids.

The deposition was performed with a substrate temperature

of 906 K and a base pressure of 2 9 10-8 Torr. The

samples were annealed at 906 K for 3 h followed by

cooling to room temperature under vacuum. In situ heating

experiments were performed in a JEOL 2010F analytical

microscope using a Gatan� double-tilt water-cooled heat-

ing holder. The present experiment was performed at a

temperature of *573 K. The average composition of the

sample used in the present experiment was Cu–43 at.% Au,

as determined by quantitative energy-dispersive X-ray

spectroscopy in the TEM [19]. Individual particle compo-

sition was found to be within ±5% of the average

composition. It has been reported that the compositional

uniformity of Au–Cu alloy particles shows some size

dependence for particle sizes below 10 nm, and becomes

significant for particle sizes of 5 nm or less [20]. Since the

particles used in this study were larger than 10 nm in

diameter, we can assume that any effects of particle size on

composition are negligible.

Images were recorded on a video cassette through a

TV-rate CCD camera and were later digitized at 30 fps

using Adobe Premier� 6.0 software and an Aurora Fuse

capture card with MJPEG A compression algorithm. The

individual frames from the digital video were then exported

in uncompressed TIFF format. Due to the low contrast

between the nanoparticles and amorphous-C substrate, it

was necessary to boost the contrast by saturating the image.

The ‘‘imadjust’’ MATLAB� function was used to improve

the contrast of the images by saturating 1% of the data at

the minimum and maximum intensities. In order to convert

the saturated grayscale images (256 bit) to binary,

approximate threshold values were determined using the

‘‘greythresh’’ MATLAB� function. This function utilizes

Otsu’s method, which selects the threshold by minimizing

the interclass variance of the black and white pixels. Using

this threshold value as a guide, the working threshold value

was determined by trail and error. Initially, every 30th
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image (1 fps) was chosen and the threshold limit was

determined for each image to achieve the best possible

match with the original image. Finally, using these values

for the threshold, the saturated grayscale images were

converted to binary using the ‘‘im2bw’’ MATLAB� func-

tion, which replaces all the pixels in the image with a

luminance greater than the threshold with a value of 1

(white), and the others with a value of 0 (black). This

procedure gave an image with white particles on a black

substrate. These images were then used to quantify the

surface fluctuation (radius of the particle), interparticle

separation, and projected area of the small particle, using

the ‘‘regionprops’’ function in the MATLAB Image

toolbox.

Results and discussion

In order to study the details of particle migration and

coalescence, a high-magnification video of a mobile

nanoparticle was recorded until coalescence was complete.

The sample used in present study had Au–Cu alloy particle

size distribution in the range of 15 to 50 nm in diameter as

shown in Fig. 1a. The size of the nanoparticle reported in

this paper corresponds to the projected area of the particle

in the TEM image. Fig. 1b shows a TEM image of the

particle that was followed to study the coalescence

dynamics. The diameter of small particle marked A was

*15 nm while that of the large particle B was *45 nm.

Several smaller (2–3 nm) particles overlapping these two

particles are on the other side of the C substrate. Fig. 1c

shows a schematic side view of the nanoparticles on the

substrate, including their appropriate contact angles.

The larger of the two particles in Fig. 1b was observed

to remain stationary at all times while the smaller particle

moved toward it. Experimental studies have confirmed that

particle migration and coalescence is an important coars-

ening mechanism for particle sizes in the range of 5 nm or

smaller [21], but the occurrence of such phenomena

involving particles larger than this is speculative [22].

General observation of the sample revealed that all of the

mobile particles were of similar size (i.e., *15 nm) as the

one analyzed in this paper. Larger particles occasionally

coalesced by changing their shape (not recorded on tape).

This was observed only when two or more particles were

close enough that deformation of the particles toward each

other allowed for coalescence without appreciable move-

ment of the centroid of the particles. Similar observations

have been reported by Wanner et al. [23].

Figure 2a shows a binary image of the two particles

after performing the procedure described in the previous

section. The interparticle distance used in this paper cor-

responds to the distance between the center of the smaller

particle and a fixed feature at the edge of the larger particle

that stayed fairly stationary over the period of observation.

The center of the small particle was taken to be its centroid.

In addition to physical motion of the particle, other factors

that can change the position of the centroid are the particle

shape and size. The area and eccentricity (ratio of the major

and minor axis) of the particle were measured for all the

images. It was found that the area of the particle decreased

by 2.5 nm2 from an initial value of 166 nm2 over a period

Fig. 1 a Distribution of Au–Cu alloy particles on the amorphous-C

film. b The two particles studied, where the smaller one A moved

toward B. c Schematic of the sizes and shapes of the particles on the

film viewed from the side
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of 60 s, while the eccentricity increased by 0.05 from an

initial value of 1.15 over the same period. These factors

affect the calculated position of the centroid, but since the

changes are small relative to the initial values, their effect

on the centroid position are also small compared to the

magnitude of displacements being measured. In order to

ensure the statistical significance of the results, one-way

single-factor analysis of variance (ANOVA) was carried

out on two sets of data taken 60 s apart, with each set

having 30 data points (distance of small particle from the

edge of the large particle). One-way ANOVA (with

F(1,58) = 8.03, p = 0.06, FCrit = 4.01, and 95% confi-

dence interval) revealed that the position of the small

particle did change over the time period with respect to the

large particle.

Rearrangements of near-surface atoms leading to parti-

cle shape changes have been reported for small particles

[12]. In the present work, the surface of the small particle

was observed to fluctuate while approaching the larger

particle. Surface fluctuations on the small particle usually

involved decomposition of a single facet into two facets

rather than being random in nature, as shown in Fig. 2b and

c. The amplitude of fluctuation (0.5 nm), was largest for

the edge closest to the large particle and occurred at a

frequency of *10 times per second when the interparticle

distance was 11 nm (Fig. 3). The observed fluctuations

demonstrate that collective atom processes occur along the

particle periphery. The occurrence of strong fluctuations

along the particle periphery in the direction of particle

motion indicates that this collective motion of atoms

(surface fluctuation) may be contributing toward its

motion. The opposite edge of the particle was also

observed to fluctuate, but with smaller amplitude, while

other edges showed negligible fluctuation. Thus, the fluc-

tuations occurred asymmetrically and primarily along the

direction of particle approach. Information regarding the

nature of the facets would be valuable; however, in this

work it was difficult to index the facets as the particle

orientation was along a high-index zone axis. Any attempts

to use nanobeam electron diffraction to accurately index

the particle and its facets would have significantly affected

the migration/coarsening process due to the high electron

dose in the small probe and was thus avoided. It is worth

Fig. 2 a Binary image showing the interparticle distance and radius

of the particle measured versus time. b and c show decomposition of a

single facet into two facets due to surface fluctuations

Fig. 3 The radius of the small nanoparticle versus time. The

measured distance corresponds to the distance between the centroid

and the edge of the particle that showed the maximum fluctuation

amplitude (refer to Fig. 2a)

604 J Mater Sci (2009) 44:601–607

123



mentioning that the facet orientation could have a signifi-

cant affect on the fluctuation amplitude, with high-energy

surfaces/facets expected to exhibit higher fluctuation

amplitudes than low-energy surfaces/facets.

The size of the small nanoparticle also decreased during

the process of migration from 166 nm2 to 2.5 nm2 over a

period of 60 s. Thus, the particle lost mass as it migrated

toward the large particle. The error involved in this mea-

surement is difficult to quantify due to number of steps

involved; however, one-way ANOVA was carried out

on two sets of data 60 s apart, each set having 10 data

points (the measured area). A one-way ANOVA (with

F(1,18) = 32.35, p \ 0.001, Fcrit = 4.41, and 95% confi-

dence interval) revealed that the area of the particle did

change over time. No perceptible change in the size of the

larger particle was observed over the same period. This

observation is expected given that the large particle is too

big to show any appreciable change due to the addition of a

comparatively small mass from the smaller particle. The

decrease in size of the small nanoparticle suggests that a

phenomenon similar to Ostwald ripening occurred during

particle migration, where atoms from the small particle

diffused toward the large particle. This flux of atoms is

likely coupled to the fluctuations that occur preferentially

along the closest direction between the particles.

It is difficult to measure the composition of the atomic

flux without affecting the overall process; however, some

inference can be drawn based on behavior of Au and Cu

atoms on an amorphous-C substrate. Au and Cu have

negligible solubility in C [17, 18]. Also, the interaction

energies of Au and Cu with C are reported as 0.25 eV/atom

and *0.12 eV/atom, respectively [24]. From these values

it can be inferred that Cu, which has a weaker interaction

with C, may have a higher mobility and, therefore, may

migrate more rapidly to the large particle, thereby making

the flux composition slightly different. It is worth noting

that any compositional difference between two particles, if

favorable, could also be partially responsible for atomic

diffusion toward the large particle. However, as mentioned

in the experimental procedure, the maximum possible

difference in the composition of the two particles would

not be more than ±5 at.%, which is small enough not to

have a major effect on the overall diffusion process. Hence,

both of these possibilities are considered to not have a

significant affect on the observed mechanisms of the

process.

The trajectory of the small particle was essentially along

a straight line toward the larger particle. This provides

direct evidence that there is some type of interaction

between the two particles that causes the smaller particle to

follow the shortest path rather than approaching through

random motion. The edge fluctuations and loss of mass

described previously, suggest that the interaction may be

through a direct diffusional flux. Most theoretical or sim-

ulation studies of cluster migration and coalescence do not

incorporate such interactions among the particles. There

have been some investigations to study the effect of short-

range interactions between particles, wherein implemen-

tation considers attraction between particles up to a certain

cutoff distance [15]. Our observations support this type of

approach and agree with other experimental observations

of particle interaction [14].

Figure 4 shows the position of the small particle as

function of time. The slope of the linear fit represents the

average velocity of migration, which was 0.014 nm/s. It

appears form the plot that the velocity of the particle was not

constant but changed over the period of observation; how-

ever, the change involved is small and within measurement

error. As previously mentioned, the particle is losing mass

while migrating. Previous analyses have shown that the

migration rate of clusters is proportional to their size raised

to certain power, where the value of the exponent depends

upon the mechanism by which the particle migrates [13, 22].

In contrast to this, we did not observe any perceptible

increase in the velocity of the particle over the time of

observation although its volume decreased by only *1.5%

over a period of 60 s. If we use the approximate equation for

the diffusivity of D = d2/4s as applied to cluster migration,

where d is the particle diameter and s the time required by

the particle to diffuse the distance d, we obtain a diffusivity

for the particle of the order of *10-17 cm2/s. This small

value of the diffusivity is close to values reported for the

migration of smaller clusters (*5 nm diameter) in epitaxial

systems. In the case of non-epitaxial systems like ours,

reported values are typically of the order of *10-8 cm2/s or

less [22, 25]. One possible explanation for such a large

difference could be that the size of the present particle is

much larger than usually observed for theoretical studies of

migration kinetics of clusters on non-epitaxial systems.

Fig. 4 Variation of interparticle distance versus time. The high-

frequency fluctuations do not represent real physical phenomenon, but

are due to changes in the shape, edge, and size of the particle
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When the two particles came into contact, coalescence

did not take place immediately. In fact, the particles stayed

in contact for more than 15 s after impingement before

fusing. Although the reason for the delay in particle coa-

lescence is not obvious, we do not believe that it was

caused by the presence of either hydrocarbon or carbon

contamination layers on the particle surfaces. This is

because no evidence of such layers was observed in the

high-magnification images and also, because the specimen

conditions, i.e., a temperature of *573 K under a 200 keV

electron beam, should be sufficient to desorb such layers.

The low affinity of Au and C and the tendency of Au to

segregate toward the surface in Au–Cu alloys [26] also

suggest that any contamination of the particle surfaces with

C should be small and have a minimal effect on their

behavior.

A possible reason for the delay in coalescence could be

due to the orientation of the two particles. Using molecular

dynamics, Zhu and Averback [16] showed that two con-

tacting particles try to form a low-energy interface by

elastic and plastic deformations, as well as by particle

rotations. No evidence of substantial particle rotation was

observed in our experiments; however, the possibility of

particle deformations leading to a low-energy interface,

followed by liquid-like coalescence, could be a reason for

the delay in coalescence. The facet fluctuations mentioned

previously clearly indicate that particle deformations are

occurring at the nanoscale. This delay could also be par-

tially due to wetting of the particles, but as can be seen

from Fig. 5a, the particles maintained distinct surfaces

while they were in contact for more than 15 s, indicating

that the coalescence process did not involve classical par-

ticle necking. Instead, coalescence occurred in a few

frames with the small particle behaving in a liquid-like

manner, once some activation barrier was overcome.

Figure 5b and c shows two frames from the video during

particle coalescence. The entire coalescence process was

completed within three frames of the video, which corre-

sponds to *0.1 s at a frame rate of 30 fps. It can be

inferred from Fig. 5b and c that the coalescence in present

case was preceded by an atomic flux that spreads out

between the two particles, presumably on the substrate.

This flow of atoms takes place in the region around the

point of contact between the two particles indicated by

lines in Fig. 5a. The dark contrast in the region bounded by

the lines provides direct evidence of atomic flux between

the particles. Note that this contrast appeared while the

small particle remained completely spherical and in much

stronger contrast, because it was much thicker. Presum-

ably, the flux of atoms has nearly the same composition as

the small particle average, although it is possible that the

composition is somewhat different, as discussed previ-

ously. It would be extremely difficult to determine the flux

composition experimentally in the TEM without signifi-

cantly affecting the coalescence process.

The small particle then moved to merge into the larger

particle filling in this region three dimensionally, as evident

by the darkened contrast in the image in Fig. 5c. During

Fig. 5 a and b Shows particles in contact with each other before

coalescence. The arrow in (a) indicates the presence of distinct

surfaces of the two particles just before coalescence. In (b), the dark

contrast within the region enclosed by dark lines indicates the

presence of an atomic flux before coalescence, and c shows the liquid-

like coalescence of small particles within 0.01 s
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this process the small particle behaved more like a fluid

than a solid body. In the next frame, shown in Fig. 6a, this

mass of the small particle had become part of the larger

particle. This newly acquired mass spread on the surface of

the larger particle around the point of contact and did not

appear to penetrate inside the larger particle. The mass was

then redistributed around the larger particle and the particle

edge receded back to its smoothly curved, original shape,

as seen in Fig. 6b–d. Hence, it appeared that the mass

associated with the small nanoparticle was initially spread

locally on the contact surface of the large particle and then

redistributed over the entire surface.

Conclusions

We analyzed the migration of a 15 nm Au–Cu nanoparticle

on an amorphous-C substrate at a temperature of 300 �C

using in situ TEM with point to point resolution as small as

0.2 nm. The key observations during the process of particle

migration and coalescence are summarized as follows:

• The surface of the small particle was observed to

fluctuate while approaching the large particle, demon-

strating that collective atom process occurs along the

particle periphery.

• The amplitude of fluctuation was largest for the edge

closest to the large particle and also the direction of

particle motion suggests that these fluctuations contrib-

ute toward particle motion.

• The size of the small particle decreased during the

process of migration indicating that the particle was

losing mass as it migrated toward the large particle.

This indicates that an Ostwald ripening mechanism of

coarsening was occurring, where atoms migrated from

the small particle toward the large particle.

• Direct evidence of a diffusional flux from the small

particle toward the large particle was observed before

the coalescence process. The mass associated with the

small particle flowed through the region defined by this

diffusional flux during coalescence.

• Coalescence did not occur as soon as the particles came

into contact, possibly due to an orientation difference

between the particles. Coalescence eventually occurred

for more than 15 s after the particles contacted,

presumably as the orientation difference was overcome

by deformation of the smaller particle. The actual

coalescence process was completed in less than 0.1 s,

although some mass continued to redistribute around

the large particle for the next *0.15 s.
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