
Lesson 10:

Nanostructures on substrates and in matrices

(Control of size and number of nanoparticles on substrates

and in matrices: nucleation and growth thermodynamics and 

kinetics (basic concepts and experimental data); Ripening

and Coalescence: basic rate equations and experimental

data; Typical activation energies and diffusion coefficients)



D=Surface Diffusion Coefficient (cm2/s)
F=Flux of impinging atoms (atoms/cm2s)



 The Ripening and Coalescence processes are the main growth mechanisms for metal 

NPs leading to morphological and structural evolution of the NPs.

 The control of the NPs Ripening and Coalescence processes can lead to NPs with 

desired size, morphology and structure

Controlling the self-organization mechanisms

Ripening Coalescence

Driving Force: Minimization of the Total Surface Energy of the System

K. -N. Tu, J. W. Mayer, L. C. Feldman, «Electronic Thin Fils Science» , MacMilian 1992 



The Ripening process: basics

The ripening process involves an atomic diffusion from smaller particles to larger 

particles. This is due to the Gibbs-Thompson effect, i. e. the atomic pressure vapor is 

higher around smaller particles. So, the smaller particles shrink and dissolve (in 

atomic form) and these atoms are captured by larger particles placed within the 

atomic diffusion length

R1<R2→c1>c2c1
c2

R1
R2Diffusion 𝐩 ∝ 𝒆𝒙𝒑 𝟐𝜸𝑺𝜴/𝒌𝑻𝑹

𝑫𝑺~𝒆𝒙𝒑 −𝑬𝑨/𝒌𝑻
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Gibbs-Thompson effect

Diffusion Length

Diffusion Coefficient



The Coalescence process: basics

The coalescence process involves the touching (contact) of two or more particles, 

deforming their surfaces, to form a particle having volume the sum of the volumes of 

the touching particles but surface area lower than the sum of the surface areas of the 

touching particles.

S. Arcidiacono et al., Int. J. Multiphase Flow 30 (2004) 979.

A. Heilmann, Polymer Films with Embedded Metal Nanoparticles, Springer-Verlag, 

Berlin Heidelberg GmbH (2003). 

A. Steyer et al., Phys. Rev. A 44 (1991) 8271

P. Meakin, Rep. Prog. Phys. 55, 157 (1992)

𝑹 − 𝑹𝟎 ∝ 𝒆𝒙𝒑 −𝑬𝑨/𝒌𝑻 𝒕
3D NPs on a 2D surface



Analysys of the Ripening process of Au

nanoparticles on surface
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F. Ruffino et al., 

J. Appl. Phys. 

101, 064306 

(2007)



Diffusion limited ripening: solution of the rate equation (kinetic equation)
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3n (3D/3D case) for the growth of the three-dimensional 

(3D) particles embedded in a bulk matrix (3D);

2n (2D/2D case) for the growth of  two-dimensional 

(2D) particles on a surface (2D);
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4n (3D/2D case) for the growth of three-dimensional 

(3D) particles on a surface (2D).
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I. M. Lifshitz et al. J. Phys. Chem. Solids 19, 35 (1961).

K. -N. Tu, J. W. Mayer, L. C. Feldman, «Electronic Thin Fils Science» , MacMilian 1992 

M. Zinke-Allmang et al., Surf. Sci. Rep. 16, 377 (1992).
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=1.5 J/m2 specific interfacial energy 

of the Au nanocluster - air boundary
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D diffusion coefficient of Au atoms on surfaces

aAu=0.409 nm Au atom covalent radius

Growth

exponent

Au/SiC

Au/SiO2

3D growth by surface diffusion

n=4

F. Ruffino et al. J. Appl. Phys. 101, 

064306 (2007); Superlattices and 

Microstructures 44, 588 (2008)
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Au on SiO2

n=4

Au in SiO2

n=3

F. Ruffino et al. Superlattices and Microstructures 44, 588 (2008)



EA (Au on Al2O3)=0.6 eV



EA (Au on graphene/Ru(0001))=0.71 eV



Analysys of the Coalescence process of Au

nanoparticles on surface



1 cm
Thermal Processes
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Si

SiO2 (1 μm)
D0

Drop casting 

deposition

Samples preparation and microscopic analyses



These images highlight that, in 

addition to isolated Au NPs, 

the drop-casting deposition 

method leads to, also, groups 

of touching NPs

F. Ruffino et al. Physica E 74, 388 (2015)



Mean size increase



The coalescence process involves 

the touching (contact) of single 

particles, deforming their surfaces 

(neck formation), to form a particle 

having volume the sum of the 

volumes but surface area lower 

than the sum of the surface areas.

F. Ruffino et al. Physica

E 74, 388 (2015)
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SD: Surface Diffusion;

GBD: Grain Boundary Diffusion;

EC: Evaporation and Condenation;

VDS: Volume Diffusion from the

Surface;

VDV: Volume Diffusion from the

Interior.

<D0>: mean diameter of the as-

deposited NPs;

<DC>: mean diameter of the

coalesced NPs;

t: annealing time;

T: absolute annealing temperature;

EA: activation energy for the NPs

coalescence process.

A. Steyer et al., Phys. Rev. A 44 (1991) 8271; P. Meakin, Rep. Prog. Phys. 35 (1992) 

157; A. Heilmann, Polymer Films with Embedded Metal Nanoparticles, Springer-

Verlag, Berlin Heidelberg GmbH (2003);

S. Arcidiacono et al., Int. J. Multiphase Flow 30 (2004) 979.

Coalescence: solution of the rate equation (kinetic equation)

tDDC  0





Free-standing nanoparticles
Evoluzione temporale di xn

Non restituisce evoluzione temporale di R







Activation energy volume diffusion<Activation energy grain boundary diffusion





Study of the coalescence process of SiO2 supported Au NPs

Data analysis: size-dependent activation energy

]/exp[ kTEA 

Size-dependent

activation energy for 

the coalescence

process

F. Ruffino et al. Physica E 74, 

388 (2015)



Study of the coalescence process of SiO2 supported Au NPs

Data analysis: considerations

The values estimated by us in the 0.21-0.36 eV are 

compatible, mainly, with Au self-diffusion involved in the 

NPs coalescence process 

 EA0.4 eV is characteristic of Au atoms surface self-diffusion

(H. Göbel, P. von Blanckenhagen, Surf. Sci. 331-333 (part B) (1995) 885).

 EA1 eV is characteristic of Au atoms volume self-diffusion

(T. S. Lin, Y. W. Chung, Superlattices and Microstructures 4 (1988) 709).

 EA0.7 eV is characteristic of Au atoms grain boundary

(S. Arcidiacono et al., Int. J. Multiphase Flow 30 (2004) 979).



Study of the coalescence process of SiO2 supported Au NPs

Considerations on the size-dependent activation energy

M. José-Yacamán et al., J. Phys.

Chem. B 109, 9703 (2005):

In-situ (TEM) observation of

the thermal induced

coalescence of two Au NPs. (a,

b) Neck formation at the

contacting surfaces. (c, d)

Crystal planes alignment. (d)

Plane defects formation in the

new stressed structure. (f) The

newly formed structure is now

relaxed.

“The coalescence process begins with NPs contact, followed by the alignment of the coalescing 

planes at the interface between the nanoparticles; the liquidlike mobility of the nanoparticle 

surface layers is essential to achieve this. When a small particle coalesces with a larger one, 

the smaller one rotates to orient its planes to those of the larger one”. 

NPs surface melting as essential condition to coalescence



Our data confirm the finding of José-

Yacamán et al.: essential role of a high-

mobility (liquid-like behavior) of the NP 

surface atoms for the coalescence process.

Size-dependent

activation energy for 

the coalescence

process
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A case in which both nanoparticles ripening

and coalescence act



Si

SiO2

Electron beam irradiation (in-situ by TEM), 

200 keV, 1.8103 1.62104 C/cm2

F. Ruffino et al., J. Phys. D 42, 075304 

(2009)

Coalescence mechanism
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More in depth: rate equations for ripening

and for coalescence



Rate equation



















2) The coalescence process: quantitative details






















