
Lesson 11:

Thin films dewetting on substrates

(Thermodynamic stability and instability of thin films on 

substrates; Wetting, dewetting, contact angle, Young-Dupree

equation; Dewetting process of a thin film on a substrate: 

formation of nanoparticles; Liquid-state and solid-state 

dewetting; Rayleigh instability; Nanoparticles size- and 

spacing-dependence on film thickness and further process

parameters; Processes inducing thin film dewetting (furnace

annealing, laser irradiations, electronic irradiations, ionic

irradiations); Dewetting on pre-patterned substrates)





• Bottom-up

• Top-down







Introduction

Nanofabrication: Principles, Capabilities and Limits

Z. Cui, Nanofabrication: Principles, Capabilities and Limits, Springer (New York, 2008)

G. A. Rogers, H. H. Lee, Unconventional Nanopatterning Techniques and Applications, Wiley (New Jersey, 2009)

M. Stepanova, S. Dew (Eds.), Nanofabrication: Techniques and Principles, Springer (Wien, 2012)

A. A. Tseng (Eds.), Nanofabrication: Fundamentals ans Applications, World Scientific Publishing (Singapore, 2008)

Nanotechnology is dependent on nanofabrication

techniques to structure matter

at the 1–100 nm lengthscale. 

Nanofabrication is the set of techniques to pattern,

grow, form and remove material with near nanometer 

control, repeatability and precision.

Nanofabrication

by Photons

Nanofabrication

by Self-Assembly

Nanofabrication

by Replication

Nanofabrication

by Charged

Beams

Nanofabrication

by Pattern 

Transfer

Nanofabrication

by Scanning 

Probes



Demands for the fabrication techniques: simplicity, low-cost, 

scalability, versatility

P. Colson, Nanostructuration induced by self-organization of polystyrene nanospheres as a 

template for the controlled growth of functional materials, Ph.D. Thesis, Université de Liège



Top-down:

Litographic techniques,…

Bottom-up:

Self-assembly

Minimum size>10 nm

High costs

High regularuty and low

size dispersion

Minimum size10 nm

Low costs

Low regularuty and 

high size dispersion

Converging method:

Controlled dewetting as a 

patterning strategy for 

metal nanostructures on 

surfaces

Minimum size10 nm

Low costs

High regularuty and 

Low size dispersion



Introduction

Controlled dewetting as a patterning strategy 

for metal nanostructures on surfaces

One topical application of the dewetting

phenomenon emerging in recent years is 

synthesis of nanometer scale structures

C. V. Thompson, Annu. Rev. Mater. Res. 42, 399 (2012)

During solid-state dewetting, thin films dewet to form isolated islands. This occurs while the 

material is in the solid or liquid state



Overview of the dewetting phenomenology

1) The total free energy associated with the interfaces of a film is reduced if the 

film agglomerates to form islands. Therefore, when non-wetting films on a surface 

are heated so that atomic diffusion occurs, they, often, dewet to form arrays of 

islands.

2) Metallic thin films deposited on insulating substrates are

typically thermodynamically unstable at elevated temperatures,

and dewetting, well-below the metal melting temperature will

occur upon heating. In fact, metal-metal interaction is stronger

than metal-insulator interaction: ex. being the Au surface free

energy (~1.5 J/m2) higher than the SiO2 one (~0.3 J/m2), Au does

not wet the SiO2 surface

γFS

γS

γF

Young-Duprè equation

80 nm

Au

SiO2

Cross-TEM

Kwon et al., J. Appl. Phys., 93, 

3270 (2003)

𝜃𝑐 = 140°



3) Dewetting begins with the formation of 

holes reaching the substrate surface. The holes 

then coalesce and develop a rim. The hole 

formation occurs by film retreating.

4) Rims break down via a fingering or pinch-

off instability that leads to formation of lines 

that subsequently decay into isolated islands

through a Rayleigh-like instability. 

Annealed 5 nm-

Au on SiO2

(Kwon et al., J. 

Appl. Phys., 93, 

3270,2003)

300 °C-10 min: 

holes formation

As-deposited 300 °C-40 min: 

holes growth

300 °C-60 min: holes

coalescencenanofil

aments formation

300 °C-120 min: NPs

formation from the decay

of the nanofilaments
SEM



Example of quantitative data for Au or Ag



Solid state dewetting







Liquid state dewetting











The dewetting phenomenon is

temperature-dependent.

C. V. Thompson, Annu. Rev. Mater. 

Res. 42, 399 (2012)

Radius (R) and spacing (s) of the 

droplets are thickness dependent by 

power-laws whose exponents are 

characteristic of the mass transport

mechanism (ex. surface diffusion,…)  

s

R

Rhα

sh



How the energetic budget can be furnished to the metal film to induce the dewetting process

Thermal-induced dewetting Laser beam-induced dewetting

(in the liquid phase)

Ion beam-induced dewettingElectron beam-induced dewetting

Substrate
(ex. Kwon et al., J. Appl. Phys. 93, 3270, 

2003)

Metallic film

Substrate
(ex. Henley et al., Phys. Rev. B 72, 

195408, 2005)

Metallic film

Substrate
(ex. Hu et al., J. Appl. Phys. 89, 7777, 

2001)

Metallic film

Substrate
(ex. Kojima et al., Nanotechnology 19, 

255605, 2008)

Metallic film



Controlled dewetting process as a structure-directing mechanism

-

+

Main concern of the dewetting process:

The dewetting process is hard to control. Therefore, it is

hard preparing surface patterns with well-defined 

features. So, the fabricated arrays consist of islands with a 

range of sizes and spacings, lacking of long-range order.

Solution of the problem related to the control of the dewetting

process (i. e. control of R, s, spatial order)

Main strenght of the dewetting process:

The dewetting can act as a low-cost, simply, versatile 

structure-directing mechanism provides the possibility 

for nanoscale patterning of the surface via a self-

assembly process.



Approaches: 1) dewetting of films deposited on pre-patterned substrates 

Thermal dewetting of thin Au films deposited 

onto line-patterned substrates 

(Wang et al., J. Mater. Sci. 47, 1605, 2012)

Formation of precise 2D Au particle arrays

via thermally induced dewetting on

pre-patterned substrates

(Wang et al., Beilstein J. Nanotechnol. 2, 318, 

2011)

Laser- and ion-beam dewetting of metal films on litographically patterned substrates

(Y. Wu, Doctoral Dissertation, University of Tennessee, 2011; Nano Lett. 6, 1047, 2006 )

2 μm
5 μm

Au film 

as-dep



Approaches: 2) dewetting of films patterned by templated depositions

Templated Solid-State Dewetting to 

Controllably Produce Complex Patterns 

(Ye et al., Adv. Mater. 23, 1567, 2011)

12 μm

20 μm

Nanoparticle assembly via the dewetting of 

patterned thin metal lines: Understanding

the instability mechanism

(Kondic et al., Phys. Rev. E 79, 026302, 2009)

SEM of 50 

μm long 420 

nm wide and 

13 nm (and 

55 nm thick 

Ni lines after 

1, 2, 3, 5 and 

10 laser 

pulses 

progressing 

from top to 

bottom, 

respectively.



Approaches for nano-structuring and patterning metallic films: 

examples

Template-driven dewetting and applications

Self-organized patterned arrays of metal 

nanoparticles by thickness-dependent 

dewetting of template-confined films
(F. Ruffino et al., J. Mater. Sci. 49, 5714, 2014; Thin Solid 

Films 536, 99, 2013; Appl. Surf. Sci. 270, 697, 2013)

The Idea

In a dewetting process, the size R of the NPs is dependent on the 

thickness h of the film.

Is it possible a spatial modulation, on the same sample, of the NPs

size by a modulation of the film thickness?



nearly symmetric trapezoidal cross-section profile due to a combination 

of a lateral diffusion of the Au atoms and a shadowing effect

asymmetric trapezoidal cross-section profile

Effective thickness

h=20 or 40 nm

AFM

AFM



SEM images of the Au film deposited for α=0°: (a) 40 nm-thick as-

deposited; (b) is an enlargement of (a); (c) 40 nm-thick annealed at

1173 K-1 hour; (d) is an enlargement of (c); (e) 20 nm-thick

annealed at 1173 K-1 hour; (f) is an enlargement of (e); (g) and (h)

are high resolution images to highlight the NPs morphology.

SEM images of the Au film deposited for α=42°:

(a) 40 nm-thick as-deposited; (b) is an enlargement

of (a); (c) 40 nm-thick annealed at 1173 K-1 hour;

(d) is an enlargement of (c); (e) 20 nm-thick

annealed at 1173 K-1 hour; (f) is an enlargement of

(e); (g) is a high resolution image to highlight the

NPs morphology.

Normal

deposition

SEM

Oblique 

deposition
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Approaches for nano-structuring and patterning metallic films: 

examples

Laser-induced dewetting

Rayleigh-instability driven dewetting of 

laser molten metallic films
(F. Ruffino et al., Nanotechnology 23, 045601, 2012;

Mater. Lett. 84, 27, 2012; Sci. Adv. Mater. 4, 708, 2012; 

Micro & Nano Letters 8, 127, 2013)

The Idea

Dewetting of metal films induced by laser irradiations can occur

in the liquid phase. It is, generally, postulated (Phys. Rev. B 72, 

195408, 2005) the resulting nanoparticle size distribution is 

influenced by the Rayleigh instability criterion.



Si

Fluence

E = 250-1500 mJ/cm2

Nd-YAG

532 nm, 10 ns

Au 5 nm

ITO

Fluence

E = 250-1500 mJ/cm2

Nd-YAG

532 nm, 10 ns

Au, Ag 5 nm

Quartz

-
-

-

-

-

-

- -

-
- -

-

A
A A

A

A A

A

A

A

A

A

A--
Electron

A

Atom

-
-

-

-

-

-

- -

-
- -

-

A
A A

A

A A

A

A

A

A

A

A-

Nanosecond laser

τ~10 ns, E~10-1000 mJ/cm2























z

T
K

z
tzI

t

T
C  ),(

Heat exchange from electrons to the lattice: 

50 ps<<10 ns (τ)

Film melting dynamics is the dominant

process in nanostructuring the film
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L) Critical parameters for laser nanostructuring



Role of the electron-phonon coupling:

Transition metals (Cr, 

Mo, W, Fe):

γ ~40×106 Wm-3K-1

Noble metals (Au, Ag):

γ ~2×106 Wm-3K-1

• Nano-second laser irradiation:

material melt dynamics is the 

dominant process

• Femto-second laser 

irradiation:

material melt dynamics+film 

deformation

Rapid electron-phonon 

relaxation

Fast energy transfer to the 

lattice

Slow electron-

phonon relaxation

Slow energy transfer to 

the lattice (Equilibrium 

between hot electrons 

and lattice takes place in 

50 ps).

Role of the substrate:

• Effect on the propagation of the laser-

generated heat in the layered systems.

Oxide Substrates Si Substrate
low thermal 

conductivity

small amount of heat 

dissipates through 

the substrates

the heat is confined 

within the metal film

higher thermal 

conductivity

a significantly larger 

portion of the laser-

generated heat to 

dissipate through the 

substrate



 Unconventional thermal processes: laser annealing
(local processing down to submicrometer range, minimized thermal damage, non contact nature, non-

planar processing,….)
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Heat exchange from electrons to the lattice: 

50 ps<<12 ns


Au melting dynamics is the 

dominant process
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I: laser intensity, 

Δt: pulse duration (12 ns), 

r: film reflectivity (~80%),

α: thermal diffusion lenght (~18 nm)

C: thermal capacity (~2.5 J/cm3 K)

d: film thickness   

αd>1

(case of the 25 nm Au film)

The Au film is completely ablated 

(as we observed)

αd<1

(case of the 5 nm Au film)
The Au film is melted but not 

ablated

 
K

C

rtI
T 2000

1







In the Au(5 nm)/ITO/Quartz system, the laser generated heat is dissipated with a rate enough to produce a

temperature, in the Au layer, higher than the Au melting temperature but lower to the Au evaporation

temperature. In the Au(20 nm)/ITO/Quartz system the heat is not so effectively dissipated, so that the Au film

reaches the evaporation temperature and it is completely ablated after the laser irradiations

“The temperature increase 

in the film depends on how 

it dissipates the laser-

generated heat”
(H. Krishna et al., Phys. Chem. Chem. 

Phys. 11, 8136 (2009))



500 mJ/cm2 750 mJ/cm2 1000 mJ/cm2

Thickness 

inhomogeneities

Au film is molten and broken-up into 

NPs. The film perforate but the break-

up into discrete droplets is incomplete. 

These perforations are likely to occur at 

thickness inhomogeneities in the film

The entire Au film is clustered as a consequence of the holes coalescence. 

When the density of perforations is high, the retreating molten film between 

two holes can coalesce into filaments. These filaments can then split into 

droplets.

Au 5 nm/ITO

Hole

AFM

SEM



Au 5 nm/Si

As-dep 500 mJ/cm2 750 mJ/cm2 1000 mJ/cm2

1000 mJ/cm2

Hole

SEM

TEM

Transition region from 

nanofilaments to nanoparticles



The Rayleigh instability explains why and how a falling stream of fluid 

breaks up into smaller droplets with the same volume but less 

surface area

The Rayleigh instability phenomenon: basics

The driving force of the Rayleigh 

instability is that liquids, due to 

their surface tensions, tend to 

minimize their surface area. The 

vertically falling stream of fluid 

will break up into drops if its 

length is greater than about 2π its 

radius (i. e. the vertically falling 

column of non-viscous liquid with 

a circular cross-section break up 

into drops if its length exceeded its 

circumference, or Pi times its 

diameter). 

Length>2π(radius)L. Rayleigh, Proc London 

Math. Soc. 10, 4 (1879)



The Rayleigh instability phenomenon+Surface diffusion

Nichols and Mullins studied the stability of solid 

circular cylinders on a substrate. They found that 

the solid wires were unstable to perturbations with 

>2πL

and the wavelength of the dominant perturbations 

depended on the specific

mass-transport mechanism. For surface diffusion

=8.89L

In addition, a relation between the diameter of the 

formed nanoparticles and L as follow is expected 

2<R>=3.78L

Then the theory for the surface diffusion driven 

Rayleigh instability process based formation of 

nanoparticles predicts 

Nichols FA, Mullins WW. Trans. Metall. 

Soc. AIME 233, 1840 (1965)

𝝀

< 𝑹 >
=
< 𝒔 > +𝟐 < 𝑹 >

< 𝑹 >
≈ 𝟒. 𝟕



Au, Ag/ITO


2R

𝝀

< 𝑹 >
≈ 𝟒. 𝟕

Rayleigh process as the 

dominant instability

phenomenon

SEM



𝝀

< 𝑹 >
≈ 𝟒. 𝟕

Rayleigh process as the 

dominant instability

phenomenon

Au/Si

TEM



TEM analyses 5 nm Au sample on Si/SiO2

100 nm 20 nm

Si Glue

<H>

<D>

Au 5 nm 1000 mJ/cm2-Cross-TEM analyses

γFS

γS

γF

Young-Duprè equation

80 nm

Au

SiO2

Cross-TEM

Kwon et al., J. Appl. Phys., 93, 

3270 (2003)

𝜃𝑐 = 140°



Dewetting of films deposited on pre-patterned substrates 








