
Lesson 14:

Special nanostructural changes

(Shape control of metal nanostructures embedded in 

insulating matrices by high energy ion irradiations: 

elongation and inverse ripening; Thermodynamic instability

of nanorods and spontaneous reshaping; Shadowed

depositions of films on substrates to produce complex-

morphology nanostructures; Nanoparticles embedding in 

polymeric films)



Reshaping of nanorods (by thermal instability)



















Ion beam shaping of metal nanostructures embedded in 
oxide matrices



Deformation can be indirectly induced by embedding metallic NPs into an ion-deformable 

amorphous host matrix. With this technique, spherical particles deform into prolate nanorods

and nanowires, with an aspect ratio that can be tuned by the ion type, energy and fluence

1) INTRODUCTION

 Short overview of the ion-beam shaping technique

E. A. Dawi et al, J. Appl.Phys.  105, 074305 (2009)



























Embedding of metal nanoparticles in polymeric matrices



1) INTRODUCTION

 A) Metal/Polymer nanocomposites: properties and applications

L. Nicolais, G. Carotenuto (Eds), «Metal-Polymer nanocomposites», Wiley (2005).

Metals undergo the most considerable properties change by size reduction, and their composites with polymers are 

very interesting for functional applications because the properties of nano-sized metals (optical, magnetic, dielectric, 

electrical and thermal transport properties) leave unmodified after embedding in polymers.

Metal nanoparticles Polymer films

~ nm

Polymeric chains- Quantum size effects,

- Plasmonic properties,

- Reactivity,

- ……..

- Flexibility,

- Trasparency,

- Phase transitions,

- ……..

 Lightweight 

 High mechanical properties

 Unique physical properties

•Strong (covalent attachment) •Weak (physical absorption)

Tuning the metal/polymer interaction to tune the physical properties



Only some examples:

H. Takele et al., «Plasmonic

properties of Ag nanoclusters in 

various polymer matrices», 

Nanotechnology 17, 3499 

(2006)

H. Takele et al., «Tuning of 

electrical and structural properties

of metal-polymer nanocomposite

films prepared

by co-evaporation technique», 

Applied Physics A 92, 345 (2008)

O. M. Folarin et al., «Polymer-

noble metal nanocomposites: 

Review», Int. J. Phys. Sci. 6, 4869 

(2011)



1) INTRODUCTION

 B) Metal/Polymer nanocomposites: fabrication methodologies

V. Zaporojtchenko, 

F. Faupel,

Y. K. Mishra,

……….

Our aim:

Development of simple, low-cost, large-scale, and versatile processes 

to fabricate and manipulate metallic (Ag, Au) nanostructures in 

polymers (PMMA and PS) matrices

+

Chemical methodologies Physical methodologies

1) Sequential evaporation,

2) Co-evaporation,

3) Co-Sputtering,

4) Ion implantation.

1) In-situ polymerization,

2) Mesophase mediated emulsion,

3) Solution-based approaches,

R. D. Deshmukh, 

Z. J. Guo,

J. H. Teichroeb,

……….



2) Embedding kinetics of Au and Ag nanoparticles in 

PMMA and PS layers

 Au and Ag deposition on PMMA and PS: sputtering

 Thermal processes above Tg

 Quantification of the embedding kinetics



 2.1) Au and Ag depositions on PMMA and PS: sputtering

Si

PMMA or PSd=200 nm

PMMA or PS Spin-coating on Si 

By 

controlling

the 

deposition

parameters d 

can be tuned

Si

Au or Ag sputtering on PMMA or PS

Au or Ag target

PMMA or PS

By 

controlling

the 

deposition

parameters

<R> and N 

can be tuned

R

Au and Ag average thickness: 10 nm

250 nm

<h0 >=22.6 nm

N0=7.1×1010 cm-2

<h0 >=20.1 nm

N0=5.8×1010 cm-2

<h0 >=21.3 nm

N0=8.8×1010 cm-2

<h0 >=17.8 nm

N0=9.1×1010 cm-2

γM ~1-2 

J/m2

γP ~0.1 

J/m2



 2.2) Thermal processes above Tg

PMMA

PS
Tg =95 °C

Tg =105 °C TM =160 °C

TM =240 °C

T<Tg: Solid state system T>Tg: Viscous fluid state system

Phase transition

Long-

range

chains

mobility

Si

PMMA

Au

Si

PMMA

Ag

Si

PS

Si

PS

Au Ag

120-160 °C, 60-180 min 200-240 °C, 60-180 min



200 °C-1h 240 °C-3h220 °C-2h 240 °C-2h

Ag/PS

Au/PS250 nm



120 °C-1h 160 °C-3h140 °C-2h 160 °C-2h

Ag/PMMA

Au/PMMA250 nm



500 mJ/cm2

Si

PMMA or PS

Au or Ag
h

A) Mean nanoparticles and surface

density of disappeared

nanoparticles evaluation

 2.3) Quantification



B) Embedding kinetics!!

Coating

time 

Embedding

velocity

R. D. Deshmukh et al., Langmuir 23, 13169 (2007)

J. H.Teichroeb et al., Phys. Rev. Lett. 91, 016104 

(2003)

V. Zaporojtchenko et al., Macromolecules 34, 1125 

(2000)

R. Weber et al., Macromolecules 36, 9100 (2003)

J. Erichsen et al., Macromolecules 37, 1831 

(2004)



- The driving force for the embedding process is given by the contribution of the metal

clusters with radius h to the Gibbs free energy G, which is lowered upon embedding. The

contribution of a single, spherical cluster is given by

 PMMP
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L being the embedding depth from the surface to the center of the cluster. 

- So, the surface Gibbs free energy can be reduced by embedding if the surface tension γM of 

the metal particles exceeds the sum of the interfacial tension γMP and the polymer surface

tension

This relation is always fulfilled for metals on polymers, since the 

cohesive energy of polymers is so much lower than that of metals 

(γP<<γM)

L

MPPM  

- The embedding of clusters of some nanometers should certainly require long-range chain 

mobility, which proceeds in experimentally accessible time scales above the glass transition.

γM ~1-2 J/m2 γP ~0.1 J/m2

G.J. Kovacs, P.S. Vincett, Thin Solid Films 111, 65 (1984)



]/exp[0 kTEvv A

C) Activation energy for the embedding process

EA depends only

on the polymer

nature!

D) Embedding statistics: Weibull
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α= scale factor (modal value of

the distribution)= mean embedding time

β the shape parameter (Weibull slope)



E) General picture and methodology potentialities

A) In the polymer spin-coating stage we can tune d

Si

PMMA or PS

Si

PMMA or PS

B) In the sputtering stage we can tune h0 and N0

Si

PMMA or PS

Si

PMMA or PS

C) In the annealing stage we can tune how many particles embedding

We can tune the metal volume fraction and so the physical

properties of the system (conductivity, absorption,….)

SiSi



Surface free energies considerations

a) in the initial growth stage noble metals grow as spherical clusters on polymer surfaces. In fact,

the cohesive energy of metals is typically 2 orders of magnitude higher than the cohesive energy

of polymers. Furthermore, the interaction between moderately reactive metals and polymers is

generally very weak in comparison to the strong metal–metal binding forces. Therefore, metals of

low reactivity do not wet untreated polymer surfaces. They form clusters during the initial stage

of polymer metalization. In our specific cases, the Au and Ag surface free energies are γAu ∼
1500 mJ/m2 and γAg ∼ 900 mJ/m2, respectively, while the PS and PMMA surface free energies

are γPS ∼ 30−40 mJ/m2 and γPMMA∼ 30−40 mJ/m2, respectively

γPS ∼ 30−40 mJ/m2

γPMMA ∼ 30−40 mJ/m2

γAu ∼ 1500 mJ/m2

γAg ∼ 900 mJ/m2

K. Tanaka et al., Macromolecules 29, 3040 (1996); C.E. Wilkes, J.W. Summers, C.D. Daniels

(eds.), PVC Handbook (Hanser Gardner Publications, Cincinatti, 2005); I.C. Sanchez, Physics of 

Polymer Surfaces and Interfaces (Butterworth-Heinemann, Boston, 1992)



Role of the polymer viscosity

PS chain PS chain

PMMA chain PMMA chain

Au atom Au atom

Ag atom Ag atom

AAg,Ag = 39.1 × 10−20 J

AAu,Au = 41.1 × 10−20 J

APMMA,PMMA = 7.1 × 10−20 J

APMMA,PMMA = 6.2 × 10−20 J



η

ηAMP

v1/AMP

AMP

AAg,PS = 15.6 × 10−20 J

AAu,PS = 16.0 × 10−20 J

AAg,PMMA = 16.6 × 10−20 J

AAu,PMMA = 17.1 × 10−20 J

<
<

<

vAg,PS

vAu,PS

vAg,PMMA

vAu,PMMA

<
<
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Shadowed depositions
(Glancing Angle Depositions)






























