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Polymer films with metal nanoparticles (NPs) are of considerable interest for a number 
of practical applications [1]. Recently, it has been demonstrated that cluster beam technique 
is an efficient method for embedment of metal NPs into polymers to form plasmonic struc-
tures, electro-mechanical and flexible electronic or optical devices [2-4]. However, the 
mechanisms governing cluster immersion require better understanding as well as method-
ologies to control this process needs to be developed for the formation of polymer compos-
ites with desired properties. 

In the current work, size-selected silver and copper NPs produced by magnetron sput-
tering cluster apparatus are deposited in low-energy regime on poly(methyl methacrylate) 
PMMA and polystyrene (PS) films prepared by spin-coating. The setup allows controlling 
both the cluster diameter (with precision ±10%) and surface coverage of NPs. For this 
work, mean particle sizes are chosen around 10 nm for copper and 13 nm for silver. Poly-
mers are spin-coated on silicon and quartz substrates utilizing standard procedures. The 
films are annealed at temperatures above the glass transition point to evaporate residual 
solvents and improve the structure. The films are prepared in thickness from 30 to 50 nm 
and they demonstrate very low surface roughness. NPs are deposited with various cover-
ages in vacuum. The samples are characterized by atomic force microscopy (AFM), trans-
mission electron microscopy (TEM) an optical spectroscopy. 

AFM study has shown that the deposited NPs of both species stay on polymer surfaces 
mostly as individual particles with small tendency to aggregate into larger structures due to 
surface diffusion. This tendency increases with NP coverage. As-deposited particles dem-
onstrate relatively low adhesion to the polymer surface which makes such materials less 
attractive for practical applications especially those involving wet chemistry procedures. 

However, it is found that NPs immersion into 
PMMA or PS can be driven by varying the 
polymer structure before the cluster deposi-
tion (for example, density or viscosity) and 
by tuning the properties of polymer films 
with soft-landed particles using thermal an-
nealing. These technically simple treatments 
open great capabilities for the formation of 
polymer films with either partly (see Fig. 1) 
or fully embedded size-selected particles as 
well as formation of the composites with 
controlled filling factor of NPs. 

 
Figure 1. – Cross-sectional TEM image of 

PMMA film with partly embedded Ag NPs.  
Dashed line visualises surface of the polymer film 
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The developed methodologies are 
grounded by physical understanding of 
main mechanisms driving NP immer-
sion [4]. Particle movement is related to 
the large difference between the surface 
tension of metal species (Ag and Cu) 
and polymers (PMMA and PS). This 
difference forces a metal particle to 
penetrate inside a film to minimize 
Gibbs free energy at the metal/polymer 
interface. Thermal annealing is required 
to increase flexibility of polymer chains 
and provide necessary room for parti-
cles. Degree of immersion can be con-
trolled by the temperature and duration 
of annealing. The fabricated Ag-
PMMA and Cu-PS composite films 
demonstrate excellent plasmonic prop-
erties. In Figures 2 and 3 one can see 
optical spectra for both composites with 
as-deposited NPs and after their immer-
sion initiated by the annealing. On the 
spectrum for as-deposited silver NPs 
two bands can be resolved (see Fig. 2). 
The one at around 375 nm is related to 
localized surface plasmon resonance 
(LSPR) on individual NPs. The other 
less pronounced band at approximately 
470 nm is cases by particle-particle 
interactions resulted in the formation of 
elongated structures. Annealing leads to 
the particle immersion causing change 
of dielectric environment, thus, resulted in strong increase of the LSPR intensity. The sec-
ond band almost disappears allowing to suggest that NPs “think” into PMMA individually 
that brakes the elongated structures. Optical spectra for Cu NPs demonstrate very weak 
LSPR band after the deposition but intensity of resonance is significantly increased after 
the immersion (see Fig. 3). 

In summary, the prepared polymer films with size-selected NPs demonstrate excellent 
plasmonic properties and the methodology offers great possibility to control them. Position 
of the resonance band on the wavelength scale can be changed by varying NP size: large 
particles cause “red” shift of LSPR band. Choice of metal species can allow preparing ma-
terials with resonances close to ultra violet (Ag), in “green” (Au) or “red” spectral interval 
(Cu). Intensity of the plasmon band can be controlled by the degree of particle immersion, 
surface coverage by NPs and to some extent by choice of polymer. It is worth mentioning 
that the fabricated composite films demonstrate very good time stability of plasmonic 
properties (a few weeks in ambient atmosphere) as well as resistance against wet chemistry 
procedures. Thus, the proposed methodology paves a way for the formation of thin com-

 
Figure 2. – Extinction spectra of PMMA with silver 

NP after deposition and annealing 

 
Figure 3. – Extinction spectra of polysterene with 

copper NP after deposition and annealing 
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posite polymer films having good perspectives for applications in plasmonics, opto-
electronics and sensor technologies. 

REFERENCES 

1. F. Faupel, V. Zaporojtchenko, T. Strunskus, M. Elbahri, Metal-Polymer Nanocomposites for Func-
tional Applications, Adv. Eng. Mater. 12, 1177 (2010). 

2. C. Ghisleri, F. Borghi, L. Ravagnan, A. Podesta, C. Melis, L. Colombo, P. Milani, Patterning of Au-
PDMS nanocomposites by supersonic cluster beam implantation, J. Phys. D : Appl. Phys. 47, 
015301 (2014). 

3. C. Minnai, P. MIlani, Metal-polymer nanocomposite with stable plasmonic tuning under cyclic strain 
conditions, Appl. Phys. Lett. 107, 073106 (2015). 

4. M. Hanif, R.R. Juluri, M. Chirumamilla, V.N. Popok, Poly (methyl methacrylate) Composites with 
Size-Selected Silver Nanoparticles Fabricated using Cluster Beam Technique, J. Polym. Sci. B:  
Polym. Phys. 54, 1152 (2016). 

 
 

NANOSENSOR  APPLICATIONS  OF  CARBON  NANOTUBE  FILMS 
 

N. Poklonski1, V. Samuilov1,
 
2 

_______________________________________________________________________________________ 
1Department of Physics, Belarusian State University, Minsk 220000, Belarus, 

poklonski@bsu.by 
2Department of Materials Science & Engineering, State University of New York at Stony 

Brook, Stony Brook, NY 11794-2275, USA, vladimir.samuilov@stonybrook.edu 
 
In this report we would like to concentrate on a new generation of the icing condition 

resistive sensors that we have developed. These sensors are based on the adsorption of a 
molecular thin layer of water on the surface of carbon nanotubes (CNTs) and on the detec-
tion of the first order phase transition of water into ice. This transition is very well detected 
as a result of non-monotonous dependence of the resistance of the sensor vs. temperature in 
the vicinity of the freezing point due to a virtual “field effect transistor” effect. Carbon 
nanotube films, assembled in the resistive films with highly developed surface are consid-
ered to be extremely sensitive to the adsorption of polar H2O molecules. 

There have been a significant number of commercial and general aviation airplane acci-
dents caused by icing conditions. In particular, there was a disaster in the Air France Flight 
447 from Rio de Janeiro to Paris – a routine international flight on June 1, 2009. It ap-
peared that three pitot tubes failed simultaneously. They were unable to cope with the 
storm conditions facing Flight 447. Accident investigators believed that super-cooled water 
in the clouds – well below freezing, but too pure to turn into ice – had disabled the pitot 
tubes. Since 2003, there have been around forty incidents involving frozen pitot tube on 
A330s or the similar A340s. The cause of the Comair Flight 3272 crash in Buffalo on Feb-
ruary 12, 2009, was identified as a failure to meet operating standards in icing conditions. 
The regulations recommend pilots fly manually in icing conditions, and require they do so 
in severe icing conditions. Without flying manually, pilots may be unable to feel changes in 
the handling characteristics of the airplane, which is a warning sign of ice buildup. That is 
why the detection of icing built up on the early stage (or even better) warning on the ap-
proaching to dangerous situations is a vital component of safety flying in the icing condi-
tions. Unfortunately, modern sensors of icing conditions (optical, or pieso-devices) are 
based on the detection of the actual (significantly thick) layers of ice formed on the sur-




