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Formation of polymer films with size-selected silver and copper nanoparticles (NPs) is studied. Polymers are prepared by 
spin coating while NPs are fabricated and deposited utilizing a magnetron sputtering cluster apparatus. The particle embedding 
into the films is provided by thermal annealing after the deposition. The degree of immersion can be controlled by the annealing 
temperature and time. Together with control of cluster coverage the described approach represents an efficient method for the 
synthesis of thin polymer composite layers with either partially or fully embedded metal NPs. Combining electron beam lithogra-
phy, cluster beam deposition and thermal annealing allows to form ordered arrays of metal NPs on polymer films. Plasticity and 
flexibility of polymer host and specific properties added by coinage metal NPs open a way for different applications of such 
composite materials, in particular, for the use of phenomenon of localized surface plasmon resonance (LSPR). Unfortunately, it 
is found that the thermal annealing used in the production process can lead to quenching of plasmonic properties in the case of 
copper. To solve this problem, it is suggested to treat the samples with ozone prior the annealing that helps to preserve LSRP 
by the quick formation of thin oxide shell protecting the metallic core against further gradual oxidation under the thermal treat-
ment. 

 

Introduction 
Polymer films with partially or fully embedded 

metal NPs are of high interest for research and in-
dustry [1, 2]. For example, by controlling the filling 
factor of NPs in an organic matrix one can tune the 
mechanisms of the charge carrier transport from 
variable ranger hopping to percolation, thus, produce 
the composites with required conductive properties 
as well as with possibility to tune the conductance by 
stretching/contraction [3-5]. Another field of signifi-
cant attraction is utilization of LSPR of noble metal 
NPs deposited on or embedded in a polymer [6]. 
This gives rise to application of polymer composites 
in sensor technologies [7, 8] and fabrication of plas-
mon resonators demonstrating enormous enhance-
ment of quantum emitter’s fluorescence [9, 10]. One 
more area of high practical interest is production of 
antibacterial coatings or components for medicine 
and food technologies in which polymers are used as 
cheap and easily formed material and metal or metal 
oxide NPs play bactericide role [11]. 

There are different approaches for the formation 
of metal/polymer composites among which are va-
pour phase deposition, wet chemistry, ion implanta-
tion and some others [12]. All these techniques have 
their advantages and disadvantages. In the current 
paper, we would like to address capabilities of the 
approach using cluster beams. The clusters are nu-
cleated from a gas phase in vacuum, collimated in a 
beam and then steered towards a substrate for dep-
osition or implantation. The advantages of this meth-
od are (i) in very good control of cluster composition 
due to the formation from pure targets, (ii) a possibil-
ity to tune particle sizes prior the deposition or em-
bedding and (iii) in the ability to vary the impact en-
ergy as well as surface coverage or volume filling 
factor [13, 14]. Recently, it has been shown that the 
cluster beams can be used as an efficient method for 
embedment of metal NPs into polymers [15-17]. This 
approach provides capabilities for the formation of 
composite polymer films demonstrating optical and 
electrical properties attractive for practical applica-
tions [17-20].  

In this work we are focusing on the study of parti-
cle immersion into polymer films and formation of 
ordered arrays of size-selected copper and silver 
NPs by combining cluster beam deposition and elec-

tron beam lithography (EBL). This approach brings 
great promises for the production of plasmonic struc-
tures with required configurations which can be ap-
plied for wave-guiding, resonators, in sensor tech-
nologies and surface enhanced Raman scattering 
(SERS). 
 

Experimental 
Polymer films are prepared by a standard spin 

coating procedure on quartz or silicon substrates. 
For the first series of experiments on controlled em-
bedding of copper clusters, poly(methyl methacry-
late) (PMMA) films of 50 nm in thickness are pro-
duced. For the formation of ordered arrays, a double 
layer structure with polymethylglutarimide (PMGI) at 
the bottom and PMMA at the top are fabricated. Both 
layers are 100 nm thick. 

 
Fig. 1. Schematic picture of steps in preparation of ordered 
arrays of clusters 

 

Metal clusters are produced and deposited on the 
substrates using magnetron sputtering cluster appa-
ratus (MaSCA) [19]. Copper clusters are selected to 
be of 15 nm in diameter while silver ones of 18 nm 
for the current experiments. For the case of con-
trolled embedding, the surface coverage by NPs is 
chosen to be low in order to monitor immersion of 
individual clusters into the polymer under the anneal-
ing using the marks made on the surface by a fo-
cused ion beam. For the formation of ordered arrays, 
the coverage is provided to be a monolayer of parti-
cles or more. Schematic drawing of the experimental 
steps involved into the preparation of samples in this 
case is shown in Fig. 1. It includes the spin coating of 
the polymer films, evaporation of thin gold layer for 
electron beam writing, formation of trenches in 
PMMA by the electron beam and removing gold, 
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cluster deposition across the entire surface and final-
ly lift-off of PMMA in acetone. 

The samples are studied by atomic force micros-
copy in tapping mode utilizing Ntegra Aura nanola-
boratory (from NT-MDT). Commercial cantilevers 
with sharp silicon tips (radius of curvature < 10 nm) 
are used. The extinction spectra are obtained from 
transmission measurements using a double beam 
Perkin Elmer High-Performance Lambda 1050 Spec-
trometer in standard configuration. 
 

Results and discussion 
It is known from earlier experiments that thermal 

annealing leads to embedding of NPs into polymer 
bulk [16, 19, 21]. The driving force for this process is 
a large difference in surface free energy (surface 
tension) between metals and polymers. The anneal-
ing at temperatures close or above the glass transi-
tion point is required to increase mobility of polymer 
chains in the near surface layer, thus, providing a 
room for the particle immersion. 

 

 
Fig. 2. AFM images of the same surface area with (a) as 
deposited NPs and (b) after the annealing for 5 min 
 

To study time dependence of embedding, height 
of Cu NPs is measured before and after the anneal-

ing at 120C using AFM. Making marks on the sur-
face allows to monitor the immersion of particular 
NPs as can be seen in Fig. 2. It is observed that they 
do not diffuse on the surface and undergo fast em-
bedding reaching about ¾ of diameter during first 5 
min. Then the immersion slows down and the an-
nealing up to 60 min leads to additional embedding 
for only 1-2 nm. In the current case, full embedment 
is not reached which is probably related to extensive 
oxidation of copper NPs at elevated temperatures 
that changes surface tension at the interfaces and, 
therefore, the embedding dynamics. However, in 
general one can conclude that it is easy to tune the 
degree of particle embedding by controlling the an-
nealing temperature and time, which is very im-
portant way for practical use of NPs on polymers.  

Formation of ordered arrays (stripes) is carried  

out for both copper and silver clusters. An example 
of such stripes with width of 200 nm and period of 1 

m is shown for copper in Fig. 3. Unfortunately, the 
thermal annealing of samples, which is required to 
embed NPs into PMGI to withstand the lift-off, caus-
es complete quenching of LSPR most probably due 
to bulk oxidation of the copper particles.  

 
Fig. 3. AFM image of stripes formed by size-selected Cu 
clusters on PMGI 

 

However, it is found that treatment of polymer 
films with copper NPs in ozone greatly helps to pre-
serve LSPR. The ozonation leads to the formation of 
thin continues oxide shell around the metallic core, 
thus, preserving the core against further gradual oxi-
dation and degradation of the plasmonic properties. 
Small "red“ shift of the band and increase of intensity 
after the ozone treatment (see Fig. 4) are in good 
agreement with the theory which predicts such 
changes due to an increase of dielectric function of 
the surrounding medium (formation of oxide shell). 
LSPR of this sample is found to be stable at ambient 
atmospheric conditions for the period over 1 month 
that confirms efficiency of the protective method. The 
small “red” shift of the band after the annealing com-
pared to that after the ozone treatment is probably 
caused by some increase of the oxide shell thick-
ness. 

 

Fig. 4. Relative extinction vs wavelength for Cu NPs on 
polymer, treated with ozone, thermally annealed at 120oC 
for 10 min and after 5 weeks at ambient conditions. LSPR 
band is “red” shifted from original position at 580 nm and 
intensity is increased after the treatments 

For the silver NPs, the width of stripes is reduced 
to approximately 100 nm and several substrates with 
different periods are fabricated. Fig. 5 shows AFM 
image of one of the arrays giving an impression that 
the stripes are mainly formed by single rows of NPs. 
Silver NPs are known to produce much stronger 
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LSPR compared to copper ones with theoretically 
predicted value for the maximum at 360 nm in air 
[22]. Since our NPs are partly embedded into PMGI, 
the plasmon band experiences a “red” shift towards 
400 nm as can be seen in Fig. 6. If one compares 
the spectrum obtained from stripes with that meas-
ured on the sample with randomly deposited silver 
clusters, an additional plasmonic band pronounced 

as a shoulder at   550 nm can be seen. It is be-
lieved that this band can be related to the coupling of 
dipole resonance of neighbouring NPs similar to the 
case described in [23].  

 
Fig. 5. AFM image of stripes formed by size-selected Ag 
clusters on PMGI 
 

 
Fig. 6. Relative extinction vs wavelength for randomly de-
posited and ordered into stripes Ag NPs on PMGI 
 

Conclusion 
Thin PMMA films with embedded size-selected 

silver and copper NPs are fabricated utilizing a clus-
ter beam approach. It is found that the degree of 
particle embedment into the polymer can be tuned by 
the conditions of the post-deposition thermal anneal-
ing, in particular, varying the temperature and time. 
Together with control of cluster coverage by chang-
ing the deposition time, the described approach rep-
resents an efficient method for the formation of thin 
polymer composite layers with controlled filling by the 
metal NPs. Plasticity and flexibility of polymer host 
and specific properties added by NPs open a way for 
different applications. In the current paper, the focus 
is put on LSPR.  

Unfortunately, it is found that the annealing can 
lead to dumping of the plasmonic properties espe-
cially for highly-reactive metals such as copper due 
to formation of coper compounds under ambient at-
mospheric conditions and elevated temperatures. 
The suggested solution of this problem is a treatment 
of NPs in ozone leading to quick formation of oxide 

shell protecting the metallic core from the following 
gradual degradation. This helps to preserve the 
plasmonic properties on long time scale at ambient 
conditions.  

Second part of the paper describes an approach 
for the formation of ordered arrays of NPs combining 
cluster beam deposition with electron beam lithogra-
phy. In particular, the stripes composed of size-
selected metal NPs are successfully fabricated. By 
changing the lithography pattern the width and perio-
dicity of the stripes can be varied. The obtained lined 
periodic structures are of interest for applications as 
gratings, resonators, waveguides, in SERS etc. 
Generally, the patterns can be of different geomet-
rical configurations required for practical cases. 
Deeper study of optical properties of such arrays is 
required.  
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