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Abstract: In this review, we discuss the basic concepts related to (co-)evaporation and
(co)sputtering based fabrication methods and the electrical properties of polymer-metal
nanocomposite films. Within the organic-inorganic hybrid nanocomposites research
framework, the field related to metal-polymer nanocomposites is attracting much interest. In
fact, it is opening pathways for engineering flexible composites that exhibit advantageous
electrical, optical, or mechanical properties. The metal-polymer nanocomposites research
field is, now, a wide, complex, and important part of the nanotechnology revolution. So, with
this review we aim, starting from the discussion of specific cases, to focus our attention on
the basic microscopic mechanisms and processes and the general concepts suitable for the
interpretation of material properties and structure—property correlations. The review aims, in
addition, to provide a comprehensive schematization of the main technological applications

currently in development worldwide.
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1. Introduction

Organic-inorganic hybrid nanomaterials have innovative characteristics which arise from the
synergism between the properties of the components. Such a behavior allows their application in many
fields such as electronics, optoelectronics, biomedicine, energy, efc. [1-5]. Organic-inorganic hybrid
nanomaterials cross the flexibility, transparence, and easy of processability of soft matter (organic
materials) with the thermal stability, mechanical, optical and electric properties of hard matter (inorganic
materials). Surely, the development of simple, versatile low-cost methodologies for the design,
production and atomic-scale manipulation of innovative functional organic-inorganic hybrid
nanomaterials is the key step towards their mass-production and real technological applications. Also,
the complete experimental and theoretical characterizations of their physical and chemical properties
(electronic, optical, mechanical, etc.) is fundamental to this end. Crucial is, finally, the integration of
such materials in real devices for applications of significant social impact.

Within the organic-inorganic hybrid nanomaterials research framework, in particular, the field related
to metal-polymer nanocomposites is attracting much interest [6—9]. The mixing of polymers and
nanoparticles (NPs) is creating new directions for engineering versatile composites characterized by
peculiar electrical, optical, or mechanical properties. Among the most important materials for
nanotechnology, metal NPs are particularly interesting, due to the very unusual properties that they
exhibit. Metals undergo considerable property changes by size reduction, and their composites with
polymers are very interesting for functional applications. The new properties observed in nanoscale
metals arise from quantum-size effects (i.e., electron confinement and surface effect). These properties
are size-dependent and can be tuned by changing the metal size and shape. Confinement effects arise in
nanoscale metal domains since conduction electrons are allowed to move within a very small space,
which is comparable to their De Broglie wavelength; consequently, their states are quantized just like in
the atoms. These properties are routinely exploited in plasmonic, sensing, electrical, catalytic
applications [6—9]. Several of these distinctive chemical-physics characteristics of metal NPs can be used
to provide special functionalities to polymers by their mixing. From a technological point of view,
polymers have a variety of useful characteristics: they can be an electrical and thermal insulator or
conductor, may have a hydrophobic or hydrophilic nature, can be mechanically hard, plastic, or rubbery,
and so on. In addition, generally, polymers are low-cost materials, versatile, and can be processed into
thin films.

The controlled design and fabrication of metal-polymer nanocomposites lead to artificial functional
materials taking advantages from the properties of both the components. For example, in recent years,
nanostructured materials fabricated by metal NPs and thin metal nano-grained films deposited on or
embedded in soft polymeric substrates have emerged in the developing field of organic electronics [10—-12].
Several prototypes of organic transistors [10], light-emitting diodes [11], and solar cells [12] have been
proposed. Regarding the exploitation of the particular metal/polymer system, the key point of study is
the interaction occurring at the metal-polymer interface. In fact, properties as film adhesion and electrical
contact properties are determined by the interface structure [6-9,13]. So, of key importance is
understanding the growth kinetics of the metal film on/in the polymer surface/matrix, how the polymer
influences the metal film morphology, and the electron transport mechanism in the nanocomposite.
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On the basis of the previous considerations, in this paper, we review basic aspects of (co-)evaporation
and (co-)sputtering based synthesis methods of metal-polymer nanocomposites and some electrical
properties of such systems. In particular, the review is organized as follows:

The first part (Section 2) is devoted to (co-)evaporation and (co-)sputtering based fabrication methods
for metal-polymer nanocomposites. This part reviews the basic kinetics concepts related to the
phenomena occurring during metal depositions, from vapor phase processes (metals evaporation or
sputtering), on polymeric surfaces leading to the formation of metal NPs or films on such surfaces
(Section 2.1); the basic phenomena involved in the co-deposition process of polymers and metals leading
to the formation of polymeric films with embedded metal NPs, and the corresponding structural-physical
parameters correlation (Section 2.2); the basic kinetics concepts related to the embedding phenomenon
of metal NPs deposited on polymeric layers when annealing processes above the polymer glass-transition
temperature are performed as an alternative fabrication method to the co-deposition route (Section 2.3).
In Section 2, the attention is focused on physical vapor deposition techniques (evaporation, sputtering)
since they are promising methods for the preparation of nanocomposite films in a dry process (unlike
wet chemical synthesis, physical vapor deposition methods are residual and solvent free processes).
Additionally, technological advantages of the physical vapor deposition techniques over other
techniques create the possibility to realize a higher deposition rate (as demonstrated by RF magnetron
deposition of different polymers), an excellent conformity over complex topography and the possibility
of a good composite film uniformity on relatively large substrates. Naturally, several interesting and
promising fabrication techniques have been developed for the production of metal-polymer
nanocomposites in addition to those based on (co-)evaporation and (co-)sputtering approaches [7,14-16], as,
for example, those based on UV-curing [17], direct chemical reduction [18], in-situ and ex-situ
polymerization [19], and ion implantation [20]. In this review, we choose to focus our attention on the
(co-)evaporation and (co-)sputtering approaches since they are, surely, those that will meet large-scale
production requirements in order to achieve real industrial scalability in the near future.

The second part (Section 3) is devoted to the electrical properties of metal-polymer nanocomposites.
These properties are worth consideration because the addition of metallic nanostructures to insulating or
conducting polymers allows to finely tune the electrical properties of the resulting films in a way that is
particular to nanocomposite films.

In particular, this section deals with the electrical properties of the nanocomposite films composed
by: (1) metal NPs deposited on polymeric films, (2) metal NPs co-deposited with polymer film and of
(3) metal NPs embedded in polymeric film. Finally, particular attention is devoted to conducting polymer
based nanocomposites films and their technological applications.

2. (Co-)Evaporation and (Co-)Sputtering Fabrication Methods for Metal-Polymer Nanocomposites
2.1. Thin Metal Film Fabrication on Polymeric Surfaces by Vapor Phase Depositions: Basic Kinetics

When using vapor phase deposition techniques (such as evaporation or sputtering) to growth metal
NPs or films on polymeric surfaces, noble metals like Au and Ag grow, during the initial stage, as
spherical clusters on polymer surfaces [13,21-32], i.e., according to a Volmer-Weber [33] growth mode.
This is due to a higher (two orders of magnitude) cohesive energy of metals with respect to the polymers’
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cohesive energy. Moreover, the interaction between noble metals and polymers is very weak compared
to the metal-metal binding forces [5—8,30—32]. So, noble metals do not wet, in general, polymer surfaces.
They form clusters in the initial stage of deposition so that a distribution of small islands with circular
cross section is obtained on the polymeric surface (i.e., three-dimensional spherical-like shapes) and
their sizes are represented by the diameter D. For example, Figure 1 shows atomic force microscopy
(AFM) images of: (a) 25 nm-thick Au layer evaporated (at room-temperature) onto 11 nm-thick
poly(N-vinylcarbazole) (PVK) spin-coated film on glass [13], (b) and (c) 2 nm-thick Au layer sputtered
(at room-temperature) onto 200 nm-thick polystyrene (PS) and poly(methyl methacrylate) (PMMA),
respectively, spin-coated on Si [21].

40.01
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Figure 1. AFM images of: (a) 25 nm-thick Au layer evaporated (at room-temperature) onto
11 nm-thick poly(N-vinylcarbazole) spin-coated film on glass; (b,¢) 2 nm-thick Au layer
sputtered (at room temperature) onto 200 nm-thick polystyrene and poly(methyl
methacrylate), respectively, spin-coated on Si. ((a): reproduced with permission from [13],
Copyright American Chemical Society 2009; (b,c) reproduced with permission from [21],
Copyright Springer 2011).

The almost-circular cross-section of the Au nanostructures on the polymeric surfaces is recognizable.
This initial growth stage is known as a “low-coverage” growth stage [21,34]. Increasing the amount of
deposited metal (i.e., the thickness h of the grown metal film), the film is in a “medium-coverage” growth
stage [21,34]: in this step, the metal islands grow in size, partially coalesce, and form worm-like
structures. For example, Figure 2 shows: in (a) and (b) AFM images of 10 nm-thick Au layer sputtered
(at room temperature) onto 200 nm-thick PS and PMMA, respectively, spin-coated on Si [21]; in (c¢) and
(d) scanning electron microscopy (SEM) analyses of 4 nm-thick Au evaporated (at room-temperature)
onto polyimide (pyromellitic dianhydride-oxydianiline, PMDA-ODA) and poly(ethylene terephthalate)
(PET), respectively [26]. At higher h, a “high-coverage” growth stage occurs for the metal film [21,34]:
island percolation (islands grow longer and are connected originating a continuous network across the
surface) is obtained and, finally, the rough and continuous metal film is formed by a holes filling process.
As an example, Figure 3 shows AFM images of 20 nm-thick Au layer sputtered (at room temperature)
onto 200 nm-thick PS (a) and PMMA (b) [21].
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Figure 2. (a,b) AFM images of 10 nm-thick Au layer sputtered (at roomtemperature) onto
200 nm-thick polystyrene and poly(methyl methacrylate), respectively, spin-coated on Si. In
(c,d) SEM images (200 nm by 120 nm) of 4 nm-thick Au evaporated (at room temperature)
onto polyimide and poly(ethylene terephthalate), respectively. ((a,b): reproduced with
permission from [21], Copyright Springer 2011; (c,d): reproduced with permission

0.5um
ll]__'nmé
.- ' 8.
iR S o RO
B
BRI o s

TR ()

4 ;_ . --‘:
T4 G5
< TR NN SR S

A
Al

y)

v,
%
o

‘i‘
@é‘ h

) " 3
l" /| v ‘ x
[? ( o |
B30 7 Rt
A ’
Nt ‘:'.‘P

s
‘
ShvH
L)
Yl -

from [26], Copyright Elsevier 1997).

Figure 3. (a,b) AFM images of 20 nm-thick Au layer sputtered (at room temperature) onto
200 nm-thick polystyrene and poly(methyl methacrylate), respectively, spin-coated on Si.
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(Reproduced with permission from [21], Copyright Springer 2011).
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The critical metal film thicknesses separating the growth stages are dependent on the specific metal

and polymer characteristics (such as surface free energies) and on their specific interaction (such as

adhesion energy). Generally, the metal morphology evolution on a non-wetting substrate can be studied
by the interrupted coalescence model (ICM) [21,34—-37], the kinetic freezing model (KFM) [28—40], and
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the Vincent model [40,41]. Following the ICM model, at the initial stages of growth metal NPs grow on
the surface due to homogeneous and heterogeneous nucleation [30-33]. So, for atoms deposited on the
substrate from the vapor phase, a series of kinetic processes occurs: thermal accommodation on the
substrate, surface diffusion of the atoms on the surface, small clusters formation to initiate nucleation,
then island formation and growth. Increasing the amount of deposited atoms, islands grow, contact each
other, and coalesce (i.e., two or more islands merge) into larger, but still compact, islands. During this
coalescence process, a wiping phenomenon can take place: during the formation of a larger island by the
coalescence process of two smaller islands, part of the substrate which was previously covered is wiped
clean. As a consequence, larger islands on the substrate are formed but they are separated by gaps
between them. So, at the later growth stage, a partial coalescence occurs (instead of a full coalescence)
leading to the formation of elongated structures with worm-like shape. The cross-over from full
coalescence (compact islands) is identified by the islands critical radius R that depends on materials and
temperature. The KFM model, in addition, defines quantitatively Rc by the condition that the time for
two islands to coalesce equals the time for the islands to touch their neighbors. Such a condition leads
to [38].
R4 = Dsthm-Q‘L/3 1)
¢ kT
where Ds is the surface diffusion coefficient of the metal atoms on the substrate, ¢ the critical time at
which the size of the islands equals Rc, ym the metal surface free energy, Q the metal atomic volume, &
the Boltzmann constant, and 7 the absolute temperature. Increasing, further, the amount of deposited
atoms, the worm-like islands grow longer and thicker, and finally percolation occurs. Then, a continuous,
but rough, film is formed by a hole-filling process.

After the very first particles’ nucleation stage, i.e., when the low and medium coverage stages occur,
increasing the metal film thickness h (or the deposition time t, if all other parameters are fixed, so that
h « t) the diameter D of the particles increases, the particles surface density N (particles/cm?) decreases
(due to the particles coalescence process) and the surface coverage P (area covered by the particles/total
surface area) increases. As examples, Figure 4a reports the average area, surface density and surface
coverage evolution (as a function of the film thickness h) for Au particles formed on PS surface by
room-temperature Au evaporation, accordingly to Smithson et al. [26]. The data are limited to the
0.1-4 nm range. In addition, Figure 4b reports density and radius versus effective thickness for NPs
obtained by Au evaporation (at room temperature) onto polyimide, according to Faupel et al. [30]. In
this last case, it is interesting, in particular, to note the behavior of the NPs’ density: in fact, two regimes
can be easily recognized in this plot. The first one is the very first Au NPs’ nucleation stage on the
polyimide surface. It occurs at Au effective thicknesses below 0.2 nm. In this stage, the NPs surface
density increases by increasing the Au thickness. After this nucleation stage, the NPs’ growth stage
occurs (at thicknesses above 0.2 nm) and, correspondently, the NPs’ surface density decreases as the
film thickness increases. Some of these data correspond to the transmission electron microscopy images
in Figure 4c—f. These images show examples for the different stages of Au growth onto polyimide at a
rate of 0.1 nm/min at room temperature: 0.1 nm (a), 0.2 nm (b), 0.6 nm (c), and 2.4 nm (d) [31].
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Figure 4. (a) Average area, surface density and surface coverage evolution (as a function of
the film thickness h) for Au particles formed on polystyrene surface by room temperature
Au evaporation. (b) Density and radius versus effective thickness, for NPs obtained by Au
evaporation (at room temperature) onto polyimide. (c—f) TEM images corresponding to Au
deposited at different thicknesses onto polyimide at a rate of 0.1 nm/min at room
temperature: 0.1 nm (¢), 0.2 nm (d), 0.6 nm (e), and 2.4 nm (f). ((a): reproduced with
permission from [26], Copyright Elsevier 1997; (b): reproduced with permission from [30],
Copyright AIP Publishing LLC 1999; (c—f): reproduced with permission from [31],
Copyright Taylor & Francis 2000).
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By the comparison of Figure 4a,b, in particular, it is interesting to note that where in (a) the Au cluster
density on the PS surface decreases in the 0.1-4 nm thickness range, while in (b) the Au cluster density
on the polyimide surface increases for thicknesses <0.2 nm and, then, decreases for thicknesses >0.2 nm.
This is a clear evidence of the effect of the substrate nature on the nucleation process of the deposited
metal. Evidently, the Au atoms surface diffusion coefficient is (at room temperature) higher on the PS
surface than on the polyimide surface (probably related to a higher adhesion energy of Au atoms on the
polyimide surface than on the PS surface): so, the Au clusters nucleation stage is completed at lower
thicknesses on the PS surface with respect to the polyimide surface.

To apply the ICM model, we can consider the data reported in Figure 5: in this case, the average Au
particles sizes <R> (width, i.e., radius) and <D> (length, i.e., diameter), formed by room temperature
sputtering depositions of Au on PS and PMMA surfaces, respectively, are reported as a function of the
deposition time t (at a rate of about 0.06 nm/s) [21]. In the analyzed 30—180 s range, from such data, the
effect of the particles’ partial coalescence process can be observed: at ¢t < 90 s the plot in Figure 5
indicates <R> ~ <D> so that, in this stage, Au NPs with circular cross section are formed. As expected,
in this stage, the Au atoms form 3D islands with droplet-like shapes and their sizes are represented by
their diameters D (both on PS and PMMA) according to a Volmer—Weber growth mode. At #> 90 s, the
islands lose the spherical shape: they become elongated and their sizes are described by their average
longest and shortest dimensions. As a consequence, at ¢ > 90 s, the Au islands surface density N decreases
(Figure 6a) and the fraction P of substrate coated by Au increases (Figure 6b). Overall, increasing ¢, the
Au island morphology evolves from droplet-like islands to worm-like structures (Figures 1 and 2).
To highlight the generality of such considerations, we point out, for example, that for the evolution of P
versus h, similar results were found by Kaune ef al. [13] concerning Au sputtered on poly(N-vinylcarbazole)
(Figure 6c¢).

The plot in Figure 5 shows also that the Au islands start to grow longer in one dimension at ¢ > t
where z indicates a critical deposition time: zc =~ 110.2 s and 7. = 108.1 s for the Au NPs on the PS and
on the PMMA surfaces, respectively. Recalling the ICM model, the mean island radius at which partial
coalescence occurs, i.e., the critical radius <Rc>, can be evaluated by crossing the two lines in Figure 5:
<R> = 8.7 nm and <Rc> = 7.6 nm for the Au NPs on the PS and on the PMMA surfaces, respectively.
Now, following the KFM model, Equation (1), using 7= 300 K, y =83 x 1073 J/m? [21] and Q = 1.69 X
1072° m?, allows to quantify in 1.8 x 107 m?/s and 1.1 x 107" m?/s [21] the surface diffusion coefficient
of Au on PS and PMMA, respectively, at room-temperature.

Throughout the later stages of the film growth, the elongated islands grow larger and longer.
Neighboring islands meet and touch leading to the percolative network. Continued deposition leads to
the continuous (rough) film across the surface. The transition from isolated islands to percolation is
quantified by the critical percolation coverage Pc (the critical coverage at which the islands are joined
together). The Vincent model [37,40,41] allows to evaluate P. by connecting the coverage P to the
islands’ surface density NV. In particular, first of all, N is connected to the film thickness 4 by [37,40]

N
In (N—O) — _AR2/3 = By?/3 @)
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with No the saturation density of nuclei in the nucleation stage (initial island density) and 4 the islands
shape-dependent parameter. In addition, in Equation (2) we used / = r¢, with r the deposition rate, ¢ the
deposition time (so that B = r4). Then, Vincent found that P can be connected to N by [37,40]

N N
P=Pc<1—N—O)+P0N—O (3)

with P the critical coverage at which the percolation occurs and Po the coverage at N = No. On the
basis of these considerations, the plot in Figure 7a reports Igio(V) as a function of /2 (dots) for the case
of Au on PS and PMMA [21]. Fitting of the experimental data by Equation (2) allows to evaluate
No=2.2x 10" cm™2 and No = 2.4x10'> cm™2 for Au on PS and PMMA, respectively. Then, the plot in
Figure 7b reports the experimental (dots) P as a function of N/No. These data are fitted by Equation (3)
(continuous line) obtaining Pc = 61% and Pc = 56% for Au deposited on PS and on PMMA, respectively.
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Figure 5. Evolution of the mean Au island width <R> (squares) and length <D> (circles) as
a function of the deposition time (at a rate of about 0.06 nm/s) for 30 s < ¢ < 180 s, on

polystyrene (a) and on poly(methyl methacrylate) (b). (Reproduced with permission
from [21], Copyright Springer 2011).
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Figure 7. (a) lgio(N) vs. h** (dots) with least-squares fitting (solid line), for Au on
polystyrene (squares) and on poly(methyl methacrylate) (circles); (b) Coverage P vs. N/No
(dots) with least-squares fitting (solid line), for Au on polystyrene (squares) and on
poly(methyl methacrylate) (circles). (Reproduced with permission from [21], Copyright
Springer 2011).

2.2. Polymer Films with Metal Nanoparticles by Co-Deposition Procedures

A well-established method to produce metal NPs/polymer composites is the co-depositions of
polymers and metals [9,42—54]. Co-evaporation and co-sputtering of a metal and of an organic
component have been reported to produce functional polymer composites containing metal NPs. This
approach allows a fine control, in a wide range, of the metal filling factor, filling factor profile, and
composition of the particles. Exploiting such methodologies, several types of metal-polymer
nanocomposites were produced with interesting physical properties for functional applications: Ag NPs
embedded in polyethylene terephthalate for optical applications [42], Fe-Ni-Co NPs and nano-columns
embedded in Teflon AF for magnetic-based applications [44,45], Ag NPs embedded in a polymer matrix
of Teflon AF for plasmonic-based applications [46], Ag NPs embedded in polytetrafluoroethylene for
electrical and optical applications [47], Au and Ag NPs embedded in Teflon AF and Nylon matrices for
electrical applications [48], Ag-Au and Ag-Cu alloy NPs in Teflon AF matrix for plasmonic-based
applications [49,50], Au and Ag NPs embedded in polytetrafluoroethylene for antimicrobial applications [54].

In general, during co-deposition of metals and polymers on a substrate, metallic NPs grow by
self-assembly processes identical to those involved in the metal cluster formation onto a polymer
surface [30,31,45]. This fact arises from the metal higher cohesive energy with respect to that of the
organic component and of the very low interaction energy between the two components. So, during the
NPs’ formation in the polymer matrix, adsorption and reemission of atoms and molecules, surface
diffusion, nucleation and agglomeration occur. In particular, within their diffusion distance, metal atoms
may encounter each other or may be bonded by surface defects leading to aggregation and formation of
metal clusters which are embedded into the polymer matrix during the growth of the nanocomposite
film. In addition, however, the formation of metal NPs in a matrix of simultaneously growing polymer
is affected by the sticking coefficient of the metal atoms during deposition [32,46]. The main structural
parameter of the metal-polymer nanocomposite film, determining its physical properties (i.e., optical,
electrical, efc.) is the volume metal filling factor f [44—50]. It can be defined as [47]
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where pp is the density of the polymer host, pm is the density of the metal, m and V are the mass and the
volume of the composite film. For example [47,48], the properties of the composite film close to the
metal percolation threshold change dramatically over a narrow range from a polymer-like to a
metal-like material. At low metal concentration, within the polymeric film, isolated particles are present
so that the composite film behaves like an insulator. With increasing metal content, the metal clusters
spacing decreases, so that the electron tunnelling between neighbouring clusters and the formation of
metal chains and conducting paths through the composite material occur and this results in a resistivity
decrease of the composite film. The metal volume filling factor has also an important effect on the optical
response of the metal-polymer nanocomposite system. As an example, Figure 8 shows UV-Vis spectra
of Ag/polytetrafluoroethylene nanocomposite systems at increasing values of the metal volume filling
factor f: the shift of the absorption maxima with increasing f'is clearly recognizable.
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Figure 8. UV-Vis spectra of Ag/polytetrafluoroethylene nanocomposite systems at
increasing values of the metal volume filling factor f. The inset indicate the metal volume
filling factor value. (Reproduced with permission from [47], Copyright IOP Publishing 2005).

The metal filling factor depends on the condensation coefficient of metal atoms on a given polymer
surface as well as on the metal-polymer deposition ratio [32,45,51]. This means that f can be tuned by
the ratio of the deposition rates of metal and polymer [51]. For example, Figure 9 reports transmission
electron microscopy (TEM) images of co-evaporated (at room temperature) Nylon (60 nm-thick)/Ag
nanocomposites at various metal filling factors: (a) 4.4%, (b) 14%, (c) 21% and (d) 40.5% [51]. As the
Ag concentration increases from4% to 50% in the composite, the average size of the Ag NPs in the
composite also increases from 2 to 20 nm. Correspondently, also, the NPs morphology changes from
spherical to elongated due to the occurrence of the NPs’ coalescence process.

Obviously, also the substrate temperature during co-deposition has a great influence on the nucleation
and growth of the metallic NPs in the polymer matrix. It influences, particularly, the microstructures
(size, size distribution and inter-cluster separation) of the composite film [46]. For example, Figure 10a—c
reports TEM micrographs of Ag-Teflon nanocomposites prepared at different substrate temperatures
during deposition (room temperature (a), 90 °C (b), 240 °C (c)) [46]. The insets show the corresponding
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size distributions. The mean diameters of the clusters are 9.0 nm, 3.8 nm and 7.0 nm, respectively. As
previously stated, the metal volume filling factor in the composite is dependent on the condensation
coefficient of the metal atoms on the polymer surface during co-deposition.

Figure 9. TEM images of of Nylon/Ag nanocomposites at various metal filling factors:
(a) 4.4%, (b) 14%, (c¢) 21% and (d) 40.5%. (Reproduced with permission from [51],
Copyright IOP Publishing 2006).
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Figure 10. (a—c) TEM images of Ag-Teflon films co-deposited at different substrate
temperatures. (a) Room temperature, (b) 90 °C, (¢) 240 °C. The insets show the
corresponding size distributions. The mean diameters of the clusters are 9.0 nm, 3.8 nm and
7.0 nm, respectively. (d)—(e) TEM micrograph of Ag-Teflon as deposited at room
temperature (d) and after annealing at 200 °C for 2 min (e). The insets show the
corresponding size distributions. The mean diameters of the clusters are 10.5 nm and
21.6 nm. (Reproduced with permission from [46], Copyright IOP Publishing 2008).
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In the case of Ag atoms on Teflon AF, the room-temperature metal adatoms’ condensation coefficient
is very small [46] and it decreases increasing the substrate temperature. Above 140 °C it increases again
since the polymer is near its glass-transition temperature (160 °C for Teflon AF). The minimum value
of the condensation coefficient is due to the competition of thermal desorption and diffusion controlled
nucleation processes. Below the glass transition temperature, the reemission of adatoms due to thermally
activated desorption increases with increasing temperature resulting in the decrease in cluster density
and size of the clusters. Above the glass transition temperature, the growing polymer matrix acts as a
viscous fluid enhancer, so the mobility of metal adatoms on the growing polymer surface increases. So,
on the high temperature substrate, the adatoms acquire enough energy to grow into larger clusters. The
higher the temperature of the substrate during the co-evaporation process, the larger the mean distance
between the clusters formed due to the faster surface diffusion of the metal atoms which leads to less
nucleation and faster growing clusters. Figure 10d,e shows, also, TEM images of Ag NPs in Teflon AF
prior to (d) and after (e) heat treatment at 200 °C in air [46]. Upon annealing the cluster size increases
and the cluster density decreases due to a cluster coalescence process.

2.3. Polymer Films with Embedded Metal Nanoparticles Exploiting the Embedding Phenomenon

A method, alternative to metals and polymers co-deposition processes, to produce polymer-metal
nanocomposite films is based on the embedding phenomenon of metal NPs deposited on the polymers
surface [27,30,31,55-65]. For example, in fact, first the polymer can be spin-coated on a substrate and
the thickness of the polymer layer can be controlled by the process parameters (rpm, etc.); then, during
the metal evaporation or sputtering depositions on the polymer surface, the starting mean NPs size and
surface density can be controlled by the process parameters (power, time, etc.); finally, when following
the annealing process above the polymer glass transition temperature, the fraction of embedded NPs can
be controlled by the annealing time and temperature. So, overall control of the metal fraction volume
can be obtained.

The metal NPs’ embedding process into the polymer layer can be understood on the basis of surface
free energy considerations: the Gibbs free energy of a metal NP inside a polymer is lower than that of
the NP at the polymer surface [55,56]. So, the Gibbs free energy minimization of the system is the
driving force for embedding of metal-NPs in polymers. In particular, the surface Gibbs free energy is
effectively reduced by NPs embedding if ym > yp + ymp being ym the metal surface tension, yp the polymer
surface tension, and ymp the metal-polymer interfacial tension [55,56]. This condition is, usually,
fulfilled for metal NPs on a polymer given the fact that metals have surface energies two orders of
magnitude higher than the polymers. Some research groups have used scanning probe microscopy [58,65],
X-ray reflectivity [60,61] and X-ray photoelectron spectroscopy [63] to study the embedding of metal
NPs in polymers. Some studies highlighted a complete embedding of the metal NPs in the polymeric
layers [55,56,61,62], while others analyses highlighted only partial embedding [58]. Such a difference
is related to the dependence of the embedding process on the polymer chain mobility: so, partial or no
embedding can be expected at temperatures below the polymer glass-transition temperature 7, while
NP complete embedding is observed at temperatures higher than 7 [62]. Deshmukh et al. [64] studied,
using transmission electron microscopy, individual Au NP embedding in a polystyrene melt showing
that the NPs near the polymer surface are completely covered by a thin wetting layer of polymer with
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critical thickness d*. They claimed that the metal NP embedding process in the polymer layer starts
thanks to the capillary pressure that results from the curvature of the wetting layer determining the
complete embedding of the NP into the polymer. According to their observations, the critical thickness
d* is the equilibrium film thickness for the spreading of the polymer melt on the metal substrate.

To study the kinetics characteristics of the embedding process of metal NPs in polymeric layers, we
report, here, some results and considerations about Au and Ag NPs embedding in polystyrene (PS) and
poly(methyl methacrylate) (PMMA) [65]. The PMMA and PS glass transition temperatures 7g and
melting temperatures 7w are, respectively, 105 and 160 °C (PMMA), and 95 and 240 °C (PS) [66]. So,
the experiments consisted, firstly, of the formation of Au or Ag NPs on PMMA or PS substrates, by Au
or Ag sputtering depositions. Then, the Au NPs/PMMA and Ag NPs/PMMA composites were annealed
at 120, 140, and 160 °C in the 60—180 min time range, while the Au NPs/PS and Ag NPs /PS composites
were annealed at 200, 220, and 240 °C in the 60—180 min time range.

Figures 11 and 12 report atomic force microscopy (a—) and scanning electron microscopy (b—d)
images of 10 nm-thick Ag and Au films sputter-deposited (at room temperature) on the PS and
PMMA layers. Figures 13 and 14 report two-dimensional and three-dimensional reconstructions of
0.25 pm x 0.25 um atomic force microscopy and scanning electron microscopy images of the Ag/PS and
Au/Ps (Figure 13), Ag/PMMA and Au/PMMA (Figure 14) systems for some annealing temperatures
and times. For each sample, by a direct visual inspection of the images sequences, a clear feature can be
recognized: the decrease of the mean NPs height and of the number of NPs, increasing the temperature
and/or time of the thermal process. These aspects can be inferred observing the decrease of the height
scale in the AFM images and the decrease of the bright regions in the SEM images increasing the
annealing temperature or time.

Figure 11. Representative two-dimensional and three-dimensional reconstruction of
0.25 pm x 0.25 pm AFM images of Ag (a) and Au (c¢) films deposited on PS. (b) and (d)
report the correspondent SEM images. (Reproduced with permission from [65], Copyright
Springer 2012).
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Figure 12. Representative two-dimensional and three-dimensional reconstruction of
0.25 um % 0.25 pm AFM images of Ag (a) and Au (c¢) films deposited on PMMA. (b) and
(d) report the correspondent SEM images. (Reproduced with permission from [65],
Copyright Springer 2012).

Ag/PS

Au/PS

Figure 13. Representative two-dimensional, three-dimensional 0.25 pm x 0.25 um AFM
and SEM images of Ag (a)-(d) and Au (e)-(h) films deposited on PS and annealed
for various temperatures and times. (Reproduced with permission from [65], Copyright
Springer 2012).
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Au/PMMA

Figure 14. Representative two-dimensional, three-dimensional 0.25 pm x 0.25 um AFM
and SEM images of Ag (a)—(d) and Au (e)—(h) films deposited on PMMA and annealed
for various temperatures and times. (Reproduced with permission from [65], Copyright
Springer 2012).

Using the AFM analyses, the mean NPs height <A> can be evaluated. Using both AFM and SEM
analyses, the NPs’ surface density N (particles/cm?) can be evaluated. So, Figure 15a,b reports: the
evolution of </> (a) and the evolution of the number Nk of missing NPs (calculated as the differences
between the starting number of NPs in the as-deposited sample (N(¢z = 0)) and the number of NPs after
the thermal process (N(7,¢)) for all the samples, for each annealing temperature 7, as a function of the
annealing time . We can infer that the decrease of <4> and increase of Ne when T or ¢ increase univocally
indicate the occurrence of an embedding process of the Au or Ag NPs into the PS or PMMA. This is
possible thanks to the long-range polymeric chain mobility above the glass transition temperature. In
Figure 16 this process is pictured.

After the preliminary step in which the NP near the polymer surface is coated by a wetting layer of
critical thickness d* (about 1.3—1.8 nm for the case of Au NP embedding in a PS melt, Figure 17 [64]),
the capillary pressure that results from the curvature of the wetting layer drives the complete embedding
of the NP into the polymer.

In Figure 16a, the temporal region in which <> is constant indicates the characteristic time needed
for a thin wetting layer of the polymer to coat the metal NPs. We call this characteristic time 70 (3230 s
in this case) the “coating time”. After this characteristic coating time, the embedding process of the NP
into the polymer occurs. In this embedding stage, </> decreases linearly with the annealing time so that
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the characteristic embedding velocity v can be evaluated (v = 2.3 A/min. in the case shown in
Figure 16a. Figure 18 reports the Arrhenius plots for the evaluated embedding velocities (dots): In(v)
decreases linearly with 1/7 (T the absolute temperature) and the typical Arrhenius relation v = voexp(—Ea/kT)
(vo the pre-exponential factor, k the Boltzmann constant, T the absolute temperature, Ea a characteristic
activation energy for the embedding phenomenon) is used to fit (full lines) the experimental data
allowing to evaluate, in particular, Ea(Ag/Ps) = 390 £ 20 meV, Ea(Au/Ps) = 400 = 20 meV,
EAa(Ag/PMMA) =230 + 30 meV, EaA(Au/PMMA) = 220 + 20 meV.
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Figure 15. (a) Evolution of the mean NPs height </> as a function of the annealing time t
for each fixed annealing temperature 7 for the investigated systems. (b) Evolution of number
Ne of the embedded NPs as a function of the annealing time ¢ for each fixed annealing
temperature 7 for the investigated systems.
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Figure 16. Evolution and sketch of the correlation between the evolution of <A> vs. ¢ and
the embedding process stages. The particular case of Au/PS at 513 K is taken as an example.
(Reproduced with permission from [65], Copyright Springer 2012).
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Figure 17. TEM images of gold NP embedding into a polymer melt PS surface upon
annealing for three days at 130 °C. Images show (a) a partially embedded NP covered by a
wetting layer of polymer, (b) a nearly completely embedded NP near the surface (indicated
by the arrow), (¢) a completely embedded NP diffused below the surface, and (d) a partially
embedded cluster containing six to eight NPs and covered by a wetting layer. The dotted
lines in b, c, and d are a guide to the eye to denote the polymer surface. (Reproduced with
permission from [64], Copyright American Chemical Society 2007).
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Figure 18. Evolution Arrhenius plots of the embedding velocity as a function of the
annealing temperature 7 for the Ag/PS and Au/PS (a), Ag/PMMA and Au/PMMA (b)
systems. The full lines are the exponential fits of the experimental data. The values obtained

for the activation energy are indicated. (Reproduced with permission from [65], Copyright
Springer 2012).
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3. Electrical Properties of Metal-Polymer Nanocomposites

In the framework of the nanotechnology revolution, metal-polymer nanocomposites have become a
key area of current research and development because of their technological applications [8,67-70].
Polymers are interesting host matrices for embedding metal NPs as they act as reducing and capping
agents and, additionally, provide environmental and chemical stability [71,72]. So, metal-polymer
nanocomposites often exhibit improved optical, electrical, thermal and mechanical properties (with
respect to those of the single components) [73,74]. In this sense, several literature works report on the
attempts for the controlled fabrication of metal NP based polymer nanocomposites, whose aim is the
control of variation in their optical and electrical properties for their application in high performance
capacitors, conductive inks, opto-electronic, electrical and optical devices, biomedical science, sensors,
etc. [75-79]. Key steps towards real technological applications are: selection of polymer—metal NP
combinations, controlling the particle size, and their concentration and distribution within the polymer
matrix [77-79].

On the basis of these considerations, in the following we review properties of nanocomposite films
composed of: (1) metal NPs deposited on polymeric films, (2) metal NPs co-deposited with polymer
film and of (3) metal NPs embedded in polymeric film. Finally, particular attention is devoted to
conducting polymer based nanocomposite films and their technological applications.

3.1. Bilayer or Multilayers Systems

Polymer-based layered nanocomposite systems can be used to fabricate tunable electronic devices
exploiting the interaction characteristics between the layers forming the systems. An exemplificative
case is that related to the tunable barrier height of Metal/Semiconductor (MS) Schottky contacts when
polymer/metal layered systems are inserted between the metal and semiconductor [80]. For example,
Torrisi et al. [80] studied the electrical performances of the standard Au/Si Schottky contact when
Hybrid multilayers (HyMLs) composed of PMMA/Au NPs or P3HT/Au NPs are inserted between the
Si and the Au. In particular, they demonstrated that the Au/Si barrier height can be widely tuned changing
the polymer nature (PMMA or P3HT, in the specific case) and the number of polymer/Au NPs inserted
layers. First of all, they developed an iterative mixed wet chemical (spin-coating for the polymers
deposition)/dry physical (sputtering for the Au NPs deposition) fabrication method involving the
sequential depositions of the polymers and Au NPs films. A scheme depicting the fabricated Au/Si
Schottky device with the inserted HyMLs is shown in Figure 19.

The sequence polymer/Au NPs is named 1 bilayer (BL), the sequence polymer/Au NPs/polymer is
named 1.5 BL, the sequence polymer/Au NPs/polymer/Au NPs is named 2BL and so on. The
current-voltage (/-V) characteristics of the modified Au/Si Schottky devices were acquired and studied,
as a function of the BLs’ number N, for as-deposited and annealed (at temperature higher than the
polymer glass transition temperature: 150 °C for 60 min for the PMMA based samples and 230 °C for
30 min for the P3HT based ones) samples. For example, Figure 20 shows I-V characteristics,
respectively, for Au/(PMMA/Au NPs MLs)/Si, before (a) and after (b) annealing, and for Au(P3HT/Au
NPs MLs)/Si, before (c) and after (d) annealing. In particular, /-V curves for the Au/Si (reference), 1.5,
3.5, and 5.5 BLs samples are reported.
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Figure 19. (a) Schematic representation of polymer/metal bilayer; (b) Au/HyMLs/p-Si
Schottky device together with the current-voltage (I-V) configuration setup. (Reproduced
with permission from [80], Copyright AIP Publishing LLC 2013).
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Figure 20. /-V measurements of as dep (a) and annealed (b) HyMLs PMMA/Au NPs; as
deposited (¢) and annealed (d) HyMLs P3HT/Au NPs. (Reproduced with permission
from [80], Copyright AIP Publishing LLC 2013).
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These characteristics are analyzed within the standard thermo-ionic emission framework to extract
the devices barrier height (BH) ®B and ideality factor n as a function of the N before and after the
annealing. So, Figure 21 reports the plots (dots are experimental data and lines are fits or guides for the
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eyes) of ®p and n as a function of N for as deposited and annealed PMMA/Au ((a) and (c)) and P3HT/Au
((b) and (d)) HyMLs, respectively. From Figure 21a,b, Torrisi et al. argue that BH of the Au/p-Si contact
is @B = Dawsi = 0.71 £ 0.02 eV and the insertion of the single polymer layer increases this value to
Dawrmmassi = 0.79 + 0.02 eV and to Qawrsntssi = 0.76 £ 0.02 eV. Increasing N, a linear decrease of ®s
can be observed for the as-deposited samples. Instead, the annealed samples exhibit a constant value of
BH very close to @ = ®awsi = 0.71 + 0.02 eV. In addition, the device ideality factor n (Figure 21c,d)
increases when N increases for the as deposited samples, while it is constant with N for the annealed samples.
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Figure 21. Graphics of barrier height vs. number of bilayers for as deposited and annealed
PMMA based HyMLs (a) and for P3HT based HyMLs (b). Graphics of ideality factor
vs. number of bilayers for as deposited and annealed PMMA based HyMLs (c¢) and for
P3HT based HyMLs (d). (Reproduced with permission from [80], Copyright AIP Publishing
LLC 2013).

Torrisi et al. discussed the previous experimental behavior on the basis of the following general
consideration: the insertion of an insulator film between metal and semiconductor of a Schottky device
modifies the standard thermoionic /-7 equation in the saturation current factor as per [81]

IO:AA*Tzexp[—q(q)B+CD0)/kT] (5)
with 4 the diode area, 4* the semiconductor Richardson constant, 7" the absolute temperature, g the

electronic charge, k the Boltzmann constant, ®s the Metal/semiconductor characteristic barrier height
and @o an additional term which is the barrier height introduced by the insulating layer. In particular,
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@, =x.*8 where x, =2(2m,y, )1/2 /h, & the barrier thickness, mn the effective tunneling mass of

electrons, . the effective barrier height presented by the thin interfacial layer, h the reduced Planck
constant. On the basis of this consideration, so, starting from the simple Au/p-Si contact having an
experimental barrier height @ = @awsi = 0.71 eV, the insertion of a polymer layer (PMMA insulating
or P3HT semi-insulating) leads to the increase of device barrier height by an effective amount ®p, while
the insertion of the Au NPs layer leads to the decrease of the device barrier height by an effective amount
®au. So, we can think in Equation (5) that ®o = ®p + ®au being ®p > 0 and Dau < 0. Then, the data Op
vs. N for the case of the PMMA/Au NPs HyMLs insertion before annealing treatments are obtained when
®p = Opmma = 0.08 = 0.01 eV and ®auw = —0.11 + 0.03 eV. After the annealing process of the device,
Figure 21a shows @ ~ 0.71 eV independently of N (red dashed line is a guide for eyes) that is the value
of the Au/p-Si contact. This fact suggests them that the annealing process causes the Au/PMMA
mixing [65,82] (due to the increased polymeric chains mobility above the polymer glass transition
temperature) so that metal percolation paths are generated between the bottom Si and the top Au contacts.
The same approach applied to the P3HT/Au NPs HyMLs insertion case, Figure 21b, leads to
®p = ®Op3ut = 0.05 £ 0.01 eV and ®auw = —0.08 + 0.02 eV before the annealing process of the device.
Finally, the increase of n with N for both (PMMA and P3HT) the as-deposited samples, with respect to
the 2.8 value for Au/Si diode, is, however, the clear indication of the progressive lack of uniformity at
Au/Si interface due to the addition of Au and polymeric layers. In contrast, the constant value of n for
the annealed samples is in agreement with the possible annealing-induced metal percolation paths
formation between the Au top contact and p-Si back contact.

The data discussed in this section highlight the versatility of the polymer-metal nanocomposite
layered systems in the wide-range tuning of the electrical response of key electronic device components.

3.2. Metal Nanoparticles Co-Deposited with Polymer Film

The electrical properties of nanocomposites composed of metallic NPs dispersed in a polymer matrix
can be tuned from the polymer ones to the bulk metal ones by controlling the metal filling factor and the
matrix structure [83]. In general, in a nanocomposite system formed by metal NPs embedded in insulator
polymeric films, three different conduction regimes can be obtained, on the basis of the film
composition: the dielectric, transition, metallic regimes [84]. The dielectric regime is obtained at low
metal filling factor: in this case, small, isolated metal particles are dispersed in the dielectric polymeric
film. The metallic regime is obtained at filling factor higher than the critical value for the metal particles
percolation: in this case, the metal particles come into contact and give way to a metallic continuum with
dielectric inclusions. In the transition regime, the structural inversion between the dielectric and the
metallic regime occurs.

For example, Takele et al. [47,48] focused their attention on the electrical properties of nanocomposite
films with embedded Ag and Au NPs in different polymer matrices (Nylon 6, Teflon AF 1600, PTFE)
which are prepared by co-deposition of metal and polymer. Figure 22 reports, as an example, the
resistivity of thin PTFE films with embedded Ag NPs as a function of metal filling factor f[47]. From
such a plot, the three different resistivity regions are clearly recognizable. In particular, the transition
region from the high-resistivity behavior to the low-resistivity behavior takes place in correspondence
with a critical value of f named the percolation threshold fc [8,85]. At fc, an insulator to metal transition
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of the composite film occurs: the value of the electrical resistivity changes from 10° Qm below f: to
107> Qm above f.. This drastic change in resistivity of the composites at the percolation threshold is
related to the fractal geometry of the infinite metal NP in the polymer matrix [86,87]. At f = fc, the
assumption of a random resistance network model, dictates that all current flows through a single metal
particle providing the connection between the electrodes. However, the percolation threshold is not
determined only by the chemical composition of the composite material but depends, also, on the
structure of the aggregates and on the ratio between the conductivities of the metallic and insulator
phases. So, the measure of the electrical resistivity of Ag-Teflon AF, Au-Teflon AF, and Au-Nylon,
indicates, often, the effect of the microstructure on the percolation threshold [48].
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Figure 22. Change of the electrical resistivity of thin PTFE films with embedded Ag NPs
with increasing filling factor. (Reproduced with permission from [47], Copyright IOP
Publishing 2005).

Near the percolation threshold the drastic change in the nanocomposite polymer/metal film
conductivity with a small change in the film structure make difficult the detailed experimental study of
the system electrical transport properties by d.c. (direct current) conductivity measurements only. Due
to the influence of the film microstructure on the percolation threshold, the filling factor alone is, often,
not sufficient for a complete characterization of the electrical properties of the nanocomposite film. For
example, these electrical properties are strongly dependent on the metal NP spacing [88]. A NP’s size
variation (3—15 nm) and inter-distance change (2-20 nm) is manifested between the dielectric and
metallic regime of a nanocomposite changing the metal filling factor. Such orders of magnitude
determine very high values of the internal electrical field between the metal NPs: typically, when a
voltage of 1 V is applied between the electrodes, internal fields up to about 106 V/cm in the dielectric
regime and 107 V/cm in the metallic regime can be induced between the metallic particles. With these
high electrical field values, the electron in the metal NPs can acquire enough energy to be emitted from
the metal by a field emission process [89]. So, typically, the electrical transport between metal NPs
embedded in insulating polymeric films involves an activated electron tunneling between metal particles
separated by potential barriers. The characteristic activation energy of the process is determined by
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electrostatic image forces. The SEF energy required to remove an electron from a metallic particle to a
neighboring one [90,91] can be approximated by

SEr = (X/eeo)[(1/F)—(1/5)] (6)

where e is the electronic charge, € and €o are the dielectric constants of the matrix and vacuum, 7 is the
particle radius, and s the spacing between the particle centers. In addition to the tunneling process, the
electron conduction can take place via hopping from defect to defect in the insulator.

Takele et al. [48] applied these concepts to discuss the experimental current-voltage characteristics
of Au-Teflon AF nanocomposites as a function of the Au filling factor f. According to their data and
discussion, at /= 0.36, well below the percolation threshold, the Au particles in the dielectric matrix are
separated by a large distance from each other and the induced electric field is not sufficient to promote
the electron tunneling transport from NP to NP. Above the percolation threshold (> 0.42), the Au NPs
form a metallic continuum with dielectric inclusions: now, the induced field is high enough (since the
interparticle separation is small) to make the electrons’ field emission mechanism the dominant one. So,
the experimental /- characteristics of Teflon AF composites determined by Takele et al. show a
different behavior for various Au concentrations. In particular, the slope of the /-V curves showed an
increase with increases in the metal filling factor up to a certain voltage (at /< fc, the conductivity caused
by the field induced tunneling is very small: the slope of the /-V curves is low; at /> fc, the electrical
field induced across the electrodes is large enough to cause the electrons to tunnel from one cluster to a
neighboring one: the slope of the /-1 curves is high).

Furthermore, Takele et al. [48] reported on the electrical resistance of the Au/Teflon AF composites
as a function of the annealing temperature for samples below and above the percolation threshold. The
shape of the curves in both cases is not similar, which indicates that their electrical conductivity
mechanism is quite different from one another. Similar effects have been reported also for different
polymer composites [92,93]. For example, Takele et al. [48] reported, also, electrical conductivity
measurements from the room temperature to 180 °C for Nylon composites with various Au concentrations.
Similarly to the previous case, the resistance versus temperature plots showed different behaviors for
samples characterized by Au concentration below and above the percolation threshold. At f < fc, a
post-deposition annealing process promotes the coalescence of the Au NPs into larger particles more
distant from each other. As a consequence, an increase in the sample resistance is observed up to a
critical temperature 7m. On the contrary, for 7> T (7T the annealing temperature), a sample resistance
decrease is observed and it is attributed to a rearrangement process of the metal NPs. At /> fc, the
post-deposition annealing process determines the formation of a more conductive path between the
electrodes causing a drastic drop in the sample resistivity at 7 = Tm. To complete this analysis,
Takele et al. [52] compared also the electrical properties of nanocomposite films formed by Au
nanoparticles embedded in Teflon AF and Poly(a-methylstyrene). The metal percolation threshold was
identified in 0.43 and 0.20 for Au in Teflon AF and Poly(a-methylstyrene), respectively. The composite
films deposited with varying filling factors showed large variations in conductivity and optical
behaviour. For a composite with relatively low f, spherical metal particles inside the polymer matrix are
distributed uniformly without the formation of a continuous network. At higher f, an aggregate structure
containing a random mixture of the metal and polymer is observed. As already discussed, the character
of electrical transport depends on the film composition and the separation between NPs [90,94]: at the
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percolation threshold there is an abrupt change in the resistance from the insulation to the conductance
regime [95], see Figure 23 [52]. The resistance of the Au-TAF nanocomposite films drops by several
orders of magnitude at a metal volume fraction f = fc = 0.43. The same behavior is presented by the
Au- P(0-MS) composite with fc = 0.2 [52]. However, while the fc = 0.43 value for the Au-TFA is in
agreement with several theoretical predicted values for the percolation threshold for spherical clusters
(ranging between 0.28 and 0.5 [96,97]), the 0.2 value for the percolation threshold of the Au- P(a-MS)
is outside the predicted range and can be attributed to general morphology variations of the nanocomposite
with respect to that imposed in the theoretical calculations.
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Figure 23. Change of electrical resistance with increasing filling factor of Au-TAF
nanocomposites. (Reproduced with permission from [52], Copyright Cambridge University
Press 20006).

3.3. Metal Nanoparticles Embedded in Polymer Film

In this section, representative electrical properties of nanocomposite films formed by metal NPs
embedded in polymeric matrices and obtained by soft chemical approaches are discussed. The aim is to
highlight the key similar and different aspects with the electrical properties of metal NPs embedded in
polymers and obtained by co-deposition methods discussed in the previous section.

Mahendia et al. [98] fabricated Poly(vinyl alcohol)-silver (PVA-Ag) nanocomposite films by the soft
chemical route. The effect of the concentration of embedded Ag NPs on the film conductivity and on the
films dielectric relaxation behavior was analyzed. In particular, when increasing the Ag NPs’
concentration from 0 to 1.32 wt %, the nanocomposite dc conductivity was found to increase from
1.38 x 107" t0 9.17 x 107! S/cm. Correspondingly, the film dielectric constant was found to decrease
from 1.74 to 1.07 at a frequency of 75 kHz. In addition, the authors, evaluated, from dielectric data, the
nanocomposite ac conductivity and polarization relaxation time. Also, these data corroborate the
enhanced conductivity of PVA matrix with increases in the Ag NPs’ concentration. Figure 24
summarizes the authors’ results [98]: it reports the dc electrical conductivity of the samples with
increasing the Ag NPs concentration (0.13, 0.26, 0.41, 0.50, 0.80 and 1.32 wt %), showing that the
conductivity of PVA increases by 1 order of magnitude when the Ag concentration reaches 1.32 wt %.
The authors attribute such a behavior to the production of charge transfer complexes (CTCs) in the
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polymer chain network caused by the Ag NPs embedding, whereas the Ag is regarded as a dopant
element. In fact, dopant elements introduced in semi-crystalline polymers determine, by the formation
of CTCs, the decrease of the barrier height between the trapping sites for the charge carriers. So,
conducting paths through the amorphous regions of the polymer matrix are obtained resulting in the
conductivity increase of the metal-doped polymer [99]. Consequently, also, a decrease of the charge
transport activation energy and an increase of the charge carriers’ mobility is expected. In the specific
case of the Ag/PVA system, therefore, the authors suppose that Ag NPs fill the free volume holes
(amorphous phase) and occupy the interstitial positions between the polymer chains in amorphous phase.
The NPs link these chains to some kind of bonds by charge exchange process between the Ag NPs (the
dopant) and PVA chain network. Since the extent of complexes’ formation increases with doping
element concentration, both the charge carrier density and the Ag/PVA composite conductivity increase.
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Figure 24. Variation in dc conductivity (cdc) of PVA-Ag nanocomposites with concentration
(wt %) of Ag nanoparticles. (Reproduced with permission from [98]) (Copyright Elsevier 2010).

Remarkably, the authors noted that the increased charge carriers hopping probability across the barrier
and insulator chains, determined by the CTC formation, can also be explained in the framework of the
percolation theory (the favored point of view discussed in the previous section): from such a point of
view, the Ag NPs act as conductive fillers in the polymer matrix providing the continuous conductive
pathways for the transfer of charge from one CTC to another [89,100]. Figure 25a,b report, for the
Ag/PVA composite at various Ag concentrations, the frequency-dependent dielectric constant &' and
dielectric loss €”, with the measurements performed at the temperature of 307 K.

At each Ag concentration, €' decreases with increases in the frequency f. This is true also at zero
concentration (pure PVA) where €' is ~1.74 at frequency 75 kHz and decreases to ~1.02 at 5 MHz [101-103].
However, increasing the Ag concentration, lower and lower values of €' are obtained. Similar behavior
is reported for several others metal-doped polymer films (PVP, PMMA, etc.) suggesting that for polar
materials, the value of ¢ is high for low frequency range and decreases as frequency increases [104—106].
The reason for this behavior is identified in the electrode and interfacial effects of the sample: at low
frequency, electrical dipoles in polymeric samples tend to orient themselves as the applied external
electrical field; in the high frequency regime, on the basis of polarization effects, the electrical dipoles
in polymeric samples have a very small tendency to orient as the external applied electric field and then
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for field increase at high frequencies, the dielectric constant decreases [107]. Figure 25a shows also the
decrease of €’ with increases in the Ag concentration: this is the direct result of the increased PVA dc
conductivity increasing the Ag concentration.
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Figure 25. (a) Variation in dielectric constant (¢") with frequency for different concentration
(wt %) of Ag nanoparticles in PVA. (b) Variation in dielectric loss factor (¢”) with frequency
for different concentration (wt %) of Ag nanoparticles in PVA. (Reproduced with permission
from [98], Copyright Elsevier 2010).

Concerning the behavior ¢ with frequency (Figure 25b), we can observe its decrease with increasing
frequency f. In the low frequency region, the higher values of €’ are attributable to the mobile charges
within the polymer matrix. On the contrary, in the high frequency region, the periodic field inversion is
so fast to inhibit the excess ion diffusion in the direction of the electric field [104,105]. So, the
polarization effect decreases (due to charge accumulation) and, correspondently, &” decreases. To
conclude, we mention that the authors observed for the Ag/PVA system, the increase of the ac
conductivity as the Ag concentration increases. Overall, the authors observe that in PVA, as the bond
rotates with frequency, the existing flexible polar groups with polar bonds induce dielectric a-transition.
Correspondently, a change in chemical composition of the polymer repeated unit occurs (the CTCs
formation), making the polymer chains more flexible, and so both the dc and ac electrical conductivity
is increased [99].

3.4. Conducting Polymer Based Nanocomposites and Their Applications

Nanocomposite materials with attractive properties for technological applications (such as catalytic,
sensing and opto-electronic) have been obtained, also, through the combination of conducting polymers
with metals (either noble or transition metals). These materials are also intricate combinations, up to
almost the molecular level, of one or more inorganic nanoparticles with a polymer so that unique
properties of the former can be taken together with the existing qualities of the latter.

Due to their versatility, conducting polymers (CPs) and nanostructured CPs are attracting much
interest. They are promising candidates to produce hybrid-system based electronic devices exploiting
the possibility to tune their electric conductivity between semiconductor-type to metallic-type aging on



Coatings 2015, 5 406

doping and de-doping processes. Moreover, they provide the solid possibility to fabricate highly efficient
photonic devices (e.g., solar cells) with controlled properties from the nanostructured CPs by a bandgap
tuning process. In this field of electronic device applications, the nature of the association of the
components, the nanoscale structure of the nanocomposite materials and the effects of their morphology
are critical points to control their physical properties. Tailoring nanoscale architectures of conducting
polymer based nanocomposites is a challenge for materials scientists.

Surely, nowadays, the most used CPs to produce hybrid nanomaterials for sensing and optoelectronic
devices are polyaniline (PANI), polypyrrole (PPy) and poly(3,4-ethylenedioxythiophene) (PEDOT) [108].
Unique redox properties of PANI and PPy have lured scientists to utilize them as cathodic materials in
rechargeable Li battery, but their poor charge discharge capacity has hampered their successful
application in this respect. This limitation could be overcome by incorporating cathode active materials
into conducting polymer matrix. PANI, PPy and PEDOT have been used as the supporting matrix in
different composites for intercalation of catalytically active nanoparticles so that the catalytic activity
can be retained in the composite. Moreover, composite nanomaterials based on these polymers proved
to be powerful in sensing, environmental emission control, workplace hazard monitoring, bio-molecular
detection thanks to chemical specificities, tunable conductivities, high mechanical flexibilities and low
temperature processability [109—-113]. Novel network nanocomposites are proved to possess unique
charge transfer and electrocatalytic properties, due to the enhanced interfacial interaction between the
polymer network and the loaded metallic particles [109—113]. In this framework, the incorporation of
metal NPs into CPs and the decoration of nanostructured CPs with metal NPs are considered good
methodologies to enhance the sensitivity, response time and stability of chemical sensors and
biosensors [114—118]. For example, nanocomposite thin film and nanowires formed by CPs in
conjunction with the metal NPs have shown extraordinary chemical and biochemical sensing efficiency
in revealing many types of analytes. In synthesis, the increase of the specific area and catalytic efficiency
due to the metal NP and CP combinations are the key advantages for metal/conducting polymer as
chemisensors and biosensors [116—118].

Mainly, the metal/CP based sensors reported can be classified into two categories [112—115]: (1) the
chemiresistive sensors based on the measure of the relative changes in the system resistance upon
exposure to various targets; (2) the electrochemical sensors involving the oxidization or reduction of the
targets at an electrode to measure the resulting current.

In this section, the two types of sensors for both chemical and bio-chemical analytes are discussed.

3.4.1. Chemiresistive Sensors

Chemiresistive sensors find applications in areas such as healthcare, safety, energy production and so
on. The operation of these sensors is based, mainly, on the resistance change of the system due to the
interaction with different targets [112—115]. The sensor’s sensitivity is defined as (R — Ro)/Ro (usually
expressed as a percentage), being Ro the resistance of the sample before exposure to the test gas and R
the time-dependent resistance of the sample upon exposure to the test gas. As an example, Shirsat e al. [116]
studied the sensitivity of Au NPs functionalized polyaniline (PANI) nanowires to the chemiresistive
detection of H2S: while non-functionalized PANI nanowires show no response at H2S concentrations as
high as 500 ppm (Figure 26a), Au NPs functionalized PANI nanowires are highly responsive to HaS
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presence, even as low as 0.1 ppb (Figure 26b). The authors discuss the great change in the resistance of
the PANI nanowires-Au NPs composite after the target exposure, invoking the formation of Au-S bonds
which enhance the doping level of PANI. So, the Au-PANI behaves as an acceptor—donor pair and
transfers electrons from the p-type PANI network determining the decrease of the overall system
resistance. Similarly to these observations, Yang et al. [119] reported on the enhancement of the
resistance changes (due to exposure to specific gas targets) for PPy nanotubes/Ag composites with
respect to the pure PPy nanotubes. In this case, the authors explain the experimental results considering
that each trapped Ag site affects the collection of charge carriers resulting in the enhancement of the
probability of each analyte chemisorption event. Generalizing the discussion, so, the incorporation of
sensitive NPs makes the CP composite more sensitive to the target.

0o AT 10" = | .
N | |/ / = 0.0 [ o Mg, T IR Tt 3
0.5 ‘L{‘ F i/ 10' R —p
= \ | [ -
« O L - S0 ppm
1.0 L 0=
o o s gOIp .
< | \ \ 10 5 <
-1.5 o
Ld w
22.0 (a) . N N = L ] 10‘ :N _0.2 (h.) L 1 " 1 " L 1 1 L
120 150 180 210 10 20 30 40 50 60 70 80
Time (min) Time (min)
(a) (b)

Figure 26. (a) Response and recovery transients of gold nanoparticles functionalized PANI
nanowire network-based chemiresistive sensor toward 0.1 ppb, 1 ppb, 10 ppb, 100 ppb, 500 ppb,
and 1 ppm concentrations of H2S gas; (b) Response of non-functionalized PANI nanowire
network toward 50 ppm of Hz2S gas. (Reproduced with permission from [116], Copyright
AIP Publishing LLC 2009).

Another key point to highlight is that the majority of the presented metal/CP composites are in the
form of nanotubes or thin films with large surface areas, small size, or porous structure [120-127].
In particular, the maximization of the exposed surface area allows to maximize the device performance
in terms of sensitivity and time response. Towards real technological applications, also the reversible
circulation response change of the composite and the relationship between the weight/volume content of
metal in metal/CP composites and the resistance change have key roles. To discuss some of these points,
we refer to the work of Park er al [120]: they found that Ag/PEDOT composite nanotubes are
characterized by excellent NH3 gas sensing efficiency due to the high surface area and high conductivity.
In particular, the following points were focused by the authors: (1) the surface area and conductivity of
the samples increases when the Ag NPs concentration is increased (up to a critical value of 30 wt %;
at higher concentrations an aggregation process of the Ag NP occurs reducing the system gas-sensing
performance); (2) the sensitivity of the samples increases when the Ag NPs concentration is increased
(up to a critical value of 30 wt %); (3) the small size and uniform distribution of the Ag NPs in the
composite make it reversible and reproducible in the NH3 detection. This study indicated that the content
of metal has to be optimized to maximize the device sensitivity.
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3.4.2. Electrochemical Sensors

Electrochemical sensors fabricated by the integration of metal NPs and CPs take advantage of the
metal NPs good conductivity and of the CPs low resistance drops and enhancement of the rate constant
of the charge carriers transfer process for some electroactive species [112—115]. In general, the
interaction occurring between metal NPs attached on CPs confers to these systems’ excellent
electro-catalytic and biocompatibility characteristics. Metal/CPs are, in addition, always, fabricated
using also modified graphite or glassy carbon to form metal/CPs/modified graphite (metal/CP/C) or
metal/CPs/glassy carbon (metal/CP/GCE) composites which act as electrodes to analyze their
electro-catalytic capability. In this sense, for example, Ag/PPy/GCE composites showed excellent
detection capabilities for Hydrogen Peroxide (H202). H202 results, often as a product of several
industrial processes and biological oxidative reactions. So, reliable, accurate, and rapid H202
determination methods are required (for example, in food, pharmaceutical, and several others
analyses [128—133]). In this framework, it is interesting to consider that the direct reduction of H202 can
take place on Metal/CP composite such as also over-oxidation phenomena. The efficiency of such
processes, moreover, is enhanced by the high surface area of the metal/CP films. For example,
Mahmoudian et al. [130] studied and compared the electrical detection properties of glassy carbon
electrode (GCE), polypyrrole (PPy)/GCE, and Ag/PPy/GCE thin-films for H20». Figure 27 shows cyclic
voltammetry (CV) characterization of bare GCE, ultrathin polypyrrole nanosheets (UTPNSs)/GCE and
Ag-UTPNSs/GCE film in 0.2 M PBS solution at a pH of 6.5 in the presence of 1.0 mM H202 [130].
From such a figure it is possible to infer that the Ag-UTPNS/GCE film has a good reduction efficiency
of H202 (a significant increase for the reduction current peak to 120 A can be observed, meaning that
the rate of reaction increases for the reduction of H202). This enhancement of the catalytic efficiency of
the Ag-UTPNSs is justified by the authors on the basis of two considerations: (1) the enormous surface
area exposed by the PPy film increasing, so, the interaction probability with Ag" during the Ag NPs
deposition and (2) the large amount of deposited Ag NPs onto the surface of the film. To complete this
discussion, Figure 28 reports in (a) CVs measurements of PPy-Ag nanocomposite modified graphite
(PPy-Ag/GC) electrodes in a 10 mM PBS solution with and without the presence of H202 with different
concentrations, in (b) amperometric responses of PPy-Ag/GC electrodes upon addition of 0.1 mM
(0.1-1.6 mM) in a stirred 10 mM phosphate-buffered saline (PBS) solution [134]. The CVs’
measurements highlight the enhancement of the cathodic current density when the H202 concentration
is increased. Such a fact is a clear signature of the strong electro-catalytic activities of the composite in
the H202 reduction. Such a high electro-catalytic efficiency arises from the enhancement effect of the
metal-support interaction in connection with the intrinsic electro-catalytic properties of the Ag NPs
towards H202. The amperometric response measurements in Figure 28b, instead, evidences the rapid
response of the PPy/Ag/GC electrode in correspondence of each addition of H20:2: in fact, the
amperometric current saturates (reaching the steady state) in 5 s. The illustrated properties lead the
authors to propose the PPy/Ag nanocomposites as promising candidate for high performance
non-enzymatic H202 sensors [130].
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Figure 27. (a) CVs of a bare GCE, (b) UTPNSs/GCE and (¢) Ag-UTPNSs/GCE in 0.2 M
PBS solution at a pH of 6.5 in the presence of 1.0 mM H2O2 using a scan rate 20 mV s .
(Reproduced with permission from [130], Copyright Elsevier 2012).
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Figure 28. (a) CVs of PPy-Ag nanocomposite modified graphite (PPy-Ag/G) electrodes in
a 10 mM PBS solution in the absence and presence of H202 with different concentrations
(from top to bottom: 0, 0.1, 0.5, 1, 1.5, 2, 2.5, 3 mM). Scan rate: 20 mV-s .
(b) Amperometric responses of PPy-Ag/G electrodes upon successive addition of 0.1 mM
(0.1 to 1.6 mM) in a stirred 10 mM PBS solution. Applied potential: —0.45 V. The inset
shows the corresponding calibration curves of the electrodes in the measured H20O2 concentration
range. (Reproduced with permission from [134], Copyright IOP Publishing 2012).

To summarize the key aspects of the previous discussions: CPs, thanks to their porous nanostructure
and large effective surface area, are extremely efficient in immobilizing metal onto the electrode surface
enhancing the charge carriers’ transfer rate. These phenomena confer to the electrodes’ excellent
electro-catalytic behavior. In addition, the uniform metal NP dispersion on CPs confers to the sensor
good stability, reproducibility, and reversibility [132—134].

About the electrochemical biosensor: it is a biosensor based on electro-catalytic activities. Usually, it
is required to have high sensitivity and low detection limits, and to be used with electrochemical
transducers with high specificity for biological recognition processes [114,115]. The biological
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recognition receptors can be enzymes, proteins, antibodies, nucleic acids, or cells, which selectively
react with the target analyte. The electrical signal is much related to the concentration of the
analyte [135,136]. In this sense, for example, Crespilho et al. [137], using PANI/PVA-Ag NP composites
as electrodes, developed a simple, versatile and efficient enzymatic bioelectrochemical sensor. Figure 29
reports the plot of the time-dependent amperometric curves at different urea concentrations for
ITO/PANI/urease and ITO/PANI/PVA-AgNP/urease electrodes. The main observable characteristics
are the fast increase in cathodic current after addition of urea to the electrolytic solution and the
higher cathodic current values for the ITO/PANI/PVA-AgNP/urease electrodes than that of the
ITO/PANI/urease electrodes.
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Figure 29. Chrono-amperometric curves at different urea concentrations for
ITO/PAni/urease (black line) and ITO/PAni/PVA-AgNP/urease (red line) electrodes.
Applied potential: 0.0 V (Ag/AgCl). Electrolyte: phosphate buffer 0.1 mol-L™!. (Reproduced
with permission from [137], Copyright Elsevier 2009).

Atta et al. [138] prepared composite film by distributing Pt or Pd NPs into poly(3-methylthiophene)
(PMT). These materials showed the capability to detect ascorbic acid (AA) at 0.1 mM and dopamine
(DA) at the 0.05 to 1 uM range. For example, Figure 30 reports DPVs’ measurements corresponding to
the Pt/PMT/Pd electrode during the simultaneous change of the concentrations of AA and DA. With
increases in the concentrations, the peak currents for DA and AA linearly increase. However, the peak
of AA increases at a slower rate.

The consequence of these results is that the metal-modified electrodes based device presents high
reproducibility, sensitivity, and stability making these electrodes promising sensors for urine and healthy
human blood serum.
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Figure 30. Differential pulse voltammetry measurements (DPVs) obtained during the
simultaneous change of AA and DA at Pt/PMT(BE)/Pd(CV) in PBS, pH 7.4. DA contents
(from a to g): 0.05, 0.1, 0.2, 0.4, 0.6, 0.8, and 1.0 uM. AA contents (from a to g): 0.02, 0.04,
0.06, 0.08, 0.1, 0.11, and 0.12 mM. (Reproduced with permission from [138], Copyright
Elsevier 2010).

3.4.3. Photovoltaic Cells

Organic solar cells have a large of variety of scientific and technological applications due to their
low-cost fabrication process. The key limitation of these devices for practical application is, yet, poor
efficiency [139-141]. A promising methodology to overcome this drawback consists in the organic/c-Si
heterojunction cell fabricated by a specific polymer and n-type Si connection. Potentially, such hybrid
devices cross high conversion efficiency and low-cost solution processing [142—144]. A typical example
consists in a p-type transparent and conductive polymer such as poly (3,4-ethylenedioxythiophene):
poly(styrenesulfonate) (PEDOT:PSS) deposited on n-type c-Si to form the p—n junction. The incident
light radiation is mainly absorbed by the c-Si active layer. Then, the photogenerated holes in the active
layer are transported across the p—n junction and organic layer to complete carrier collection. It is
evident, therefore, that the carrier-collection efficiency is drastically determined by the quality (in terms
of microstructure, impurities presence, etc.) of the p—n junction and the conductivity of the organic layer.
An interesting route adopted to enhance the organic solar cells [145,146], dye-sensitized solar
cells [147], and Si-based solar cells [148—151] conversion efficiency has proved to be the metal NPs’
incorporation in the cell. In fact, the right engineering of metal NPs in the photovoltaic devices increases
the cell short-circuit current density and fill factor (enhancing the cell conversion efficiency) [152—154].

For example, Tang et al. [155] analyzed the performances of Poly-(3,4-ethylenedioxythiophene):
poly(styrenesulfonate) (PEDOT:PSS)/c-Si heterojunction solar cells with and without Au NPs
incorporation into the PEDOT:PSS layer. Notably, they observed (Figures 31 and 32) that a maximum
conversion efficiency of 10.28% is presented by the devices presenting 10 to 15% Au NP incorporation.
This result means an enhancement of 10% with respect to the reference device, i.e., the device without
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the Au NPs incorporation (exhibiting a 9.29% efficiency). The enhanced performance is attributed to the
short-circuit current density increase due to the local surface plasmon resonance originating from the

incorporated Au NPs.
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Figure 31. (a) Dark J-V characteristics of ¢c-Si/PEDOT:PSS (AuNPs) heterojunction cells in
the semilogarithmic scale; (b) series resistance (Rs) values extrapolated from dV/d(In J) versus
J curves for various devices; (c¢) fitting of In J versus V curves for estimating diode ideality
factors. (Reproduced with permission from [155], Copyright John Wiley and Sons 2014).
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Figure 32. (a) The J-V characteristics of c-Si/PEDOT:PSS(AuNPs) heterojunction devices
under AM 1.5G 100mWcm 2 white-light illumination. (b) External quantum efficiency
(EQE) versus wavelength for corresponding heterojunction cells. (Reproduced with
permission from [155], Copyright John Wiley and Sons 2014).
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4. Metal-Polymer Nanocomposites: Open Points and Perspectives

The future of metal-polymer nanocomposites strictly depends on the control of the formation of the
metal NPs and improvements in techniques for incorporating them into matrices, i.e., control of the
nano-architecture [156]. New opportunities will be provided by an unprecedented control over the spatial
distribution and orientation of the metal NPs [157]. In this sense, the use of block copolymers, instead
of a pure single-phase polymeric matrix, will be the key approach [157]. The block copolymer can be
used as a template to concentrate the metal NPs into a particular region of the matrix as well as to orient
them for specific technological applications [22,157]. In addition, the chemistry of the block copolymer
can be varied to obtain regions with diverse properties [157]. The properties of the metal-polymer
nanocomposites can be further varied within a wider range by exposure to external fields during the
co-assembly process [157]. In general, in order to facilitate future applications of metal-polymer
nanocomposites, there is a need for methods to obtain complex nanoscale architectures with respect to
2D and 3D micro-phase separated and non-amorphous host polymers [157].

Fine control of the morphology of the metal NPs embedded in a polymer layer is also a very
interesting challenge. It is already possible to grow a range of geometric shapes at the nanoscale. Taking
these shapes and dispersing them in a polymer matrix is an interesting area of research, especially with
regard to the mechanical properties [156].

Another interesting point concerns the use of new metal NPs (with specific functionalities) in the
mixing process with the chosen polymer. Probably, alloys of metals and core-shell type NPs (Ag/Au,
Au/Pd, Pd/Pt, Pt/Rh, Pt/Ru) and magnetic NPs (Co, Ni) could be very useful tools, particularly in
information storage and biomedicine applications [156]. For example, magnetic metal nanopowders can
be encapsulated in some interesting biopolymers to extend their use in diagnostics and cancer treatment.

A further growing research field for metal-polymer nanocomposites is that related to the
nanotoxicology of the used NPs [156,158]. For example, Ag is an antimicrobial agent because it
denatures or unfolds cell membrane proteins by cleaving hydrogen bonds. If silver can get inside a cell,
it can bind to phosphate groups on DNA and to many other intra-cellular chemicals, blocking their
function. Antimicrobial A-polymer nanocomposites have been recently developed [158], and these
systems will surely attract growing interest in the near future. In general, the goal is to identify the
method that allows the preparation of composites with biocompatible, biodegradable, and non-toxic
matrix, synthesized through non-toxic monomers and precursors with well-attached silver nanoparticles
exhibiting a low mean diameter and narrow size distribution [158]. Notably, the long-term efficiencies
of the Ag-polymeric composites represent an important practical issue to be resolved.

In the renewable energy production field, in addition to polymer—metal NP based solar cell devices,
thermoelectric devices are attracting much attention [159]. Traditionally, thermoelectric materials are
inorganic semiconductors which have been limited in their application by low efficiency and high cost.
Since the 1990s, both theoretical and experimental studies have shown that low dimensional materials,
such as superlattices and nanowires, can enhance the thermoelectric devices’ efficiency. Most recently,
polymer—inorganic nanocomposites (such as those based on metal NPs) have proven unique features,
such as low density, low cost, low thermal conductivity, easy synthesis and versatile processability [159].
The near future will see a drastic growth in the research and technological interest in these types of
devices due to the growing energetic worldwide need. In particular, nanocomposites based on conducting
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polymers such as polyaniline, polythiophene, poly (3,4-ethylenedioxythiophene): poly (styrenesulfonate),
as well as other polymers such as polyacetylene, polypyrrole, polycarbazoles and polyphenylenevinylene
will be the focus of more and more attention.

From a more general point of view, since the polymer-nanocomposites have been the staple of the
modern polymer industry, their durability under various environmental conditions and degradability
after their service life will also constitute essential fields of research [160]. In particular, depending on
the specific polymer and metal NPs’ chemical nature and reciprocal interaction, in some cases their
mixing has increased stability in some and decreased stability in others. Thus, the degradation, durability
and toxicity of metal-polymer nanocomposites have to be evaluated for each NPs with different polymers
under different environmental conditions in order to realize the potential of nanomaterials.

5. Conclusions

In this paper, we reviewed the basic concepts related to some fabrication methods and the electrical
properties of polymer-metal NPs nanocomposite films considering as main points controlling the particle
sizes, their concentration and distribution within the polymer matrix, the morphology, and finally the
selection of polymer-metal NP combinations. The main highlight of the review is that the close
wide-range control of the nanocomposites’ structural and morphological characteristics allow the
wide-range tuning of their electrical properties towards functional technological applications in areas
such as sensory, energy conversion, flexible electronics, optoelectronics, and so on. Due to the many
unique characteristics of the polymer-metal NPs nanocomposites, we believe that the detailed
understanding of the basic physical phenomena involved in the materials’ synthesis and electron
transport can allow the desired control over properties and applications. The review, therefore,
emphasizes the basic microscopic mechanisms and processes and the general physical concepts suitable
for the interpretation of material properties and structure-property correlations. Besides the basic
processes and general concepts, the review aims to provide a comprehensive schematization of the main
technological applications currently in development worldwide.
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