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1. INTRODUCTION 

Owing to their unique properties, electroactive
conjugated polymers are of great interest as electronic
materials [1]. Products of these materials can be easily
made into desired shapes; moreover, they possess flex�
ibility and are significantly lighter than metal prod�
ucts. However, polymers have a lower electrical con�
ductivity as compared to metals and are less stable,
especially under ultraviolet irradiation. Temperature
and other environmental parameters can substantially
affect the functional characteristics of the polymers.
These disadvantages present considerable difficulties
for their practical application. One possible way to
overcome these difficulties is the formation of com�
posite metal–polymer structures, in particular, the
introduction of noble metal nanoparticles into a poly�
mer matrix. Such nanocomposites, for example, can
serve as the basis for non�volatile memory elements
with two stable states, namely, a high�conductance
state and a low�conductance state, the switching
between which occurs through the change in the level
of applied voltage [2, 3]. Furthermore, these nano�

composites provide the basis for the development of
electrically conductive electrodes that are intended for
electronic devices [4] and suitable for deposition by the
supercheap printing method. Metal nanoparticles are
introduced into active media of electronic devices [5]. 

As a rule, the electrical conductance of a composite
based on conductive particles dispersed in a dielectric
matrix critically depends on the concentration of the
conductive component and can be described by the
classical percolation theory [6]. According to this the�
ory, the composite abruptly becomes conductive at a
concentration of the conducting phase above the per�
colation threshold, at which the conductive compo�
nent of the composite forms an infinite cluster. In the
case of a semiconductor matrix (for example, a poly�
mer with conjugated bonds), metal nanoparticles dis�
persed in this matrix can affect the conductance of the
composite at concentrations considerably below the
percolation threshold. The electrical impedance of a
polymer nanocomposite can be represented as the sum
of the resistances of polymer moieties, nanoparticles,
and boundaries between the polymer and the nano�
particles. Owing to changes in the properties of these
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boundaries, the electrical conductance of polymer
nanocomposites was greatly improved [7–10]. The
electrical conductance of composites based on conju�
gated polymers containing metal nanoparticles has
been repeatedly studied (see, for example, [11–15]);
however, the mechanism of this conduction remains
controversial. 

This work is devoted to the study of some optical
and electrophysical properties of nanocomposites in
which the semiconducting matrix is a mixture of poly�
ethylenedioxythiophene (PEDOT) with polystyrene
sulfonate (PSS), namely, PEDOT : PSS, and silver or
gold nanoparticles serve as the filler. The polymer
PEDOT : PSS is one of the most promising materials
for organic electronics due to the high chemical and
thermal stability, transparency in the visible spectral
range, and possibility of synthesizing films based on it
from aqueous solutions [16, 17]. PEDOT : PSS is used
as a layer injecting holes, both in electroluminescent
[18] and photovoltaic [19] devices, memory elements
[2], resistive switches [20, 21], etc. The introduction of
metal nanoparticles, actively injecting electrons, into
a polymer matrix makes it possible to fabricate nano�
structures with an increased conductance, which is the
practical purpose of our work. Moreover, the purpose
of the investigation of the optical and electrophysical
properties is to elucidate some aspects of the mecha�
nism of electrical conduction in polymers and related
nanocomposite structures. Nanoparticles of gold
(AuNP) and silver (AgNP) are characterized by ease of
preparation, stability, and good plasmonic properties. 

2. SAMPLE PREPARATION 
AND EXPERIMENTAL TECHNIQUE 

Gold colloidal solutions stabilized by sodium folate
were prepared by the reduction of HAuCl4 · H2O with
sodium borohydride in the presence of sodium folate
as a stabilizer [22] at the initial ratio HAuCl4 : NaBH4 :
sodium folate = 1 : 4 : 0.25. The concentration of the
gold hydrosol was 0.75 × 10–3 M. Silver colloidal solu�
tions were prepared by the reduction of AgNO3 with
sodium borohydride upon addition of sodium oleate
[23]. PEDOT : PSS (low conductance) was purchased
from Aldrich and used without purification. 

The synthesis of homogeneous and reproducible
samples of the “metal nanoparticle metal/conductive
polymer” nanocomposites is a nontrivial but fairly
simple process. A colloidal solution containing
PEDOT : PSS and nanoparticles of Au or Ag was pre�
pared by mixing of aqueous solutions and ultrasonic
treatment for 15 min. Thin films of the polymer or the
nanocomposite were prepared by centrifugation of the
corresponding solution on a polycor substrate with an
interdigitated system of Ni electrodes separated by a
distance of 100–110 μm (for electrophysical measure�
ments), on a quartz substrate (for optical measure�
ments), or on a silicon substrate (for conductance

measurements using a conductive atomic force micro�
scope (C�AFM)), followed by heating under vacuum
at a temperature of 100°C for 30 min. The film thick�
ness was 60–80 nm. Before deposition, the substrates
were ultrasonically cleaned in organic solvents for
15 min, dried in a nitrogen flow, and then irradiated
with oxygen plasma for 15 min. 

The electrical conductance G and temperature
dependence of the electrical conductance measured
for thin films on substrates with an interdigitated sys�
tem of Ni electrodes under vacuum with a residual
pressure of 10–2 Pa were investigated using measure�
ments of current–voltage characteristics and cyclic
thermal desorption [24, 25]. The cyclic thermal des�
orption method is based on the fact that the conduc�
tance of the majority of organic films depends on the
concentration of adsorbed oxygen molecules, which
can decrease during heating of the sample. Upon heat�
ing of the sample under vacuum to a particular tem�
perature, the concentration of adsorbed oxygen in the
sample reaches a specific controlled value. By cooling
the sample under vacuum from this temperature, we
can measure the temperature dependence of the con�
ductance at a constant concentration of adsorbed oxy�
gen in the sample. Thus, the successive heating of the
sample to increasingly higher temperatures and the
subsequent measurement of the temperature depen�
dences of the electrical conductance during cooling
from these temperatures under vacuum make it possi�
ble to obtain a set of temperature dependences of the
conductance for different concentrations of adsorbed
oxygen in the same sample. After these measurements,
we calculated the electrical conductance G (at a tem�
perature of 300 K), which is related to the initial value
G0 (or the pre�exponential factor determining the
probability of nonresonant tunneling of electrons
between neighboring localization centers providing
the hopping conduction mechanism) and the activa�
tion energy Ea by the formula G = G0exp(–Ea/kT),
where k is the Boltzmann constant. The maximum
heating temperature T was 124°C. 

The other electrical measurements were performed
using a Veeco Innova atomic force microscope in the
conductive mode (C�AFM). The instrument was
placed in a noise insulation box on a vibration quench�
ing substrate at room�temperature conditions. The
probe used for C�AFM measurements was coated by a
Pt/Ir layer. The Pt/Ir coating provided metallic con�
ductivity of the probe holder and increased the dura�
bility of the film. The tip radius was 20 nm, the typical
elastic constant was 0.2 N/m, and the resonance fre�
quency was 13 kHz. Before measurements, the C�
AFM signal was tested with the reference sample. The
studied sample was fixed on a metal holder with silver
paste. The metal holder was kept positively charged.
The probe was placed at the chosen point on the sur�
face, and the applied voltage was varied from –8 to 8 V
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for a few seconds. Silver nanoparticles were chosen as
the material with the highest plasmon effect [26]. 

The optical absorption spectra were recorded on a
Cary 500 Scan UV–VIS–NIR spectrophotometer
(Varian Ltd.). The size of particles and the composi�
tion of the dispersed phase were examined using a
LEO�906 transmission electron microscope with a
resolution of 0.1 nm at 100 kV. 

3. RESULTS AND DISCUSSION 

The images obtained using a transmission electron
microscope and the size distributions of Au and Ag
nanoparticles in a colloidal dispersion are shown in
Fig. 1. According to the electron microscopy data, the

Au nanoparticles have a predominantly spherical
shape with an average diameter of 3.78 nm and a root�
mean�square deviation of 0.19 nm. This sample is
characterized by sedimentation stability, which is con�
firmed by its optical characteristics (not presented
here). A small absorption maximum is observed at
545 nm (Fig. 2, curve 1), which confirms the electron
microscopy data presented above. The height of the
absorption maximum does not change with time. The
Ag nanoparticles with an average diameter of 4.9 nm
and a root�mean�square deviation of 0.11 nm are dis�
tributed more uniformly. The absorption maximum of
the colloid in the region of 420 nm (curve 4) is also
consistent with the electron microscopy data. The
absorption spectrum of the nanocomposite film
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Fig. 1. (a, c) Micrographs and (b, d) size distributions of nanoparticle in the dispersed phase of (a, b) Au and (c, d) Ag hydrosols. 
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(curve 3) in the short�wavelength region is slightly
changed compared with the spectrum of the pure
polymer film (curve 2). The nanocomposite films
remain transparent over the entire visible spectral
range (the decrease in transparency does not exceed
3%). A noticeable absorption is observed only at wave�
lengths less than 400 nm. 

The AFM measurements did not reveal significant
differences in the morphologies of thin films of the
pure PEDOT : PSS and the polymer containing nano�
particles. However, at low applied voltages, for both
films there is no noticeable correlation between the
morphology and the electric current distribution
(Fig. 3), although a certain correlation appears as the
voltage increases. Furthermore, the currents of
PEDOT : PSS + AgNP films are larger in magnitude
and have a more pronounced structure than those of
the pure polymer films. This means that the nanopar�
ticles are located under the film surface at different
distances from it and initiate an increase in the cur�
rent. The electric field strength in this geometry is dif�
ficult to estimate. Based on the ratio of the voltage to
the interelectrode distance, it exceeds 1000 kV/cm.
The sharp electrode further increases the voltage.
Therefore, these measurements can be considered as
measurements in a very strong electric field. The
observed current–voltage characteristics (Fig. 4) are
nonlinear for both the pure PEDOT : PSS and com�
posite PEDOT : PSS + AgNP films. This nonlinearity
can arise from the point contact that is formed by the
conductive probe and has the character of Schottky
barrier, which should be taken into account. The cur�
rent–voltage curves for the pure film PEDOT : PSS
have a plateau between –2 and 2 V and coincide for the

forward and reverse scanning modes (Fig. 4a). In the
case of the nanocomposite film (Fig. 4b), the curves
are characterized both by a continuous nonlinear
increase in the current up to a specific value, at which
the surface and the tip are destroyed, and by a differ�
ence in their behavior in the forward (solid line) and
reverse (dashed line) scanning modes at voltages rang�
ing between –8 and 8 V. The curves measured at differ�
ent points of the film have a similar behavior with sev�
eral varying bias potentials. This bistable behavior of
the current–voltage characteristic can be explained by
strong�electric�field�induced charge transfer from the
electron�donating polymer molecules to the electron�
acceptor metal nanoparticles. In the nanocomposite
films, there is also an increase in the local electric field
induced by nanoparticles in an external field [26],
which leads to an enhancement in the charge�transfer
transitions and, accordingly, the charge transport and
the flowing current. 

The current–voltage characteristics of planar thin
films of the pure polymer and the nanocomposite with
gold nanoparticles are shown in Fig. 5. It should be
noted that, in structures with an interdigitated system
of electrodes, there arises a good symmetric contact,
and the absence of contact problems with nickel elec�
trodes was checked by test measurements for phthalo�
cyanine with the known electrophysical characteris�
tics. Initially, the measurements were carried out with
variations in the voltage in the range from 0 to 10 V.
Taking into account the interelectrode distance, we
can assume that these measurements were performed
in the mode of weak fields. It can be seen that the cur�
rent in the nanocomposite film is approximately two
orders of magnitude higher than that in the pure poly�
mer film, which is in agreement with the data reported
in [12]. In the voltage range under consideration, this
dependence is linear and completely reversible for a
large number of forward and reverse runs; i.e., in weak
fields, this material is electrically stable. If the voltage
of the first scanning exceeds 50 V, the current
decreases. In the reverse scanning mode, the current
decreases, but slightly exceeds the corresponding cur�
rents for the pure polymer. In the second and third
scannings, the increase in the current is less pro�
nounced, and the difference in the curves for the for�
ward and reverse scanning modes decreases. This
behavior of the current–voltage characteristics is
opposite to that observed in nanocomposite memory
devices [2], in which the current during the first scan�
ning is considerably less than that during the subse�
quent scannings. An extensive literature on organic
memory devices with nanoparticles was reviewed in
detail in [2, 27, 28], where it was determined that the
main mechanisms of the process can be as follows: (1)
electric�field�induced charge transfer between the
nanoparticles and the surrounding conjugated com�
pounds; (2) conduction through filaments formed by
nanoparticles due to the electrophoresis; (3) trap�
ping/release of charge carriers; and (4) inhibition of

0.6
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Fig. 2. Absorption spectra of (1) aqueous gold colloid
(1.75 × 10–3 M) stabilized by sodium folate, (2) PEDOT :
PSS thin film, (3) PEDOT : PSS + AuNP thin film, and
(4) aqueous silver colloid. 
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injection from nanoparticles by the space�charge field.
The mechanism of the memory effect is often assigned
to the electrically induced charge transfer between the
nanoparticles, which leads to a drastic change in the
electrical conductance of organic thin films [29]. It
should be noted that the planar structure considered
by us differs from the memory devices presented in the
literature by the interelectrode distance, which, in our
case, is three orders of magnitude larger. The applied
electric field in our structure (~5 kV/cm at 10 V) is at
least one order of magnitude smaller than that in the
aforementioned memory devices. Typical transitions
to a high�conductance state are induced by an electric
field ranging from 60 to 100 kV/cm [2, 27, 28], which
is required for the field�induced percolation. The elec�
tric field, in our case, is significantly weaker than that
required for such transitions even at 100 V. The
observed decrease in the conductance of the PEDOT :
PSS + AuNP film at voltages above 50 V and during
the subsequent scannings can be caused, in our opin�
ion, by the accumulated space charge, which is hard to

withdraw in a weak electric field and at a low conduc�
tance. 

The temperature dependence of the electrical con�
ductance was determined at a fixed voltage of 10 V.
Such dependences usually contain regions corre�
sponding to the conductance of the material and the
conductance of adsorbed oxygen [24, 25]. The electri�
cal measurements of the pure PEDOT : PSS films
demonstrated that atmospheric oxygen insignificantly
affects their electrophysical properties. Figure 6a
shows the temperature dependence of the conduc�
tance of the PEDOT : PSS films measured in the tem�
perature range of 350–400 K. The linear character of
this dependence, in combination with the lack of sig�
nificant influence of adsorbed oxygen, allows us to
conclude that the electrical conduction of the PEDOT
films is provided only by intrinsic electron states with
the conduction activation energy Ea = 0.16 eV calcu�
lated using the above relationship, and the hopping
conduction activation energy can be represented as
Ea1 = 0.99e2n1/3/4πε0ε [30], where e is the electron

(a) (b)

(c) (d)

Fig. 3. (a, c) Electric current distributions and (b, d) topographies of (a, b) PEDOT : PSS and (c, d) PEDOT : PSS + AgNP films
(1 × 1 µm in size) at a positive potential of 0.3 V across the sample. 
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charge, n is the concentration of localization centers,
ε is the static relative permittivity of the material, and
ε0 is the dielectric constant. 

A different situation occurs with the PEDOT : PSS +
AuNP films. As can be seen from Fig. 6b, the temper�
ature dependence of the conductance measured in the
temperature range of 350–400 K is characterized by a
deviation from linearity in the “logarithm of conduc�
tance–inverse temperature” coordinates. Usually, the
deviation from linearity for disordered materials is
associated with the mechanism of variable�range hop�
ping conduction; in this case, the temperature depen�
dence of the conductivity is described by the Mott law
[31]: σ = σ0exp[–(T0/T)1/4]. However, upon lineariza�
tion of the experimental data obtained for the
PEDOT: PSS + AuNP nanocomposite films in the
lnG–(1/T)n coordinates with an increase in the expo�
nent n from 0.1 to 1.0, the linear correlation coeffi�
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cient decreases monotonically from 0.9992 to 0.9983;
i.e., there is no exact correspondence between the
experimental data and the Mott law. Thus, we cannot
reasonably argue that the temperature dependences of
the conductivity of the PEDOT : PSS + AuNP nano�
composite are described by the expression of the form
σ = σ0exp[–(T0/T)n]. 

At the same time, this nonlinearity can be due to
the fact that the contribution to the conduction comes
from both intrinsic electron states and states of
adsorbed oxygen. In this case, the observed activation
energy Ea = –∂(lnG)/∂(1/kT) is expressed as Ea =
(Ea1σ1 + Ea2σ2)/(σ1 + σ2) [24, 25], where Ea1 and Ea2

are the activation energies of the intrinsic conduction
and impurity conduction, respectively; and σ1 and σ2

are the conductivities caused by intrinsic and impurity
electron states, respectively. This hypothesis is consis�
tent with the correlation between the conduction acti�
vation energy and the pre�exponential factor (Fig. 7)
in the expression describing the temperature depen�

dence of the conductance measured for the PEDOT :
PSS + AuNP films, where the maximum value of the
conduction activation energy corresponds to the max�
imum temperature of the onset of cooling. This curve
shows that the decrease in the concentration of
adsorbed oxygen increases the concentration of local�
ization centers providing electron transport. There�
fore, the data presented in Figs. 5b and 6 indicate that
the conduction of the PEDOT : PSS + AuNP films is
provided by electron transfer over the common system
of intrinsic states and states of adsorbed oxygen, with
the dominant role played by impurity states. 

4. CONCLUSIONS 

It was found that the introduction of gold nanopar�
ticles into PEDOT : PSS in weak electric fields leads to
an increase in the bulk conductance by almost two
orders of magnitude, a 50% decrease in the conduc�
tion activation energy, and an increase in the sensitiv�
ity to adsorbed oxygen. It was shown that electrical
conduction of PEDOT : PSS + AuNP films is pro�
vided by hopping charge transfer both in the system of
intrinsic localized states and in the system of impurity
states of adsorbed oxygen rather than by variable�
range hopping conduction. Gold nanoparticles pro�
mote the electron transfer due to donor–acceptor
interactions in the nanocomposite. In stronger electric
fields, an irreversible decrease in the electric current is
observed after the first scanning. Possibly, this is asso�
ciated with the accumulated space charge. The con�
ductive atomic force microscopy measurements in
strong electric fields revealed a nonlinear variation in
the current and a different behavior of the current–
voltage curves in the forward and reverse scanning
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modes due to the electrically induced transitions with
charge transfer from the donor moieties of the poly�
mer to the metal acceptor. A more detailed explana�
tion requires further investigation. The nanocompos�
ite films obtained in this work remain transparent over
the entire visible spectral range from 400 to 700 nm
and retain their properties over a year under normal
conditions. 
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