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The electrical properties of hybrid nanosystem based on poly(3,4-ethylenedioxythiophene) with ZnO 

and porous silicon nanoparticles were studied by the methods of current-voltage characteristics and 

thermally stimulated conductivity. The dependence of electrical parameters of hybrid films on their 

composition has been found. The analysis of the temperature dependences of the composites conductivity 

in the temperature range of 80–330 К indicates the activation character of charge transfer and presence 

the trapping of unequilibrium carriers at the porous silicon and ZnO nanoparticle – polymer interface. 
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1. INTRODUCTION 
 

The progress in nanoelectronics determines the de-

mand for novel low-dimensional materials, which have 

specific physical properties due to quantum confine-

ment effect. It is known that conducting polymers with 
conjugated backbone and controlled electron character-

istics represent promising components of organic-

inorganic composites [1,2]. The conducting polymers 

manifest electron delocalization arising from conjugat-

ed double bonds in a polymer backbone. They reveal 
electrical conductivity in the doped states (p- or n-

doping) though remain insulators when undoped. 

Among the variety of conductive polymers, poly(3,4-

ethylenedioxythiophene) (PEDOT) is of particular in-

terest due to relatively low resistivity and remarkable 
optical and electrochemical properties [3-5]. Recently, 

hybrid nanosystems on the base of conductive polymers 

reinforced with inorganic nanoparticles of different 

nature are in the focus of increased attention [6-8]. 

Incorporation of low-dimension components such as 
silica and ZnO nanoparticles give a possibility to use 

redox-activity of conjugated polymers, size effects and 

large area surface of nanostructures [9-12].  

Silicon nanoclusters can be prepared using a 

straightforward procedure of electrochemical etching of 

single-crystalline silicon, with further formation of a 
layer of ‘porous silicon’ (PS). Ever since the intense 

visible photoluminescence of the PS has been detected 

at the room temperature by Canham in 1990 [13], the 

PS is regarded as a promising active element for optoe-

lectronics [14,15]. Zinc oxide is also promising func-
tional wide-band semiconductor, which has attractive 

optical (high transparency, intense photoluminescence) 

and electrical (high electron mobility) properties. Mate-

rials based on it are widely used for making optoelec-

tronic converters, transparent electrodes, thin film 
transistors, gas sensors [16-18]. An interaction between 

nanoparticles in the hybrid composites can lead to sig-

nificant differences in their properties compared to 

those of the individual components – strengthening 

some of these properties or forming new ones [19-21].  

Therefore, the aim of the present work was to create 
the hybrid systems PEDOT–PS–ZnO and studying the 

electrical properties of hybrid films based on such com-

posites. 
 

2. EXPERIMENTAL PROCEDURE 
 

The hybrid composite was prepared on 3,4-ethylene-

dioxythiophene in the form of aqueous suspension 

1.5 % of main substance stabilized by polystyrene sul-
phonic acid (PSS) as surfactant and doping agent. The 

other components of hybrid composite were PS and 

ZnO nanoparticles. 

The PS was manufactured by means of photoelec-

trochemical etching performed in galvanostatic mode 
on single-crystalline silicon substrates, which had the 

typical thicknesses of 400 m and the crystallographic 

orientation (100). The silicon substrates had the n-type 
conductivity, with the specific resistance of 

4.5 Ohm cm. Ethanol solution of hydrofluoric acid (the 

volume ratio of the components HF: C2H5OH = 1:1) was 

used as an electrolyte. The anodic current (the density 

of 30 mA/cm2) passed during all the etching time 
(about 20 min). After cleaning of our samples with dis-

tilled water and drying in air, a resulting porous layer 

has been taken off from the surface of the plate. It had 

the shape of a finely-dispersed powder. The sizes of 

silicon particle ranged from a few tens of nanometers to 
several microns. 

The resulting powder of PS was mixed with ZnO 

nanoparticles at a volume ratio of 2:1, 1:1, 1:2 to create 

three series of experimental samples of nanocomposite 

with different content. The mixture was mixed with 
0.75 ml PEDOT suspension and exposed to ultrasonic 

treatment for 8 hours. After this suspension was ap-

plied to a glass substrate and dried at room tempera-

ture for 72 hours. Eventually, the monolithic film of 

hybrid PEDOT–PS–ZnO nanocomposite was obtained. 
The microstructure of the hybrid film PEDOT–PS–

ZnO was investigated by a scanning electron micro-

scope (SEM) Selmi REMMA-102. SEM image of the 

film surface in the mode of secondary and elastically 
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reflected electrons are shown in Fig. 1. Study of the 

surfaces exhibit a considerable variation in dispersivity 

of PS powder, mixed with nanoparticles of ZnO. The 

SEM images sections of greater brightness were identi-

fied as nano ZnO in the mode of elastically reflected 
electrons. A mixture of semiconductor nanoparticles 

integrated into the polymer film.  
 

 
 

 a 
 

 
 

 b 
 

Fig. 1 – SEM image of the surface of the hybrid composite 

PEDOT–PS–ZnO in mode of secondary (a) and elastically 

reflected (b) electrons 
 

In order to study electrical properties of hybrid 

composite films silver contacts were thermally deposit-

ed onto the films surface. The thickness of contacts was 

about 0.5 microns. The distance between contacts was 

4 mm. Inset in Fig. 2 shows the experimental samples. 
Current-voltage characteristics (CVC) were measured 

according to standard methods. Voltage range was from 

-5 Volts to 5 Volts with step 100 mV. Temperature de-

pendences of electric conductivity were measured in 

vacuum (10-3 mm Hg) starting from liquid nitrogen 

temperature. Polarization voltage was 1 V. Samples 
were heated linearly at the rate of 0.1 K/sec.  

 

3. RESULTS AND DISCUSSION 
 

Electrical properties of hybrid PEDOT–PS–ZnO 

films depend on the composition. CVC of experimental 
samples are shown in Fig. 2. The increase of zinc oxide 

content in the composite caused a conductivity reduc-
tion of hybrid film. This may be caused by a higher 

resistance of wide band ZnO nanoparticles compared 

with resistance of PS. At low voltages (below 5 V) cur-
rent scales is linearly with voltage.  

 

 
 

Fig. 2 – CVC of hybrid films PEDOT–PS–ZnO with different 

composition: 1 – PS:ZnO = 2:1; 2 – PS:ZnO = 1:1; 3 – PS:ZnO = 

1:2 
 

Temperature dependence of the conductivity of the 

hybrid PEDOT–PS–ZnO films in the temperature 
range of 80–330 К shows the non-monotonic increase of 

conductivity with temperature (Fig. 3).  
 

 
 

Fig. 3 – The temperature dependence of the electrical conduc-

tivity of the hybrid films PEDOT–PS–ZnO with different com-

position: 1 – PS:ZnO = 2:1; 2 – PS:ZnO = 1:1; 3 – PS:ZnO = 1:2. 

In the inset: the temperature dependence of the resistance of 

samples in the coordinates ln R – 1/T  
 

In the low temperature region (80–220 К) one ob-
serves exponential increase of the conductivity. This 

indicates the activation mechanism of charge transfer 
in structures [22]. Based on the temperature depend-

ence of the resistivity represented in coordinates ln R – 
1/T, we can estimate the activation energy of conductiv-

ity. An activation energy of conductivity for experi-
mental samples in the low temperature area calculated 
by angle of graphics ln R – (1/T) was about 43 meV.  

Maxima of conductivity of hybrid films PEDOT–PS–
ZnO were observed in the range of medium tempera-

ture (220–240 K) and at the approach to ambient tem-
perature (270–290 K). This may be connected with the 

existence of electrically active defects and trapping levels 
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of unequilibrium charge carriers at the nanoparticle–

polymer interface. As conductivity in maximum of the 
temperature range 220–240 K was higher for films with 

higher content of PS, it is likely that low energy level 
capture of carriers associated with silicon nanocrystals. 

Trapping levels have influence on charge transport 
in the system of -electron connections which determines 
the electrical properties of conductive polymers [4]. In 

this case the injected as well as thermally stimulated 
carriers contribute to electrical conductivity processes in 

PEDOT–PS–ZnO hybrid composites. 
 

4. CONCLUSION 
 

In this work were created the hybrid nanosystems 

PEDOT–PS–ZnO and studied their microstructure. 

Based on the analysis of SEM images of the surface of 

the hybrid composite was revealed a significant varia-

tion in dispersivity of PS and ZnO powder, integrated 

into the polymer film.  
It was experimentally proved that the increase of 

content of ZnO nanoparticle in the composite leads to 
the decrease in the conductivity of hybrid films. The 

analysis of the temperature dependences of the compo-
sites conductivity in the temperature range of 80–

330 К indicates the activation character of charge 
transfer and presence the trapping of unequilibrium 

carriers at the porous silicon and ZnO nanoparticle – 
polymer interface. An activation energy of conductivity 
for experimental samples in the temperature of 80 – 

220 K was about 43 meV.  
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