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The electrical properties of composite films based on polymer PEDOT:PSS with а addition of Ag 

nanoparticles or Ag–TiO2 nanostructures have been studied. A current–voltage characteristic is 

observed for polymer solar cells. A short circuit current increased after adding of Ag nanoparticles or 

Ag–TiO2 nanostructures to the PEDOT:PSS polymer. Also, an increase in the recombination rate in 

cells with silver nanoparticles is observed. An electrical impedance is measured for polymer solar cells. 

A significant increase in the dielectric constant of a PEDOT:PSS film containing silver nanoparticles 

was detected.  
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Introduction  

Polymer solar cells (PSC) are currently considered as one of the promising areas capable of 

replacing traditional silicon batteries in a number of practical applications [1]. Industrial production 

of PSCs is quite low in cost due to the possibility of producing large areas by roll printing methods. 

Also, the technologies used in the production of polymer cells are less environmentally harmful 

than the technology of production of silicon cells.  

Despite the low cost of manufacturing PSCs they have a number of disadvantages. A low 

efficiency of PSC is the main drawback. Currently, a number of approaches are used to increase 

PSCs efficiency. An use of nanoparticles (NPs) of metals in PSCs is one of such approaches [2]. In 

general, silver or gold NPs with the maximum plasmon effect in the visible region of the spectrum 

among difference materials can be use [3, 4]. However, there are works suggesting the use of other 

NPs metals, such as aluminum NPs [5]. 

A bulk heterojunction is the main element of PSC. The heterojunction consists of materials 

having donor-acceptor properties in relation to charge transfer. The classical substances used to 

form heterojunction are polymer poly(3–hexylthiophene–2,5–diyl) (P3HT) and methanofullerene 

molecules [6,6]phenyl–C61–butane acid methyl ether (PCBM). On the basis of these substances 

PSCs efficiency reaches ~ 5 % [6]. Other auxiliary elements are the anode, cathode and polymers 

mixture layer PEDOT:PSS (poly (3,4 – ethylenedioxythiophene): polystyrene sulfonate). The 

PEDOT:PSS layer lies between the anode and the bulk heterojunction. PEDOT:PSS performs the 

function of a layer with a p–type conductivity of HOMO (high occupied molecular orbital) whose 

energy levels are located above the HOMO–levels of the P3HT polymer. This allows charge 

carriers with P3HT to freely enter the anode of the solar cell. Also, the polymer layer PEDOT:PSS 

is necessary to obtain a more uniform film of P3HT–PCBM heterojunction on its surface. 

The efficiency of PSC depends on conductive properties of the polymer film PEDOT::PSS. 

Therefore, PEDOT:PSS films with increased conductivity are required to obtain PSC with high 

efficiency. Increasing the conductivity of PEDOT:PSS films can be achieved by adding Ag or Ag–

TiO2 plasmon nanoparticles to the film [7]. This article presents the results of the study of electrical 

and photovoltaic properties of PSCs with composite films based on PEDOT: PSS with additives of 

Ag or Ag–TiO2 nanoparticles. It is shown that the addition of silver nanoparticles to the 

PEDOT:PSS film leads to a significant change in the dielectric permeability of the medium (ε).  
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1. Experimental part 

As shown in [8, 9], the specific conductivity of PEDOT:PSS films is affected by the rate of 

application and the annealing temperature of the films, as well as the addition of extra solvents to 

the PEDOT:PSS solution. The results of studies of the effect of adding dimethylformamide and 

dimethylsulfoxide (DMSO) and the conditions of production on the value of the resistivity of the 

composite films PEDOT:PSS are given in [10]. A minimum resistance of the films is observed for 

solution PEDOT:PSS with the addition of 2% DMSO. These results are consistent with the results 

obtained in other papers [8, 9]. Study of effects of the speed of centrifuge rotation at making of 

films and the temperature of annealing of films showed that 5000 rpm. is the optimal speed, and 

150 ° C is the optimum annealing temperature.  

As shown in [7, 11], the addition of silver and gold NPs reduces the resistance of PEDOT:PSS 

films. In work [10], the results of studies of the complex effect of silver plasmon NPs and additive 

of DMSO solvent on the conductive properties of PEDOT:PSS films are presented. Aqueous 

solutions of silver NPs and nanostructures (NSs) of Ag–TiO2 with concentration 5·10
-9

 mol/L was 

used. The method of synthesis of silver NPs and Ag–TiO2 NSs described in detail in [12]. An 

addition of organic solvents and metal NPs, NSs leads to a decrease in the electrical resistance in 

PEDOT:PSS films. This, in turn, should lead to an increase in the efficiency of PSC with highly 

conductive composite polymer film based on PEDOT::PSS.  

Optimal conditions for the manufacture of composite films with PEDOT:PSS from [10] were 

used in this work. These optimal fabrication conditions include the concentrations of NPs or NSs, 

the optimal deposition rate and the annealing temperature of the PEDOT:PSS composite films, used 

in [10]. The DMSO solution with the concentration of 8% relative to the PEDOT:PSS solution was 

added to the original solution to improve the electrically conductive properties of the PEDOT:PSS 

films. The obtained PEDOT:PSS films with the addition of NPs and NSs were used for the 

manufacture of photovoltaic cells. The size of NPs in colloidal solutions was determined by the 

method of dynamic light scattering on the analyzer Zetasizer Nano ZS (Malvern). The size of the 

used NPs or NSs and their absorption spectra are given in [13]. The technique of manufacturing 

cells is described in detail in [14]. The thickness of polymer films was determined by scanning 

electron microscope Tescan Mira 3. Glove box SPECS GB 03-2M (Spectroscopic systems) was 

used for fabrication of P3HT–PCBM layers. Aluminum electrodes was made by thermal 

evaporation in a vacuum with a pressure not exceeding 10
-5

 Torr. The thickness of the aluminum 

electrodes was measured using SI–TM106 Subminiature Film Thickness Tester. The thickness of 

obtained electrodes wasn’t less than 100 nm. 

Solar simulator with xenon lamp with 100 mW/cm
2
 (Photo Emission Tech Inc.) was used for 

measured of current-voltage characteristics and an efficiency of PSCs. The impedance of the solar 

cells was measured using the Z500PRO impedance meter in potentiostatic mode with a given 

constant potential. The method of measurements corresponds to the method used in [14, 15]. The 

EIS–analyzer program was used to determine the main parameters of the solar cell chain. 

2. Results and their discussion 

Microscopic data were used to estimate the thickness of different layers. The thickness of the 

produced films was determined at cross-section cells. An example of a cross-section cells with the 

structure ITO/PEDOT:PSS/P3HT:PCBM with silver NPs in the layer PEDOT:PSS is shown in 

Figure 1. These results are shown in Table 1. Layer thickness was estimated from 3 to 5 

measurements. At Figure 1, on the cross-section cells in the PEDOT:PSS layer, NPs with sizes 

corresponding to the size of the PEDOT:PSS layer are observed. However, an amount of large 

particles in the film is small compared to the average particle size used in the work [13]. 
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For comparison, in Table 1 are shown the results of surface resistance of films obtained by the 

four-probe method in [10]. it can be seen that the addition of NPs Ag or NSs Ag–TiO2 in the film 

leads to a decrease resistance by 3 times. 

 

          
 

a)   b) 

Fig.1. The thickness of the functional layers of the solar cell, when registering the signal from the detector of 

secondary electrons (a) and reflected electrons (b) 

 
Table 1. A basic geometrical and electrical characteristics of PEDOT:PSS composite layers with 

additives of Ag NPs or Ag–TiO2 NSs 

 

Defined model parameter Properties of PEDOT::PSS 

Without NPs 

 

Ag NPs Ag–TiO
2
 NSs  

The thickness of the layer of 

PEDOT:PSS in the cell (d) 
200 nm 200 nm 150 nm 

The thickness of the active layer 

of P3HT-PCBM 
180 nm 170 nm 140 nm  

Resistivity (ρ) of PEDOT:PSS 

films (resistance per square) 
21,3*10

3
 Ohm/sq. 6,7*10

3
 Ohm/sq. 6,5*10

3
 Ohm/ sq. 

ε1 2,2 10 3,7 

 

The obtained composite semiconductor films PEDOT:PSS with the addition of NPs or NSs 

were used for the manufacture of photovoltaic cells. Photovoltaic properties of PSCs were 

investigated (Figure 2, Table 2). Adding NPs and NSs to PEDOT:PSS leads to an increase in 

photocurrent. These results are consistent with the results of measuring the electrical characteristics 

of PEDOT:PSS composite films (Table 1). The highest efficiency is observed for cells with silver 

NPs. A high value of short-circuit current (Jsc) is observed for these cells. The high Jsc value 

indicates good conductive properties of all functional layers in the cell, especially the PEDOT:PSS 

composite layer. In this case, the value of an open circuit voltage (Uoc) is low. The shape of a volt-

ampere curves, a low value of fill factor (FF) and value of efficiency indicates the high value of the 

rate of recombination in PSCs (Figure 2). The increase in the rate of recombination of charge 

carriers in the cell may be due to two main reasons. The first reason is due to the large thickness of 

the PEDOT:PSS layer. In our work the thickness of this layer was ~ 150-200 nm. While, for high-

efficiency solar cells, this value is in the range of 50 to 100 nm [2, 3]. The second reason that leads 

to an increase in the recombination rate may be the presence of large particles in the PEDOT:PSS 

layer, which lead to a short circuit between the polymer layers or electrodes. 
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Thus, the addition of NPs to the polymer PEDOT: PSS leads to an improvement in the 

conductive properties of solar cells. At the same time, there is an increase in the rate of 

recombination in the cells. Therefore, it is necessary to continue research aimed at reducing the rate 

of recombination in PSCs. 
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Fig.2. Volt-ampere characteristics of PSC by additives of NPS and NSs Ag or Ag/TiO2 

 

 
Table 2. Photovoltaic and electrical properties of cells based on a mixture of polymers P3HT: PCBM 

 

Layer properties of 

PEDOT:PSS 

Jsc, mA/ 

cm
2
 

Umax, 

(V) 

Uoc, 

(V) 
η, % 

RSER, 

kOhm/ cm
2
 

RSH,  

Ohm/ cm
2
 

Without NPS 0.09 0.29 0.073 0.005 151 687 

Ag NPs 2.14 0.28 0.121 0.05 0.0 4·10
-5

 

Ag–TiO2 NSs 1.23 0.35 0.164 0.02 3.4 579 

 

Additional information about processes of transport and recombination of charge carriers in 

PSCs can be obtained from electrical impedance measurements of cell. The real (Z’) and imaginary 

(Z') parts of the electrical resistance of solar cells were measured. The method of measurements 

corresponds to the method used in [14, 16]. 

The EIS–analyzer program interface is shown in Figure 3. For extract the basic electrical 

characteristics of solar cell was used electrical model of PSC, which is given in the upper right part 

of Figure 3, a. It is R1– resistance layer ITO layer; R2 – resistance of a layer of PEDOT:PSS; R3 – 

resistance of the P3HT-PCBM active layer; R4 – resistance of the interface of P3HT-PCBM and 

aluminum electrode; C1 – capacitance of a layer of PEDOT::PSS; C2 – capacity of the active layer 

of P3HT-PCBM; C3 – capacitance of the interface of P3HT-PCBM and aluminum electrode, in this 

model, in accordance with article [16]. The results of determining the circuit parameters are given 

in Table 3. Comparison of R2 values for all cells shows that the cells with PEDOT:PSS with silver 

NPs has the least resistance. The remaining cells have a higher resistance value of the PEDOT:PSS 

layer.  

The capacitance of the C2 layer can be used to estimate the dielectric constant (ε) without 

addition and with addition of NPs and NSs. For this purpose, the formula (1) given in [16]: 

 

d

A
С 01

                                                                   (1) 

 

For calculations it is necessary to know the thickness of PEDOT:PSS films. These values were 

obtained from the scanning electron microscope measurements of PSCs (Table 1).  
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The results of determining the dielectric permittivity of PEDOT:PSS films are given in Table 

1. As can be seen from the Table 1, the addition of NPs and NSs leads to an increase in the 

dielectric constant of the film (ε1). Comparison of the value of ε1 for the film PEDOT:PSS with the 

results given in other works shows their compliance [17]. For example, in [18] for composites based 

on a dielectric polymer polyvinyl alcohol, a decrease in the dielectric permittivity of the film ε1 was 

observed. A change in the dielectric characteristics of cells based on PEDOT:PSS and P3HT-PCBM 

when silver NPs were added to various PSC layers was detected in [19]. An increase in ε1 is 

observed in this case. However, the increase of ε1 for PEDOT:PSS films with NPs requires 

additional studies. 
 

       
 

a)      b) 

Fig.3. EIS–analyzer program interface with electric models of PSC (upper right corner of the program) 

within the models given in [16] (a) and [20] (b) 

 

 

Table 3. Electrical characteristics of PSCs with PEDOT:PSS films with additives of NPs or NSs  

 

Defined model 

parameter 

Properties of PEDOT::PSS 

Without NPS Ag NPs  Ag–TiO2 NSs  

R1, (Ohm) 69.0  80  86  

R2, (Ohm) 664.0  231  8742  

C2, (nF) 18.8  82  23  

R3, (Ohm) 197.0 1.9·10
-4

  187  

C1, (nF) 15.5  1.8·10
-3

  6.97  

R4, (Ohm) 1.7·10
4
  1.8·10

4
  181  

C3, (nF) 19.7  35  94  

 

For comparison also the analysis of the impedance of the cells in the model of Biscuit [20]. 

The electrical diagram of the model is shown in Figure 3, b. The simulation results are given in 

Table 4. In this model, R1 is the resistance of the electrical contacts and the bulk material; R2 – the 

resistance to charge transfer in the active region and on the boundary of electrode–active area; R3 – 

resistance associated with recomenaria electron-hole pairs in the active region; CPE1 is the total 

capacity of the cell; CPE2 – diffusion capacity. 

A comparison of the circuit parameters obtained from results of modeling of electrical circles 

with used the two models (Tables 3, 4) shows similar values of the circuit characteristics. Effective 

carrier transfer time (τd) and electron mobility (μ) were estimated using the Bisquerts model in 

accordance with the formulas: 
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23 CRd 
,  dBTk

eL




2



                                                               (2) 

 

where e – electron charge, L – thickness of the active layer, kB – Boltzmann constant, T – 

temperature. 

 
Table 4. Electrical characteristics of PSCs with PEDOT:PSS films with additives of NPs and NSs 

(modeling by the Bisquerts model)  

 

Defined model parameter Properties of PEDOT:PSS 

Without NPS  Ag NPs  Ag–TiO2 NSs  

R1, (Ohm) 160  85  71  

R2, (Ohm) 3768  224  1596  

C1, (nF) 85.0  17.2  39  

n1 1  0.94  0.95  

R3, (Ohm) 5340  9342  16902  

C2, (nF) 14.0  26.0 8.7  

n2 1  0.96  1  

τd (μs) 75.0 243 147 

μ (cm
2
*V

-1
*s

-1
) 1.6*10

-4
 0.5*10

-4
 0.5*10

-4
 

 

The obtained results indicate an increase the time of charge transfer in films with additives of 

NPs or NSs and a decrease in the mobility of charge carriers in the active layer of these cells. The 

decrease in the mobility of charge carriers in films with NPs or NSs in the PEDOT:PSS layer 

contradicts the results obtained by measuring the current-voltage characteristics of the cells (Table 

2). In cells with NPs or NSs, a higher current density Jsc is observed. It may be necessary to take 

into account possible changes in the dielectric properties of polymers when metal NPs are added to 

them when used modeling by the Bisquerts model. 

Conclusion 

According to the results of the research we can get a number of conclusions: 

- the addition of organic solvents and metal NPs leads to a decrease in the electrical resistance 

of PEDOT:PSS films, which in turn leads to an increase in the efficiency of PSCs; 

- the electrical properties of PSCs with composite films based on PEDOT:PSS were 

investigated. The high conductivity of PEDOT:PSS composite films leads to an improvement in the 

conductivity of solar cells, which is manifested in an increase in short circuit current. Along with an 

increase in the short-circuit current, the open-circles voltage decreases, which is associated with an 

increase in the rate of recombination of charge carriers observed in cells with PEDOT:PSS 

composite films. A high resistance value is observed for some cells at the interface of the P3HT-

PCBM active layer and an aluminum electrode. This result indicates the need to improve the 

technology of deposition of the aluminum electrode on the P3HT-PCBM layer; 

- using the method of impedance spectroscopy, solar cells containing PEDOT:PSS composite 

films with additions of Ag NPs or Ag–TiO2 NSs were investigated. A significant increase in the 

dielectric constant of a PEDOT: PSS film containing Ag NPs has been found. To explain the result 

obtained, continuation of the research is necessary. A change in the dielectric characteristics of the 

medium will affect such important properties as the intensity of light absorption by the material, the 

excitonic transport in the material, and the transport of charge carriers. This, in turn, can 

significantly change the efficiency of transformation of light energy into electrical energy in PSCs. 
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