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ABSTRACT 
 

 Multilayer photovoltaic devices were fabricated by the sequence adsorption of different polyelectrolytes. A 
ruthenium terpyridine complex containing poly(p-phenylenevinylene) was used as the polycation layer. This polymer 
has been shown to exhibit large photo-sensitivity due to the presence of the ruthenium complex, which has relatively 
long-lived excited state. This polymer absorbs strongly in the visible region at ca. 480-550 nm and it can act as the 
electron transporter. Sulfonated polyaniline was used as the hole-transporting polyanion layer. The 
ITO/(polyanion/polycation)n/Al devices were found to exhibit photovoltaic properties under the illumination of AM1 
solar radiation. The short-circuit current Isc, open-circuit voltage Voc, and the fill factor FF were measured to be 14 
µA/cm2, 0.84 V and 0.16 respectively. It was found that the power conversion efficiencies of the devices were 
dependent on the device thickness. This simple layer-by-layer self-assembly method allowed us to control the devices 
thickness accurately.  
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1. INTRODUCTION 
 

Conjugated polymer-based electronic devices are under intensive investigation as they show promising 
potential application including electroluminescence light emitting diodes (LEDs)1, transitors2 and photovoltaic devices3. 
Many different type of materials like fullerene or polymers with low bandgap have been used in solar cells in order to 
enhance the power conversion efficiency. Solution spin coating is one of the easiest methods for preparing polymer film. 
However, the film thickness and surface morphology are difficult to control. For an efficient photovoltaic device, a good 
mixing of donor and acceptor at the interfacial area is needed for efficient charge generation. Since the excition 
diffusion length in conjugated polymer is limited to few nanometers, this electron transfer process is greatly enhanced 
by a good donor-acceptor interface4, which, common spin coating method may not be possible to provide.  

A layer-by-layer electrostatic self-assembly (ESA) technique was first developed by Decher and coworkers5-9. 
Their work started from opposite charges of bipolar amphiphiles containing rigid biphenyl cores10 to polyelectrolytes. 
The crucial factor for the successful deposition is the surface charges reversal upon adsorption. Polyelectrolytes 
concentration, ionic strength, pH, dipping time or the nature of solvents can affect the film thickness significantly11. Still, 
this technique provides an easy way to prepare smooth, thin films with thickness precision in the range of a few 
Angstroms. There seems to have no limitation on the maximum build-up layers. The charged polymer layers are 
interpenetrated in the order of the layer thickness12 and the term ‘opposite charged layer pair’ can be referred as 
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‘bilayer’. By using the ESA technique, devices with bicontinuous interpenetrating active layers and large interfacial area 
can be constructed. These heterojunction devices allow efficient transport of the photogenerated electrons and holes to 
the opposite electrodes, leading to devices with improved energy conversion efficiency.  

 

2. RESULTS AND DISCUSSION 
 

2.1 Synthesis 

The ruthenium containing poly(p-phenylenevinylene) (Ru-PPV) polycation was synthesized by palladium catalysed 
Heck coupling reaction. The sulfonated polyaniline (SPAn) polyanion was prepared by the sulfonation of polyaniline 
(PAn)13. Both polymers contained charges on the main chain. The Ru-PPV and SPAn were soluble in N,N-
dimethylformamide (DMF) and water respectively. Figure 1 shows the synthesis of the polymers. 
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Figure 1. Synthesis of ruthenium functionalised PPV as polycation and sulfonated polyaniline as polyanion. 
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2.2 Fabrication Of Device – Electrostatic Self-Assembly 

In order to provide a charged surface on the substrate for polyelectrolytes to deposit, the indium tin oxide (ITO) 
glass substrate must be treated prior to use. The clean ITO glass substrates were immersed in 5 wt % (3-
aminopropyl)trimethoxysilane in toluene for 16 h to introduce positive charges onto the substrate surface. The substrates 
were dipped into the polyanion (SPAn with concentration of 0.07 mg/mL dissolved in water) for 15 min, rinse with 
water and immersed in polycation (Ru-PPV with concentration of 0.09 mg/mL dissolved in DMF) for another 15 min, 
rinsed with DMF to complete one fabrication cycle. In each cycle, a bilayers of SPAn:Ru-PPV was deposited on the 
substrate. The Ru-PPV in the device served as the electron-transporting species while SPAn was used as the hole-
transporting species. 

 

2.3 Optical Properties 

 According to Figure 2, the electronic absorption spectra of Ru-PPV mainly consist of two parts. The absorption 
peaks at ca. 380 and 506nm are due to the π-π* transition of the terpyridine ligand and the metal-to-ligand charge 
transfer (MLCT) transition of the complex, respectively. For SPAn, the λmax was at 325 nm. All the thin films showed 
absorption peaks at 325 and 506 nm, which were assigned as the SPAn and Ru-PPV absorption respectively. The 
absorption intensity increased according to the number of bilayers deposited on the substrates and this proved that the 
film thickness increased with the number of layers deposited. 
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Figure 2. Electronic absorption spectra of polycation, polyanion and films dipped with different number of cycles. 
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2.4 Photovoltaic Properties 

 In order to test the applicability of the multilayer device for light energy conversion, the devices with various 
numbers of bilayers were deposited with 40 nm Al as electrode and studied under atmosphere. Figure 3 shows the linear 
and semi-logarithmic plot of the I/V curves of a 30 cycles multilayer device in dark and under white-light illumination 
of a xenon lamp at ~63 mW/cm2. 
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Figure 3. a) Linear and b) semi-logarithmic plot of the current-voltage characteristic for the ITO/silane/polyanion:polycation/Al 
device in the dark (o) and under ~63 mW/cm2 white-light illumination (�). The insert shows the configuration of the 
cell. 
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 An open-circuit voltage (Voc) of 0.84 V and short-circuit current (Isc) of 8.8 uA/cm2 were obtained. The fill 
factor (FF) was determined to be 0.19 where it is defined as (Imax × Vmax)/(Isc × Voc), with Imax and Vmax corresponding to 
the point of maximum power output. The relatively low FF may due to the large serial resistance caused by the defects 
in the films14. All these parameters can inhibit the transfer of holes and electrons generated by photons, causing 
recombination of charge carriers and results in quenching the energy conversion. The dark current in Figure 3 did not 
pass through the origin of the graph. One possible reason is the trapping of charges near the polymer interfaces. For the 
power conversion efficiency (ηPCE = (Pout/Pin) × 100 = (FF × Voc × Isc/Pin) × 100), it was calculated to be 2×10-2 %. Table 
1 shows the photovoltaic properties of devices with different number of dipping cycles. 

 

 No. of 
bilayers  Isc (uA/cm2)  Voc (V)  FF  ηp(%) 

13   14.9  0.84  0.16  0.0019 

20   12.6  0.68  0.18  0.0017 

30   8.8  0.84  0.19  0.0022 

 

Table 1. Photovoltaic properties of films with various numbers of bilayers under ~63 mW/cm2 white-light illumination.  

  

According to Table 1, devices with more number of bilayers have relatively higher power conversion efficiency, 
probably due to their higher absorption coefficients. From these results, it can be confirmed that the charge dissociation 
happened at the p-n junction of the polyelectrolytes layer but not the electrode/polymer interface. If the charge 
dissociation happened at the interface, the thin thickness would not affect the efficiency.  

To further study the device performance, the Isc, Voc, and FF of the 30 bilayers device were compared as a 
function of white light intensity. From Figure 4, the short circuit current is linearly dependent on the light intensity 
(increased from 3.6 uA/cm2 at 24 mW/cm2 to 26 uA/cm2 at 400 mW/cm2). The open circuit voltage changed from 0.8 V 
to 0.92 V and FF decreased from 0.2 to 0.17. Hence the power conversion efficiency at lowest light intensity is about 
double than that at the highest light intensity. 
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Figure 4. Plot of short circuit current (Isc), open circuit voltage (Voc), and fill factor (FF) as the function of the intensity of the white 
light.  
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Figure 5. External quantum efficiencies for a) devices dipped with 13, 20 and 30 cycles in 0 V bias and b) device dipped with 30 
cycles under a bias of 0 V and –2 V and the corresponding UV-vis absorption. 

   

Figure 5 shows the plot of EQE as the function of the wavelength of incident light. The EQE were independent to 
the number to cycles dipped in the devices and it closely follows the absorption spectrum of the multilayers thin film. At 
the maximum of the MLCT absorption band (ca. 500nm) the EQE at 0 V and –2 V bias were about ca. 2 % and 5 % 
respectively. These devices exhibited low power conversion and external quantum efficiencies because the films were 
very thin compare to other organic solar cells. As a result, fewer excitions were generated because of the low 
absorbance. This can be improved by constructing thicker devices. Nevertheless, this self-assembly method provides a 
new approach in fabricating photovoltaic cells and there are rooms for further improvement.  

 

3. CONCLUSION 
 

A series of photovoltaic devices with different number of SPAn:Ru-PPV bilayers was prepared by the layer by layer 
polyelectrolytes adsorption technique. The devices were characterized and their photosensitising properties were studied. 
In a 30 cycles multilayer device worked under white-light illumination of a xenon lamp at ~63 mW/cm2, open-circult 
voltage (Voc) = 0.84 V and short-circult current (Isc) = 8.8 uA/cm2 were obtained. The fill factor (FF) was calculated to 
be 0.19. The EQE at 500 nm with 0 V and –2 V bias were about ca. 2 % and 5 % respectively. Photovoltaic devices can 
be fabricated by using different kinds of n- and p- type polyelectrolytes in order to enhance the exciton generation and 
the charge transporting processes.  It is also possible to fabricate photovoltaic cells with interesting device structures. 
For example, a mixed layer of photosensitizers that cover the whole visible/NIR region can be used.  
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