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Photovoltaic effect in novel polysilane 
with phenothiazine rings and its blends with fullerene 
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Investigations of the photogeneration process and photovoltaic effect in recently synthesized polysi-
lane and its mixtures with fullerene (C60) are reported. Dependencies of the photogeneration quantum 
yield on the wavelength of the exciting radiation and on electric field were determined by the surface 
potential decay technique. It was found that addition of C60 improves the photogeneration efficiency. The 
Onsager model was used to analyse the obtained results. To check potential application properties of the 
investigated material, the photovoltaic effect was investigated in devices with an active layer made of 
mixtures of polysilane and C60. It was found that the power conversion efficiency of the device is depend-
ent on the C60 concentration, the photovoltaic effect was observed, however, even if the amount of C60 
was low (5 wt. %). 
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1. Introduction 

Silicon-backbone oligomers and polymers – polysilanes – are functional polymer 
materials exhibiting interesting photophysical properties. Polysilanes are also attrac-
tive photoconductive materials due to a relatively high mobility of charge carriers. 
A substitution of side groups by chromophores and doping are required, however, in 
order to enhance their sensitivity in the visible range [1–6]. For this reason, a novel 
polysilane copolymer was synthesised, with N-phenothiazine moiety attached to the 
main chain with an n-propyl spacer (hereafter referred to as PSi–Phth, see Fig. 1) was 
synthesised. The main purpose for introducing the phenothiazine side groups was to 
facilitate the ability of C60 fullerene to be attached to the polysilane chain, and there-
fore to create a donor–acceptor system. Because of a non-planar structure of phe-
nothiazine, the fullerene molecule is better connected. The mixture PSi–Phth/C60 was 
used as active layer in photovoltaic cells. It is well known that addition of fullerene 
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(which is a strong electron acceptor) to semiconducting polymers increases the photo-
conductivity [7–9]. 

Fundamental processes in photoconduction and photovoltaic effect are: photogen-
eration of charge carrier pairs, their separation and then transport of electrons and 
holes. Preparation of a suitable donor and acceptor mixture can organize the mole-
cules into phase-separated, interpenetrating and continuous donor and acceptor net-
work. The large effective interface can be reached by photo-excitons and increases 
probability of the charge carriers photogeneration. One can use such a mixture for 
fabricating efficient photovoltaic devices [10–15]. 

 

Fig. 1. Molecular structure of PSi–Phth copolymer 

Dependencies of the photogeneration quantum yield on photon flux, on light wave-
length and on electric field in the copolymer/fullerene mixtures were determined using the 
surface potential discharge (SPD) technique [15–17]. The influence of fullerene addition 
on the performance of the photovoltaic devices was also investigated. 

2. Experimental 

Materials. Newly synthesized N-phenothiazine-substituted polysilane: poly[[3-(N 
-phenothiazinyl)propyl]methylsilane-co-methylphenylsilane] containing phenothiaz-
ine moieties connected to the main polysilane chain via a short n-propyl spacer 
(Fig. 1) was investigated. The copolymer was synthesized by the Wurtz coupling reac-
tion of corresponding monomers, ie. [3-(N-phenothiazinyl)propyl]methyldichlorosi- 
lane and dichloromethylphenylsilane. All reagents and starting materials were pur-
chased from Sigma -Aldrich and were used without further purification. C60 was used 
as electron acceptor and electron transport material in the blend devices. UV-Vis ab-
sorption spectra of the investigated materials and of their blend are shown in Figure 2. 
The spectra of the individual components are additive, i.e., the spectrum of a mixture 
is a weighted sum of the spectra of pure components. This feature means that no dis-
tinct charge transfer (CT) band was detected. 

Preparation of samples for surface potential decay technique and evaluation of the 
photogeneration quantum yield. Samples for the SPD measurements were prepared on 
stainless steel substrates by drop casting from toluene solution (20 mg/ml) of pure 
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PSi–Phth and its mixture with 5 wt. % of C60. A slow, limited evaporation rate yields 
homogeneous films of 2 μm in thickness. The thicknesses of the investigated samples 
were determined with an AFM microscope (NT-MDT Solver Pro). 

The SPD technique is described in details elsewhere [15–17]. Briefly, it consists in 
charging the sample surface in the dark to an initial potential VS by the corona dis-
charge (the ions form a blocking electrode on the sample surface) and monitoring the 
surface potential decay, first in the dark, and then under illumination with a selected 
wavelength. Because the concentration of trapped charge carriers and recombination 
centres increases during the steady-state illumination, and it is difficult to take these 
processes into consideration, only the initial photo-induced discharge is analysed, i.e. 
the surface potential derivative at the moment t0 (start of the illumination) is deter-
mined and used for further analysis [16]. 

For the emission-limited discharge, the photogeneration quantum yield φ is given 
by the equation [17]: 
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where: ε is the relative electric permittivity of the material; ε0 – permittivity of free 
space, S – the surface area, e – the unit charge, nph – the number of the absorbed pho-
tons per unit time, d – the thickness of the sample, (dV/dt) is the rate of decay of the 
surface potential; t0 indicates the initial moment of the irradiation of the sample. 

The SPD measurements were performed with the continuous monochromatic inci-
dent radiation. A PTI power arc mercury-xenon lamp with various band-pass and grey 
filters was used as a light source. To check if the emission-limited condition is ful-
filled, the discharge measurements were performed with different photon flux densities 
nph in the range 1016–1019 photons/(m2·s). The quantum yield was calculated from the 
measured photodecays taking into account corrections for the light source perform-
ance, spectral characteristic of the optical path and absorption by the active area of the 
sample. All the measurements were carried out at room temperature under ambient con-
ditions. 

Preparation of the photovoltaic devices and the photovoltaic effect measurements. 
The photovoltaic effect was measured on samples prepared in ambient conditions by 
spin casting toluene solutions of the investigated material (20 mg/ml) onto indium 
–tin–oxide (ITO) coated glass substrates at room temperature. The ITO electrode had 
been earlier covered with a 20 nm film of poly(ethylenedioxythiophene) doped with 
polystyrene sulfonic acid (PEDOT-PSS). Different concentrations (0–80 wt. %) of 
fullerene in the mixture with PSi–Phth were used. On top of the film, a 150 nm thick 
aluminium electrode was evaporated. 

The devices were illuminated through the ITO electrode with light whose intensity 
amounted 1 mW/cm2 using a xenon lamp with monochromatic filters (at λ = 340, 405, 
500 nm). Current–voltage characteristics were measured in air using a computer con-
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trolled source-measure unit (Keithley 2410). The power conversion efficiency η was 
calculated as the ratio of the maximal electrical power generated in the cell (Pmax) to 
the power of incident light (Pin): 

 max OC SC

in

P U J
FF

P LA
η = =  (2) 

where A is equal to the illuminated surface area (ca. 0.06 cm2), L is the intensity of the 
incident light (not corrected for absorption-reflection processes at the ITO-covered 
surface), and FF is the fill factor (FF = (UI)max / (UOCISC)), UOC being the open circuit 
voltage, and ISC – the short circuit current. 

3. Results and discussion 

3.1. Photogeneration in PSi–Phth and its mixture with C60 

Figure 2 shows spectral dependencies of the photogeneration quantum yield φ for 
the PSi–Phth and PSi–Phth/C60 samples, and their UV-Vis absorption spectra for the 
whole investigated wavelength range, from 270 nm to 680 nm. One can observe a 
coincidence of the maximum of φ with the optical absorption maximum at ca 340 nm. 
The photogeneration efficiency decreases at the long wavelength absorption tail. This 
symbatic dependence indicates that there is no photoinjection of charge carriers from 
the substrate electrode by the weakly absorbed light. 

 

Fig. 2. UV-Vis absorption spectra (left axis) for PSi–Phth (n = 1, m = 6.5) copolymer, 
fullerene and their mixture (5 wt. % of C60) in solutions in toluene and spectral dependencies  

of the photogeneration quantum yield φ (right axis) measured for PSi–Phth and for PSi–Phth/C60  
blend layers obtained by drop casting; E = 1.2×108 V/m, nph = 1019 photons/m2s,  

d = 2 μm, S = 3.14×10–4 m2, ε = 3 was taken for the calculations 
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Photogeneration in the PSi–Phth layer is enhanced in the spectral range between 320 
nm and 430 nm by doping with C60, as is shown in Figure 2. As no CT band was detected 
in the absorption spectrum of the blend, the improvement of photogeneration should there-
fore be due to a superposition of photogeneration processes of individual components. The 
increase of the photogeneration efficiency in the steady state photoconductivity measure-
ments in fullerene samples was described in terms of the intermolecular charge transfer 
states within the fullerene aggregates [18–21]. Figure 3 presents the electric-field depend-
encies of φ  in PSi–Phth (a) and in its mixture with 5 wt. % of C60 (b). 

 

Fig. 3. The electric-field dependence of the photogeneration quantum yield φ for various 
wavelengths in: a) the pure PSi–Phth layer, b) for PSi–Phth + 5 wt. % C60 layer.  

The photon flux nph = 1019 photons/m2s, the samples thickness d = 2 μm. The dashed lines  
were obtained by fitting the experimental data with the Onsager model assuming  

a delta distribution of the thermalization length r0 and ε = 3 

The field dependencies of the photogeneration quantum yield in both samples can 
be well described by the model based on the Onsager theory of geminate recombina-
tion [22, 23]. One can get the primary photogeneration quantum yield φ0 and the ther-
malization length r0 by fitting the experimental data. The values of φ0 and r0 were 
obtained assuming a delta distribution of r0. One should nevertheless note that a lim-
ited range of electric fields available in the SPD experiment does not allow us to ex-
clude other distributions. It was shown that when a CT complex is involved in the 
photogeneration, the data cannot be fitted by the Onsager model and the kinetic model 
proposed by Braun is more suitable [24, 25]. A good matching with the Onsager 
model points to the absence of a CT complex in the PSi–Phth/C60 mixtures. The fit-
ting parameters are collected in Table 1. One can see that for all the investigated 
wavelengths of exciting light r0 is almost constant, while φ0 considerably decreases at 
longer wavelengths. It is interesting to note that the thermalization length r0 in PSi 
–Phth/C60 is comparable with the diameter of C60 molecule (0.7 nm). 

On comparing φ values obtained for the PSi–Phth and PSi–Phth/C60 samples at the 
same electric field one finds that the photogeneration quantum yield is higher for the 
system with C60 and this effect is stronger at low electric fields (Fig. 3). 



A. RYBAK et al. 532 

Table 1. Primary photogeneration quantum yield φ0 and thermalization length r0 in PSi–Phth  
copolymer (pure and with 5 wt. % of C60, for various excitation wavelengths) calculated  

using the Onsager theory of geminate recombination with assumed delta distribution of r0 

Copolymer λ [nm] 340 405 500 

φ0 3.5×10–3 2.5×10–4 4.7×10–5 
PSi–Phth 

r0 [nm] 2.3 2.9 2.8 
φ0 1.6×10–2 4.7×10–3 5.5×10–3 

PSi–Phth + 5 wt. % C60 r0 [nm] 0.6 0.5 0.4 

3.2. Photovoltaic effect in PSi–Phth/C60 

Figure 4 shows I–U characteristics obtained for different wavelengths of exciting 
light in a device with PSi–Phth containing 50 wt. % of C60. The determined values of 
short circuit current density (JSC), open circuit voltage (UOC), fill factor (FF), and 
power conversion efficiency (η) are listed in Table 2. The best photovoltaic parame-
ters are achieved for the illumination with λ = 405 nm. This result is inconsistent with 
the spectral dependence of the photogeneration quantum yield φ, indicating that it is 
not only photogeneration that contributes to the generation of charges but also 
photoinjection from the illuminated organic material-metal electrode junction plays 
a significant role. 

 

Fig. 4. I–U characteristics of the photovoltaic devices made of PSi–Phth + 50 wt. % C60  
for various wavelengths. Active area was ca. 0.06 cm2

,, thickness d = 140 nm,  
and the light intensity L ≈ 1.0 mW/cm2 

Figure 5 shows I–U characteristics obtained for various mass fractions of fullerene 
in PSi–Phth/C60 devices illuminated with λ = 405 nm. It is clearly seen that there is no 
photovoltaic effect in pure PSi–Phth, while the performance of the device improves 
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Table 2. The short circuit current JSC, open circuit voltage UOC, fill factor FF, the energy conversion 
efficiency η  for various wavelengths λ in PSi–Phth + 50 wt. % C60 photovoltaic devices 

λ 
[nm] 

JSC 

[µA/cm2] 
VOC 
[V] 

FF 
[%] 

η 
[%] 

340 0.66 0.48 24.0 0.0064 
405 0.84 0.45 23.7 0.0128 
500 0.63 0.44 23.6 0.0066 

 

Fig. 5. I–U characteristics of the photovoltaic devices with various contents of fullerene.  
Active area ca. 0.06 cm2, thickness d = 140 nm, excitation at λ = 405 nm,  

light intensity L = 0.7 mW/cm2 

with increased fullerene fraction. Because photogeneration occurs both in pure PSi 
–Phth and in PSi–Phth/C60 (Figs. 2 and 3), this effect demonstrates that fullerene im-
proves the transport of photogenerated electrons to the anode (holes are transported 
by polysilane chain to the cathode). However, as is shown in Fig. 5, the amount of the 
fullerene should not be too high: the performance of the PSi–Phth/C60 device with 
80 wt. % of C60 is worse than that is the system with 50 wt. % of C60, probably due to 
a worse connectivity of the polymer network. 

4. Conclusions 

The photogeneration quantum yield in polysilane copolymer with phenothiazine 
side groups increases upon addition of fullerene acceptor, although no CT complex is 
formed and the photogeneration mechanism can be described by the Onsager model. 
The decrease of r0 with increasing amount of fullerene indicates that in PSi–Phth/C60 
mixtures the photogeneration proceeds rather within the fullerene aggregates than in 
polysilane copolymer. 
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The photovoltaic effect appears after introducing even small amounts of C60 to the 
polysilane copolymer with phenothiazine moieties. One can conclude that the pres-
ence of C60 facilitates the separation of the photogenerated electron/hole pairs and 
also creates transport channels for electrons. 
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