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Abstract. Dye-sensitized solar cells (DSSC) of third generation 

photovoltaic technology, are nowadays one of the most investigated due to 

possibility to apply ecological and natural materials (dyes) such as alizarin. 

This paper reports the influence of electrode immersion time on alizarin-

based dye-sensitized solar cells performance. The absorption spectra of 

alizarin dye were measured in the range of 300-800 nm. Fully structured 

dye-sensitized cells of working area equal to 0.8 cm2 have been fabricated 

in the sandwich way using four different immersion times of the TiO2 

electrodes: 10’, 40’, 1 h, 24 h. The high-performance EL- HPE electrolyte 

was instilled into the space between electrodes. Current-voltage (I-V) dark 

and illuminated characteristics have been measured using solar light 

simulator. Solar cells characterization was carried out under standard test 

conditions. The solar irradiance was set at 100 mW/cm2 and temperature of 

the module was maintained at 25°C. Characteristic parameters of the 

fabricated cells were determined on the basis of measured I-V curves. Series 

resistances were extracted from I-V characteristics at an open circuit voltage 

using first order derivatives. It was found that 60 minutes of electrode 

immersion in dye solution is sufficient to obtain appropriate stage of the dye 

adsorption.  

1 Introduction  

In recent years, the intensive development of renewable energy sources have been noticed all 

over the world. It is motivated by depletion of fossil fuel resources, increasing of their prices 

and still growing global energy demands. It is estimated that taking into account the current 

demand for electricity, the reserves of fossil fuels will last only 40, 60 and 200 years for oil, 

natural gas, and coal respectively [1]. The climatic consequences of fossil fuels combustion 

are not without significance because of greenhouse gases emission to the atmosphere. 

Preservation of the environment during the process of energy production is crucial. 

According to Directive 2009/28/EC of the European Parliament and of the Council of  

23 April 2009, the target for European countries to be achieved by the end of 2030 is 32% of 

EU’s final energy consumption [2]. The above mentioned factors are the most significant 

reasons to explore alternative energy sources, especially renewable ones. Many research 
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groups focus on solar energy because it is considered as environmentally friendly source with 

huge potential, which is able to meet the current and subsequent generations energy 

requirements. Direct conversion of the energy from the Sun into electricity can be achieved 

by photovoltaic (PV) devices. Photovoltaic cells are divided into three categories called 

generations, which are related directly to different materials and have various photoelectric 

conversion efficiencies. The first generation of solar cells is based on crystalline silicon 

material. It is relatively expensive which causes high cost of producing. However, silicon 

wafer-based solar cells are the most effective ones. Yoshikawa et al. [3] obtained highest 

noticed silicon cell efficiency of 26.7%. The second generation of solar cells is characterized 

by less material usage [4], which allows to produce cells of high efficiency. Materials that 

are typically used in thin film solar cells are cadmium sulfide (CdS), cadmium telluride 

(CdTe) [5], amorphous silicon (a-Si) [6] and copper-indium-diselenide/copper-indium-

gallium-diselenide (CIS/CIGS) [7, 8]. Recent highest noticed efficiency of the laboratory 

CIGS cell equals 22.4% and is close to the efficiency of the silicon devices, which makes the 

possibility of replacing Si crystalline solar cells with the CIGS [9]. The third generation of 

photovoltaic cells is a promising alternative to conventional cells based on the p-n junction. 

Dye-sensitized solar cell (DSSC) technology can be considered as an economical substitute 

with relatively high conversion efficiency. Typical DSSC device consists of photoanode, 

counter electrode with platinum catalyst layer and electrolyte, made of mesoporous 

semiconductor layer and dye sensitizer. Both electrodes are based on transparent conductive 

oxide materials (TCOs), especially on indium tin oxide (ITO) [10] or fluorine-doped tin oxide 

(FTO) [11]. Interesting alternative to ITO is also ZnO doped with trivalent elements such as 

Al [12–15], Ga [12, 16] or B [17] which is a material that can even improve its electrical 

properties, like conductivity, during annealing process required in DSSC.  

The dye sensitizer is considered as a crucial component that strongly affects the 

performance of the working cell. The phenomenon which plays an important role in the 

performance of dye-sensitized solar cells is electron transfer from the excited state of the dye 

molecule to the conduction band of titanium dioxide nanoparticle [18–20]. The course of the 

light-induced transfer of electrons from the sensitizer to a semiconductor depends mainly on 

the type of the dye i.e. the shape of its molecule and energy levels positions. The best 

performing dyes are made of Ru complexes (e.g. N3, N719, and black dyes) [21, 22]. Mathew 

et al. [23] obtained the record efficiency of 13% for Ru-based DSSC. However, the high 

production cost, complicated synthesis and harmful effect on the environment, made the 

researchers search alternative to Ru-based compounds [24]. Variety of natural resources, 

which are environmentally friendly, can be used as a origin of dyes sensitizers, such as plants, 

flowers, fruits [25, 26]. Nevertheless, the efficiency of natural dye-based cells should be 

improved for the extensive application of DSSC. Various groups [27–29] have been working 

on implementing natural dyes, such as alizarin, quercetin or luteolin. Alizarin is a red dye 

extracted from the root of Rubia tinctorum. However, this dye can be also obtained by 

laboratory methods from anthraquinone. Alizarin is characterized by rapid injection 

photoexcited electrons into the semiconductor conduction band.  

The amount of the adsorbed dye also influences the efficiency of the DSSC device and 

can be adjusted by the change of the concentration of the dye solution or the time of the 

photoelectrode dipping in the solution. This paper presents the time of electrode immersion 

influence on alizarin-based dye-sensitized solar cells performance. DSSC devices were 

prepared by the use of prefabricated components and dyed with alizarin dye. 

2 Materials and methods 

In this research, the dye-sensitized solar cells were prepared with the use of alizarin dye 

(Fig. 1) purchased by Sigma-Aldrich. Initially, the 2 mM solution of alizarin dye was 
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prepared in ethanol (99.8%). The absorption spectra were measured in the range of  

300–800 nm by Shimadzu UV–vis spectrophotometer. Addition of dye resulted in colour 

progress, from transparent to dark purple. In order to improve solubility, the dye solution was 

ultrasonically mixed for 10 minutes. Afterwards, the photoanodes coated with TiO2 

(Greatcell Solar) were placed in a dye solution. The immersion time was different for each 

series of experiments: 10 minutes, 40 minutes, 1 hour and 24 hours. The container of dye 

solution was left without access to light, owing to the fact that particles are extremely 

photosensitive, especially in a solution form. After that, the electrodes were taken out and 

rinsed with the ethanol in order to eliminate excessive dye molecules. The photoelectrodes 

were dried for 30 minutes in the ambient environment and then were immediately used in the 

DSSC structures. DSSCs were assembled in the sandwich way. Counter electrode with 

a platinum catalyst layer (Greatcell Solar) was used to face the titania surface deposited onto 

photoanode. DSSC devices were sealed by a thermoplastic sealant (Dye Sol). The whole 

assembly was heated in high-temperature titan hotplate. The heat was supplied to the 

structure from the top and the bottom. Heating was carried out in three steps. Firstly, the 

structure was heated up to 90°C  for 2 minutes, secondly, the temperature was raised to 110°C 

and held by 2 minutes. Finally, the temperature of 115°C was set and kept by the time of 

2 minutes. After this procedure, the DSSC assemblies were left to cool down. Then, the high-

performance EL- HPE electrolyte by Greatcell Solar was instilled into the space between 

electrodes through a drilled hole in the counter electrode. The working area of the DSSC 

structure was fixed as 0.8 cm2. Then, the contacts were made by the use of silver tape. 

A scheme of the dye-sensitized solar cell is presented in Fig. 2.  

 

 

Fig. 1. The molecular structure 

of alizarin dye. 
Fig. 2. A scheme of the dye-sensitized solar cell. 

The current-voltage characteristics were immediately measured in dark and in illuminated 

conditions by SUN 3000 solar light simulator of Abet Technologies, class AAA. The 

simulator is equipped with Xe lamp (450 W). The solar irradiation was set at 100 mW/cm2. 

The data were collected by a Keithley Instruments, type 2440, electrometer with integrated 

power supply. The ReRa Tracer software was used to measure and calculate various 

performance parameters. 

3 Results and discussion 

Initially, alizarin dye was characterized in order to obtain absorption spectrum by the use of 

spectrophotometer (Fig. 3). The dye exhibits the wide absorption spectrum in the range of 

400 to 600 nm (in the visible range) with a major peak at 432.5 nm. It can be seen that 
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characterized dye has a strong absorption in the violet region. On the basis of the absorption 

data, the value of optical band gap, HOMO-LUMO distance was estimated to be equal to 

2.13 eV. 

 

 

Fig. 3. UV-vis absorption spectrum of alizarin 

dye. 
Fig. 4. Alizarin-based dye-sensitized solar cells 

for different immersion times, from left: 10 min, 

40 min, 60 min, 24 h. 

The dye sensitized solar cells were prepared in the way described in Experimental section. 

The obtained cells sensitized with alizarin dye as a sensitizer are shown in Fig.4. The change 

in colour from orangish to dark purple was noticed for different times of photoanode 

immersion in dye solution (10 min, 40 min, 60 min and 24 h). As can be seen in Figure 4, the 

time of the immersion has a strong influence on the colour of the semiconductor layer. 

Electrodes immersed for short time, such as 10 minutes and 40 minutes are characterized 

with a brighter colour (near to orange) while longer immersion times results in the dark purple 

colour of the electrodes, which means that the adsorption process proceeds in time. 

The I-V characteristics of the cells based on a TiO2 substrate using alizarin as a sensitizer 

were measured under the standard light intensity of 100 mW/cm2 by a solar simulator. On 

the basis of obtained parameters, i.e. short circuit current (Isc), short-circuit current density 

(Jsc), open circuit voltage (Voc), maximum power point current (IMPP) and maximum power 

point voltage (VMPP), the value of fill factor was calculated. The fill factor is a parameter 

which defines the quality of the solar cell and can be defined as the ratio of the maximum 

power to the short-circuit current density and open circuit voltage values. The more the 

characteristic resembled a rectangle, the higher value is reached by fill factor. The fill factor 

value can be calculated on the basis of equation (1) [26]. 

𝐹𝐹 =
𝑉𝑀𝑃𝑃 ∙ 𝐼𝑀𝑃𝑃

𝑉𝑜𝑐 ∙ 𝐼𝑠𝑐
 (1) 

Fill factor is used to assess the power loss of electric current resulting from the internal 

resistance of the cell, the losses caused by recombination and other losses.  
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Fig. 5. I-V dark characteristics for alizarin dye-based DSSC for different immersion time:  

a) 10 min, b) 40 min, c) 60 min, d) 24 h. 

Dark characteristics of the prepared dye-sensitized cells are shown in Fig. 5. Their shape 

is typical for semiconductor diode. The comparison with the I-V curves obtained for 

illuminated devices, which are presented in Fig. 6., depicts that introducing the light results 

in the less bent shape of the curves. Thus the role of series resistance is visible. The values 

of the series resistance were obtained as a reverse shape of the straight line fitted near Isc=0. 

Series resistance, Rs, is a parameter that represents the series resistive losses which occur 

inside the solar cell during the current flow through the solar cell volume. Current generated 

inside the solar cell travels through resistive semiconductor layer of FTO/TiO2. There are also 

resistances on TCO interconnections and cell metallization. Although the open circuit voltage 

is independent of the series resistance Rs, the short circuit current and especially the fill factor 

strongly depends on Rs and decreases with the increase of series resistance of the cell. The 

value for Rs can be calculated from the current-voltage (I-V) curve of the solar cell [30]. The 

slope at open circuit voltage Voc provides the negative inverse value for Rs,0 according to the 

formula (2). 

𝑑𝐼

𝑑𝑉
|
𝑉=𝑉𝑜𝑐

= −
1

𝑅𝑠,0
 (2) 

Using the extracted value of Rs,0 from I-V curve the series resistance can be calculated on 

the basis of the formula (3). 

𝑅𝑠 = 𝑅𝑠,0 −
𝑛𝑉𝑡ℎ
𝐼0

𝑒
−𝑉𝑜𝑐
𝑛𝑉𝑡ℎ (3) 

a) b) 

c) d) 
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where n = 1, Vth  is the thermal voltage (kT/q, k = 1.38110-23 J/K, q = 1.60210-19 C and  

T = 297 K). Reverse saturation current, I0 can be calculated by equation (4). 

𝐼0 = 𝐼𝑠𝑐 ∙ 𝑒
−
𝑉𝑜𝑐
𝑛𝑉𝑡ℎ (4) 

On the basis on the above-mentioned method, the Rs values for immersion times equal to 

10 min, 40 min, 60 min, and 24 h were estimated to be 2.11 kΩ, 2.27 kΩ, 2.57 kΩ, and  

2.74 kΩ respectively. Figure 6 shows the current-voltage characteristics for the devices with 

the various immersion times. Usage of the electrode immersed for 10 minutes leads to the 

worse properties of DSSC devices. Adsorption of the dye molecules onto the TiO2 layer, in 

such a short time, was insufficient which resulted in low parameters values.  

 

  

  

Fig. 6. I-V characteristics for alizarin dye-based DSSC for different immersion time: a) 10 min, 

b) 40 min, c) 60 min, d) 24 h. 

A comparison of various performance parameters for different immersion times are 

presented in Table 1. As can be seen, the highest short-circuit current density value was found 

for an electrode submerged for 10 minutes. Increasing of the immersion time led to 

decreasing Jsc value in the range of 0.095–0.058 mA/cm2. Open circuit voltage increases for 

longer absorption times and its value was found to be the best for cell 4 and equal to 

318.82 mV, whilst the lowest was obtained for cell 1 (270.52 mV). The open circuit voltage 

is the parameter depending on the energy of LUMO level of the dye and its distance from to 

the conduction band of a semiconductor used in the device. The main limitation of Voc value 

is the recombination of electrons present in conduction band with the ions from the 

electrolyte. Comparing all the parameters, it can be summarized that 60 minutes immersed 

electrode-based cells present the best performance parameters, especially fill factor, with  

24 times shorter time, than cell 4.  

a) b) 

c) d) 
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Table 1. Performance parameters for different immersion times. 

No
 cell 

Immersion 

time 

Jsc Isc Voc Impp Vmpp Pmpp FF RS 

[mA/cm2] [mA] [mV] [mA] [mV] [mW] [%] [kΩ] 

cell 1 10 min 0.095 0.054 270.52 0.031 158.34 0.005 33.47 2.11 

cell 2 40 min 0.075 0.060 304.19 0.034 189.21 0.006 35.82 2.27 

cell 3 60 min 0.063 0.048 296.60 0.030 183.88 0.006 38.06 2.57 

cell 4 24 h 0.058 0.055 318.82 0.028 183.58 0.005 29.22 2.73 

The fill factor parameter was found to increase with increasing immersion time up to  

60 min. Further increase of the immersion time have not led to better performance of the 

device. What is more, the slightly worse value of fill factor has been noticed for the 

immersion time of 24 h (cell 4).  

4 Conclusion 

The influence of the immersion time of the photoelectrode in the dye solution on  

dye-sensitized solar cells performance was studied. DSSC devices were obtained on the basis 

of alizarin dye with various immersion time equal to 10 min, 40 min, 60 min and 24 hours. 

The performed investigation leads to the conclusion that alizarin dye is appropriate to be used 

as a sensitizer in dye-sensitized solar cells because it is characterized by a wide absorption 

spectrum in the visible range of 400 to 600 nm, which can be compared with others dyes 

reported in the literature. The performance of obtained devices was studied by employ 

illuminated and dark current-voltage characteristics. It was found that the shape of dark I-V 

curves is typical for semiconductor diode. The influence of the series resistance on the 

illuminated characteristics is visible. Rs values have a strong influence on short circuit current 

values, which is very low. However, the cells were characterized by Voc values in the range 

from 270.52 to 318.82 mV, which are appropriate for dye-sensitized assemblies. The fill 

factor values changed in the range of 29.22%–38.06%. The cell 3 characterized by 60 minutes 

of immersion time shows maximum FF value, while the lowest value was found for 

immersion time equals 24 hours. It can be summarised that DSSC structure immersed for  

60 minutes reveals the best performance parameters and this time can be considered as 

optimal for alizarin dye. Further increasing of the immersion time does not lead to better 

parameters, fill factor especially. Further investigation is necessary in order to improve the 

values of all significant parameters of working dye-sensitized solar cells prepared by the use 

of natural dye, such as alizarin.  
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