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This work is concerned with the utilization of ZnS-coated TiO2 films as photoanode in a dye-sensitized 

solar cell (DSSC). The effect of immersion temperature of TiO2 films in ZnS solution on the optical 

properties and photovoltaic parameters has been studied. The sample prepared at 50 oC of immersion 

temperature possesess the highest optical reflection which is around 42% in the visible region. The DSSC 

utilizing the sample prepared at 50 oC performed the highest η of 0.28%. This is due to this device owns 

the the highest optical reflection that means that it has the highest light scaterring.  
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1. INTRODUCTION 

 

Many ways have been attempted to enhance the properties of TiO2, namely,  doping TiO2 with 

metal or non-metal materials assist in improving the performance of dye-sensitized solar cell (DSSC). 

Metal doping improves the performance of the device by reducing the band gap of TiO2 and charge 

transfer resistance at the interface of electrolyte/photoanode, allowing a more efficient electron transport 

in the photoanode [1-5]. While, non-metal doping in photoanode also assists in improving DSSC 

efficiency by reducing the recombination of electrons and holes at the interface of photoanode/electrolyte 

[6,7]. Another effective way of improving the ability of the photoanode to absorb more visible light is 

by introducing the composite structure of TiO2 [9].  

Chalcogenide material has also been getting interest from researchers as this material can act as 

compact layer to reduce the recombination reaction at the interface photoanode/electrolyte. In [10,11], 

the TiO2-ZnS has been utilized as photoanode of the device and the efficiency has greatly been improved 
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as compared with the device utilizing pure TiO2. In this work, TiO2 has been coated with ZnS. The 

originality of this work is the preparation of ZnS-coated TiO2 via simple techniques, namely, liquid 

phase deposition for preparing TiO2 and hydrothermal technique for preapring ZnS layer onto TiO2 

films. The goal of this work is to investigate the influence of ZnS immersion temperature of TiO2 film 

in ZnS precursor solution on the optical properties and performance of DSSC containing ZnS-coated 

TiO2 photoanode. The ZnS precursors are zinc nitrate hexahydrate (Zn(NO3)2 and thiourea, (SC(NH2)2. 

 

 

 

2. METHODOLOGY 

Firstly, the ITO substrates were cleaned by using deionized water, acetone and ethanol for 15 

minutes in right sequence in an ultrasonic bath. TiO2 was deposited on ITO substrates via liquid phase 

deposition (LPD) method [12]. The cleaned ITO were then immersed in a growth solution containing 

0.2 M H3BO3 and 0.1 M (NH4)2TiF6 at 30 oC for 25 hours [12]. Then, ZnS was coated TiO2 film via 

hydrothermal technique [14]. TiO2 samples were immersed in 0.03 M ZnS solution made from 

dissolving (Zn(NO3)2 and (SC(NH2)2 in ethanol at 30 oC for 60 minutes [13]. Finally, the prepared 

samples were then annealed at 400 oC for 1 hour in order to make strong adhesion of ZnS on TiO2 films. 

These procedures were repeated for preparing ZnS-coated TiO2 at various immersion temperatures, 

namely, 50, 60, 70 and 80 oC. The ZnS coated TiO2 films were characterized by UV-Vis spectrometer 

to study the optical absorption, reflection and energy gap of the samples.   

For the fabrication of DSSC, ZnS-coated TiO2 films were firstly immersed in 0.5 mM of N719 

dye solution which acts as a sensitizer for about 15 hours at room temperature. Then, the prepared 

samples were used as the photoanode in DSSC. The counter electrode of the device was platinum film 

grown on FTO substrate. The ZnS coated TiO2 photoanode was then placed on platinum counter 

electrode. Redox electrolyte containing iodide/triiodide was injected into the 0.23 cm2 active area of the 

device. The device was tested in dark and under the illumination of 100 mW cm-2 light using Gamry 

Interface 1000 Potentiostat instrument. The electrochemical properties of the device such as bulk 

resistance, charge transfer resistance and carrier lifetime were determined by electrochemical impedance 

spectroscopy (EIS) technique under light illumination. 

 

 

 

3. RESULTS AND DISCUSSION 

Fig. 1 depicts the optical absorption spectra of ZnS-coated TiO2 with various immersion 

temperatures for 60 minutes. According to the figure, all samples absorb light in ultraviolet region which 

is from 300 to 350 nm. The absorption peak is in the range 325-330 nm which is illustrated in Table 1. 

The samples with the growth temperatures of 50, 60 dan 70 oC possesses the absorption peak at the 

wavelength of 325 nm, while the samples with the immersion temperature of 30 dan 80 oC own the 

absorption peak at the wavelength of 330 nm. The samples do not exhibit the absorption peak in the 

visible region since TiO2 and ZnS are only able to absorb light in ultraviolet region [14,15]. Nevertheless, 

TiO2 still can absorb light in visible region but with low fraction [16]. ZnS is able to absorb light in 
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visible region by varying its annealing temperature that causes its defects in its structure such as Zn atau 

S vacancies as reported in [17]. It is observed that blue shift phenomena occurs when the growth 

temperature was increased from 30 to 50 oC corresponding with the absorption peak change from 330 to 

325 nm. This is due to the increment in energy gap with the increase in growth temperature. 

 

 

 
 

Figure 1. Optical absorption spectra of ZnS-coated TiO2 with various growth temperatures of  ZnS  

 

 

Fig. 2 illustrates the reflection spectra of the samples with various growth temperatures of ZnS. 

According to the figure, the reflection of the samples is found to increase with the growth temperature 

until 50 oC and then decreases when the temperature was further increased to 60, 70 and 80 oC. The 

highest reflection belongs to the sample with the growth temperature of 50 oC, that is 42%, while the 

lowest reflection belongs to the sample grown at  80 oC that is 14.8%. All samples exhibit high reflection 

in visible region. By comparison of Fig. 1 with Fig. 2, it is found that the sample with the lowest 

absorption in visible region posseses the highest reflection in the same region. The sample with highest 

absorption in visible region has the lowest reflection in the same region. In other words, high absorption 

results in low reflection. The sample that has high diffuse reflection possesess high light scaterring ability 

which will consequently improve the DSSC performance  [18]. This is because high light scaterring will 

increase the optical pathway in the sample [19]. Nevertheless, at the growth temperature of 60, 70 dan 

80 oC, the diffuse reflection has been found to decrease until 14.8%. 
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Figure 2. Diffuse reflection spectra of ZnS-coated TiO2 with various growth temperatures of ZnS 

 

 

Fig. 3 shows the Tauc plots of the samples with various immersion temperatures of ZnS. The 

plots are used to compute the energy gap for each sample. Firstly, a tanget line is drawn at higher and 

lower part of each plot. Then, a vertical line is drawn from the intersection point of the two tangent lines, 

extending to hv axis. The energy gap is then estimated and presented in Table 1. According to Table 1,  

the energy gap increases with temperature until 50 oC. The energy gap remains unchanged when the 

temperature was increased to 60 and 70 oC. The energy gap drops when the temperature was further 

increased to 80 oC. 

Fig. 4 displays the I-V curves in dark for the device utilizing the samples with various growth 

temperatures of ZnS. According to the figure, the device with the immersion temperature of 30 and 50 
oC possesses the highest leak current. While, the device utilizing uncoated ZnS sample owns the lowest 

leak current followed by the device with the growth temperature of 80 oC.  The device utilizing the 

sample grown at 60 and 70 oC shares the second lowest leak current as depicted in Figure 3. High leak 

current indicates high recombination rate between electron and hole in the device. The growth rate of 

ZnS on TiO2 deposited on ITO substrate affects the magnitude of leak current in DSSC as reported in 

[20]. The unexposed ITO which is not covered by ZnS-coated TiO2 coated N719 dye is in contact with 

the redox electrolyte cause the recombination between electron and hole at the interface of 

ITO/electrolyte instead of the recombination between the electrons injected into the conduction band of 

TiO2 and holes in the electrolyte. Such recombination affects the charge transfer resistance at the 

interface of electrolyte/N719/ZnS/TiO2 (Rct2).  
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Figure 3. Tauc plots of ZnS-coated TiO2 with various growth temperatures of ZnS 
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Table 1. Peak absorption and energy gap of ZnS-coated TiO2 with various growth temperatures of ZnS 

 

Growth temperature (⸰C) Absorption peak (nm) Energy gap (eV) 

30 330 3.37 

50 325 3.39 

60 325 3.39 

70 325 3.39 

80 330 3.35 

 

 

 
Figure 4. I-V curves in dark of the DSSC utilizing pure TiO2 and ZnS-coated TiO2 with various growth 

temperatures of  ZnS  

 

 

Fig. 5 shows the J-V curves of the device utilizing the uncoated and ZnS-coated TiO2 samples 

with various immersion temperature of ZnS. According to the curves, the shape of the curves are similiar 

to that reported in our previous work [21,22]. The photovoktaic parameters such as Jsc, Voc, FF and η are 

extracted from Fig. 5 and summarized in Table 2. According to the table, the device with 50 ⸰C has the 

highest JSC that is 1.07 mA cm-2, followed by the device with the sample grown at the temperature of  

60, 70, 30 and 80 oC. The device with the immersion temperature of 50 ⸰C demonstrates the highest η 

that is  0.28%, followed by the device utilizing the sample with the immersion temperature of 60, 70, 30 

and 80 oC. The highest Voc of 0.64 V belongs to the device with the sample with the immersion 
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temperature of 60 and 70 oC. Meanwhile, the highest FF that is 0.48 is owned by the device with the 

immersion temperature of 30, 60 and 70 oC. The lowest Voc, FF and η belongs to the device utilizing 

uncoated sample. Increasing the immersion temperature is found to improve the Jsc, Voc, and η. However, 

according to the photovoltaic parameters presented in Table 2, the Jsc and η decrease once the immersion 

temperature was further increased to 60 oC. For Voc, its value drops once the annealing temperature was 

further increased to 80 oC. Also, at 80 oC, the η drops to 0.21 % which is the lowest among the devices 

utilizing ZnS-coated TiO2 with various immersion temperatures. However, this η is still higher than that 

of the device utilizing pure TiO2 photoanode that is 0.13%. The device with the immersion temperature 

of 50 oC demonstrates the highest η due to this sample has the highest diffuse reflection as depicted in 

Fig. 2. On the other hand, the device utilizing pure TiO2 owns the lowest η which is caused by the highest 

Rct1 and Rct2 as illustrated in Table 2. It is also due to this device has the shortest τ as summarized in 

Table 2. 

 

 

 
 

Figure 5. J-V curves under illumination of 100 mW cm-2 light of the device utilizing pure TiO2 and ZnS-

coated TiO2 with various growth temperatures of ZnS 

 

 

Fig. 6 illustrates the Nyquist plots of the devices utilizing the samples with various growth 

temperatures. According to Figure 6, the plot of all devices display two semicircles for which the first 

semicircle in high frequency region denotes the charge transfer resistance at the interface of 

Pt/electrolyte (Rct1). The second semicircle which is in low frequency region represents the charge 

transfer resistance at the interface of electrolyte/N719/ZnS/TiO2 (Rct2). Both resistances are presented in 

Table 2. According to Table 2, there is neither increasing nor decreasing trend of Rct1 and Rct2 with 
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immersion temperature. It is found that the value of Rct2 is higher than that of Rct1 for all devices. This 

indicates that the oxidation rate occuring at the interface of  electrolyte/N719/ZnS/TiO2 is faster than 

that of reduction rate taking place at the interface of Pt/electrolyte. In other words, the reduction of 

triodide to iodide is faster than the oxidation of iodide to triiodide and the regeneration of the oxidized 

dye molecule to the dye molecule at ground state. Also according to Table 2, the device with 30 oC 

sample owns the lowest Rct1, followed by the device utilizing 80, 60, 50, 70 oC and pure TiO2 samples. 

For Rct2, the device with 60 oC sample has the lowest value, followed by the device utilizing 30, 50, 80, 

70 oC and pure TiO2 samples. 

 

 

 
 

Figure 6. Nyquist plots under illumination of 100 mW cm-2 light of the devices utilizing pure TiO2 and 

ZnS-coated TiO2 with various growth temperatures of ZnS 

 

 

Finally, Fig. 7 shows the Bode plots for all devices which are used to compute the carrier lifetime 

(τ). Each plot shows a peak frequency which is then used to calculate the carrier lifetime and presented 

in Table 2. According to the table, the device using the sample with the immersion temperature of 60 oC 

has the longest τ, followed by the device with the immersion temperature followed  by the samples with 

the immersion temperature of 80, 70, 30 and 50 oC. These devices own higher τ than the device utilizing 

pure TiO2.  
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Figure 7. Bode plots under illumination of 100 mW cm-2 light of the devices utilizing pure TiO2 and 

ZnS-coated TiO2 with various growth temperatures of ZnS 

 

 

Table 2. Photovoltaic and EIS parameters of the device with various ZnS growth temperatures 

 

Growth temperature 

(oC) 

Jsc (mA cm-2) Voc (V) FF η (%) Rct1 (Ω) Rct2 (Ω) τ (ms) 

TiO2 0.78 0.42 0.40 0.13 1.80 55.2 0.11 

30 0.84 0.56 0.48 0.23 0.30 23.7 0.17 

50 1.07 0.61 0.42 0.28 0.80 26.1 0.16 

60 0.89 0.64 0.48 0.27 0.70 21.5 0.32 

70 0.85 0.64 0.48 0.26 1.00 30.2 0.22 

80 0.73 0.62 0.47 0.21 0.60 27.7 0.30 

 

 

The highest η obtained from this work that is 0.28% is lower than that reported in our previous 

work which reported the η of 0.80 and 1.32%, respectively [13,23]. It is lower than that of the device 

utilizing graphene-coated TiO2, demonstrating the η of 1.47% [24]. This is because the Rct2 is higher 

than that reported in [13,23]. This is also due to the carrier lifetime in this work is shorter than those 

reported in [13,23]. It is lower than that of the device utilizing TiO2-CdS for which its efficiency was 

1.44% [11]. However, it is also lower than that of the device employing TiO2/ZnO which demonstrated 

the η of 0.62% [25]. 
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4. CONCLUSIONS 

ZnS-coated TiO2 films with various immersion temperatures were prepared via liquid phase 

deposition and immersion techniques. The samples were then utilized as photoanode in DSSC. The 

optical absorption, refelction and energy gap are influenced by the immersion temperature of ZnS. The 

efficiency increases as the immersion temperature is increased and achieved the optimum efficiency at 

the immersion temperature of 50 oC min with the η of 0.28% corresponding with the Jsc of 1.07 mA cm-

2 and Voc of 0.61 V, respectively. This is due to this device has the highest diffuse reflection in visible 

region.  
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