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Abstract

:

Metal oxide semiconductor material has great potential to act as window layer in p–n heterojunction solar cell thin film owing to low production cost and significant properties in photovoltaic mechanism. In this work, n-TiO2/ZnO bilayer thin film was effectively constructed by means of sol-gel spin coating technique in an effort to diminish the electron-hole recombination rate from single-layered thin film. Annealing time is one of the important parameters in the fabrication process and was varied to study the impact of annealing treatment towards the thin film characteristics as window layer. It was found that the optimum parameter for the n-TiO2/ZnO bilayer was 500 °C with an annealing time of 2 h. High crystallinity of the n-(101)-TiO2/(002)-ZnO bilayer thin film was obtained, which consists of anatase and a hexagonal wurtzite structure, respectively. Orientation of (002)-ZnO is essential for deposition with the (111) Cu2O-absorbing layer due to a low different lattice mismatch between these two interfaces. The homogenous morphology of n-TiO2/ZnO bilayer was observed with a compact and dense layer. The improvement of transmittance has also been achieved in a range of 60%–80%, which indicated that the incident light can penetrate throughout the thin film directly. In addition, a p-Cu2O absorbing layer was successfully fabricated on top of n-TiO2/ZnO bilayer thin film to form a p-n junction in order to visualize significant electrical rectification properties. The existence of p-Cu2O was confirmed by a (111)-peak orientation and triangular shape in structural and morphological properties, respectively.
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1. Introduction


Metal oxide (MO) semiconductor material used in thin film fabrication shows a potential alternative to the photovoltaic (PV) module. These thin films have been recently attracting researchers because of their low production cost due to their cheap materials and inexpensive production methods compared with silicon solar cells [1]. In addition, most MO semiconductors have abundant, high chemical stability to be deposited in ambient conditions and have a non-toxic nature that is good for remediation of environmental pollutions [2,3].



As of late, an MO semiconductor heterojunction consisting of two or more materials was considered as a window layer in PV mechanism. Window layers are primarily used as a component in a p-n junction with the absorber layer being the other component. It is crucial for this layer to possess a relatively high bandgap, preferably thin with high transmittance for maximum optical input [4]. Among materials that applied, Titanium Dioxide (TiO2) is a material that has been given great attention since it is non-toxic and stable in aqueous solutions. However, the limitation of TiO2 is its comparatively high electron-hole recombination rate. To solve this, the combination of TiO2 with other metal oxides may overcome the problem and enhance the properties [5]. Zinc Oxide (ZnO) thin film is supposed to be an ideal choice as an electron transfer bilayer because it was simply assembled together with another metallic oxide [6,7]. Aside from ZnO having a large band gap energy of 3.37 eV, which is almost equivalent to TiO2, it is also superior in its electron mobility, possesses large exciton binding energy (60 meV), and great thermal conductivity that may enhance the properties of thin film in PV performance [8]. Furthermore, this combination of TiO2 and ZnO layer, which is known as the n-TiO2/ZnO bilayer thin film, can produce high optical transmittance to transmit light. Moreover, the bilayer thin film can also produce a more compact interfacial layer. It helps to evade direct contact between the base substrate and absorbing layer. Consequently, charge accumulation can be avoided, thus reducing the recombination rate [9].



Several methods have been developed to prepare n-TiO2/ZnO bilayer thin film that yields high performance, such as chemical vapor deposition (CVD) [10], magnetron sputtering [11], and the atomic layer deposition (ALD) [12] method. However, these processes are relatively complicated in well-dispersive nanoparticles and have a high cost of equipment. Aside from the high vacuum needed, the CVD relies on high temperatures to decompose the precursor at the substrate surface. Meanwhile, ALD processes are performed at lower temperatures. However, the deposition rate in the ALD process is low due to its inherent layer-by-layer deposition [13]. On the other hand, the sol-gel spin coating method is a simple, fast, and low-cost approach to the non-vacuum method compared with the others. In fact, this method is popular for bilayer thin film production since it provides microstructure film with good uniformity, utilizes low temperatures, and is able to be easily manipulated [14].



Annealing treatment is a significant, essential stage for n-TiO2/ZnO bilayer thin film after coated as window layer. The characteristics of n-TiO2/ZnO thin films vary based on the annealing time. Syahrain et al. recorded that n-TiO2 has an amorphous nature at room temperature and should be annealed in order for recrystallization [15]. Comparable results were obtained for ZnO nanofilms that need heating treatment to form a hexagonal wurtzite phase [16]. Aside from high bandgap, window layer is desired to have small thickness and low series resistance for high optical throughput [4]. Thus, high crystallinity of ZnO with a preferred (002)-orientation plane is important to minimize surface energy during deposition of a Cu2O absorbing layer due to a low differential lattice mismatch. The heteroepitaxial relation of ZnO and Cu2O is (1 × 1)(0001)(1120)ZnO/(1 × 1)(111)(110)Cu2O [17]. Since ZnO is hexagonal (wurtzite), and Cu2O is cubic, both thin film layers exhibit a similar atomic arrangement. The atomic arrangements of Cu2O-(111) orientation plane involved Cu+ atoms with Zn2+ atoms on ZnO-(002) orientation plane. As calculated, lattice parameter for ZnO and Cu2O are   3.25   Å   and   3.02   Å  , respectively. Then, the different lattice mismatch between ZnO and Cu2O was obtained as 7.1% [18]. Moreover, high quality crystal of n-TiO2/ZnO bilayer thin film leads to high transmittance in order to allow a high photon amount that can be reached at the interface between the p-n heterostructure thin film [19].



Previously, we have studied the effect of annealing temperature on n-TiO2/ZnO bilayer thin film by using sol-gel spin coating method. The results showed high crystallinity of thin film with significant modification in morphological and optical properties when the annealing temperature reached up to 500 °C [20]. In this present work, the n-TiO2/ZnO bilayer thin film proposed as window layer was constructed with different annealing time. Then, the p-Cu2O thin film absorbing layer was fabricated on it to form n-TiO2/ZnO bilayer/p-Cu2O heterostructured thin film. For the base for the thin film, the substrate used was fluorine-doped tin oxide (FTO). Annealing times for n-TiO2/ZnO bilayer thin film were varied, and several properties were characterized to analyse the findings. The optimum parameter was obtained and may be useful for the construction and further development of p-n heterojunction thin-film solar cells.




2. Materials and Methods


In this synthesis, the sol–gel spin coating method was used to deposit the n-TiO2/ZnO bilayer thin film on FTO glass substrate. A TiO2 precursor solution containing Titanium (IV) butoxide mixed with n-butanol was prepared by stirring for 30 min. Acetic acid that acts as a catalyst was then added dropwise into the mixture followed by distilled water while vigorously stirring. For preparation of the ZnO precursor solution, zinc acetate and iso–propyl alcohol were used as precursor and solvent, respectively. Both chemicals were mixed together and stirred at 60 °C for 30 min until no more precipitation formed. Then, diethanolamine (DEA) and distilled water were added dropwise while strongly stirring. These TiO2 and ZnO solutions were kept to age for 24 h at room temperature to obtain clear viscous precursor solution.



The deposition by spin coating started with TiO2 layers on the FTO substrate, followed by layers of ZnO. The layers were deposited at 3000 rpm for 30 s. The process was then repeated up to 8 cycles in order to achieve the optimum thickness. After each layer deposition, the films underwent post-heating at 100 °C for 2 min on a hot plate before another deposition was made. After 8 cycles of deposition of the n-TiO2 layer, annealing treatment was put on the thin films at 600 °C for 1 h. Then, the thin film was deposited with another 8 cycles of the ZnO layer, followed by the annealing process. A different annealing time was used to obtain the optimum parameter of n-TiO2/ZnO bilayer thin films.



Installation of p-Cu2O layer onto n-TiO2/ZnO bilayer thin film was continued by employing the electrodeposition method to complete the p–n junction thin film. Since this paper is focusing on n-TiO2/ZnO bilayer thin film as window layer, several parameters were chosen in deposition of p-Cu2O absorbing layer. The deposition was conducted at a time and potential deposition of 1 h and −0.4V vs. Ag/AgCl, respectively. The copper (II) acetate-based solution also was set up at pH 12.5 at 40 °C. This method was carried out by employing the three electrodes set up with n-TiO2/ZnO bilayer/FTO substrate as the working electrode (WE), platinum wire as the counter electrode (CE), and Ag/AgCl as the reference electrode (RE).



Several characterizations to investigate the properties were carried out on the n-TiO2/ZnO bilayer thin film and n-TiO2/ZnO bilayer/p-Cu2O heterostructured thin film. Properties of the fabricated films were characterized by several equipments. Structural characterization was performed using X-ray Diffraction Spectroscopy (XRD, Pananalytical X-Pert3 Powder, Malvern Panalytical, Malvern, UK) with 2θ in range from 20 to 80° (Cu Kα radiation 1.54 Å wavelength) for crystal structure. The morphological properties were characterized using Field Emission Scanning Electron Microscopy (FE-SEM, JSM-7600F, JEOL Ltd., Tokyo, Japan) with accelerating voltage of 15,000 V at magnificent 50,000×. Meanwhile, Ultraviolet-visible Spectroscopy (UV-Vis, UV-1800, Shimadzu Malaysia Ltd., Petaling Jaya, Malaysia) was used to perform transmittance spectrum in a range of 300 to 800 wavelength for optical properties. Finally, Au contact was coated onto the n-TiO2/ZnO bilayer/p-Cu2O heterostructured thin film to complete the cell. The current density-voltage (I-V) measurement was performed by using a solar simulator (ORIEL, Sol1A, ORIEL Instruments, Newport, RI, USA) with the illumination of AM1.5.




3. Results


3.1. Treatment on n-TiO2/ZnO Bilayer Window Layer


The deposited n-TiO2 on FTO glass substrate underwent annealing treatment at the temperature and time of 600 °C and 1 h, respectively, followed by deposition of n-ZnO onto n-TiO2/FTO layer. The next annealing treatment was carried out at 500 °C for 1, 1.5, 2 and 2.5 h. The structural, morphological and optical characteristics of the thin film were then characterized and examined.



3.1.1. Structural Properties


The investigation on fabricated samples was conducted using an X-ray Diffractrometer (XRD) to study their structural properties. The optimum condition layer of n-TiO2/FTO substrate that annealed at 600 °C for 1 h has been included to differentiate the peaks obtained. Generally, a number of n-TiO2 and n-ZnO peaks were detected in the XRD pattern. Anatase-TiO2 and hexagonal wurtzite-ZnO patterns were found to match IDSD (98-015-4603) and IDSD (98-005-7450) files, respectively.



Before deposition of the n-ZnO thin film, three anatase peaks were found at the n-TiO2/FTO substrate. These peaks were located at 25.28°, 48.04°, and 53.89°, and corresponded to (101), (200), and (105)-anatase orientation of TiO2 thin film. At this stage, (101)-orientation anatase peak was the preferred orientation. After deposition of n-ZnO onto the n-TiO2/FTO substrate, several ZnO peaks appeared when the thin film was annealed for 1 h. The peaks were obtained for orientations of (100), (002), (101), (110), (103), and (112)–ZnO thin film at 31.8°, 34.3°, 36.3°, 56.6°, 62.9°, and 68.0°, respectively. All ZnO peaks seemed to increase when the annealing time increased. This condition paralleled to Q. Lin et al., who reported that annealing at higher temperatures can significantly improve the crystal quality of ZnO nanoparticles [21]. The intensity of the peak at 34.28° was performed as 54.81, 69.85, 100.00, and 78.73% for n-TiO2/ZnO bilayer thin film annealed for 1, 1.5, 2, and 2.5 h, respectively. The intensity was increased as the annealing time increased. However, the preferred (002)-orientation of ZnO thin film appeared at 34.28° when the annealing time was up to 2 h. This highly oriented (002)-ZnO as window layer is essential for the next deposition of p-Cu2O thin film due to the low lattice mismatch of 7.6% exhibited in atomic arrangement of p–n heterojunction thin film [20]. Based on the results, other peaks except TiO2 and ZnO were undetected. Thus, it can be confirmed that the thin film consists of anatase TiO2 and hexagonal wurtzite ZnO only.



The crystallites size of the nanostructure on n-TiO2/ZnO bilayer thin films is able to be predicted by using the Scherrer Formula (1). Sharp and narrow peaks with low values of full width at half maximum (FWHM) may suggest highly crystallized nanostructures [22].


  D =   0.9 λ   β cos θ    



(1)




where λ is the X-ray wavelength (1.54056 Å), θ is the Bragg diffraction angle and β is the FWHM of the peak at the corresponding θ. The FWHM for the peak at 34.28° was presented as 0.3838, 0.3542, 0.3247, and 0.2362 for n-TiO2/ZnO bilayer thin films annealed for the duration of 1, 1.5, 2, and 2.5 h, respectively. The FWHM values seemed to decrease as the annealing time increased. After calculation, the crystallite sizes of n-TiO2/ZnO bilayer thin films annealed for the duration of 1, 1.5, 2, and 2.5 h were obtained as 22.76, 24.53, 26.76 and 36.99 nm, respectively. The crystallite size was increased when the annealing time increased. This can be attributed to collective fusion of small grains into larger grains after a certain annealing time [23]. The changes of grain size also explained in a research by M. I. Khan et al., who discovered that the existence of particle Zn can influence the increase in grain size of the metal matrix that will also prevent recrystallization during the heating process. XRD patterns before and after the deposition of ZnO thin film are shown in Figure 1.




3.1.2. Morphological Properties


The characterization for the morphology of the samples was conducted by Field Emission Scanning Electron Microscopy (FE-SEM). Magnification of 50,000× was used upon the surface of n-TiO2/ZnO bilayer thin film to obtain the overview of the surface morphology. The FE-SEM images of n-TiO2/FTO substrate also included differentiation of the changes of surface before and after the combination layer. From the results obtained, the surface of both TiO2 and ZnO thin film appeared to have fully covered the FTO surface homogenously. Clearly, there was a difference in grain size after stacking n-ZnO onto n-TiO2/FTO substrate. The n-TiO2/FTO substrate exhibited a very fine size of particles. Meanwhile, n-TiO2/ZnO bilayer thin film presented much bigger grain particles. The grain size was found to have increased when the annealing time increased up to 2.5 h. The surface morphology of the n-TiO2/ZnO bilayer thin film that annealed for 2 h and above was more compact and denser than lower annealing temperatures. This condition produced results on the structural properties that exhibited incremental crystallite sizes. M. I. Khan et al. specified that larger grain sizes will have more atoms, thus creating fewer grain boundaries. Consequently, atoms can easily move across grains and produce better electron mobility in the thin film. Top-view images of the n-TiO2/FTO substrate and the n-TiO2/ZnO bilayer thin film are presented in Figure 2. By using Image J software (version 1.53t), the particle size of thin film has been calculated and analysed as shown in Figure 3. The average particle size of the n-TiO2/ZnO bilayer thin film was obtained as 34.055, 36.442, 47.095, and 65.042 nm for annealing duration of 1, 1.5, 2, and 2.5 h, respectively. The particle size was increased as the annealing time increased.



Based on cross-sectional results, the n-TiO2/ZnO bilayer thin film that annealed for 2 h was chosen as an optimum value temperature since the surface morphology corresponded to previous structural properties. There were several layers displayed as FTO, TiO2 and ZnO layers with different thickness. The thickness of TiO2 in n-TiO2/FTO substrate was 263 nm. Meanwhile, thickness for the n-TiO2/ZnO bilayer thin film annealed for 2 h showed 233 nm and 296 nm for the TiO2 and ZnO thin films, respectively. Defects such as pores were not detected between the layer as well as through the film thickness. It was indicated that increment of annealing time encourages the decrement of non-bridging oxygen type defects [16]. In addition, W.Y. Kim et al. explained that moving atoms that acquired enough energy may have strengthened interdiffusion motion between ZnO and TiO2. This condition will lessen the rate of electron-hole recombination [24]. Cross-sectional images of the n-TiO2/FTO substrate and the n-TiO2/ZnO bilayer thin film are presented in Figure 4.




3.1.3. Optical Properties


The samples are then characterized for their optical properties by UV-Visible Spectroscopy (UV–Vis). Since n-TiO2/ZnO bilayer thin films serve the purpose of a window layer in PV devices, high light transmittance ability is vital for the overall efficiency. As can be seen in the results, transmittance spectra for n-TiO2/FTO substrate and n-TiO2/ZnO bilayer thin film revealed increment of the fluctuations in visible regions. Both of the thin films exhibited high transmittance of around 60%–80% at the wavelength edge of 450–300 nm. Consequently, it is positive that incident light of 450 nm and above can travel through the n-TiO2/ZnO bilayer thin films efficiently. It is crucial for window layers to have this property to allow high amounts of photons to reach the interface of n-ZnO and p-Cu2O layer of the heterojunction thin film [22]. The transmittance spectra of n-TiO2/FTO substrate and n-TiO2/ZnO bilayer thin films annealed for different hours at 500 °C are shown in Figure 5.



Moreover, transmittance spectra (T) of the annealed n-TiO2/ZnO bilayer thin films is related to absorbance coefficient (α) in Equation (2) as follows [25]:


  α =  1 d  log    1 T     



(2)




where d is the thin film thickness. Figure 6 presented the plot of changes between α and wavelength (λ) values of n-TiO2/ZnO bilayer thin films at different annealing time. The graph illustrated α value decreased with the annealing time. This condition satisfied Equation (2), which showed that decrement of absorbance was related to high transmittance of thin film. Furthermore, the band gap of n-TiO2/ZnO bilayer thin films was evaluated by using Tauc’s Equation (3) as follows:


      α h v     1 / 2   = A       h v −  E g      1 / 2    



(3)




where hv is incident photon energy, A is Tauc’s parameter and Eg is band gap energy. The band gap energy is obtained from extrapolation line of       α h v     1 / 2     vs. (hv) plot graph. The calculated band gap value is shown in Figure 7. The bandgap obtained for n-TiO2/FTO substrate was 3.2 eV. The bandgap of n-TiO2/ZnO bilayer thin films that annealed for 1 and 1.5 h was 3.1 eV. Meanwhile, the bandgap of n-TiO2/ZnO bilayer thin films that annealed for 2 and 2.5 h was 3.0.5 eV. The bandgap values seem reduced as the annealing duration was increased. The band gap of ZnO reduced after combination with TiO2 thin film. Consequently, it will improve the minimum energy required for an electron excitation. The electron will become easily excited from the valence band to the conduction band [20].





3.2. Fabrication of n-TiO2/ZnO Bilayer/p-Cu2O Heterostructured Thin Film


In order to visualize the performance of n-TiO2/ZnO bilayer thin film as window layer, p-Cu2O was grown onto the n-TiO2/ZnO bilayer thin film to complete the p–n heterojunction. At this stage, the device was known as the n-TiO2/ZnO bilayer/p-Cu2O heterostructured thin film.



3.2.1. Structural Properties


After the stacking of the p-Cu2O thin film onto the n-TiO2/ZnO bilayer thin film, several peaks were detected from XRD pattern. The 2θ diffraction peaks at 29.65, 36.45, 42.42, 52.61, and 73.59° correspond to (110), (111), (200), (211), and (311) of Cu2O plane orientations. Based on data from the IDSD (98-003-8233) file, the strong (111) Cu2O peak on the thin film indicated the preferred crystal orientation at 36.45°. The (111)-Cu2O thin film was deposited onto (002)-ZnO thin film. Both cubic Cu2O and wurtzite ZnO thin films exhibited similar atomic arrangement of interface due to low lattice mismatch of the layers at 7.1% [26]. XRD patterns before and after the stacking of p-Cu2O thin film are displayed in Figure 8.




3.2.2. Morphological Properties


To confirm the existence of the p-Cu2O thin film, surface morphology was observed. After deposition of the p-Cu2O layer, the morphological surface of thin film exhibited triangular and other combinations of cubic shapes. The triangular facet was a typical shape of p-Cu2O film that corresponded to the (111)-plane orientation in structural properties. The Cu2O grain clearly seen over the entire surface presented a homogeneous layer and have covered the n-TiO2/ZnO bilayer thin film. The grain size was increased after deposition of p-Cu2O thin film compared before [27]. The small grain seems agglomerated to form larger and denser grain and enhanced surface mobility indirectly as indicated in a previous study by Fariza et al. [28]. A cross-sectional image of thin film was obtained and there were three layers observed attributed to TiO2, ZnO and Cu2O thin film. The thickness of p-Cu2O thin film was presented as 4.91 µm, which was higher than n-TiO2/ZnO bilayer thin film. In addition, no pores, defects or cracks could be seen on the surface or in cross-sectional images. The top view and cross-sectional images before and after the stacking of p-Cu2O onto the n-TiO2/ZnO bilayer thin film are depicted in Figure 9 and Figure 10, respectively.




3.2.3. Electrical Properties


At this stage, the n-TiO2/ZnO bilayer/p-Cu2O heterostructured thin films were characterized for their electrical properties by means of current density–voltage (I–V) measurement. The measurement was conducted on the thin film at dark and with illumination of AM1.5. Au contact was coated onto p-Cu2O film to form Au/n-TiO2/ZnO bilayer/p-Cu2O heterojunction diode. From the graph, significant electrical rectification properties were presented that indicated that a p–n junction was effectively assembled. Additionally, rectifying features of the heterojunction were also found to be stable and reproducible. However, only a slight photoresponse shift of the I–V curve was observed under illumination. The solar cell structure exhibited short circuit Jsc = 0.48 mA/cm2, open circuit voltage Voc = 260.85 mV, fill factor FF = 22.27, and conversion efficiency of 0.0615%. The low-conversion efficiency of the device was probably due to a low short circuit and poor fill factor as stated by R. Wijesundera et al. [29]. W. Septina et al. also confirmed that it may be caused by formation of leakage current and high resistivity that depends on the crystalline nature of the film [30]. Thus, optimizing growth condition was needed at each step of fabrication stages to obtain higher photocurrents. Although the conversion efficiency acquired is still low, it is the first efficiency obtained for this layer arrangement of n-TiO2/ZnO bilayer thin film as window layer with p-Cu2O as absorbing layer, as compared to single layering of TiO2 or ZnO by using the same fabrication method [31,32]. The corresponding I-V measurement of n-TiO2/ZnO bilayer/p-Cu2O heterostructured thin film is shown in Figure 11.






4. Conclusions


In conclusion, the n-TiO2/ZnO bilayer thin film has been effectively constructed by the sol–gel spin coating technique. Annealing temperatures were varied from 1 h to 2.5 h. A temperature of 500 °C for 2 h has been chosen as the optimum due to the best properties. The presence of both TiO2 and ZnO were defined as anatase and the hexagonal wurtzite phase, respectively. The preferred orientation of (101)-TiO2 and (002)-ZnO peaks indicated that the thin film was high crystal quality. It was found that all XRD peaks seemed to increase when the annealing time increased and lead to the increment in the grain size. The morphological surface of thin film exhibited as homogenous and fully covered to FTO substrate. The grain size seems more compact and denser after stacking n-ZnO onto n-TiO2/FTO substrate. However, there was no obvious difference in thickness when the annealing time increased. No defects were observed between the layer leading to fewer grain boundaries and better electron mobility in the thin film. High transmittance has also been achieved at around 60%–80% at 450–300 nm in optical properties. These findings elucidated that the combination of metal oxides in n-TiO2/ZnO bilayer thin film provides favourable properties as window layer. After deposition of the p-Cu2O thin film, (111)-peak orientation and triangular shape was observed. The I–V curve of electrical properties was defined as slightly rectifying behaviour that confirms a feature of the optoelectronic device. The conversion efficiency of thin film could be enhanced by optimizing p-Cu2O deposition onto n-TiO2/ZnO bilayer thin film. Although a further improvement is needed, these findings may be a significant recent progress that contributed directly to construction of a low-cost solar cell.
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Figure 1. The XRD pattern for (a) n-TiO2/FTO substrate annealed at 600 °C for 1 h; n-TiO2/ZnO bilayer thin film annealed at 500 °C for (b) 1, (c) 1.5, (d) 2, and (e) 2.5 h, respectively. 
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Figure 2. FE-SEM images of top view of (a) n-TiO2/FTO substrate annealed at 600 °C for 1 h, n-TiO2/ZnO bilayer thin films annealed for (b) 1, (c) 1.5, (d) 2, and (e) 2.5 h at 500 °C, respectively. 
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Figure 3. The histogram of the particle size of n-TiO2/ZnO bilayer thin films annealed at 500 °C. 
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Figure 4. FE-SEM cross-sectional images of (a) the n-TiO2/FTO substrate annealed at 600 °C for 1 h and (b) n-TiO2/ZnO bilayer thin films annealed at 500 °C for 2 h. 
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Figure 5. The transmittance spectra of (a) the n-TiO2/FTO substrate and the n-TiO2/ZnO bilayer thin films annealed for (b) 1, (c) 1.5, (d) 2, and (e) 2.5 h at 500 °C, respectively. 
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Figure 6. Change of α with λ for (a) the n-TiO2/FTO substrate and the n-TiO2/ZnO bilayer thin films annealed for (b) 1, (c) 1.5, (d) 2, and (e) 2.5 h at 500 °C, respectively. 
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Figure 7. Extrapolated band gap of (a) the n-TiO2/FTO substrate and the n-TiO2/ZnO bilayer thin films annealed for (b) 1, (c) 1.5, (d) 2, and (e) 2.5 h at 500 °C, respectively. 






Figure 7. Extrapolated band gap of (a) the n-TiO2/FTO substrate and the n-TiO2/ZnO bilayer thin films annealed for (b) 1, (c) 1.5, (d) 2, and (e) 2.5 h at 500 °C, respectively.



[image: Coatings 13 00206 g007]







[image: Coatings 13 00206 g008 550] 





Figure 8. XRD patterns (a) before and (b) after stacking of the p-Cu2O onto n-TiO2/ZnO bilayer thin film. 
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Figure 9. Top-view images (a) before and (b) after stacking of p-Cu2O onto the n-TiO2/ZnO bilayer thin film. 
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Figure 10. Cross-sectional images (a) before and (b) after stacking of p-Cu2O onto the n-TiO2/ZnO bilayer thin film. 
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Figure 11. I-V measurement of the n-TiO2/ZnO bilayer/p-Cu2O heterostructure thin film at (a) dark and (b) illumination. The inset shows an illustration of the device. 
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