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Abstract

:

In this study, we investigated the potential of multilayer TCO structures, specifically those made up of Indium Tin Oxide (ITO) and Indium Zinc Oxide (IZO), for crystalline silicon heterojunction solar cells (SHJ). We used the radiofrequency (RF) magnetron sputtering method to deposit various thin-film structures under various deposition temperatures and evaluated their electrical, optical, and morphological properties. The objective was to obtain films with lower sheet resistances and higher transmittances than those of single-layer thin films. Our results show that the ITO/IZO/ITO/IZO/ITO multilayer film structure deposited at 200 °C achieves the best sheet resistance of 18.5 Ohm/sq and a high optical transmittance of over 90% at a 550 nm wavelength. This indicates that multilayer TCO structures have the potential to be more optically and electrically efficient, and that they can improve the performance of optoelectronic devices. Finally, a power conversion efficiency of 17.46% was obtained for a silicon heterojunction (SHJ) solar cell fabricated using an ITO/IZO/ITO/IZO/ITO multilayer film structure deposited at 200 °C as a front TCO. Our study provides valuable insights into the field of TCOs and offers a promising avenue for future research.
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1. Introduction


The increasing prominence of transparent conductive oxides (TCOs) in a wide range of optoelectronic applications can be attributed to their high optical transmittance in the visible wavelength and good electrical properties. Nevertheless, the practical applications of certain TCOs are restricted due to their high cost, limited transmittance in infrared wavelengths, and elevated sheet resistance, thereby imposing limitations on their usage. TCO films have been utilized in various optoelectronic applications due to their exceptional optical transmittance (>80%) in the visible wavelength range (380–700 nm) and favorable electrical properties (resistivity of <10−4 Ω.cm). These applications include thin-film transistors, solar cells, organic light-emitting diodes (OLEDs), flat-panel displays, liquid-crystal displays, and plasma display panels [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16]. Various techniques such as pulsed laser deposition, thermal evaporation, chemical vapor deposition, electron-beam evaporation, sol–gel deposition, ion beam-assisted deposition, and magnetron sputtering are utilized for depositing TCO films [3,4,17,18,19]. Of these techniques, magnetron sputtering is widely employed due to its low substrate temperatures and high accumulation rates, as well as its suitability for industrial applications and its ability to ensure the excellent optoelectronic performance of the film [4,7]. The most widely utilized TCO films include indium tin oxide (ITO) [20,21,22], indium zinc oxide (IZO) [23], aluminum zinc oxide (AZO) [24], fluorine tin oxide (FTO) [25], gallium zinc oxide (GZO) [26], molybdenum zinc oxide MZO [27], and tungsten oxide (WO3) [28,29]. The III-group element Indium is the most effective dopant material among these TCO films owing to its ease of processing, resistance to oxidation, and low reactivity [30]. Despite the elevated expense of TCO films doped with Indium, ITO remains the most commonly used material in optoelectronic applications owing to its exceptional electrical (resistivity of 2 × 10−4 Ω.cm) and optical properties in comparison to other TCO films [3,7,31,32,33,34]. However, it has been observed that, in comparison to other TCO films, ITO films possess a substantially reduced transmittance performance in the infrared range (λ > 1200 nm) under humid conditions and high temperatures [32]. In recent years, IZO has gained attention as an alternative due to its favorable electrical conductivity and high light transmittance in the wavelength range of 400–900 nm, broad work function, ease of production using traditional sputtering methods, and low deposition temperature. Furthermore, the lack of grain in the amorphous structure of IZO films results in a flat surface, low internal stress, and good etching ability for micro-patterning. In contrast to traditional TCO electrodes, IZO films that are deposited using magnetron sputtering possess an amorphous structure regardless of the process parameters or film thickness [10,35]. This characteristic has been the subject of recent research, where various application examples of multilayer TCO structures such as TCO/Metal/TCO, TCO/TCO, and the combination of different compounds, have been demonstrated [36,37,38,39,40,41,42,43]. Numerous benefits of multilayer structures, including their extremely low sheet resistance and high optical transparency in the visible and near-infrared range, have been reported across a variety of applications [44,45,46,47]. The primary objective of research on multilayer TCOs is to examine the feasibility of utilizing structures that exhibit superior optical and electrical efficiency in optoelectronic devices, such as solar cells, displays, and transistors, among others. Most studies reveal several compelling reasons to favor multilayer TCO structures. These include their heightened stability, superior light transmittance, improved mechanical properties, and diminished light reflection. These attributes are vital for enhancing the overall efficiency and performance of solar cells, especially silicon heterojunction (SHJ) solar cells. One notable accomplishment emphasized in the study by Qingqing Qiu et al. involves optimizing an SHJ solar cell through the incorporation of an intact IZO layer deposition. This optimized cell achieves an impressive efficiency of 24.02%, representing a noteworthy milestone in high-performance solar cell technology [48]. Moreover, the study conducted by Volker Sittinger et al. highlights the exceptional qualities of IZO films as opposed to ITO films when employed as top TCO layers in perovskite–silicon tandem solar cells. This preference for IZO films is rooted in their comparable resistivity and optical characteristics, coupled with their substantially enhanced electrical mobility. The research underscores the critical role of material optimization in the development of efficient perovskite–silicon tandem solar cell designs [49]. Additionally, the research conducted by Muhammad Aleem Zahid et al. discusses the benefits of incorporating an Al2O3/IZO dual-layer antireflection coating on solar cells. This approach led to noticeable improvements, particularly a 1.37% increase in Jsc [50]. The study led by Monica Morales-Masis et al. unveiled the impressive performance of amorphous IZO films as TCO contacts in high-efficiency SHJ solar cells. These amorphous IZO films achieved a remarkable maximum Jsc of 38.6 mA/cm², as demonstrated in [8]. This accomplishment underscores the importance of material innovation in advancing the efficiency of solar cell technologies.



The aim of this study was to create a multilayer TCO structure that possesses superior electrical and optical properties when compared to single-layer films. To achieve this objective, thin layers of IZO were incorporated between layers of ITO and vice versa, thereby combining the properties of both ITO and IZO single-layer films. We analyzed the impacts of the deposition temperature on the electrical, optical, structural, and morphological properties of single-layer ITO, IZO, and multilayer ITO/IZO/ITO/IZO/ITO, IZO/ITO/IZO/ITO/IZO films. The results showed that the single-layer and multilayer films exhibited an average transmittance value of 80% and higher than 80% in the wavelength range of 400–800 nm in the visible spectrum. As the deposition temperature increased, a decrease in sheet resistance and an increase in conductivity were observed. An optimum sheet resistance of 18.5 Ω/sq was obtained for the ITO/IZO/ITO/IZO/ITO multilayer film structure deposited at 200 °C. Moreover, an increase in the deposition temperature led to an expansion in the optical band gap (Eg) range of the thin films (3.86–3.94 eV). The FOM (figure-of-merit) values showed that the ITO/IZO/ITO/IZO/ITO multilayer film deposited at 200 °C can be considered as an alternative to single-layer and multilayer films. Furthermore, the potential of the multilayer film structure as an effective TCO layer for solar cells was demonstrated by applying it as a TCO layer on the front side of SHJ solar cells.




2. Materials and Methods


Single-layer and multilayer TCO films were deposited on soda–lime glass (surface: 2.5 × 2.5 cm2, thickness: 1 mm) and solar cells using physical vapor deposition (PVD) (NANOVAK R&D AŞ, Ankara, Turkey), with a 13.6 MHz radio frequency (RF) magnetron. ITO (In2O3/SnO2 90/10 wt %) and IZO (In2O3/ZnO 90/10 wt %) sputtering targets with 99.99% purity were employed for the thin-film deposition. The single-layer ITO, IZO films, and multilayer films deposited, featuring ITO/IZO/ITO/IZO/ITO, IZO/ITO/IZO/ITO/IZO configurations, all achieved a total thickness of 160 nm, as clearly illustrated in Figure 1. The single-layer ITO, multilayer ITO/IZO/ITO/IZO/ITO, single-layer IZO, and multilayer IZO/ITO/IZO/ITO/IZO films will be abbreviated as TCO-I, TCO-II, and TCO-III, TCO-IV, respectively.



Prior to placing the substrates in the PVD chamber, the glass surface was cleaned using an ultrasonic bath, followed by separate immersions in acetone for 5 min, ethanol for 5 min, and distilled water for 10 min, and subsequently dried with nitrogen (N2). The cleaned glass was then placed inside the PVD system and kept there until a working pressure of 1 × 10−6 Torr was reached. A pressure of 9 × 10−4 Torr in the PVD chamber was maintained using Argon (Ar) gas at 5 mTorr (2 sccm), which was continuously supplied to the chamber. The ITO and IZO layers were deposited using 75 W RF magnetron sputtering at room temperature (RT) and 200 °C. In order to preserve the amorphous structure of the a-Si:H layers within the SHJ solar cells, a deposition temperature of 200 °C was selected for the TCO structures. Additionally, RT was included to facilitate the comparison of the electrical and optical properties of these TCO structures according to temperature. The PVD deposition parameters are presented in Table 1. The TCO-I film deposited at RT is abbreviated as TCO-I_RT and the TCO-I film deposited at 200 °C is abbreviated as TCO-I_200 °C. The TCO-II, TCO-III, and TCO-IV films were abbreviated similarly to the TCO-I film (for TCO-II; TCO-II_RT, and TCO-II_200 °C, for TCO-III; TCO-III_RT, and TCO-III_200 °C, and for TCO-IV; TCO-IV_RT, and TCO-IV_200 °C).



Finally, 5 × 5 cm²-sized, oriented in (100) direction, and textured n-type crystalline silicon (c-Si) substrates with a thickness of 180 µm were used for solar cell applications. The first step in cell fabrication was the usage of a 3% HF solution to remove the oxide layer on the c-Si surface. In this study, a cleaning process was performed on the c-Si substrates by immersing them in a solution for 120 s at RT. The c-Si was then rinsed with distilled water and dried with N2. Immediately following cleaning, the c-Si was placed in a Plasma-Enhanced Chemical Vapor Deposition (PECVD) system for the deposition of doped (p-n) and undoped (i) hydrogenated amorphous silicon (a-Si:H) layers. The (p-n) and (i) a-Si:H layers were deposited in the PECVD system under 13.56 MHz RF. Firstly, both surfaces of c-Si were deposited with the (i) a-Si:H (10 nm) layer at 200 °C, 50 W power, and 3.5 mbar pressure using silane (SiH4) and hydrogen (H2) gases. The (n) a-Si:H (10 nm) layer was then deposited using phosphine (PH3), SiH4, and H2 gases at 200 °C, 100 W power, and 2.1 mbar pressure to form the back surface field (BSF). To form a p–n junction structure, a (p) a-Si:H (10 nm) layer was deposited on the front surface using trimethylborane (TMB), SiH4, and H2 gases at 200 °C, 100 W power, and 3 mbar pressure. Subsequently, the ITO (40 nm) and silver (Ag) (280 nm) layers were deposited on the (n) a-Si:H layer in Ar atmosphere via PVD. The thicknesses of the ITO and Ag layers deposited on the (n) a-Si:H layer were kept constant in all SHJ solar cells. The TCO-I, TCO-II, TCO-III, and TCO-IV films were deposited on the front surface of the SHJ solar cell separately via PVD at RT and 200 °C. For the front metallization of the solar cell, fingers and busbars were printed using Ag paste via screen-printing.



The optical transmittance spectra and thickness of the TCO films were obtained using a Woollam V-Vase Ellipsometer (J.A. Woollam Company, Lincoln, NE, USA). An EddyCus® TF lab 4040 Hybrid contactless sheet resistance measurement system (SURAGUS GmbH, Dresden, Germany) was used for the electrical measurement of the TCO films. The structural properties of the TCO films were investigated using X-ray diffraction (XRD, PANalytical, Malvern Panalytical, Malvern, Worcestershire, UK) with CuKα radiation (λ = 0.15406 nm). Scanning electron microscopy (SEM, Zeiss EVO 40, ZEISS Microscopy, Oberkochen, Germany) and atomic force microscopy (AFM) (Innova, Bruker, Billerica, MA, USA) were used to study the surface morphology of the TCO films. A scanning area of 2 × 2 μm2 was selected for mapping via AFM. Finally, KOPEL Innovative PV Test Systems (Kyoshin Electric Co., Ltd., Kyoto, Japan) were used to determine the solar cell photovoltaic parameters.




3. Results and Discussion


3.1. Structural and Morphological Properties


Structural analyses of the TCO films were conducted using XRD with a CuKα (λ = 0.15406 nm) X-ray source. The scan range was 2θ = 5–70°. The results of the XRD analysis for the TCO films are presented in Figure 2a,b.



The XRD results for the TCO films deposited at RT (Figure 1a) show an amorphous broad diffraction spectrum in the 20°–35° range with no distinct diffraction peaks observed. This can be attributed to the lack of zinc oxide (ZnO) incorporation into the indium oxide (In2O3) matrix in the case of IZO films, as reported by Lee et al. [51]. Similarly, the amorphous nature of the ITO films deposited below 100 °C has been reported by Park et al. [52]. In contrast, Figure 2b shows the results of the XRD analysis for the TCO films deposited at 200 °C and reveals enhanced crystallization in all films. The single-layer TCO-I_200 °C film exhibited (211), (222), (400), (431), (440), and (622) diffraction peaks, confirming the bixbyite-type crystal structure of the cubic-phase ITO [53,54]. The degree of crystallinity in the ITO film is contingent upon the manufacturing method and the conditions of deposition. In the context of this study, the ITO films exhibited a preferential orientation along the (100) crystallographic plane [55]. It is worth noting that the orientation of the ITO may change under different conditions, as reported by Thilakan et al. [56,57]. It was observed that the presence of IZO interlayers in the multilayer TCO-II_200 °C film increased the intensity of diffraction peaks compared to the single-layer TCO-I_200 °C film. Despite using the same deposition conditions for both the single-layer TCO-I_200 °C film and the multilayer TCO-II_200 °C film, they exhibited higher peak intensities (i.e., (211), (222) and (400)) as a result of the IZO film acting as an interlayer. In Figure 2b, the XRD analysis results demonstrate that the single-layer TCO-III_200 °C film exhibits prominent diffraction peaks associated with the (222) and (332) crystallographic planes. These findings indicate the presence of a well-defined crystalline structure in the film. Fortunato et al. [58] have reported that IZO films fabricated under a high RF power exhibit a polycrystalline structure, characterized by a sharp (222) diffraction peak at 30.5°, which is due to the low-In2O3 (10 wt. %) cubic bixbyite-type structure of ZnO in the In2O lattice. Despite this, the multilayer TCO-IV_200 °C film exhibited different intensities for these peaks compared to the single-layer TCO-III_200 °C film. This variation can be attributed to the introduction of ITO as an interlayer, which likely contributed to an enhancement in the peak intensity and influenced the overall crystal structure of the film. Typicall, in TCO/TCO configurations, the layer possessing greater thickness and a greater initial interaction point for X-rays tends to manifest a more pronounced XRD diffraction pattern. This phenomenon can be attributed to the increased path length that X-rays cover within the material. As X-rays traverse a longer distance, a greater number of atoms participate in X-ray scattering, resulting in a heightened peak intensity within the diffraction pattern. Consequently, this enhanced intensity renders the diffraction peaks more discernible and identifiable. When comparing the XRD patterns of multilayer thin films in TCO-II and TCO-IV, the structure with the greater film thickness exhibits a more prominent XRD pattern. Table 2 provides an overview of the structural characteristics of TCO films, deposited at a temperature of 200 °C.



Williamson–Hall (W–H) analysis was performed to determine the crystallite size (D) of the TCO films deposited at 200 °C. In this approach, the W–H equation is as follows [59,60,61,62,63]:


    β cos  ⁡  θ   =   k λ   D   + ε     4   sin  ⁡  θ      



(1)







In this formula, β is the full width at half maximum (FWHM), θ is the scattering angle, k = 0.9 is the shape factor, λ = 0.15406 nm is the X-ray wavelength, and ε is the lattice stress. Figure 3 shows the Williamson–Hall plots of the TCO films deposited at 200 °C. The data points for each sample are expressed with different symbols and a straight line was passed through all data points using the fitting method. The y-intercept of this straight line (=kλ/D) gives the crystallite size, while the slope gives the lattice stress. According to the obtained D value, the dislocation density (δ) and crystallites per unit field (N) values were calculated using the following equations, and these values are given in Table 2. The dislocation density (δ) was calculated using the following equation, as described in reference [32]:


  δ =   1     D   2      



(2)




Using the following formula, the calculation of the number of crystallites per unit field (N) was performed:


  N =   t     D   3      



(3)







The increase in the deposition temperature from RT to 200 °C indicates that the TCO films transitioned from the amorphous phase to the crystalline phase. This indicates that the crystalline region of TCO films deposited at 200 °C increases slightly. Due to both the effect of temperature and the effect of IZO being used as an interlayer, the best D value (35.02 nm) was obtained in the multilayer TCO-II_200 °C film. The next best D value was observed in the single-layer TCO-I_200 °C film (17.51 nm), followed by the multilayer TCO-IV_200 °C (6.23 nm) and single-layer TCO-III_200 °C (1.15 nm). When single-layer TCO-I_200 °C and multilayer TCO-II_200 °C films are compared among themselves, it is seen that the film obtained using IZO as an interlayer shows better D. Similarly, when single-layer TCO-III_200 °C and multilayer TCO-IV_200 °C films are compared, it is seen that the film obtained by using ITO as an interlayer shows better D. The use of IZO and ITO as an interlayer in the multilayer TCO-II_200 °C and TCO-IV_200 °C films showed superior crystallite quality compared to single-layer TCO-I_200 °C and TCO-III_200 °C films. The δ values of the TCO films at 200 °C obtained using Equation (2) are given in Table 2. The δ value of the multilayer TCO-II_200 °C film exhibits the lowest value compared to the other films, indicating that the linear defects were reduced. The highest δ value was observed in the single-layer TCO-III_200 °C film (highest linear defect), followed by the multilayer TCO-IV_200 °C and single-layer TCO-I_200 °C films, respectively. The N values of the TCO films at 200 °C obtained using Equation (3) are given in Table 2. It was observed that the N value of the multilayer TCO-II_200 °C film decreased and there was a positive correlation with the crystal size of the film [64]. The highest N value was observed in the single-layer TCO-III_200 °C film, followed by the multilayer TCO-IV_200 °C and single-layer TCO-I_200 °C films, respectively.



Figure 4 displays SEM images of the TCO films. The SEM analysis revealed that the TCO films deposited at RT exhibited an amorphous structure, which was consistent with the findings from the XRD measurements shown in Figure 2. Figure 4 (b,d,f,h) show SEM images of the TCO films deposited at 200 °C. Among these images, the most notable structural change was observed in the multilayer TCO-II_200 °C film (Figure 4d). Interestingly, incorporating ITO as an interlayer in the multilayer TCO-IV_200 °C film led to an improvement in the surface properties compared to the single-layer TCO-III_200 °C film deposited at the same temperature. This improvement is correlated with the XRD measurements in Figure 2b and resulted in an increased density of the (222) plane.



Figure 5a–h presents 2-dimensional (2D) and 3-dimensional (3D) AFM images of the TCO films with a scan area of 2 × 2 µm². AFM was performed using the touch mode with an antimony-doped Si cantilever. Various AFM surface roughness parameters (such as arithmetic mean roughness Ra, root mean square roughness Rq-RMS, and maximum roughness depth Rmax) were calculated to evaluate the surface properties; these are summarized in Table 3. AFM measurements revealed different surface morphologies for each TCO film and showed that all TCO films had inhomogeneous surface distributions. The examination of the AFM images in Figure 5 revealed the presence of valleys, mountains, and island clusters at various scales on the surfaces of all TCO films. The XRD patterns obtained at RT for all TCO films confirmed the presence of amorphous phases consistent with the AFM images, and revealed the formation of small grains. Moreover, the TCO films deposited at RT exhibited a lower surface roughness compared to those deposited at 200 °C. In the TCO films deposited at 200 °C, an increase in the surface roughness was observed along with the formation of larger grains due to the temperature effect, as consistently observed in XRD measurements. In addition to surface morphology, the surface roughness was evaluated using the RMS values obtained from the AFM measurements. The RMS values for the TCO-I, TCO-II, TCO-III, and TCO-IV films deposited at RT were 0.0512 nm, 0.0625 nm, 0.0642 nm, and 0.0617 nm, respectively. Similarly, the RMS values for the TCO-I, TCO-II, TCO-III, and TCO-IV films deposited at 200 °C were 0.307 nm, 0.330 nm, 0.214 nm, and 0.297 nm, respectively. The temperature-dependent increase in the RMS values of the TCO films can be attributed to the aggregation of small grains into larger clusters or the increase in the crystal size after annealing [65,66]. Furthermore, the increase in the RMS value is also related to the behavior of the absorption coefficient in the films [67]. Among all films, the multilayer TCO-II_200 °C film exhibited the highest surface roughness, while the multilayer TCO-II_200 °C and TCO-IV_200 °C films had the highest surface roughness between the single and multilayer films. These findings are consistent with the intensities of the XRD diffraction peaks in the films. Furthermore, the increasing surface roughness was closely correlated with the electrical resistivity of the films [68]. This observation is consistent with the improvement in the electrical properties of the films with both the increase in the temperature and increase in the crystal structure within similar TCO groups (e.g., TCO-I_RT and TCO-I_200 °C). As a result, multilayer TCO-II_200 °C and TCO-IV_200 °C films are considered to be promising choices when compared with other TCO films.




3.2. Optical and Electrical Properties


The transmittance measurement results of the TCO films deposited at RT and 200 °C are given in Figure 6a and the average values in the visible region (400–800 nm) of the electromagnetic spectrum are given in Table 3. When the results are compared, the single-layer TCO-I_RT (82.1%) and multilayer TCO-II_RT (81.7%) films exhibited lower transmittance than the single-layer TCO-I_200 °C and multilayer TCO-II_200 °C films. The single-layer TCO-I_200 °C (85.1%) and multilayer TCO-II_200 °C (84.5%) films exhibited higher transparency than all TCO films and showed a significant increase in transmittance in the near-ultraviolet region (UV) (Figure 6b). For the predominantly ITO films, the annealing process led to the expected increase in transmittance in the visible spectrum due to the improvement of the crystal structure, resulting in higher transmittance. On the other hand, the single-layer TCO-III_RT and multilayer TCO-IV_RT films showed higher transmittance at near-infrared wavelengths (Figure 6b) compared to other TCOs, although the average transmittance values were 81.6% and 82.5%. For the predominantly IZO films, a decrease in the average transmittance values was observed with the application of temperature treatment, with a transmittance value of 80.2% for the single-layer TCO-III_200 °C film and 80.9% for the multilayer TCO-IV_200 °C film. The reason for this decrease in transmittance is due to the higher crystallization temperature of IZO (500 °C) and its persistent amorphous properties at lower temperatures [3,69]. The multilayer TCO-IV_RT film was found to have the highest average transmittance among all the films in which IZO was predominantly used. In addition, the multilayer TCO-IV_RT film exhibited slightly higher transmittance properties than the single-layer TCO-III_RT film, and the multilayer TCO-IV_200 °C film exhibited slightly higher transmittance properties than the single-layer TCO-III_200 °C film. The reason why the impact of the multi-layer structure on transmittance is not fully discernible lies in the high crystallization temperature of IZO. All TCO films demonstrate excellent transparency in the visible and near-infrared (NIR) spectrum, ranging from 80% to 85% (glass + thin film). This makes them viable candidates for use as TCO in optoelectronic devices.



The optical Eg of the semiconductor materials was determined using the optical absorption coefficient in the visible region (α) and the energy of the incident photon (hν) [70]. The optical band gaps of the TCO films were calculated by plotting (αhν)2 against hν in Figure 7. The corresponding band gaps for the TCO films are summarized in Table 3. The optical band gaps of the TCO films were calculated in the range of 3.81 eV to 3.93 eV. In particular, the single-layer and multilayer TCO films deposited at 200 °C exhibited higher band gaps than their single-layer and multilayer counterparts deposited at RT (e.g., TCO-I_200 °C (Eg: 3.93 eV) > TCO-I_RT (Eg: 3.85 eV)), which can be attributed to the Burstein–Moss effect [71]. This broadening in Eg may indicate that the formation of defects in TCO films decreases with an increasing deposition temperature. Also, the increase in Eg can be attributed to the effect of the increase in the crystal quality according to the results obtained from XRD. Interestingly, the single-layer TCO-I_RT and multilayer TCO-II_RT films (3.85 eV), TCO-I_200 °C, and TCO-II_200 °C films (3.95 eV) showed the same band gap values among themselves. Similarly, the single-layer TCO-III_RT and multilayer TCO-IV_RT films (3.81 eV), TCO-III_200 °C and TCO-IV_200 °C films (3.84 eV) showed the same band gap values among themselves. As a result, the TCO films with the widest bandgap (single-layer TCO-I_200 °C and multilayer TCO-II_200 °C) are more suitable for solar cell applications because they can enhance the transmission of more photons. Furthermore, a larger optical bandgap makes the material less sensitive to lower-energy light, including longer wavelengths such as infrared. It will transmit or reflect such light more effectively. In addition, an increase in the optical bandgap shifts the absorption edge to higher energies in the Tauc plot, indicating that the material is more effective at absorbing shorter-wavelength light.



The effectiveness of TCO films depends on two key factors: optical transmittance and electrical conductivity. By calculating the FOM (ɸTC), both the optical and electrical properties of the TCO film can be combined into a single metric, providing a comprehensive measure of its overall performance. A higher ɸTC value indicates that the TCO film is more efficient in allowing light transmission while maintaining good electrical conductivity. To assess the performance of the TCO films in this study, ɸTC values were calculated according to Equation (4) using the transmittance values of the films at a 550 nm wavelength (Figure 8) and the sheet resistance data [72]. ɸTC is calculated using the following equation:


   ɸ  T C   =     T   10       R   S H      



(4)




where T represents the transmittance, and RSH represents the sheet resistance of the TCO films. Figure 9 presents a comparison between the ɸTC values and the RSH values of the TCO films. The study also revealed that the single-layer TCO-I and TCO-III films deposited at RT and 200 °C exhibited higher ɸTC values compared to the multilayer TCO-II and TCO-IV films deposited at RT and 200 °C (e.g., ɸTC − single-layer TCO-I_RT: 6.6 × 10−3 Ω−1 > ɸTC − multilayer TCO-II_RT: 5 × 10−3 Ω−1). In addition, the single-layer TCO-I_200 °C film showed the highest ɸTC value (20.1 × 10−3 Ω−1). Alternatively, the multilayer TCO-II_200 °C film showed the next highest ɸTC value of 19.2 × 10−3 Ω−1. These two films were identified as possessing the most favorable optical and electrical properties among the evaluated TCO films.



In the study, as shown in Figure 10, RSH values of 39.6 Ω/sq, 42.7 Ω/sq, 37.3 Ω/sq, and 65.9 Ω/sq were obtained for single-layer TCO-I and TCO-II, and multilayer TCO-III and TCO-IV films deposited at RT, respectively. While it was observed that the RSH values of the TCO films decreased with increasing temperature, 19.6 Ω/sq, 18.5 Ω/sq, 32.4 Ω/sq, and 44.8 Ω/sq were obtained for the single-layer TCO-I and TCO-II, and multilayer TCO-III, and TCO-IV films, respectively. Since this is due to the improvement of the crystal structure in TCO films, the decrease in the RSH value led to an improvement in the electrical properties of the films. In addition, although the multilayer films seemed to show higher RSH values than the single-layer films, the multilayer TCO-II_200 °C film showed the lowest RSH value among all the films and was determined as the TCO film with the best electrical properties. Therefore, the multilayer TCO-II_200 °C film showed the potential to be an electrical alternative to single-layer TCO materials.



This study explores the advantages of employing multilayer TCO configurations over their single-layer counterparts, with a particular focus on their implications for solar cell technology. To evaluate the effectiveness of various TCO films, both single-layer and multilayer TCO films were deposited at RT and 200 °C. Promising TCO films were identified based on their structural, morphological, optical, and electrical properties, with the FOM being considered in the selection process. Among the identified TCO films, TCO-II_200 °C was chosen from the multilayer films. To assess the impact of the multilayer TCO-II_200 °C film, the single-layer TCO-I_200 °C film was selected as a reference, and two SHJ solar cells were compared. The measurement parameters of these SHJ solar cells, including the current density–voltage (J–V) characteristics, open-circuit voltage (VOC), short-circuit current density (JSC), fill factor (FF), and conversion efficiency (η), are depicted in Figure 10. The SHJ solar cell fabricated using the single-layer TCO-I_200 °C film exhibited VOC, JSC, FF, and η values of 0.611 V, 0.0348 A/cm², 78.2%, and 16.87%, respectively. Conversely, the SHJ solar cell fabricated using the multilayer TCO-II_200 °C film demonstrated VOC, JSC, FF, and η values of 0.622 V, 0.0354 A/cm², 78.9%, and 17.04%, respectively. A comparison of these results reveals that the multilayer TCO-II_200 °C film led to an enhancement in efficiency compared to the single-layer TCO-I_200 °C film. Additionally, the SHJ solar cell fabricated with the multilayer TCO-II_200 °C film exhibited improvements in VOC (from 0.611 V to 0.622 V), JSC (from 0.0348 A/cm² to 0.0354 A/cm²), FF (from 78.2% to 78.9%), and η (from 16.87% to 17.04%) when compared to the single-layer TCO-I_200 °C film. These enhancements can be attributed to the improved crystal structure, increased crystal size, and enhanced electronic properties of the multilayer TCO-II_200 °C film, despite both films having similar optical properties [73,74,75]. Most studies reveal several compelling reasons to favor multilayer TCO structures. These include their heightened stability, superior light transmittance, high conductivity, improved mechanical properties, lower cost, and diminished light reflection. These attributes are vital for enhancing the overall efficiency and performance of solar cells, especially SHJ solar cells [48,49].





4. Conclusions


This study investigated the properties of different TCO films, including single-layer TCO-I (ITO) and TCO-III (IZO), and multilayer TCO-II (ITO/IZO/ITO/IZO/ITO) and TCO-IV (IZO/ITO/IZO/ITO/IZO) films deposited on glass substrates using RF magnetron sputtering at RT and 200 °C. The research aimed to determine the best-performing TCO films and assess their suitability for use in SHJ solar cell applications. XRD analysis revealed that all RT-deposited TCO films were amorphous, while those deposited at 200 °C exhibited crystalline properties. Among the 200 °C-deposited films, the multilayer TCO-II film showed higher diffraction peak intensities than the TCO-I film, and the multilayer TCO-IV film exhibited higher peak intensities than the single-layer TCO-III film. The use of IZO as an interlayer in the multilayer TCO-II_200 °C film increased the peak intensities in the (211), (222), and (400) planes, and increased the crystal size (from 17.51 nm to 35.02 nm) compared to the single-layer TCO-I_200 °C film. The use of ITO as an interlayer in the multilayer TCO-IV_200 °C film increased the peak intensities in the (222) and (332) planes, and increased the crystal size (from 1.15 nm to 6.23 nm) compared to the single-layer TCO-III_200 °C film. Morphological properties were examined using SEM and AFM, revealing that the multilayer TCO-II_200 °C film was rougher than other films. This film exhibited exceptional properties, including high transmittance (84.5%) and low sheet resistance (18.5 Ω/sq). When applied to SHJ solar cells, the multilayer TCO-II_200 °C film showed a slightly higher conversion efficiency of 17.04%. These findings suggest exciting possibilities for further advancements in solar energy conversion, particularly in the context of SHJ technology, offering the potential for highly efficient solar energy solutions.
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Figure 1. Schematics of TCO layers on SHJ solar cells (a,c) and glass substrates (b,d). 
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Figure 2. XRD patterns of TCO films deposited at (a) RT and (b) 200 °C. 
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Figure 3. Williamson–Hull plot for crystals of TCO films deposited at 200 °C. 
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Figure 4. SEM images of TCO films deposited at RT and 200 °C. The names of the samples are indicated in the SEM images. (a) Single-layer TCO-I_RT; (b) single-layer TCO-I_200 °C; (c) multilayer TCO-II_RT; (d) multilayer TCO-II_200 °C; (e) single-layer TCO-III_RT; (f) single-layer TCO-III_200 °C; (g) multilayer TCO-IV_RT; and (h) multilayer TCO-IV_200 °C. 
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Figure 5. AFM images of TCO films deposited at RT and 200 °C. The name of the samples is indicated on top of the AFM images. (a) Single-layer TCO-I_RT; (b) single-layer TCO-I_200 °C; (c) multilayer TCO-II_RT; (d) multilayer TCO-II_200 °C; (e) single-layer TCO-III_RT; (f) single-layer TCO-III_200 °C; (g) multilayer TCO-IV_RT; and (h) multilayer TCO-IV_200 °C. 
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Figure 6. Transmittance spectra of TCO films deposited at RT and 200 °C. (a) Transmittance overview for TCOs.; (b) Zoomed view of transmittance for TCOs. 






Figure 6. Transmittance spectra of TCO films deposited at RT and 200 °C. (a) Transmittance overview for TCOs.; (b) Zoomed view of transmittance for TCOs.



[image: Coatings 13 01719 g006]







[image: Coatings 13 01719 g007] 





Figure 7. Plot of (αhν)2 versus photon energy (hν) of TCO films deposited at RT and 200 °C. (a) Single-layer TCO-I_RT, TCO-I_200 °C, and multilayer TCO-II_RT, TCO-II_200 °C; (b) single-layer TCO-III_RT, TCO-III_200 °C, and multilayer TCO-IV_RT, TCO-IV_200 °C. 
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Figure 8. Measured transmittance values of TCO films at 550 nm wavelength. 
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Figure 9. FOM and sheet-resistance values of TCO films. 
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Figure 10. J-V curve of SHJ solar cell fabricated using single-layer TCO-I_200 °C and multilayer TCO-II_200 °C films. 
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Table 1. Deposition parameters of single-layer and multilayer films.






Table 1. Deposition parameters of single-layer and multilayer films.





	Parameter
	TCO-I
	TCO-II
	TCO-III
	TCO-IV





	Base pressure (Torr)
	1 × 10−6
	1 × 10−6
	1 × 10−6
	1 × 10−6



	Deposition pressure (Torr)
	9 × 10−4
	9 × 10−4
	9 × 10−4
	9 × 10−4



	Ar pressure (mTorr/sccm)
	5/2
	5/2
	5/2
	5/2



	Deposition temperature (°C)
	RT-200
	RT-200
	RT-200
	RT-200



	Rotation speed (rpm)
	8
	8
	8
	8



	Set power (W)
	75
	75
	75
	75



	Thickness (nm)
	160
	50/5/50/5/50
	160
	50/5/50/5/50



	Deposition rate (Å/s)
	0.8
	0.8/0.9
	0.9
	0.8/0.9










 





Table 2. Structural parameters of the TCO films deposited at 200 °C.
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	Samples
	D

(nm)
	ε

(×10−3)
	δ

(lines/nm2)
	N

(nm−2)





	TCO-I_200 °C
	17.51
	−1.09
	3.26 × 10−3
	2.98 × 10−2



	TCO-II_200 °C
	35.02
	1.27
	8.15 × 10−4
	3.73 × 10−3



	TCO-III_200 °C
	1.15
	−79.53
	7.56 × 10−1
	1.05 × 102



	TCO-IV_200 °C
	6.23
	−9.77
	2.58 × 10−2
	6.62 × 10−1










 





Table 3. AFM surface roughness parameters (Rmax, Rq and Ra) and Eg values for TCO films.
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AFM Results

	
Transmittance




	
Samples

	
Rmax

(nm)

	
Rq (RMS)

(nm)

	
Ra

(nm)

	
Eg

(eV)

	
Average (%)

(400–800 nm)






	
TCO-I_RT

	
1.21

	
0.0512

	
0.0397

	
3.85

	
82.1




	
TCO-II_RT

	
1.50

	
0.0625

	
0.0438

	
3.85

	
81.7




	
TCO-I_200 °C

	
7.38

	
0.307

	
0.209

	
3.93

	
85.1




	
TCO-II_200 °C

	
3.86

	
0.330

	
0.219

	
3.93

	
84.5




	
TCO-III_RT

	
1.41

	
0.0642

	
0.0515

	
3.81

	
81.6




	
TCO-IV_RT

	
2.50

	
0.0617

	
0.0477

	
3.81

	
82.5




	
TCO-III_200 °C

	
9.98

	
0.214

	
0.109

	
3.84

	
80.2




	
TCO-IV_200 °C

	
4.51

	
0.297

	
0.226

	
3.84

	
80.9
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