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Abstract

:

This study investigated the use of a pure copper seed layer to improve the adhesion strength and reduce the residual stress of electroplated copper films for heterojunction technology in crystalline solar cells. The experiment involved depositing a copper seed layer and an indium tin oxide (ITO) layer on textured silicon using sputtering. This resulted in the formation of a Cu(s)/ITO/Si structure. Following this step, a 10 µm thick copper layer was electroplated onto the Cu(s)/ITO/Si structure. Various characterization techniques were employed to evaluate the electroplated copper films’ microstructures, residual stress, and adhesion strength. The microstructures of the films were examined using a scanning transmission electron microscope (STEM), revealing a twin structure with a grain size of approximately 1 µm. The residual stresses of the as-deposited and annealed samples were measured using an X-ray diffractometer (XRD), yielding values of 76.4 MPa and 49.1 MPa, respectively. The as-deposited sample exhibited higher tension compared to the annealed sample. To assess the adhesion strength of the electroplated copper films, peel-off tests were conducted at a 90° angle with a constant speed of 30 mm/min. The peel force, measured in units of N/mm, was similar for both the as-deposited and annealed samples. Specifically, the peel force for electroplating copper on the copper seed layer on the ITO was determined to be 2.6 N/mm for the maximum value and 2.25 N/mm for the average value. This study demonstrated that using a pure copper seed layer during electroplating can improve adhesion strength and reduce residual stress in copper films for heterojunction technology in crystalline solar cells. These findings contribute to the development of more reliable and efficient solar-cell-manufacturing processes.
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1. Introduction


Fossil fuels, including oil, coal, and natural gas, are major contributors to the increasing concentration of greenhouse gases, particularly carbon dioxide, in the atmosphere. The resulting emissions lead to global warming, causing various adverse effects such as the melting of icebergs, increases in sea levels, and other related phenomena that significantly impact Earth’s ecosystems. Limiting greenhouse gas concentrations is widely recognized as a crucial step in mitigating the most devastating effects of climate change. While it is challenging to halt global temperature rise completely, efforts to reduce greenhouse gas emissions are essential to minimizing the severity of climate-related impacts. Solar power generation, particularly via photovoltaic (PV) technology, is considered one of the most promising alternatives to fossil fuels. The solar industry aims to provide competitive power generation products that can effectively replace fossil fuels and other renewable energy sources. By harnessing the energy from the sun, solar power offers a clean and renewable source of electricity that can help reduce greenhouse gas emissions and combat climate change. As the PV industry continues to evolve and advance, increased adoption of solar power generation is expected. This transition to renewable energy sources like solar power is crucial for a sustainable and environmentally friendly future.



According to the latest International Technology Roadmap for Photovoltaic, it is predicted that the global production capacity of crystalline silicon (c-Si) cells and photovoltaic modules will increase to 600 GWp by the end of 2022 (14th edition, 2023) [1]. One of the factors contributing to the growth in the production capacity of c-Si cells and photovoltaic modules is the advancement in passivated rear emitter cell (PERC) technology. PERC technology has played a significant role in improving the average module efficiencies of crystalline silicon solar cells. Using larger wafers has also enabled the development of new module power classes, including those with a power rating of 600 W and above. In terms of technological development, the construction of new cell and module capacities in 2022 shifted from PERC to n-type-based tunneling oxide passivated contacts (TOPCon) and silicon heterojunction (SHJ) technologies [1]. SHJ solar cells are known for their high open-circuit voltage, conversion efficiency, excellent bifacial factors, and facilitation of low-temperature processes. These attributes make SHJ solar cells a potentially cost-competitive option for large-scale industrialization [1,2,3]. Many organizations have investigated heterojunction technology in relation to crystalline solar cells, which constitute a promising candidate for further increasing solar cell efficiency.



The typical structure of a crystalline Si heterojunction solar cell includes silicon wafers, hydrogenated amorphous silicon (a-Si H) films, transparent conductive oxide (TCO) films, and metal grids. Indium–tin–oxide is a commonly used TCO in solar cell and display applications that serves as an electrical contact. On the other hand, the metal grid, usually made of silver (Ag) paste, is applied to the front side of the silicon heterojunction to facilitate electrical conduction. Metallization pastes containing silver are critical yet costly non-silicon materials used in current c-Si solar cell technologies. It is essential to continue all efforts to lower silver consumption to achieve further cost reductions as silver is currently cost-critical due to global market dependency. On top of a continuous decrease in silver consumption at the cell-manufacturing level, silver’s replacement is still considered, with copper (Cu) being the envisioned substitute [1]. Copper is mainly used in applications related to interconnects in semiconductor devices due to its high electrical conductivity, resistance to electromigration, and thermal conductivity. Recently, Cu electroplating metallization has attracted much attention with respect to SHJ solar cell processing because it provides excellent gap-filling behavior and facilitates the miniaturization of deposited components. It also offers the advantages of a high deposition rate, the use of simple equipment, and low deposition temperatures [4,5,6,7].



In the copper metallization process applied to silicon heterojunction (SHJ) solar cells, one of the primary challenges is achieving selective plating on the transparent conductive oxide film and ensuring proper adhesion between the plated finger and the metal oxide layer. Traditionally, the plating process for SHJ solar cells involves a sequence where full-area seed layers are deposited after the preparation of the SHJ substrate, photolithography, and copper electroplating [5]. These seed layers are typically applied using physical vapor deposition (PVD) or sputtering techniques. The purpose of the metal seed layer is to enhance lateral conductivity and improve the adhesion between the plated electrode and the TCO film. By depositing a seed layer made of a metal such as copper, the lateral conductivity of the electrode can be improved, ensuring efficient current flow across the cell. Additionally, the seed layer promotes better adhesion between the plated copper electrode and the TCO film, thereby minimizing the risk of detachment or delamination.



Electroplated copper films exhibit a distinctive characteristic known as self-annealing, which involves grain growth at room temperature [8,9,10,11,12,13]. After the electroplating process, the grain size of the copper film can increase to several micrometers during self-annealing. This phenomenon is accompanied by changes in resistivity, internal stress, microstructure, texture, and impurity distribution [14,15,16,17]. The mechanism behind self-annealing in electroplated copper films is not fully understood, but several proposed explanations exist. C.R. Lee et al. suggested that a reduction in grain boundary energy and the release of elastic energy from dislocations could be the driving forces behind self-annealing [14]. According to this hypothesis, the rearrangement of grains and dislocations lead to the growth of larger grains, thereby reducing defects and strain energy. Another idea proposed by C.H. Lee et al. suggests that the presence of additives in the plating bath, or electrolyte, plays a crucial role in self-annealing. These additives adsorb onto the electroplated film, creating a high density of impurities, dislocations, and residual stresses, which leads to the formation of fine particles [15]. The exact interactions between the additives and the copper film and their influence on self-annealing are still not fully understood.



The issue of poor adhesion between copper and the transparent conductive oxide layer has been identified in relation to direct copper electroplating on TCO surfaces. This problem can lead to the detachment of the copper layer from the TCO, posing challenges for the use and development of reliable copper metallization techniques. Research by P.H. Chen et al. highlighted the weak adhesion between copper and aluminum-doped zinc oxide (AZO). The peel force measurements for electroplated copper on a copper seed layer on AZO were reported to be 0.39 N/mm for the maximum value and 0.20 N/mm for the average peel force, indicating poor adhesion between copper and AZO [18].



To address this issue, several studies have investigated methods for improving the adhesion of metal layers to different TCO materials. For instance, S.H. Lee researched copper-plated silicon heterojunction solar cells, focusing on using a Cu-X alloy seed layer on indium tin oxide [19]. They deposited 500 nm of Cu-X alloy seed layers by co-depositing copper with additives such as manganese (Mn), nickel (Ni), and aluminum (Al) using an evaporator. The results showed that the contacts with the pure copper, Cu-Al alloy, and Cu-Mn alloy seed layers were prone to detachment from the ITO surface during tape tests. However, the connection with the Cu-Ni alloy seed layer exhibited stronger adhesion, as the connection remained intact after the tape test. Furthermore, tape tests conducted on SHJ solar cells with Cu-X/Cu/Ag busbars using different Cu-X seed layers confirmed that the Cu-Ni seed layer demonstrated better adhesion than Cu, Cu-Mn, and Cu-Al [19]. These studies emphasize the importance of improving the adhesion between copper and TCO layers to enhance the reliability and performance of copper metallization techniques for solar cell applications. Further research is needed to explore and develop effective methods for achieving robust and durable adhesion between copper and various TCO materials.



In recent research conducted by Politze et al., the authors investigated using Fe electroplating as an initial layer for subsequent Ni and Cu plating on polished or pyramidally textured indium–tin–oxide-coated silicon substrates [20]. The Fe layer acted as an intermediate between the ITO-coated substrate and the Cu layer. Cu layers of up to 15 μm were deposited on the Ni/Fe intermediate layer. The pull-off stresses, which indicate adhesion strength, of the Cu/Ni/Fe/ITO/Si stack were measured to be 1.44 MPa for the polished substrates and 1.28 MPa for the pyramidally textured substrates [20]. Interestingly, Politze et al. also examined the direct electroplating of Cu onto the Fe layer without the Ni layer. In this case, the metal stack (Cu/Fe/ITO/Si) exhibited poor adhesion and lifted from the substrate. However, when a thin, conformal Ni layer was deposited between the Fe and Cu layers, the Fe/Ni/Cu layer stack maintained good adhesion, even with a Cu layer thickness of 15 μm [20]. This suggests that the Ni layer promotes adhesion between the Cu and Fe layers. Based on the results of their experiments, it is evident that the direct electroplating of Cu on the Fe layer does not result in adherent metal stacks. However, including a thin Ni layer between Fe and Cu improves adhesion properties, allowing for a more stable metal stack to form. In the current study, the authors deposited electroplated Cu films on a sputtered pure copper seed layer, demonstrating good adhesion. The microstructure and mechanical properties of the electroplated Cu films were systematically studied to evaluate their likely suitability for use in heterojunction technology for crystalline solar cells.




2. Materials and Methods


This study used commercially available single-crystal (0 0 1)-oriented silicon wafers with a textured roughness of around 3–5 μm as substrates. Ming Hwei Energy Co., Ltd., located in Douliu City, Yunlin County, Taiwan, provided the silicon substrates. A process involving acetone and an H2SO4/H2O2 solution was used to clean the textured silicon substrates. The substrates were then dipped into a hydrogen fluoride solution before being loaded into a sputtering chamber. A direct current (DC) magnetron-sputtering system was used to deposit ITO and copper films onto the textured silicon substrates. The sputtering was conducted at room temperature (25 °C), and the base pressure of the vacuum chamber was 4 × 10−7 Torr. The constant power mode is often preferred in DC sputtering deposition because the constant power mode provides better stability and control over the sputtering process. Consistent ion energy can be maintained by maintaining a constant power level, thus improving film quality and uniformity. The target voltage can vary significantly in constant current mode, and materials with poor electrical conductivity may experience uneven current distribution and potential hotspots. Constant power mode avoids these issues by stabilizing the power input, resulting in more uniform sputtering. Constant power mode simplifies the optimization process by providing a direct control parameter that can be adjusted to achieve the desired film properties.



For the deposition of ITO films, an ITO target and a DC power supply were utilized in an Ar atmosphere with a purity of 99.999%. The direct current (DC) power was maintained at 60 W during deposition, while the Ar flow rate and operation pressure were fixed at 50 sccm and 6 × 10−3 Torr, respectively. The resulting ITO films had a thickness of approximately 100 nm.



During deposition, a fixed Ar flow rate of 25 sccm and a DC power of 30 W were employed for the copper seed layer. The sputtered copper films’ thickness was about 100 nm. ITO and copper films were subsequently sputter-deposited, breaking the vacuum after depositing the ITO film. The sputtered ITO and copper seed film on the textured silicon sample were designated as Cu(s)/ITO/Si. After depositing the ITO and copper seed layers, the samples were subjected to electrodeposition to deposit a 10 µm thick copper layer. The electroplating process was conducted using a commercial machine. The resulting structure, with the electroplated copper layer on top of the Cu(s)/ITO/Si structure, was designated as Cu(E)/Cu(s)/ITO/Si. To investigate the effect of heat treatment, some Cu(E)/Cu(s)/ITO/Si samples were annealed at 200 °C for 30 min in an Ar/H2 atmosphere.



The structures of the samples were analyzed using scanning transmission electron microscopy. TEM was performed using a JEM-ARM200 and a JEM-2100Plus. Cross-sectional views of the TEM samples were prepared using a precision ion polishing system operated at 4.5 kV. Tape and peel-off tests were performed on the as-deposited and annealed samples. In the tape tests, 3M Scotch tape was peeled off at an angle of 180°. Peel force tests were conducted using a universal testing machine. The samples were glued to a brass sheet, and Cu ribbons coated with Sn were hand-soldered onto the samples. The peel-off tests were conducted at an angle of 90° with a constant speed of 30 mm/min applied.




3. Results and Discussion


The typical TEM cross-sectional views of the copper electroplated on Cu(S)/ITO/Si are shown in Figure 1. The thickness of the electroplated copper film is about 9.5 µm, as demonstrated in Figure 1. The electroplated copper is very dense, and it was deposited conformally on a textured structure. The TEM morphologies of the as-deposited and annealed samples are shown in Figure 2 and Figure 3. Figure 2a–c present TEM images of the as-deposited sample, focusing on the bottom, middle, and top parts, respectively. The sputtered ITO film has a thickness of about 100 nm, while the copper film is approximately 140 nm thick. The continuous copper seed layer remained intact during the copper-electroplating process, showing no severe corrosion in the copper sulfate solution. However, it is possible that the copper electrolyte reached the ITO surface due to partial erosion of the copper seed layer, leading to the emergence of voids or gaps at the copper–ITO interface. The electroplated copper film exhibits a twin structure, and its grain size is around 1 µm. The interface between the electroplated copper and the seed layer appears compact, presenting no micro-voids. This indicates good adhesion between the seed layer and the ITO film.



The TEM images of the bottom, middle, and top parts of the annealed sample are shown in Figure 3a–c, respectively. The thicknesses of the sputtered ITO and copper films on the Cu(s)/ITO/Si samples are approximately the same, i.e., around 100 nm. The copper seed layer also remains continuous. Like the as-deposited sample, the annealed sample exhibits twin structures in the electroplated copper layer, with a grain size of approximately 1 µm. The TEM morphologies of the as-deposited and annealed samples appear almost identical, suggesting that the annealing treatment did not significantly alter the average grain size. In the as-deposited sample, grain growth occurred through the coalescence of small grains during self-annealing. The growth continued until complete recrystallization into large, twinned grains occurred [9]. Lee et al. prepared a nanocrystalline ultrahigh-strength Cu film produced using the direct current electrodeposition method and investigated the relationship between the microstructure and the electrical/mechanical properties during self-annealing [14]. The microstructure of the as-deposited film consisted of ultrafine grains with different orientations with respect to the neighboring grains. As the time after deposition increased, the fraction of recrystallized grains increased due to the self-annealing effect. The recrystallized grains often contained twins and stacking faults with a low dislocation density. The combined effect of the reduction in grain boundary energy and the elastic energy of dislocations could have led to the observed self-annealing in the investigated Cu film. The average grain size was about 900 nm for the electroplated Cu films 672 h after deposition [20].



Residual stress, interfacial reactions, film thickness, and film microstructure influence materials system’s adhesion behavior [21,22,23,24]. Usually, these factors are often interconnected and challenging to decouple. Electron microscopy can be used to investigate interfacial reactions, film thickness, and film microstructure. Residual stress, which can develop during the growth of thin films, is a critical concern in many technological applications. Excessive residual stress levels can significantly impact material components and devices’ performance, reliability, and durability. High tensile stress can lead to film cracking or delamination in extreme cases. Residual stress distributions can significantly impact thin films’ adhesion and fracture toughness. Residual stress is an essential issue in thin film applications since it can limit the range of performance. Measuring residual stress (or strain) is critical for understanding thin films’ behavior. Wafer curvature techniques are commonly used during deposition to measure residual stress. Other methods, such as X-ray diffraction (XRD), holographic transmission electron microscopy (TEM), micro-Raman spectroscopy, and backscattered electron diffraction, have also been used for residual stress measurement [25]. Among the various methods used for strain determination, X-ray diffraction (XRD) techniques are commonly used for strain determination applied to thin films and materials. XRD-based techniques provide valuable information about phases, crystallographic orientation, the presence of other crystallographic features, and material composition. These details are crucial for interpreting stress and strain data accurately. By analyzing the diffraction patterns obtained from XRD measurements, researchers can determine the strain present in the analyzed material. The diffraction peaks observed in the pattern correspond to specific crystallographic planes of a material’s crystal structure. The positions and intensities of these peaks can be analyzed to extract information about the lattice spacing and crystal strain. X-ray techniques allow researchers to quantify the strain in thin films and understand such strain’s distribution across the material. This information is essential for evaluating the mechanical properties, performance, and reliability of thin film coatings or devices.



In the XRD analyses conducted for the as-deposited sample and samples annealed at 200 °C for 30 min (Figure 4a,b), the diffraction pattern reveals the presence of the face-centered cubic (FCC) copper phase. The diffraction peak angles observed in the pattern correspond to specific crystallographic planes of the FCC structure of copper. The diffraction peak angles of 43.4°, 50.6°, and 74.2° match the (111), (200), and (220) diffraction planes of polycrystalline copper powder with a face-centered cubic structure (identified as JCPDS 01–1242). Based on the TEM images, it was observed that the copper layer has a thickness of 9.5 μm, while the underlying ITO layer has a thickness of 0.1 μm. The thickness of a sample can impact the results of X-ray diffraction. The presence of a thick copper layer can indeed result in a high intensity of X-ray diffraction signals originating from the copper layer itself. Due to the increased thickness of the copper layer, the X-rays passing through it are more likely to interact with the copper atoms, leading to a significant diffraction signal. The diffraction pattern obtained from the copper layer may be dominant in the detected signal due to its higher intensity and contribution to the overall diffracted X-rays. As a result, the X-ray diffraction signal from the underlying ITO layer, which is much thinner, can be weaker or more challenging to detect. The attenuation or scattering of X-rays by the thicker copper layer can limit the visibility of the specific characteristics of the underlying layer in the diffraction pattern.



Many methods for estimating lattice strain have been reported in the literature. The Williamson–Hall method is commonly used to estimate lattice strain from X-ray diffraction data [26]. The broadening of X-ray diffraction peaks can arise from various factors, including instrumental effects, crystallite size, and lattice strain. The cited method involves analyzing the width of the diffraction peaks at half the maximum intensity (FWHM) to determine the contributions of crystallite size and lattice strain. By measuring the FWHM of the diffraction peaks and considering the instrumental broadening, one can separate the effects of crystallite size and lattice strain on the peak broadening. The Williamson–Hall method allows for the estimation of lattice strain based on the broadening of the diffraction peaks. The broadening is evaluated by measuring the width (B) at an intensity equal to half the maximum power. The FWHM of (111), (200), and (220) of the XRD peaks are presented in Table 1. The lattice strain in the material precipitated the broadening of the diffraction peaks, which can be represented as Bstrain = ηtanθ, where η is the strain in the material. The well-known Scherrer equation for the determination of crystallite size from the broadening of X-ray diffraction peaks is expressed as Bcrystallite = kλ/(Lcosθ), where λ is the wavelength of the X-rays used, θ is the Bragg angle, L is the average crystallite size measured in a direction perpendicular to the surface of the specimen, and k is a constant. The k factor can be 0.62–2.08, but it is usually assumed to be about 0.89. The shape factor of k is assumed to be 1 in this study. This value is commonly used for polycrystalline materials, for which the crystallites are assumed to be isotropic and spherical. The width, Br, of the diffraction peak after subtracting the instrumental effect is simply the sum of the breadth due to crystallite size and lattice strain [27]. Br = Bcrystallite + Bstrain = kλ/(Lcosθ) + ηtanθ. By multiplying both sides by cosθ, we obtain Brcosθ = kλ/(L) + ηsinθ.



Figure 5a,b present Williamson and Hall plots for the as-deposited and annealed samples, respectively. A linear fit was applied to the scattered data points. From this linear fit, the crystallite size can be estimated from the y-intercept, and the strain can be determined from the slope of the fit. The lattice strain is calculated by comparing the linear fit equations with the equation Brcosθ = kλ/(L) + ηsinθ for both the as-deposited and annealed samples. The lattice strains obtained for the as-deposited and annealed samples were measured as 0.007069 and 0.004541, respectively. To estimate the degree of stress, the Young’s modulus of copper was considered. The reported values for the Young’s modulus of copper in different studies vary slightly. For polycrystalline copper, the bulk modulus is approximately 130 GPa, while Yu and Spaepen reported that the Young’s modulus of a Cu thin film on Kapton was 108.8 GPa [28]. In other studies, Read et al. reported micro-tensile-test results for electrodeposited copper that was 2.59 μm thick and tested at 25 °C. The average value of the Young’s modulus was 73 ± 24 GPa. [29]. Yang et al. demonstrated that the Young’s modulus (E) values of electroplated Cu were measured to be 106.4 (±13.0) GPa; in their study, these values was examined using a nano-indenter with a three-sided pyramidal Berkovich diamond indenter [30]. The Young’s modulus of Cu thin film is 108.8 GPa, which was selected to estimate the stress. In this analysis, Young’s modulus of Cu thin film was assumed to be 108.8 GPa. Based on this value, the stresses were calculated as 76.4 MPa for the as-deposited sample and 49.1 MPa for the annealed sample. It is worth noting that the residual stresses of both samples fall within the MPa range and are below 100 MPa.



In the study conducted by Lee et al., stress measurements were performed using XRD. They found that at a film thickness of 2.5 μm, the residual stresses were approximately 630 MPa for the as-plated sample and 110 MPa for the self-annealed sample. During self-annealing, an average stress release of 500 MPa was observed in the electroplated samples [15]. In another study by Lassnig et al., magnetron sputtering was used to deposit 110 nm thin Cu films on glass substrates. The residual stresses were determined using synchrotron radiation. For the as-deposited films at 0.5 Pa, residual stresses of (120 ± 17) MPa were measured, and after annealing, an increase in stress up to (310 ± 24) MPa was observed [21]. Through the comparison of the reported values and the results obtained in this study, it was determined that the observed residual stress levels for the copper film in this study are lower than those reported by Lee et al. [15] and Lassnig et al. [21]. In this study, the as-deposited sample exhibited higher residual stress than the annealed sample. The lattice strain, which is indicative of the distribution of lattice constants and lattice dislocations arising from crystal imperfections, showed a decrease in the material after thermal annealing. The higher tension observed in the as-deposited sample compared to the annealed sample can be attributed to the lattice structure variations induced by thermal annealing. These variations may decrease lattice strain within a material, leading to a reduction in residual stress.



The peeling of materials is a common technique used to characterize material properties, particularly with respect to adhesives and interfaces. Peel tests have been widely developed, standardized, and employed in order to assess various properties of materials, adhesives, and interfaces. [31]. A critical aspect of peel tests is their ability to evaluate interfacial adhesion failure, which refers to fracturing occurring at the interface between two materials. Analyzing the peeling process and employing relevant equations facilitate the measurement of the fracture energy of both bulk materials and adhesive interfaces. The peel test is favored for its relative simplicity, as it separates a layer from a substrate. It is often one of the initial methods employed to characterize the adhesion properties of thin films. Due to its straightforward and fast nature, the peel test is commonly used to determine the adhesion strength of interconnector ribbons to solar cell metallizations. In the context of crystalline silicon solar cells, the peel test is often the initial test conducted to qualify the interconnection of these cells after soldering. This test involves peeling off the interconnector ribbons from the solar cell, and the force required for peeling is measured. The peel test is an easy and fast method for assessing the strength of the adhesion of interconnector ribbons to a solar cell. The test can determine whether the adhesion meets the required specifications by measuring the force required for peeling. This allows for the acceptance or rejection of new cells in a module production line, ensuring that only cells with satisfactory interconnection adhesion are used. In this context, the peel test plays a crucial role in quality control and ensuring the reliability of solar cell modules. It provides a quick and effective means of evaluating the interconnection adhesion, helping maintain the solar cell modules’ desired performance and durability [32]. In this study, tape and peel-off tests were employed to evaluate the adhesion of electroplated copper on the Cu(s)/ITO/Si substrate. Both tests were conducted on the as-deposited and annealed samples. During the tape test, adhesive tape was applied to the surface of the samples and then rapidly removed. For both the as-deposited and annealed samples, the electroplated copper layer remained intact on the Cu(s)/ITO/Si substrate after the tape test. This indicates a high level of adhesion strength for both samples. However, it is essential to note that the tape test does not provide a quantitative measurement of adhesion strength. To obtain a quantitative measure of the adhesion strength of the electroplated copper on Cu(s)/ITO/Si, the peel-off test was performed using a universal testing machine. This test involves applying a controlled force to peel off the electroplated copper layer from the substrate. The adhesion strength can be quantitatively determined by measuring the energy required to initiate and propagate the peeling. The peel-off test provides a more accurate and quantitative assessment of adhesion strength compared to the tape test. It allows for a more precise understanding of the bonding between the electroplated copper layer and the Cu(s)/ITO/Si substrate, providing valuable information for evaluating the quality and reliability of the electroplated copper film in this materials system.



Figure 6a,b present the peel force diagrams for the as-deposited and annealed samples. The maximum peel force value for the as-deposited sample was 2.63 N/mm, while the average peel force was 2.25 N/mm. As for the annealed sample, the highest peel force value was 2.57 N/mm, and the middle peel force value was 2.25 N/mm. These results indicate strong adhesion between the electroplated copper and the Cu(s)/ITO/Si substrate, and the adhesion strength appears to be independent of heat treatment. Notably, neither sample had copper remaining on the ITO/Si substrate after the 90° peel-off test. In a study conducted by Yu et al., the authors investigated the interface between copper and SHJ (Silicon Heterojunction) solar cells, using SEM (Scanning Electron Microscopy) to examine the cross-sectional morphology. They observed micro-voids at the interface between the electroplating copper layer and the copper seed layer and the interface between the copper seed layer and the TCO layer. They found that solar cells with poor peel force exhibited deteriorated adhesion due to the presence of these voids. The authors attributed the formation of voids to the partial corrosion of the copper seed layer in a copper sulfate solution with a very low pH (hydrogen ion concentration) [33]. In contrast, in the current study, no voids were observed at the interface between the copper seed and ITO layers, and it was difficult to detect any voids at the interface between the electroplating copper and the copper seed layer. The high adhesion strength observed in this study can be attributed to the absence of gaps or voids at the interface between the electroplated copper and the copper seed layer.




4. Conclusions


This study deposited a copper seed layer and ITO on textured silicon substrates using sputtering. Consequently, a copper layer of about 10 µm was electroplated onto the Cu(s)/ITO/Si structure. The electroplated copper layer’s microstructure, residual stress, and adhesion strength were investigated.



The transmission electron microscopy micrographs showed that the electroplating process allowed for the deposition of the copper layer on the copper seed layer without severe corrosion in the copper sulfate solution. The lattice strains were determined to be 0.007069 and 0.004541 for the as-deposited and annealed samples. The corresponding stresses were 76.4 MPa for the as-deposited sample and 49.1 MPa for the annealed sample. The tension developed in the as-deposited sample was higher than that in the annealed sample. The average peel forces were 2.25 N/mm for both the as-deposited and annealed samples. These results indicated that the adhesion strength between the electroplated copper layer and the Cu(s)/ITO/Si substrate was independent of heat treatment and strong. No voids were observed at the interface between the copper seed and ITO layers in this study. Additionally, detecting any voids or holes at the interface between the electroplating copper and copper seed layer was challenging. The high adhesion strength observed in this study can be attributed to the minimal presence of voids at the interface between the electroplating copper and the copper seed layer. This study achieved high adhesion and low residual stress in the electroplated copper layer, demonstrating the product’s potential applicability in the metallization process of SHJ (Silicon Heterojunction) solar cells.







Author Contributions


Conceptualization, J.S. and C.-H.S.; Methodology, C.H., Y.-P.W., Y.-K.L. and W.-J.C.; Investigation, W.-J.C., Y.-P.W., J.S. and C.-H.S.; data curation, C.H.; writing—original draft preparation, W.-J.C.; writing—review and editing, W.-J.C.; project administration, Y.-P.W.; funding acquisition, J.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by JBAO TECHNOLOGY LTD (No. 111-333), and the APC was funded by the National Yunlin University of Science and Technology.




Data Availability Statement


Not applicable.




Acknowledgments


The authors are thankful for the technical support provided by the Advanced Instrumentation Center of the National Yunlin University of Science and Technology.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Trube, J. International Technology Roadmap for Photovoltaics (ITRPV) Results in 2022 (14. Edition, April 2023). Available online: https://www.vdma.org/international-technology-roadmap-photovoltaic/ (accessed on 27 May 2023).

	



Allen, T.G.; Bullock, J.; Yang, X.B.; Javey, A.; De Wolf, S. Passivating contacts for crystalline silicon solar cells. Nat. Energy 2019, 4, 914–928. [Google Scholar] [CrossRef]

	



Vimala, M.; Ramadas, G.; Perarasi, M.; Manokar, A.M.; Sathyamurthy, R. A Review of Different Types of Solar Cell Materials Employed in Bifacial Solar Photovoltaic Panel. Energy 2023, 16, 3605. [Google Scholar] [CrossRef]

	



Zeng, Y.; Peng, C.W.; Hong, W.; Wang, S.; Zou, S.; Su, X.D. Review on Metallization Approaches for High-Efficiency Silicon Heterojunction Solar Cells. Trans. Tianjin Univ. 2022, 28, 358–373. [Google Scholar] [CrossRef]

	



Yu, J.; Li, J.; Zhao, Y.; Lambertz, A.; Chen, T.; Duan, W.; Liu, W.; Yang, X.; Huang, Y.; Ding, K. Copper metallization of electrodes for silicon heterojunction solar cells: Process, reliability and challenges. Sol. Energy Mater. Sol. 2021, 224, 110993. [Google Scholar] [CrossRef]

	



Kim, H.W. Recent Trends in Copper Metallization. Electronics 2022, 11, 2914. [Google Scholar] [CrossRef]

	



Hatt, T.; Bartsch, J.; Schellinger, S.; Schneider, J.; Brand, A.A.; Kluska, S.; Glatthaar, M. Stable copper plated metallization on SHJ solar cells & investigation of selective Al/AlOx laser patterning. In Proceedings of the 38th European PV Solar Energy Conference and Exhibition, Online, 6–10 September 2021. [Google Scholar]

	



Pantleon, K.; Somers, M.A.J. X-ray diffraction investigation of self-annealing in nanocrystalline copper electrodeposits. Scr. Mater. 2006, 55, 283–286. [Google Scholar] [CrossRef]

	



Ritzdorf, T.; Graham, L.; Jin, S.; Mu, C.; Fraser, D. Self-annealing of electrochemically deposited copper films in advanced interconnect applications. In Proceedings of the IEEE 1998 International Interconnect Technology Conference, San Francisco, CA, USA, 1–3 June 1998; pp. 166–168. [Google Scholar]

	



Brongersma, S.H.; Richard, E.; Vervoort, I.; Bender, H.; Vandervorst, W.; Lagrange, S.; Beyer, G.; Maex, K. Two-step room temperature grain growth in electroplated copper. J. Appl. Phys. 1999, 86, 3642–3645. [Google Scholar] [CrossRef]

	



Lagrange, S.; Brongersma, S.H.; Judelewicz, M.; Saerens, A.; Vervoort, I.; Richard, E.; Palmans, R.; Maex, K. Self-annealing characterization of electroplated copper films. Microelectron. Eng. 2000, 50, 449–457. [Google Scholar] [CrossRef]

	



Chang, S.C.; Shieh, J.-M.; Dai, B.T.; Feng, M.-S.; Li, Y.H. The effect of plating current densities on self-annealing behaviors of electroplated copper films. J. Electrochem. Soc. 2002, 139, G535–G538. [Google Scholar] [CrossRef]

	



Detavernier, C.; Rossnagel, S.; Noyan, C.; Guha, S.; Cabral, C.; Lavoie, C. Thermodynamics and kinetics of room-temperature microstructural evolution in copper films. J. Appl. Phys. 2003, 94, 2874–2881. [Google Scholar] [CrossRef]

	



Lee, C.R.; Kim, Y.J.; Kim, R.; Yoo, B.Y.; Kim, J.K. Evolution of microstructures and mechanical properties of ultrahigh strength, pure electrodeposited Cu during self-annealing. J. Alloys Compd. 2020, 846, 156488. [Google Scholar] [CrossRef]

	



Lee, C.H.; Park, C.O. Residual stress effect on self-annealing of electroplated copper. Jpn. J. Appl. Phys. 2003, 42, 4484–4488. [Google Scholar] [CrossRef]

	



Lee, H.; Wong, S.S.; Lopatin, S.D. Correlation of stress and texture evolution during self- and thermal annealing of electroplated Cu films. J. Appl. Phys. 2003, 93, 3796–3804. [Google Scholar] [CrossRef]

	



Paik, J.-M.; Park, Y.-J.; Yoon, M.-S.; Lee, J.-H.; Joo, Y.-C. Anisotropy of grain boundary energies as the cause of abnormal grain growth in electroplated copper films. Scripta Mater. 2003, 48, 683–688. [Google Scholar] [CrossRef]

	



Chen, P.H.; Chen, W.J.; Tseng, J.Y. Thermal stability of the copper and the AZO layer on the textured silicon. Coatings 2021, 11, 1546. [Google Scholar] [CrossRef]

	



Lee, S.H.; Lee, D.W.; Kim, H.J.; Lee, A.R.; Lee, S.H.; Lim, K.-J.; Shin, W.-S. Study of Cu-X alloy seed layer on ITO for copper-plated silicon heterojunction solar cells. Mater. Sci. Semicon. Proc. 2018, 57, 19. [Google Scholar] [CrossRef]

	



Politze, J.; Scholz, S.; Windgassen, H.; Schmitz, C.; Ding, K.; Duan, W.; Knoch, J. Direct Electroplating on Indium-Tin-Oxide-Coated Textured and Polished Silicon Substrates via Transition Metal Alloyed Interlayers. J. Electrochem. Soc. 2022, 169, 052503. [Google Scholar] [CrossRef]

	



Lassnig, A.; Terziyska, V.L.; Zalesak, J.; Jörg, T.; Toebbens, D.M.; Griesser, T.; Mitterer, C.; Pippan, R.; Cordill, M.J. Microstructural Effects on the Interfacial Adhesion of Nanometer-Thick Cu Films on Glass Substrates: Implications for Microelectronic Devices. ACS Appl. Nano Mater. 2021, 4, 61–70. [Google Scholar] [CrossRef]

	



Manica, D.; Antohe, V.A.; Moldovan, A.; Pascu, R.; Iftimie, S.; Ion, L.; Suchea, M.P.; Antohe, Ş. Thickness Effect on Some Physical Properties of RF Sputtered ZnTe Thin Films for Potential Photovoltaic Applications. Nanomaterials 2021, 11, 2286. [Google Scholar] [CrossRef]

	



Dang, N.M.; Wang, Z.Y.; Lin, C.H.; Lin, M.T. The Effects of Stresses and Interfaces on Texture Transformation in Silver Thin Films. Nanomaterials 2022, 12, 329. [Google Scholar] [CrossRef]

	



Wang, Y.; Xu, D.; Li, Y.; Liu, L. Dependencies of microstructure and stress on the thickness of GdBa2Cu3O7—δ thin films fabricated by RF sputtering. Nanoscale Res. Lett. 2013, 8, 304. [Google Scholar] [CrossRef]

	



Abadias, G.; Chason, E.; Keckes, J.; Sebastiani, M.; Thompson, G.B.; Barthel, E.; Doll, G.L.; Murray, C.E.; Stoessel, C.H.; Martinu, L. Review Article: Stress in thin films and coatings: Current Status, challenges, and Prospects. J. Vac. Sci. Tech. A 2018, 36, 020801. [Google Scholar] [CrossRef]

	



Williamson, G.K.; Hall, W.H. X-ray line broadening from filed aluminum and wolfram. Acta Metall. 1953, 1, 22–31. [Google Scholar] [CrossRef]

	



Mote, V.D.; Purushotham, Y.; Dole, B.N. Williamson-Hall analysis in estimation of lattice strain in nanometer-sized ZnO particles. J. Theor. Appl. Phys. 2012, 6, 1–8. [Google Scholar] [CrossRef]

	



Yu, Y.W.; Spaepen, F. The yield strength of thin copper films on Kapton. J. Appl. Phys. 2004, 95, 2991–2997. [Google Scholar] [CrossRef]

	



Read, D.T.; Cheng, Y.W.; Geiss, R. Morphology, microstructure, and mechanical properties of a copper electrodeposit. Microelectron. Eng. 2004, 75, 63–70. [Google Scholar] [CrossRef]

	



Yang, C.H.; Lee, Y.W.; Lee, C.Y.; Lee, P.T.; Ho, C.E. Self-Annealing Behavior of Electroplated Cu with Different Brightener Concentrations. J. Electrochem. Soc. 2020, 167, 082514. [Google Scholar] [CrossRef]

	



Bartlett, M.D.; Case, S.W.; Kinloch, A.J.; Dillard, D.A. Peel tests for quantifying adhesion and toughness: A review. Prog. Mater. Sci. 2023, 137, 101086. [Google Scholar] [CrossRef]

	



Eitner, U.; Rendler, L.C. The mechanical theory behind the peel test. Energ. Proc. 2014, 55, 331–335. [Google Scholar] [CrossRef]

	



Yu, J.; Bai, Y.; Li, J.; Qiu, Q.; Chen, T.; Huang, Y.; Yu, J.; Liao, J. Process challenges of high-performance silicon heterojunction solar cells with copper electrodes. Sol. Energy Mater. Sol. 2023, 250, 112057. [Google Scholar] [CrossRef]








[image: Metals 13 01223 g001 550] 





Figure 1. TEM morphology cross-sectional views of the copper electroplated on Cu(s)/ITO/Si. 
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Figure 2. TEM morphology of the (a) bottom, (b) middle, and (c) top parts of the as-deposited sample. 
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Figure 3. TEM morphology of the (a) bottom, (b) middle, and (c) top parts of the annealed sample. 
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Figure 4. X-ray diffraction patterns of (a) as-deposited and (b) annealed samples. 
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Figure 5. Williamson and Hall plots for (a) as-deposited and (b) annealed samples. 
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Figure 6. The peel force diagrams for the (a) as-deposited and (b) annealed samples. 
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Table 1. The FWHM of different maxima for (111), (200), and (220) of X-ray diffraction peaks.
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	FWHM of Different Maxima
	As-Deposited Sample
	Annealed Sample





	(111)
	0.0045 rad
	0.0049 rad



	(200)
	0.0062 rad
	0.0069 rad



	(220)
	0.0065 rad
	0.0079 rad
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