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Abstract

:

Semiconductor chips are packaged in a process that involves creating a path to allow for signals to be exchanged with the outside world and ultimately achieving a form to protect against various external environmental conditions such as heat and moisture. The wire bonding type of packaging is a method in which thin metal wires are bonded to pads to create an electrical connection between the chip and the lead frame. An Epoxy Molding Compound (EMC) can be applied to protect semiconductor chips from external environmental conditions such as heat, shock, and moisture. However, EMC contains halogen elements and sulfides and has hydrophilic properties, which can lead to a corrosive environment. The present study aims to evaluate the influence of chloride, which is a contaminant formed during the PCB manufacturing process. To this end, the galvanic corrosion of bonding wire materials Cu wire, Cu wire alloyed with 1% Pd, and Cu wire coated with Pd was investigated. The first ball bond was bonded to the Al pad and the second stitch bond was bonded to the Au pad of the manufacturing process, after which the galvanic corrosion behavior in the semiconductor packaging module specimen was analyzed. A model of galvanic corrosion behavior was also proposed.
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1. Introduction


Semiconductor chips are packaged, which is a process that is intended to create a path by which signals can be exchanged with the outside world and create a form that can protect against various external environmental conditions such as heat and moisture [1]. There are several ways to electrically connect semiconductor chips and substrates, including wire bonding, flip chip bonding, and via silicon [2,3,4]. Among them, wire bonding is a method in which thin metal wires are bonded to pads to create an electrical connection between the chip and the lead frame [5,6]. The metallic types of wires that are mainly used for wire bonding are Au, Ag, Cu, Al, etc., and are typically of fine thickness, which directly affects the efficiency and reliability of semiconductor modules; therefore, it is important to use wires with excellent corrosion resistance and joint degradation characteristics.



In semiconductor packaging, various types of wires are bonded to an Al bond pad to connect them electrically, and then the semiconductor chip is encapsulated to protect it from the external environment. The encapsulation process mainly uses Epoxy Molding Compound (EMC) [7,8]. EMC is widely applied in semiconductor packaging due to its low cost and easy processing, but it inevitably contains ions such as halogen elements (Cl−, Br−, F−) and S [5,9,10,11,12,13], and also has hydrophilic properties that cause it to absorb moisture from the air. As a result, the use of EMC promotes ion diffusion and creates a corrosive environment in the electrolyte [7,12,14,15,16].



Chloride ions are uniformly distributed in the molding compound matrix. To reduce susceptibility to this corrosion, the mold compound contains ion-trapping components that can immobilize the migration of chloride ions; however, packaging processes such as wire bonding and molding can generate chloride ions in localized areas where the temperatures are in excess of the temperature at which chloride is formed, thus causing high concentrations of chloride ions to diffuse through the mold compound [17].



Some packaging processes attempt to avoid corrosion and reliability problems by adjusting the pH to the neutral range and specifying a low ppm range, but chloride ions can also be introduced when using this method [17]. In other words, impurities in the atmosphere include chloride ions, with particles originating from various types and sources. PVC (polyvinyl chloride) materials containing such chloride may decompose at low temperatures below 135 °C, and in some cases even lower temperatures, depending on the additive ingredients, ultimately forming chlorine compounds such as HCl [17]. These Cl− ions can weaken or dissolve the passivation layer in a humid environment, consequently initiating corrosion and narrowing the stable pH range as well as accelerating oxidation, reduction reactions, and the growth of intermetallic compounds, all of which are closely related to the failure mechanism of wire bonds [7,12,18]. In corrosive environments, wires and Al bond pads bonded for electrical connections are subject to galvanic corrosion caused by potential differences [4,7,18,19,20,21].



In the wire bonding process, the wire bond consists of a first bond, which is made on the die bonding pad, and a second bond, which is made on the substrate bonding pad. The first bond is generally formed into a ball shape to provide adhesion and is called a ball bond, while the second bond is called a stitch bond [22]. Both bonds are formed on the PCB substrate, and because stitch bonds are smaller than ball bonds, they are more susceptible to issues related to the plating quality of the pad and surface contamination, which can affect adhesion [22]. The corrosion of Al pads depends on various factors such as halide concentration, pH, corrosion cell characteristics, bimetal contact, temperature, humidity, etc. [12,23,24,25,26]. In Cl− environments in particular, the potential difference of alloys connected in a galvanic couple in the same corrosion environment influences galvanic corrosion behavior, and the corrosion behavior in a corrosion environment in the same galvanic couple was found to be influenced by the anodic and cathodic Tafel constants of the alloys [27]. It has also been reported that the tendency of galvanic corrosion in PCB units is related to the polarization behavior of the anode material in contact with the cathode material [27].



Cu wire has been widely used as an alternative to Au wire in nano-electronics packaging due to its relatively lower cost of raw materials, which in turn can lower overall costs, as well as advantages such as high electrical conductivity and tensile strength, low thermal and electrical resistivity, and improved long-term reliability compared to Au wire bonding, which are attributed to the low reaction rate between Cu and Al [1,6,9,10,11,12,18,28,29,30,31,32]. However, Cu wire requires different process conditions than Au wire, which increases the process cost, and its high hardness makes it difficult to form balls, at the same time requiring the use of high pressures during bonding, which may cause cracks in the pad [6,29]. The Cu wire is also easily oxidized by air due to its low corrosion resistance, so Pd and Au, which are materials with good corrosion resistance, are alloyed or coated on the wire to increase its lifetime and improve the bonding reliability under humid and electrically biased conditions [1,2,5,6,10,29,32,33,34].



In most cases, wire manufacturers use Cu coated with Pd rather than bare Cu. When Cu wire is coated with Pd, it is resistant to oxidation and does not require a forming gas, so it exhibits a greater reliability of secondary bonding [6]. However, its disadvantage is its higher average hardness and melting point than bare Cu, as well as being more expensive [6]. Pd or Au have very good corrosion properties on their own, but when connected to Al or Cu, the risk of galvanic corrosion increases significantly due to the larger potential difference [9,11,16,35].



The Pd coating on Cu wire shows sufficient potential to replace Au wire, as it has excellent bendability and reliability at a relatively low cost [2,6,34,36,37]. The Pd layer on the Cu wire prevents the formation of CuO and protects the bonded ball from corrosion, and stringent molding compound requirements can also be relaxed [6]. The Pd layer on the Cu wire is beneficial to the Cu wire, reducing its corrosion rate due to its electrochemically noble properties, and it improves the failure time in highly accelerated temperature and humidity stress tests (HASTs) [2,33,38].



As reviewed above, various studies have been conducted to examine corrosion phenomena between wire bonding materials that are typically applied in semiconductor packaging, but a systematic approach to managing galvanic corrosion between these materials is lacking. Therefore, the present study evaluates the effects of chloride contaminants formed during the PCB manufacturing process by assessing galvanic corrosion between Cu wire, Cu wire alloyed with 1% Pd, and Cu wire coated with Pd. This is also explored by fabricating a first ball bond on the Al pad and a second stitch bond on an Au pad, to verify galvanic corrosion behavior using a temperature humidity test (THT) in semiconductor packaging module specimens.




2. Materials and Methods


2.1. Test Specimen


Two types of specimens were used in this study: specimens for electrochemical galvanic corrosion between bonding wires and pads, and module specimens that were bonded under semiconductor packaging simulation conditions.



For electrochemical galvanic test specimens: The pads where wire bonding takes place were created by depositing aluminum (Al) onto a 4-inch silicon (Si) wafer using a DC Magnetron Sputterer (KVS-2002L, Korea Vacuum Tech, Kimpo, Korea). For this purpose, a 99.999% pure Al target was used, with deposition conducted under an argon (Ar) gas flow of 20 Standard Cubic Centimeters per Minute (SCCM), a pressure of 1 mTorr, and a power setting of 50 W to achieve a thickness of 605 nm. Then, the sputtered wafer was diced and connected to copper wire using carbon tape for electrochemical testing. All parts of the electrically connected specimen, aside from an area of 0.04 cm2, were insulated using acid-resistant epoxy for the electrochemical tests. Meanwhile, the bonding wire was produced from refined materials with increased purity by excluding impurities, melting, and then alloying to determine the wire type. The alloyed wire is initially formed through continuous casting, processed to reduce its diameter, and finally ready for use after undergoing heat treatment and coiling processes. The bonding wires (Cu, Cu1Pd, and PC wire) used in this study were manufactured by MK Electron Co., Ltd. (Yongin, Gyeonggi-do, Korea), and three wires having the composition presented in Table 1 were used as specimens.



For the temperature humidity test wire bonding module [27]: The wire bonding module consists of a first ball bond and a second stitch bond. Under the conditions listed in Table 2, wire bonding was performed on the bond pads in the FR4 PCB using a wire bonder (K&S RAPID PRO, Kulicke & Soffa, Singapore, Singapore), and the modules were manufactured by MK Electron Co., Ltd. (Yongin, Korea). The first ball bond was bonded with a wire of 25 μm in diameter to a pure Al pad, and the thickness of the Al pad was 10,000~12,000Å. The second stitch bond was bonded with a 25 μm diameter wire to a pure Au pad (the thickness of the Au pad is 0.3 μm). Figure 1 shows a module specimen manufactured as detailed above.




2.2. Polarization Test


A polarization test was conducted to evaluate the corrosion characteristics of the bond pad and bonding wire. To evaluate changes in this behavior under different hydrochloric acid (HCl) concentrations, solutions of 1% NaCl, 1% NaCl + 0.01% HCl, 1% NaCl + 0.1% HCl, and 1% NaCl + 1% HCl were de-aerated with N2 gas at a rate of 200 mL/min for 30 min before the polarization test. The solution temperature was kept at 25 °C. The test equipment used was a Potentiostat (Interface 1000, Gamry, Warminster, PA, USA), in which the reference electrode was a saturated calomel electrode (SCE) and the counter electrode was a platinum electrode. After installing the specimen in the Avesta cell, the corrosion potential was measured after 60 s of conditioning at a potential approximately 200 mV below the corrosion potential, and with an initial delay of 150 s at open-circuit potential, after which the polarization test was performed at a rate of 0.33 mV/s.




2.3. Electrochemical Galvanic Corrosion Test


An electrochemical galvanic corrosion test was conducted to evaluate the galvanic corrosion behavior of the bond pad and bonding wire. In this test, an SCE was used as the reference electrode and a bonding wire was used as the counter electrode. The test solution used was the same 1% NaCl + x% HCl solution used in the polarization test, with the anode to cathode ratio set to 1:1 to exclude any surface. The test equipment used was a Potentiostat (Interface 1000, Gamry, Warminster, PA, USA).




2.4. Temperature Humidity Test (THT)


To evaluate the corrosion properties of the module specimens, a temperature humidity test was performed at a constant temperature and using a humidity chamber (PR-2J, ESPEC, Osaka, Japan). For wire-bonded modules, the test was performed after they were baked at 175 °C for 3 h prior to the test for IMC (intermetallic compound) growth. The module specimen was placed in a chamber by fixing the module specimen to an epoxy substrate and placing it in a glass reaction chamber containing the test solution (the specimen assembly schematic that was followed is described in detail in a previous work [28]). The specimens were placed in the glass cell, which was then placed in the chamber, and the chamber was maintained at 85 °C, 85% R.H. for 100 h. The test solutions were 1% NaCl solution and 1% NaCl + 0.1% HCl solution.




2.5. Surface Analysis


An Optical Microscope (ZEISS, Axiotech 100HD, Oberkochen, Germany) was used to observe the specimen morphology before and after testing, while a 3D microscope (VK-X3000, Keyence, Itasca, IL, USA) was used to observe the overall geometry of the wire connected to the 1st ball bond and the 2nd stitch bond before and after the test. Meanwhile, FE-SEM (FE-SEM, MIRA3XMH, Tescan, Brno, Czech Republic) and EDS (Energy Dispersive X-ray Spectrometer, Mmax 50, Oxford, UK) were used to observe and analyze the morphology of the corroded surfaces and components, respectively.





3. Results and Discussion


3.1. Electrochemical Galvanic Corrosion Behavior of Bonding Wires and Pad Alloys


To evaluate the galvanic corrosion behavior at different HCl concentration, test solutions were prepared by increasing the HCl concentration in a 1% NaCl solution to 0.01%, 0.1%, and 1%. The polarization behavior was then measured in a test solution prepared for every single specimen, and the corrosion rates obtained by Tafel analysis are displayed in Figure 2. Figure 2 shows the effect of HCl concentration on the corrosion rate of sputtered Al and bonding wires as a single specimen in de-aerated 1% NaCl + x% HCl solution at 25 °C. For the Al specimen for the first bond pad, with the increase in HCl concentration, the corrosion rate of sputtered Al tended to decrease and then increase again, but the corrosion rate was very low in the order of μm/y, indicating that the effect of HCl was not significant. According to a previous work by the research team that authored this work [27], it was confirmed that this low corrosion rate can be attributed to the difference in the crystal structure, in which part of the Al becomes amorphous. Meanwhile, the second bond pad materials, Au, Cu wire, Cu1Pd alloy wire, and Pd coated Cu wire, showed a tendency whereby the corrosion rate increased depending on the HCl concentration, but this rate still showed a very small value compared to that observed when using Al.



First, to investigate the galvanic corrosion behavior between the sputtered Al and the bonding wire for the first bonding, the effects of Pd alloying and Pd coating on the galvanic corrosion behavior of the Cu-based wire and the Al bond pad when connected in a galvanic couple were examined. The test solution was a 1% NaCl solution with increased HCl concentrations of 0.01%, 0.1%, and 1%. The galvanic corrosion current density and galvanic corrosion potential were measured by connecting the sputtered Al to the working electrode and connecting each wire to the counter electrode. Figure 3 shows the effect of HCl concentration on the electrochemical galvanic corrosion between the bonding wires and the Al bond pad. Figure 3a,b show the galvanic corrosion potential and current density between the Cu wire and the sputtered Al. Increasing the HCl concentration in the 1% NaCl solution increased the galvanic corrosion potential, but did not appear to have a marked effect on the galvanic corrosion current density. Figure 3c,d shows the galvanic corrosion potential and current density between the Cu1Pd wire and the sputtered Al. The results of the galvanic corrosion behavior measured for 1800 s show that the galvanic corrosion current density increased with increasing concentration of HCl. However, no clear concentration effect could be clearly observed, and it was also observed that the galvanic corrosion potential had a slight concentration effect. Figure 3e,f show the galvanic corrosion potential and current density between the PC wire and the sputtered Al. The change in galvanic corrosion potential with increasing HCl concentration was minor, while the galvanic corrosion current density showed an increasing trend with increasing HCl concentration.



The galvanic corrosion rate was calculated based on the galvanic test results depicted in Figure 3, and the resulting corrosion rates are shown in Figure 4. Figure 4 shows the effect of HCl concentration on the galvanic corrosion rate of sputtered Al coupled with Cu wires as measured through electrochemical galvanic corrosion testing. When Cu and Cu1Pd wires and sputtered Al were galvanically coupled, the effect of HCl concentration was small. However, for the galvanic couple of PC wires with sputtered Al, the corrosion rate tended to increase with increasing HCl concentration. This phenomenon is attributed to the fact that the galvanic corrosion rate is further increased by the large potential difference, because the Pd coated on Cu is more noble than Cu itself [1].



Figure 5 shows the surface appearance, documented by optical microscopy (OM), of Al after the electrochemical galvanic corrosion test between sputtered Al and Cu, Cu1Pd and PC wire. It can be seen from the figure that the corrosion of Al accelerated with increasing HCl concentrations. The results show similar trends not only for Cu wire, but also for Pd alloying and coating.



The morphology of the corroded Al surface, where corrosion was accelerated with an increasing HCl concentration, was observed using SEM, and the surface components were analyzed by EDS. Figure 6 shows the effects of the HCl concentration on the surface appearance of Al coupled with Cu wires (SEM) and on the elemental distribution of sputtered Al coupled with Cu wires after the electrochemical galvanic corrosion test. In the case of the Cu wire, as the HCl concentration increased, the Al surface became more and more covered with corrosion products and more cracks were formed. At 1% HCl, the Al corrosion products in the crack area were locally delaminated and the substrate metal was exposed. The results of the EDS surface analysis confirm the course of the corrosion process according to the HCl concentration. Up to the concentration of 1% NaCl + 0.1% HCl, the content of Al increased due to the formation of Al oxide, a corrosion product, on the surface of Al. However, as the concentration of HCl increased, cracks and the delamination of Al oxide occurred, which ultimately exposed the base metal, Si; as a result of this process, the concentration of Si increased and the concentration of Al decreased. In the case of Cu1Pd wire, the surface image obtained by SEM and the average value from the surface analysis show that, as the concentration of HCl increased, the corrosion products formed on the surface increased, and the content of Al decreased due to the dissolution of Al, as a result of which Si, a base metal, was exposed. For the PC wire and sputtered Al connected via galvanic coupling, the corrosion morphology of Al as a function of HCl concentration was analyzed by SEM-EDS, and the results show that the dissolution of Al accelerated with increasing HCl concentrations. It can be seen that, at a concentration of 1% HCl, all the Al was dissolved, and Si and Si oxide were formed on the surface.



To analyze the galvanic corrosion behavior detailed above, an electrochemical analysis was conducted using mixed potential theory [1]. Figure 7 shows the analysis of galvanic corrosion using the mixed potential theory between sputtered Al specimen and Cu wires. From the polarization curves of two alloys intersecting in the galvanic couple, various electrochemical parameters can be obtained, including the corrosion potential difference (ΔE), the galvanic corrosion potential (Eg) and the corrosion current density according to the mixing potential theory, the anodic reaction Tafel constant (βA), and the cathodic reaction Tafel constant (βC).



The sputtered Al pad, which is connected to three types of Cu wires in the galvanic couple, has a relatively active potential, so it can serve as an anode. As the cathodic polarization curves of the three types of Cu wires meet in the trans-passive region of the anodic polarization curve of sputtered Al, the corrosion of Al becomes accelerated. Moreover, as the concentration of HCl increases, the galvanic current density at which each polarization curve intersects tends to increase, indicating that as the corrosivity of the test solution increases, the galvanic corrosion rate also increases. In the case of the Cu1Pd wire, we aimed to improve the corrosion resistance of Cu by alloying with Pd, a metal with good corrosion resistance, but alloying in a small amount of 1% causes a cathodic polarization behavior similar to that of pure Cu wire. The electrochemical galvanic corrosion behavior of Cu1Pd wire with an Al pad is also similar to that of Cu wire. On the other hand, in the case of the Pd-coated PC wire, the corrosion potential increases slightly in the 1% NaCl solution due to the noble Pd, and the cathodic polarization behavior is similar to that of the Cu wire. However, as the corrosivity of the test solution increases, the coated Pd in the thin film also dissolves, and galvanic corrosion with Cu increases, increasing the current density due to cathodic polarization. For this reason, it can be seen that the corrosion rate increases as a result of the galvanic corrosion of the PC wire and Al pad.



The galvanic corrosion behavior was analyzed by various electrochemical parameters obtained from the polarization behavior of each alloy, and the results are shown in Figure 8. In particular, Figure 8a,b show the effects of Pd alloying and Pd coating on the galvanic potential difference (ΔE) when the three types of wires and Al bond pads are galvanically connected. In other words, when a Pd alloying or Pd coating was applied to the Cu wire connected to Al in a galvanic couple, the galvanic potential difference increased regardless of the HCl concentration. In general, in the same environment, the galvanic potential difference is highly correlated with the galvanic corrosion rate, since the galvanic corrosion rate increases as the galvanic potential difference increases (Figure 8a).



However, as shown in Figure 8b, the galvanic potential difference decreased with increasing HCl concentration, which shows the difficulty associated with explaining the effect of HCl concentration on the intermetallic galvanic potential difference in the same material. To analyze this behavior, the anode and cathode Tafel constants were compared as a function of HCl concentration. Figure 8c,d shows the anodic Tafel constant and cathodic Tafel constant depending on the HCl concentration. For sputtered Al, the anodic Tafel constant decreased with increasing HCl concentration when the bonding wires and bonding pads were connected via galvanic coupling. The cathodic Tafel constant of the wires was also generally reduced. According to the latest model reporting the effects of HCl concentration on galvanically coupled Au and Cu wires and sputtered Al [27], for the same material, changing the Tafel constant of each galvanic coupled affects the galvanic corrosion rate when the corrosion environment changes. Therefore, in the case of the Cu1Pd-Al galvanic couple in this study, the anodic Tafel constant of Al and the cathodic Tafel constant of the wire decreased with the increase in HCl concentration. Meanwhile, in the case of the PC-Al galvanic couple, the anodic Tafel constant of Al decreased and the cathodic Tafel constants of the wire decreased with increasing HCl concentrations. In other words, as shown in Figure 4, the effects of HCl concentration on the galvanic corrosion of Al pads and three types of wires can be interpreted based on a combined consideration of the anodic and cathodic Tafel constants.




3.2. Galvanic Corrosion Behavior of the Wire Bonding Module by THT


Meanwhile, to observe the galvanic corrosion behavior at the interface of the wire bonded to the PCB bonding pad, THT was conducted for 100 h at 85 °C and 85% using a wire bonding module. The test solutions were 1% NaCl and 1% NaCl + 0.1% HCl, and the surface morphology and elemental distribution of the first ball bonding part and second stitch bonding part were analyzed after the test. Figure 9 shows the surface appearance of the wire bonding module before and after THT at 85 °C and 85% relative humidity for 100 h. Before testing, there were no signs of corrosion, and it could be seen that both the first ball bonding, which is made of a square die-shaped pure Al pad, and the second stitch bonding area, which is bonded to the pure Au substrate by pressing, maintained their integrity (Figure 9a). Meanwhile, after THT, it can be seen that the wire, bond pad, and bonding area were severely corroded, regardless of the wire type (Figure 9b–d). In the first ball bonding area, corrosion progress could be seen in the Al bonding pad area, while in the second stitch bonding area with the Au substrate, where most of the Au maintained its integrity, it could be seen that the bonding area and wire were corroded. In particular, as shown in Figure 9d, it can be seen that the PC wire module is covered with corrosion products over a wide area.



For each module, the surface morphology and elemental distribution of the first ball bonding area and the second stitch bonding area were confirmed by SEM-EDS. Figure 10 shows the SEM images and elemental distribution of the first bond area with wires and the Al pad on the module after temperature–humidity tests at 85 °C, 85% RH in 1% NaCl. In the first ball bond area between Cu wire and Al pad, when a THT was conducted in a 1% NaCl solution for 100 h, it could be seen that the Al pad near the ball was corroded and corrosion products were formed, and it could also be observed that the bonded Cu ball also formed corrosion products. A similar tendency was observed in the first ball bond area of the Cu1Pd wire and the PC wire module. Most corrosion products were formed on the Al pad, and as the amount of corrosion products increased, they were increasingly located in the ball area. These corrosion products were mainly composed of Al oxide, and Al, which has a relatively active potential, is preferentially corroded by the galvanic effect, which is consistent with the electrochemical galvanic corrosion behavior observed herein. Cu wires were also found to be partially corroded due to their low resistance in highly corrosive environments, leading to the formation of Cu oxide corrosion products on the surface.



Figure 11 shows the SEM images and elemental distribution of the first bond area with wires and the Al pad on the module after THT at 85 °C, 85% RH in 1% NaCl + 0.1% HCl. When the Cu wire, Cu1Pd wire, and PC wire were exposed to the test solution for 100 h at the first ball bond between the Cu wire, Cu1Pd wire, PC wire, and Al pad, the Al pad near the ball was corroded and the Al oxide was corroded. The resulting corrosion products became attached to the bonded wire balls. It was also confirmed that, as the severity of the corrosive environment increased, Cu, the main component of the wire, dissolved and formed corrosion products in the form of Cu oxide.



In the case of the PC wire, the Pd coated on the surface can be clearly detected in the component distribution after THT in a 1% NaCl environment (Figure 10, third row). However, in the component distribution results after THT in a 1% NaCl + 0.1% HCl environment (Figure 11, third row), the very thin Pd coating layer is not clearly revealed, and it is more difficult to detect because it is also corroded due to the strong corrosive environment. Ultimately, the results indicate that Cu oxide forms together with Al oxide on the Al pad, ball bond area, and wire surface.



It can be seen that the galvanic corrosion behavior in these packing modules is consistent with the electrochemical galvanic corrosion results. In the wire bonding module, when the Al pad and the first ball bonded wire are exposed to the corrosive environment, galvanic corrosion occurs, which accelerates the corrosion of the relatively active Al pad. However, when a highly corrosive environment is formed, the wire also corrodes, as shown in Figure 3 and Figure 7.



When the Au pad and wire are exposed to a corrosive environment, the corrosion of Au, which is a more noble metal than the wire, is suppressed, and the wire material acts as an anode, thus causing galvanic corrosion that accelerates the corrosion in general. Figure 12 shows the SEM images and elemental distribution of the second stitch bond area with wires and the Al pad on the module before the test. The wires pressed into the Au pad do not have any oxides formed on them, and there are no signs of corrosion. In the case of the Cu1Pd wire, 1% of the Pd was alloyed, so the Pd component was not clearly visible, while in the case of the PC wire, only Cu was present in the compressed area, and the Pd component was detected due to the Pd coating on the surface of the wire.



Figure 13 shows the SEM images and elemental distribution of the second stitch bond area with wires and the Au pad on the module after the temperature–humidity test at 85 °C, 85% RH in 1% NaCl. The surface morphology of the second bond area of the Cu wire and Au pad shows that the corrosion of the Cu wire progresses with the formation of corrosion products covering the surface of the Au pad. In the case of the Cu1Pd wire, no corrosion products were formed under the influence of 1% NaCl solution for 100 h, unlike in the case of the Cu wire. However, it was confirmed that Cu oxide was partially distributed on the surface of the Au pad due to the dissolution of the Cu wire. On the other hand, in the case of the PC wire, it was observed that more corrosion products were formed and covered on the Au pad than in the case of the Cu wire. When the environment became more corrosive after adding HCl, the corrosion of the second stitch bond area was also accelerated.



Figure 14 shows the SEM images and the elemental distribution of the second stitch bond area with wires and the Au pad on the module after the temperature–humidity test at 85 °C, 85% RH in 1% NaCl + 0.1% HCl. In the case of the Cu wire, the formation of corrosion products could be observed, which spread to the surface of the Au pad, thereby covering the Au surface. More corrosion products were formed than in the 1% NaCl environment, and the results also showed a trend whereby, as the intensity of the corrosion environment increased, the amount of corrosion products also increased. The Cu1Pd wire also showed a similar trend to the Cu wire. However, the PC wire showed the most severe corrosion behavior, as occurred in the 1% NaCl environment. This result is attributed to the fact that the Pd covering the surface is a nobler metal than Cu, so the exposed area of Cu acting as an anode via stitch bonding is small, and the area of Au and Pd acting as cathodes increases, ultimately resulting in a larger galvanic effect.



As detailed above, the galvanic corrosion behavior occurring in the second stitch bonding of the packaging module was analyzed using mixed potential theory. Figure 15 shows the analysis of galvanic corrosion behavior using mixed potential theory between the Au specimen and Cu wires. Figure 15a shows a graph comparing the polarization behavior of Au and Cu wires in a 1% NaCl solution. The corrosion potential of Au is higher than that of other examined wires other than PC wire, which means that, when Au- and Cu-based wires are connected into a galvanic couple, the wire works as an anode, and galvanic corrosion occurs. On the other hand, in the case of Pd-coated PC wire, the wire material exposed to the initial corrosive environment becomes Pd, a noble material, and thus exhibits a corrosion potential similar to Au. However, there is a difference of about two orders of magnitude in the current density, so it can be said that the Cu substrate also affects the corrosion rate. Therefore, for the second stitch bonding area where the PC wires are bonded, the Cu is exposed at the part pressed by bonding, and then the accelerated galvanic corrosion is caused by the Au bond pad and Pd coating layer. As the intensity of the corrosive environment increases, it becomes easier for Cu to be exposed, as it is less protected by the thin Pd layer. As can be seen in Figure 15b, galvanic corrosion is accelerated when the anodic polarization behaviors of all wires interact with the cathodic polarization behavior of Au. Figure 16 show the effect of HCl concentration on the galvanic corrosion rate of Au coupled with Cu wires according to the mixed potential theory. According to the mixed potential theory, when Cu, Cu1Pd, and PC wire are coupled with Au in a galvanic couple, it is observed that the galvanic corrosion rate increases with an increase in HCl concentration. It is confirmed that the galvanic corrosion rate by the mixed potential theory is closely consistent with the electrochemical galvanic corrosion behavior.



In semiconductor devices, galvanic corrosion between the bonding wires and bonding pads can significantly impact device reliability and performance over time. Initially, this may not have a significant effect on the device’s performance, but exposure to electrolytes can trigger electrochemical reactions between the bonding wire and the pad. The resulting corrosion products increase the contact resistance, impeding the current flow and leading to power losses. As galvanic corrosion progresses, the physical bond may weaken, which can lead to micro-contact separation and circuit shorts or breaks. This degradation escalates device malfunction and failure rates, ultimately reducing device reliability.



If galvanic corrosion intensifies, it can sever electrical connections, leading to total device failure, with severe consequences such as data loss or system breakdowns. Galvanic corrosion can occur rapidly or develop slowly over an extended period. Therefore, factors such as environmental control, material selection, and surface treatments that prevent corrosion are critical considerations in the semiconductor manufacturing process.



The results and discussion presented above make it possible to propose the following galvanic corrosion mechanism between the bond pads and the wires (Figure 17): In the first ball bond area, corrosion occurs on the Al pad, which has a relatively active potential compared to the wires due to the galvanic effect, and Al oxide covers the pad and wire surroundings. However, the severe corrosive environment also causes the local corrosion of Cu, Cu1Pd, and PC wires. Meanwhile, in the second stitch bond area, galvanic corrosion occurs due to the relatively active potential of the wires compared to the Au pad, which preferentially corrodes the wire. The Cu and Cu1Pd wire dissolve and form an oxide covering the Au pad. Meanwhile, in the case of Pd-coated PC wire, Cu is only exposed to the pressed part, and the area of Cu acting as an anode becomes small due to the presence of the noble metal Pd on the wire surface. In this case, galvanic corrosion is further accelerated by the area effect of the small anode combined with the large cathode effect.





4. Conclusions


In this study, to evaluate the influence of chloride, which is a contaminant formed during the PCB manufacturing process, the galvanic corrosion of bonding wire materials Cu wire, Cu wire alloyed with 1% Pd, and Pd-coated Cu wire was evaluated. The first ball bond was bonded to the Al pad and the second stitch bond was bonded to the Au pad in the preparation process, and the galvanic corrosion behavior of the semiconductor packaging module specimen was analyzed, resulting in the following conclusions;



1. In the first ball bonding area between the Al pad and the wires, the Al pad, which is a relatively active metal compared to the wires, undergoes preferential corrosion. For the same materials, galvanic corrosion between the Al pad and the three types of wires in terms of HCl concentration shows a high correlation with the anodic and cathodic Tafel constants;



2. In the second stitch bonding area between the Au pad and the wires, for the Cu and Cu1Pd wires, corrosion occurs in the wire because the Au pad has a relatively noble potential, while the formed Cu oxide is overlaid on the surface of the Au pad. On the other hand, in the Pd-coated PC wire, Cu is only exposed in the pressed area between the wire and the Au pad, and the galvanic corrosion is accelerated due to the small anode–large cathode effect because of the noble potential of the coated Pd and Au pad.
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Figure 1. Module specimen containing 1st ball bond and 2nd stitch bond manufactured by MK electron Co., Ltd. 
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Figure 2. Effect of HCl concentration on the corrosion rate of sputtered Al and bonding wires as a single specimen in de-aerated 1% NaCl + x% HCl solution at 25 °C. 
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Figure 3. Effect of HCl concentration on the electrochemical galvanic corrosion between the bonding wires and the Al bond pad: (a) Galvanic corrosion potential of Cu-Al [27] and (b) Galvanic current density of Cu-Al. (c) Cu1Pd-Al galvanic corrosion potential and (d) Cu1Pd-Al Galvanic current density. (e) PC-Al galvanic corrosion potential and (f) PC-Al galvanic current density. 
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Figure 4. Effect of HCl concentration on the galvanic corrosion rate of sputtered Al coupled with Cu wires, as measured by the electrochemical galvanic corrosion test. 
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Figure 5. Effect of HCl concentration on the surface appearance of Al coupled with Cu wires (OM) [27]. 
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Figure 6. Effect of HCl concentration on the surface appearance of Al coupled with Cu wires (SEM) and on the elemental distribution of Al coupled with Cu wires after electrochemical galvanic corrosion tests [27]. 
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Figure 7. Analysis of galvanic corrosion using mixed potential theory between sputtered Al specimen and Cu wires; (a) 1% NaCl, (b) 1% NaCl + 0.001% HCl, (c) 1% NaCl + 0.01% HCl, (d) 1% NaCl + 0.1% HCl. 
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Figure 8. Analysis of galvanic corrosion behavior: (a) Effect of Pd and (b) effect of HCl concentration on galvanic potential difference, (c) anodic Tafel constant and (d) cathodic Tafel constant on HCl concentration. 
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Figure 9. Surface appearance of a wire bonding module after THT at 85 °C and 85% relative humidity for 100 h: (a) before test, (b) Cu wire module, (c) Cu1Pd wire module, (d) PC wire module. 
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Figure 10. SEM images and elemental distributions of the first ball bond area with wires and the Al pad on the module after the temperature–humidity test at 85 °C, 85% RH in 1% NaCl [27]. 
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Figure 11. SEM images and elemental distributions of the first ball bond area with wires and the Al pad on the module after the temperature–humidity test at 85 °C, 85% RH in 1% NaCl + 0.1% HCl. 
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Figure 12. SEM images and elemental distributions of the second stitch bond area with wires and the Au pad on the module before testing [27]. 
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Figure 13. SEM images and elemental distributions of the second stitch bond area with wires and the Au pad on the module after the temperature–humidity test at 85 °C, 85% RH in 1% NaCl [27]. 
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Figure 14. SEM images and elemental distributions of the second stitch bond area with wires and the Au pad on the module after the temperature–humidity test at 85 °C, 85% RH in 1% NaCl + 0.1% HCl. 
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Figure 15. Analysis of galvanic corrosion using mixed potential theory between Au specimen and Cu wires; (a) 1% NaCl, (b) 1% NaCl + 0.1% HCl. 
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Figure 16. Effect of HCl concentration on the galvanic corrosion rate of Au coupled with Cu wires according to the mixed potential theory. 
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Figure 17. Proposed model for galvanic corrosion behavior between the bond pad and the wires on the 1st ball bond area and the 2nd stitch bond area. 






Figure 17. Proposed model for galvanic corrosion behavior between the bond pad and the wires on the 1st ball bond area and the 2nd stitch bond area.



[image: Coatings 14 00544 g017]







 





Table 1. Types, compositions, and diameters of bonding wires.
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Wire Types

	
Composition

	
Diameter, μm






	
Pure Cu

	
Cu wire

	
Cu 99.99 wt. %

	
25




	
Pd alloying

	
Cu1Pd wire

	
Cu 99 wt. % + Pd 1 wt. %

	
25




	
Pd coated Cu

	
PC wire

	
Cu 99.99 wt. %/Pd coating

	
25











 





Table 2. Bond parameters of wire bonding on the module.
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Cu Wire

	
Cu1Pd Wire

	
PC Wire




	
Process

	
1st

	
2nd

	
EFO *

	
1st

	
2nd

	
EFO *

	
1st

	
2nd

	
EFO *






	
Current (mA)

	
55~85

	
75~120

	
40

	
55~85

	
75~120

	
40

	
55~85

	
75~120

	
40




	
Time (μs)

	
5~10

	
10

	
730

	
5~10

	
10

	
710

	
5~10

	
10

	
705




	
Force (grams)

	
25~70

	
45~75

	

	
25~70

	
45~75

	

	
25~70

	
45~75

	








* EFO: Electronic Flame-Off.
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