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Abstract

:

In recent years, silver sintering has gained increasing attention in high-power density electronic packaging due to its characteristics such as a high melting point and excellent thermal and electrical conductivity. Micron-sized silver sintering offers a lower cost, but requires a longer processing time and additional pressure, which constrains its application. This paper presents a low-cost sintering process using infrared radiation (IR) as a heat source. By leveraging the unique properties of IR, the process achieves selective heating. The thermal energy can be mainly absorbed by the specific areas requiring sintering. This innovative approach eliminates the need for external pressure during the sintering process. This feature not only simplifies the overall process but also reduces the processing time required for sintering. The silver joints obtained from IR sintering process for 45 min achieved an average chip shear strength of 38 MPa at a temperature of 225 °C, which is higher than the strength of silver joints obtained from a traditional sintering process for 2 h. Additionally, the IR-sintered silver joints have a resistivity of 9.83 × 10−5 Ω·cm and scanning electron microscope (SEM) images of the joints reveal that the sintered joints obtained through the IR sintering process exhibit less porosity compared to joints obtained through a traditional sintering process. The porosity of the IR silver joints at 225 °C is 6.4% and does not change even after 3000 cycles of thermal shock testing, showing outstanding reliability. A GaN power device using IR silver joint also performed better in thermal and electrical performance testing, showing promising potential for the application of micro-silver paste in power electronic devices.
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1. Introduction


Over the decades, progress in wide bandgap (WBG) devices, such as SiC and GaN, has facilitated further developments of electric vehicles, aircraft, and LIDAR systems. WBG devices can meet the challenging demands of these industries with high operating temperatures (over 250 °C), high current densities, rapid switching speeds, and high power requirements [1,2]. To ensure the performance and reliability of WBG devices, it is imperative that all packaging components adhere to more stringent thermal, electrical, mechanical, and reliability constraints [3].



The die attachment process is crucial for ensuring the reliability of power modules utilizing WBG devices. Traditional die attachment materials, such as conductive adhesives and solder alloys, fail to meet the demands of WBG power devices due to their low melting temperatures and weak shear strength [4]. Thus, it is necessary to explore alternative materials with higher melting points, improved thermal stability, and higher electrical conductivity, to ensure reliable connections in high-power-density applications.



Silver sintering is supposed to be a promising candidate, which offers lead-free interconnections with exceptional physical and chemical properties. Silver joints enable WBG devices to operate reliably at junction temperatures of 250 °C with high thermal and electrical conductivity [5]. Silver also exhibits stable chemical properties and cannot be oxidized easily. The high melting temperature and reliability of silver joints endow it with significant advantages in high-power-density applications. Silver pastes used for silver sintering can be classified into two main categories according to the size of the silver particles, these being nanoscale silver paste and microscale silver paste. Nanoscale silver particles can be sintered at temperatures around 200 °C, with a maximum operating temperature of 600 °C. However, the high cost of nanoscale silver paste hinders its widespread application. To explore a cost-effective alternative, the development and application of micron-scale silver paste has become a current research topic.



Since the 1980s, when Schwarzbauer introduced silver sintering technology to power electronics, low-temperature silver sintering has gotten more and more attention as a die attachment process in WBG power modules [6,7,8]. Traditional micron-scale silver sintering requires additional pressure and needs a longer processing time due to its lower surface energy, resulting in low efficiency. To obtain silver joints with high conductivity and reliability, a quasi-hydrostatic pressure of 30 MPa to 50 MPa is usually applied to the chip, which may lead to the fracturing of the substrate and the chip [9].



To obtain high-quality micron-scale silver joints, researchers have explored various approaches. Zhang presents an alternative die attachment process for solder reflowing, which utilizes quasi-hydrostatically pressure-assisted sintering of silver pastes to lower the temperature [10]. Bai demonstrated the high thermomechanical reliability of low-temperature sintered silver die attachment using a combination of die shear and thermal cycling experiments [11]. Inoue used a bi-functional mercaptocarboxylate as the curing agent to induce low-temperature sintering of silver particles [12]. Despite these methods, it is still challenging to obtain non-pressure-sintered micron-scale silver joints with high shear strength.



This paper presents a novel sintering process using IR to achieve rapid pressure-less sintering of micron-scale silver paste. IR has already been applied in electronics for the drying and curing of various materials [13]. As shown in Table 1, IR is categorized into short-wave, medium-wave, and long-wave according to its wavelength. The bandgap of GaN is 3.4 eV, and the corresponding photon wavelength is 365 nm resulting in high transmittance in the IR region. In actual situations, due to the existence of defects such as impurities, lattice defects, or interface defects, additional impurity energy levels will be introduced into the energy bands near the conduction and valence band, causing the absorption spectrum of photons to be broadened. Previous studies have shown that GaN and Si have high transmittance for visible light (wavelengths of approximately 400–700 nm). On the contrary, the transmittance of silver in the short-wave infrared light region (wavelengths of about 1–2.5 μm) is very low and mainly exhibits absorption characteristics [14]. In order to ensure that IR can pass through the GaN power device and be absorbed by the silver paste and improve the quality of silver joints, this study selected short-wave IR with a wavelength of 1 um as the heating source. During the process of IR sintering, the temperature of the sinter paste increases faster than that of the chip and substrate. Due to the temperature difference, the evaporated solvent can easily volatilize through the gap between the chip and substrate to the outside, which further contributes to the lower porosity and higher shear strength of the IR-sintered joints [15], achieving higher heating efficiency.




2. Materials and Methods


The samples used in this study are shown in Figure 1. The silver metallized chips for die attachment had dimensions of 3.87 mm × 2.76 mm, which is shown in Figure 1a. Figure 1b presents the silver paste used in this study, whose silver particle sizes ranged from 1 μm to 3 μm. And this was applied to a direct copper bonding (DCB) substrate with a QFN lead frame. Figure 1c shows the IR sintering oven used in this study. The wavelength of IR in silver sintering was set to 1 μm.



In the process of silver sintering, the main process parameters can affect the quality of the silver joints. Therefore, this study aims to investigate the influence of sintering process parameters on the IR-sintered silver joints and identify the optimal process parameters to optimize the sintering process.



Firstly, to investigate the influence of sintering temperature, the sintering temperature was set at 150 °C, 175 °C, 200 °C, 225 °C, 250 °C, 275 °C, and 300 °C, separately, while the sintering time was maintained at 45 min. To compare this with traditional sintering, the micro-silver paste was also sintered without pressure in a traditional oven at different sintering temperatures for 2 h. The heating rate during the entire sintering process was maintained at 26 °C/min.



Secondly, to explore the effect of sintering time, the silver paste was sintered in 5, 10, 15, 30, 45, and 60 min, separately, while the sintering temperature was maintained at 225 °C. The heating rate was kept at 26 °C/min.



In addition, in the sintering process, the heating rate also has an impact on the quality of the silver joints. Therefore, in this study, the sintering temperature was maintained at 225 °C, the sintering time was set to 45 min, and the heating rates were set at 20 °C/min, 23 °C/min, 26 °C/min, 29 °C/min, and 32 °C/min to investigate the effect of heating rate on the silver joints.



Furthermore, traditional silver sintering processes are typically conducted under a nitrogen atmosphere to prevent the formation of brittle metal oxides. In this study, the sintering temperature was maintained at 225 °C, the sintering time was set to 45 min, and the heating rate was fixed at 26 °C/min, the samples were sintered under both air and nitrogen atmospheres to compare the effect of the sintering atmosphere on the quality of the IR silver joints.



After determining the above sintering parameters, the micro-scale silver paste was sintered under different preheating conditions to further investigate the influence of pre-heating condition on the quality of the silver joints. The preheating temperatures were set at 70 °C, 90 °C, 110 °C, 130 °C, and 150 °C. Furthermore, the sintering temperature was set at 225 °C, the sintering time was 45 min, and the heating rate during the sintering process was maintained at 26 °C/min. Additionally, the micro-scale silver paste was also sintered under different preheating conditions in a traditional oven for 2 h as a comparison.



The shear strength of the joints was measured using a shear strength testing equipment (MFM1500, Deruiyin Precision Technology Company, Shenzhen, China) at a shear head speed of 50 μm/s. The shear height was fixed at 10 μm from the substrate surface. To calculate the porosity of the silver joints, the metallographic microscopy method was employed. Firstly, the silver joint samples were prepared and subjected to precision grinding and polishing to obtain smooth cross-sections, which is shown in Figure 1d. Subsequently, the samples were observed using a metallographic microscope. The porosity can be calculated using the following formula: Porosity (%) = (Pore area/Total area) × 100. The cross-section samples of the joints were observed using a field emission SEM (FEI company NanoSEM650, FEI Company, Hillsboro, OR, USA).




3. Results


3.1. Mechanical Characteristics


High shear strength is crucial for ensuring reliable performance of sintered joints. Generally, the shear strength of silver joints is primarily influenced by the sintering process parameters, which include sintering temperature, sintering time, etc.



During the shear strength test, fracture often occurs at the weakest region between chip and substrate. According to the fracture region, fractures can be classified into five types: (1) a fracture inside the chip, (2) a fracture at the interface between the chip and silver joint, (3) a facture inside the silver joint, (4) a fracture at the interface between the substrate and silver joint, and (5) a fracture inside the substrate [16]. The structure of the silver joint after the shear strength test was observed by upright metallurgical microscope (MX8R). Figure 2 presents the image of the fracture surface of the IR-sintered silver joints after shear strength testing. Numerous island-like silver particles were observed on the DBC metal layer. The fracture of the IR-sintered joints occurred mostly at the interface between the metal layer and the sintered silver joint and a few fractures occurred within the sintered joints, which indicates a dense structure inside the silver joints.



During the IR sintering process, short-wave IR can penetrate through the GaN chip and heat the silver paste directly, leading to a dense structure. This dense structure can effectively improve the strength of the silver joint, thereby reducing the possibility of fractures inside the sintered joint and improving the reliability of the silver joint.



3.1.1. Sintering Temperature


Figure 3 shows the shear strength of IR-sintered silver joints of different sintering temperatures with a sintering time of 45 min. The results indicate that, as the sintering temperature increases, the shear strength of the IR-sintered silver joints initially rises until reaching its peak at a temperature of 225 °C, after which it starts to decline. While the traditional silver joints need to be sintered at 300 °C for 2 h to obtain silver joints with an equivalent shear strength of 38.29 MPa.



The shear strength of silver joints is primarily affected by their porosity. At a temperature of 150 °C, the porosity of IR-sintered silver joints was 22.47%, and this rapidly decreased to 5.1% at a sintering temperature of 300 °C. The structure of IR-sintered silver joints sintered at different temperatures is shown in Figure 4, which shows that the silver joints became increasingly dense as the temperature increased. The reduction in porosity is quite valuable as it hinders the permeation of air and prevents the oxidation of the substrate metal, thereby enhancing the long-term stability and reliability of the joints. To test the reliability of the silver joints, they went through a thermal shock test. After 3000 cycles of thermal shocking, the porosity of the IR-sintered silver joints sintered at 225 °C did not change, remaining at 6.4%, showing a high reliability.



Similar to traditional sintering of micro-silver paste, increasing the IR sintering temperature can enhance the densification of microscale silver particles [17,18]. Figure 5 presents the microstructure of IR-sintered silver joints at different sintering temperatures. It can be seen that the samples sintered at 150 °C show an incomplete network structure which indicates inferior sintering quality compared to the other samples. With the temperature increasing, the joints undergo re-sintering, resulting in tightly connected silver particles, a coarse sintering network, and a decrease in impurities between the silver particles, which can be attributed to the reduction in organic films on the surface of the silver particles [19]. Moreover, the necks within the network of silver joints thicken. The enlargement of neck diameter enhances the connection between particles, leading to improved shear strength. This observation of the microstructure proves that when the sintering temperature increases, the sintered network becomes more compact, which means as the sintering temperature increases, the shear strength of the joints should gradually increase.



However, as shown in Figure 3, the maximum shear strength was observed at a temperature of 225 °C and then the shear strength decreased as the temperature kept increasing, which is not in line with the above theoretical inference. This is because the weakest part appeared at the interface between substrate and chip. Figure 6 presents the microstructure of the interface between the silver joint and the substrate under different temperatures. The difference in the diffusion coefficient of silver and substrate metal resulted in Kirkendall voids, and increasing the temperature worsens this situation [20]. As a result, the increase in voids at the interface between the substrate and the silver paste weakens the shear strength of the silver joints after 225 °C despite the internal structure of the silver paste becoming denser when the sintering temperature rises.




3.1.2. Sintering Time


To explore the effect of sintering time, the silver paste was sintered for 5, 10, 15, 30, 45, and 60 min separately and the sintering temperature was set at 225 °C. The results are presented in Figure 7. As the sintering time increases, the shear strength of the silver joints exhibits a rapid rise at first, and then remains stable from 45 min to 60 min. This indicates that adequate sintering time is necessary to enhance the strength of the silver joints, which is because the connections between the silver particles need enough time to form.



The internal structures of the IR-sintered silver joints were observed using SEM, and the results are shown in Figure 8. With the sintering time increasing, the connection of silver particles becomes more compact which means that sufficient sintering time is necessary to enhance the strength of the silver joint. During the sintering process, the silver particles require adequate time to establish connections and densify. As the sintering time increases, the bonding between silver particles becomes stronger, thereby improving the shear strength. However, when the sintering time exceeds a certain threshold, the improvement in shear strength becomes less significant because the sintering process has completed [21]. Therefore, to ensure the shear strength of the silver joint, the sintering time for IR sintering should not be less than 45 min.




3.1.3. Heating Rates


The shear strength of IR-sintered silver joints sintered at different heating rates is shown in Figure 9. It can be observed that the shear strength of the IR silver joints initially increases and then decreases as the heating rate rises; the maximum shear strength was observed at the heating rate of 26 °C/min. The silver particles can have enough time to be sintered at an appropriate heating rate, which promotes the formation of a larger and more uniform structure. This contributes to improving the strength of the silver joint. However, an excessively slow heating rate can lead to the oxidation of the silver particles, thereby decreasing the densification of the silver joint during sintering.



Additionally, an excessively high heating rate will result in uneven nucleation and growth of silver particles, increasing the internal stress and thermal stress within the silver joint, leading to a decrease in the shear strength of the silver joint [22]. A heating rate of 26 °C/min is observed to be the best heating rate in this study, as it ensures the densification of the silver joint and prevents the oxidation of the silver particles, resulting in the highest shear strength.




3.1.4. Sintering Atmosphere


Figure 10 illustrates the shear strength of IR-sintered silver joints sintered under different atmospheres. It can be observed that in both IR sintering and traditional sintering, the shear strength of silver joints sintered in a nitrogen atmosphere is higher than those sintered in an air atmosphere. This indicates that the protection provided by an inert gas atmosphere can prevent oxidation during the sintering process, thereby enhancing the quality of the silver joint.



Furthermore, the shear strength of the silver joints obtained through IR sintering in nitrogen is 18.14% higher compared to those sintered in an air atmosphere, while in traditional sintering, the difference amounts to 41%. This is because IR sintering can heat silver paste directly, which raises the temperature of the silver paste higher than the temperature of the surrounding environment, promoting the evaporation of the internal gas. This helps protect the silver particles from oxidation. Thus, the shear strength of the IR-sintered silver joint is less sensitive to the sintering atmosphere.




3.1.5. Preheating Temperatures


The shear strength of silver joints sintered at different preheating temperatures is presented in Figure 11. It can be observed that the shear strength of the silver joints obtained through IR sintering remains around 38 MPa as the preheating temperature increases. However, in the process of traditional sintering, the shear strength of silver joints is influenced by the preheating temperature. As the preheating temperature increases, the shear strength of traditional sintered silver joints initially decreases and then increases, reaching a maximum shear strength of 36.68 MPa at a sintering temperature of 130 °C, which is slightly lower than the average shear strength of IR-sintered joints.



The above observation result is due to the different heating models of traditional sintering and IR sintering. The traditional silver sintering process indirectly heats the silver paste by heating the surrounding atmosphere, making it difficult for the internally generated gases to escape as the surrounding air temperature is higher than the silver paste. Therefore, in the traditional sintering process, the silver paste needs to be preheated before sintering to allow the internal gases to volatilize in advance. In contrast, short-wave IR can transmit through GaN chip to heat the silver paste directly, which enables the silver paste to heat up faster than the chip and substrate, accelerating the volatilization of internal organic solvents and moisture and decreasing the internal porosity of silver joints [15]. Thus, the shear strength of IR-sintered silver joints is less sensitive to preheating temperatures. Consequently, in the IR sintering process, the preheating process can be appropriately shortened, which reduces the overall processing time and enhances production efficiency.





3.2. Electrical Characteristics


The resistivity of sintered silver joints is another critical parameter to evaluate its performance in die attachment. A low resistivity means there are more conductive paths, which indicates a better formation of sintered joints [23].



The resistivity of silver joints at different sintering temperatures is shown in Figure 12a. The resistivity of silver joints decreases as the sintering temperature increases. This is because increasing sintering temperature contributes to enhancing the bonding between the silver particles and the substrate metal, reducing contact resistance, thereby lowering the overall resistivity. Moreover, as sintering temperature increase, the diffusion of silver particles is enhanced, forming a denser structure, which further reduces the resistivity [24]. For comparison, the resistivity of traditional sintered silver joints is also recorded in Figure 12a. It can be seen that the IR-sintered silver joints exhibit lower resistivity compared to traditional sintered silver joints at the same sintering temperature.



It is worth noting that the resistivity of silver joints abruptly decreased from 7.82 × 10−4 Ω·cm (150 °C) to 9.83 × 10−5 Ω·cm (225 °C) at first, then slightly decreased to 7.41 × 10−5 Ω·cm, 3.97 × 10−5 Ω·cm, and 3.22 × 10−5 Ω·cm at temperatures of 250 °C, 275 °C, and 300 °C, respectively.



To investigate the reason why the resistivity decreasing rate changed, the silver joints obtained at different temperatures were observed by SEM (Figure 5a–g). During the sintering process, the silver particles interconnect each other, forming considerable conductive pathways to transmit electrons. When the sintering temperature was below 225 °C, the number of conductive pathways inside the silver joints increased rapidly as the sintering temperature rose. However, when the sintering temperature increased continuously, the number of pathways in the silver joints remained relatively constant and the conductive pathways started to thicken. The number of pathways has a greater impact on the resistivity than the thickness [25].



Figure 12b shows the resistivity of IR-sintered silver joints after different sintering times. With the sintering time increasing, the resistivity of the IR-sintered silver joints decreased at first and then stabilized. To obtain silver joints with a low resistivity, the sintering should not last less than 45 min.



Figure 12c presents the resistivity of IR-sintered silver joints under different heating rates. As the heating rate increases, the resistivity of the silver joints initially rises and then decreases, reaching a peak at a heating rate of 26 °C/min. This phenomenon is consistent with the trend of the shear strength of the silver joints with heating rate.



The resistivity of silver joints sintered under different atmospheres is shown in Figure 12d. It can be observed that the resistivity of IR and traditional silver joints sintered in a nitrogen atmosphere is lower than that of those sintered in an air atmosphere. Moreover, the resistivity of silver joints obtained by IR sintering in the nitrogen atmosphere is 20.23% lower than those sintered in the air atmosphere, while the traditional silver joints exhibit a difference of 38.44%, indicating that the sintering atmosphere has less impact on the resistivity of IR-sintered joints.



Figure 12e illustrates the influence of preheating temperature on the resistivity of silver joints obtained through IR sintering and traditional sintering, respectively. It can be observed that, as the preheating temperature increases, the resistivity of the silver joints gradually decreases. It is worth noting that the resistivity of IR-sintered silver joints remains relatively stable at different preheating temperatures. In contrast, the lowest resistivity for the traditionally sintered silver joints is attained at 130 °C with a fluctuation of 46.15%. These results indicate that, compared to the traditional sintering process, IR sintering is less sensitive to preheating temperature due to its ability to promote the volatilization of organic solvents within the silver paste [26].




3.3. Performance of Power Device


To investigate the influence of IR sintering on the performance of power devices, the GaN die was bonded to the substrate using an IR sintering process, followed by system-in-package (SOP) encapsulation. Figure 13 illustrates the cross-sectional schematic of the SOP package, while Figure 13b,c show the internal and external physical top views of the SOP package. The packaging components of the GaN power device include the GaN die, the SOP lead frame, the micron-scale silver solder joints, gold wires, etc.



3.3.1. Thermal Resistance


The conduction resistance of a GaN power device is significantly influenced by its operating temperature. Excessive operating temperatures can cause performance degradation or the malfunction of the device. Therefore, the thermal dissipation capability and temperature distribution of power devices were investigated in this paper.



The power supply voltage of the GaN power device was set to 13.5 V and the load resistance was set to 2.1 Ω. An infrared thermal analyzer was used to detect the operating temperature of the GaN power device. The infrared thermal image of the power device is shown in Figure 14a. It can be observed that when the power device reaches a stable operating condition, the highest temperature appeared at the center of the operational region, gradually decreasing towards the edges of the power device. The maximum operating temperature was 59 °C.



When a voltage is applied to the gate of the GaN power device, two-dimensional electron gas (2DEG) forms inside the GaN power device, resulting in current flow. Under the influence of the thermal effect, thermal electrons are generated within the GaN device. As the temperature rises, the motion of hot electrons intensifies, leading to collisions with the lattice, resulting in the generation of phonons. Phonons, in turn, undergo scattering, generating more hot electrons, achieving the transfer of thermal energy [27]. During the operation of the GaN power device, the highest electric field occurs at the gate region. Thus, the collisions between electrons, phonons, and the lattice occur most frequently in the gate region, forming the primary heat source. In practical applications, it is crucial to focus on the heat generation in this region [28].



The infrared thermal image of a traditionally sintered GaN power device is shown in Figure 14b. Compared to GaN power devices obtained through IR sintering, the traditionally sintered GaN power device exhibits more hotspots, and its highest operating temperature rises 14 °C, which indicates that the IR-sintered silver joints have lower resistance, enhancing the thermal performance of the GaN power device.




3.3.2. Electrical Performance


The DC performance of a GaN power device was tested firstly when the power supply voltage was set to 13.5 V, and the load resistance was set to 2.1 Ω. Figure 15 shows the DC characteristics curve of the GaN power device. It can be seen that the threshold voltage for the input signal to switch the device into the on-state is 2.9 V. Under normal operation, the gate-source voltage of the GaN power transistor is 4.3 V and the output current is 6.415 A. It is worth noting that the on-state conduction resistance of the GaN power device is only 4 mΩ, indicating that the GaN power device exhibits a low resistance when it is on, enabling more efficient power transfer and lower power consumption. This low on-state resistance is one of the advantages of GaN power devices, providing improved switching performance and power efficiency.



Furthermore, during the testing process, as the power supply voltage gradually increases, the voltage drop of the GaN power device also increases. From calculations, it can be determined that, under such a circumstance, the on-state resistance of the GaN power device increases continuously, as depicted in Figure 16. This indicates that, during the testing process, the on-state resistance of the GaN power device increases with rising temperature due to thermal effects, leading to performance degradation.



A GaN power device obtained through a traditional silver sintering process was also tested. Under the same operating conditions, the GaN power device obtained through the IR sintering process exhibited lower on-state resistance compared to the power device obtained through the traditional sintering process. This indicates that the IR sintering process improves the quality of the silver joint, thereby improving the performance of the GaN power device under high-power conditions.



The dynamic performance of GaN power devices was also tested in this paper. The equipment used in the testing is shown in Figure 17, including the function generator, DC power supply, and digital filter.



The frequency range of the input signal was set from 1 MHz to 10 MHz. The test results are presented in Figure 18, where Figure 18a–d correspond to the test results at input frequencies of 1 MHz, 3 MHz, 5 MHz, and 10 MHz, respectively. In Figure 18, Channel 1 displays the output signal waveform of the GaN power device, while Channel 2 shows the input signal waveform.



When the input signal frequency is below 3 MHz, the output signal of the GaN power device is relatively ideal without distortion. However, the distortion becomes apparent as frequency increases. This can be attributed to factors such as parasitic capacitance and inductance within the device.



Figure 19 presents the test results of GaN power devices obtained through a traditional sintering process. Compared to GaN power devices obtained through IR sintering, the traditional GaN power device exhibits sever distortion when the input signal is at 3 MHz. This indicates that IR sintering technology can provide better high-frequency characteristics and improve the dynamic response of the device. This is because the structure of the IR-sintered silver joint is more compact, facilitating signal transmission and heat dissipation. The denser silver joint structure can provide lower parasitic resistance and inductance, reducing power loss and interference during signal transmission, which helps maintain signal accuracy and integrity, reducing the occurrence of distortion. Additionally, high-frequency operation generates significant power dissipation and increases the temperature of the device. However, the IR-sintered silver joint structure offers better thermal conduction paths, thus reducing the operating temperature of the device. This thermal improvement enhances the reliability and stability of the device, reducing the possibility of distortion during high-frequency operation [29]. Therefore, the GaN power device obtained through IR sintering exhibits better high-frequency characteristics.






4. Discussion


During the process of IR sintering, IR energy can transmit through the chip and heat the silver paste directly, which accelerates the volatilization of organic solvents and moisture within the silver paste, resulting in a decrease in the porosity of the silver joints. In comparison to that, traditional sintering indirectly heats the silver paste by heating the surrounding environment. Thus, the silver joints need to be preheated before sintering so that the organic solvents and moisture have enough time to escape, increasing the processing time. As a result, to obtain silver joints with a shear strength of 38.29 MPa, the total processing time for IR sintering is approximately 45 min, which is significantly shorter than the 2 h traditional sintering process.



Silver sintering is a process in which silver particles are consolidated to form dense joints at temperatures far below the melting temperature of silver [30,31]. For the sintering kinetics, it relies on thermodynamic potential from the high surface free energy of the silver particles and atomic transport [32]. In the process of silver sintering, cohesion and adhesion are identified as the predominant factors. In summary, cohesion is the result that the reduction in surface Gibbs free energy of silver particles drives the process of particle consolidation and densification sintering [30].



In general, there are two kinds of adhesive mechanisms, adhesion theories and particle adhesion theories, including chemical bonding, diffusion, solid solubility, mechanical interlocking, physical adsorption, the van der Waals force, the electrostatic force, the capillary force, and magnetic attractions, etc. [33]. Usually, adhesion mechanisms can be narrowed down to chemical bonding, interdiffusion, solid solubility, and mechanical interlocking because the other forces have a minimal impact on silver sintering.



Chemical bonding can be categorized into metallic bonds, ionic bonds, covalent bonds, coordinate bonds, hydrogen bonds, etc. [33]. In the process of silver sintering, only the metallic bonds need to be considered. To obtain a high shear strength, silver particles must formulate solid metallic bonds over a large contact area. In the process of sintering, with the temperature rising, the surface energy of silver particles increases and the atomic motion intensifies, leading to the formation of metallic bonds at the interface. After the initial formation of bonds in the contacted region, the contact area expands laterally on the solid surface driven by the densification of silver particles [34].



Diffusion is the gradual mixing of material from a higher concentration region to a lower concentration region caused by random molecule mobility [33]. The motivation of interfacial adhesion is to lower the interfacial and surface Gibbs free energy, which requires atomic diffusion across the interface and on the surface. The rate of atomic diffusion, quantified by the diffusivity (D), is highly influenced by temperature according to the Arrhenius expression.


  D =   D   0     e   − (   Q     K   B   T   )    








where Q is the activation energy, and D0 is a term determined by atomic vibration frequency and jump distance.



Figure 20 shows the EDS result for an IR-sintered silver joint. It can be observed that the substrate metal contacting the silver connector is mainly Ni. Table 2 lists the inter-diffusivities for several common metals, which are based on the literature [35,36]. As listed in Table 2, the diffusivity of Ag into Ni is much lower than that of Ni into Ag. As a result, there would be Kirkendall voids at the contact area. At first, the connections between the silver paste and substrate become denser because the formation of the silver joint occupies a dominant position. When the temperature is higher than 225 °C, the voids at the interface begin to increase, reducing the contact area of the silver joint. Furthermore, the Kendall effect may cause metal diffusion and reaction to form intermetallic compounds, leading to embrittlement and crack formation in the silver joint, reducing the shear strength and electrical conductivity of the silver joint. Thus, the temperature of IR sintering should not be higher than 225 °C. Additionally, this study also conducted IR sintering of GaN dies at different temperatures and tested their thermal and electrical performance. The results revealed that, under the same operating conditions, GaN power device sintered at 225 °C exhibited the lowest operating temperature, the lowest on-resistance, and the most stable high-frequency characteristics. Thus, to obtain reliable silver joints, the IR sintering temperature should be set at 225 °C. However, the optimal sintering temperature for the traditional micron-scale silver sintering process without pressure typically falls around 300 °C. This is because, the silver particles have absorption characteristics that match well with short-wave IR, which can be efficiently absorbed by silver particles and converted into heat energy, enabling sintering at a lower temperature. In contrast, traditional sintering methods may require higher temperatures to ensure sufficient heat transfer to the silver particles. Traditional heat sources, such as furnaces or electric ovens, often result in uniform heating of the entire environment, leading to unnecessary energy loss. Therefore, the optimal sintering temperature for IR silver sintering is lower than that of traditional sintering processes.




5. Conclusions


This study investigates the feasibility of utilizing IR for silver sintering and provides an alternative method to non-pressure sintering processes for micro-scale silver paste. The results show that the shear strength of IR-sintered joints sintered for 45 min achieves 38 MPa, which is higher than the traditional joints obtained by about 2 h of non-pressure sintering in a convection oven. Therefore, IR sintering can reduce the process time significantly and enhance the quality of the silver joints.



To optimize the IR sintering process, the influence of sintering parameters including temperature, time, heating rate, atmosphere, and preheating temperature on the quality of silver joints was investigated. It can be determined that, to obtain reliable silver joints, the micro-scale silver paste should be sintered in a nitrogen atmosphere at a sintering temperature of 225 °C for at least 45 min where the heating rate is set at 26 °C/min.



It was worth noting that, as the sintering temperature increases, the shear strength of the silver joints initially increases and reaches a peak at 225 °C. And further temperature increase leads to a decline in shear strength due to the enhanced interdiffusion between substrate metal and silver particles, which results in an increase in voids. What is more, the decline rate in the resistivity of silver joints also decreases with increasing sintering temperature. This is because, at lower temperatures, a raising temperature can increase the number of conductive pathways within silver joints; while, at higher temperatures, increasing temperature thickens the conductive pathways within the silver joints. The former pattern has a greater impact on resistivity compared to the latter.



Additionally, the thermal and electrical performance of GaN power devices using IR sintering processes was tested in this paper. The test results show that the GaN power device made using an IR sintering process exhibits enhanced thermal dissipation capability, lower on-state conduction resistance, and improved high-frequency performance by improving the quality of the silver joint.



Therefore, the IR sintering process shows great potential in high power density electronic packaging. By offering high-quality silver joints with enhanced thermal and electrical conductivity, the overall performance and reliability of these electronic devices will be improved. The non-pressure sintering process and reduced energy loss also contribute to cost savings and simplified manufacturing processes.



The future plan for this study is to optimize the IR sintering process; for example, the etching of the substrate surface is in progress, because the etching of substrate can promote bonding between the silver joint and the substrate, reducing the impact of Kirkendall voids and further enhancing the quality of IR-sintered joints.
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Figure 1. (a) GaN chip, (b) silver paste MD-2000, (c) IR sintering oven, and (d) metallographic sample. 
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Figure 2. Image of the fracture surface along the substrate side. 
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Figure 3. The shear strength of IR-sintered silver joints under different sintering temperatures. 
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Figure 4. The porosity of IR-sintered silver joints under different sintering temperatures. (a) 150 °C, (b) 175 °C, (c) 200 °C, (d) 225 °C, (e) 250 °C, (f) 275 °C, and (g) 300 °C. 
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Figure 5. Microstructure of IR-sintered silver joints after sintering at different temperatures. (a) 150 °C, (b) 175 °C, (c) 200 °C, (d) 225 °C, (e) 250 °C, (f) 275 °C, and (g) 300 °C. 
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Figure 6. Microstructure of the interface between IR-sintered silver joint and substrate after sintering at different temperatures. (a) 150 °C, (b) 175 °C, (c) 200 °C, (d) 225 °C, (e) 250 °C, (f) 275 °C, and (g) 300 °C. 
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Figure 7. The shear strength of IR-sintered silver joints after different sintering times. 
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Figure 8. Structure of IR-sintered silver joints after different sintering time (a) 5 min (b) 10 min (c) 15 min (d) 30 min (e) 45 min (f) 60 min. 
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Figure 9. The shear strength of IR-sintered silver joints at different heating rates. 
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Figure 10. The shear strength of silver joints under different atmospheres. 
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Figure 11. The shear strength of silver joints under different preheating temperatures. (a) IR sintering and (b) traditional sintering. 
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Figure 12. Resistivity of silver joints after sintering at different conditions: (a) sintering temperature, (b) sintering time, (c) heating rate, (d) atmosphere, and (e) pre-temperature. 
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Figure 13. SOP packaging: (a) schematic of SOP packaging, (b) internal view of SOP packaging, and (c) external view of SOP packaging. 
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Figure 14. Infrared thermal image of GaN device: (a) IR sintering and (b) traditional sintering. 
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Figure 15. DC performance of GaN power device: (a) input–output curve and (b) supply voltage–output curve. 
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Figure 16. Ron of GaN power device. 
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Figure 17. Testing Equipment for GaN Device. 






Figure 17. Testing Equipment for GaN Device.



[image: Electronics 13 01492 g017]







[image: Electronics 13 01492 g018] 





Figure 18. Dynamic characteristics of IR-sintered GaN power device. (a) 1 MHz, (b) 2 MHz, (c) 3 MHz, and (d) 4 MHz. 
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Figure 19. Dynamic characteristics of traditional sintered GaN power device. (a) 1 MHz, (b) 2 MHz, (c) 3 MHz, and (d) 4 MHz. 
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Figure 20. EDS image of the interface between IR silver joint and substrate. 
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Table 1. Sub-division of IR.
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	Wavelength (μm)
	Type





	IR-A
	0.78–1.4
	Short-wave



	IR-B
	1.4–3
	Medium-wave



	IR-C
	3–1000
	Long-wave










 





Table 2. Atomic inter-diffusivities between Ag, Au, and Cu [35,36].
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	Diffusion
	D0

(cm2/s)
	Q

(Kcal/mole)
	Diffusivity at

300 °C, D

(cm2/s)
	Diffusivity Length at 300 °C for 10 min (nm)





	Ag in Ag
	0.40
	44.10
	5.99 × 10−18
	0.60



	Ag in Au
	0.086
	40.36
	3.42 × 10−17
	1.43



	Au in Ag
	0.62
	47.50
	4.67 × 10−19
	0.16



	Ag in Cu
	0.63
	46.50
	1.14 × 10−18
	0.29



	Cu in Ag
	1.20
	46.10
	3.09 × 10−18
	0.43



	Ag in Ni
	0.025
	47.20
	2.43 × 10−20
	0.04



	Ni in Ag
	21.90
	54.80
	3.09 × 10−20
	0.04
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