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Abstract

:

Bumpless Build Cube (BBCube) using Wafer-on-Wafer (WOW) and Chip-on-Wafer (COW) for Tera-Scale Three-Dimensional Integration (3DI) is discussed. Bumpless interconnects between wafers and between chips and wafers are a second-generation alternative to the use of micro-bumps for WOW and COW technologies. WOW and COW technologies for BBCube can be used for homogeneous and heterogeneous 3DI, respectively. Ultra-thinning of wafers down to 4 μm offers the advantage of a small form factor, not only in terms of the total volume of 3D ICs, but also the aspect ratio of Through-Silicon-Vias (TSVs). Bumpless interconnect technology can increase the number of TSVs per chip due to the finer TSV pitch and the lower impedance of bumpless TSV interconnects. In addition, high-density TSV interconnects with a short length provide the highest thermal dissipation from high-temperature devices such as CPUs and GPUs. This paper describes the process platform for BBCube WOW and COW technologies and BBCube DRAMs with high speed and low IO buffer power by enhancing parallelism and increasing yield by using a vertically replaceable memory block architecture, and also presents a comparison of thermal characteristics in 3D structures constructed with micro-bumps and BBCube.
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1. Introduction


Semiconductor devices and computer systems have evolved as feature sizes have been continuously reduced [1,2,3,4]. On the other hand, three-dimensional technology has been considered since the 1980s, mainly from the viewpoint of monolithic ICs [5,6,7,8,9,10,11]. From the late 1990s, 3D technology has been widely studied for the hybrid structure, including package from the die-level to wafer-level, e.g., how to stack semiconductor elements and how to connect between stacked dies with the vertical interconnects such as TSVs [12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27].



According to this trend, computer system volumes will reach 50 mm3, and the power consumption will be 0.5 mW [28,29]. Even in such small computers, high performance and large memory capacity are desired without sacrificing power efficiency and thermal dissipation. Conventional two-dimensional (2D) scaling and three-dimensional (3D) integration methods such as those used in High-Bandwidth-Memory (HBM) [30], however, will inevitably face an economic crisis due to the manufacturing costs and yield required [31,32,33].



A promising approach to overcome these problems is to combine 3D stacking with high throughput, i.e., co-integration extended into the third dimension (z-direction) using Wafer-on-Wafer (WOW) and Chip-on-Wafer (COW) technologies. In detail, the z-height of a multi-wafer stack must be small, meaning that there should be no bumps between dies, and the dies should be thin. This is the main feature of BBCube, which allows high bandwidth with low power consumption because of the short length of TSVs and high-density signal parallelism [34]. Furthermore, high-density TSVs act as thermal pipes, and, hence, a low temperature, even in a 3D structure, can be expected.




2. Manufacturing Cost Crisis for Two-Dimensional Scaling


Before discussing 3D integration for high-volume manufacturing, it is necessary to investigate the current status and future prospects of semiconductor technology development. Conventional 2D scaling will face a severe economic crisis due to the expensive lithography processes and facilities required. Reducing costs requires the adoption of advanced lithography technologies, which, together with peripheral support facilities such as a defect monitoring system, account for one-third to one-fourth of the total cost of a manufacturing line. Furthermore, bit cost is saturated around 20 nm nodes [35,36] due to unavoidable invisible defect reduction. Unless there is sufficient yield, the total cost will increase even if high-resolution lithography is employed. This is the main reason why multiple, small microprocessor dies (chiplets) are integrated [37,38]. In short, while useful for reducing chip size, scaling is extremely burdensome in terms of capital investment. Large-scale investments to the new fabrication facilities (Fabs) have so far been made considering the technologies that will be available two to three generations ahead without any major technology changes. This is based on the empirical rule in the semiconductor that profits are made several generations after investments for reasons involving the trade-offs between products sales and facility depreciation.



According to this empirical rule, an investment in recently developed 7 nm technology needs to be made in consideration of its applicability to 2–3 nm technologies. In the case of ArF (λ = 193 nm), immersion lithography, double or quad patterning for one layer is needed to meet to those critical pattern dimensions. Extreme ultraviolet (EUV; λ = 13.5 nm) lithography has the potential to allow patterning in a single step, and thus EUV is superior to ArF. However, the price of EUV lithography machines is more than 120 million USD [39], which is more than twice that of ArF immersion (iArF) lithography machines, and their current throughput is less than that of iArF machines. When converted into the processing capacity of current large-scale Fabs (e.g., 50,000 incoming wafers per month), based on this system performance, an investment of about 2 billion USD will be required for EUV technology. Assuming that the lifelong sales for each generation are about 10-times the corresponding business investment, the corresponding market size necessary for this investment is more than 20 billion USD. Although, this estimate is based on the 440 billion USD total worldwide semiconductor sales in 2020, this market size for one product and one manufacturer is not realistic.



In conclusion, this is one of the limits of two-dimensional scaling in light of the economics of the industry, and it is difficult to find a scenario of victory at present, especially beyond nanometer node.




3. Paradigm Shift to Bumpless Build Cube Integration


Extending structures into vertical space (z-direction), for example, by three-dimensional stacking, in combination with conventional two-dimensional integration, is anticipated to overcome the problems noted above. The concept of Bumpless Build Cube (BBCube) is a solution to the problems of next-generation 2.5D (side-by-side arrays) and 3D stack systems, in which device dies and interposers are connected without bumps, described in Section 8.3.



Figure 1 shows a comparison of the bump and bumpless interconnects using TSVs, assuming eight dies for a memory core and one logic controller. Since a chip-level stack formed by Chip-on-Chip (COC) technology using bump connections needs pick-and-place for chip transfer, the die thickness is limited by the mechanical stiffness requirements and warpage, resulting in a chip pitch of around 80–100 μm. The mechanical stiffness decreases with die thickness [40,41].



If the bump height varies, some bumps will not come into contact with the electrodes on the chip surface. When high pressure is applied to avoid such contact failures, bonding failures due to plastic deformation are mitigated. However, if excessive pressure is applied, problems such as electrical shorts and destruction will occur between bumps due to the lateral deformation of bumps and the multi-interconnects under bumps due to vertical concentrated stress [42,43,44]. These problems become more significant when the bump pitch is narrowed. This limits the density of TSVs that can be achieved using a combination of TSVs and bumps.



The WOW process consists of bonding-first using a thinned wafer and then the formation of TSV interconnects. Thus, the wafer thickness is determined by whether thinning degrades the device characteristics. There was no damage when a DRAM Si wafer was thinned to 4 μm [45,46,47,48]. The wafer (chip) stack pitch was around 10 μm, which is 1/10th as thick as that of COC. The WOW process enabled wafer thinning from 775 μm to 1 μm, as shown in Figure 2. For thinning of a DRAM wafer, the effects of Si thickness, the thinning method, and Cu contamination from the backside on the device characteristics of 20 nm-node DRAMs were evaluated [49]. No obvious degradation of the retention characteristics occurred, even when the Si thickness was reduced to 3 μm, as shown in Figure 3. The refresh time was improved by increasing the thickness of the backside defects layer using grinding. The backside defects act as a trapping site for the Cu diffusion and thus Cu diffusion is prevented when the backside has sufficient defects. From the perspective of reliability, due to the poor gettering ability of the CMP finished surface, is necessary to optimize the gettering ability if there is concern about Cu contamination during the process. This suggests that it is important to design the diffusion length of defects carefully to prevent defects entering the depletion layer, taking the standby currents and the retention characteristics into account, as shown in Figure 4.



Since the physical length of TSV interconnects is determined by the wafer thickness, including the device layer and adhesive, the total length in the case of an eight-wafer stack was <80 μm. Trends of TSV interconnects versus the number of stacked chips and/or wafers were estimated as shown in Figure 5 [50,51,52]. The total height, based on the die-to-die pitch, was less than 0.5 mm, even for a stack of 60 wafers. The TSV density ranged from 106/cm2 to 107/cm2, which is 10- to 100-times larger than the case of TSVs and bump interconnects.



It was possible to next make a roadmap to achieve a high-bandwidth system and high-density integration backed up by production costs. Moreover, retaining Cu interconnects technology and the standard 300 mm wafer size for stacking ensures compatibility with existing manufacturing facilities in Front-End processing and helps utilize the mature process technologies that have been developed for wafer processing.



Since the wiring length of the TSVs is determined by the thickness of the wafer, the wiring length becomes shorter when the wafer is thinned down. The conventional wiring length consists of the length of Cu wiring used for TSVs and the bump height, and the total length is about 80–100 μm. The resistance of the bumps is about one order of magnitude higher than that of Cu, e.g., Sn-3.5Ag (12.3 μΩcm) >> Cu (1.68 μΩcm). If only TSVs are used, and there are no bumps with high resistance and the wiring resistance is reduced to <1/10 at a length of 10 μm and a constant diameter. Because of the high density and low resistance of TSVs, high bandwidth and low power consumption can be expected. Details will be discussed in Section 8.



Bumpless Build Cube (BBCube) is a second-generation alternative to the use of TSVs with micro-bumps. The BBCube, bumpless interconnects process involves a Thinning-First process before bonding wafers, followed by a Via-Last process, meaning that interconnects are formed after bonding the wafers, as shown in Figure 6 and Figure 7. Via-hole etching was carried out, followed by lithography, on a silicon substrate with multilevel interconnects and a device layer after bonding the thinned wafer. Since bumpless Wafer-on-Wafer (WOW) technology uses a back-to-front stack, in principle, any number of thinned 300 mm wafers can be stacked to fabricate large-capacity memory and logic devices. This wafer stacking method is similar to multilevel metallization in the Back-End-of-Line (BEOL), as if replacing dielectric deposition using thinned· wafers and Al and/or Cu metallization with bumpless interconnects using TSVs.



In the case of a chip stack for comparison, a singulation step was needed before stacking. There are several methods for singulating a wafer. For example, in the method of forming a dicing groove on the wafer surface in advance, the wafer surface is attached to a film (DAF: Die-attach Film) and the wafer is thinned with a grinder from the backside. This results in singulation by grinding the back surface to the dicing groove. Each of these singulated chips are picked up by a transfer machine and placed on the surface of a separately prepared wafer. These transfer processes are so called pick-and-place. If the chip thickness is small, the rigidity becomes small, and since the chip transfer method is mechanical, it is easy to break the chip. In addition, stress in the device layer generates chip warpage, causing picking errors. Therefore, in the case of COC and COW, a chip thickness of about 20 μm to 30 μm, which satisfies the requirements of the transfer process and mechanical strength, was used. This is the root cause of the thickness limitation in the chip stacking process. The throughput of pick-and-place was obviously low compared to that of WOW, and there was a trade-off between speed and placing accuracy.



The bumpless WOW process proceeded through the development of four modules, classified along the process flow. The modules included (i) a thinning module for thinning the wafer substrates in which devices are implemented, (ii) a stacking module for bonding and stacking with alignment of the wafers, (iii) a TSV interconnects module for forming Cu interconnects embedded in upper and lower wafers with TSVs, and (iv) a packaging module for singulating the stacked wafers. The TSV interconnects module follows the Dual-Damascene process, forms a so-called redistribution layer (RDL) and vertical interconnects simultaneously, and also serves as a counter electrode for the subsequent stacked wafer.



The thickness of the thinned wafer is a critical dimension for the aspect ratio (depth-to-diameter ratio) of TSVs because the aspect ratio is determined by the diameter and the wafer thickness. Since, in this WOW process, a thinned wafer was bonded on a base wafer, there was no need to take measures for handling ultrathin wafers. The typical Si thickness of a thinned wafer is 4 to 5 μm. When the thicknesses of the device layers in a DRAM and an MPU were assumed to be approximately 5 μm and 10 μm, respectively, the aspect ratio of a TSV was only 5 at maximum for a TSV diameter at 3 μm, whereas conventional TSVs with bumps have aspect ratios more than 10 at a die thickness of 30 μm, including the device layer. With the decreasing aspect ratio, in the TSV processes such as via hole etching, thin-film deposition, and metal filling, the process time decreased to about 1/2 at most, and step coverage significantly improved.




4. Details of BBCube WOW Processes


4.1. Thinning Module


According to the process flow in Figure 6, a wafer with a device layer was bonded to a support substrate (glass or Si wafer) from the device surface with a temporary adhesive in advance. Thinning was performed by mechanical grinding from the back surface of the wafer (Back Grind, or BG) to within several micrometers of the target thickness, followed by polishing until the final thickness was achieved. The final silicon thickness is the thickness at which no degradation of the device characteristics occurs. This was demonstrated with a DRAM device, which is highly sensitive to defects and metal contamination at the diffusion region [53]. The temporary adhesive and the support substrate were removed after thinning the wafer. A permanent adhesive layer with a thickness of 1 to 5 μm was used for wafer stacking [54,55]. The thickness of the permanent adhesive layer can be reduced according to the surface topography of the device wafer, such as the presence of multilevel interconnects and dicing lines.



The reason for using a support substrate is that if the wafer is made thin, it loses its rigidity and bends under its own weight, making it difficult to handle in the wafer process. This can be more intuitively understood by considering that we could not easily handle thin aluminum kitchen foil even at a thickness of ~12 μm. Wafer thinning was carried out from the back side with a grinder using a grinding wheel. In order to grind from the initial thickness of 775 μm to the micrometer level, taking throughput and the wafer flatness into account, two different sizes of abrasive grains, 50 μm and <5 μm were used one after another for high-speed grinding and low-speed grinding with surface conditioning, respectively. When the abrasive grain size is reduced, large defects generated at the wafer surface can be removed [56,57].



The thickness variation of the thinned wafer was determined by the geometric parallelism between the surface of the grinder and the wafer surface. Because of the mechanism of surface grinding, there was a very small angle between the grinding wheel surface and the wafer surface, so the outer thickness of wafer was slightly smaller than the center thickness. On the other hand, the thinned wafer deformed according to the thickness variation and elastic deformation of the temporary adhesive layer as the rigidity of the wafer decreases. Although the Young’s modulus of a silicon wafer in the <110> direction remained the same at about 170 GPa down to 10 μm [58], deformation occurred according to the mechanical properties of the adhesive layer and its thickness. Therefore, the total thickness variation (TTV) within the wafer in a micrometer-level thin region is determined by the variation in the thickness of the temporary adhesive layer for the ground surface.



In the optimized grinding method, when the average thickness was 4 μm, which is just 0.5% of the initial thickness, the total thickness variation (TTV) in the 300 mm wafer was about 1 μm, as shown in Figure 8 [47]. Although the thickness of a wafer consists of the thicknesses of the Si substrate and the transistor layer, including multilevel interconnects, the wafer thickness described here is that of the Si substrate. Since the thickness of the transistor layer is 7 to 15 μm for state-of-the-art DRAM and MPU products, the thickness of the transistor layer becomes predominant when the Si substrate reaches the micron level. In the case of such “silicon thin films,” the die-level surface geometry of the device layer, steps at dicing lines, IO pads, and particles affect the local thickness variation of the silicon thin film, when the adhesive layer is not thick enough to absorb the surface geometry and particles.



Since the wafer edge was prepared in a bevel shape, a knife edge shape was unavoidably formed when the thinned wafer surface reached the bevel at the inverse taper angle. It is for this reason that edge fractures and cracking tend to occur during the grinding process. To prevent this, a region of about 0.5 to 2 mm from the edge of the wafer was ground to form a step shape before thinning. This process is called edge trimming [59,60]. However, excess edge trimming over 2 mm of edge exclusion in the Front-End process removes some of the usable device area, which leads to a smaller number of dies within the wafers in a multilevel wafer stack. A novel bevel profile for wafer-level multi stacking technology was therefore proposed by considering the relationship between bevel cracking and bevel angle in wafer thinning, using a grinding process [61]. The bevel angle of the wafer was controlled to 45° to 135°, and bevel cracking after grinding was evaluated with a microscope, as shown in Figure 9. When the bevel angle is smaller than 50°, cracks are noticeably generated during thinning by grinding. According to this result, the bevel profile had a bevel angle of 50° for the area used as the device area after thinning, and a region with a bevel angle of 20° to 30° for the area removed by thinning. This bevel design does not need edge trimming and is expected to reduce wafer area loss without the occurrence of cracking during thinning and wafer transportation.




4.2. Stacking Module


For WOW stacking, the wafers were aligned using alignment marks on the top and bottom wafers just before being attached and permanently bonded. To ensure alignment, infrared light passing through the silicon substrate was used. The wafers bonded to one another in WOW were thin and thus highly transmissive of light. It is necessary to keep a low coefficient of thermal expansion (CTE) mismatch in the stacking to achieve fine pitch alignment and to reduce wafer warpage. When the temperature of one wafer differs from that of another, the two wafer sizes, which are nominally 300 mm, vary due to CTE; for example, at a temperature difference of only 10 °C, the maximum wafer size difference is 11.7 μm, assuming that the CTE of silicon is 3.9 × 10−6/K. Thus, isothermal heating and warpage-free wafers were needed for submicron-level fine-pitch TSV alignment.



In general, important issues related to the wafer stack process with alignment are thermal stability of materials during the wafer stacking process and matching of the operating temperatures of the temporary and permanent adhesives. Temporary adhesives are de-bondable by heat, UV light, and/or mechanical force and are useful in conventional stacking methods used to fabricate both COW and WOW. To de-bond a device wafer from a support substrate with low stress, a heat de-bondable adhesive called a hot-melt adhesive, with a wide range of operating temperatures is required. Most of the compounds for permanent adhesives with high thermal stability, such as benzocyclobutene (BCB) resins (curing temperature, 250 °C) [62], require high temperatures for the curing process. On the other hand, low-temperature curable compounds generally have poor thermal stability. One candidate is a reactive hot-melt type temporary adhesive (DTB-TP005, Daicel Co., Tokyo, Japan) and permanent adhesive (DPAS100, Daicel Co.) consisting of an organic-inorganic hybrid structure [63]. Figure 10 shows the experimental setup and the glass transition temperature (Tg) of the temporary adhesive controlled at the bonding and de-bonding temperatures. The device wafer and carrier wafer were bonded from the device surface at a temperature of around 130 °C with a temporary adhesive layer of less than 10 μm in thickness formed by a spin-on technique. The device wafer, which was fixed to the carrier wafer with a temporary adhesive layer, was thinned to about 10 μm by grinding and polishing using DGP8761HC (DISCO Corp., Tokyo, Japan), and then coated with an adhesion promoter containing dual functionality in the molecular structure. The adhesion promoter and permanent adhesive layer were sequentially formed in this order on the surface of another device wafer. In the next process, the coated device wafer was stacked on a thinned wafer coated with an adhesion promoter. The thickness of the permanent adhesive layer was about 2.5 μm. After a curing process, there were no voids between the two stacked wafers. The carrier was de-bonded by mechanical peeling-off at 80 kPa using a differential pressure de-bonder, and then the residual temporary adhesive was able to be removed with an organic solvent.



Permanent adhesives of DPAS100 have high thermal stability and have a maximum operating temperature up to 300 °C suited to the thermal budget in Back-End processes. Because the permanent adhesive needs to be cured within the operating temperature range of the temporary adhesive, its functional chemical groups and curing temperature are optimized. In order to increase the bonding strength between the Si surface and the organic polymer, a different chemical reactivity needs to be created between the two incompatible materials using an adhesion promoter. In this process, a silane coupling agent having an epoxy group was applied as an adhesion promoter. For the permanent adhesive layer, no outgassing by the Gas Chromatography-Mass Spectrometry (GC-MS) spectrum was observed during heating. The weight loss of the permanent adhesive after heating at 300 °C for 30 min was less than 1% by weight. These observations indicated that the adhesive layer had very little residual solvent, unreacted material, and degraded material. In addition, no delamination of the singulated thin wafer and no change in the structure of the permanent adhesive layer was observed after the Temperature Cycle Test (TCT) from −55 °C to 150 °C for 13.5 min hold time of 1000 cycles. The properties and process conditions for both the temporary adhesive and permanent adhesive are shown in Table 1.




4.3. Through-Silicon-Via (TSV) Module


For bumpless TSV interconnects including RDLs, the Damascene method, a mature method based on a Cu/Low-k BEOL process [64] was used to simplify the processes. In the case of TSV processing, dry etching through the dielectrics in BEOL, device layer including shallow trench isolation (STI), Si, and adhesive layer was carried out. Bumpless TSVs with a small aspect ratio, for example <3, have the advantage of shortening the process time for both etching and metal filling compared with conventional deep TSVs. For instance, assuming that the etching rate follows the mass transport limit reaction, the etching times, t and t1, at different TSV diameters, D and D1, and depths, d and d1, followed t1/t = (D1/D)2 × (d1/d); that is, t1/t = 0.1 at D = D1, d = 50 μm, and d1 = 5 μm, which suggests 1/10th the etching time for the same TSV diameter and 1/10th the depth.



After TSV etching and wet cleaning, a low-temperature Plasma Enhanced Chemical Vapor Deposition (PECVD)-SiN or SiO2 film was deposited to provide electrical insulation from the Si substrate. The barrier dielectric at the bottom of the TSV was removed by bias sputtering of Ar ions, and Ti/TiN (or Ta/TaN) and Cu were deposited on the barrier metal and the seed layer, respectively, by sputtering. For Cu plug interconnects and RDLs, Electrochemical Deposited Cu (ECD-Cu) was used. ECD-Cu planarization was carried out by chemical mechanical polishing (CMP) to polish-off of the Cu overburden.



Figure 11 shows the leakage current of TSVs varied with annealing temperature as a function of applied voltage, comparing Bosch and direct dry etching methods [65,66]. Since Bosch etching was carried out by repeated alternating isotropic-etching and deposition for sidewall passivation/protection, micro-steps called scalloping were formed in the side walls. The scalloping caused cracks and poor step coverage in the dielectrics and metal layers for thin films deposited by Chemical Vapor Deposition (CVD) and Physical Vapor Deposition (PVD). In contrast, anisotropic dry etching resulted in a smooth surface profile along the side wall and no discontinuous layer was observed. The leakage current in Bosch etching was one order of magnitude higher than that in anisotropic dry etching. The leakage current was caused by Cu diffusion at the side wall of the TSV, which took place at a thinner part of the dielectrics containing cracks. Thus, anisotropic etching is suitable for TSV interconnects and enables the use of low-aspect-ratio vias in the BBCube.



The stress inside the Cu was induced by a mismatch in the CTE between Cu and Si decreases with decreasing aspect ratio of the TSV. Figure 12 shows the results of the Finite Element Method (FEM) analysis of the maximum principal stress for different via heights with 10 μm thick device layers and BEOL interconnects [67]. The stress inside the Cu via with 110-μm thick Si was about twice that of the thinner, with a 30 μm thick via with a constant diameter. The Cu stress at the high-aspect-ratio via exceeded the yield stress (286 MPa) of Cu. The stress distribution showed the following critical points: (a) the BEOL region on the via side, (b) the interior of the via, (c) the bulk region under the via, and (d) the BEOL region under the via. The effect of Si thickness, TSV diameter, adhesive layer thickness and CTE of the adhesive material on the TSV stress was analyzed by sensitivity analysis of the DOE (Design of Experiments) method. The TSV compresses the device surface because the CTE of the adhesive (~50 ppm) was higher than those of Cu (16.6 ppm) and Si (2.6 ppm), and tensile stress was generated due to the strain around the BEOL. Stress at the center of the Cu plug decreased in proportion to the thickness of the Si wafer where the concentrated stresses at thicknesses of 20 μm and 100 μm were 225 MPa and 525 MPa, respectively. Thus, the small aspect ratio provided by an ultrathin wafer had the advantage of reducing stresses generated in the silicon itself, in the bottom and top Cu-TSVs, and in interface regions, even with different CTEs.




4.4. Singulation/Packaging Module and Reliability


After multi-level wafer stacking and TSV interconnects, when the stacked die was applied to the interposer, the same procedure as in conventional packaging (micro-bumps, singulation by dicing, die attach) was followed. After dicing the seven-level wafer stack, the adhesive layer and silicon chips were found to be free of defects or delamination. After the stacked chips were packaged with epoxy resin, they were subjected to heat stress testing at temperatures of −65 °C to 150 °C. Scanning acoustic tomography (SAT) is adopted for internal observation, and after up to 100 repeated heat stress tests, no delamination and voids were found at the interfaces between the molding compound and chips, nor at the chip stack interfaces [68].



A temperature cycling test (TCT) following JESD22A-104 was performed to examine whether the bumpless structure is able to withstand the mechanical stresses caused by extreme temperature variation. The daisy chain (total number of vias n = 216) resistance of the structure with via bottom cleaning showed negligible change after the TCTs, indicating that the structure can tolerate extreme temperature changes despite the presence of a polymer with a high CTE within the structure, as shown in Figure 13a [69]. In general, a high moisture content may decrease the glass transition temperature of the polymer and damage the structure. A high accelerated stress test (HAST) following JESD22A-118 was performed to further investigate the reliability of the structure under specified temperature and moisture conditions. In Figure 13b, the daisy chain (n = 216) resistance of the structure with via bottom cleaning only slightly increased after the HAST, showing that the bumpless structure can successfully protect the polymer from moisture. According to the TCT and HAST tests, the designed structure has good fabrication integrity and is highly reliable.



Electromigration (EM) test and SEM analysis was performed to determine the failure site, as shown in Figure 14. The cross-sectional images of bumpless TSVs before and after current stressing indicate that the failure site is located at the bottom RDL close to the corner with the TSV, which is consistent with the simulation results. The failure at this location mainly results from the small thickness of the RDL. Thus, the mean time to failure (MTF) of the bumpless structure can be increased by increasing the RDL thickness [70]. A comparison of the electromigration characteristics between the bumpless TSV structure and the conventional TSV structure with microbumps is shown in the table in Figure 14, indicating that the bumpless TSV technology has better mechanical properties and the ability to withstand longer current stressing time [71].





5. BBCube COW Processes


5.1. Heterogenous 3D Integration Process


For heterogeneous integration using chiplet logic devices, memory, and passive devices such capacitors, BBCube COW was developed [72]. Figure 15 shows the bumpless COW process flow used for a 3D functional interposer. First, a permanent adhesive material of Bis-benzo-cyclobutene (DOW, CYCLOTENETM 3022-46) was coated on a 300 mm Si wafer (base wafer) to a thickness of 5 μm. The Si base wafer was patterned to make fiducial marks on the surface to determine the Si capacitor die placement positions. A dummy Si for reducing the volume ratio of dies and mold material was bonded to the Si base wafer. Then. a Si capacitor die was placed on the adhesive from the front side with a surface mounter tool. The Si capacitor was a commercial product (Murata Manufacturing Co., Ltd., Kyoto City, Japan, EMSC series), with dimensions L = 3.07 mm, W = 2.07 mm, T = 100 μm, a capacitance of 1 μF and an equivalent series resistance (ESR) of 100 mΩ. Si capacitors based on deep-trench metal-oxide-semiconductor (MOS) capacitor technology combined with a unique mosaic design and distributed trench capacitors were developed, as shown in Figure 16. As an example, a 100 nF equivalent series inductance (ESL) Si capacitor was made of 200 elementary cells of 470 pF distributed over the chip and combined in parallel with a 10 pF metal insulator metal (MIM) capacitor to lower the impedance at higher frequencies. A Si capacitor is one candidate for overcoming the scaling issue faced by capacitor components.



The permanent adhesive was cured to bond the Si capacitor and dummy Si after die attachment. Epoxy resin with silica-based filler was molded on the die-attached side of the base wafer with a compression molding method. Then, epoxy resin was thinned to a thickness of several tens of micrometers above the Si capacitor. To reduce the wafer warpage in the COW process, a 300 mm Si wafer (carrier wafer) was bonded on the side of the thinned resin mold. The base wafer was thinned down from a thickness of 775 μm to 20 μm with grinding and polishing. The TSV and re-distribution line (RDL) were formed by the Damascene method to make interconnects between the Si capacitor and the RDL.




5.2. Wafer Warpage Control


Wafer warpage, due to a mismatch in the CTE between organic materials and Si, is a major problem in wafer-level-packaging (WLP) integration. Huge wafer warpage causes wafer cracking and even wafer breakage in the worst case. Even small wafer warpage in the millimeter range causes wafer chucking problems in tools such as the grinder/polisher and wafer bonder, and all vacuum process tools for the TSV/RDL processes. To satisfy the vacuum process and the TSV/RDL formation step, wafer warpage should be less than 300 μm, even though the wafer has a multi-layer structure that includes Si capacitors and molded resin. In particular, the molded resin has a quite different CTE compared to Si, so how to reduce the volume of molded resin is the most important parameter for controlling wafer warpage in the COW process [73].



Figure 17 shows wafer warpage as a function of the molded resin thickness (a), and the definition of the mold cap and its thickness (b), wafer warpage increases linearly as the mold resin thickness increases. Wafer warpage became more than 1.6 mm at the resin thickness of 300 μm, indicating a smile shape. The mold cap was set to 100 μm for bumpless COW process integration. Figure 18 shows the details of wafer warpage in each step of the COW process. In the resin molding step, wafer warpage shows a maximum value of 800 μm. After mold thinning, wafer warpage decreased significantly from 800 μm to 100 μm due to the reduced volume of the molded resin. At the beginning of the TSV/RDL step, wafer warpage was 100 μm, which is low enough to process the TSV/RDL formation step as a result of an appropriate mold cap.




5.3. Accuracy of Die Placement and Reduction of Voids in Adhesive


Die placement is one of the primary technologies in the COW process, whether COW has bumps or not. This is because the die placement accuracy strongly affects the reliability of connectivity and the allocation of high-dense TSVs [74]. In addition, to increase the placement accuracy, there is a trade-off in the throughput. For the bumpless COW with adhesive, misalignment of the Si capacitor in the die placement tool directly causes TSV interconnect failure. Even if the die placement tool has highly accurate placement positioning of the Si capacitor, die shifting may occur in the adhesive curing step because the adhesive sometimes contains voids that move to the outer region of die. In addition, when the large voids are located at the TSV region, discontinuous barrier layer formation of CVD SiO2 and PVD metals occurs, which causes void formation in the ECD-Cu metallization and leakage current between TSVs.



To overcome voids and die shifting, a cyclical pressure profile from low-pressure to atmospheric pressure of a pressure oven was used for the adhesive curing step. Figure 19 shows the observation of voids in adhesive and the die placement accuracy before and after the adhesive curing. Figure 20 shows a cross-sectional SEM image of the Si capacitor die after the die attaching step and the adhesive curing. No voids are observed after the cyclical pressure, and die shifting is maintained within +/−25 μm even after the adhesive curing. As a result of the low number of voids and the small die shifting, the thickness of the adhesive between the Si base wafer and the Si capacitor pad was stabilized at 5.2 μm.




5.4. Process Sequence of TSV/RDL


The process sequence of TSV/RDL formation is shown in Figure 21. TSV/RDL formation is based on Cu Dual Damascene interconnects. After Si capacitor placement by the COW process as described, the Si base wafer was thinned down to 20 μm with a grinding and polishing tool (DISCO, DGP8761). Wafer thinning is usually carried out in three steps: (a) coarse grinding for a high removal rate of Si, (b) fine grinding for reducing back-side damage, and (c) stress relief such a CMP for removal of damage. According to measurements of the thickness uniformity of the thinned Si, a very low total thickness variation (TTV) of less than 2.0 μm, <10% un-uniformity at 20 μm of remained Si was achieved within the 300 mm wafer, which was low enough for the subsequent steps. After thinning of the Si base wafer, a dielectric layer such a SiO2 was deposited using a low-temperature plasma-enhanced CVD. Silicon dioxide was patterned for the RDL using the lithography and an etching process. TSV formation is carried out with lithography and etching of the Si and adhesive until the pad of Si capacitor. To protect the Si sidewall of the TSV from Cu, a SiO2 liner was deposited conformally and then etched to remove the bottom SiO2. Finally, Cu metallization and planarization were performed. These steps were characterized as a TSV-last process from the front side. Via bottom cleaning, such as with O2 plasma, wet cleaning, and Ar sputtering, removed contaminants, including residues and by-products from the etching process.



The length of the TSV interconnect was 25 μm, which is equal to the total thickness of the thinned Si and the adhesive layer, and the diameter was 10 μm, as shown in Figure 22. A fine plug profile without voids was observed in a cross-sectional SEM image of the TSV/RDL. There was no significant oxide residue in the interface between the TSV and Si capacitor pad. The TSV resistance measured with the Kelvin method was 10 mΩ and had excellent uniformity, which indicated low local warpage of the Si capacitor and low curing shrinkage of the adhesive embedded in the interposer. If the interposer had huge warpage and shrinkage, the resistance of the TSV would have a large deviation and open failure due to unstable contact resistance.




5.5. Electrical Characteristics of Embedded-Si Capacitor in COW


The electrical characteristics for high frequency of the Si capacitor embedded in the functional interposer were evaluated by measuring the S-parameter with the shunt through method from 10 kHz to 8.5 GHz. For the measurement, an Al contact pad is formed on the RDL. A vector network analyzer (VNA) was used for the measurement. The impedance, Z, was calculated with Equation (1), shown below. Then, the capacitance, C, and ESR were calculated with Equation (2). Here, Z0 is a reference impedance of 50 Ω, S12 is the measured S-parameter, and ω is angular frequency.


  Z =    Z 0   2  ×    S  12     1 −  S  12      



(1)






  Z = ESR +  1   j ω C     



(2)







The measured and calculated RF characteristics are shown in Figure 23, where (a) is the impedance, (b) is the capacitance and (c) is the ESR. The measured capacitance is 0.95 μF at 100 kHz, and ESR is 43.5 mΩ at 100 MHz. These results for the embedded Si capacitor are same as the values measured on the wafer of Si capacitor before the COW process, which means that the bumpless COW process did not have any electrical loss.




5.6. Benefits and Performance of Bumpless Functional Interposer


From the point of view of electrical performance using bumpless COW integration, the principal advantages of a 3D functional interposer are its significantly low energy consumption and low parasitic capacitance, which were expected due to the shortest interconnect length between MPUs and the Si capacitor. However, the TSV formed a metal-oxide-semiconductor (MOS) capacitor at the sidewall of TVS interconnects as well as a Si capacitor, so the parasitic capacitance of the TSV should be considered. Parasitic capacitance of the TSV consists of accumulation capacitance and depletion capacitance along the interconnect line. In the case where the maximum accumulation capacitance is considered, the accumulation capacitance was the same as the liner oxide capacitance, Cox, as expressed by previous studies [75]:


   C  ox   =   2    π ε   0   ε  ox    l  TSV     ln  (     r  TSV   +  t  ox      r  TSV      )     



(3)




where ε0 is the permittivity of vacuum (8.854 × 10−12 F/m), εox is the relative permittivity of the liner oxide (in this study, the liner oxide is SiO2, hence εox is 3.8), lTSV is the length of the TSV, rTSV is the radius of the TSV Cu, and tox is the thickness of the liner oxide.



Figure 24 shows the schematic diagram of TSV structure used to estimate parasitic capacitance, and the calculated parasitic capacitance as a function of the TSV or line length. Parasitic capacitance of the TSV used in our 3D functional interposer is calculated by Equation (3). The parasitic capacitance was significantly reduced to 1/150th compared to that of 2.5D, side-by-side capacitor layout. This extreme reduction in the parasitic capacitance was able to realise lower noise of the power supply for MPUs, and thus a lower applied voltage Vdd such a <0.7 V could be used, taking the power distribution network (PDN) into account. As a result of the lower Vdd, the power consumption was decreased as the power consumption is proportional to Vdd2.





6. BBCube Technology Roadmap


Since the bonding process after thinning with a support wafer allowed thinning of silicon wafers down to 4 μm without any degradation of the device characteristics, the total wafer thickness, including the device layer and the adhesive layer was only 10 to 20 μm. This is 1/3rd to 1/5th the thickness of conventional bump interconnects using TSVs. Therefore, even if the number of stacked wafers is 100, assuming that the wafer thickness is 10 μm, the total thickness after stacking is 1 mm. This total height satisfies current packaging standards. Following these multilevel stacking processes, when four, eight, sixteen, etc. of these devices are stacked with a conventional memory device fabricated by a memory density of 30 Gb/cm2, e.g., 22 nm technology, the total capacity of the 3D memory device can be linearly increased to 120 Gb, 240 Gb, 480 Gb, etc., respectively, as shown in Figure 25.



Terabit-capacity 3D memory can be realized by stacking 40 layers. In contrast, to achieve equivalent capacity with a single wafer using extreme scaling would require 1 nm node technology, e.g., equivalent dimension about four times of the Si–Si bond length dSi–Si of 0.23 nm. Consequently, innovative technology not only for 3D transistors but also for 3D chip stacks is needed, as described in Section 2. Considering the technology roadmap, the issues of scaling technology and technology for fabricating 3D structures are often discussed separately. It has been considered that the packaging may take charge of 3D structure. However, these two technologies are not always mutually exclusive. Scaling would be relieved of the stringent requirements by using 3D high-density integration technology combined with mass-production technology. In other words, a sufficiently long learning period would be ensured, and further cost reductions could be expected by concentrating on the control of variations among generations and shortening the process.



Figure 26 shows a schematic diagram of the chip-level configuration for die-to-die connections. The configuration is an evolution from side-by-side to chip-stack in order to reduce signal latency, IR drop, and footprint on the package board. The BBCube is one candidate that satisfies those requirements. The bumpless connections and ultra-thinning enable the shortest wiring and high density TSVs, as well as improved misalignment in the wafer stacking. High-density TSVs are useful because the parallel communication provides high bandwidth. According to the above capabilities, the BBCube architecture provides a solution to the long-standing discussion regarding signal propagation, power distribution, and heat dissipation in the high dense LSIs [76,77,78], described in the following sections.



In fact, the bandwidth of recent high-bandwidth memory (HBM) tended to saturate due to bump pitch constraints, as shown in Figure 27. In the case of BBCube, an order of magnitude higher bandwidth can be realized, since BBCube uses high density TSVs and a novel memory architecture. According to the WOW Alliance, TSV pitch will be narrowed every three years, taking the maturity of bonding alignment into account.




7. BBCube Memory


There are three key challenges in the history of computing systems: (1) size reduction, (2) reduced power, and (3) higher speed. Among these key elements, size reduction is the most imperative challenge, because both low power and high speed can be achieved by size reduction itself. Figure 28 shows the computing system roadmap. In 2035, the target device volume will be 50 mm3 with a power consumption of 0.5 mW, according to the extrapolating trend. Such a device might be something similar to an AI robotic bee, with CPU/GPU, DRAM [79], NAND flash memory [80,81], and sensors. It would serve human users, so that the AI robotic bee could observe the users’ surroundings, protect them, and serve as an administrative secretary.




8. BBCube DRAM


TSVs with micro-bumps are conventionally used for the high-bandwidth memory (HBM) [82,83,84,85,86,87], as shown in Figure 29. However, there are several issues when using micro-bumps. One major problem is that it will be difficult for even HBM to catch up with the increasing speed of GPUs or CPUs. For example, Pascal manufactured by NVIDIA has a processing speed of 1 TB/s, so that four sets of HBMs with 256 GB/s would have to be used. GPU/CPU vendors are constantly striving to increase the speed of their products, for example, to 2 TB/s and 4 TB/s, focusing on AI systems. HBM will have to increase the I/O pin speed by 2.5 times, such as the 5.0 Gb/s/pin [87] from the 2.0 Gb/s/pin [84], and therefore, power and heat will also be increased.



8.1. Electrical Characteristics of BBCube


The electrical characteristics of the BBCube structure were calculated by 3D EM field analysis and compared to conventional 3D integration (3DI) with micro-bumps [34]. The TSV model used for conventional 3DI with micro-bumps, such as HBM, is shown in Figure 30a, and the TSV model used for BBCube is shown in Figure 30b. In conventional 3DI, on top of the TSVs, bumps consisting of copper pillars and solder were formed [88]. We assumed dimensions equivalent to those of HBM. The stacking pitch was 87 μm, and the TSV pitch was 55 μm. In comparison, BBCube’s Si was thinned to 4 μm, and the stacking pitch became 10 μm. The TSV pitch was 12 μm. The physical dimensions and material properties are shown Table 2 and Table 3 respectively.



Figure 31a shows the frequency characteristic of the TSV capacitance. Due to a slow-wave mode [89], it increased below 3 GHz. As shown in Figure 31b, the liner thickness determines the TSV capacitance below 3 GHz. The TSV diameter and Si thickness also determines the TSV capacitance, which can be reduced by employing BBCube. As shown in Figure 31c, the TSV pitch did not affect the TSV capacitance. Therefore, when the TSV diameter was 5 μm, BBCube was able to shorten the TSV pitch to 11 μm without increasing the capacitance. Moreover, BBCube was able to shorten the TSV pitch to 5.5 μm when the TSV diameter was 2 μm. Compared to the conventional 3DI, the TSV capacitance in the case of BBCube became 1/20th. The frequency dependence of the TSV resistance as shown in Figure 31d increased over 5 GHz due to skin effect, but this was higher than the operating frequency of BBCube, so it did not have any influence. The TSV inductance as shown in Figure 31d was flat to frequency. Due to the shorter TSV, the resistance and inductance in the BBCube case were much smaller than conventional 3DI. In the case of inductance, it reduced 1/10th to 1/15th than that of the conventional one.



Circuit simulation was used to estimate the power consumption of the I/O circuit. An eye diagram was calculated, and the I/O current that satisfies the eye mask was determined [34]. The structure of BBCube is presented in Figure 32 and a block diagram of the simulation is shown in Figure 33a. By utilizing the capabilities of the dense TSVs, the data rate was set at only 800 Mb/s, which is lower than the HBM2E of 3.2 Gb/s. Nine DRAM die was stacked in case of BBCube. An additional die was used to implement novel 3D-based redundancy. The I/O current was assumed to be proportional to the output resistance and capacitance of the I/O buffer circuit. The circuit parasitic capacitances Co (driver output capacitance), Cd (capacitance at dropping point of TSV) and Cin (receiver input capacitance), assumed to be proportional to the driver output resistance Ro. T1 was an s-parameter model of the TSV, calculated by 3D EM analysis. The HBM and BBCube results are compared in Figure 33b. BBCube achieved 30-times higher I/O power efficiency. In the stacked memory as a whole, BBCube could realize a four-times higher bandwidth with only 13% of the I/O power consumption compered to HBM, as shown in Figure 34. The TSV area in the DRAM die became 64% using 12 μm pitch, and the I/O circuit area becomes about 1/30th. Furthermore, as the process technology matures, the next generation (Gen2) should be able to achieve 32-times higher bandwidth with the same I/O power consumption as HBM.




8.2. Thermal Characteristics of BBCube


The temperature of a DRAM cell influences its retention time and limits the number of stacks [90]. Therefore, a thermal analysis of stacked DRAMs was performed. The TSVs in the BBCube were connected directly to the bottom die, whereas with conventional 3DI, it is necessary to put a solder and a BEOL layer between the TSVs, which increases the thermal resistance. The thermal resistance in the BBCube case was 1/4th that of conventional 3DI [91]. Figure 35 shows the temperature difference between the top of the stacked DRAM, which was at room temperature, and the highest temperature part of the DRAM cell. Under the stacked DRAM, a base die with the same power consumption was placed in both the HBM and BBCube. For the BBCube with 9 stacks, the difference of the DRAM cell temperature was 8.3 °C due to the low thermal resistance. Even when 34 dies were stacked, the difference in temperature in BBCube was 16 °C, which was about two-thirds that of HBM with 8 stacks. BBCube allowed stacking of 4-times more dies than HBM. This allowed the memory capacity to reach 64 GB using 16 Gb DRAM dies.




8.3. Competitive BBCube DRAM Structure


The competitive BBCube DRAM structure is one that enables 8-die stacking with bumpless TSVs. By increasing the number of channels and lowering the TSV impedance, ultra-high bandwidths of 1, 4, and 8 TB/s should be achievable, as illustrated in Figure 36.



Figure 37 shows the HBM data bandwidth roadmap. By realizing the parallelism enhancement due to the increase in the number of I/O’s, the bandwidth of the HBM, which had no bumps, was expected to be ever-increasing. As for the I/O power consumption, the first target of the bumpless HBM was one-thirtieth that of the current HBM2 [28], as shown in Figure 38.



Figure 39 compares HBM2 with bumps [31,32,33] and bumpless HBM with respect to their data bandwidth and I/O buffer power, according as the number of I/O’s [28,29,34,92,93].



Bumpless HBM can achieve an ultra-high data bandwidth by increasing the I/O number to 1 K, 10 K and 100 K, and can lower the I/O buffer power to 1/2 or 1/4 by reducing the I/O pin frequency with a four-phase shielded I/O scheme, as illustrated in Figure 40. The great advantage of this scheme is validated in Figure 33.





9. BBCube NAND


9.1. Limitations of Stacked WL Tiers in 3D NAND Chip


	i.

	
If 64 tiers by one etching shot is limited by the highest aspect ratio, 512 tiers would require 8 times cell process, such as 64 × 8. Therefore, there is a large heat budget to enhance the source/drain diffusion of the transistors for both a CMOS Under Array (CUA) and a CMOS Next Array (CNA). As a result, the peripheral transistors would be very large, and their performance would be degraded.




	ii.

	
If the number of cells per string should increase to 128, 256, and beyond, the cell current would be very small, so that random page access would become slower.




	iii.

	
In the case of (2), both the page count and block size must be large, which would be user unfriendly for reprogramming, such as data copying and moving.




	iv.

	
A solution to the issues in (2) and (3) would be a multiple vertical bitline architecture, but this would make routing and wiring difficult within the tight XY bitline pitch.




	v.

	
The number of high-voltage transistors for NAND string drivers must also increase according as the number of stacked WL tiers, which would occupy a huge Si area in spite of the CUA structure.







Thereby, the number of the stacked WL tiers would be limited at the 256 tiers, which is produced by 128 × 2 of the twice cell process.




9.2. Vertical Bitline Architecture


Figure 41 shows the stacked 3D NAND chip in the case of one 3D NAND chip. Figure 42 illustrates four stacked 3D NAND chips which are connected with a vertical bitline (BL), as well as bumpless TSVs [92,93].




9.3. Word Plate Access NAND


Toshiba proposed an original 3D NAND device for the first time [94]. Multiple CGs and Lower SGs were merged in each plate to reduce the number of HV-driver transistors, as well as to tighten the pillar pitch. In this study, the polysilicon word plate was replaced by a damascene tungsten metal gate, but the basic 3D NAND structure of the merged multiple CGs and Lower SG was the same as the original one. Figure 43 presents a future 3D stacked memory design [95]. By increasing the number of TSVs, a part of a peripheral circuit of the first memory chip can be located in the second memory chip. A stacked DRAM combined with a NAND flash memory is illustrated below as an example.



Figure 44 shows a proposed BBCube NAND with multiple BL layers. Thanks to the original architecture of 3D NAND, a word line is expanded to a word plate, so that the 3D NAND can be read and programmed by plane instead of by line.





10. BBCube Memory Application


WOW technology with bumpless interconnects using TSVs for three-dimensional stacking in wafer form has been described. An optimized thinned wafer thickness of 4 μm can increase the number of TSVs per chip with the fine pitch of the TSVs and can reduce the impedance of the TSV interconnects with no bumps. Therefore, an even higher-speed and higher-density HBM, namely the BBCube DRAM, can be realized with the four-phase shielded I/O scheme. Additionally, the BBCube NAND with the vertical BL architecture, which can be read and programmed by plane instead of by line by using the bumpless TSV, has been proposed. The BBCube DRAM for RAM and the BBCube NAND for ROM are sister memories with the high bandwidth.



As the number of the stacked memory chips is increased, the total memory density should be huge, similar to an enterprise. Therefore, an AI robotic bee, as an example, that can be used as a human assistant, which has a CPU, ultra-small enterprise, BBCube DRAM, BBCube NAND, and sensors, should be eventually realized in 50 mm3 with 0.5 mW power consumption, as proposed in Figure 45.




11. Introduction to 3D Redundancy


In this section, our research motivation is to realize wafer-level fabrication, by which we can provide higher density and lower impedance TSVs with excellent heat conductivity, as discussed in this paper.



Figure 46 shows the configuration of the stacked DRAM system in BBCube generation one. It consists of 8 stacked dies, with one extra die for 3D redundancy, which will be discussed later. Each die is equipped with 16 tiles, and each tile has 4 or more banks. These tiles are memory arrays with 1024 I/Os vertically connected by TSVs. Therefore, massively high parallelism of 16 k I/Os was realized. Within each bank, sub-arrays of DRAM cells with extra sub-arrays are provided to perform intra die redundancy of a layer-by-layer scheme. We called this two-dimensional (2D) redundancy.



The superior properties of TSVs, such as lower impedance and higher heat conductance compared with existing micro-bump structures, originate from a technique for ultra-thinning Si substrates [34]. The quality and reliability of TSVs are supported by a copper dual damascene (DD) technique, which is very common for front end of line (FEOL) processes in device manufacturing. Since devices are already placed on wafers with the placement accuracy of lithography tools, wafer form fabrication is potentially capable of achieving layer-to-layer alignment with nm-level precision. These techniques have been completely proven in the manufacturing processes of devices and materials, such as CMOS image sensors (CIS), silicon on insulator (SOI) substrates, and microprocessors (MPUs) [96,97,98]. Wafer form fabrication is the key to utilizing these techniques, and to enjoying the benefits of the maturity of manufacturing equipment.



To realize wafer form fabrication, it is essential to investigate defect management design, especially for random defects, since the probability of randomly defective portions being included in the module stack cannot be eliminated, as illustrated in Figure 47a. On the other hand, conventional KGD processes performed wafer testing, so that it is possible to stack defect free dies, as shown in Figure 47b. By simple arithmetic, the stacked device yield of the KGD process,    Y  3 D   KGD    , was equal to the wafer test yield,    Y  device    , as defined in Equation (4). Besides, the yield of the wafer stacking case,    Y  3 D   WoW    , was calculated from the wafer test yield to the power of the number of stacked layers, k, without any remedy, as expressed in Equation (5).


   Y  3 D   KGD   ≡  Y  device    



(4)






   Y  3 D   WoW   =    (   Y  device    )   k   



(5)







Here, we describe 3D redundancy [99,100] as applied to the configuration of the first generation BBCube. Using a general stacked DRAM system configuration, we illustrated the techniques constituting 3D redundancy in detail. It is apparent that these techniques are more practical and rational.



11.1. Method of 3D Redundancy


11.1.1. Typical Configuration of Stacked Synchronous DRAM Systems


Figure 48 shows a schematic diagram of a typical configuration of stacked DRAM devices [101], in which the circuit design hierarchy is the same as that of BBCube. In general, each die consists of banks [85]. These banks include sub-arrays, with redundant sub-array(s) to replace defective sub-array(s) while performing 2D redundancy. This 2D redundancy was carried out on a die-by-die basis within each layer of the stack. Recent DRAM devices were provided with extra cell arrays occupying 10% to 20% of the total area to reduce bit error rate (BER), in both cases of block sparing type redundancy and error check and correction (ECC) [86]. In this paper, we used a simple sub-array sparing model to be discussed later, to evaluate the area overhead.



When the 2D redundancy fail, the defective banks remain in the dies. In the case of the KGD process on the other hand, the dies were disposed of, which was in vain [101]. The TSV area connected neighboring banks to other layers, to avoid longer intra-die wiring [85,86,87]. The neighboring banks associated with the same TSV “digits” were grouped into bank groups, which corresponded to tiles in the case of BBCube. With WOW technology, the calculated delay basis distance in the z-direction between neighboring layers was approximately 30 μm. Therefore, in a set of stacked bank groups, banks were mutually compatible and replaceable with each other. It is possible to prefetch data from banks in different layers through the bypassing of vertical global wiring (Copper TSVs) in front of the buffer circuit block.



A base logic die includes a test circuit, a high-speed interface (HSIF), and a DRAM control circuit.




11.1.2. Techniques for 3D Redundancy


Based upon the typical configuration described above, we introduced a 3D redundancy, which consisted of three techniques, and a derivative extension at the sub-array level. The target was to provide the maximum number of stacked devices from the total fabricated DRAM silicon area. Note that 3D redundancy is combined with 2D redundancy to reduce defect density, so as to be applicable to a vertically replaceable memory block architecture.




11.1.3. Layer Addition to Cover Circuit Resources


As illustrated so far, if defective banks result from the defect rate exceeding the 2D redundancy capability, the total number of non-defective banks is not enough for stack device operation. To enable repair of such devices, we added an extra layer to supplement the required number of non-defective banks, which is illustrated in Figure 49a. Note that this is not adding redundant cell arrays. The supplementally stacked die(s) were completely compatible with other dies inside the stacked layers below.




11.1.4. Bank Replacement within a Set of Stacked Bank Groups


The next technique was to replace banks within a set of stacked bank groups. The banks, which belong to TSV “digits” were grouped together as a bank group. These bank groups were stacked as a set of stacked bank groups. Basically, banks supported a closely located set of TSV “digits”, to avoid an increase in internal wiring capacitance, as illustrated in the previous section. Therefore, we were able to replace defective banks within individual sets of stacked bank groups to provide the overall functionality of individual TSV “digits”. Note that, in different TSV “digits” (set of bank groups), the combination of selected functionable banks can be different from those of others. This scheme gives us another degree of freedom for memory repair optimization. Eventually, the entire functionality of all TSV “digits” will be individually accomplished, as indicated in Figure 49b.




11.1.5. Quasi Layer-by-Layer Operation


So far, in this discussion, it has been assumed that all stacked-die layers are connected to TSV equally. However, connected I/O transistors behave as load capacitance, even if they are not in use. TSVs should be connected to a minimum number of stacked-die layers. The third technique for achieving 3D redundancy is quasi layer-by-layer operation. For a functional stacked device, in a set of bank groups, the maximum possible number of defective banks must be equal to the number of banks included in the added extra layer or layers. This means that if we allocate twice as many layers as extra added layer(s) to a pseudo layer, we can obtain quasi layer-by-layer operation, as illustrated in Figure 49c. With this technique, logical layer can be defined as same as conventional stacked DRAM devices. In the case of Figure 49c, it is possible to share total required I/Os of data bus in 9 layers instead of 8 layers. Therefore, it is possible to reduce required silicon area of I/O transistors for a layer [102].




11.1.6. Derivative Extension Case: 3D Redundancy at Sub-Array Level


In the discussion so far, we have assumed the typical configuration of stacked DRAM systems such as HBM. In the BBCube case, each bank provided 1024 bit-wide I/Os in a tile, so that mutual compatibility within the set of the bank groups (tiles) was guaranteed. However, the tiles of BBCube, which were already highly fine-grained and partitioned into narrower pseudo banks from a 1024 bit-wide bank should be considered for better energy efficiency [103]. In such cases, each bank group (tile) may involve only one bank, or one pseudo bank, as illustrated in Figure 50a. Such a case makes 3D redundancy much less effective. We investigated whether we could use the sub-array level, which is the next level in the hierarchy below the bank level in typical DRAM and BBCube configurations.



The sub-array level is used for 2D redundancy, to achieve excellent yield for the KGD process. With a certain amount of area penalty, near 100% yield can be obtained, as illustrated in Figure 50b.



In the case where two more redundant sub-arrays give near 100% yield, the maximum number of defective sub-arrays in the stack of tiles must be 16. Thus, (16 + 2) ×8 = 144 sub-arrays must include 128 fine sub-arrays, as shown in Figure 50b. With a different configuration, 16 × 9 = 144 sub-arrays also must include 128 fine sub-arrays. This means that two vertically neighboring physical layers should include 16 or fewer defective sub-arrays. As a result, assignment of 8 pseudo layers out of 9 physical layers is possible, as illustrated in Figure 50c.



This “two more sub-arrays are enough” situation is realized by yield improvement activities and more nested 2D redundancy. The data transferred from replaced sub-arrays needs to be bypassed across physical layers, before the data multiplexers that provide bank data to the I/O buffers.



Accordingly, sub-array level 3D redundancy is feasible, and the bank configuration in a tile should be flexible to achieve energy efficiency optimization.




11.1.7. Parameter Definition


The definitions of parameters for the yield calculation are illustrated in Figure 51. In the case of BBCube, the number of tiles corresponded to the number of bank groups of typical DRAM systems in the figure. The scheme in which stacked bank groups support TSV “digits” becomes clearer when considered on a tile-by-tile basis.



When performing 2D redundancy, it is assumed that each bank includes 16 sub-arrays with redundant sub-arrays. Therefore, one extra sub-array incurs a 6.25% (i.e., 1/16) area penalty. The calculation was carried out with a simple sub-array replacement model.




11.1.8. Yield Calculation


In this paper, a Poisson distribution model was assumed as for the random defect yield model, which is consistent with the discussion below on intrinsic random defects, and does not result in a loss of generality of the whole discussion. Device yield,    Y  device    , is expressed by:


   Y  device   =  Y s  ×  Y r  →  Y  device   ≡  Y r  = exp  (  −  λ S   )   



(6)






   Y  Bank   = exp  (  −    λ S    n × m    )  =  Y r   (   1  n × m    )    ,    Y  ≡  Y  Bank    



(7)




where    Y s    is systematic yield,    Y r    is random defect yield,  S  is the die size, and  λ  represents the area density of random defects [104].



The systematic yield    Y s    is linked to various root causes from its definition as “systematic”. They are identified and dealt with in the scope of process development, yield improvement activities, design for manufacturing (DFM) techniques, and big data analytics from manufacturing processes [105]. These efforts also target randomly distributed defects, which extrinsically cause random defect yield loss.



On the other hand, there are random defects that cannot be sufficiently reduced, even with intensely run yield improvement activities. For example, the variation of DRAM cell retention time due to impurity profile fluctuations can be minimized, by engineering efforts, in controllable portions of the processes, but there are remaining portions where intrinsic fluctuations exist. Fabrication engineers are struggling to achieve yield improvements, but sometimes encounter non-visible defects. This type of randomness is an essential barrier to yield improvement for both WOW devices and leading-edge devices, because we have already entered an era in which the number of atoms should be considered as an index of pattern pitch [106].



Problems that have root causes can be solved by eliminating them. Therefore, we assume that    Y s    is close enough to “1” and concentrate on intrinsic    Y r   .



In this analysis, we used the term “KGD case”, which means a process that involves testing, and screened die stacking. It may be possible to apply 3D redundancy for stacked diced devices with a micro-bump structure. In that case, the calculation result will be the same between “WOW” and “stacked diced device” cases. An aim to identify something that could act as a benchmark led us to a comparison of the fabrication process differences. In this paper, we focus on the differences in redundancy procedures, and we do not go into the differences in the processes. We assumed the same 3D integration process yield of 100% for both WOW and KGD cases. For performance evaluation in other sections, we were able to deal with the differences in device structures.



The following Equation (8) presents the model for the yield of BBCube,    Y  3 D    , with the 3D redundancy scheme illustrated in this paper. The parameters are described in Figure 51. When the single layer die yield (wafer test yield),    Y  d e v i c e    , is given by Equation (6) and the bank yield is calculated from Equation (7), the BBCube yield,    Y  3 D    , can be expressed as:


   Y  3 D   =    [    ∑   i = k × m    (  k + ℓ  )  × m   { (  C      (  k + ℓ  )  × m       i  ) ⋅  Y i  ⋅    (  1 − Y  )     (  k + ℓ  )  × m − i   }  ]   n   



(8)






   Y  3 D   K G D   ≡  Y  d e v i c e    



(9)







In the formula, the total yield of a tile is calculated by summing all products of bank yield and defect rate weighted by number of its combination. The random defect yield of the targeted tile is calculated as the term in brackets in Equation (8), so that the yield of the whole BBCube system can be obtained as the tile yield to the power of the number of tiles. To compare with BBCube yield,    Y  3 D   K G D     by the KGD process is equal to    Y  d e v i c e     itself, because it is possible to select a functional die by testing, which is expressed as in the definition in Equation (9), which is the same as Equation (4).





11.2. Results and Discussion


11.2.1. Results of BBCube Yield


Our goal was to yield the maximum number of stacked devices (BBCube) from the total fabricated silicon wafer area of the device.



As indicated in Figure 52a, BBCube fabricated by the WOW process showed better yield than that of the KGD stacking case, for all single layer die yields    Y  d e v i c e    . The reason is as follows. For the KGD case, if the required number of banks is not available in a silicon die, the die area is wasted. On the contrary, for the WOW case, when there is an error in banks, the necessary number of banks can be substituted from other layers in the stack of bank groups. Therefore, when the single layer die yield    Y  d e v i c e     is greater than or equal to 50%, the BBCube yield becomes more than 99% with 3D redundancy. If we want to achieve such excellent yield with only 2D redundancy, we must prepare more redundant sub-arrays. The area penalty evaluation of 2D redundancy is shown in Figure 52b.



Figure 52b illustrates, when a die yield without redundancy is given, how much area penalty is required to achieve the target yield by 2D redundancy. The die yield without redundancy is sometimes called the “perfect yield”. The target yield cases evaluated are greater than 50% (“>50%”), “>99.5%” and “>99.99%”.



For productivity comparison, we needed to consider the area penalty of redundancy schemes. In the case of 3D redundancy, 9 wafers were consumed to realize the device function of 8 layers. Therefore, the area penalty of 3D redundancy was 12.5%, without a consideration of the area penalty of 2D redundancy, so that, in the case where the single layer die yield    Y  d e v i c e     is greater than 87.5%, the KGD process seemed to be more productive. However, to realize such an excellent single layer die yield    Y  d e v i c e    , an area penalty of 12.5% or more was necessary for 2D redundancy only. Moreover, for almost the entire practical range of die yield without redundancy, to achieve a target yield of “>99.5%,” 2D redundancy needed 12.5% or more die area than the case of a target yield of “>50%,” as illustrated in Figure 52b. For 3D redundancy, a target yield of “>50%” was enough to achieve a single layer die yield    Y  d e v i c e     of more than 99% of the BBCube yield. Therefore, 3D redundancy realizes better productivity, even under such conditions.



Figure 53 shows a yield comparison of the cases for BBCube when more layers are aggressively stacked. Cases in which 9 (8 + 1), 17 (16 + 1), and 33 (32 + 1) layer are stacked are shown. Even in the case of 33 layers, with a single layer die yield    Y  d e v i c e     of more than 80%, more than 99% BBCube yield was achieved, which indicates that 3D redundancy can support wafer form fabrication up to such an aggressive number of stacked layers. The portion for the added layer overhead for 3D redundancy is lowered to 3.125% (1/32) in this case.



This result shows that the WOW process with 3D redundancy provides better productivity than the KGD stacking case, even for future applications.




11.2.2. Discussion


In both cases of 2D redundancy and 3D redundancy, excellent yield can be realized if we prepare a certain memory cell area. In 3D redundancy, freedom of circuit block replacement, which is orthogonal to 2D redundancy, is provided. Therefore, it is possible to define redundancy success rate “digits” by the “digits” of TSVs, which leads to a higher total number of combinations. Superficially, it looks less productive to add extra wafers for redundancy purposes. By replacing banks within a set of stacked bank groups and introducing sophisticated vertical bank group allocation to realize quasi layer-by-layer operation, the orthogonality of the “digit” by “digit” basis become clear. These 3D redundancy techniques appear to be more practical, and rather rational.





11.3. Conclusion of 3D Redundancy


The excellent performance of BBCube due to the WOW technology and the application of 3D redundancy to utilize wafer form manufacturing have been presented in this chapter. Wafer-on-wafer fabrication was realized with the support of a 3D redundancy scheme, which led us to conclude that BBCube could be the next system scaling enabler.





12. Thermal Resistance Comparison of BBCube and Micro-Bumps


In 3D stacking technology, thermal management problems become more difficult due to the vertical thermal resistance of interconnection layers and back end of line (BEOL) [107,108,109,110]. Therefore, the temperature of stacked dies increase when they contain more IC chips [111]. Recently, a bumpless 3D multi-stack process using ultra-thin technology was proposed [45,46,47,48]. This approach is expected to decrease the vertical thermal resistance. Hence, the total thermal resistance of 3D stacked ICs with and without solder bumps was estimated.



12.1. Thermal Resistance Calculation Method


Figure 54 shows an example of 3D stacked ICs. This structure consists of a Si substrate, Si with TSVs, back end of line (BEOL), vertical interconnections (micro-bumps), and direct contact by TSVs (bumpless). The thermal conductivity of the vertical interconnection was calculated using the Finite Element Method (FEM), and then thermal resistance was calculated using that thermal conductivity. Additionally, the total thermal resistance was calculated using a thermal network method.



The temperature rise calculation had four primary steps:




	i.

	
Make assumptions about the IC stack structure,




	ii.

	
Estimate the effective thermal conductivity of each layer, and




	iii.

	
Calculate thermal resistance of each layer, and




	iv.

	
Calculate the temperature rise using the thermal network method.









Figure 55 provides a structural comparison of the micro-bump and bumpless types for IC stacks with 8 layers.




12.2. Thermal Resistance of Micro-Bump Vertical Interconnection


When thermal conductivity of each layer is calculated, the total thermal resistance of the micro-bump 3D stacked ICs can be calculated. The thermal conductivities of micro-bump interconnect were reported by Matsumoto et al. [111]. Additionally, 148, 160.5, and 1.44 W/m/K for Si, Si with TSVs, and BEOL were used, respectively. The thermal conductivity of the vertical interconnection using micro-bumps depends on the bump size, bump pitch, and underfill. Additionally, FEM was used to calculate the thermal performance of micro-bumps. Figure 56 shows the FEM models, and Figure 57 shows the calculation result using the bump occupancy definition shown in Figure 58. From the result, we can see that the use of underfill material is advantageous only when the TSV occupancy is less than 0.05. Using these material thermal conductivities, the thermal resistance of each layer was calculated, and then the total thermal resistance was calculated. In this calculation, the size of the micro-bump was 25 μm and the micro-bump pitch was 50 μm. The total thermal resistance was 1.54 Kcm2/W, which confirms that the thermal resistance of the BEOL and interconnection is too large to reduce the temperature rise.




12.3. Thermal Resistance of BBC


The thermal conductivity of the BEOL with Cu TSV interconnections was calculated using the FEM. Figure 59a shows the FEM model for the BEOL and interconnection in bumpless IC stacks. Figure 59b compares the interconnection thermal resistance for the micro-bump and bumpless types. The thermal resistance for the bumpless type was two orders of magnitude lower than that for the conventional structure. This suggests that only 1% of the total metal area of bumpless TSVs is required to achieve the same thermal resistance, in comparison with the conventional structure. Table 4 shows the thermal resistance results for both types of IC stacks.



As shown in Figure 59, the bumpless process is a kind of via last process, and the TSVs fully go through from bottom to top. In this case, TSVs are formed by copper and their thermal conductivity is around 400 (W/m/K). This value is around 280 times larger than BEOL thermal conductivity and around 160 times larger than microbump interconnect thermal conductivity. Thus, only a 1% volume fraction is effective for effective thermal conductivity improvement. In addition, the bumpless interconnection thickness is 4 times thinner than microbump one, hence the thermal resistance of interconnection is more than 4 times smaller. The interconnection and BEOL thermal resistances for the bumpless type were almost 4 and 3 times smaller, respectively, than those for the conventional structure.




12.4. Temperature Rise Calculation Result


The temperature rise for each layer was calculated using:


   T M  =   ∑   k = 1  M   (   R k  ∗   ∑   l = k  M   Q  N − l + 1    )   



(10)




where,


   T M    :   Temperature   rise   of   layer   M   (   °  C )  










   R k    :  Thermal   Resistance   of   layer   k     (      Kcm  2   W   )   










   Q k    :  Heat   Generation   of   layer   k     ( W )   











The temperature rise was caused by the product of its own thermal resistance and the heat generated by the layer below it.



Figure 60 shows that the temperature increased as a function of the number of DRAM dies, and a comparison for the micro-bump and bumpless types. “Layer x” represents the DRAM dies. The maximum temperature rise ΔT for the no microbump case (BBCube) was around 5.8 °C, which is almost one-fourth that of the microbump case.




12.5. Thermal Resistance Comparison Conclusion


We established a calculation method for evaluating the thermal resistance of 3D stacked ICs following the method in Matsumoto et al. [111]. Using this method, we calculated the temperature rise for each layer in 3D IC stacks with both microbump and bumpless vertical interconnections. For the ICs modeled in this study, the total thermal resistance of organic layers 20 and 5 μm thick were 1.54 and 0.46 Kcm2/W, respectively.





13. Summary and Conclusions


Due to the demand for post-scaling in device structures, three-dimensional integration technologies are expected to be increasingly employed. By doing so, when wafers with micrometer thickness are stacked, the total thickness is reduced, and the transistor capacity increases in proportion to the number of wafers. Increasing the TSV interconnects density enables terabyte-level bandwidth without sacrificing energy efficiency. Power consumption and heat dissipation are especially important for high-density modules, such as 2.5D and 3D systems. 2.5D, which is not a physical term, refers to a high-speed, high-bandwidth system that incorporates and integrates a three-dimensional memory such as HBM, GPU (Graphic Processing Unit), and MPU on an interposer, and is a general term for the back-end processes. In recent years, it has become a product differential technology to combine multiple chips and passive components with different functions into one system module. The authors’ research organization, the “WOW Alliance”, has proposed the BBCube architecture using WOW and COW processes for 2.5D and 3D systems including passive devices, as described in this paper.



As the number of stacked wafers increases, the number of incoming wafers in manufacturing increases proportionally [112]. Recently, volume production with 80,000 wafers per month has been used. To maintain the same throughput with stacks of 8 DRAM wafers, the number of incoming wafers will be 640,000 per month. Without considering facility costs and running costs, it would be possible to increase the size of fabrication plants. However, a production line with eight-times larger footprint may not balance the production costs. Thus, in the future, enlarged wafer size or an alternative approach such as a combination of reducing total process steps with very high throughput may be reconsidered in this situation.



If the alignment accuracy of wafer stacking is improved, about 1 to 10 million TSVs can be formed per square centimeter. Such large-scale I/O is too high for DRAM stacking, but if scaling down of TSVs and layout flexibility evolve, it will be possible to stack MPU logic and SRAM cache memory individually. If the power distribution and ground can be located directly beneath of SRAM cell, stable current and low applied voltage <0.7 V with low noise can be realized because they can be connected with equivalent lengths and high parallelity by micrometer-level short interconnects. Such high-density TSV interconnects in conjunction with BBCube (low power consumption) will help to reduce the excess heat of 3D systems.



In summary, it is possible to achieve the next step in the semiconductor roadmap by employing three-dimensional integration technology, as discussed. Although it is necessary to develop 3DI technology with high productivity, such as front-end wafer technology, many of those mature processes can be applied. Thus, the new technology for 3DI is only the thinning and stacking processes. These technologies can also be improved as there are well-known technologies from the front-end and novel material candidates, which are expected to become mature by applying the know-how gained over many years in the semiconductor industry.
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Figure 1. A comparison of bump and bumpless interconnects using TSVs for 3D logic/memory stack structures, assuming eight dies for a memory stack and one logic controller. Since the thickness of the die and density of bumps are limited by mechanical and process difficulties, chip pitch becomes as large as approximately 100 μm, in accordance with the die thickness and bump height. Shortened bumpless interconnects can be formed with higher density (narrower pitch) compared with TSVs and bumps due to the limitations of bump size and pitch. By using wafer thinning and bumpless interconnects, the chip pitch becomes about 1/10, and impedance and thermal resistance become less than 1/10 due to the absence of bumps characterized by high electrical and thermal resistance. 
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Figure 2. Cross-sectional SEM images and electrical properties after device wafer thinning. Thinning was carried out from 9 to 1 μm for FRAM, SRAM, and DRAMs, respectively. There was no degradation in the electrical characteristics after thinning, and the circuit area at the critical layer could be observed from the back side of the wafer when the silicon thickness became one micrometer. 
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Figure 3. (a) Comparison of retention time distributions of same chip before and after fine grinding (#2000 grit abrasive) to 3 μm followed by Cu contamination at ~1014/cm2, which is 1000-times higher than that of the BEOL process (<1011 atoms/cm2); (b) Standby current as a function of Si thickness by fine grinding with and without Cu contamination. Standby current were measured from 3 μm (100 points) and 5 μm (10 points) wafers. 
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Figure 4. Schematic diagram of cross-sectional image of transistor and the degradation model for DRAMs after thinning. The depth of a deep N-well is about 2.0–3.0 μm. The depth of the depletion region between the deep N-well and the substrate is calculated to be 3.0–4.0 μm. In the case of a Si thickness of 5.0 μm, the defects do not reach the depletion region, and thus both the standby current and retention characteristics do not change. When the Si thickness is being reduced to 3 μm by fine grinding, the defects reach the depletion region. These defects in the depletion region increase the junction leakage current between the substrate (Vss) and the deep N-well (Vdd1). This causes an increase in standby current. On the other hand, since CMP treatment removes the grinding-induced defects and reduces diffused-defects at the depletion region, the standby current is improved. 
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Figure 5. Trends of TSV interconnects as a function of number of stacked layers: (a) chip pitch, (b) total height, (c) TSV pitch, and (d) TSV density. For bumpless process, TSV diameter and space between pads were 9 to 1 μm and 1 μm, varied with misalignment (MA), respectively. 
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Figure 6. Process flow of bumpless interconnects using TSVs and Wafer-on-Wafer (WOW). Additional wafers can be stacked on top without any limitation on the number of wafers. These modules can also be applied to Chip-on-Wafer (COW) after wafer-level molding. On-chip and off-chip TSV, respectively represent bumpless interconnects formed in the device area and the area around devices, including gap fill (molding) materials in COW. 
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Figure 7. RDL formation and TSV (Cu plug) processes. After bonding of thinned wafer to another wafer surface, (a). RDL patterning, (b). TSV etching, (c). barrier layer formation, (d). contact opening, (e). Cu plug formation by ECD, and (f). planarization by CMP is carried out. 
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Figure 8. Total thickness of 300 mm DRAM wafer after thinning to 4 μm as a function of wafer position from bottom (notch) to top and from left to right. Light transparency occurs at 4 μm where dark region represents high-density device area. 
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Figure 9. Top-view pictures of the wafer edge after grinding for the bevel angle-controlled sample. (a,b) show the number of cracks and the cracking area as a function of edge position and bevel angle, respectively. Cracking tends to increase with decreasing bevel angle, significantly below 60 degrees. Since cracking occurs randomly along the wafer edge, it might be caused by the grinding step and conditions of the grindstone. 
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Figure 10. Process flow to evaluate temporary and permanent adhesives for design of experiment (DOE) of wafer stacking. 
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Figure 11. Schematic diagram, cross-sectional TEM images, and leakage current of two types of TSV samples made by Bosch etching and anisotropic dry etching (left). Cracks are observed in the Bosch-etched sample, which had a rough interface due to scalloping. The leakage current as a function of applied voltage after annealing at temperatures up to 400 °C was measured. With increasing temperature, the leakage current increased but was two orders of magnitude higher in Bosch etching. SEM images of TSV etched off through Cu/Low-k BEOL layer, device layer, and Si after optimization of scalloping shape (right). Fine etching profile through BEOL and Si is achieved. 
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Figure 12. Stress simulation of Cu TSV using the FEM for a Si thicknesses of 100 μm (right) and 20 μm (left) after three wafers stacking. TSV diameter is 30 μm. A 10 μm Cu/low-k BEOL layer is formed on every wafer surface, and thus the depths of the TSVs are 110 μm and 30 μm, respectively. 
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Figure 13. Rsistance change of daisy chain (n = 216) measurement before and after (a) thermal cycling test (TCT) and (b) highly accelerated stress test (HAST), respectively. 
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Figure 14. Cross-sectional SEM images of bumpless TSV interconnects before and after electromigration test (EM) (left). A comparison of electromigration characteristics between bumpless TSV structure and the conventional TSV with microbump (right) [71]. 
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Figure 15. Bumpless COW process flow. Face-down die attachment and Front-side bumpless TSV interconnects are carried out. 
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Figure 16. Design of Si capacitor based on deep-trench metal-oxide-semiconductor (MOS) capacitor technology combined with a unique mosaic design and distributed trench capacitors. Die size is L = 3.07 mm, W = 2.07 mm, T = 100 μm. A capacitance and ESR are 1 μF and 100 mΩ, respectively. 
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Figure 17. Wafer warpage in resin molding step. (a) Wafer warpage as a function of molded resin thickness, and (b) cross-sectional image of mold cap in COW process. 






Figure 17. Wafer warpage in resin molding step. (a) Wafer warpage as a function of molded resin thickness, and (b) cross-sectional image of mold cap in COW process.



[image: Electronics 11 00236 g017]







[image: Electronics 11 00236 g018 550] 





Figure 18. Details of wafer warpage in each step of COW process. 
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Figure 19. Observation of void in adhesive between the base wafer and Si capacitor (pictures in top-left and right); and die placement accuracy before and after the adhesive curing step (bottom-left and right). 
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Figure 20. Cross-sectional SEM image of Si capacitor die after die attaching step. No voids at the pad interface are observed. 
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Figure 21. Process sequence of TSV/RDL formation after chip placement and wafer bonding. 
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Figure 22. Cross-sectional SEM images of TSV/RDL. Fine plug profile without voids and no significant oxide residue in the interface between the TSV and Si capacitor pad are observed. 
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Figure 23. RF characteristics of Si capacitor embedded in functional interposer from 10 kHz to 8.5 GHz: (a) impedance, (b) capacitance, (c) ESR, compared to the Si capacitor before COW process indicated “On Wafter” red symbol. 
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Figure 24. Parasitic capacitance as a function of the length of TSV or wiring line. 
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Figure 25. Historical trends and prospect of feature size of transistors, Si wafer area, and semiconductor market. See for example; Available online: http://www.wow.pi.titech.ac.jp/index.html (accessed on 25 December 2021). 
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Figure 26. Schematic diagram of chip-level configuration. A physical length of side-by-side (lateral communication) and vertical stack is millimeters–centimeters and about 100 μm, respectively. With no bumps and ultra-thinned wafer, the physical length becomes approximately 10 μm and a high TSV density of more than 104/mm2 can be designed. 
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Figure 27. Trends of vertical interconnects of TSVs according to WOW Alliance. 
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Figure 28. Computing system roadmap for the power consumtion as a function of system volume. 
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Figure 29. HBM road map with micro-bumps, where HBM [82], HBM2 [83,84,85], HBM2E [86,87], respectively. 
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Figure 30. TSV model for 3D EM field analysis; (a) 3DI with micro-bumps and (b) BBCube. 
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Figure 31. Calculation results of TSV capacitance: (a) frequency characteristics of capacitance, (b) impact of liner thickness, (c) impact of TSV pitch and (d) frequency characteristics of resistance and inductance. 
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Figure 32. Configuration of BBCube. 
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Figure 33. Eye diagram and data transfer power within a TSV: (a) block diagram of simulation and (b) comparison between HBM and BBCube. 
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Figure 34. A comparison of the data bandwidth and TSV I/O power consumption between HBM and BBCube, where HBM2 [85], HBM2E [86], repectively. 
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Figure 35. Thermal simulation results: (a) the temperature difference between the top of the stacked dies, which is set to room temperature, and the highest temperature part of the DRAM cell and (b) heat distribution. 
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Figure 36. A comparison of conventional DRAM stack such as HBM and BBCube memory for 2.5D system. Competitive 3D structure accompanied with lowering system height and large memory capacity is anticipated. 
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Figure 37. Data bandwidth roadmap [82,83,84,85,86,87]. 
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Figure 38. I/O power efficiency. 
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Figure 39. Data bandwidth and I/O buffer power comparison [85,86,87]. 
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Figure 40. Four-Phase Shielded I/O Scheme. 
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Figure 41. Vertical bitline architecture. (a) bird’s eye view; (b) top view. 
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Figure 42. Four 3D NAND chips connected through Vertical BL. 
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Figure 43. Future 3D stacked memory system [95]. 
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Figure 44. Circuit diagram of BBCube NAND composed of two chips. 
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Figure 45. AI Robotic Bee (50 mm3, 0.5 mW) as a human assistant. 
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Figure 46. Configuration and structural hierarchy of the stacked DRAM system, BBCube. Banks consisted of sub-arrays for 2D redundancy, and stacked dies of 9 layers for 3D redundancy are illustrated. 
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Figure 47. (a) For the wafer form fabrication, the probability of randomly defective portions being included in the module stack cannot be eliminated. (b) On the other hand, conventional KGD process includes wafer testing, so that it is possible to stack defect-free dies. 
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Figure 48. Schematic diagram of typical configuration of stacked DRAM devices. The circuit design hierarchy of BBCube is common. Each die consists of banks. These banks include not only sub-arrays for memory capacity, but also redundant sub-arrays to replace defective sub-array(s) to perform 2D redundancy. 
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Figure 49. 3D redundancy techniques for: (a) layer addition to cover circuit resources, (b) bank replacement among a set of stacked bank groups, and (c) pseudo layer-by-layer operation. 
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Figure 50. (a) Cases where each bank group (tile) may involve only one bank, or one pseudo bank. (b) In the case where 2 more redundant sub-arrays give near 100% yield, more than 127 non-defective sub-arrays are included in 144 sub-arrays. (c) In case of the same defective rate as (b), stack of single bank tiles with 1 extra layer tile includes 16 defective sub-arrays at most. 
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Figure 51. BBCube stack configuration and symbols for calculation. 
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Figure 52. (a) BBCube yield comparison between WOW and KGD cases. (b) Area penalty of 2D redundancy required to achieve target yields of “>50%”, “>99.5%” and “>99.99%”. 
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Figure 53. Yield comparison of the cases for BBCube, when more layers are aggressively stacked. Results for 9 (8 + 1), 17 (16 + 1), and 33 (32 + 1) stacked layers are illustrated. Even in the case of 33 layers, BBCube with 3D redundancy indicates superior yield compared with conventional technology at higher yield region. 
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Figure 54. A typical 3D stacked memory structure consists of base layer (layer 0) and memory dies (layer 1st to layer 8th). Each die has BEOL layer and vertical interconnect layer. 
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Figure 55. A comparison of bump and bumpless interconnects using TSVs for 3D logic/memory stack structures. Each structure consists of a Si layer, a BEOL layer, an interconnection layer, and TSVs. As for the bumpless structure, TSVs are fully transfixed from the top layer to bottom layer. 
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Figure 56. Schematic diagram of thermal conductivity of microbump type calculated using a Finite Elements Method Model (FEM model). In this FEM model, the BEOL layer, Si layer, Microbumps, and underfill are modeled. 
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Figure 57. Interconnection thermal resistance as a function of TSV occupancy. The definition of TSV occupancy is shown in Figure 58. Two different microbump sizes (25 μm and 50 μm) and the impact of underfill are calculated, where W UF = with underfill material and WO UF = without underfill material. In the case of a 25 μm microbump with and without underfill, thermal resistance is smaller than that of 50 μm. As for the underfill, the thermal resistance with underfill is small compared to no underfill, especially at low occupancy of <0.01. 
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Figure 58. The definition of TSV occupancy. TSV occupancy is defined by the area of a bump of TSV divided by the surface area. 
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Figure 59. Schematic diagram of thermal conductivity of (a) bumpless structure calculated using FEM model, where Si layer and TSVs are molded; (b) TSV interconnects with microbumps, where the dielectrics (BEOL) layer, Si layer, adhesive layer, and TSV are modeled. 
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Figure 60. Temperature rises with and without microbumps as a function of the number of stacked dies. “Layer x” represents the DRAM dies. The maximum temperature rise for the no microbump case (BBCube) is around 5.8 °C, which is lower than that of the microbump case, i.e., 20 °C. 
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Table 1. Properties and process conditions.
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	Permanent Adhesive on Adhesion Promoter
	Adhesion Promoter
	Temporary Adhesive





	Thickness
	0.5–5 μm
	~10 nm
	2–20 μm



	Softening Temperature
	around 50 °C
	-
	over 100 °C



	Solidification
	135 ± 5 °C, 30 min and 170–195 °C, 30 min
	100–120 °C, 5 min
	-



	De-bonding
	-
	-
	mechanical peeling at 80 kPa or over 200 °C



	Cleaning Solvent
	-
	-
	DTB-Cleaner



	Modified Tape Peel Test of Stacked Wafers, After TCT 1000 Cycles
	no delamination
	-
	-










[image: Table] 





Table 2. Physical dimension.
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3DI w/Micro-Bumps

	
BBCube WOW




	
Gen1

	
Gen2






	
Thick. (μm)

	
Epoxy (1)

	
19.5

	
-




	
Epoxy (2)

	
6.0

	
1.5




	
SiO2 (1)

	
5.0

	
4.5




	
SiO2 (2)

	
1.5

	
-




	
Si

	
55.0

	
4.0




	
Total

	
87.0

	
10.0




	
TSV dia. (μm)

	
8.0

	
4.0

	
2.0




	
TSV pitch (μm)

	
55.0

	
12.0

	
5.5
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Table 3. Material properties.
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	Relative Permittivity
	Bulk Conductivity (Siemens/m)





	Copper
	1.0
	5.8 × 107



	Si
	11.9
	10



	SiO2
	4.0
	0



	Solder
	1.0
	7 × 106



	Epoxy
	3.6
	0
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Table 4. Total thermal resistance of TSV with microbump and bumpless TSV.
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TSV with Micro Bump 51.4 μm Pitch

25 μm Bump

	
Bumpless TSV

512 × 16 TSV

5 μm Gap






	

	

	
Components

	
Equivalent Thermal Conductivity (W/mK)

	
Thickness (μm)

	
Thermal Resistance (Kcm2/W)

	
Thickness (μm)

	
Thermal Resistance (Kcm2/W)




	
DRAM

	
Top Chip Rth1

	
Si

	
148

	
150

	
0.049

	
5

	
0.00034




	
BEOL

	
1.44

	
15

	
0.104

	
-

	
-




	
3.99

	
-

	
-

	
15

	
0.038




	
Interconnection Micro Bump

	
2.54

	
20

	
0.079

	
-

	
-




	
Interconnection Bumpless

	
2.56

	
-

	
-

	
5

	
0.02




	
2–8 Chip 7 Layers Rth2–8

	
Si with TSV

	
160.5

	
50

	
0.003

	
5

	
0.00031




	
BEOL

	
1.44

	
15

	
0.104

	
-

	
-




	
3.99

	
-

	
-

	
15

	
0.038




	
Interconnection Micro Bump

	
2.54

	
20

	
0.079

	
-

	
-




	
Interconnection Bumpless

	
2.56

	
-

	
-

	
5

	
0.02




	
Logic RthL

	
Si with TSV

	
160.5

	
50

	
0.003

	
5

	
0.0003




	
Total Thermal Resistance

	
Rth1 + 7 × Rth2–8 + RthL

	
-

	
-

	
1.54

	
-

	
0.46

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file56.jpg
30

s|ang| Bunjoelg

40 JaquinN
0w o v o
8 R 226 o
\
n
1
1 .
\ ~
w o\
z
B. 1
=
Q
o
= i
=]
=
=}
b=
o o
8 8
8 =

[s/a1] wpimpueg

2016 2020 2024

2012

Year





media/file8.jpg
Chip Pitch (um)

TSV Pitch (um)

500
@) Ghip Pitch () e (o Toateigh () 2
£ co
s —mvomes | 3 % [S74
coc. pa 5
2ol le
g ~e=TSV 4+ Bump.
Eoaty g sy
iy im
Sumploss wow .
o
L2 2 o L) ) o 2 o 50 8
oouen
(SHTEV.ch (i) = (d) TSV Density (idem?)
rsvomump E oo
ey —vwte | 2 .
TSV A< otum B el
e T | 2 e | Joumpesswow
ncagain | § rvesum
R N, wesome | 8 revemm
. S ISV
s 3 e Rz ot
= MA = Misaliznment
.
T a e e w w0 w

Number of Stacked Chip andlor Wafor

COGCOW Spacicatonof TSV Bump: Nk Kim, Digetof e 2018IEDM Shot Course, 2018 Mar Loranger, SW Tast Werkshap 2016

0





media/file64.jpg
(¥

Cyzand T, is connected only BBCube

@

Eye pattern Power
HBM =
8 stacks _2142 W
2 drops s (incl. pre-buf.)
(3.2 Gbls)
BBCube
9 stacks " '.5 pVIV
3 drops 25 nd (4 signals)

iZ (800-Mbs) |

(b)






media/file48.jpg
E
£
@
L

Tokyo Tech WOW ALLIANCE 3D MulliStack ., oc *

i 2o tcincy.
igh Sanaian
i wemo) capaciey

Production Year (Risk Start) " a





media/file27.png
TSV

Base Si wafer

Before EM test

Top RDL

Adhesive

Bottom RDL (2.5 ym)

10 pm

After EM test

Ap—————

Akamatsu et al.

Ref. ECTC 2016 This work
Conventional TSV
Structure structure with Bumpless TSV
: structure
microbump
i TSV (10 um)
Diameter IMC joint (30 um) TSV (10 uym)
Temperature 100 °C 200 °C
Current density | 3.8 x 10°A/cm? 7 x 105 A/cm?
Criteria 10% 10%
MTF 4 hr 137 hr






media/file43.png
Base Wafer
Adhesive
Si Capacitor

" Resin

Adhesive

Carrier Wafer 100pm

0.5um

!

RDL

Base
Wafer

Adhesive
>

11.9um Adhesive

Si Capacitor

15.0kV 5.0mm X1.50k BSE-COMP 15.0kV 5. 1mm X5.00k BSE-COMP 30Pa






media/file72.jpg
10000

e

Q) yes®
) eu®
2
= 1000
£
k]
3
°
& 100
o
£
8 Zo0m 7 Gen 10nm

10

2012 2014 2016 2018 2020 2022 2024 2026
Year





media/file90.jpg
Tile TSV DRAM

area cell
i
E|
S A He
I B HEHLE
£
£
2 \
7 200 gomm a2
sub-arrays
Stack of Dies BBCube Die

Tile Bank
9(8+1) layers





media/file61.png
—

TSV capacitance [fF]

TSV capacitance [fF]

., ——20um —3.0 um
e & S5.0um —8.0um
00 EZTIIIIIYooiiiiiiiziioooo=s—C
3Dl w/ bumps \zg"*ee;:
10 f\]
- . \
0.01 0.1 1 10
Frequency [GHZ]
(a)
10 . —55um /™11 um
TSV pItCh 22 um 33 um
8 1 ——44ym ——55um
5 v
TSV dia.= 5.0 ym
4 5
N— . T
Y
2 [ TSVdia=20pm =TS
O Ll 1 L1l L1
0.01 0.1 1 10

Frequency [GHZ]
(c)

TSV Resistance [mQ)]

W
o

E‘_25 TSV dia.: 5.0 uym@0.3 GHz
()
220
.
015
®
Q.
10
& 5
|_
0 S S S —
0 0.2 0.4 0.6
Liner thickness [um]
(b)
200 —920 o
: .0 um 3.0 um
TSchh\a. SOum —80um - 6
150 \
- 4 4
100 F
1 2
50 1o
0 e et =a-rdrrAr=——reraoman==—g=5=7 T T _2
0.01 0.1 1 10

Frequency [GHZ]
(d)

TSV Inductance [pH]





media/file35.png
Wafer Warpage (mm)
© O o o o
B N O N B

S O
® o

A
o

Angry

Smile

Die
Attach

Resin Thinning Carrier Wafer

Mold

Bond

Begining of
Thinning TSVIRDL





media/file53.png
Specification for
WOW Vertical Interconnects

100000

, " Density
Bandwidth (GB/s) Laem=t
10000 BBCube DRAMs @&~
l’,'
Bandwidth (GB/s) ®
1000 HBM
Aspect Ratio
e B Pitch »
ump Pitc
P 8, \ —_
2 > Number of Stacked Wafers
10 HBM BW (GBIS) S gn . "
» HBM TSV Pitch (um) | = >
=== TSV Pitch (um)
1 ® BW (GBIs)
~a-Density KTSV/mm2 TSV Pitch
=0==TSV Dia (um)
0.1 -0== Aspect Ratio
) o= Stacked Wafers
HBM BW BBCube : Bumpless Build Cub :
sl e Diameter
0.01
2010 2015 2020 2025 2030 2035 2040 2045 2050

Year

2055





media/file5.png
Normalized Fail Rate (a.u.)

102
103
104

10° f
10-6 o

107
103
10

24
( a) = O3 nm_Wafer
- % 20 F A'S nm_Wafer
=
| :
= 16 |
O
~-Before 2 -
thinning E Standby
7 current
i ~-After = 8 i:crease!
thinning &
| = 4 |
P
2 AAKS A
1 1 1 0 1 1 1 1 1 1
10 102 10° 104 10° 25 3 35 4 45 5 55

Refresh time (a.u.)

Thickness (um)





media/file19.png
Temporary adhesive (ca.10 um)

Spin coating | Carrier wafer

Adhesion promoter (~10 nm)

TBREE e Spin coating

Temporary bonding ‘ ‘ Permanent adhesive (2~3 pm)
Thinnin

Adhesion promoter (~10 nm) ‘
Spin coating

Permanent bonding -

e-bonding
Cleaning






media/file58.jpg
TSV pitch
55.0 um

Bump dia

Solder
cu

d
o

TSV pitch
1.0105.5 um






media/file45.png
Impedance (QQ)

100
(a) 3x106
(b) 1
10 2x10-6 o
N On Wafer H
In Interposer L 1x10°
(]
1 £ . 0.95 uF
’é In Interposer f_
0.1 & -1x10° .
(@) ®
-2x106 P
0.01 L
103 104 105 106 107 108 109 10710 35106
Frequency (H2) 103 104 105 106 107 108 109 1010
Frequency (Hz)
0.7
(c)
0.6 .
0.5 2
[ ]
& 04 .
~— [ ]
2 0.3 :
L °
[ ]
0.2 2
In Interposer On Wafer
0.1 “~ 43.5 mQ) X
0.0

103 104 10° 106 107 108 10° 1070
Frequency (Hz)





media/file54.jpg
Computing System

Power (W)

Chatlenge 1046
10 1-0own Sizng ENIAC

5 High Speed 2018 hd

5 NolePC - o 2700020
1o iPhone
o © smm
100
CD Wearable @ arem
108 * Apple Watch ozsmm
O Implant - 2035 S
o 50

104 oots S Memoy+Sensor+cpu  Size (mm?)

10010 105 0% 104 105 105 107 100 10 100 10M 10%

Downsizing endows both low power and high speed!





media/file80.jpg
e Bufer and
Perphesicreats S

5Gy1- *
D
\@ *
SEh LS
,/ 56,1 56,0

Row Decaderand  seing Orver Bumpless TSV 3D NAND String

@) (b)





nav.xhtml


  electronics-11-00236


  
    		
      electronics-11-00236
    


  




  





media/file71.png
TSV
Current Hyper System o /Micro-Bump ”
[

~RDL Line
ca-Bump CPU/GPU/SoC

4 x DRAM

| ~500pum

Controller Logic

Interposer E

PKG Substrate

+ Many channel architecture

* Individual channel vertical interconnects

+ Wide noise margin using decupling interposer usage
+ High power integrity supply

Bandwidth 1TB/s, 4TB/s, 8TB/s

» Full memory capacity 32GB, 64GB, 128GB

Energy efficiency <10mJ/Th

j

User Requirements

Bumpless and Ultra-Thin WOW/COW Technology Form Factor, Energy Efficiency, Cost
, CPU/GPU/SoC

TSV
8 x DRAM [ b——— i | <200pm
Controller Logic %

Interposer .............................

PKG Substrate





media/file70.jpg
S o chamelarchiecre
s chanel ricalncomnct
Wi mrgn usigdecuplng nepossusge
 High powe gty suply
+ Bandidh 85, T8, 885
+ Full menory caacty 263, 4GB, 2068
+ Energy effciney <imaTo

e Bement

——

i =






media/file41.png
@®A. Thinning

Si Base Wafer

Pad

Si Capacitor

@B. Litho. and Etching for RDL
B . "
Si Base Wafer

Si Capacitor

@C. Litho. and Etching for TSV

Si Capacitor

‘D. Liner Deposition and Etch-back

Dielectric Liner
Si Capacitor

@E. Barrier/Seed/Cu-ECD

Si Capacitor

@F. Planarization

ROL

Si Capacitor





media/file100.jpg
Number of banks in a tile

Number of tles in a layer

Number of required stacked layers

Number of redundantly added layer(s)|

Defect density

w[s]s]=]=z ]z

Die size

f






media/file37.png
As Mounted

After Adhesive Cure

Bottom View of Die

Sm sz cme= oo ex
EoaE S ms B8 =S
STERSmEmE= s

s=EsEs S snss
== oo EnEE ERGE

Die Position

25

-1p0 -75 50 -25 ’0 25 50
-25

-50
-5

X (pm)

75 190

409

Afer
Pressure Cure

-1p0 -75 50 27
29

50
-75

25 50 75 190
X (pm)

+35






media/file66.jpg
TSV I/0 Buffer Power (W)
o = ~ w
e N SO

o

HBM2E

BBCube Gen2
HBM2 High Spe%i x32

BBCube Gen1
Low Power 13%
[ ]

o

10 10.0 100.0
Data Bandwidth (TB/s)

Number of TSV and Transmission speed
HBM2: 1024 TSV, 2.6 Gb/s/TSV
HBM2E: 1024 TSV, 5.0 Gb/s/TSV
BBCube Gen1: 1024 x 16 TSV, 800-Mb/s/TSV
BBCube Gen2: 1024 x 128 TSV, 800-Mb/s/TSV
Number of stacking levels is 8
HBM I/O power is estimation





media/file46.jpg
104

103

102

10!

100

d Current2.5D
x1/150 30mm
: TSV-dia.10 ym
This Study TSV-dia.5 ym
TSV-dia.1 pm
10° 10! 102 10° 10¢

Length of TSV or Line (um)

10°





media/file3.png
Device FRAM (VLSI2010) SRAM (IEDM2009) DRAM (IEDM2014) DRAM (ADMETA2017)
Node ~180nm 45nm (Lg 35nm) 40nm (2Gb) 40nm (2Gb)

Wafer Thickness 9um

AN NMemony
’ 5 :

SEM

Picture
— 99.99 —r————— T — T 99.9 10°
X 999t ; —_ f A
3; o After S o9 | —o—Before 317 .
= F e s ; 1 = — @ After ; 102 :
) = st thinning / Z sl ct 3! .

Electrical g 0r § 3 51°)
2 B j s %I NPl PN = 104
- L i w 3

Property 5 50 ] S s < 100 | /
g 38: 1 \ % 30 o 104 § ‘
5 1g - 3 > 20 g I 'y
] L . . - - Pl Y,
3 Ll | Before A | 5107y ;
€ hinni - g 10°) Before Thinni e e
S5 oal thinning | E | =+~ Before Thinning 250MPa
O gotboie e o o 107} L After Thinning = e |

i i ) 4 ) ) ) ! . i, 500MPa |
Switching charge (a.u.) Junction Leakage Current (A) Refresh Time (a. u.) R e =






media/file55.png
Computing System

Power (W)
Challenge 1946
106 1. Down Sizing e ENIAC
2. Low Power e
3. High Speed 2018 T [ ]
103 Note PC Pt 1440m3, 270KW, 28t
iPhone "
O e ’9 9 mm
100 = &
CD Wearable __--"(O) 2 0.37 mm
e - Stacked dies
103 e Apple Watch (I).%s mm
- nterposer
CD_Implant 2035 T
- 50mm3, 0.5mW .
10¢€-- 2045 \ ,,/ Memory + Sensor + CPU Size (mm3)
100 1017 102 10 104 10° 105 107 108 10° 1010 1011 1012

Downsizing endows both low power and high speed!





media/file25.png
p—
Q
'

| TCT (JESD22A-104)
-565°C to 125°C

-

1-via

= Before TCT
= TCT 250 loops
= TCT 500 loops

i

Resistance (Q)

5-via

.

agfis
o+——

5 0 5
Current (MA)

(B) 400
HAST (JESD22A-118) = Before HAST
ey 1 8590 ° = HAST 96 hr
G 85% RH at 130°C e HAST 264 hr
~ 300 | ——
QO
&)
-
(G
it
17
N
Q
Y 5-via
04— — |
-10

10

5 0 5
Current (MA)





media/file52.jpg
100000

2 Bandwidth (GBls) ___---" o)
3 BBCube DRAMS
S 1000 M
g /
5 Bandwidth (GBls) ®
88 oo |
$8 e i
22 w
5= s it
€8 Number of Stacked Wafers
S o ow o)
SE + o o)
&g TV m
@ 1| T owim
z Dy KTsvmz
3 rvontm

—hspectaio
01 st wates
e BBt B st Diteseies

001
2010 2015 2020 2025 2030 2035 2040 2045 2050 2085

Year






media/file82.jpg
Plane Buffer and
Peripheral Circuits

[P

LI* e

L
|11l
==

Four Stacked 3D NAND Chips





media/file73.png
10000

Data Bandwidth (GB/s)

AL
\eS°
ey
1000 F
100 F
| 20nm | | 2" Gen.10nm |
10 1 1 | ] 1 1 | |
2012 2014 2016 2018 2020 2022 2024

Year

2026





media/file110.jpg
BEOL :
Dielectrics ~~8

Microbump
Under Fill

Si





media/file102.jpg
s

BBCube yield (%) Y3,

100%

50%

0%

WOWED manrrredundancy) — T T
2 \Tergel vield > 98 “T
2 40% :
s
3 |
£30% TFTEE
2 l I
220% I H(‘
g }
L. 2e.e. NI
H Targotyield o S0% 1T f
2 oo b (il

0% 50% 100% 0003%  03% 300%
Single layer die yield ¥ evice Die yield without redundancy (%)

(a)

(b)





media/file86.jpg
1014 595392

EHY
é

Plane Bufer for NAND

and SRAM Cell

SRAM Chip (Top)

ohi

suig joken pend,





media/file26.jpg
Boforo EM test

Akamatsu ot

ot amasa ot | Thiswork
Comontona TSV
Stcturo | svucrowin | SUTBeSS TSV
mrabump
TSV (10 ym)

Diameter IMC joint (30 pm) TSV (10 pm)
Tomporaure | 100°G e
Curontdonsity | 3810 At | 7x10°Aent

Crtera o o

wie i a7






media/file65.png
Co:l_: Cd1 :I_: Cd2:--_l-=-:-' =
B ~ Cgyand T, is connected only BBCube
(a)
Eye pattern Power
HBM | 7
8 stacks 2142 yW
2 drops (incl. pre-buf.)
el o
3 drops | - (4 signals)






media/file107.png
LLLLL

mm"ﬂ‘-mmm

................
LLLLLLBILLL vertical interconnection
I.U, ||||||||

LLLLL

TS
m ﬁ‘ﬁ”‘Fﬁ T






media/file57.png
S|aA9| bupjoels

JO Jaquinn
o (9] o (9] o
™ (Q\ (Q\ ~ ~ O o
|
i
|
\ \
\ \
i\ AN
N
= _
(4]
L J
% ),
N
= -
(4]
I
(4]
I
o o
o o
o -~

[s/91] Yipimpueg

2016 2020 2024

2012

Year





media/file34.jpg
Angry

Smile

Die Resin Thinning Carrier Wafer Begining of
Atach  Mold Bond  Thinning TSV/RDL





media/file60.jpg
EY
T & TSV dia:50m@03 Gz
100 5
2 315
H g
g &0
S >
3 85
e Wi liner t: 0.5 ym °
P 06
0 02 04
o 01 1 K
Frequency [GHz] Liner Im(;:nssi [pm)
@
200 20pm —30pm ™)

o s | [reves 28m TR 6
€, | v 22pm -~ 33pm i
a0 —a4ym —s5pm %150 \’ .3
5 2 — &
28| tsvdarsoum S0 [ .8
g g E
H = v . oE
3 2| Tvdas20um N S 3
B 2]

E 2
o 10
001 01 1 0 01 1

Frequency (GHz]
()

Frequency [GHz]
@





media/file31.png
Micro

Interconnects
+ cell

Tripod with
double SIS

Macro

Cascaded
cells

V+
Gnd| Gnd

! Ce
Rng Qﬂm Re | | Re
Gnd :] £
Gnd Gnd

& sl e 2]

[ABCD][ABCD][ABCD][ABCD][ABCD][ABCD][ABCD][ABCD][ABCD][ABCD]

cell cell cell cell cell cell cell '
1
Ac--* Access G
RI u - .
N I Ce N -

I‘n Hsl A,
G D 4

B, ™ [‘h ’-I N |‘r .rl
Drl G Dy ¢ D,

*SIS: poly Silicon / Insulator / poly Silicon






media/file18.jpg
Tempocary adhesie (ca. 10 )

Spin oating _

SR sein coing
‘Temporary bonding ‘ Pomanentsdhsi 2-3m)
= Baicoaier ) Spin coating

Thinning

Aavesnpromae(-100m) __ K3 I

Spin coating
Fermenentbondina -

-bonding
Cleaning





media/file9.png
Chip Pitch (um)

TSV Pitch (pm)

100

80

60

40

20

60

50

40

30

20

10

(a) Chip Pitch (um)

C\mjghlp Pitch

—e—TSV + Bump
—o— TSV

Limited by chip handling 7
and bump size T
- ., Bumpless W
20 40 60
(c) TSV Pitch (um)
—o—TSV + Bump
o ——-TSV, MA = 1um
itc -
~+=TSV,MA =01
Limited by bump pitch MA = Misalignment
TSV Pitch
\.\Q Bumpless WOW ﬁ
0 20 40 60

80

500

450
€ 400
=
= 350
£ 300
o
S 250
T 200
©
£ 150
= 100
50
0
100000
E
S 10000
3
2 1000
(7))
=
a
S 100
7
-
10

Number of Stacked Chip and/or Wafer

COC/COW Specification of TSV + Bump: Nick Kim, “Digest of the 2018 IEDM Short Course, 2018; Marc Loranger, SW Test Workshop 2016.

(b) Total Height (Lm) 256
64GB at
cocC 4GBIDie
32
WOW
128
—o—TSV + Bump
—o—TSV
16
0 20 40 60 80
(d) TSV Density (k/cm?)
/,/' Bumpless WOW
—o—TSV + Bump
——TSV, MA = 1um
TSV, MA = 0.5um
cocC ~+-TSV, MA = 0.1um
MA = Misalignment
0 20 40 60 80





media/file94.jpg
Bank group—s¢

TSV area H

Bank
Defected bank

LULL

“~—— Base logic die

,i\ A set of stacked
5 bank groups






media/file109.png
Microbump Type Bumpless Type





media/file28.jpg
A
Adnesive
Coat

s
Dummy si
Bond

c
Die Attach

o
Resinold

€
Thiring

[

i

P

'
Garrier Water
Bond

s
Thinning

"
TSVIROL
Fomaton

'
WaterTest

J
Garrier wafer
Debond

K
Singulation

E
L





media/file84.jpg
Memory Cell Aray A

Peripher: Peripheral /2
CircuitA1/  CircuitA2






media/file2.jpg
Dovice FRAM (VLSIZ010)  SRAM (IEDMZ009)  DRAM (EDWZ014) DRAM (ROMETAZOTr)
Node. ~180nm 450m (Lg 35nm) 40nm (26b) ‘40nm (26b)

Water Thickre B Tum

Pt
g e
e | E
=






media/file32.jpg
Wafer Warpage (mm)

20
18
16
14
12
10
08
06
04
02
0.0

Mold Resin Thickness.

@ "Set for Mold Cap in This Study
(b) § woldcap

® s |

100 200 300
Mold Resin Thickness (um)

400





media/file105.png
100%

50%
Single layer die yield

0%

N
o

100%
50%

plaIA agnHgg payoels A|aAIsse





media/file62.jpg
Stack8
Stack7
Core Stack6
(DRAM) | stacks

die Stackd
9 stacks | Stack3

Stack2

Stack1

Stack0
Base die

TSVOTSV1TSV2 TSV7

Drop





media/file59.png
TSV pitch TSV pitch

i T ) 4 11.0 to 5.5 um
mp dia,/

| -Sold _1

I g _-;,_f'_ ' SI n * ”ﬂ\_EPOXY(Z)

e ;__._-;-'.:'Q'.;Z_'—S'O (25)

50 100 (um) / t poxy






media/file6.jpg
3 pm_CMP.

3 pm_fine grinding

© Si atom o Cu atom O Defect






media/file88.jpg
Human Assistant in Mobile

. Observe Surroundifigs

. Administrative Secretary

D (1-2biticell)

SSD (3~dbiticell)

Hor®) CPU + Ultra-small Enterprise + HBM + Sensor

Al Robotic Bee (50mm?, 0.5mW)





media/file24.jpg
O

(b)

TCT(JESD22A408) = Belore TCT

s ST GEsDzn T+ st
& |esctorzsw - loops | = 1 5% RH at 130° HAST sanr
8, [ e g esmanoe )RR
o o ﬁ_.=
3 8 [
5 0]
s - PR
k] e |
2100 @ 100
2 e | "=
-5 0 5 10 om -5 0 5
Current (pA) Current (pA)





media/file29.png
A
@ Adhesive
Coat

C
| Die Attach

D
Resin Mold

B
Thinning

Permanent Adhesive
Si Base Wafer (300mm)

Dummy Si

Si Base Wafer

Si Capacitor Die

Si Base Wafer

Resin
/

Si Base Wafer

Si Base Wafer

¢

F
Carrier Wafer
Bond

G
Thinning

H
TSV/RDL
Formation

I
Wafer Test

J
Carrier wafer
Debond

K
Singulation

Si Base Wafer
g B B
_

TSV/RDL

—

B " | .






media/file93.png
Die including defected portion

Defect free dies  Die including
defected portion

L et SV

Stack w/o remedy M

Yielded
stacks

(a)





media/file63.png
Core

(DRAM)

die

O stacks

" Stack8
Stack7
Stack6
Stack5
— Stack4
Stack3
Stack2
Stack1
_StackO
Base die

TSVOTSV1TSV2 TSVY

~ Drop






media/file7.png
S pm_fine grinding

Vss Vdd1

Depletion Region

I' p-type Substrate

....%.O 0....000......0....
O0.0&OQDOO o 00°:.. :0 000 O

3 pm_fine grinding 3 um_CMP

Depletiok Region ]
[1
Boc3000005008s0000330080ede

Vss Vdd1

Vss Vdd1

Depletion Region o Depletion Region

0000500 0000000000000000000 0 o o o
oooo&o?oo o.::.:o:.:: :“” 80000000000000000000%0000080

@ Siatom © Cu atom O Defect






media/file104.jpg
"=100%

50%

0%

Massively stacked BBCube yield

0% 50% 100%
Single layer die yield





media/file92.jpg
Die including defected portion

Defect free dies  Die including

defected portion
Defect Q]

included
Stack w/o rei ‘dyﬁ E:;kse Stack KGDs

C R

@

g<:| ....\

Yielded
stacks






media/file33.png
Wafer Warpage (mm)

20
1.8
1.6
14
1.2
1.0
0.8
0.6
04
0.2
0.0

Mold Resin Thickness _

Mold Resin

Si wafer P

@ Set for Mold Cap in This Study
(b) ¥ Mold Cap

Mold Resin

Si Capacitor

(a) SiBase Wafer

100 200 300
Mold Resin Thickness (um)

400





media/file89.png
Human Assistant in Mobile

1. Observe Surroundings

2. Protect Human

3.

Administrative Secretary

Cold Storage

SSD (1~2bit/cell)

<

SSD (3~4bit/cell)

M CPU + Ultra-small Enterprise + HBM + Sensor

Al Robotic Bee (50mm?3, 0.5mW)





media/file4.jpg
102
107
104
10%

109

107
10%
107

Normalized Fail Rate (a.u.)

2
(a) B ©3 pm_Wafer
22 55 um_Wafer
H
£
S
~Before z
hinning 30 Standby
swikien i, corent
ey 3 ncreaset
T4
:, _—
0010 10t 10t 10° 25 3 35 4 45 5 55 6

Refresh time (a.u.)

‘Thickness (um)





media/file30.jpg
Micro, Macro

Tripod with | Cell | Interconnects Cawated
double SIS + cell e

ol

'
hr
T
7 e
¥
0
i

7SI5: poly Siicon / Insulator / poly Sicon





media/file111.png
BEOL
Dielectrics

Microbump
Under Fill






media/file95.png
Bank grOUp\h/ A /
7
TSV area L
Bank by
5y
== ___/_ Defected bank

’----

“—— Base logic die

— | '« A set of stacked
----------------------- bank groups






media/file87.png
91€|d SOS 1} 5D

Plane Buffer for NAND

}}:?:liﬂkand SRAM Cell
¢
:

Plane 0 WL | | 4|:§:|7
" T

Bumpless TSV |

| {hip(Bottom)

wc_bmo z<z n_m

|

..m. r—l. o —
1 -T- 1

SRAM Chip (Top)
3D NAND Flash

1
.I

I.

ﬁﬁ}ﬂ
I

l
— L
.|
|.

.|

1913
=i o

o

ST I (o B L
— |2 |= |=
Mm@ a3 ||

aul|ig JaAe penp

BLO






media/file103.png
WOW(3D-manner redundanc Z
2 100% ‘ ) >50% [ |
S % : W\ Target yield > 99.99%
L 2 40%
~ _g - .'\
O @ D i N
L2, i S & 0
G_; o \(\Q,db,‘c@ S 30% I ‘M[Target yield > 99.5% N
o 20% A = - \ '
1s - o A =20% | :
(3 \EC')Q 7 g I TN
a 4 3 10% | LHI12-5%
g - Target yield > 50% ""“r
0% | L < (09 L O
0% 50% 100% 0.003% 0.3% 30.0%
Single layer die yield Y jepice Die yield without redundancy (%)

(a) (b)





media/file12.jpg
Besesint

(a) RDL Patterning

f

(d)self-align Etching

(b)TSVPR&SIDRIE  (c)Remove PR & Cleaning
& Barrier PECVD

Basesint

(€) PVD Metal Barrier & () CMP Planarization
Copper ECD






media/file106.jpg
Layer 8
BEOL

S—
l | Vertial Inerconnecion
1 77 Layers
- Underfill
Layer 0 ”!H!j 1””





media/file14.jpg
Total Si Thickness [um]

-100 -50 0 50
Distance from Wafer Center [mm]

100

150





media/file20.jpg
Bosch etching

Direct etching

[E———

| &8

H
{3 3
=
— wio anneal
vin = )

Si Substrate






media/file98.jpg
Layer number
01234567

Bank group

2D redundancy

Defective sub-array

:@H:ﬁ

(a)

Four sets of
Fine grained
bank group

Stacked bank groups

3D redundancy

Gt

(16+2)x8=144 sub-arrays

(b)

Pseudo layer number

357

q

0246

16x9=144 sub-arrays.

(c)





media/file114.jpg
Bump (orange) or
TSV (dark blue)

.

Surface area

Pitch





media/file79.png
-----------

SEREfTIIIISIITIEEIINIIIINNNNNY[ |esEsEiiiiiTiicii

ooooo

R

=a
e

seRpeas - = al - = a ol e -
i - e - e e Il - sl
B !l“"!"‘!“.‘: R
assam ansa t LITITETisy aBEBEBE SRS

a) DRAM Chip

ePeD
PO2D
Te®e
o909
ese®
POSD
2eve
o9D®
eee®
PO
Pe®Pe
o90®

Memory Tile

ePed
Poe®
TePe
o999
e®2es
PoeO
Peve
o9Oe®
e2e
PoeD
Pe®e
opoe

ese®
P00
TRl C)

e2ed

Po0

Pe@®e

-l

(b) Four-Phase Shielded 1/O

m@ A

(o) 1)

f\

1))

013}

/o @ ——(

I/0 @

/0 €

N

Time

(¢c) Four-Phase Timing Diagram
0>1>2>3>0>]1>2>3





media/file113.png
Interconnection Thermal Resistance

100

10

1

$ o1
<
-

g 0,01

0.001

0.0001

0.001

0.01
Occupancy of Via [-]

------- 25um Bump WO UF
- = 25um Bump W UF
------- 50um Bump WO UF

= = 50um Bump W UF





media/file11.png
Thinning Module
SR BAN IS (. o T
~ Support glass or Silicon emporary
' 2 gla St LI adhesive coating

® Bonding onto
support glass

Al orCu Pad Device Wafer

Backside grinding
Post thinning
Surface conditioning

& 5~10um thickness

Bonding Module
= :t"/ -~ -;,',@' ‘”;"‘ 7 < -""f ”~ . ® Permanent adhesive
> 22 o o VU coating
® Bonding onto base wafer
® Alignment of top and
bottom wafers

Deboning support glass
Cleaning

Device Wafer 0

\

Bumpless Interconnects Module

® PR coating for
lithography of RDL and
TSVs

5~10um diameter

\

On-chipJSV Oflf[-chip TSV

\

Packaging Module

X2 device capacity

bﬁbﬁb: .
.

Exposure
Development

RDL etching
TSV etching
Cleaning

Dielectrics deposition
RIE bottom etching

TIN/Ti barrier
deposition

Cu seed deposition
Cu ECD

CMP

Backside grinding
Dicing/Singulation
BGA





media/file97.png
4
- - —
\

Pseudo layer number

y
y
y
// Z
Z a4
S
— /
y 5y
7 a7
. A
/I

0 2 4 6

(e Y Yo Y

3 & 7
[ W W W

1

v

v Pass

TSV area

Defected bank

v Passy X

v" Pass

A

v' Pass

Z

v Pass /

v Pass / /

v Pass /. [/

Pass .

/L

—

(b)






media/file67.png
TSV |/O Buffer Power (W)
— — N W
@) — @) N @) w @)

o
o
-

HBM2E

" BBCube Gen2
HBM?2 High Speed x32

- BBCube Gen1
Low Power 13%

1.0 10.0 100.0
Data Bandwidth (TB/s)

Number of TSV and Transmission speed
HBM2: 1024 TSV, 2.6 Gb/s/TSV
HBM2E: 1024 TSV, 5.0 Gb/s/TSV
BBCube Gen1: 1024 x 16 TSV, 800-Mb/s/TSV
BBCube Gen2: 1024 x 128 TSV, 800-Mb/s/TSV
Number of stacking levels is 8
HBM 1/O power is estimation






media/file112.jpg
100

g 10 wio Underfill
o 1 -

H Ve

£ § 0.1 | wi Underfill =2
£t

£

% £ o001

4 0.001

g 00001

£ 0.001 001 0.1

Occupancyof Via -]

- 25um Bump WO UF
= = 25um Bump W UF
- 50um Bump WO UF

= = 50um Bump W UF





media/file96.jpg
Defected bank

TY 7

A ny

0246

e

Pseudo laper number

(c)





media/file10.jpg
‘Thinning Module

{17, & Temporary

e e costny

@ Bonang oo
sippon gass

1B + ssste oy
T
HT3-

Bonding Module
P e s

© gument of a0
Lot waors

Bumpless Interconnects Module

o PR coatnp for
Epograpn of ROLana
o

Bonag orobase afer

Exposre
© Devuipment

SO cameter

e ¢ Aoy
o sV ccning
< Caanng

v

v
v

onanp TV OftenpTSY
o JSV Ot

o T barrer
doposion
o Ciseod dopostion
GuEco

==
_—

Bl i
i

2 e capachy





media/file40.jpg
@A. Thinning

@5. Litho. and Etching for ROL
b

@C. Litho. and Etching for TSV

D. Liner Deposition and Etch-back

E. Barrier/Seed/Cu-ECD

F. Planarization

CN W
L






media/file101.png
Number of banks in a tile

Number of tiles in a layer

Number of required stacked layers

Number of redundantly added layer(s)

Defect density

NS |& (S (S

Die size






media/file108.jpg
Microbump Type Bumpless Type





media/file16.jpg
s

Bevel angle 0 (degree)
(a) Cracking count

o002 (= omise
% T 0
5 2
e o S
T 20 p=
5 g 10
g 5 100
Conenaion .
20 g deseson 2
i 3" 5
S 5 0
0 50 100 150 o 50 100 150

Bevel angle 0 (degree)
(b) Cracking area





media/file91.png
}'ile TSV DRAM

- : : ar/ea CS"
PP | : / 1 ]
il l L
- . ‘ I I
me __-_ E ‘\ : I
= | E \\\ — g P | q. I
—H| [ H. o \ e x| x|
U S e & s &)
—H| [ H. - m m||m { ) I
\\\ I I
- : =
=
{p)
_\1:\1
£0MM g0 mm
sub-arrays
Stack of Dies BBCube Die Tile Bank

9(8+1) layers





media/file85.png
Memory Cell Array A

Peripheral Peripheral

Circuit A1 Circuit A2 /f"’
P — / -- rv*elﬂlwly CelkArray B
- _ Signal Lines
{ e
— 11—
YyYy

Peripheral Circuit B






media/file22.jpg
100 pm thick Si

20 pm thick Si

- = |
~225MPa <7
I

Compressive Tensie

600 400 -200 O 200 400 600 900 (Mpa)





media/file69.png
__ 35
O —e—BBCube
— —o—HBM
o
& 25
()
= 20
®)
= 15
A
10
. Lowest four die is activated
0 10 20 30 40
Number of Stacks
(a)
8 32 O
(+1 for redundancy) | (+2 for redundancy) Temp. [°C]
NG 57.5
)
®
HBM 49 4
41.3
33.1
BBCube
25.0

(b)





media/file115.png
Bump (orange) or
TSV (dark blue)

T~

Surface area

Pitch

A






media/file78.jpg
[s52235!

(©) Four-Phase Timing Diagram
(b) Four-Phase Shielded 10 0>1>2>3>0>1>2>3





media/file99.png
t 3

- |

' I

: |

Four sets of I :

Bank group Fine grained '\_ _____ P
bank group Stacked bank groups

2D redundancy 3D redundancy

N\ Defective sub-array

= (O

b P

= (\] —

—O—d

Layer number
01234567

Pseudo layer number
3
|

(16+2)x8=144 sub-arrays

16X9=144 sub-arrays

(b) (c)





media/file0.jpg
~TE. A .
EN 2
i -
i
i
1 -
I

“l l l l Cmp Pitch ~100um Chip Pitch ~10um mwjmmlml
<110 Impedance.
COC ;.Y <1/10ThermalResistance

x

Thinning-Easy Process






media/file81.png
Vertical Bitline

p

b

Bumpless TSV

\%NAN D Array
I

560K 5o
24

SG

20

G
e

A LA

Row Decoder and HV String Driver

(a)

Plane Buffer and
Peripheral Circuits

SG,0 9 9
5G,1 ® ®
~ -. *». *». ®
o
- ®
o
5G,1 SG,0

Bumpless TSV 3D NAND String

(b)





media/file13.png
Adhesive
M1RDL

Base-Si#1

(a) RDL Patterning

PECVD-SIN

|

(d)Self-align Etching

PR ’ Yy /
|

TSVHole TSVHole

(b) TSV PR & Si DRIE (c) Remove PR & Cleaning
& Barrier PECVD

ECD-Copper
M2RDL

Si#2 S

M1RDL

Base-Si#1

(e) PVD Metal Barrier & (f) CMP Planarization
Copper ECD






media/file39.png
Si Capacitor

Adhesive

Si Base Wafer

Si Capacitor

Adhesive

Si Base Wafer

Adhesive

50 um






media/file42.jpg





media/file23.png
100 um thick Si

20 pm thick Si '

]

B

225MPa

Compressive Tensile
-

600 -400 -200 0 200 400 600 900 (Mpa)






media/file83.png
sdiyd ANVN Q€ pa)aeis ino4
J

Plane Buffer and
Peripheral Circuits

== M Tl — N —

0 i 0 0
Il _c L1 11
[z Wllll] Wl

e I [

ASL ssa|dwng) auljig |edIUaA

=) I

o e 1 1 T
i_mwl_ ﬂ ﬂ 1 1

I

|






media/file117.png
Dielectrics

Si

" Adhesives





media/file50.jpg
Lateral Communication
Yo






media/file76.jpg
1/0 Buffer Power (W)

100

>

=

0.01

Bulnp P_lEM_Z 1K_ILO
" "4.06bps Y x1
i ssgezz) i 100K 10, s
+
] 0Gby i
66Gbps. ps | x1/4
isscoors 155602020}
xti2
x14  Bumpless HBM
x1(2.66)
KIO g a2 1.33)
'x1/4 (0.665 Gbps/pin)
10 100 1,000 10,000 100,000

Bumpless HBM Data Bandwidth (GB/s)






media/file36.jpg
After Adhesive Cure

Bottom View of Die

Die Position

Pressure Cure

s 2 25 ’- 25 50 75

25
0
a8

Xm)

o 75 50 2825 50 75 1
ED

X(pm)
0
a8






media/file15.png
Total Si Thickness [um]

—_
o

o O ~N o

w b

4 line2

LI
¢

“wo=line 1 =¥=|ine

line 1

2

-150

—100 -390

Distance from Wafer Center[mm]

0

20

100

150





media/file118.jpg
25

s - N
° @ S

Temperature AT ("C)

AT=T8-Heat Sink
L8
%3

- TSV
L1
Lo

Heat Sink Tsv

TSV/Bump =
Trand Interconnects

=25um
Tr and Interconnects

65um/20um

Bumpless

Heat LO L1 L2 L3 L4 LS
Sink HBM Layer

L6 L7 L8





media/file49.png
x40

Tokyo Tech WOW ALLIANCE 3D Multi Stack

x20

%28 x32 x36

Xx16 ‘
x12 | TB-Memory

EEEEEEEN EEEN x8 BW 100TB/s
‘ 300mmx4
. 2450mm

J

: !
. 12-inch (300mm)

Infrastructure Limits

Ld <k Low Cuss
, } 6-inch | | | || High_Power, Efficiency. |
| High Bandwidth
4-ingh High Memory Capacity
PS /
2-If_’lCh | | ¢
Si Surface Area

—_—
£
c
~——
)
N
(7))
(¢}
j—-
-
pad
(T
O
L

Si Surface Area (cm?2), Market (BUSD)

g-line KrF ArF i-ArF EUV
100 436 nm 248 nm 193 nm 193 nm 13.5nm

1960 1970 1980 1990 12000 2010 2020 2030 2040
Production Year (Risk Start)






media/file75.png
mW/Gbps/Pin

0.63
0.55
0.32
l 0.01

DDR3 x 16 DDR4x16 GDDRS x 32 HBM2 Bumpless
HBM





media/file1.png
Thick Thin <30um
TS\j l l l l Low Stiffness
3 cture
~ ontact Bump
M'crOT'tl I l l ick and Place Unable
Deformation and stress occur due
Low Dense H'Qh Dense to CTE mismatch
Si[Diojand/orWator 30 o BRIDSSuct
l l l l l l nd’tﬂ Bu .
BEOL

L]

—» BEOL

Z
A
l l l l l l LR Thinning-Easy Process
l l I l I l Ch'P Pitch ~100um Chip Pitch ~10pm
<1/10 Impedance
x; Y <1/10 Thermal Resistance






media/file68.jpg
40
%
5 ~e-BBCube
= ~e-HBM
g
E2
L
5
15
a8
10
5 Lowest four e s activated
o 10 20 B w0
Number of Stacks
®
8 32 .
(1 for redundancy) | (+2 for redundancy)| Temp. ['C]
e 515
m/
HBM I 494
a3
2,
o5 w1
BBCube
20

®)





media/file44.jpg
Niptance f

2 D ]
O
- 5
T
17 me
N Pt e e e
¥
R ]
i
= In interposer On Wafer
. e






media/file77.png
I/O Buffer Power (W)

100

Bump HBM2 1K l/O
" 4.0Gbps M 1
I 1ISSCC2020 . 100K /0
10 t B t
l B A ochps | x1/4
2.66Gbps v P
! 1ISSCC2020 !
\ISscc2018 - @ x1
10K |/O
1 X1/2
x1/4 Bumpless HBM
x1 (2.66)
0.1 1KVO g s (1.33
x1/4 (0.665 Gbps/pin)
0.01
10 100 1,000 10,000 100,000

Bumpless HBM Data Bandwidth (GB/s)





media/file47.png
Parasitic Capacitance (fF)

104

103

102

101

100

' Current2.5D

x 1/150 30 mm
i TSV-dia.10 ym
I
This Study TSV-dia.5 um
TSV-dia.1 um
10° 101 102 10° 104

Lengthof TSV or Line (um)

10°





media/file38.jpg
Si Capacitor

Si Base Wafer

Adhesive

Si Base Wafer






media/file119.png
25

— - N
o O o

Temperature AT ('C)

TSV/Bump = 65um/20um
Tr and Interconnects

AT=T8-Heat Sink
L8

L7

: TSV = 25um
L1 snhects

LO \ -
Heat Sink TSV 'M

—

\J Bumpless

Heat LO L1 L2 L3 L4 L5 L6 L7 L8
Sink HBM Layer





media/file116.jpg
(a) (b)
TSV \

TSV

Si

Adhesives





media/file74.jpg
12

mW/Gbps/Pin
e o @
P-4

°
9

i
0.63
055
0.32
I 0.01

DDR3x16 DDR4x16 GDDRSx32  HBM2  Bumpless
HBM






media/file17.png
Cracking Area

. 378um?

- 160pm?
. 2
B 4 O33UM® 5545 m2

z 7

10

Cracking counts (ea)
o

Bevel

q Silicon 0 \f
4

Observation and
rinding direction

g
L?ﬁ
o
0 S0 100 150

Bevel angle 06 (degree)
(a) Cracking count

Cracking area (10°um?)

0=45°
o
o
OL @
50 100 150

Bevel angle 06 (degree)
(b) Cracking area





media/file51.png
Lateral Communication Vertical Communication TSV + Bump

':!; -
V. — Ay
| +
1 5
5
= 1

" = Physical Length
il ~100um

Physical Length
mm-=~cm

WOW/COW Ultra-Thinning No Bump High Dens TSVs






media/file21.png
Bosch etching

Direct etching

i
>
©
b

Si S
€«
100nm
-—
103 10°3
__10° 10°°
< <
E 107 g 107
g z
o 10° o 10°
+7¢] +7]
g (o]
o E 200deqC
4 10 w/o anneal = 107 =
w/o anneal
10-13 10-13
0 10 20 0 10 20
\' (V) V (V)

>+ Low-k

ice

De
Si

Si Substrate






