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Abstract

:

This review investigates the measurement methods employed to assess the geometry and electrical properties of through-silicon vias (TSVs) and examines the reliability issues associated with TSVs in 3D integrated circuits (ICs). Presently, measurements of TSVs primarily focus on their geometry, filling defects, and the integrity of the insulating dielectric liner. Non-destructive measurement techniques for TSV contours and copper fillings have emerged as a significant area of research. This review discusses the non-destructive measurement of contours using high-frequency signal analysis methods, which aid in determining the stress distribution and reliability risks of TSVs. Additionally, a non-destructive thermal detection method is presented for identifying copper fillings in TSVs. This method exploits the distinct external characteristics exhibited by intact and defective TSVs under thermoelectric coupling excitation. The reliability risks associated with TSVs in service primarily arise from copper contamination, thermal fields in 3D-ICs, stress fields, noise coupling between TSVs, and the interactions among multiple physical fields. These reliability risks impose stringent requirements on the design of 3D-ICs featuring TSVs. It is necessary to electrically characterize the influence of copper contamination resulting from the TSV filling process on the reliability of 3D-ICs over time. Furthermore, the assessment of stress distribution in TSVs necessitates a combination of micro-Raman spectroscopy and finite element simulations. To mitigate cross-coupling effects between TSVs, the insertion of a shield between them is proposed. For efficient optimization of shield placement at the chip level, the geometric model of TSV cross-coupling requires continuous refinement for finite element calculations. Numerical simulations based on finite element methods, artificial intelligence, and machine learning have been applied in this field. Nonetheless, comprehensive design tools and methods in this domain are still lacking. Moreover, the increasing integration of 3D-ICs poses challenges to the manufacturing process of TSVs.
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1. Introduction


The advancement of 3D IC technology presents a promising solution for the continuation of “more Moore’s law” in the future. However, a major challenge in the development of 3D IC technology is the establishment of reliable and high-performance 3D circuits and systems. The implementation of 3D technology helps alleviate problems associated with interconnection delays by reducing gate delays and increasing interconnections through the use of shorter wires. These shorter wires help reduce the average load capacitance and resistance, resulting in a decrease in the number of repeaters required to regenerate the signal on long wires [1,2]. Vertical stacking of ICs has become a viable option in the semiconductor industry for reducing wirelength and integration. For example, stacking DRAM on top of processor cores helps to increase CPU-DRAM bandwidth, while stacking processor cores vertically can increase inter-core communication bandwidth. To enable vertical stacking, vertical interconnects are required, with the most common type being the silicon through-hole [3,4,5].



Three-dimensional integration refers to a configuration and technique used to vertically integrate multiple chips by means of wafer bonding and electrical interconnections using through-silicon vias (TSVs, Figure 1). The idea of utilizing hollow vias for signal transmission through a wafer was first proposed by Shockley in 1958. Subsequently, in 1964, IBM explicitly introduced the concept of etching and metal deposition for TSV fabrication. In 1969, IBM further proposed a 3D integration method employing double-sided KOH etching and metal deposition to create TSVs, with metal solder employed for chip bonding. However, it was not until 1984 that the stacking of CMOS chips in a three-dimensional configuration was achieved. The introduction of Bosch deep reactive ion etching (DRIE) technology in the mid-1990s made it possible to etch vertical and deep through-holes in silicon wafers, enabling the fabrication of TSVs with high aspect ratios filled with tungsten (W) or polysilicon conductors by the end of the last century. Since the year 2000, copper (Cu) plating in deep via holes has emerged as the primary technology for filling high aspect ratio TSVs [6,7,8]. The goal of electroplating is low stress, free of holes and voids during TSV fabrication [9]. TSV technology enables high-density interconnection in the z-axis direction, which significantly reduces the three-dimensional size of the microsystem. The shortened interconnect length also results in lower chip power consumption, improves data propagation speed, reduces signal delay, and improves the electrical interconnection reliability of the system. As a result, TSV technology is crucial to the success of 3D IC technology, and it has the potential to revolutionize the semiconductor industry.
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Figure 1. (a) Progression of packaging technology; (b) roadmap for TSV diameter and aspect ratio; (c) 3D chips; (d) TSV package samples (adapted from [6,10,11,12]). 
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As technology advances and systems are designed to improve their performance, the physical size of the channels continues to decrease. In the case of through-silicon via (TSV) technology, the diameter of the via has reduced to less than 10 μm, while the pitches have reduced to tens of microns. This miniaturization of TSVs has resulted in the increase in I/Os to tens of thousands of orders of magnitude for wide bandwidth data transmission. However, such small structures are highly susceptible to defects, which can negatively impact the performance of the integrated circuit. To achieve a highly accurate manufacturing process for these small structures, it is essential to understand the root causes of defects in TSVs. A common type of TSV defect is a void, which can occur during the deposition of the copper layer or the chemical mechanical planarization (CMP) process. The formation of a void in the TSV can result in increased electrical resistance, decreased mechanical strength, and even device failure. Other types of defects, such as misalignment, non-uniform deposition, and incomplete filling, can also occur during the fabrication process and cause TSV failure. In addition, there are the following defects: (i) The thermal expansion coefficients of copper, silicon oxide, and silicon filler materials in TSV differ greatly, triggering a thermal mismatch that can lead to plastic deformation of the copper pillar and, thus, generate cracks, damaging the surrounding cover layer and metal connection layer [10,13,14]; (ii) along with the shortening of the interconnect line length and the increase in signal transmission rate comes a significant increase in power density, which will lead to a sharp increase in temperature, thus, inducing stress concentration, electromigration, negative bias instability, and the diffusion of copper atoms [15,16,17]; (iii) TSV interconnect lines have delay, loss, and crosstalk problems, and electromigration effects tend to trigger Kirkendall holes to form cracks [18,19]; (iv) since TSVs are affected by a variety of factors under the joint action of thermal–electrical–force fields in service, an analysis method that can be simulated, modeled, and monitored in real time is needed [20,21].



Due to the significant increase in power density per unit area, the issue of thermal reliability in 3D integrated systems has become more prominent. At the same time, thermal stresses are introduced into 3D integrated systems due to a mismatch in the coefficient of thermal expansion (CTE) between materials during TSV fabrication, which affects the carrier mobility of the electronic device. When voltage is applied to the integrated system, Joule heat is generated. Joule heating increases temperature, which affects electrical parameters and thermal conductivity. The reliability of TSVs is a multi-physical field coupling problem that requires simultaneous consideration of thermal, electrical, and mechanical reliability [9].



To mitigate these defects, various strategies have been proposed, including improving the TSV manufacturing process, such as optimizing the deposition parameters and improving the CMP process. The use of advanced metrology techniques, such as X-ray microtomography and focused ion beam (FIB) milling, has also been proposed to detect and characterize defects in TSVs. In addition, post-fabrication testing and analysis methods, such as electrical and thermal analysis, can be used to identify and evaluate the impact of TSV defects on the performance of the integrated circuit.



Overall, as TSV technology continues to miniaturize, the manufacturing process must be optimized to reduce defects and improve the reliability and performance of integrated circuits. The development of effective defect detection and characterization techniques will play a crucial role in achieving this goal [21] (Figure 1). As TSV processes reach today’s level of maturity, reliability investigations become critical. This review will summarize the progress made by industry and academia on this issue in recent years.




2. TSV Metrology


Etching is the basis of the whole TSV preparation process, which directly affects the subsequent seed layer deposition effect and has a great impact on the TSV filling quality and service reliability. TSV etching has many requirements, including good control of through-hole dimensions (through-hole depth and width), sufficient selectivity for etch masks, minimal sidewall roughness, and high throughput. The TSV etch is typically performed using reactive ion etching (RIE) to create high aspect ratio vias. The current mainstream method of etching is deep reactive ion etching (DRIE), invented by Bosch (Robert Bosch GmbH), which uses SF6 as the reactive gas to etch silicon while periodically releasing C4F8 as a passivation gas to protect the sidewalls to achieve high aspect ratio vertical TSV etching [22] (Figure 2). The process alternates between deposition and etch steps to fabricate deep vias [10]. Except for in specific environments, the Bosch process is widely used, which allows deep features to be etched in Si at etch rates ranging from 1 to 3 μm/min with a 50:1 to 100:1 mask material selectivity for photoresists and a 150:1 to 200:1 selectivity for photoresists for oxide masks [22,23,24].



DRIE or deep reactive ion etching is a popular technique for etching deep and precise holes in silicon wafers. While DRIE offers excellent controllability in terms of creating intricate patterns and structures, there are still some reliability concerns that need to be addressed. One such issue is the occurrence of sidewall defects that can affect the overall quality and integrity of the structure. To ensure the quality of the structures produced by DRIE, TSV inspection is carried out. TSV inspection can be divided into two categories of parameters. The first category is post-RIE inspection, which is performed to measure critical dimensions, depth, and profile, including the sidewall angle and through-hole curvature. This helps ensure that the structures meet the required specifications and tolerances. The second category of TSV inspection is metal fill, which is carried out to check for voids that may be present in the metal layer used to fill the holes. Voids can cause reliability problems, such as electrical shorts or open circuits, so it is essential to identify and eliminate them. By performing both types of TSV inspection, manufacturers can ensure that the structures produced by DRIE are of high quality and reliability [10].



Because of the finite electron and hole mobility in silicon and because the via MOS junction capacitance will introduce additional distributed parameters, namely, inductance, dissipation, and skin depth, it is very difficult to succinctly describe equivalent electrical parameters. TSVs are essentially metal insulator semiconductor (MIS) devices with a dielectric layer of SiO2 deposited to isolate the metal from the substrate. Due to the extremely wide bandwidth and high frequency, the corresponding TSV modeling and design will be very different from its conventional frequency band counterparts. When TSVs operate in the low frequency range, the metal oxide semiconductor (MOS) effect in TSVs should be carefully considered and modeled as MOS capacitance. When the TSV operates in the UHF and very high frequency (millimeter wave range) range, the effect of MOS capacitance on the TSV electrical performance decreases and some key issues that have a significant impact on the TSV performance need to be considered. One of the important issues is the sidewall roughness, which can generate large leakage currents in the high frequency range and severely affect the current flowing through the TSV. The effect of roughness needs to be considered in the millimeter wave frequency range due to the skinning effect [25,26].
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Figure 2. (a) Etching schematic; (b) Bosch process schematic (c); TSV samples (adapted from [22]). 
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2.1. Profile


In the world of 3D semiconductor packaging, TSVs or through-silicon vias play a crucial role in enabling the electrical connection of vertically stacked wafers. As a result, it is essential to monitor and control the profile of the TSVs to ensure that they are defect-free, as any issues in these holes can lead to electrical disconnections between stacked wafers.



In recent years, TSV technology has made significant progress, allowing for the creation of holes smaller than 10 μm and length-to-diameter ratios greater than 10. However, accurately measuring the profile of these TSV holes using traditional optical metrology methods has become increasingly difficult. To overcome this challenge, destructive methods, such as scanning electron microscopy (SEM) and tunneling electron microscopy (TEM), are commonly used to measure the profile of TSV holes for process development and quality control. However, these methods cannot be used for non-destructive TSV metrology, as they are time-consuming and the samples are destroyed in the process.



Therefore, there is a need for new measurement methods that can provide non-destructive and in-line TSV metrology to enable the development of better TSV processes. Researchers are exploring various techniques, such as X-ray computed tomography (XCT), infrared microscopy, and terahertz spectroscopy [27], which could potentially offer a faster, non-destructive, and more accurate way of measuring TSV profiles. Non-destructive fault isolation (FI) techniques play a crucial role in detecting multiple faults within complex 3D packages, leading to reduced production time and improved success rates. In the case of open circuit and high resistance faults, time domain reflectometry (TDR) and electro-optical terahertz pulse reflectometry (EOTPR) have demonstrated effectiveness in system-in-package (SIP) configurations with package-on-package (POP) arrangements. TDR, a cost-effective and conventional non-destructive FI technique, is employed for identifying electrical faults in flip chip packages. It involves injecting step electrical pulses with a rise time of 35–40 ps into the package interconnect and analyzing the changes in impedance along the circuit by interpreting the reflected signals acquired from the package. By comparing the reflected waves from the faulty cell with those from a known reference cell and the bare substrate, the location of the fault can be pinpointed within the chip or package substrate. The resolution of TDR depends on the rise time, bandwidth of the TDR system, and material properties present within the package. The time domain resolution of TDR can be estimated as approximately 1/10th to 1/5th of the TDR rise time.



The key to pinpointing short-circuit faults in 3D microelectronic packages is to obtain z-dimensional information about the defect in addition to x and y position data. Locked-in thermography (LIT) is a very promising technique designed to locate hot spots caused by short-term faults using a real-time graphical locking method designed to detect small signals hidden in higher intensity random noise. Scanning superconducting quantum interference device (SQUID) microscopy (SSM) has been applied as a non-destructive FI technique for short failures in conventional packages [27].



By developing more precise and reliable TSV metrology methods, manufacturers can enhance the quality and performance of 3D semiconductor packaging, paving the way for further advancements in the field. The geometrical shape of the TSV hole is defined by the following three parameters: top CD (diameter of the TSV hole on the surface, which can be measured using visible light), bottom CD (diameter of the TSV hole at the bottom, which is difficult to be measured using the visible light directly), and the depth of the TSV hole. Pan et al. [28] pointed out that the diameter, aspect ratio, and defects of the TSV hole all have an effect on the thermal behavior and stress field of the TSV structure. The total equivalent stress and deformation increase significantly with increasing TSV diameter. The aspect ratio has no effect on the total equivalent stress, but has a significant effect on the total deformation, especially for larger diameters. In addition, the larger the diameter, the more pronounced the effect. The equivalent stresses and deformations (from the center of the TSV to the edge of Si layer) increase with increasing diameter. The maximum stress is located at the Cu/SiO interface, and the maximum deformation is concentrated at the edge of Si layer.



Peng et al. [29] have proposed an innovative optical method for non-invasive detection of TSV geometry, called the high-frequency signal analysis (HFSA) method. This method involves irradiating the TSV hole with a laser beam and collecting the scattered light in the pupil plane. The scattered light carries information about the hole, and the high-frequency spectral signal in the pupil plane can be analyzed to derive the 3D profile of the hole. However, as this technique heavily relies on the diffracted high-frequency spectral signal obtained from the pupil data, accurate physical modeling methods are required to simulate the interaction between the incident point and the TSV hole. To accomplish this, the researchers used finite-difference time-domain (FDTD) analysis as a rigorous solver to calculate the pupil data for TSV diffraction.



The HFSA method has several advantages, including being a non-destructive and in-line method of measuring TSV geometry. Moreover, it offers high sensitivity and resolution, making it ideal for measuring small TSVs with high aspect ratios. Additionally, the method is fast, allowing for real-time monitoring and feedback during TSV fabrication processes. Although the HFSA method is promising, it also has some limitations. For instance, the accuracy of the method depends on the accuracy of the physical modeling used to simulate the interaction between the laser beam and the TSV hole. Additionally, the method may not work well in the presence of surface roughness or defects. Further research is necessary to improve the accuracy and applicability of this method for TSV metrology. Overall, the HFSA method offers a potentially valuable tool for the non-invasive and accurate measurement of TSV geometry, enabling the development of more reliable and high-performance 3D semiconductor packaging processes (Figure 3).
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Figure 3. FDTD schematic (adapted from [29]). 
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2.2. Metal Fill


Silicon through-hole filling technology is a crucial technology for 3D integration and accounts for up to 40% of the overall cost of TSV preparation. The effectiveness of silicon via filling directly affects the reliability and yield of the device. The electrical interconnect material for most current integration processes is copper, and the mainstream process is plating. There are several plating methods for copper filling, including conformal plating, super-conformal plating, and bottom-up plating. Conformal plating is a method that uniformly deposits copper inside and on the surface of TSV holes. In contrast, bottom-up filling selectively deposits copper on the bottom of TSV holes, leaving the hole walls and surface almost unplated. Super-conformal filling combines both methods (see Figure 4). In addition to these plating methods, accelerators (SPS), inhibitors (PEG), leveling agents (JGB), etc., can be used to achieve seamless filling of TSV. These additives alter the deposition rate of copper at various locations along the hole depth direction, ensuring hole-free filling of TSV. However, the use of these additives increases the complexity of the process.



Despite these various methods for copper filling, challenges still exist. For instance, the properties of copper plating may be affected by the presence of impurities, which can lead to poor filling performance. Additionally, the large aspect ratio of TSVs makes it difficult to achieve uniform filling, which can lead to voids and other defects that affect the reliability of the device. Furthermore, the deposition of copper can lead to stress and strain in the surrounding silicon, potentially causing cracking and other issues.



Many non-destructive methods for void detection in TSV have been investigated by different researchers. X-ray computed tomography has been shown to be an effective nondestructive tool for detecting micro-voids within TSV. The use of high-frequency scanning acoustic microscopy (SAM) for TSV void detection was reported by [30]. In addition to the gigahertz-SAM technique, other acoustic-based techniques, such as laser-based acoustic analysis, are being investigated, in which signals obtained from isolated through-holes and dense arrays are compared with those from void-free TSVs. Locked-in-phase thermography (LIT) is another non-destructive technique that uses a lock-in amplifier to detect very small thermal changes in the sample. Thermal images can be studied to detect faults, such as voids in TSVs.
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Figure 4. Three filling mechanisms of TSV. (a) Bottom-up plating; (b) super-conformal plating; (c) conformal Plating. 
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Physical defects (Figure 5) caused by immature filling techniques, such as resistive open circuits and TSV leakage, often undermine the reliability of 3D-ICs. Furthermore, TSVs are vulnerable in the manufacturing process, and many physical defects, such as micro-voids and pin-holes, frequently occur [31,32]. Table 1 signifies the percentage difference in peak noise of defective TSVs while compared with defect free case, wherein the percentage differences in the peak noise of the partially cracked and spherical air void defected TSVs (with rcon and rhole as 2.1 nm) compared to defect-free condition are 24.23% and 1.15%, respectively, at an hTSV of 30 nm [33]. Noah et al. proposed a method that uses probes to test TSVs simultaneously, by measuring their capacitance and resistance. However, modern cantilevered probes with pitches up to 35 μm face limitations in the placement of test probes and TSVs with pitches of 4.4 μm or less. To overcome this, Chen et al. [34] suggested a solution that converts the RC parameter of TSV to voltage using charge sharing, and measures it using a sensitive amplifier.
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Table 1. Percentage difference in crosstalk delay of a defective TSV compared to a defect-free case [33].
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hTSV (nm)

	
%Change in Vrosstalk Delay of Defected Conditions w.r.t Defect Free Condition




	
Air Crack with Connector

	
Spherical AIR Void




	
Rcon = 1.05

nm

	
Rcon = 2.10

nm

	
Rcon = 4.20

nm

	
Rcon = 5.04

nm

	
Rhole = 1.05

nm

	
Rhole = 2.10

nm

	
Rhole = 4.20

nm

	
Rhole = 5.04

nm






	
30

	
−1.3

	
−0.2

	
−0.14

	
−0.12

	
1.0

	
0.6

	
−1.6

	
−3.9




	
60

	
−1.7

	
−1.3

	
−0.37

	
−0.16

	
1.1

	
0.7

	
−1.3

	
−2.9




	
90

	
−1.6

	
−0.7

	
−0.28

	
−0.09

	
1.2

	
0.8

	
−0.9

	
−1.7




	
120

	
−1.5

	
−0.5

	
−0.16

	
−0.03

	
1.3

	
0.9

	
−0.2

	
−0.6









Yi et al. [31] proposed a non-invasive solution for pre-bonded TSV testing using pulse shrinkage. This method exploits the fact that defects in the TSV cause propagation delay variations. The rise and fall times are converted into pulse widths, which are digitized using the pulse shrinkage technique to obtain a digital code. This code is then compared with the expected value of a fault-free TSV to detect any faults.
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Figure 5. Physical defects of TSVs, (A) Barnes et al., used a focused ion beam (FIB) to cut the TSV to analyze Cu atom migration (adapted from [16]). Secondary ion images during the FIB slicing of a TSV with a 50 nm TiN barrier. (B) Physical defects of TSVs (adapted from [21]). (C) Relying on TSV for electrical interconnection. (D) Numerical simulation flow: residual stress analysis based on element birth and death technique and migration analysis based on multi-physics analysis. (adapted from [35]). 
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Barnes et al. [16] have used a focused ion beam (FIB) cutting technique to analyze Cu atom migration in TSVs. They acquired TOF-SIMS (time-of-flight secondary ion mass spectrometry) images to observe voids in the TSV and identify defects in the barrier layer. To achieve depth profiling of the TSV, a precise wafer dicing method was performed, followed by non-in situ plasma FIB cutting, so that only a thin SiO2 layer covered the sidewalls of the TSV. Dual-beam depth profiling was then used to examine the cut and FIB-polished side of the sample. The effectiveness of the barrier layer in Cu-TSV samples was evaluated, and a comparison between TSVs without potential barriers and those with a 50 nm thick TiN barrier was performed. This method not only characterizes the degree of TSV filling, but also enables the observation of any inhomogeneities in the thickness of the Cu and potential barriers that make up the TSV. Additionally, modern TOF-SIMS instruments equipped with FIB and other sputtering sources (Cs, O, etc.) provide versatility and allow for the analysis of the same sample using several different methods to obtain more comprehensive information. This approach can aid in the identification of TSV defects and help to optimize the manufacturing process to achieve more reliable and efficient 3D integrated circuits (Figure 5).



Nie et al. [36] concluded that there is a significant difference in the temperature distribution between intact TSV and defective TSV with some typical defects. The good agreement between experimental validation and simulation results shows that the method is feasible for TSV internal defect detection applications (Figure 6). The intact TSV and the defective TSV exhibit different external characteristics under thermoelectric coupling excitation. In the experiment, the test sample is placed on a heating rod. After a period, the temperature is conducted to the 3D packed sample of the TSV. At the same time, the temperature information is captured by the thermal imaging camera. The temperature of the intact TSV starts to gradually increase, and then, in the center of the TSV sample, the temperature gradually stabilizes and gradually decreases. The overall result shows a certain symmetry (Figure 6a). For TSVs with filling deletion, the heat can only be conducted along the inner wall caused by the complete absence of copper, with the lowest temperature in the center where it is missing and the highest temperature around the inner wall (Figure 6b). For TSVs containing gaps, since the TSV copper pillars contain gaps, when heat is conducted to the defect, heat will continue to transfer along the inner wall of the gap, so heat will accumulate in the gap ring and the temperature will increase (Figure 6c). For TSVs with defects in the bottom cavity, the temperature starts to rise at the defects, then tends to be smooth, and finally drops slowly. Since there are holes in the bottom, there are some barriers to heat conduction. Heat is first conducted along the copper column of the TSV without holes (Figure 6d). Therefore, the presence of defects can be clearly identified by comparing the three defects with the complete TSV.



In addition to this, Shang and Sun [36] proposed a multi-tone tuning jitter test method. First, the TSV defect equivalent circuit is obtained, and the multi-tone signal with Gaussian white noise is added as the excitation of the test simulation to extract the peak-to-average ratio for fault detection; the accuracy of this method can reach the micrometer level. Nair et al. [37] used Adam’s deep neural network algorithm to detect faulty TSVs in 3D-IC. Compared with the traditional random gradient algorithm, it has fast performance and a better convergence speed. The simulation results are outstanding in terms of area, line length, delay, running time, and temperature.
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Figure 6. Thermal images and 3D temperature distribution diagram. (a) Intact, (b) filling deletion, (c) containing gap, and (d) bottom cavity (adapted from [36]). 
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2.3. Electric-Field (E-Field) and Keep-Out Zone (KOZ)


The increase in the number of silicon vias (TSVs) per unit area results in electrical channels in adjacent semiconductor devices being closer to the depletion zone induced by the electric field (E-field) surrounding the TSVs. Given these negative effects, a keep-out zone (KOZ) is required to ensure proper operation of three-dimensional integrated circuits (3-D ICs) using TSVs. All logic cells must be placed where the carriers within the PMOS/NMOS channel are not affected by the electric field (E-field) around the TSV [38]. There are several ways to determine the no-go zone (KOZ) of 3-D ICs. Kabiem’s research show that for an accurate KOZ, the charge carriers in the depletion zone and the charge type defects in the TSV must be considered [39] (Figure 7). In this work they developed a KOZ determination method for TSV by solving Poisson’s equation (Equation (1)). It is worth noting that, especially for transistors, stress changes the carrier mobility and, thus, the performance of the transistor. As such, the size of the KOZ also depends on the size of the TSV [40]. Equations (1)–(3) are as follows:


   W  koz   (  φ s  ≠ 0 ) =  r 1    exp       1 +    φ s  +  r 1    2   τ s  (  φ s  )      φ s    2  + 2  r 1    2   η s  (  φ s  )         − 1     − 1    



(1)






   τ s  (  φ s  ) = −   q  N a     ε  S i       exp   −   q φ s   K T     − 1 +    n i    2     N a    2       



(2)






   W  koz      φ s  = 0   =  r 1    exp       1 +   1 +  r 1    2    q  N a     ε  s i      q  K T         − 1     − 1    



(3)




where    N a    is the doping concentration in p-type Si,    ε  s i     is the permittivity of Si,    φ s    is the surface electrical potential,    n i    is the intrinsic carrier concentration of Si, q is the electron charge, K is the Boltzmann constant, and T is the absolute temperature.
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Figure 7. Charge-type imperfections, which include mobile oxide charges (Qm), oxide trap charges (Qot), fixed oxide charges (Qf), and interface trap charges (Qit) in a TSV (adapted from [39]). 
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Therefore, an insulating dielectric liner needs to be deposited after the silicon via etch is complete to increase breakdown voltage and reduce leakage current. In high aspect ratio TSVs, liner, barrier, and seed deposition technologies are critical for process integration and reliability. The reliability of the liner is studied by applying a negative voltage to the TSV (known as the copper closed mode). In this stress mode, the copper ions of TSV are attracted by the voltage source and are not injected into the pad during the test. This makes it possible to study the inherent liner characteristics. The barrier performance is studied by comparing the measurement results in the copper closed mode with the measurement results obtained when a positive voltage is applied to the TSV (later known as the copper drive mode). In the latter stress mode, copper ions are pushed into the liner in the case of barrier defects. The large difference in TDDB data between the two modes may indicate poor barrier characteristics (Figure 8) [20,41].
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Figure 8. Cu-confined and Cu-driven schematic (adapted from [41]). (a) TDDB data of Cu-confined model (b) TDDB data of Cu-driven model. 
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3. TSV Reliability


3.1. Copper Contamination


After completing the silicon via etch in high aspect ratio TSVs, it is necessary to deposit an insulating dielectric liner to increase the breakdown voltage and reduce current leakage. The electromigration (EM) wear mechanism observed in contemporary CMOS damascene copper interconnects primarily involves void formation and expansion. Notably, the maximum divergence of current flow takes place in proximity to the via at the cathode of the line, resulting in void nucleation at the interface between copper and the dielectric layer (Cu/SiN or Cu/SiCN). This interface is particularly vulnerable due to its poor adhesion properties, leading to a high diffusion rate and making it the weakest point. Consequently, the presence of an inadequate barrier can lead to the occurrence of leakage currents. Therefore, ensuring the deposition of suitable liner, barrier, and seed technologies is essential for achieving reliable process integration [42]. In order to ensure the reliability of the liner, a negative voltage is applied to the TSV to attract copper ions towards the voltage source, preventing them from being injected into the pad during the test. This method allows for the study of the inherent characteristics of the liner. The barrier performance, on the other hand, is analyzed by comparing measurement results obtained in the copper closed mode with those obtained when a positive voltage is applied to the TSV. In case of barrier defects, copper ions are pushed into the liner during the latter stress mode. A significant difference in TDDB data between the two modes may indicate poor barrier characteristics. Therefore, it is essential to conduct these tests to ensure that the TSVs meet the desired reliability standards, and to improve the liner and barrier deposition technologies to achieve optimal performance [21,35,43].



In addition, the electrical characteristics of through-silicon vias (TSVs) are influenced by several factors, including the geometry, material properties, and temperature of the TSV. As a result, numerical calculations in simulation software become more complicated and time-consuming. To accurately model the behavior of TSVs, simulation software must consider a wide range of parameters, such as the length, width, aspect ratio, and shape of the TSV. Additionally, the electrical properties of the surrounding dielectric and conductive materials, as well as the temperature-dependent behavior of the TSV, must also be considered.



Despite the complexity of simulating TSVs, various software tools, such as the high-frequency structure simulator (HFSS) and computer simulation technology (CST), are available to calculate the transmission characteristics of TSVs. These tools employ numerical methods, such as finite element analysis (FEA) and finite difference time domain (FDTD), to model the behavior of TSVs and predict their electrical performance. By simulating TSVs using these software tools, designers can optimize the TSV geometry and material properties to achieve desired electrical characteristics, including high bandwidth, low insertion loss, and low crosstalk. The electrical characteristics of TSVs are determined by several factors, making numerical simulations complex and time-consuming. However, software tools, such as HFSS and CST, can be used to model the behavior of TSVs and predict their electrical performance. By optimizing the TSV geometry and material properties using these tools, designers can achieve the desired electrical characteristics of TSVs for high-performance electronic applications.



Atomic migration (AM) is a significant concern for the reliability of backend of line (BEOL) interconnects, which refers to the mass transport of metal atoms caused by the electron wind and intensified by temperature. Therefore, atomic migration consists of electromigration (EM), stress migration (SM), and thermal migration (TM). This phenomenon can lead to the formation of voids, which can eventually result in open circuits, causing a malfunction or failure of the interconnect. The void formation is mainly caused by the accumulation of metal atoms, which is driven by the electron wind and the thermal energy generated by the current flow. The resulting voids may initiate or propagate cracks in the surrounding dielectric layers, compromising the electrical conductivity of the interconnect. Therefore, it is essential to understand and mitigate the effects of atomic migration to enhance the reliability of BEOL interconnects. Notably, atomic migration can also be a significant reliability issue for through-silicon vias (TSVs), where the mass transport of metal atoms can cause voids, leading to the failure of the interconnect [44].



The behavior of electrons and the copper lattice in backend of line (BEOL) interconnects can lead to atomic migration, which has significant impacts on the reliability of the interconnects. Specifically, the momentum exchange between electrons and copper atoms causes the migration of copper atoms, leading to void formation in their original positions. Furthermore, copper atoms can accumulate in the silicon layer, causing contamination and the formation of mound-like protrusions. This phenomenon can be driven by a variety of physical mechanisms, including electric currents, stress gradients, and temperature gradients. Atomic migration can be classified into three types: electromigration (EM), stress migration (SM), and thermal migration (TM), which are governed by the mass balance equation.



Research by Cheng et al. [35] has shown that stress migration occurs earlier than electromigration in copper through-silicon vias (TSVs), regardless of the presence of Bosch scallops. This finding suggests that stress is a key factor in the early migration failure of copper TSVs. Moreover, significant atomic migration can be observed at both ends of the TSV and in the region around the Bosch scallop. Concentration fluctuations with a maximum amplitude of 0.38 can also be induced along the Bosch scallop interface, which increase with the width of the Bosch scallop. However, reducing the Bosch scallop width to below 20 nm can avoid significant atomic migration and stress concentration. Additionally, optimizing the working and process temperatures can minimize the migration failure of copper TSVs.



Overall, atomic migration is a complex phenomenon in BEOL interconnects that can lead to the failure of the interconnects. Understanding the physical mechanisms driving atomic migration is crucial for designing reliable interconnects. Proper design and fabrication techniques should be employed to prevent or minimize the effects of atomic migration in TSVs, including optimizing the working and process temperatures, reducing the width of the Bosch scallop, and reducing stress concentrations.



The effect of copper contamination caused by TSV on the reliability of 3D-IC devices was electrically characterized by Beya et al. [17] The effect was measured by capacitance time (C-t). Cu/Ta gate trench capacitors with two types of Ta barrier layers were fabricated with thicknesses of 10 and 100 nm. The C-t curve of the trench capacitor with a 100 nm thick Ta layer did not change after annealing at 300 °C for up to 60 min. However, the C-t curve of the trench capacitor with a 10 nm thick Ta layer was severely degraded even after 5 min of initial annealing. This means that Cu atoms diffuse from the Cu-TSV into the active region through the scalloped portion of the TSV with a very thin Ta layer, and, therefore, the lifetime of minority carrier generation is significantly reduced. C-t analysis is a useful method to electrically characterize the effect of Cu contamination of Cu-TSVs on the reliability of devices in fabricated wafers [17].




3.2. Thermal Management


The generation of excessive heat within a confined region inherently gives rise to a more substantial temperature elevation, thereby causing potential performance degradation and, in severe instances, physical harm to the circuit. In a 3D-IC chip stack, where one end is typically allocated for electrical interconnections, only a singular end can be utilized for effective heat dissipation. Consequently, the options for heat dissipation may be constrained, particularly within the middle section of the stack [45]. Thermal management is a critical aspect of 3D ICs that has a significant impact on their performance and reliability. In 3D-ICs, two primary mechanisms are used for thermal management, namely thermal junctions and thermally conductive pillars. The purpose of thermal junctions is to collect heat from various regions of the IC. On the other hand, thermally conductive pillars are utilized to dissipate heat from the substrate. Their role is comparable to that of through-silicon vias (TSVs). It is essential to consider copper TSVs in the thermal management of 3D-ICs as an effective vertical heat dissipation pathway in stacked ICs. This entails optimizing their distribution and stacking while also considering the associated reliability risks.



To elaborate further, thermal junctions and thermally conductive pillars play crucial roles in mitigating the effects of heat on 3D ICs. Thermal junctions are typically formed by connecting multiple layers of a 3D IC through metal lines, thereby facilitating heat transfer between different areas of the IC. On the other hand, thermally conductive pillars are vertical interconnects that traverse the entire thickness of a 3D IC. These pillars are responsible for dissipating heat from the IC’s substrate, which is essential for maintaining optimal operating temperatures. Several research efforts have concluded that the top surface temperature of Si wafers containing Cu-TSVs is higher than that of Si wafers without Cu-TSVs as the heating power increases. This phenomenon is attributed to the preferential heat transfer through a Cu TSV in the vertical direction caused by the high thermal conductivity of Cu, which implies that a Cu TSV is an efficient vertical heat dissipation path [36,46]. This also poses several challenges for the reliability of the TSV.



Copper TSVs are increasingly being recognized as a promising solution for thermal management in 3D-ICs due to their excellent thermal conductivity properties. By providing an efficient vertical heat dissipation pathway, they can significantly reduce the temperature gradients within stacked ICs, leading to improved performance and reliability. Moreover, copper has excellent mechanical and electrical properties that make it a popular filler material for TSV structures, back-end-of-line (BEOL), and micro-solder blocks. This is because copper is highly compatible with current microelectronics manufacturing processes, including integration with front-of-line (FEOL). However, the design of reliable copper TSVs remains a significant challenge. Optimizing the distribution and stacking of TSVs is critical to ensure effective heat dissipation while minimizing thermal stresses that can arise during operation. Additionally, the thermal expansion coefficient of copper differs from that of silicon, which can cause significant stress and deformation during the manufacturing and operation of TSVs. As a result, it is essential to design TSVs with appropriate dimensions and spacing to minimize the thermal stress and deformation that can occur during operation.



Another important consideration when designing copper TSVs is their impact on the performance of the IC. The introduction of TSVs leads to increased parasitic capacitance and resistance, which have a negative impact on signal integrity and power consumption. Therefore, optimizing the design of TSVs to minimize their impact on the IC’s electrical performance is critical [7].



	(1)

	
TSV Resistor







The skinning effect emerges as a prominent factor influencing the parasitic resistance of through-silicon vias (TSVs) at high frequencies. In the direct current (DC) scenario, the current passing through the TSV is uniformly distributed across its entire cross-section. However, as the frequency of the signal traversing the TSV escalates, the current density no longer remains uniform and exhibits an exponential decrease with increasing distance from the TSV’s surface (i.e., its sidewalls). Consequently, the skinning effect prompts the majority of the current to flow near the surface, leading to a reduction in the effective cross-sectional area of the TSV and an associated increase in its effective resistance. The depth at which the current density diminishes by a factor of 1/e with respect to the current density at the conductor surface is defined as the skinning depth.
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TSV Inductor







The concept of inductance is grounded in the formation of a loop created by the regions of current inflow and outflow. However, identifying the precise current return path within intricate integrated circuits, such as passive devices, like capacitors, presents a challenge. Typically, the current return path in integrated circuits is concentrated within the power distribution network (PDN) or in adjacent conductors. As integrated circuits grow increasingly complex, signal transmission no longer adheres to a single fixed return path; instead, several, or even a multitude of wires, may collectively serve as the return path. Three primary factors exert significant influence on TSV inductance. Firstly, the skinning effect impacts inductance, followed by the proximity effect, and lastly, the redistribution of multiple return paths. In instances where multiple return paths exist, the total loop inductance of the TSV encompasses the summation of partial loop inductances and their corresponding return paths.
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TSV Capacitor







The capacitance of a through-silicon via (TSV) exhibits a higher level of complexity when compared to its resistance and inductance counterparts. This complexity stems from the physical structure of the TSV, which gives rise to a metal oxide semiconductor (MOS) configuration. Consequently, in deriving a comprehensive expression for TSV capacitance, it becomes imperative to account for the MOS effect. Specifically, when a particular voltage is applied to the TSV, a depletion layer capacitance emerges between the insulating layer and the silicon substrate.



	(4)

	
TSV Conductance







The conductance of the TSV is composed of two parts, one generated by the insulating layer surrounding the TSV and the other due to the loss of the silicon substrate.



The key challenge associated with the long-term structural reliability of TSV technology stems are the different thermal expansion coefficients (CTEs) of Cu (17.5 × 10−6 K−1) and Si (2.6 × 10−6 K−1), which can lead to thermal stresses in these structures during thermal excursion of microelectronic devices [7,47]. The presence of large thermal stresses in TSV structures can be particularly detrimental to silicon, which is a brittle material. If the thermal stresses exceed the strength of the silicon, it can lead to cracks and fractures that can compromise the performance and reliability of the IC. Furthermore, the fracture of the Si−Cu interface can cause delamination, which can also lead to performance and reliability issues. The study by Kumar et al. [7] examined the fracture of Si wafers in CF-TSV caused by annealing in the temperature range of 250–550 °C and natural aging after annealing. They observed the nucleation of microcracks in Si near the Cu column, which propagated at a constant rate during post-annealing room temperature aging, thus, confirming delayed fracture in Si. Microstructural examination showed that the microcracks were the result of Cu-Si compounds formed during the annealing process and that the cracks were caused by Si oxidation at the crack tips’ extension (Figure 9) [48,49].



Initially, silicon (Si) reacts with oxygen to form a layer of silica, which subsequently experiences fracture due to slow crack growth following the mechanism proposed by Wiederhorn [48]. Moreover, the failure of micrometer-thick polysilicon films under fatigue loading and environmental conditions can be attributed to the thickening of the oxide layer and subsequent fracture. This fracture occurs due to a subcritical crack extension induced by moisture within the oxide layer. The oxidation of Si primarily occurs in a narrow region along the crack, leading to the reasonable assumption that Si undergoes oxidation only near the crack tip. The presence of Cu−Si compounds results in consistently high residual stress at the crack tip, thereby significantly accelerating oxidation kinetics. As the average free velocity of oxygen under ambient conditions is 480 m/s, the supply of oxygen to the crack tip does not pose a limiting factor influencing the relatively rapid rate of slow crack extension in CF-TSV samples.



The influence of temperature on protrusion is more pronounced compared to that of annealing time. Additionally, the impact of annealing temperature on residual stresses in the TSV structure is significant. Higher annealing temperatures give rise to increased stresses and deformations, both at elevated temperatures and at room temperature. When the annealing temperature surpasses 350 °C, the protrusion height experiences a sharp increase. This occurs because, under the constraint of the surrounding Si substrate, the Cu can only expand continuously and vertically as the annealing temperature rises. The significant coefficient of thermal expansion (CTE) mismatch between Si and Cu generates greater stresses in the Cu as the TSV undergoes heat treatment. At a sufficiently high temperature, when the thermal stress in the Cu TSV exceeds the yield stress of Cu, irreversible and permanent plastic deformation occurs. Consequently, the Cu material extrudes from the TSV structure. Upon cooling the wafer to room temperature, the elastic deformation recovers, but the irreversible and permanent deformation in the Cu material remains, preventing it from returning to its original shape or length. Thus, a Cu protrusion forms, disrupting the electrical connection of the device and resulting in the failure of the substrate protrusion.



When 3D ICs structures undergo thermal cycling during the processing stage, it can cause residual mechanical stresses to form in the active silicon region. These mechanical stresses have the potential to alter the carrier mobility in the active silicon, which ultimately impacts the device’s performance. The degree to which mechanical stresses and carrier mobility are affected is dependent on the thermal excursions during processing and the physical properties of the constituent materials. It is also worth noting that during the formation of Cu-Si compounds, which occurs when copper diffuses into the silicon, a large compressive stress is generated in the silicon. This stress can lead to the nucleation of microcracks in the silicon wafer near its sharp edges. Over time, the microcracks in the silicon wafer along the [1 1 0] direction grow slowly, leading to the merging of cracks produced by different TSVs. To prevent or delay the cracking of the diffusion barrier layers, thicker barrier layers, silicon walls with flatter scallops, and lower fabrication and operating temperatures can be implemented. By doing so, the likelihood of microcrack formation and subsequent merging of cracks can be reduced [13].
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Figure 9. (a) TSV sample; (b) TSV sample after 550 °C annealing; (c) TSV sample after 550 °C annealing and aging 35 days at room temperature; (d) SEM micrographs showing the top view of an array of CF−TSV after annealing at 450 °C after 70 days of natural ageing; (e) SEM micrograph showing the procedure used for measuring the crack length. (f) Variation in crack length of different surface cracks with the duration of natural ageing (adapted from [7]). 
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The current insulating dielectric layer material used in TSV technology is primarily silicon dioxide (SiO2). However, SiO2 has a significant thermal expansion coefficient (CTE) mismatch with copper, which can lead to reliability issues. This mismatch in CTE can trigger various problems, such as copper plastic expansion outwards, interface cracking, silicon substrate rupture, and more. If these problems are not adequately addressed, they can eventually lead to a significant impact on the service life and reliability of the 3D integrated system. The thermal expansion mismatch between SiO2 and copper is a critical issue that needs to be resolved to ensure the long-term reliability of TSV technology. When subjected to temperature changes, the difference in the CTE of SiO2 and copper can result in mechanical stresses that can cause the copper to deform or even crack, leading to a failure of the TSV structure. Furthermore, the thermal expansion mismatch can also cause the SiO2 to crack or delaminate from the copper, leading to additional reliability issues. To overcome these challenges, several alternative materials are being investigated to replace SiO2 as the insulating dielectric layer material. One promising option are low-CTE materials, such as silicon nitride (Si3N4), which can provide a closer match to the CTE of copper and reduce the mechanical stresses on the TSV structure during thermal cycling. Other materials, such as organic polymers and spin-on glasses, are also being investigated as potential candidates for insulating dielectric layers in TSVs.



In conclusion, the mismatch in the thermal expansion coefficient between SiO2 and copper presents a notable challenge in TSV technology. This challenge has the potential to adversely affect the reliability and long-term performance of 3D integrated systems. To overcome this issue and enhance the reliability of TSV structures, researchers are exploring the use of alternative materials with lower coefficients of thermal expansion (CTE). Additionally, the implementation of microfluidic cooling has emerged as a promising solution for 3D ICs with high power density. Since 2012, the US Defense Advanced Research Projects Agency (DARPA) has been actively involved in the development of the Intra-Chip/Inter-Chip Enhanced Cooling (ICECool) thermal packaging program. This program aims to address cooling limitations and overcome significant barriers to further progress in Moore’s Law for electronic components and systems. Microfluidic cooling is employed as an active thermal management technique, enabling direct cooling of heat-generating sites within the chip, substrate, and/or package. By controlling the flow rate in liquid cooling, thermal hot spots can be mitigated while optimizing the overall energy consumption of the cooling system. Minimizing the pressure drop in integrated microchannel cooling networks is a key challenge that needs to be addressed in order to achieve efficient cooling [45,50]. Microfluidic cooling stands out as a highly promising thermal management technology for 3D ICs. However, there are several significant technical challenges that need to be addressed to ensure the widespread adoption of this technology. From a scientific standpoint, it is crucial to gain a comprehensive understanding of the physical properties of liquid–gas phase change processes, with a particular focus on optimizing heat dissipation. This includes exploring scenarios, like thin film evaporation, to maximize the efficiency of heat transfer.




3.3. Stresses


Through heating and cooling processes, the through-silicon via (TSV) undergoes volume changes which can result in induced stresses. The TSV processing temperature is typically higher than the post-operating temperature, leading to residual stresses that can impact both the silicon and the TSV. The magnitude of the induced stresses in the TSV depends on several factors, including the diameter of the TSV and the difference between the processing and operating temperatures. Larger TSV diameters tend to have greater stress magnitudes because the equivalent force and deformation increase as the distance from the center of the TSV to the edge of the silicon increases [28] (Figure 10). This residual stress can lead to delamination and even cracking during the lifetime of the component, which can lead to the failure of the entire integrated system [51]. The through-silicon via (TSV) copper experiences elasto-plastic deformation and creep during the manufacturing process, which exposes it to high thermal loads. As a result, the stress distribution during the service process may differ significantly from the previous process, which leaves behind thermal residual stresses that do not cause deformation at stress-free temperatures. Moreover, different components of the IC have distinct thermal residual stresses due to variations in their package flatness planarity (PFP), thermal loads, locations, and structures, as well as elasto-plastic deformation mechanisms. PFP-induced thermal residual stresses can substantially impact the TSV’s future deformation [13,18,31].



Residual stresses are an important factor that affects the shape, size, and performance of devices, especially integrated devices (IDs) and micro-electromechanical systems (MEMS). These systems may undergo plastic deformation when subjected to thermal residual stresses that exceed the yield strength of the material. Additionally, when thermal residual stress surpasses the material limit, it may lead to crack formation and growth, which is highly undesirable. Therefore, it is crucial to reduce and eliminate thermal residual stresses to improve the mechanical properties and service life of these devices. To achieve this, optimizing the distribution of residual stresses by properly controlling the package flatness planarity, shape, and size of the ID can extend the mechanical properties and service life. Researchers have also investigated the relationship between residual stresses and fatigue life, focusing on improving the relationship between residual stresses and the PFP. Furthermore, analyzing and optimizing the PFP of 3D integrated circuits (ICs) can be performed through an effective and convenient finite element method. By utilizing this method, it is possible to achieve optimal PFP and improve the performance and longevity of the 3D ICs. Therefore, understanding and controlling residual stresses is critical to ensuring the reliable and efficient operation of microsystems, IDs, and MEMS [18,52].
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Figure 10. (a) Radial stresses around a TSV; (b) circumferential stresses around a TSV [51]; (c) variation in TSV stress with distance; (d) variation in TSV stress with temperature and TSV density [53]. 
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In addition, due to its higher coefficient of thermal expansion (CTE), copper mainly generates tensile radial stresses within the silicon, while compressive circumferential stresses occur within the silicon. Consequently, the interface between the TSV and the silicon substrate experiences the highest stresses, making it the most vulnerable to failure. The stress distribution also exhibits quadruple symmetry due to the cubic symmetry of the silicon crystal. At higher temperatures, such as during TSV annealing, copper expands, resulting in increased compressive stresses around the TSV laterally and additional pumping out along the TSV towards the chip surface. This can cause additional stresses and potentially delaminate the functional layers atop the TSV. However, annealing and chemical mechanical polishing (CMP) of the copper protrusions can mitigate this effect.



Moreover, the radial and circumferential stresses generated by the CTE mismatch between the copper and silicon also impact the mechanical and electrical properties of the TSVs. For instance, the tensile radial stresses in copper can cause void formation, which can lead to the degradation of TSV electrical performance. Additionally, the compressive circumferential stresses can influence the mechanical strength of TSVs and their adhesion to the silicon substrate [7,51,54].



Due to the small size of through-silicon vias (TSVs), it is crucial to use microscopic characterization techniques to test their reliability. Although several experimental methods have been employed to analyze the stress distribution on TSVs, including micro-Raman spectroscopy and synchrotron X-ray microdiffraction techniques, these techniques tend to be expensive and have limitations. In contrast, numerical simulations are a popular and cost-effective method for evaluating the reliability of TSVs, such as using finite element analysis [35,55]. One study conducted by Kim et al. [14] found that the silicon near Cu TSVs undergoes significant stresses during processing steps. To characterize the local stress of Si around Cu TSVs of sizes ranging from 4 to 8 μm, micro-Raman spectroscopy was utilized as a function of processing steps. The measured stresses were then used to determine the keep-off-zone that can be used in device design to ensure reliability. It is worth noting that the Raman displacement is proportional to the sum of the stresses. Therefore, even if the actual stress is relatively high, it may lead to a low Raman shift. Hence, assuming that the region has no stress due to the low Raman shift is incorrect and can result in inaccurate predictions. It is important to verify finite element simulations of stress distribution in TSVs by conducting micro-Raman spectroscopy and vice versa. By generating a model and using appropriate material data, finite element analysis can be used to simulate the stress behavior in a chip with integrated TSV. With numerical simulations, it is possible to assess the reliability issues of TSVs without incurring significant costs or limitations, unlike experimental methods, such as micro-Raman spectroscopy and synchrotron X-ray microdiffraction techniques. In addition to the conventional methods mentioned above, an ion beam delamination (ILR) method was proposed by Si Chen et al. to determine the residual stresses at the TSV-Cu/TiW/SiO2/Si interface on the nanoscale [56]. This method measures the corresponding deflection δ(t) from a high magnification SEM image of the microcantilever tip region, calculates the curvature κ from the microcantilever length and the original cantilever deflection δoriginal, and then solves for the stress gradient. Additionally, Cho et al. introduced optical second-harmonic generation (SHG) scanning microscopy to characterize strain fields around TSVs while maintaining micrometer spatial resolution [57].




3.4. Noise Coupling


One of the major challenges of TSVs is their signal integrity (SI) characteristics, particularly coupling. TSVs have a relatively large diameter and are suspended in a low-resistance silicon substrate with only a thin layer of oxide (known as a TSV liner) separating them from the substrate. This thin oxide liner and the large TSV surface area result in significant capacitance between the TSV and the substrate. As a result, signal coupling occurs from the TSV into the substrate and then to other TSVs. The diameter of the TSV and the thickness of the liner are determined by the manufacturing process and cannot be easily altered. Thus, designers must consider design techniques to handle the low-impedance coupling path between TSVs. Failure to address noise coupling may cause a circuit to malfunction or degrade its performance in several ways. It is important to consider TSV fabrication techniques for power–noise coupling during service. Typical TSV parameters with noise trends using different fabrication techniques are presented in Table 2. The power supply noise in TSV-based 3-D ICs increases with the scaling of CMOS technology. This trend occurs because the current density within each layer and the operating frequency of 3-D ICs tend to increase as CMOS technology scales. With the same TSV technology and distribution conditions, larger currents pass through each P/G TSV, resulting in higher levels of on-chip power supply noise in 3D ICs.



The noise signal ratio due to on-chip inductance is increasing due to increased switching speeds, reduced spacing between interconnects, and reduced device noise tolerance. The effects of this noise, such as oscillation, overshoot, and downshoot, make chip performance a concern in design. The effects of crosstalk-induced overshoot and undershoot generated at noisy sites can propagate false switches and generate logic errors. False switching occurs when the overshoot or downshoot amplitude exceeds the threshold. The peak overshoot and undershoot generated by the noise field can wear away the thin gate oxide layer and lead to permanent chip failure. As the line resistance increases, the noise peak decreases. As the width of the PMOS driver increases, the victim line is more susceptible to crosstalk noise. The crosstalk level increases substantially with increasing driver width, as shown in Table 2.
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Table 2. Typical parameters for different TSV fabrication technologies [58,59].
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	Parameter
	Via-First
	Via-Middle
	Via-Last





	Diameter (μm)
	4
	4
	10



	Pitch (μm)
	8
	8
	20



	Length (μm)
	10
	60
	60



	TSV resistance (Ω)
	5.7
	0.9
	0.02



	TSV inductance (pH)
	4.2
	49.8
	34.9



	TSV coupling capacitance (fF)
	1.2
	6.7
	6








For instance, coupling between signal transmission lines may result in changes in the logic value at the transistor gate input, leading to incorrect logic or short-circuit currents. Similarly, coupling between the signal TSV and the power supply TSV can lead to changes in the VDD or GND supply rails, which can increase leakage currents. Furthermore, TSV−TSV coupling may result in the conversion signal changing value too slowly, leading to timing violations. Therefore, to mitigate the adverse effects of coupling, 3D IC designers can implement various design techniques, such as optimizing the power distribution network, utilizing shielded TSVs, and reducing the signal’s rise time. These techniques can help reduce the impact of noise coupling and improve the overall signal integrity of TSVs in 3D ICs [3,60].



According to the shrinking of CMOS technology CMOS RF/mixed signals is the leading response for moderate cost, moderate power, and extreme functionality and provides higher performance. However, circuit sizes are becoming tremendous and enlarging the noise of digital circuits. As such, it is observed that digital noise leaks from RF circuits to the substrate, which will decrease the RF circuit’s performance. The important choice is to enhance the noise among digital and RF circuits. From all this observation, researchers made use of electrode materials for the surface layer of the TSV and a copper material for the outer layer and then verified the results [61]. Kumar et al. [62,63] provided an accurate model for the dynamic crosstalk analysis of coupled multiple on-chip interconnects driven by CMOS inverters. The proposed model is developed using the finite difference time domain (FDTD) technique for coupled RLC interconnects, whereas the alpha power law model is used to represent the transistors in a CMOS driver. Over the random number of test cases, crosstalk-induced peak voltage and propagation delay show average errors of 1.1% and 4.3%, respectively, with respect to HSPICE results. The finite-difference time-domain (FDTD, Figure 11d)) technique is widely used to solve electromagnetic wave problems. It is a fast, accurate, and powerful technique involving the discretization of electromagnetic fields in the time domain [64]. Several researchers have proposed various improved FDTD techniques to overcome CFL stability criteria based on different algorithms, such as alternating direction implicit FDTD, stepwise FDTD, and Crank–Nicolson FDTD; Kumar et al. argue that large-scale integrated (VLSI) interconnects are driven and terminated by nonlinear CMOS drivers and capacitive loads, respectively. Therefore, the existing unconditionally stable FDTD (US-FDTD) technique is not suitable for analyzing the performance of VLSI interconnects. They developed a new model in which the interconnects are driven by nonlinear CMOS drivers that are modeled by an improved alpha power-law model that includes drain conductance parameters [64,65].
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Figure 11. (a) An illustration of TSV-related coupling; (b) structure of the TSV-TSV coupling noise; (c) an illustration of the 3D victim net; (d) schematic of coupled interconnects driven by CMOS drivers and the representation of space discretization of an interconnect line for the US-FDTD technique. (adapted from [1,64,66]). 
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To reduce the degree of cross-coupling between TSVs, a shield can be inserted between them. This shield can be made of any metal piece that hinders the propagation of electromagnetic waves. However, optimizing the placement of the shield requires more work. Previous studies on TSV coupling have mainly presented circuit models of the coupling phenomenon.



For instance, in a study published in [67], the authors proposed a TSV noise coupling model based on the three-dimensional transmission line matrix method (3D-TLM). This model allows for the estimation of the noise coupling transfer functions from TSV to TSV and from TSV to active circuits in a complex 3D structure. In another study published in [68], the authors examined the parasitic substrate coupling effects in 3D-ICs caused by TSVs. They performed electrical characterization by studying some test structures to extract the electrical model of substrate coupling with RF signals. In [69], the authors presented an equivalent circuit model for differential TSV pairs. They calculated and analyzed the key differential characteristics based on the aggregate circuit model of multiple TSVs. However, circuit models are very accurate but take a long time to solve because they require solving a system of differential equations.



Therefore, to speed up the optimization process during chip-level shield placement, Liu and Serafy et al. [1,3,66,70] proposed geometric models for TSV cross-coupling. These models can be quickly solved, unlike circuit models. In [1], the authors proposed an intelligent method based on genetic algorithms (GAs) and a recent particle swarm optimization (PSO) heuristic model to identify the parameters of TSV-TSV and TSV–contact noise coupling in 3D IC design. Both models included equivalent circuits for TSV, RDL (redistribution layer), metal interconnects, and substrates.



Modeling TSV structures and simulating them in the time domain is one of the most critical issues in this field. Thus, future research should focus on developing more accurate and efficient modeling and simulation techniques to address the challenges posed by TSV coupling in 3D IC design [71,72].





4. Outlook


4.1. New Etching Techniques


The ever-increasing integration of integrated circuits demands TSVs with smaller feature sizes and diameters. However, the conventional TSV etching process is inadequate for future integrated circuits with feature sizes smaller than 3 nm. Therefore, researchers are exploring new etching techniques to realize TSV fabrication. Chemical or physicochemical combinations are promising approaches for TSV etching, which are expected to replace the traditional single etch mode. Several research groups are working on developing new etching techniques, such as using magnetic fields to attract metal catalysts deposited on silicon surfaces for faster etch speeds when fabricating high-magnification grating structures. In addition, thermal atomic layer etching is a viable solution for atomically accurate material removal and TSV fabrication on a very small scale.



Furthermore, TSVs are not only becoming smaller, but also denser. The ever-increasing number of TSVs per unit area poses new challenges to TSV fabrication techniques. Therefore, new methods for controlling the depth and diameter of TSVs are being explored. For example, high-speed plasma beams can be used to etch TSVs with a high aspect ratio and uniform diameter. Moreover, novel materials with improved thermal and electrical properties are being investigated to enhance TSV performance and reduce power consumption. For instance, researchers are exploring the use of graphene, carbon nanotubes [73,74], and other 2D materials [75] as TSV liners and interconnects due to their high thermal conductivity and excellent electrical properties.



In addition to new etching techniques and materials, TSV reliability and quality assurance are critical factors for successful 3D IC integration. Non-destructive metrology techniques have been developed to measure TSV dimensions, integrity, and filling defects. Moreover, advanced simulation tools, including finite element methods and artificial intelligence and machine learning, are used to predict and optimize TSV performance, reliability, and yield. However, there is still a need for complete design tools and methodologies to address the challenges posed by TSV fabrication and integration in 3D ICs. Therefore, further research is needed to develop robust and efficient TSV fabrication processes, quality control techniques, and design methodologies to enable the realization of advanced 3D ICs [22,23,76].




4.2. New Design Tools and Approaches


As the integration of integrated circuits increases, the use of 3D-ICs has become popular due to its capability of stacking multiple chips together vertically, resulting in a higher transistor density with reduced interconnect power and latency. However, this approach comes with several challenges that must be considered during the design process. The increased interconnect complexity poses a risk to signal integrity, and the noise coupling between TSVs, signal delays caused by thermal-electrical coupling, and the effects of stress on carriers must be taken into account. Furthermore, global routing has become a critical aspect, and the optimization of the cost function with layer assignments based on dynamic programming is essential to achieve less overflow and fast convergence [77,78].



The electrical state of TSVs is coupled with multiple physical domains, and highly inhomogeneous power densities and large temperature gradients must be avoided. Additionally, the coefficients of thermal expansion of the TSV material and the substrate material may introduce large mechanical stresses, leading to delay variations in the driver through electrical–mechanical coupling [79,80]. Such delay variation may introduce bias for delay-sensitive clock tree designs, and, therefore, a robust physical design in 3D ICs with TSVs requires optimization in terms of coupling in the electrical, mechanical, and thermal domains [20,81,82].



The deployment of signal TSVs across the 3D chip may result in uneven temperature differences, leading to significant clock offsets due to the electrical–thermal coupling of the signal TSVs. The stresses induced by the TSVs may also affect the mobility and latency of the driver, further worsening the clock offsets of the electrical–mechanical coupling of the driver across the 3D chip. Hence, conventional design approaches that do not consider temperature and stress gradients may become inaccurate and unreliable. Thus, there is a need for new design tools and methods to handle these issues.



We have collected some new TSV performance with the new manufacturing process, as shown in Table 3.
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Table 3. TSV parameters under different new processes.
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	hTSV
	RTSV
	Equivalent Circuit
	Insertion Loss S21
	Reference





	MW-CNT TSV
	100 μm
	10 μm
	[image: Applsci 13 08301 i001]
	−0.1 dB

(20 GHz)
	[83]



	Elliptic cylindrical TSV
	60 μm
	2.5 μm

7.5 μm
	
	−0.6 dB (20 GHz)
	[84]



	CMF-TSV
	100 μm
	10 μm
	[image: Applsci 13 08301 i002]
	−16.8 dB (3.5 GHz)
	[85]



	Tapered TSV
	50 μm
	0.17 μm (min)

0.52 μm (max)
	[image: Applsci 13 08301 i003]
	−0.18 dB (20 GHz)
	[86]



	PI-TSV
	300 μm
	30 μm
	[image: Applsci 13 08301 i004]
	−2.63 dB (2.4 GHz)
	[87]



	32 nm with regard to TSV
	9.6 μm
	2 μm
	[image: Applsci 13 08301 i005]
	32.16% improvement (20 GHz)
	[88]










5. Conclusions


3D integration with through-silicon vias (TSVs) is a promising candidate to perform system-level integration with smaller package size, higher interconnection density, and better performance. TSV fabrication is the key technology to permit communications between various strata of the 3D integration system. This review delves into the various methods employed for measuring the geometry and electrical properties of TSVs, as well as the potential reliability issues associated with TSVs in 3D integrated circuits. Currently, measurements of TSVs primarily focus on the geometry of the TSV, including any filling defects and the integrity of the insulating dielectric liner. However, the risks associated with TSV reliability in service are primarily due to copper contamination, thermal fields, stress fields, and noise coupling between TSVs. In particular, the coupling between several physical fields poses a significant challenge to the design of 3D-ICs with TSVs. As a result, there is a pressing need for comprehensive design tools and methods in this area. To address these issues, numerical simulations based on finite element methods, as well as artificial intelligence and machine learning, have been applied to this field. However, there is still much work to accomplish to fully understand the potential risks of TSVs in 3D integrated circuits and to optimize their performance. Furthermore, the increased integration of 3D-ICs also presents a significant challenge to the manufacturing process of TSVs.
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