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Abstract

:

Diamond dicing blades are profound cutting tools that find their applications in semiconductor back-end packaging and assembly processes. To fully appreciate the benefits of the dicing blade technique for precision machining, a deeper understanding is required. This paper systematically reviews the contribution of dicing blades in machining, followed by the context of dicing blades: production, characterization, methodology, and optimization. The readers are enlightened about the potential prospects that can be exploited for precision spectra as a result of current research and engineering developments.
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1. Introduction


Dicing blades extend the capabilities of the traditional semiconductor process by allowing multiple microelectromechanical devices to be mounted on a single silicon wafer. Microelectromechanical systems (MEMSs) coupled with integrated circuitry (IC), infrared (IR) filter devices, and electromechanical components necessitate the profiling of hard and brittle materials such as silicon, silicon carbide and sintered silicon carbide (SiC and SSiC, respectively), alumina, quartz glass, sapphire, and dielectric substrates [1]. These materials’ wafer slicing results in miniature structures with complex patterns and structures. After being installed in devices, these microstructures must be reliable in harsh and corrosive environments. Such structures also need to have outstanding comprehensive properties such as high strength, increased hardness and stability, and improved wear capacity in postmachining scenarios. Back-end machining separates the chips from the wafer in order to fabricate the micro components. Microcracks and cracking that result in subsurface damage during machining can appear at the sidewalls and edges. Traditional subtractive machining techniques such as laser machining [2], electrochemical machining [3], and water/abrasive water jet machining [4] generate excessive chipping and cracking, which hinder the device from working effectively. In the context of failing to meet quality standards after the machining process, researchers sought a more precise machining approach. Dicing is a common machining technique that was previously used for micro texturing difficult-to-cut materials [5,6]. The traditional dicing method restricts the development of novel MEMS devices; however, over time, dicing blades and the dicing method have developed to produce high yield and throughput by allowing designers to create novel designs.



Among dicing, various techniques were used to carry out specific processes, such as die separation in the microelectronic industry, that used separation techniques such as diamond scribing (Figure 1a), laser scribing (Figure 1b), and diamond wheel dicing (Figure 1c) [7]. Ultrasonic dicing is another method of dicing that involves the simultaneous movement of abrasive grains impregnated in saw blades that carry rotational speed, an ultrasonic vibration perpendicular to the workpiece, and feed direction movement (Figure 1d) [8,9]. Apart from that, the stealth dicing technique focuses a laser beam on the surface beneath the target wafer (Figure 1e). Despite its ability to eliminate water damage concerns, its use is constrained because of issues with rough surfaces and heavily doped wafers [10,11]. Furthermore, plasma dicing allows for the cutting of a wafer into a die via dry etching under vacuum, which employs fluorine plasma to etch away the material in the dicing lanes between the chips (Figure 1f). It is appropriate for discrete devices with narrow streets and high aspect ratios to increase the fixing capacity of each die per wafer [12,13]. Each dicing technique has unique characteristics that present particular challenges.



ICs are mostly less affected by dicing challenges, whereas MEMSs are exposed to atmospheric variables during operation, making them more vulnerable to dicing challenges. A few factors must be taken into consideration in order to fully benefit from dicing blades for MEMS devices. The first challenge is contamination; large particles can stop moving devices, while small particles can disrupt device function. The MEMS structure limits the normal passage of particles that would generally be swept away with water sprayed on it as the wafer is being diced by the dicing blade. The second issue is water pressure damage and dicing forces. Because MEMSs can withstand less stress, water pressure and dicing forces must be kept to a minimum. The third is electrostatic discharge, which occurs when transferring a wafer between stations in a dicing saw and can affect electrostatic components. Some solutions have been proposed for contamination: modify the spray nozzle to change the flow of the nozzle; for water pressure damage, cap the wafer or protect it with a thin film. For forces, use an atomizing nozzle or immerse the wafer in water; for electrostatic discharge, use deionized water and ionizers [10,11]. Due to the characteristics of the material, the distribution of abrasive grains, the bonding matrix, and cutting parameters of feed speed, depth of cut, and cooling rate, dicing blades may exhibit defects such as delamination, fiber pull out, burrs, microcracks, chipping, nonlinearity, subsurface damage, and uneven cuts. A dicing method capable of meeting profiling needs is required to reduce dicing defects and improve surface characteristics.



Among various dicing techniques, the dicing blade is chosen for this review—a well-known technique subject to its widespread use for MEMSs and ICs by providing material grooving in addition to slicing, cutting off, cross-sectioning, and slotting [13]. While the use of dicing blades is important, it should not be the only metric to consider. Dicing blade production, dicing parameters (other than machining), and optimization are all viewed as proxies for dicing blade performance evaluation. In this review, to provide readers with comprehensive dicing mechanism guidance, we focused on the preparation, optimization, and applications of dicing blades, as well as the associated dicing technique, dicing blade characterization, and material removal mechanism.



Figure 2 depicts the search technique used for the review. The inclusion criteria are broadened to establish the database not only from Google scholar, Science direct, Web of science, etc. but also from technical reports from companies spanning the years 2000 to 2022. The paper is organized as follows:




	I.

	
Section 2 explains the typical manufacturing process for different dicing blades, as well as the basic structure of a dicing blade. Meanwhile, critical steps for the success of each dicing blade are identified.




	II.

	
Section 3 goes over specific actions to optimize the dicing mechanism. For example, preprocessing the dicing blade, developing a new blade, and modifying the dicing strategy can all assist stakeholders in achieving the best results.




	III.

	
Section 4 describes dicing blade morphology, cutting force generation through cutting action, and machining-induced damages.




	IV.

	
Section 5 focuses on the dicing parameters that influence the customized operation of the dicing process.




	V.

	
Section 6 discusses the various material removal mechanisms that occur during the dicing of difficult-to-cut materials.




	VI.

	
Section 7 sums up the role of the dicing blade in machining difficult-to-cut materials, forming waveguides, back-end IC processing, and micro texturing.




	VII.

	
Section 8 ends the paper with key points and future prospects.










2. Preparation Methodology of Dicing Blades


The success of the complex dicing blade production process improves the dicing quality of the cut substrate, as shown in Figure 3 [15]. It begins with a ball milling machine mixing powder metals with diamond abrasives in proportion to the component ratio of the dicing blade. After measuring the volume and density of the mixed powder, it is filled in a graphite mold while another metal mold controls the thickness of the powder spread. Before transferring the mixed powder to the graphite mold for sintering in the hot press, the flat scraper removes the redundant powder from the mold. The thinning action on the sintered dicing blade is performed by a double-side lapping machine, and the uniformity of diamond grits is validated by a microscope. DISCO, ADT, Ceiba, Shanghai Sinyang, and UKAM are some of the leading manufacturers of dicing blades in China and across the globe [16].



Figure 4a depicts the structure of a typical dicing blade after production; the abrasive product of the blade contains three components: abrasives, bonds, and pores [13]. Abrasives are used to process the workpiece; they can be super or standard abrasives. Meanwhile, resin, metal, vitrified, and electroformed bonds hold abrasives to produce blades for quality cuts and air pockets hold abrasives in bonds (pores). Diamonds are recommended as abrasives for machining difficult-to-cut materials because they can precisely grind the material at the nano scale. Diamonds can be used as abrasives to cut through the hardest materials that cannot be cut through by conventional abrasives, carbides, or high-speed steel. High strength, wear resistance, and hardness make diamond an ideal candidate for machining hard-to-cut materials [17]. Synthetic diamonds are used for diamond blade manufacturing of resin bond, metal bond, and electroplating. Due to its consistency in shape, hardness, and density and usefulness for specific applications, the replacement of natural diamond with synthetic diamond is a lucrative option. High pressure high temperature (HPHT) and chemical vapor deposition (CVD) are two processes that can be used to create synthetic diamonds [18,19]. Belt, cubic, and BARS presses are the diamond-growing units in HPHT. Small diamond seeds, refined graphite, and catalysts made of metals and powders are all constituents of HPHT machines’ growth cells, which, when subjected to higher temperatures and pressures, transform into molten metal solutions. The carbon atoms in the dissolving graphite then create the diamond seed’s crystal structure over time. The diamond’s form is determined by the process parameters. Contrarily, in the CVD process, a mixture of gases, including carbon, hydrogen, and oxygen, fills the chamber. After heating the substrate, the diamond seed is added to the chamber, where carbon from the gaseous mixture eventually crystallizes into diamond.



The most common types of dicing blades are metal binder, resin binder [20], ceramic binder, hybrid, and electroplated nickel binder [16]; the first three can be produced using hot press sintering technology. In hot press sintering, sintering temperature and pressure ensure improved blade-cutting characteristics, and the heating process can be divided into transition, low-temperature alloy, and insulation stages. For pressure, it is gradually increased in three stages, beginning with the transition and ending with the final insulation stage [15]. Aside from hot press sintering [21], resin binder dicing blades can also be made using an ultraviolet curing technique, which turns liquid resin into solid resin [22]. The other widely used sintering methods are vacuum and spark plasma sintering (SPS) [23]; vacuum sintering prevents the flow of oxygen into the die while desorbing oxygen from powder metal. It should be mentioned that oxygen induction must be managed during the sintering process to avoid reactions brought on by the active element of carbon at higher temperatures. That could weaken the metal matrix’s strength and lessen the bonding force between the matrix and the diamond abrasive. Additionally, desorbing oxygen from the powder’s surface prohibits metal powders from oxidizing. In vacuum sintering, heating the wires with thermal radiation helps to heat the metal powder, so trying to adjust the temperature takes more time. The compound matrix is not uniform enough due to the longer time needed for the sintering process to complete [16]. Metal dicing blades made of SPS can achieve low sintering temperatures in a short period [24], ensuring that diamond abrasives are uniformly bonded to the matrix. The microstructures shown in Figure 4b are the result of an SPS process in which quick sparks occur between metal particles, resulting in metal particles that are very well merged in the matrix. In contrast, as shown in Figure 4c, a nonuniform matrix with reasonable porosity can be seen in the microstructure of the dicing blade emerging from vacuum sintering [16]. Electroplated nickel binder blades are produced by plating an ultrathin metal film on a substrate for diamond grit fixing [25].




3. Optimization of Dicing Blades


A few interventions can support the production of precise parts following dicing blade machining. The following subsections are enriched with descriptions of these interventions and their reciprocal effect on the quality of manufactured parts.



3.1. Through Truing


Truing a diamond dicing blade aids in determining spindle power consumption and mitigates chipping issues [26]. The use of trued and dressed blades for circumferential and sidewall grinding on high-hardness substrate materials such as Al2O3, Al2O3-TiC, and SSiC results in high energy consumption. High power consumption was observed for dicing SSiC due to increased sidewall wear in comparison to other materials Al2O3 and Al2O3-TiC. For dicing SiC in the presence of water, a thin polycrystalline diamond blade (PCD) trued by electrical discharge machining (Ed-trued) was used [27]. In contrast to excessive chipping with a nontrued blade, an Ed-trued blade produces sharp grooves and chip-free cutting edges, as shown in Figure 5.




3.2. Through Blade Dressing


During the dicing blade preparation phase, dressing is defined as the process of removing excess bonding material by exposing sharp diamond abrasive grits for a better-quality cut. The use of dressing boards made of silicon carbide produced positive results in terms of capacity and production times, but the dressing process needs to be optimized to produce a dicing wheel topography that is positively correlated with blade profile, geometry, exposure, and cutting force [28,29]. Continuous laser dressing is possible in dicing machines by combining two capabilities: monitoring sharpness during dicing and performing laser dressing. As a result, researchers attempted to improve the performance of diamond dicing blades through laser dressing, keeping in mind that laser-dressed metal-bonded blades have high sharpness that aids in the processing of difficult-to-cut materials. Dressing on the cutting edge is accomplished by focusing the laser beam on the rotating dicing blade, and the chip space is created on the blade surface through the use of vaporization of the surrounding bonding material [29]. Dressing parameters can be adjusted to minimize the thermal influence on diamonds; dressing with a pulse duration of 12 ps provides the best dressing results by filling chip space with diamond abrasive grains to provide a maximum average roughness of Ra = 5 µm for wavelengths of 532 nm and 1064 nm, while less chip space produces a maximum average roughness of Ra = 3.41 µm for 655 ps pulse duration.



Moving from laser dressing to continuous laser dressing, where the dicing blade performs the cutting action and the abrasives wear out, laser irradiation helps to remove chips and metal binder from the blade so that the cutting process can be carried out with equal diamond protrusion, as shown in Figure 6. A pulsed laser with a pulse rate of τ = 655 ps and a wavelength of 532 nm can be used to install an on-machine laser dressing facility [30]. When compared to traditionally dressed blades, the laser-dressed blade achieved better cutting depth consistency. Investigations into the ability of nickel-bonded diamond blades to produce better results observed that the cutting depth and spindle power consumption stayed constant.



On-machine continuous laser dressing effectiveness can be assessed by monitoring spindle power and cutting depth consistency for hard and brittle materials such as aluminum oxide [1]. Since dicing wear is monitored by a power control attached to a spindle, laser-dressed blades demonstrated that blade sharpness is closely related to spindle power consumption, resulting in lower radial losses. Furthermore, dicing SSiC substrate with dressed blade produced better surface roughness, indicating that dicing blade grit size is also important as it leads to high sharpness for better kerf roughness and consistency in cutting depth [31]. In-line dressing criteria for metal-bonded diamond blades can be established; indirect analysis of cutting force measures the rotating spindle power consumption [32]. To elaborate criteria by dicing SSiC, after each cut, the cutting signal rises due to the amount of wear introduced in a specific instant of time, resulting in constant spindle speed. The dicing blade slips into the flange at point A and then sticks again, and as shown in Figure 7a, after crossing point A, the cutting quality changes. However, after dressing, the spindle’s power consumption reaches a minimum of 600 mV, as shown in point B of Figure 7b; the dressing process begins again at an 8 to 10% increase in spindle power, as shown in point C of Figure 7b; the blade then slips in the flange and sticks again (cut 3 and 4, Figure 7b). In-line detection of cutting defects can be performed, and after an 8 to 10% increase in signal, the dressing process must start to prevent further damage to the dicing blade.




3.3. Through Coating


To improve the performance of dicing blades, coating the cutting tools helps to reduce chipping levels and environmental aspects, such as less cooling water usage and less debris. Thin-film metallic glass (TFMG) coating on Si, SiC, and sapphire blades and patterned sapphire substrates (PSS) reduced chipping area by 23%, 36%, 45%, and 33%, respectively [33]. Similarly, titanium-aluminium-nitride (TiAIN) coating on nickel-bond diamond dicing blades improved hardness; the average hardness of the coated and uncoated blades measured was 0.41 Gpa and 0.1 GPa, respectively [34]. In addition to coating, BEO (1,4-bis(2-hydroxyethoxy)-2-butyne) can be added to the electrodeposition process of composite coatings during the preparation phase of dicing blades to improve hardness and wear resistance [35]. Although adding BEO to the bath helped to reduce chipping levels, coating on composite materials can help researchers find the best quality thresholds. To achieve composite coating on the dicing blades, a suspension and high–low speed interval agitation method was proposed [36]. According to the method’s findings, diamond concentration plays an important role in quality, so low grit sizes are recommended. Additionally, the diamond concentration was found to have a direct relationship with the suspended content and an inverse relationship with the stirring speed.




3.4. Through Adding Resin


Dicing blades commonly experience breakage; the strength can be increased by immersing the whisker in resin, which acts as a bonding material [37]. Apart from helping to strengthen the dicing blades, the light-sensitive resin has an instant solidifying process that uses less pollution and energy. The whisker in the resin greatly influences the mechanical properties of the light-sensitive resin. As a result, tensile strength increases with whisker quantity up to 15% by volume and then begins to decline. When a nonwhisker blade is compared to a whisker-added blade, the former ruptures after the dicing process, whereas the latter shows normal wear throughout. Furthermore, replacing thermosetting resin with photopolymerizable resin in the production of structure-controlled blades such as sandwich-structured, three-layer-structured, and slot-structured dicing blades improves machinability and lowers production costs [38]. Photopolymerizable resins with a slot-shaped mask that irradiates the resin with ultraviolet light can be used to create slot-structured blades. Three-layer blades improved in mechanical properties, while the grinding ratio and spindle motor improved as the number of slots increased. However, one disadvantage of using a slotted blade is that the chip size is larger because the workpiece, in this case, contacts more frequently due to the slots.




3.5. Through PCD Blade


PCD blades proved advantageous in the ductile-mode dicing process for resolving surface and chipping issues [39]. The fabrication of a PCD blade can be accomplished by tangentially irradiating the cutting edge of the rake and flank faces with pulsed laser light. Because of the PCD blade’s high stiffness and hardness, a surface with zero cracks and chipping emerged while undergoing full-cut conditions at high rotational speed; it also managed to cut a thick SiC substrate in one go while avoiding burr formation [40]. The developed PCD blade takes advantage of the feature of cutting in a straight line without buckling deformation in cemented carbide; ultrafine grooves with high aspect ratios of 50 were formed, i.e., 20 µm in width and 1 mm in depth, as shown in Figure 8. Due to the presence of distributed edges around abrasive particles, conventional blades are unable to produce such fine grooving; on the other hand, PCD blades have an agglomerated structure of uniform cutting edges for crack-free machining of the substrate.




3.6. Through Dual Dicing


Figure 9a depicts the thickness of the spacer between two dicing blades and the diamond protrusion, which determines the size of the structure and helps to prevent excessive chipping and larger angles of the cutting groove sidewall [41]. Metal-bonded blades produced 20% less chipping than single dicing by using dual dicing on a stack of materials: anodically bonded silicon carbide, monocrystalline silicon, and borosilicate glass. Furthermore, when compared to a single blade, the outer sidewalls of the cutting groove with a dual blade gave smaller angles of less than one degree, as shown in Figure 9b,c. Although the dual dicing concept can produce microstructures with high aspect ratios, there are limitations regarding the chipping value, which must be less than 10% of the total thickness to prevent rupture. As a result, the impact of dicing blade protrusion requires better understanding. A double-pass sawing method, similar to dual dicing, was proposed to reduce chipping and cracking in silicon wafers laminated with conductive die attach film (DAF) [42]. Even though conductive laminated wafers frequently exhibit extreme chipping, the method found that dicing less than 30% of the DAF material resulted in less chipping.




3.7. Other Methods


The effective change in the bonding matrix during the dicing blade preparation phase allows for a robust dicing process [15]. To elaborate, three blades with different matrix compositions were developed to cut quartz and silicon, as shown in Table 1, and only the third dicing blade demonstrated good abrasive exposure, which aids in achieving a lower unit chipping coefficient. Contrary to dicing blade A’s alloy powders of CuSn33, CuZn20, and YA520 and dicing blade B’s alloy powders of CuSn40 and CuSn10, dicing blade C’s main matrix components are elemental metals. In comparison to elementary powders, alloy powders make dicing blades harder. As a result, while using dicing blades A and B, it is more challenging to expose diamond grits for matrix removal with dicing blade C. In contrast to dicing blades A and B, which have strong bonding strength, adding elementary particles during sintering reduces the bonding strength of dicing blade C, resulting in less edge chipping and, subsequently, a smaller chipping coefficient. Moreover, abrasive exposure and tool deviation coefficients were proposed to avoid edge collapse and chipping for cutting quartz and silicon.



Furthermore, the data-driven design of experiments (DOE) technique can be used to optimize the dicing saw parameters [43]. For example, by proposing a statistical analysis of variance (ANOVA) technique, an improvement in metal layer peeling and chipping was realized. While sorting out the significant parameters, the DOE model recommended high concentration and grit size blades, and specifically two factors, spindle revolution and cutting depth, were identified as significant factors for surface chipping with no impact on cutting speed. The DOE model can reduce experiment-related costs, but its accuracy can only be relied on if the blocking factors are fully accounted for. Electrophoretic deposition (EPD) was proposed to reduce chipping levels in hard-to-cut materials by using ultrafine abrasives to reduce the grain depth of the cut and thus minimize subsurface damage [44].





4. Characterization of Dicing Blades


Dicing machines produce precise parts for smooth operation with three cutting elements: a dicing saw, a laser saw, and a water jet saw [45]. Dicing saws are equipped with high-speed rotational bearings and abrasive blades that can achieve rotational and peripheral speeds of up to 60,000 rpm and 160 m/s, respectively, with a 51 mm blade diameter. While a laser saw uses a laser beam and CO2 or yttrium aluminum garnet (YAG) as a power source with different wavelengths, the process is capable of producing geometries other than straight ones in thin films [46]. Water jet saws use high-pressure water mixed with abrasive grains to cut at slower speeds. When compared to laser and dicing saws, the water jet saw is the least productive in terms of kerf quality but provides excellent thermal characteristics for curvilinear shapes [47]. Dicing saws are preferred over laser and water jet saws when material profiling requires micro thickness for cutting quality [45].



As mentioned in Section 2, a wide variety of dicing blades are available; the morphology of the target workpiece material and the profiling requirements guide the selection of an appropriate dicing blade. For example, the binder properties of metal-sintered diamond blades provide high rigidity and moderate matrix hardness, while thermal conductivity ensures a longer life span [16,48]. Resin-bonded diamond blades can provide a reasonable surface finish, high toughness, and less chipping whilst also having the downsides of shorter service life and less strength [49]. To mitigate the downsides, braze coating is recommended to improve diamond grit retention for resin-bonded dicing wheels that cover the facets of diamond grits with filler alloy [50]. Rapid wear reduces grinding efficiency and increases grinding force, which can be countered by SiC reinforcement, which improves wear resistance and ensures the wheel’s self-sharpening ability. Furthermore, due to the high diamond concentration, nickel-electroplated diamond blades provide quick cutting action with less heat generation [16]. A new type of Fe-based diamond saw blade with nickel-plated graphite particles is proposed; such blades with 2% graphite particles demonstrated good cutting capacity but were only assessed on rock samples [51]. Because each abrasive particle in a diamond dicing blade participates in the cutting action, the cumulative effect of all the embedded abrasive particles can be used to predict dicing forces. Elastic deformation, plastic deformation, chip deformation, and friction force between abrasive particles, binders, and substrate material all can be used to determine the level of dicing force. By ignoring tool wear, processing efficiency, dicing temperature, and vibrations, a theoretically determined dicing force produces remarkable results with high cutting speed and low feed rate and depth of cut [52]. Lower dicing forces generate less chipping [53]; this demonstrates the significance of dicing force as a factor in determining dicing quality.



The optical microscope and scanning electron microscope (SEM) can both identify dicing damage [45]. Using the pixel method, a unit chipping coefficient was proposed to quantify the chipping levels. The method quantifies chipping, and the final chipping measurement is the average of dimensions obtained in the predefined cutting length shown in Figure 10a. Damage can be reduced by controlling the vibration of the blades caused by spindle rotation and the cutting depth [54]. Simulation results also revealed the increase in the vibration with the increase in tool diameter and speed [55]. The delamination interface on a directly bonded wafer can be identified by taking a cross-sectional image of the chipping area from SEM; the center of a 20 m chipping is shown in Figure 10b [56]. During the separation process, damages due to dicing were observed by SEM and categorized for mechanical, thermal, and chemical loads [57]. Chipping at the front and back side edges is a mechanical load characteristic shown in Figure 10c–e, and the size of damage could be greater than 50 µm based on the dicing technique utilized.




5. Dicing Technique of Dicing Blade


Unlike other cut-off machines, dicing blades used in dicing machines provide precision and repeatability; the dicing technique is assessed by evaluating edge quality, chipping levels, cracks, and surface roughness values [45]. Maintaining precision with complex influencing parameters such as diamond abrasive proportion and size, matrix structure, bonding strength, and porosity of dicing blades is difficult. The size and proportion of diamond concentration during the powder mixing phase must be adjusted taking into account the material to be cut, bond type, bond hardness, and cutting speeds. Figure 11 shows the dispersion of diamond abrasive particles in the dicing blade; a high diamond concentration leaves no room for debris to escape, whereas a low diamond concentration allows debris removal while maintaining the quality and surface finish of the cut substrate [52].



Bonding strength and porosity, which are entirely dependent on the sintering method, are key factors in the dicing process. The bonding strength between diamond grits and matrix determines the maximum cutting force of diamond grits that can act on the target matrix material bearing the fall of diamond grits from dicing blades, which defines the range of cutting damage. To deal with the stresses induced above the breaking strength that causes chip fracture, a model was formed incorporating both stresses and chip breaking strength to avoid such fractures [57]. But apart from that, coating strengthens the bonding of the dicing blades. Coating materials such as cobalt, nickel, iron, titanium, tungsten, and others are preferred because they can easily react with a diamond at high sintering temperatures. Furthermore, for alloys with low melting points and defected porosity, strengthening elements such as silicon carbide, cubic boron nitride (CBN), and alumina particles are mixed with powders for proper functioning with diamond grits. Matrix hardness in dicing blades is related to the exposure content of diamond grits; commonly used matrix mixes are copper-tin, copper-tin-cobalt, copper-tin-zinc, and copper-tin-titanium alloys. Furthermore, eight aspects (sharpening, strengthening, supporting, combination, wear resistance, reduction, toughening, and moistening) were identified to evaluate the effect of the interaction mechanism for the dicing factors [15].




6. Material Removal Mechanism of Dicing Blades


In addition to the primary removal mechanism, a few recommendations in the literature for improving the material removal process provide a clear understanding of the cutting mechanism via dicing blades. The dicing blade material removal process varies based on the morphology of the workpiece. To begin with carbon-fiber-reinforced plastic (CFRP) composites, plastic flow in the local regions of fibers and resins, along with micro breakage, was identified as the primary material removal mechanism. Furthermore, macroscopic and microscopic simulations are suggested for gaining a better understanding of the CFRP composite cutting mechanism [48]. Likewise, plastic flow is responsible for cutting in the grinding of brittle materials [58]. For composite materials, the material removal process changes as the fiber orientations change, as shown in Figure 12b–f. If the dicing direction is parallel to the fiber orientation, the scratching action takes advantage of improper fiber embedding in the matrix [48]. A perpendicular dicing direction to fiber orientation, on the other hand, proceeds the cutting action with a diamond grit tip owing to the small cutting depth and proper fixation of carbon fibers in the matrix, resulting in a smooth surface finish. Dicing at an angle causes visible fiber breakage due to delicate support and extreme cutting force applied by diamond grits. For the cutting process with silicon, three material removal steps are responsible: rubbing, plastic deformation, and cracking, whereas for alumina, intergranular and transgranular mechanisms play a role [45].



Numerical simulations for sapphire substrates revealed that the plowing action caused by the grinding particles and sinter was a significant factor in material removal. Figure 12a depicts the side topography of the cutting groove in aramid fiber-reinforced plastic (AFRP) composites; due to the higher toughness of aramid fibers, peeling instead of cutting results in a small number of burrs on the cutting groove edges [52]. The cutting mechanism of AFRP composites can be improved by using abrasive particles with cutting edges smaller than the diameter of the aramid fibers, which reduces damages caused by tool size and corresponding cutting speed.




7. Applications of Dicing Blades


Dicing blades replace traditional cutting methods to achieve close tolerances in workpiece profiling. Its contribution is examined with the potential for new research frontiers in the following subsections.



7.1. Machining of Hard-to-Cut Materials


Material-to-material analysis of cutting dicing blades provides an overview of influential machining parameters and associated factor relationships that affect the machined surface. To begin, silicon (Si) was a prominent material that served as an input material in many microelectronic industries where precision dicing and grinding had been traditionally used for fragile materials. Wear mechanisms and machining of silicon wafer dicing were investigated [59,60], and two stages were identified as steady and transient [61,62]. The coefficient of friction and rate of wear are higher in the transient stage than in the steady state, but differentiating between the two stages is difficult. After that, a methodology for evaluating the wear coefficient and stage of wear at a particular point in time was developed [63]. Surface roughness can be determined by factors such as cooling water temperature, feed speed, and rotational speed; roughness values become consistent regardless of variable grit sizes in the steady stage, whereas roughness values increased sharply for two grit sizes in the transient stage (cutting distance 0–300 m), as shown in Figure 13. Furthermore, three dicing blade features were tested using variable grit sizes, exposure lengths, and thickness, and it was noticed that smaller-grit-size blades exhibit stable chipping widths [64]. Aside from individual factors, the relationships between factors could be established, such as a direct relationship between dicing forces and workpiece feed rate and an inverse relationship between spindle rotational speed and dicing force [53]. It was found that wafer chipping increases with the feed rate of the workpiece whereas it decreases as the rotational speed increases [65]. Additionally, optimal dicing conditions of higher rotational speed and lower feed rate produce lesser dicing forces.



A high-speed microcutting method was proposed for CFRP composites that are difficult to cut with traditional methods due to a lack of homogeneity and anisotropic behavior [48]. The method examines two types: metal- and resin-bonded blades’ performance for surface quality, and as a result, metal-bonded blades gain preference over resin-bonded blades. Another aspect surfaced about the surface morphology of diced CFRP composites that are fiber-orientation-dependent: for 0° orientations, fibers are cut along the axis, leaving few unparalleled fibers on the surface of the substrate. On the contrary, at 90°, cutting of fiber takes place smoothly due to the strong fixation of fibers in the matrix represented in Figure 14a-h. To be used in the aerospace industry, CFRP composites are mixed with AFRP composites, and despite minimizing major defects with traditional methods such as milling [66], laser cutting [67], and ultrasonic [68] and waterjet cutting [69], the cost of processing needs to be reduced further [52]. For that machining alternate, an ultrathin diamond dicing blade with a cutting edge much smaller than the diameter of the AFRP composite fiber, as shown in Figure 15, proved useful. After assessing the effects of cutting force, temperature, and spindle current on surface roughness, cutting speed was found to be the most influential parameter, with feed speed having a moderate effect and cutting depth being the least effective.



The high-speed machining process of quartz and graphite with dicing blades is influenced by strain rate and dynamic diameter [70,71]. To determine the relationship between machining parameters and dynamic diameter, the impact of variable parameters such as rotational speed, static diameter, and elastic modulus of blades was also considered [70]. As a result, both theoretically and experimentally, a direct relationship between dynamic diameter and rotational speed was discovered, indicating a positive correlation between dynamic diameter and machining precision, as illustrated in Figure 16. Furthermore, the dynamic diameter increases slightly in theoretical calculations that exclude diamonds compared to calculations that include diamonds. For quartz, a widely used optical substrate, the strain rate is related to the linear velocity of diamond blades and is affected by linear velocity, feeding speed, diameter, dicing depth, diamond blade density, and the elastic modulus of quartz glass [71]. Hardening and heat generation were identified as major causes of concern at high dicing speeds after analyzing the effects of the high strain rate in quartz dicing.



Sapphire and dielectric substrates in the manufacture of light-emitting diodes (LEDs) require chip-free grooves during sapphire cutting, which is difficult to achieve with traditional dicing blades. Three blades were made to produce ultrafine grooves: one with nickel-phosphorus alloy and the other with vitric material [72]. Dense traditional blades (orientation-dependent) generate meandering lines and break after a certain cutting length, as shown in Figure 17a, whereas fabricated blades are sapphire-orientation-independent and have a greater cutting ability, as shown in Figure 17b. The gradual wear of diamonds in sapphire cutting while exposing fresh diamonds for machining is the reason for increased cutting capacity. Likewise, an ultrathin dielectric substrate of lithium niobate (LiNbO3) can be separated by a precise dicing operation [73].



Figure 18a depicts the machining of optical materials such as lithium niobate, YAG, silicon, and germanium using typical dicing machines [74]. Ductile dicing cuts through plastic deformation of chips caused by tool parameters such as shape, material, and rotational speed, as well as other parameters such as diamond size concentration, sample translation speed, depth of cut, and coolant. Figure 18b shows that dicing germanium produces a smooth surface with no chipping or pitting, whereas dicing YAG produces a rough surface with some pitting but no cracking or chipping as shown in Figure 18c. Furthermore, Figure 18d shows that lithium niobate has little pitting but no cracking or chipping, whereas silicon has some cracking or chipping visible in Figure 18e. Another contribution of dicing blades in crystalline materials of lithium niobate and garnets for obtaining high-quality optical-grade surfaces is the generation of low coupling loss to produce facets in silica on silicon [75]. Additionally, the optimal process parameters for rotational and translational speeds for flame hydrolysis deposition (FHD) silica on silicon planar substrate can be determined.



A diamond abrasive blade develops the parametric relations for high alumina by changing the process parameters of feed speed, blade rotation (w), and depth of cut [45]. Blade wearing is higher at lower feed rates and increased rotational speed of the blade for all cutting depths and rotational speeds analyzed, as shown in Figure 19a. The effect of three parameters, dicing speed, dicing saw preprocessing, and dual dicing blade, on chip strength in silicon wafers shows that dual dicing increased chip strength by 15% and the new blade without dressing yielded a 61% reduction in chip strength, while a 50% reduction in dicing speed yielded an almost 13% increase in chip strength, as shown in Figure 19b [76].



By keeping the cutting length constant and measuring the roughness types (Ra and Rz), metal-bonded dicing blades with grit sizes of 5 and 30 µm revealed the effect of blade wear and sidewall quality for monocrystalline Si and SiC ceramic (SSiC) [77]. Ra was found to be undetermined for Si and SSiC, whereas Rz decreases as cutting length increases. By machining third-generation material SiC for the formation of blue-ray and laser diodes, resin-bonded blades performed better than metal-bonded blades, effectively reducing chipping fracture, which otherwise grows enormously [54]. Chipping and kerf width increase sharply with increasing cutting depth for sintered metal-bonded blades [78]. Furthermore, ceramic materials were diced to investigate the structural integrity of nickel-bonded diamond blades in terms of tool wear and surface roughness, and a confocal microscope and SEM were used to analyze wear and surface roughness, respectively [79].




7.2. Back-End Process of IC


The manufacturing of semiconductors is completed by a three-phase design, front- and back-end [80,81]. The back-end process typically separates the integrated circuit into individual chips, and the front-end process creates large-scale circuits on silicon wafers. The back-end is further divided into three stages: dicing, wire bonding, and molding, as shown in Figure 20. Rotating circular diamond dicing blades cut each wafer on predefined dicing lines depicted in Figure 20a while attached to dicing tape and sprayed with ultrapure water. Because the stretching of the tapes after dicing provides clearance between the chips for removal, dicing tape must be unaffected during cutting. Because worn dicing blades cause chipping, smooth edges are required after dicing: roughness values must remain within allowable limits to prevent the part from failing. A lead frame that acts as a thin metal support and provides a terminal for placing the semiconductor on board is used to fix chips in the wire bonding process (die bonding) shown in Figure 20b. As shown in Figure 20c, thin gold wires connect the chips to the lead frame during the wire bonding process and then complete the encasing of the chips in the epoxy resin during the molding phase.




7.3. Optical Waveguide Formation


Blade dicing is a popular secondary technique used to form waveguides in nonlinear multifunctional optical crystals, mid-infrared disordered crystals, rare-earth ion-doped disordered laser crystals, and piezoelectric materials. Optical waveguides that are a few micrometers in diameter contribute to optical information processing [82]. The level of propagation loss after waveguide processing determines how well the waveguide surface will operate in actual situations and is affected by chipping produced by dicing [83]. Ridge waveguides outperform planar structures in optics when it comes to focusing light field energy in two directions [84,85]. Such benefits include higher density applicable for high-density optical data storage [86].



Applying a 1D surface waveguide layer to a target optical material first and then removing specific parts of the target material can form 2D light-emitted waveguides [85,87,88]. To create a 1D waveguide surface, the primary step contains procedures such as ion irradiation/implantation [89,90,91,92,93], femtosecond laser inscription [94], ion exchange [43], and metal diffusion [95]. The majority of researchers created planar and ridge waveguides in optical materials using blade dicing in conjunction with the ion exchange approach [96,97,98]. In terms of materials, the role of dicing blades in the formation of ridge waveguides is discussed further below.



In nonlinear optics and advanced photonics, lithium niobate (LiNbO3) becomes important due to its electro-optic and acousto-optic properties [99]. Ion implantation and precise diamond blade dicing produce ridge waveguides with a depth of 40 µm and widths of 8 and 10 µm on the planar waveguide surface, as shown in Figure 21, thanks to the optimal process parameters for chip- and crack-free surfaces. The bright horizontal zone at the top of the structure cross-section shows the ridge waveguide in Figure 21d; the propagation loss of the 8 µm wide ridge waveguide was 2.2 dB/cm after annealing. The same combination of O5+ ion irradiation and precise diamond blade dicing gave the ridge waveguide in mid-infrared wavelength for MgO:LiNbO3 crystals [100]. Thermal annealing improves waveguide guiding capacity and reduces propagation losses to as low as 1.0 dB/cm. For crystals of zinc selenide (ZnSe), two ridge waveguides widths of 20 µm and 50 µm gave a propagation loss of 1.1 dB/cm by implementing the swift Kr8+ ion irradiation and precise diamond blade dicing combination [101]. Similarly, in the crystals of neodymium-doped calcium-niobium-gallium-garnet (Nd:CNGG), the ridge waveguide gave a propagation loss of 3.8 dB/cm by controlling the distance between adjacent grooves [102].



The combination of carbon ion irradiation and precise diamond blade dicing also fulfills the optical requirements of piezoelectric and rare-earth ion-doped materials through ridge waveguides [103,104]. For instance, lanthanum gallium silicate (La3Ga5SiO14 or LGS), a profound piezoelectric material that possesses outstanding properties of a relatively high electromechanical coupling coefficient and allows the development of new-generation miniature communication devices, was taken to form two high-quality ridge waveguides with propagation losses of 1.6 dB/cm at 632.8 nm and 1.2 dB/cm at 1064 nm wavelengths [104]. Likewise, rare-earth ion-doped disordered laser crystals (Nd:SrLaGa3O7 and Nd:SrGdGa3O7) served as a potential substrate to form ridge waveguides ending with the minimized propagation loss of 1 dB/cm, but substrate samples underwent an annealing process for the reduction in defects surfaced during the ion irradiation process [103]. Computer programs facilitate the maneuvering of groove width, depth, and distance between two adjacent grooves during waveguide formation.



A ridge waveguide with a width of 25 µm was formed between two neighboring grooves in neodymium-doped yttrium calcium oxyborate Nd:YCa4O(BO3)3, (Nd:YCOB) [105], Nd:GdCOB [106], and YCOB nonlinear optical crystals [107] by combining carbon ion irradiation and precise diamond blade dicing processes. Optimal dicing parameters lessen the chipping and cracking on the edges of the groove. The fabricated waveguide was polarization-dependent and, for planar and ridge waveguides, propagation losses calculated were 8 dB/cm and 7 dB/cm, respectively [105]. The same C5+ ion irradiation and blade dicing combination were used to fabricate ridge waveguides in lithium fluoride crystals with minimal propagation losses: 0.7 dB cm−1 at 1064 nm, 0.4 dB cm−1 at 2200 nm, and 0.4 dB cm−1 at 4000 nm wavelength [108]. H+ ion implantation and precise diamond blade dicing formed the ridge waveguides in high-gain Nd3+-doped laser glass [86]. End-face coupling provides optical confinement for the ridge waveguide, and its propagation loss at 976 nm was 3.9 dB/cm.



A combination of blade dicing saw and Rb exchange fabricates ridge waveguides in z-cut potassium titanyl phosphate (KTP) [109]. It was found that high-energy accelerators can be avoided in the case of the ion implantation technique to gain smaller widths of the waveguide. The surface produced a lower surface roughness that allows for low losses and acceptable quality for diced ridge sidewalls with a propagation loss of 1.3 dB/cm at a 1550 nm wavelength. An optical waveguide was formed in high-gain laser material, Yb3+-doped silicate glass, where diamond blade dicing created parallel air grooves on a planar waveguide and the end-face coupling technique gave a propagation loss of 3.20 dB/cm [110]. Furthermore, a diamond saw utilized ridge waveguides to achieve deep dicing, i.e., high aspect ratios in channels (waveguides) on Tm3+: LiYF4 fluoride crystals [111] and ytterbium-doped calcium fluoride crystals [112]. Figure 22 shows a precision dicing blade that manufactures surface channels with a depth of 200 m along the c-axis and variable widths of 10 to 50 m with a step of 10 m. To improve the quality of end facets, vertical surfaces were produced by cutting material orthogonally to the ridge. Propagation losses for diced channels range from 0.20 to 0.43 dB/cm with the limitation of thermal issues associated with power scaling, which somehow can be addressed by active cooling. Through dicing trenches, high-quality crack-free silicon nitride waveguides with propagation losses less than 0.5 dB/cm can be produced [113].



The preceding discussion establishes the importance of precision dicing blades in the fabrication of ridge waveguides in a variety of materials. By combining precise diamond blade dicing with ion implantation/irradiation, low propagation losses can be achieved. These findings lay the groundwork for future research into whether other materials in the same category can benefit from the combination of precise diamond blade dicing and ion implantation.




7.4. Surface Micro Texturing


The dicing process entices researchers with micropatterns generated on difficult-to-cut materials for its widespread application. For example, diced edges provide less edge chipping and sidewall roughness than sawn edges, which are critical in the machining of SiC substrates illustrated in Figure 23a,b [114]. Ceramic substrates had a better edge surface after dicing than monocrystalline substrates, which had visible traces of grain on the surface depicted in Figure 23c,d. For alumina, qualitative chipping analyses revealed lower levels; following that, two groups with different cutting parameters were observed for their surface roughness: the first group preserved more edges with an even distance between cuts as depicted in Figure 23e,f, while the second group revealed severe intergranular fractures with an uneven distance between cuts as shown in Figure 23g,h [45]. To create a fine surface finish on optical materials, ductile-mode dicing adopted optimal processing parameters for samples with surface metrology of 15 × 15 µm [74]. Results revealed that lower surface roughness can be achieved for optical materials: 2.1 nm for germanium without defects, 3.5 nm for YAG with minor defects, 7.9 nm for lithium niobate with some defects, and 8.6 nm for silicon with pitting of order 0.5–2 µm, shown in Figure 24a–d.





8. Summary and Future Outlook


Taken together, this paper explains the advantages of using dicing blades, in particular, to machine hard-to-cut and optical materials, which are less likely to be achieved using traditional machining processes (water jet, laser, electrochemical machining, and electric discharge machining). A template for precision is generated by a thorough assessment of the evidence by discussing and analyzing methods for the accuracy and precision of the manufactured part. Dicing blade performance is evaluated in terms of its ability to produce microstructures with lesser dicing defects and enhanced workpiece surface characteristics.



	
The prominent key points are:




	
Dicing blades are capable of forming microstructures on materials such as SiC, quartz, silicon, alumina, CFRP composites, AFRP composites, optical materials, and ceramics while addressing issues such as chipping, cracking, surface roughness, and cutting-edge quality. But besides incorporating optimal dicing and machining parameters for dicing blades, strain rate and dynamic diameter may still influence the surface quality and tolerances.



	
The combination of ion irradiation and precise diamond blade dicing shows an efficient method for fabricating high-quality ridge waveguides with lower propagation losses in optical materials, which leads to an increase in waveguide guiding capacity.



	
To address dicing defects, optimization techniques create a compatible microstructure on materials to be used in devices (MEMSs and ICs). For example, intervention during the dicing blade preparation phase includes the addition of photopolymerizable resins, BEO, and whisker, which improves machinability, hardness, and wear resistance and reduces chipping and cracking. Furthermore, changes in matrix composition result in a lower unit chipping coefficient, while truing and laser dressing produce sharp grooves and cutting edges. Interventions at the dicing technique level include on-machine laser dressing, which improves surface roughness while allowing for in-line detection of cutting defects. Furthermore, the dual dicing scheme avoids larger cutting groove angles, and PCD blades ensure better surface quality with less chipping.








	
Combining the appealing properties of dicing blade machining with recent advances can envision new research benchmarks, including but not limited to the following:




	
In the context of optical materials, research can be conducted on the path of single-mode transmissions to further reduce propagation losses. To produce waveguides with high quality and low loss, the fabrication conditions of proton implantation and precise diamond blade dicing should be optimized in the future. For nonlinear frequency conversion, the possibility of fabricating quasi-phase-matching (QPM) ridge waveguides in z-cut KTP through the use of Rb exchange and diamond blade dicing saw may be explored.



	
The concept of dual dicing can be explored further for multilayer specimen materials such as low-temperature cofired ceramic (LTCC) and PZT (lead zirconate titanate).



	
Keeping in mind the effect of the dynamic diameter of the dicing blade on precision machining, other factors such as dynamic inner diameter and Young’s modulus of the dicing blade require further investigation.



	
Future research may include testing a broader range of materials using recognized optimization techniques and numerical modeling of the dicing process for verification purposes.
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Figure 1. Die separation techniques: (a) diamond scribing; (b) laser scribing; (c) diamond wheel dicing; (d) ultrasonic dicing; (e) stealth dicing; (f) plasma dicing [7,9,11,12]. Adapted with permission from Ref. [11]. 2015, Elsevier. 
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Figure 2. Search process and results, adapted from PRISMA [14]. 
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Figure 3. Preparation of dicing blades [15]. 
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Figure 4. (a) Elements of the abrasive product in dicing blade; SEM micrograph of dicing blade fabricated from (b) SPS; (c) vacuum sintering [13,16]. 
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Figure 5. Groove cut with thin PCD blade before and after trusion [27]. 
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Figure 6. Principle of continuous laser dressing. Adapted with permission from Ref. [30]. 2013, Elsevier. 
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Figure 7. (a) Signal analysis of five cuts before laser dressing; (b) signal analysis of five cuts after laser dressing [32]. 
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Figure 8. Fine grooving of cemented carbide (groove depth 1 mm, width 20 μm, and length 8 mm): (a) top view of deep grooves; (b) cross-sectional view of deep grooves. Adapted with permission from Ref. [39]. 2018, Elsevier. 
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Figure 9. (a) Concept of dual dicing; silicon dicing results comparing single and dual dicing for (b) chipping (c) sidewall angles [41]. 
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Figure 10. (a) Chip measuring procedure [45]; (b) top view of the chipping for directly bonded wafer after dicing; defects due to the blade dicing. Adapted with permission from Ref. [56]. 2020, Elsevier; (c) chipping at the front side edge; (d) cracks at the side wall; (e) chipping at the back side edge. Adapted with permission from Ref. [57]. 2014, Elsevier. 
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Figure 11. Distribution of abrasive particles on dicing blade surface: (a) sparse; (b) dense [52]. 
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Figure 12. Surface morphology of AFRP composites after dicing: (a) morphology of the groove side; (b) schematic diagram of dicing mechanism with different fiber orientations for CFRP composites; (c) dicing direction parallel to fiber orientation; (d) dicing direction perpendicular to fiber orientation; (e) dicing direction with an angle of 45° to fiber orientation; (f) dicing direction with an angle of 135° to fiber orientation [48,52]. 
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Figure 13. Variation of blade surface roughness vs. cutting distance. Adapted with permission from Ref. [62]. 2014, Elsevier. 
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Figure 14. Surface morphologies of diced CFRP composites for metal-bonded blades at fiber orientations (a) 0°; (b) 40°; (c) 90°; and (d) 130° and for resin-bonded blades at fiber orientations (e) 0°; (f) 40°; (g) 90°; and (h) 130° [48]. 
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Figure 15. Dicing AFRP composite fiber with dicing machine [52]. (a) Dicing machine; (b) tool and workpiece material. 
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Figure 16. Dynamic diameter variations at different rotational speeds. Adapted with permission from Ref. [70]. 2018, Elsevier. 
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Figure 17. (a) Sapphire surface, after cutting by a commercial dicing blade, generates meandering lines and breaks after 50 mm of cutting length; (b) sapphire surface after cutting by fabricated dicing, where all blades can cut 1000 mm [72]. 
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Figure 18. (a) A dicing machine (Loadpoint, MicroAce, Series 3) with the axes of movement and the coolant supply; microscopic image for ductile machining of (b) germanium; (c) YAG; (d) lithium niobate; (e) silicon [74]. 
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Figure 19. (a) Average wearing on the blades as a function of the feed speed for the rotations of 10,000, 20,000, and 30,000 rpm; (b) chip strength of a wafer diced at feeding rates of 100, 75, and 50 mm/s [45,76]. 
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Figure 20. Back-end process: (a) dicing; (b) die bonding; and (c) molding [80,81]. 
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Figure 21. Schematics of (a) 3 MeV oxygen ion implantation; (b) diamond blade dicing; (c) cross-sections of the ridge waveguides; (d) transmission optical microscopy image showing a close-up of the ridge waveguide [99].Adapted with permission from Ref. [99]. 2014, Elsevier. 
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Figure 22. Scheme of the deep diced ridge WGs in bulk Tm3+: LiYF4 crystal (the end-facet view) [111]. 
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Figure 23. Comparison of machining techniques for (a) monocrystalline and (b) ceramic substrates; SEM micrographs of edges after dicing of (c) monocrystalline and (d) ceramic substrates; for alumina, (e) channels generated after the surface grinding; (f) profile of the cross-section roughness; (g) channel generated on the surface after the dicing process; (h) profile of roughness measured on the channel [45,114]. Adapted with permission from Ref. [114]. 2011, Elsevier. 
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Figure 24. White light interferometer images for (a) germanium; (b) YAG; (c) lithium niobate; (d) silicon [74]. 
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Table 1. Components of three dicing blades [15].
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	Matrix Composition (Mass Ratios %)





	1.
	CuSn33 (32) + CuZn20 (18) + Co (20) + YA520 (30)



	2.
	CuSn40 (25) + Cu (50) + Sn (5) + CuSn10 (20)



	3.
	Cu (70) + Sn (18) + Zn (5) + Ni (7)
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