This is a peer-reviewed, accepted author manuscript of the following research article: Ge, P, Cao, Z, Li, Z, Wang, P,
Bi, W, Ge, M, Xie, W & Xing, X 2026, 'Progress and critical challenges in slicing of thin semiconductor wafers using
ultra-fine diamond wire', Materials Science in Semiconductor Processing, vol. 203, 110209.
https://doi.org/10.1016/j.mssp.2025.110209

Progress and Critical Challenges in Slicing of Thin Semiconductor Wafers Using
Ultra-Fine Diamond Wire

Peiqi Ge!?, Zhecan Cao', Zonggiang Li®, Peizhi Wang'**, Wenbo Bi'?, Mengran Ge*,
Wenkun Xie®, Xu Xing®

1. School of Mechanical Engineering, Shandong University, Jinan 250061, China

2. Key Laboratory of High-efficiency and Clean Mechanical Manufacture at
Shandong University, Ministry of Education, China

3. JIER Machine-tool Group Co. Ltd, Jinan 250011, China

4. School of Mechanical and Electronic Engineering, Shandong Jianzhu University,
Jinan 250101, China

5. University of Strathclyde, Glasgow, Scotland, United Kingdom

6. Qingdao Gaoce Technology CO., LTD., Qingdao 266114, China

*Corresponding author. Tel. /Fax.: +86 18769781991. Email: peizhi23@126.com
Email address: pqge@sdu.edu.cn (Peiqi Ge); 204467561 (@qq.com (Zhecan Cao);
409043432(@qq.com (Zongqiang Li); peizhi23@126.com (Peizhi Wang);
biwenbo@sdu.edu.cn (Wenbo Bi); 342445305(@qq.com (Mengran Ge);

w.xie@strath.ac.uk (Wenkun Xie); xingx@gaoce.cc (Xu Xing)


http://sdu.edu.cn/coremail/XJS/pab/view.jsp?sid=BAHhHLDDLLVWCMGYyWDDGilCiqkGQJbM&totalCount=21&view_no=0&puid=220&gid=2
mailto:w.xie@strath.ac.uk
mailto:xingx@gaoce.cc

Progress and critical challenges in slicing of thin semiconductor wafers using ultra-fine diamond wire

Abstract: Diamond wire sawing (DWS) has emerged as the dominant wafer slicing
technology owing to its superior surface quality, reduced kerf loss, and high processing
efficiency. To further reduce costs, the industry is pursuing thinner wafers (<150 um
for photovoltaic silicon) and adopting finer diamond wires (<35 um in diameter) to
maximize yield per ingot. However, slicing of such thin wafers with ultra-fine diamond
wires poses significant technical barriers to widespread adoption. This paper presents a
systematic review of progress in wafer thinning and wire diameter reduction for slicing,
with emphasis placed particularly on critical challenges for industrial implementation.
The main challenges can be summarized as follows: thin wafers exhibit an elevated
breakage rate owing to the intrinsic brittleness of silicon in combination with increasing
wafer dimensions; saw marks with depths on the order of several micrometers can
substantially deteriorate device performance and impose additional complexity on
subsequent surface treatment processes; wafer warp becomes increasingly pronounced
as thickness decreases, resulting in handling difficulties and yield losses during wafer
fabrication; and the use of ultra-fine wires (<35 um) accelerates wire wear and breakage,
thereby increasing wire-related costs and potentially degrading the quality of the sliced
wafers. The review begins by examining the fundamental principles of DWS, covering
both cutting mechanisms and wire characteristics. It then analyzes the underlying
causes of these key challenges and their potential impacts on slicing performance.
Finally, the paper outlines potential solutions and future research directions for
advancing thin-wafer slicing technology with ultra-fine diamond wires.

Keywords: Semiconductor wafer; Diamond wire sawing; Wafer breakage; Saw mark;
Warp

1 Introduction

Wafers, primarily fabricated from high-purity silicon (with alternatives like silicon
carbide and gallium nitride), serve as the foundation of modern microelectronics and
optoelectronics. In semiconductor manufacturing, these ultra-smooth substrates
undergo a series of advanced nanofabrication processes, such as photolithography, ion
implantation, and plasma etching, to create intricate transistor structures and multilayer
interconnects [1-3]. These techniques enable the development of next-generation logic
devices, high-density memory arrays, and ultra-low-loss RF components essential for
5G/6G communications and Al hardware. For photovoltaic (PV) applications, cutting-
edge silicon wafer-based solar cells employ advanced light-trapping strategies,
including hierarchical surface texturing and dielectric anti-reflective coatings, to
maximize broadband photon absorption while minimizing carrier recombination losses
[4,5]. Such innovations continuously push the boundaries of power conversion

efficiency, driving the global shift toward sustainable energy solutions.

In wafer fabrication, the slicing process constitutes the foundational step, critically

determining both downstream processing efficiency and final device economics. For
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mass production, two predominant slicing technologies are multi-wire slurry sawing
(MWSS) and diamond wire sawing (DWS) [6-13]. MWSS technology first emerged in
the semiconductor industry primarily for slicing silicon ingots into wafers [6]. The
method used a steel wire and a slurry containing free abrasive particles, such as silicon
carbide, to cut through the material via a three-body wear mechanism. In the mid- to
late 1990s, fixed-abrasive diamond wire saws, produced by electroplating diamond grit
onto the wire surface, were introduced [12,14]. DWS employs fixed abrasive cutting,
with diamond-embedded wires directly scratching and fracturing the workpiece surface,
as shown in Fig. 1(a). Further details of the DWS process are provided in Section 2.
Compared to MWSS, DWS offers superior surface quality, higher slicing efficiency (2—
3 times faster), and reduced kerf loss (improving wafer yield per ingot by up to 20 %)
[13,15]. Additionally, DWS is more environmentally sustainable, utilizing water-based
lubricants instead of abrasive slurry and polyethylene glycol (PEG), while also
facilitating silicon debris recycling. These advantages have established DWS as the
dominant slicing technology in wafer production. As illustrated in Fig. 1, DWS has
found successful applications across various materials. Notably, in the PV industry,
DWS completely superseded MWSS after 2013, owing to its superior performance and

concurrent advancements in silicon texturing technology.
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Fig. 1. (a) Schematic illustration of the DWS process [16], and (b) DWS applications for various

materials and the associated diameter of wire sawing tool.

Despite these demonstrated advantages, cost reduction remains a key focus in
industrial-scale DWS applications. An effective strategy involves improving wafer
yield by reducing both wafer thickness and diamond wire diameter (minimizing kerf
loss). For instance, n-type TOPCon monocrystalline silicon wafers (<M10 size) are
projected to decrease in thickness from 140 pm recently to approximately 115 um by
2034, while silicon heterojunction (SHJ) wafers may reach as thin as 100 um within the
same timeframe (Fig. 2(a)) [17]. Similarly, kerf loss is expected to decline across all
wafer sizes, with M 10 wafers decreasing from 55 um in 2023 to as low as 44 pm within
a decade (Fig. 2(b)). This reduction depends critically on advancements in diamond

wire fabrication, particularly diameter shrinking. Currently, high-carbon steel-core
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diamond wires with diameters of 35 um are employed in PV wafer slicing, while
tungsten-core wires (33 um in 2024) are expected to shrink below 25 um within five
years [18]. Beyond PV applications, cost-efficient slicing is especially crucial for high-
value semiconductors like silicon carbide, where conventional wire sawing results in
~200 pm kerf width and ~46 % material wastage [19,20]. Thus, developing thin wafer
slicing techniques using ultrafine diamond wires is essential for improving material

utilization and reducing production costs.
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Fig. 2. Predicted trend for (a) minimum as-cut silicon wafer thickness, and (b) kerf loss with

different wafer sizes [17].

Nevertheless, slicing of thin wafers with ultrafine diamond wires presents
substantial technical challenges. A primary obstacle is the inherent brittleness of
semiconductor materials, which increases susceptibility to crack generation and wafer
breakage during machining, particularly as wafer dimensions expand and thicknesses
decrease [21-23]. For instance, PV silicon wafers now measure up to 210 mm x 210
mm for M12 specifications, while semiconductor silicon wafers have reached a
mainstream diameter of 300 mm [17,24]. These conditions increase fracture risks,
necessitating stringent process control. Additionally, the surface quality and flatness of

as-cut wafers are critical, as DWS-induced saw marks and warp degrade PV solar cell
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efficiency and escalate post-processing costs in semiconductor manufacturing [25,26].
Furthermore, as wire diameters shrink to reduce kerf loss, wear resistance diminishes,
accelerating wire degradation and increasing breakage risks, raising consumable costs

and potential production failures.

This article provides a comprehensive review of the progress and challenges in thin
wafer slicing using ultrafine diamond wires, alongside an examination of state-of-the-
art semiconductor wafer slicing technology. Fig. 3 shows the framework of this review
paper. Section 2 introduces the fundamental principles of DWS, including sawing
mechanisms, processing parameters, and diamond wire structural characteristics.
Section 3 delves into the major challenges of this advanced slicing technique, analyzing
critical issues such as wafer breakage, saw mark suppression, wafer warp, and wire
wear/breakage. Each challenge is analyzed in terms of its underlying causes and
potential impacts on slicing performance. Finally, potential strategies and future
research directions are proposed to address these challenges and advance wafer slicing

technology.

Progress and Critical Challenges in Precision Slicing of Thin Wafers Using Ultra-Fine Diamond Wire
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Fig. 3. The framework of this review paper.

2 Principle of Diamond Wire Sawing Processes

The schematic diagram of the DWS technology is depicted in Fig. 1 (a). The
diamond wire is drawn from a supply (wire in) spool and wound in a reciprocating
manner around multiple guide rollers to form a tightly arranged wire web. Powered by
an electric motor, the diamond wire moves back and forth at a controlled and constant
speed (i.e., wire speed), typically maintained within the range of 30 m/s to 40 m/s.
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Simultaneously, the workpiece advances at a predetermined feed rate relative to the
diamond wire, enabling wafer slicing. The quantity of wafers produced in a single
cutting operation depends on the number of wires in the web, with PV silicon wafers
allowing for the simultaneous production of thousands of wafers. The thickness of as-
cut wafers is determined by the spacing between adjacent diamond wires, while the kerf
loss is influenced by the diameter of the wire itself. To maintain process stability and
prevent wire breakage, the tension of the wire must be carefully regulated using torque
motors, tension sensors, and servo motors. To mitigate thermal effects and ensure
efficient slicing, cutting fluid is continuously applied through nozzles onto the wire web.
The reciprocating motion of the wire web facilitates the transport of cutting fluid into
the cutting zone, providing essential lubrication and cooling throughout the slicing

operation.

In addition to processing parameters (wire speed, feed rate, and tension), slicing
performance is heavily influenced by the characteristics of the diamond wire itself.
Diamond wire is fabricated by uniformly embedding diamond micro-powder particles
onto a core wire at a controlled distribution density. Based on the coating method,
diamond wires can be broadly categorized into two types: electroplated diamond wire
and resin-bonded diamond wire. Electroplated diamond wire is currently the
predominant choice in industrial production due to its superior cutting efficiency and
durability. A typical electroplated diamond wire is illustrated in Fig. 4. In this
configuration, diamond abrasives are securely bonded to the core wire using a nickel
matrix, which offers stronger adhesion compared to resin-based alternatives. The
conventional material for the core wire is high-carbon steel, with a carbon content
ranging from 0.92 % to 1.02 %. The diameter of the core wire typically varies from
several hundred micrometers down to a few tens of micrometers. To further reduce wire
diameter, tungsten has recently been adopted as an alternative core wire material,
enabling diameters as small as below 30 um. Key evaluation parameters that influence
the slicing performance of fabricated diamond wires include its breaking force, wire
diameter, abrasive density, protrusion height of the abrasives, and the uniformity of
abrasive distribution. These factors collectively determine the efficiency, precision, and

reliability of DWS processes.
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Core wire

Fig. 4. The structure of electroplated diamond wire [27].
3 Critical Challenges

3.1 Wafer Fracture and Crack Damage Control

The inherent brittleness of semiconductor materials leads to unavoidable crack
formation DWS processes. This phenomenon becomes particularly pronounced as
wafers trend toward larger diameters and thinner thickness, where DWS-induced
microcracks exhibit substantially higher propagation susceptibility under mechanical
stress, frequently resulting in catastrophic wafer failure. Consequently, crack
suppression and fracture prevention emerge as critical challenges in advanced wafer

slicing operations.
3.1.1 Crack Behavior Under Indentation/Scratch

The material removal mechanism in wafer slicing can be modeled as the process
of interaction between diamond abrasives fixed on the wire and the semiconductor
workpiece. Therefore, indentation or scratch tests are frequently employed by
researchers to investigate crack formation and propagation dynamics within these
slicing processes. Conventional indentation/scratch tests are typically performed with
commercial nanoindentation testers, with maximum scratch velocities limited to
hundreds of micrometers per second. Researchers widely accept that as scratching
depth increases, material removal progresses through three distinct regimes: elastic
deformation, ductile removal, and brittle removal. The critical depth for ductile-to-
brittle transition (dc) is fundamentally governed by material properties such as elastic
modulus (£), hardness (H), and fracture toughness (K.). Bifano et al. [28] established a
classical predictive equation for dc by integrating fracture mechanics with experimental

results:
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d, = 0.15[5)(%}2 (1)

Later, Huang et al. [29,30] proposed a modified version of this transition depth

equation that accounts for £/H dependence:

0o 87(5) (Kﬁj )

While these equations establish a theoretical relationship between d. and intrinsic
material properties, it's important to note that the actual transition depth is also
influenced by extrinsic factors such as abrasive geometry, scratching velocity, and
lubrication conditions. Therefore, caution must be exercised when applying these
equations to predict dc values in practical scenarios. Table 1 summarizes scratch test

determined d. values for various semiconductor materials using different indenters.

Table 1 Scratch test determined d. values for various semiconductor materials.

Material d. (nm) Indenter type Reference
Si (100) 353 Berkovich indenter [31]
Si (100) 437 Conical indenter [32]
Si (100) 181 Conical indenter [33]
Si (100) 158-264 Conical indenter [34]
4H-SiC o
40 Berkovich indenter [35]
(0001)
4H-SiC Conical indenter
38.8 o [36]
(0001) [1-100] direction
4H-SiC Conical indenter
12.5 L [36]
(0001) [11-20] direction
GaAs (100) 62+8 Berkovich indenter [37]
GaAs (100) 5444 Berkovich indenter [37]
GaAs (100) 191.8 Vickers indenter [38]
GaN (0001) 150 Berkovich indenter [39]
Sapphire c-
appaire € 95 Vickers indenter [40]
plane

. Vickers indenter on
Sapphire 210-1150 . [41]
various planes

In brittle removal mode, sharp indenters generate three primary crack types in
9
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semiconductor materials: radial, median, and lateral cracks, as shown in Fig. 5 [42,43].
Lateral and radial cracks facilitate material removal, and subsurface median cracks
induce residual damage within the wafer. The propagation of these cracks follows
fundamental fracture mechanics criteria established by Inglis, Griffith, Irwin, and Rice:
the K criterion (linear elastic fracture mechanics), G criterion (interfacial fracture
mechanics), and J criterion (elastoplastic fracture mechanics). A comprehensive
discussion of these criteria falls beyond our current scope (see [44] for review), we
focus specifically on crack damage during slicing processes. Based on Griftith's theory
and the K criterion, Lawn et al. [45,46] developed theoretical formulations for
predicting median and lateral crack lengths through stress intensity factor analysis at
crack tips. These formulations have been widely adopted for predicting crack damage
depth in both grinding and slicing operations. However, their reliance on simplified
Boussinesq point-load assumptions and neglect of tangential scratching-induced

stresses may compromise accuracy in practical scratching applications.
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Fig. 5. (a) Schematic diagram of crack system in scratch tests [43], (b) scratching-induced surface

radial cracks [47], and (c) subsurface lateral and median cracks [48].

Beyond theoretical analysis, finite element (FE) simulation offers a more precise
and intuitive approach for investigating crack propagation during scratch/indentation
processes. The most-commonly used methods for FE-based crack simulation include
the cohesive zone model (CZM), extended finite element method (XFEM), phase-field
fracture approach, and various multiscale coupled methodologies. The CZM method
requires predefined crack propagation paths, significantly limiting its application to
cases involving complex non-planar cracks or unpredictable fracture patterns. In
contrast, the XFEM method overcomes these limitations through the implementation
of discontinuous jump functions and enriched displacement fields. In this way, the

requirement for explicit crack plane definition is eliminated, avoiding the
10
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computationally expensive need for continuous remeshing of evolving crack surfaces.
Researchers such as Wu et al. [49] and Wang et al. [50] have successfully employed
XFEM to simulate the dynamic propagation of median and radial cracks (Fig. 6(a)) in
silicon wafer slicing. The phase-field fracture method provides an alternative
continuum-based approach that utilizes a continuous scalar field parameter to implicitly
represent crack discontinuities and damage evolution. Compared to XFEM, this method
exhibits superior capability in modeling intricate crack network formations, including
complex crack topologies such as branching, merging, and tortuous propagation paths
[51,52]. However, these enhanced capabilities come at the cost of increased
computational expense. Furthermore, the phase-field approach currently lacks native
implementation in mainstream commercial FE packages such as Abaqus, requiring
researchers to develop customized user-defined subroutines. Another promising
approach is smoothed particle hydrodynamics (SPH) coupled with FEM, which
combines the meshless advantages of SPH with the computational efficiency of FEM.
Duan et al. [53] and Li et al. [54] recently employed the FEM-SPH coupled method to
simulate crack damage during scratching of silicon carbide and silicon (Fig. 6(b)),
respectively, demonstrating its potential for crack damage simulation in scratching

applications.

(b)

, -.l’ .A"‘

wPlastic damage: TN T

Median crack —

Fig. 6. Simulation of crack formation and propagation in silicon scratch tests using (a) XFEM

[50], and (b) FEM-SPH coupled method [54].

Conventional indentation/scratch tests performed on nanoindentation testers
represent quasi-static loading condition, whereas the DWS in industrial applications

operates at speeds reaching 40 m/s. This speed disparity suggests quasi-static tests may
1
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not accurately capture crack behavior during actual wafer slicing. High-speed scratch
tests require specialized experimental setups, typically employing high-rotational-
speed spindles (Fig. 7(a)). Alreja and Subbiah [55] performed such high-speed tests on
Si (100) wafers using conical diamond indenters, revealing a non-monotonic
relationship between scratch velocity and the critical depth for ductile-brittle transition:
the critical depth initially decreases at very low speeds (0.5 mm/s) but subsequently
increases at higher velocities (1.88 m/s). Wang et al. [34] observed that for Si (100), the
critical depth decreased from 264 nm to 158 nm as the scratch speed increased from 1
to 10° mm/min (Fig. 7(b)), with analogous behavior reported for 4H-SiC [56].
Contrastingly, some studies have identified a "skin effect" in subsurface damage under
high-speed machining conditions (Fig. 7(c)), where elevated strain rates (>103 s™)
induce material embrittlement [57]. At high speeds, strain rate effects significantly
influence multiple aspects of material response, including deformation (phase
transformations, plastic energy dissipation), stress distribution, and crack propagation
velocity [58]. These factors collectively modify crack initiation and propagation
behavior, though the underlying mechanisms remain incompletely understood and

require further systematic investigation.
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to-brittle transition with scratching speed [34], (c) high-strain rate induced "skin effect" in

subsurface damage [57].

Crack behavior under scratch is also influenced by the crystalline anisotropy of
semiconductor materials, as demonstrated in studies of sapphire [41], silicon [59],
MgF, [60], and SiC [36,61]. This anisotropy manifests through two primary
mechanisms: orientation-dependent stress fields governing crack driving stresses, and
anisotropic fracture properties (e.g., fracture toughness) determining crack propagation
resistance. To deal with the anisotropic stress field, Wang et al. [62] developed an
analytical model for calculating scratching-induced stress fields in anisotropic SiC,
revealing that the driving stress for median crack propagation exceeds conventional
isotropic predictions by 40 %. The fracture toughness of specific crystallographic

planes (hkl) can be theoretically derived from the orientation-dependent elastic modulus

E and crack energy release rate G, K, =+/E, G, Where G itself depends on the

equilibrium interplanar spacing of the (hkl) planes [63]. Experimental validation
through indentation/scratch tests has confirmed the anisotropic fracture toughness in
both SiC and silicon [64,65], indicating that comprehensive analysis of anisotropic
cracking must consider both orientation-dependent stress fields and crystallographic
fracture properties. Besides, previous studies [66,67] have demonstrated that silicon
fractures preferentially along low-energy crystallographic planes such as (111) and
(110). The local fracture behavior of silicon, particularly the morphology of the crack

front, exhibits a strong dependence on the crack velocity.

Compared to single scratch, double scratch tests provide additional insights by more
closely approximating actual manufacturing processes where multiple abrasives
remove material simultaneously. These tests reveal unique characteristics arising from
stress field superposition, material deformation, and crack interactions [53,68-70].
Typically, the second scratch exhibits reduced normal force compared to the first
scratch, which influences the subsurface material deformation beneath the indenter. As
inter-scratch distance decreases, researchers observe increased brittle material removal
and greater material removal volumes, attributing to the interaction between lateral
cracks (Fig. 8). Through fracture mechanics analysis, the stress intensity factors
between two cracks can be calculated to examine their interactions. Studies have
demonstrated that lateral crack interactions promote crack propagation, whereas
median crack interactions tend to inhibit crack growth [71,72]. However, this analytical

approach remains limited to simple crack systems and proves inadequate for analyzing

13
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complex crack network interactions. Indentation and scratch tests are essential for
understanding the crack behavior involved in wafer slicing. However, directly applying
these results to the wire sawing process to predict crack evolution or minimize crack
damage remains challenging. This difficulty arises from the need to elucidate the
complex interactions among the distributed abrasives on the diamond wire and to
characterize the role of each individual abrasive particle in material removal and crack

formation during the sawing process.

P=90mN, d=50um
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Fig. 8. Cracks interaction in double scratch tests on (a) BK 7 [68], and (b) fused silica [69].
3.1.2 Crack Damage in Wafer Slicing

The application of indentation/scratch contact theory to wafer slicing processes
requires precise characterization of diamond wire morphology and individual abrasive
scratching depth during slicing. Key wire morphology parameters include cutting edge
geometry, protrusion height, abrasive density, and distribution uniformity. Through
controlled sharpening experiments, the cutting edges of diamond abrasives are exposed
from nickel matrices (Fig. 9), revealing that approximately 89 % of cutting edges
exhibit triangular or quadrangular pyramidal geometries. Their geometric angles follow
Gaussian distribution, confirming statistical regularity in inherently variable abrasive

populations [16].
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geometric angles [16]

For wires with diameters of 40-70 um, the protrusion height of abrasives typically
ranges between 4-6 um. Meanwhile, the abrasive density depends on both the wire
diameter and the electroplating process, varying within 60-240 grits/mm. As wafer
technology trends toward thinner substrates and larger diameters, there is a growing
demand for improved uniformity in abrasive distribution and protrusion height.
Machine-vision-based detection methods have been successfully employed to acquire
these critical parameters [73,74], though significant challenges remain in effectively

utilizing this data for slicing parameter optimization and wafer quality prediction.

Scratching-induced cracks manifest as subsurface damage with distinct
morphologies (Fig. 10), primarily consisting of median and lateral cracks. Median
cracks, which largely determines subsurface damage depth, are predominantly
influenced by abrasives located within a 5°-15° offset angle on the wafer-contact side
of the wire circumference [75]. This damage depth exhibits significant material
dependency, ranging from several micrometers in silicon to tens of micrometers in SiC

[76-78]. Process parameters exhibit characteristic effects: damage depth increases with
15
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higher feeding speeds and lower wire speeds, while showing minimal dependence on
wire tension. Additionally, material crystal structure and abrasive geometry on wire
significantly influence damage characteristics [79]. Studies demonstrate that increased
abrasive density combined with reduced grit size and size distribution can effectively

minimize crack damage depth [80,81].

Establishing quantitative relationships between subsurface crack damage depth,
wire morphology, and processing parameters requires integration of indentation/scratch
contact theory with slicing process dynamics. Current modelling approaches
[75,80,82,83] typically follow a two-stage framework. The first stage involves
developing a 3D model to describe wire morphology, incorporating parameters such as
wire diameter, abrasive size, density, and included angle. A typical and detailed
methodology for this model description can be found in Chung’s work [84]. However,
current models inadequately represent actual wire morphology, particularly regarding
uniformity of abrasive distribution/protrusion and the geometric complexity of cutting
edges (often oversimplified as conical shapes). The subsequent stage applies contact
theory to predict material removal volumes and crack dimensions per abrasive,
ultimately simulating surface/subsurface morphology of wafers. However, these
models remain limited by their reliance on single-abrasive quasi-static scratching
assumptions, neglecting critical factors including high-speed effects, material
anisotropy, and crack interactions. While incorporating these factors would enhance
model fidelity, it would also substantially increase complexity, potentially
compromising practical utility for industrial applications. In addition, the material
removal and fracture behavior are also influenced by wire vibration during the diamond
wire sawing (DWS) process. Studies [85] have shown that increasing the vibration

amplitude leads to a greater kerf loss, particularly near the wire entrance.
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Fig. 10. (a) Subsurface crack damage generation mechanism in wafer slicing, (b) crack

morphology of as-cut silicon wafers [83].
3.1.3 Fracture Strength and Wafer Breakage

Wafer fracture behavior is governed by both the intrinsic fracture strength and
dynamic operational stresses experienced during slicing. The slicing-induced crack
damage can significantly degrade the fracture strength, wherein crack length, density,
and inclination angle serve as critical controlling parameters [86]. Due to inherent
variations in crack size and spatial distribution generated during slicing, fracture
strength exhibits stochastic fluctuations and follows a Weibull distribution [87] (Fig. 11

(a) and (b)), mathematically expressed as:

Ple)=1- exp[ - (-‘;"-) '"] 3)

where P is the failure probability of wafers, oo is the characteristic strength

corresponding to the 63.2 % failure probability, o is the applied tensile stress, and m is
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the Weibull modulus. These distribution parameters can be experimentally
characterized using standard mechanical tests such as three-point bending, four-line
bending (Fig. 11(c) and (d)), ring-ring bending, and ball-ring tests, as reviewed in
literature [ 88]. Alternatively, fracture strength can be estimated theoretically by
reconstructing crack morphology on as-cut wafers, calculating stress intensity factors
at crack tips under bending stresses, and comparing results with the material’s fracture
toughness threshold [86].
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Fig. 11. (a) Surface cracks on as-cut silicon wafers [86], (b) Weibull distribution of fracture
strength [86], (¢) four-line bending test [26], (d) load-deflection curves obtained from bending test
[26].

The fracture strength of as-cut wafers critically governs their breakage resistance,
yet dynamic mechanical stresses imposed during slicing equally determine breakage
susceptibility. Macroscopic slicing forces constitute the most immediate contributor,
generating complex stress fields throughout the wafer substrate. Wang et al. [89]
developed an analytical framework to predict the minimum wafer thickness by
calculating slicing forces and the resulting stresses based on Kirchhoff’s thin plate
theory. Liu et al. [90] incorporated wafer vibration dynamics into their analysis,

examining both free and forced vibration modes during slicing. Their predictive model
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reveals a 6 % breakage rate for 156 mm x 156 mm wafers at 0.15 mm thickness,
demonstrating the substantial influence of dynamic mechanical interactions on

production yield.

The second stress contributor emerges from capillary adhesion between wafers. As
wafer thickness decreases and inter-wafer spacing narrows during slicing, liquid
bridges form at interfaces, generating substantial capillary adhesion forces. These
interfacial forces can induce wafer adhesion, creating additional stress concentrations
that elevate breakage risk, as illustrated in Fig. 12 [91,92]. Empirical evidence reveals
that when cutting 150 um-thick G13 PV silicon wafers with 34 um wires, where a single
wire can produce up to 4,000 wafers, approximately 25 % of output exhibit adhesion
behavior. Zheng et al. [93,94] quantified capillary adhesion dynamics during ultrathin
wafer slicing, demonstrating adhesion intensification with increasing slicing depth and
wafer area. For 210 mm x 210 mm monocrystalline silicon wafers, breakage probability
increases sharply below 100 um thickness thresholds, exceeding 6 % at 50 um. Beyond
the in-situ slicing process, fracture hazards persist during wafer ejection from the wire
web, particularly when adhered wafers separate unevenly or when the diamond wire

deviates from the kerf plane.
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caused by capillary adhesion [93].

3.2 Saw Mark Suppression

Saw marks, exhibiting wave-like periodic structures on as-cut wafer surfaces (Fig.
13), serve as a critical metric for assessing as-cut wafer quality [95]. These periodic
structures typically display peak-to-valley (P-V) amplitudes ranging from several
micrometers to over tens of micrometers, depending on slicing parameters [96,97]. For
PV wafers, saw marks present a significant challenge in subsequent texturing processes
due to their inherent resistance to complete removal. These surface irregularities not
only enhance optical reflectance (reducing light absorption efficiency), but also act as
recombination centers for minority charge carriers, ultimately degrading the conversion
efficiency of solar cells [25,98]. For semiconductor wafers, saw marks requires costly

lapping and polishing for elimination, increasing the total manufacturing cost.
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Moreover, the saw mark defects compromise the mechanical integrity of the wafers,
elevating the risk of breakage [26], particularly as wafers trend toward larger
dimensions and ultra-thin standards. Consequently, industrial production rigorously

monitors and controls saw mark depth as a fundamental quality indicator.
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Fig. 13. (a) Saw marks on as-cut silicon wafers, (b) measured P-V value of saw marks [95].

Saw mark formation is intrinsically linked to the cyclic kinematics of wire saw
systems, primarily driven by the wire’s reciprocating motion. A foundational hypothesis
suggests that periodic reversals of wire direction induce time-dependent fluctuations in
material removal efficiency. This arises from the wire’s transient velocity profile, which
undergoes four phases per cycle: forward acceleration, deceleration to rest, backward
acceleration, and subsequent deceleration. Such velocity variations would theoretically
alter the instantaneous cutting force and contact duration at the interface between the
wire and workpiece, generating periodic differences in material removal volume. If this
velocity-dependent mechanism were operational, each reciprocation cycle would
produce two alternating pairs of material removal peaks and valleys. Geometrically,
this would constrain the observed saw mark wavelength to half the wire’s feeding
distance per reciprocation cycle. However, empirical measurements reveal that the P-V
wavelength matches the full feeding distance per cycle, contradicting the velocity-

modulation hypothesis [95].

An alternative model attributes saw mark formation to torsional dynamics within
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the wire-saw system. Geometric irregularities in roller winding configurations,
particularly non-aligned helical grooves, induce asymmetric entry/exit conditions,
causing constrained wire twisting. Experimental studies confirm localized buckling
instabilities at groove entry points, generating periodic lateral forces perpendicular to
the wafer plane, synchronized with reciprocation cycles [99,100]. Building on
semiconductor-wire interaction dynamics, Lai et al. [101] developed a 3D model to
simulate saw mark formation and derived an empirical formula for lateral slicing forces
as a function of: saw mark P-V value, wavelength, feed rate, and wire velocity.
According to the lateral force hypothesis, the direction of the lateral force induced by
nonaligned roller grooves reverses once per reciprocation cycle of the wire. This
hypothesis suggests that in an endless wire slicing process, where the wire moves
unidirectionally without reciprocation, saw marks should theoretically not form.
However, experimental observations contradict this prediction, as distinct saw marks
persist even under endless wire conditions [102], implying that the lateral force
hypothesis alone cannot fully explain the saw mark formation mechanism. A
comprehensive macroscopic framework integrating wire dynamics and removal

mechanics is needed to fully elucidate saw mark generation.

In addition to the formation mechanism, extensive research has been devoted to
exploring the relationship between saw mark depth and processing parameters.
Empirical evidence indicates that saw mark depth increases proportionally with feed
speed but inversely with wire speed. This correlation arises because higher feed rates
and lower wire velocities increase the material removal volume per abrasive particle
[103,104]. Furthermore, the wire reciprocation period significantly influences saw
mark depth, with longer periods yielding greater depths [101]. This dependence
facilitates precise control of the saw mark morphology by optimizing the reciprocation
period; P-V values can be controlled within 8.9-11.7 pm via systematic optimization.
Notably, although wire tension remains unexplored in the current literature, it is
hypothesized to critically influence saw mark depth by modulating lateral forces,

consistent with the second lateral force hypothesis.

3.3 Wafer Warp Control

Wafer warp, characterized by concave or convex curvature (Fig. 14(a)), describes
the deviation from ideal wafer planarity, adversely impacting manufacturing tolerances.
Its detrimental effects are particularly significant in advanced semiconductor

manufacturing, causing lithographic misalignment errors that lead to pattern blurring
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and overlay inaccuracies. Warp can also result in uneven material removal during
chemical-mechanical polishing and increase fragility during automated handling,
especially for large-size and ultra-thin wafers. In response to these challenges, SEMI
standards enforce stringent warp specifications, with maximum allowable values of <40
um for 4-inch wafers and <60 pum for 6-inch wafers. The origin of wafer warp lies in
non-uniform stress distributions during processing, which arise primarily from phase
transitions, plastic deformation, and localized thermal stresses. These key mechanisms

are comprehensively examined in this section.
3.3.1 Phase Transition and Plastic Deformation in Wafer Slicing

During slicing of semiconductor materials, regions beneath the abrasives
experience high stresses and strain rates, inducing plastic deformation and phase
transitions within the material. Roman spectroscopy can detect these phase changes
post-slicing. For instance, studies confirm the amorphization of as-cut silicon wafer
surfaces, indicating a transition from crystalline Si (Si-I) to amorphous Si (a-Si)
[105,106]. The degree of amorphization depends on factors such as wire velocity, wire
wear condition, and position on the wafer. Lower wire speeds and fresh wires result in
reduced a-Si formation, while the wafer center typically exhibits less a-Si compared to
the left and right edges (Fig. 14(b)). Additionally, analyzing swarf particles generated
from slicing provides insights into phase transitions occurring in situ. Banerjee et al.
[107] quantified the a-Si/Si-1 ratio in silicon swarf, revealing that crystalline Si
correlates with brittle machining, whereas amorphous Si is associated with ductile
material removal. These phase transitions can induce volumetric changes (expansion or
contraction) and generate misfit strain between transformed and untransformed regions,

contributing to wafer warp.
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Fig. 14. (a) Warp distribution of as-cut silicon wafers [108], (b) Raman intensity ratio of the
amorphous to crystalline phase for various measured areas [105], (c) mappings of the Raman shift

of crystalline silicon peaks from the fresh wire and the used wire side [105].

Raman spectroscopy of sliced wafers reveals only the final phase states; it cannot
probe the intermediate transformation mechanisms, which require alternative methods
such as indentation or scratch testing. These tests demonstrate that contact pressure is
the primary driver of phase transitions. For example, under hydrostatic pressures
reaching ~11.3 GPa, Si-I irreversibly transforms into a metastable metallic $-Si phase,
accompanied by ~20 % densification [109]. Subsequent phase evolution depends on
loading magnitude and unloading rate: high loads combined with slow unloading favor
the formation of Si-XII or Si-III, while rapid unloading at lower loads promotes a-Si
generation [110]. Studies also indicate that faster unloading rates increase the likelihood
of B-Si converting to a-Si, with complete amorphization achievable at scratching speeds
exceeding 15 m/s [111-113]. Notably, the B-Si to a-Si transition induces volumetric
expansion. This creates significant stress mismatches due to strain incompatibility with

the surrounding crystalline matrix, ultimately resulting in nonuniform stress
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distribution across the wafer.

Beyond phase transitions, plastic deformation also occurs beneath abrasives during
slicing processes. Even nominally brittle materials may exhibit localized plastic
deformation under shallow indentation conditions. This deformation is primarily
governed by the activation of dislocation slip systems and, as previously discussed,
often accompanied by pressure-induced phase transformations [114,115]. Within
classical contact mechanics [116], the plastic deformation zone is typically modeled as
a hemispherical shape. Median cracks are thought to nucleate at the elastic-plastic
boundary beneath this zone. The resulting stress field contributes significantly to
residual stresses that ultimately induce wafer warp. Yoffe et al. [117] analytically
modeled this deformation zone as an expanding hemispherical inclusion within an
infinite elastic half-space, deriving the "Blister field" stress solution. Later, Feng et al.
[118] revised this approach by proposing an embedded center of dilatation (ECD)
model. This model relocates the expansion center subsurface, rather than locating it at
the surface. Wang et al. [62] further generalized this model to account for material
anisotropy in 4H-SiC by incorporating the Christoftel equation and Green's function
(Fig. 15(a)). These theoretical models rely on the accurate determination of the critical
parameter B, which quantifies the stress field strength. However, current
implementations often depend on rough approximations, highlighting the need for more

precise parameter calibration.

Compared to analytical solutions, finite element methods enable higher-fidelity
predictions of stress fields. For instance, Drucker-Prager constitutive models
successfully capture volumetric densification effects during silicon indentation
simulations, a capability lacking in analytical solutions, yet fail to model the volume
expansion occurring during the -Si to a-Si phase transition [119]. This limitation has
motivated research into advanced constitutive models that integrate both plasticity and
phase transformation kinetics [50,120-122]. However, most existing models assume
isotropic plasticity, neglecting the crystallographic anisotropy of semiconductor
materials. This shortcoming could be addressed by coupling these frameworks with
crystal plasticity FEM (CPFEM). Explicitly incorporating orientation-dependent slip
systems in CPFEM would enable more accurate descriptions of deformation-induced

stress fields.
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Fig. 15. (a) Normalized scratching-induced stress distribution (o/H) in the 4H-SiC plane X= 0

[62], (b) residual stress measured on different as-cut silicon wafers [106].

Despite advances in stress field modeling for indentation and scratch, their direct
application to slicing remains challenging due to fundamental differences in material
removal processes. Slicing involves a highly dynamic process with numerous
interacting abrasive particles, generating complex stresses that conventional
indentation/scratch-based models cannot fully capture. Consequently, research in this
area remains limited, with most studies focusing on experimental measurements of
residual stress in as-cut wafers rather than theoretical modeling. For instance, Liu et al.
[106] reported that wafer surfaces exhibit both compressive and tensile residual stresses,
with peak values reaching 200 MPa (tensile) and 300 MPa (compressive), respectively,
depending on slicing parameters (Fig. 15(b)). Further work by Yang et al. [123]
demonstrated that these residual stresses could be substantially reduced by as much as
~5 um of material removal via etching, suggesting a strong correlation between residual
stress and the presence of a damaged or plastically deformed surface layer. Critically, a
key limitation of these residual stress measurements is that they reflect only the final
equilibrium state after stress redistribution and partial relaxation induced by wafer warp.
The transient stress distribution during slicing and its direct influence on warp

formation remain poorly understood and require further investigation.
3.3.2 Thermal Effects and Temperature Distribution

Wafer slicing is a complex thermo-mechanical process characterized by frictional
heating and mechanical scratching within the cutting zone. This localized energy

dissipation leads to significant temperature elevation, which critically influences
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material properties, induces thermal stresses, and contributes to wafer warp. The
process exhibits two distinct thermal regimes: transient flash temperature and steady-
state temperature. Flash temperature refers to instantaneous, highly localized thermal
spikes at abrasive tip-workpiece contact points. These spikes arise from rapid frictional
energy dissipation over extremely short timescales. In contrast, steady-state
temperature develops gradually as the system approaches thermal equilibrium,
balancing heat generation with dissipation through conduction, convection, and

radiation.

Under dry slicing conditions, flash temperatures can exceed 1500 K at wire speeds
of 10 m/s, depending on material properties and slicing parameters, as shown in Fig.
16(a) [124]. The relatively lower temperatures are associated with brittle cutting modes
compared to ductile modes. While flash temperatures primarily govern abrasive wear
and localized phase transformations, the spatial distribution of steady-state temperature
predominantly influences wafer warp. This is due to prolonged thermal gradients and
their associated thermoelastic stresses. Numerical studies [125-127] commonly employ
the element birth and death algorithm in finite element modeling to efficiently simulate
these thermal effects. This approach circumvents the computational burden of explicitly
modeling thousands of abrasive particles and complex material removal processes. It
typically involves first calculating the mechanical slicing forces and subsequently
converting them into equivalent distributed heat sources for thermal analysis.
Simulations predict steady-state temperature increases on the order of tens of Kelvin
(Fig. 16(b)), orders of magnitude lower than flash temperatures, yet sufficient to
generate substantial thermoelastic stresses. These studies indicates that thermal stresses
constitute a significant portion of thermo-mechanical coupling stresses, and increasing
wafer size amplifies these stresses, thereby exacerbating wafer warp. Nevertheless, the
precise relationship between temperature distribution and wafer warp formation

remains incompletely understood and requires further investigation.
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Fig. 16. (a) Flash temperatures at various scratching penetration depth of silicon [124], (b)
temperature distribution across wafers measured at different sliced positions of a polysilicon ingot

[127].
3.4 Wear and Breakage of Diamond Wire

The wire's susceptibility to wear and breakage increases significantly with
decreasing wire diameter and when processing harder materials such as SiC. Industry
data indicate that the average wire consumption is approximately 10 meters per 8-inch
silicon wafer, whereas it can reach up to 700 meters per 6-inch SiC wafer. Severe wire
wear not only reduces cutting efficiency, prolonging cutting times, but also degrades
sliced wafer quality. Therefore, minimizing wire wear and breakage while improving
lifespan prediction accuracy has become essential for cost control, especially when

using ultrafine diamond wires.
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3.4.1 Mechanism of Wire Wear and Breakage

Wire wear progresses through three distinct stages during the slicing process [128].
The initial stage involves gradual erosion or redistribution of the electrodeposited nickel
layer surrounding the diamond abrasives, exposing their cutting edges. Concurrently,
the most prominent diamond grains undergo rapid blunting or are completely dislodged
from the wire matrix. Subsequently, the process transitions into a steady-state wear
phase characterized by stabilized cutting performance and consistent material removal
rates. Ultimately, the wire enters an accelerated wear stage, marked by progressive
degradation of cutting capability, increased normal cutting forces, and deteriorating
surface quality due to excessive abrasive wear and reduced efficiency, resulting in wire
failure. As illustrated in Fig. 17(a), the evolution of wire diameter over slicing time
follows a typical curve, exhibiting a sharp decline in the final stage that signals

imminent failure.

Individual diamond abrasives exhibit three primary wear modes: (1) rounding or
blunting of the cutting edges (Fig. 17(c)), (2) partial or complete fracture (Fig. 17(d)),
and (3) pull-out of abrasives from the wire matrix (Fig. 17(b)). Statistical analysis
reveals that the abrasive pull-out rate in silicon wafer slicing processes remains
relatively low, with reported values consistently below 2 % [129,130]. This suggests
that the majority of diamond abrasives remain securely embedded within the wire
matrix throughout the slicing process. Consequently, blunting and fracture constitute

the predominant failure modes for the abrasives.
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worn wire [128], (c) blunting and (d) fracture of single abrasive fixed on wire [128,139].

Scratch tests on silicon substrates also reveal that initial wear of diamond indenters
results primarily from micro-fracture and blunting. The resulting fracture patterns
typically exhibit hackly or river-like morphologies (Fig. 18(a)) [132]. Similar fracture
modes have been observed during scratch testing on sapphire [133] and reaction-
bonded silicon carbide (rb-SiC) [134]. Beyond purely mechanical degradation, thermal
and chemical interactions also significantly contribute to diamond wear. Analytical
studies indicate that the transient flash temperatures during slicing can reach up to 1500

K, exceeding the diamond graphitization threshold [124]. Experimental evidence
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confirms graphitic phase formation on fixed diamond abrasives of wire, with
transformation depths reaching ~10 nm (Fig. 18(b)) [135]. Furthermore, it has been
demonstrated that the presence of electroplated nickel can significantly reduce the
graphitization temperature from its typical range of 1000-1235°C to approximately
600°C [136]. Collectively, these findings indicate that wear of fixed diamond abrasives
on the wire arises from a synergistic interplay between mechanical degradation
(fracture, blunting) and thermally induced phase transformation (graphitization).
However, the quantitative contributions of these individual mechanisms remain

unresolved, and systematic approaches to mitigate wear require further development.
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Fig. 18. (a) Hackly and river fracture patterns on diamond tip when scratching mc-silicon and
mono-silicon at depth of 10 pm [132], (b) Raman spectroscopy of the graphitic region on

abrasives fixed on wire (black arrow indicates graphitic region) [135].

Besides, it was observed that during the initial stage of wire wear, the surface
roughness of the sliced wafers decreases slightly, and the scratches generated on the
wafer surface appear smooth and continuous. As the wear of the wire progresses further,
however, the surface roughness begins to increase. A similar trend has been reported in
the slicing processes of silicon, sapphire, and Si:N4 ceramics [131,137,138]. At the early
stage of wear, the initially sharp diamond tips become gradually blunted, resulting in a
material removal mechanism that shifts from a predominantly brittle mode to a more

ductile mode. This transition is responsible for the temporary reduction in surface
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roughness. Comparable findings have also been observed in the study of Kumar et al.
[139]. However, when the wire becomes excessively worn, the wafers tend to exhibit
more numerous and deeper median cracks compared with those cut using fresh wires.
These cracks not only compromise the surface integrity but also lead to a significant

reduction in the fracture strength of the wafers.

Reducing wire diameter also poses significant challenges for avoiding wire
breakage. The breaking tension of diamond wire exhibits a direct correlation with core
wire diameter (Table 2) [140]. Further reductions in diameter necessitate increasingly
stringent tension control. During operation, a dedicated control system regulates wire
tension, which experiences dynamic fluctuations due to three primary factors: wire
reciprocation, progressive wear-induced variations in cutting capability, and system
mechanical vibrations. Exceeding the critical breaking threshold causes wire fracture
and substantial wafer yield loss. Consequently, precise tension maintenance is essential

for preventing breakage and ensuring production efficiency.

Table 2 Variation of breaking force with core wire diameter [140].

Specification Outer diameter Core wire Breaking

(um) diameter (um)  force (N)
28 4312 28+2 >4.8
30 45+2 30+2 >5.0
32 47+2 3242 >5.2
34 47+2 3242 >5.2
36 5145 36+2 >5.8
40 5545 402 >7.0
45 60+5 4542 >8.5
50 65+5 5042 >9.5
60 75+5 60+2 >13

3.4.2 Wire Lifespan Prediction

Accurate prediction of operational lifespan is essential for optimizing diamond
wire utilization and ensuring consistent cutting performance. The progressive wear of
diamond wire critically impacts cutting performance from two primary aspects:
dynamic variations in slicing force (manifested as wire bow) and changes in wafer
quality characteristics. During the stable wear stage, the normal slicing force maintains

consistent levels while wafer surface roughness improves measurably compared to

32



Progress and critical challenges in slicing of thin semiconductor wafers using ultra-fine diamond wire

initial cutting conditions [141]. Upon entering the failure stage, however, the normal
slicing force escalates markedly under identical parameters, increasing wire bow angles
and degrading surface finish [128]. This wear progression fundamentally alters the
material removal mechanism: progressive blunting of cutting edges promotes ductile-
mode cutting that reduces surface roughness, but simultaneously exacerbates
subsurface damage and ultimately compromises wafer fracture strength [78,139].
Furthermore, wire wear detrimentally affects additional wafer-quality metrics including
warp and total thickness variation [142,143]. Despite these empirical observations, the
underlying physical mechanisms linking wire wear to specific wafer quality parameters

remain insufficiently characterized.

Current wire lifespan (or wear) prediction methodologies primarily employ two
approaches: monitoring slicing force evolution under constant feed rates, or tracking
feed distance progression under constant feeding loads. Wang et al. [131] and Guo et
al. [ 144 ] developed force prediction models for silicon slicing applications,
incorporating abrasive wear effects. Meanwhile, Kim et al. [145] investigated wire
performance and lifespan through feed speed/distance predictions under constant
feeding loads (Fig. 19(b)). A significant limitation across these models lies in their
simplified treatment of abrasive wear, typically reduced to protrusion height reduction
governed by elementary wear rate equations, which may inadequately represent actual
wear complexity. Moreover, existing models predominantly operate in static and offline
modes, lacking adaptability to real-time process variations. Implementing an online
prediction system capable of dynamically monitoring wear evolution and adjusting

lifespan estimates would substantially enhance prediction accuracy and operational

reliability.
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Fig. 19. (a) Fracture strength of wafers sliced by new and used wires [139], (b) variation in wire

cutting capability as a function of the working time [145].
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4. Strategies and Future Prospects

4.1 Material-Tool-Performance Database

The selection of process parameters critically determines the quality characteristics
of as-cut wafers during slicing, making their meticulous optimization essential for
achieving superior cutting quality and production efficiency. Traditional optimization
approaches, such as single-variable testing and orthogonal experimental designs, often
yield locally optimal solutions under controlled conditions but prove inadequate when
scaled to industrial production. This limitation arises from the intrinsic material-and-
tool dependency in the slicing process: any modification to diamond wire specifications
(e.g., abrasive size, density, wire diameter) or workpiece material properties (e.g.,
hardness, brittleness, crystalline structure) can render previously optimized parameters
ineffective. To address this challenge, a comprehensive material-tool-performance
relational database tailored to slicing processes is required. Such a database would
facilitate knowledge-driven parameter selection, enabling operators to swiftly retrieve
optimized slicing parameters for new diamond wire and material combinations based
on predefined quality criteria (e.g., saw mark depth, warp). By shifting from
experimental trial-and-error to a data-driven framework, this approach could
significantly reduce the costly and time-consuming iterations required during

production line transitions or material changes.

Previous attempts to establish theoretical correlations between process parameters
and wafer qualities have integrated slicing dynamics with indentation or scratch theory
[144,146-148]. However, these models often oversimplify the complex multi-abrasive
interaction dynamics during slicing, neglecting critical factors like lubrication, wire
vibration, and the wire wear evolution over time. Moreover, many theoretical
frameworks lack robust validation through large-scale industrial experiments, limiting

their practical reliability.

Conversely, a purely experimental approach demands extensive and resource-
intensive testing to generate statistically meaningful datasets. Neural-network-based
machine learning offers a promising middle ground by combining theoretical insights
with empirical data [149,150]. An Artificial Neural Network (ANN) is commonly used
to explore the relationships between input and output data, and has been applied to
predict surface roughness, wear rates, and to optimize processing parameters in the
slicing of brittle materials [151-153]. Variational Mode Decomposition (VMD) can be

employed to extract hidden features from complex vibration or acoustic emission
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signals, thereby enhancing real-time monitoring and improving failure prediction
accuracy [154]. Reinforcement learning frameworks offer significant potential for
addressing complex and dynamic decision-making problems, enabling the dynamic
optimization of slicing parameters while balancing trade-offs among wafer quality, wire
longevity, and throughput [155]. Such advanced data-driven techniques can extract
complex nonlinear relationships from limited experimental datasets while maintaining
high predictive accuracy. This hybrid methodology reduces reliance on costly iterations
and enhances adaptability across diverse material-tool combinations, paving the way

for more intelligent and efficient industrial slicing processes.

4.2 In Situ Process Monitoring

The wafer slicing process exhibits dynamic variations in critical parameters such
as wire tension, cutting performance (reflecting wear and bowing states), and cutting
zone temperature. These real-time fluctuations directly affect wafer quality by
influencing crack propagation dynamics, material removal mechanisms, and stress
distribution patterns. Given their strong correlation with quality metrics, these
parameters serve as essential process evaluation indicators. Consequently, robust in-
situ monitoring systems have become indispensable in modern wafer manufacturing to

ensure process stability and maintain stringent quality standards.

Stable wire tension is critical not only for preventing catastrophic wire breakage
but also for ensuring consistent wafer quality. Modern monitoring systems address this
requirement through high-sensitivity load cells and torque sensors, enabling real-time
tension tracking with exceptional precision. These systems often incorporate advanced
control architectures, including proportional-integral-derivative algorithms and self-
adaptive backstepping control strategies [ 156 ]. However, wire tension remains
susceptible to fluctuations caused by mechanical and operational factors such as
dynamic changes in wire-in and wire-out roller diameters, friction, and wire
reciprocation [157]. Given these nonlinear and time-varying influences, there is a
pressing need for an intelligent and adaptive tension control system tailored for
electroplated diamond wires, one capable of maintaining high-precision regulation

while resisting disturbances with superior sensitivity to minute variations.

Thermal effects and temperature distribution significantly influence wafer warp,
particularly in ultra-thin wafers where localized heat generation induces thermal
gradients and residual stresses. However, accurately measuring cutting zone

temperature remains challenging. Conventional methods like infrared thermography
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lack the spatial resolution for precise localized assessment, while thermocouples risk
damaging semiconductor materials and face integration difficulties. Developing novel
real-time temperature monitoring techniques is therefore critical. Reliable temperature
data could be integrated into closed-loop control systems to dynamically adjust coolant
flow and feed rates. Advanced implementations may incorporate predictive thermal
models that correlate slicing parameters with expected temperature profiles, enabling

preemptive optimization of wire speed and feed rates to mitigate thermal spikes.

Progressive diamond wire wear degrades slicing efficiency and compromises wafer
surface quality, necessitating real-time in-situ wear monitoring systems that combine
multiple sensing modalities. Current approaches include direct measurement via high-
resolution image analysis and indirect methods based on process indicators such as
force signals, acoustic emissions, or vibration signatures [158]. Notably, existing
diamond wire measurement systems are predominantly designed for quality inspection
during the wire fabrication process, where operational speeds remain relatively low
(typically tens of meters per minute) [159]. Adapting these systems for high-speed
slicing operations, where wire velocities can exceed 30 m/s, poses significant
challenges, demanding ultra-fast imaging and computational processing. Additionally,
lubrication and wire vibrations impair image quality, making direct visual assessment
unreliable. Indirect monitoring methods, which correlate wear characteristics with
measurable process parameters like slicing forces or acoustic signals, may offer a more
practical and robust solution for industrial-scale real-time wear monitoring. Such in-
situ monitoring requires the embedding of sensors on slicing equipment to acquire
sufficient process data. A representative example is the work by Coustier et al. [160],
in which wire bow, slicing force, and wire wear were successfully monitored during
silicon wafer slicing. The current challenges in implementing in-situ monitoring during
the slicing process can be broadly categorized into two aspects. The first involves the
difficulty in acquiring reliable real-time data, particularly regarding cutting zone
temperature, diamond wire wear, and wafer quality metrics. The second lies in the
effective real-time processing and interpretation of this data, as well as the timely

feedback required to adapt slicing parameters on-the-fly for process optimization.

4.3 High-Efficiency Green Lubrication

Sustainability is an increasingly important consideration in DWS, as the industry
seeks to minimize environmental impacts such as CO: emissions and excessive energy

consumption. Considerable research has focused on reducing the carbon footprint and
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lowering the energy required per wafer, while maintaining high wafer quality [161,162].
Akey strategy in this regard is the adoption of high-efficiency, environmentally friendly
lubrication and cooling systems. Lubrication constitutes a critical element in wire-based
slicing processes, addressing four primary functions: reducing wire-workpiece friction,
regulating cutting zone temperatures, evacuating machining debris, and inhibiting
material adhesion to the wire. The industry-standard overflow method, in which
lubricant is dispensed from guide plates to saturate the wire web, remains predominant.
However, as wire diameters progressively decrease, the resultant narrower kerf widths
increasingly impede effective lubricant penetration from the wire web into the cutting
zone. Contemporary commercial lubricants, predominantly water-based formulations
containing surfactants, corrosion inhibitors, and pH adjusters, provide basic
functionality but often fail to satisfy advanced tribological requirements for friction

reduction and wear resistance in modern slicing applications.

Recent research has pursued two complementary approaches to enhance
lubrication performance: innovative delivery methods and advanced fluid formulations.
Alternative delivery strategies include immersion-based methods like water tank baths
for continuous fluid contact [163], ultrasonic-assisted lubrication to enhance capillary-
driven transport [164], and electrostatic spraying techniques that leverage charged
droplets for deeper kerf penetration [165]. Sefene at al. [166, 167] proposed a novel
electrophoretic-assisted diamond wire sawing technique for slicing silicon and SiC, in
which CaCO:s particles dispersed in the coolant are employed for silicon and FesOa
particles are used for SiC. Compared with conventional coolants, this approach not only
reduces processing time, energy consumption, and carbon dioxide emissions, but also
improves surface quality and mitigates wire wear. In parallel, nanoparticle-enhanced
lubricants (nanofluids), such as silicon carbide (SiC) suspensions, have demonstrated
superior lubrication properties, yielding improved surface finish and reduced edge
chipping. However, the higher production costs of these nanofluids challenge their
economic viability [168]. Consequently, developing cost-effective, high-performance,
and environmentally sustainable lubrication systems for ultra-fine wire slicing remains
a significant challenge. Future research should prioritize the optimization of
nanoparticle lubricants, exploration of alternative green chemistries, and refinement of
delivery mechanisms to bridge the gap between laboratory validation and industrial-

scale implementation.
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4.4 Development of High-Performance Diamond Wire

The material removal and crack formation processes in wafer slicing are
fundamentally governed by the performance of diamond wire tools. Research has
consistently shown that wire morphology critically influences key quality metrics of
as-cut wafers, including surface roughness, subsurface damage depth, and saw marks.
The growing demand for high-efficiency slicing of semiconductor materials,
particularly hard-to-machine substrates like silicon carbide (SiC), using ultrathin wires
further necessitates diamond wires with exceptional mechanical integrity to prevent in-
process failure. This requirement has driven the development of high-performance

diamond wires as essential components in slicing systems.

Several critical evaluation metrics govern diamond wire performance. Tensile
strength represents a fundamental property that directly determines a wire's resistance
to breakage under the substantial mechanical loads during high-speed slicing. Equally
critical is abrasive grain retention force, which ensures diamond particles remain
securely embedded in the wire matrix, thereby maintaining consistent cutting
performance throughout the tool's service life. The optimization of grain size and spatial
distribution represents an equally essential parameter, requiring deliberate engineering
to simultaneously maximize material removal rates while minimizing crack damage.
These metrics collectively determine slicing efficacy and demand precise control to

satisfy the rigorous requirements of advanced wafer manufacturing.

Addressing these challenges requires innovative materials and advanced
manufacturing techniques. Tungsten-based diamond wires, for example, have
demonstrated superior performance compared to traditional steel-core wires, offering
significantly higher tensile strength that reduces breakage risks during PV silicon wafer
slicing [169]. Beyond electroplated diamond wires, resin-bonded diamond wires
present unique advantages, including consistent abrasive exposure height and
controlled flexibility, which help maintain uniform cutting performance. Crucially, a
deeper investigation into the relationship between abrasive distribution and slicing
performance is essential to enable data-driven wire design. This includes optimizing
grain density, protrusion height, and spatial arrangement to achieve the ideal balance
between cutting efficiency and tool longevity. However, realizing these advancements
demands significant progress in wire fabrication technology, particularly in achieving

precise control over abrasive arrangement, uniformity, and overall wire consistency.
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4.5 Hybrid Slicing Technologies

Conventional slicing technology operates through the mechanical scratching action
of diamond abrasives embedded in wires. This mechanism encounters fundamental
constraints when processing hard-brittle materials, where sustained mechanical contact
in standard wire sawing not only impedes efficient material removal but also induces
crack propagation and accelerated tool wear. These combined effects ultimately impose

critical constraints on both processing throughput and surface integrity.

In response to these challenges, researchers have pioneered hybrid slicing
approaches that integrate mechanical cutting with auxiliary energy fields. By
incorporating electrical energy or ultrasonic vibrations, these innovative techniques
modify the material removal mechanism through either localized workpiece softening
or non-mechanical material processing. The field has evolved with several promising
approaches, including electrical wire sawing [170,171], electric discharge wire sawing
[172,173], electrochemical discharge wire sawing [174,175], and ultrasonic-assisted
wire sawing [176,177]. These hybrid methods have been extensively reviewed in prior
literature (see reference [178]). Despite their potential advantages, the transition from
laboratory research to industrial application remains limited. The commercialization
barrier stems primarily from concerns regarding production-scale reliability and the
substantial capital investment required for specialized equipment. To realize the full
potential of hybrid slicing, future development must focus on creating robust,
economically viable systems capable of meeting the stringent demands of high-volume
manufacturing. Realizing the full potential of hybrid slicing necessitates future
development focused on robust and cost-effective systems meeting stringent volume
manufacturing requirements. In addition, a more commercial way is introducing a
rocking motion to either the wire or the workpiece to enhance the quality of sliced
wafers and to mitigate the risk of wire breakage by shortening the contact length
between the wire and the material. Experimental results have demonstrated that
applying a rocking amplitude of approximately 5° can lead to a 30.1% reduction in
surface roughness during silicon slicing, while simultaneously decreasing wire wear
[179,180]. This rocking technique has therefore been extensively adopted in the slicing
of hard and brittle materials, such as SiC [181].

4.6 Integrated Process Optimization for Slicing-Grinding-Polishing

Fabricating high-quality substrates demands synergistic coordination of three

critical processes: slicing, grinding, and polishing. Traditional single-process
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optimization often yields cost-performance compromises due to unaccounted
interactions between these interdependent stages. Truly cost-effective manufacturing
requires adopting a holistic perspective treating the entire process chain as an integrated

system.

A key example of this interdependence is surface roughness optimization. While
conventional wisdom suggests minimizing roughness during slicing, this approach can
inadvertently increase costs in subsequent processing stages. An overly smooth sliced
surface containing isolated deep scratches forces grinding and polishing operations to
remove additional material across the entire surface to achieve planarity. In contrast, a
moderately rougher surface with uniformly distributed micro-defects may reduce total
material removal requirements, as the subsequent processes can work more efficiently
to achieve the desired final finish. This insight highlights the need for a fundamentally
different evaluation framework. Rather than assessing slicing performance through
isolated metrics like surface finish or processing time, manufacturers should develop
integrated cost models that account for the cascading effects across all three stages.
Such models would enable optimization of key parameters throughout the process
chain—including wire and processing parameters in slicing, wheel grit selection in
grinding, and removal rates in polishing to achieve the optimal balance between quality
and total production cost. By adopting this systems-level approach, manufacturers can
significantly reduce total cost while maintaining the stringent quality standards required

for advanced substrate applications.

5 Conclusions

DWS continues to advance wafer thinning and wire diameter reduction
technologies to maximize wafer yield per ingot. This paper reviews key challenges in
slicing of thin wafers using ultra-fine diamond wires, focusing on four critical aspects:
fracture and crack damage control, saw mark suppression, wafer warp control, and
diamond wire wear and breakage. Potential strategies and future research directions to

address these challenges are discussed. The main conclusions are as follows:

(1) Indentation/scratch tests remain prevalent for investigating the ductile-to-brittle
transition and crack behavior during slicing. Compared to conventional single quasi-
static scratch tests, high-speed and double scratch tests provide more insightful data.
This is because they more closely replicate the actual material removal process in
slicing, where multiple abrasives interact simultaneously under high wire speeds (up to

40 m/s). Beyond fundamental indentation/scratch theory studies, greater emphasis
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should be placed on accurately and efficiently applying these theoretical insights to

predict slicing process outcomes.

(2) The fracture strength distribution of as-cut wafers follows a Weibull function,
heavily dependent on crack morphology of wafers. In addition to mechanical slicing
forces acting on wafers, capillary adhesion between stacked wafers also contributes
significantly to breakage. For 210 mm x 210 mm silicon wafers, the breakage
probability increases markedly when the sliced thickness falls below 100 pm. At a

thickness of 50 um, capillary adhesion alone accounts for over 6 % breakage probability.

(3) Two hypotheses have been formulated to explain saw mark formation: one
attributes them to the wire's reciprocating motion, while the other links them to torsional
dynamics within the wire-saw system induced by non-aligned helical grooves.
Although partial experimental support exists for both, neither fully elucidates saw mark
generation. A comprehensive macroscopic framework integrating wire dynamics and

material removal mechanics is essential for a complete understanding.

(4) High hydrostatic pressures and strain rates beneath the abrasives induce plastic
deformation and phase transitions, leading to residual stresses in wafers. While various
scratching-induced stress models have been developed to characterize these stresses,
applying these models to predict stress distribution across entire wafers is critical for
warp investigation. Furthermore, research on temperature distribution during slicing
relies primarily on theoretical or FEM-based simulations and is experimentally
validated to a limited extent. The interplay between wafer warp, slicing-induced

stresses, and thermal effects requires further elucidation.

(5) Diamond abrasives fixed on wires undergo multiple wear mechanisms,
including mechanical degradation (e.g., fracture, blunting) and thermally induced
graphitization. However, the quantitative contributions of these mechanisms to overall
wire wear remain unclear. Moreover, a comprehensive metric for assessing wire wear
status and a more robust predictive model for wire lifespan are needed to optimize wire

utilization and ensure consistent cutting performance.

(6) From an engineering perspective, future research should focus on the following
directions to address the aforementioned challenges: (i) establishing a robust material-
tool-performance database to enable intelligent processing parameter selection; (ii)
implementing in-situ process monitoring for enhanced slicing process control; (iii)
developing high-efficiency green lubrication to minimize wire wear and regulate
cutting zone temperature; (iv) designing high-performance diamond wires to improve
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cutting capability and prevent wire breakage; (v) exploring hybrid slicing technologies
to incorporate the benefits of advanced manufacturing techniques; (vi) optimizing the

integrated slicing-grinding-polishing process to reduce overall costs as a unified system.
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