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ABSTRACT

The rapid advancement of semiconductor technology has significantly increased the demand for high-precision wafer singulation processes capable of producing
defect-free semiconductor dies with superior dimensional accuracy and high manufacturing yield. Silicon wafer dicing is one of the most critical stages in
semiconductor fabrication because the quality of the diced wafer directly influences chip reliability, packaging performance, and overall device functionality.
However, conventional blade dicing processes often generate defects such as edge chipping, kerf variation, micro-crack formation, surface roughness, thermal
damage, and residual stresses due to the brittle nature of monocrystalline silicon. Therefore, optimization of the wafer dicing process is essential to improve
machining quality while minimizing production losses.

The present research investigates the silicon wafer dicing process through an integrated experimental and numerical approach to evaluate the influence of machining
parameters on cutting performance and surface integrity. Experimental investigations were performed using a precision CNC wafer dicing machine equipped with
a resin-bond diamond blade under different combinations of spindle speed, feed rate, cutting depth, blade thickness, and deionized (DI) water coolant flow. The
quality characteristics considered in this study include kerf width, edge chipping, surface roughness, cutting force, and cutting temperature. A Taguchi L9 orthogonal
array was employed to design the experiments, while Signal-to-Noise (S/N) ratio analysis and Analysis of Variance (ANOVA) were used to identify the statistically
significant machining parameters and determine their percentage contribution toward each response.

Keywords: Silicon Wafer Dicing, Semiconductor Manufacturing, Precision Machining, Finite Element Analysis (ANSY'S), Taguchi Method, ANOVA.

1. INTRODUCTION
1.1 Introduction

The semiconductor industry forms the backbone of modern electronic technology, enabling the development of computers, smartphones, communication
systems, automotive electronics, medical devices, aerospace equipment, and industrial automation. At the heart of semiconductor manufacturing lies the
silicon wafer, a thin circular substrate fabricated from ultra-pure single-crystal silicon. Integrated circuits (ICs), microprocessors, sensors, memory chips,
and power devices are manufactured on these wafers through multiple photolithography, deposition, etching, ion implantation, and metallization
processes.

After completing the fabrication of semiconductor devices on the wafer surface, the wafer must be separated into thousands of individual chips. This
process is known as wafer dicing or wafer singulation. Wafer dicing is one of the most critical stages in semiconductor manufacturing because even
microscopic defects generated during cutting can significantly reduce chip reliability, production yield, and long-term performance.

As semiconductor devices continue to shrink in size while increasing in functionality, wafer thickness has decreased considerably, making wafers more
fragile and susceptible to mechanical damage during machining. Conventional dicing methods often generate defects such as edge chipping, kerf variation,
micro-cracks, thermal damage, residual stresses, and surface roughness. These defects may propagate during packaging or device operation, ultimately
reducing product life and increasing manufacturing costs.

To overcome these challenges, advanced high-speed dicing machines equipped with precision diamond blades, air-bearing spindles, computer numerical
control (CNC) systems, vision alignment modules, and deionized (DI) water cooling systems have been developed. However, selecting suitable machining
parameters remains a significant challenge because spindle speed, feed rate, blade thickness, cutting depth, and coolant flow interact in complex ways,
affecting cutting quality and productivity.
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Experimental investigation alone is often expensive and time-consuming due to the high cost of silicon wafers and specialized equipment. Numerical

simulation using Finite Element Analysis (FEA) offers an efficient alternative by predicting stress distribution, deformation, vibration, temperature rise,

and cutting forces before physical experimentation. Combining experimental observations with numerical analysis provides a comprehensive
understanding of the wafer dicing process and enables optimization of machining conditions.

This research presents an integrated experimental and numerical investigation of silicon wafer dicing to evaluate the influence of machining parameters

on kerf width, edge chipping, surface roughness, cutting force, and thermal behavior. Experimental results are validated with finite element simulations
developed in ANSY'S Workbench, while optimization techniques such as Taguchi Design of Experiments (DOE) and Analysis of Variance (ANOVA)
are employed to determine the optimal machining conditions for high-precision semiconductor manufacturing.

1.2 Semiconductor Manufacturing Process

Typical semiconductor manufacturing consists of:

1.

2.

10.

Power
Supply

Silicon purification

Single crystal growth (Czochralski process)

Wafer slicing

Wafer polishing
Oxidation
Photolithography
Etching

lon implantation
Thin-film deposition

Metallization

1.3 Silicon Wafer

Material: Monocrystalline Silicon
Crystal Structure: Diamond Cubic
Diameter: 100-300 mm

Thickness: 150-775 um

Young's Modulus: 130-188 GPa
Density: 2330 kg/m?

Thermal Conductivity: 149 W/m-K

Hardness: 1150 HV

Spindle Motor Feed Motor

Spindle Motor
(Stepper / Servo Motor)

Ball Screw & Linear Guide

Silicon Wafer
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1.4 Wafer Dicing Process

Wafer dicing is a precision cutting operation in which a rotating diamond blade cuts the silicon wafer along predefined scribe lines to separate individual
semiconductor dies. The process requires micron-level positioning accuracy and careful control of cutting conditions to avoid damage.

1.5 Types of Wafer Dicing

e  Blade Dicing

®  Laser Dicing

e  Plasma Dicing

e  Stealth Laser Dicing

®  Water Jet Guided Laser Dicing

A comparison table can be included discussing advantages, disadvantages, cutting speed, accuracy, and applications of each method.
1.6 Components of a Wafer Dicing Machine

e  High-speed spindle

e  Diamond blade

®  Vacuum chuck

e  X-Y precision stage

®  Vision alignment camera
®  Servo motors

e  Ball screw

®  Linear guideways

e DI water cooling system

e  CNC controller
1.7 Need for the Study

(] Increasing demand for high-density ICs.

e  Reduction of edge chipping and micro-cracks.

e Improvement of die strength and production yield.

e  Validation of numerical models for process prediction.

e  Optimization of cutting parameters to reduce manufacturing cost.
1.8 Problem Statement

Silicon wafer dicing involves brittle material removal under high-speed cutting conditions. Improper selection of machining parameters results in
excessive edge chipping, kerf variation, thermal damage, and residual stresses, adversely affecting chip quality and manufacturing yield. There is a need
for a combined experimental and numerical approach to understand the process mechanics and optimize cutting conditions.

1.9 Research Objectives

e  Study the wafer dicing process experimentally.
®  Develop a finite element model in ANSYS.
®  Analyze stress, deformation, and thermal effects.

®  Measure kerf width, surface roughness, and edge chipping.
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e  Validate simulation results with experiments.

®  Optimize machining parameters using Taguchi and ANOVA.
1.10 Scope of the Work

The work focuses on blade dicing of monocrystalline silicon wafers using a high-speed diamond dicing saw. Both experimental measurements and finite
element simulations are considered to evaluate cutting performance and optimize process parameters.

2. LITERATURE REVIEW
2.1.1 Son, Lee, and Shin

Son et al. (2026) investigated a multiscan stealth dicing technique for full-thickness silicon wafers using a near-infrared nanosecond pulsed laser. The
study aimed to improve wafer separation quality while minimizing thermal damage and crack formation during semiconductor manufacturing. The
researchers examined the influence of laser processing parameters, including pulse energy, scanning strategy, focal depth, and the number of scan passes,
on the formation of internal modified layers within the silicon wafer.

2.1.2 Lin, Li, Li, Zhang, and Cheng

Lin et al. (2026) presented an experimental and numerical investigation of front-edge chipping during the dicing of monocrystalline silicon wafers using
ultra-thin diamond dicing blades. The primary objective of the research was to understand the fracture mechanism responsible for edge chipping and to
develop a predictive model capable of estimating chip formation under different machining conditions. The study combined controlled dicing experiments
with fracture mechanics analysis to evaluate the effects of spindle speed, feed rate, blade exposure length, and cutting conditions on crack initiation and
propagation.

2.1.3 Li, Li, Lin, Zhang, and Cheng

Li et al. (2026) investigated the coupled relationship between blade vibration, cutting force, and fracture evolution during the silicon wafer dicing process.
The research focused on understanding how dynamic interactions between the rotating diamond blade and brittle silicon material influence crack
formation and final machining quality. A coupled vibration—force mathematical model was developed and validated through experimental measurements
obtained using cutting force sensors, vibration monitoring systems, and microscopic examination of the machined wafer surfaces.

2.1.4 Wang, Kuo, and Cheng

Wang et al. (2026) investigated the application of femtosecond laser processing for internal modification and precision dicing of n-type 4H-silicon carbide
wafers. The research was conducted to overcome the limitations of conventional mechanical dicing methods when machining extremely hard and brittle
semiconductor materials. The authors employed ultrashort femtosecond laser pulses to generate internal modification layers within the wafer without
causing significant thermal damage to the surrounding material. Various laser parameters, including pulse energy, scanning speed, focal depth, and
repetition rate, were systematically investigated to determine their effects on crack initiation, internal modification, and wafer separation quality.

2.1.5 Zhang et al. (2026)

Zhang et al. (2026) developed an optimization and predictive modeling framework for silicon carbide wafer dicing using a thin diamond grinding wheel
combined with Response Surface Methodology (RSM) and the Non-dominated Sorting Genetic Algorithm 11 (NSGA-I1). The objective of the study was
to determine the optimum machining conditions capable of simultaneously minimizing surface roughness and cutting force while maximizing machining
efficiency.

2.16 Liuetal.

Liu et al. (2026) investigated the ultra-precision cutting characteristics of 4H-silicon carbide (4H-SiC) wafers using a diamond dicing blade to improve
machining quality and production efficiency for advanced semiconductor applications. The study focused on understanding the material removal
mechanism of hard and brittle SiC under different cutting conditions. A series of dicing experiments was conducted by varying spindle speed, feed rate,
blade depth, and coolant flow rate while monitoring cutting force, kerf width, surface roughness, and edge chipping.

2.1.7 Leeftink, Doll, Visserman, Post, Boughorbel, Hinne, and van Gerven

Leeftink et al. (2025) introduced an automated optimization framework for laser dicing processes in semiconductor manufacturing using Bayesian
optimization techniques. The primary objective of the research was to reduce the time and cost associated with identifying optimal laser processing
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parameters while maintaining high wafer quality. The proposed framework integrated machine learning with experimental laser processing by
automatically selecting the next experimental condition based on previous results.

2.1.8 Morsy et al.

Morsy et al. (2025) presented a comprehensive review of future semiconductor manufacturing technologies required to overcome the challenges
associated with integrated circuits beyond the 2 nm technology node. The study discussed several critical manufacturing processes, including wafer
fabrication, lithography, precision machining, advanced packaging, and defect control. Particular emphasis was placed on the increasing need for ultra-
precision manufacturing methods capable of producing semiconductor devices with nanometer-scale dimensional accuracy.

2.2 Research Gap Analysis (In Points)
1.  Most previous studies focused only on experimental investigation or only on numerical simulation, with very few integrating both
approaches.
2. Limited research has validated Finite Element Analysis (FEA) results with actual experimental wafer dicing data.

3. Most optimization studies considered only one or two response parameters (e.g., kerf width or edge chipping) instead of multiple quality
characteristics simultaneously.

4. Comprehensive optimization considering kerf width, edge chipping, surface roughness, cutting force, and cutting temperature together
is rarely reported.

5. Most numerical models ignored thermo-mechanical coupling, focusing only on structural or mechanical analysis.
2.3 Key Findings from Literature Review (In Points)

1. Spindle speed is one of the most influential machining parameters affecting wafer quality.
2. Feed rate significantly influences edge chipping, cutting force, and kerf width.

3. Higher spindle speeds generally produce better surface finish and lower edge defects.

4.  Excessive feed rates increase cutting forces, vibration, and crack propagation.

5. Diamond blade dicing remains the most widely used industrial wafer separation technique.
2.4 Limitations of Literature Review

1. Most studies evaluated only one machining response instead of multiple quality characteristics.
2. Limited investigations combined experimental work with finite element simulation.

3. Many numerical models neglected thermal effects and thermo-mechanical interactions.

4.  Few studies included static, modal, harmonic, and thermal analyses together.

5. Several investigations focused on advanced laser dicing, which has high implementation cost.

3. PROPOSED RESEARCH METHODOLOGY
3.1 Introduction

This chapter presents the experimental and numerical methodology adopted to investigate the silicon wafer dicing process. The study integrates laboratory
experiments with finite element analysis (FEA) to evaluate the influence of machining parameters on cutting quality and process performance. The
methodology consists of material selection, machine setup, experimental design, CAD modeling, numerical simulation, statistical analysis, and validation.

The overall workflow is illustrated below:
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Finite Element Analysis (FEA) is a powerful numerical technique used to investigate the structural, thermal, and dynamic behavior of engineering
components under different loading conditions. In semiconductor manufacturing, the silicon wafer dicing process involves extremely high cutting speeds,
very small cutting depths, and brittle material removal mechanisms. Because of these characteristics, it is difficult to observe stress distribution, crack
initiation, temperature generation, and deformation experimentally. Numerical simulation provides a cost-effective and reliable approach to study these
phenomena.

In this research, the numerical model of the silicon wafer dicing process was developed using ANSYS Workbench 2024 R2. The model consists of a
monocrystalline silicon wafer, a resin-bond diamond dicing blade, and the supporting chuck assembly. The objective of the simulation is to evaluate
stress concentration, total deformation, elastic strain, vibration characteristics, and thermal effects during high-speed dicing.

The finite element model is validated with the experimental observations presented in Chapter 5. The simulation also provides a deeper understanding of
the influence of spindle speed, feed rate, and cutting depth on machining quality.

The numerical investigation includes:
®  Geometry modeling
e  Material property assignment
e  Contact definition
®  Mesh generation
e  Boundary condition implementation
e  Static structural analysis
e  Modal analysis
®  Harmonic response analysis

e  Thermal analysis
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3.2 Objectives of Numerical Analysis

The numerical analysis was conducted with the following objectives:
1.  To determine the stress distribution generated during wafer dicing.
2. To evaluate the total deformation of the silicon wafer.
3. To study the strain developed near the cutting region.
4. To determine the natural frequencies of the wafer-fixture system.
5. To evaluate vibration behavior during high-speed cutting.
6. To analyze heat generation and thermal deformation.

7. To compare simulation results with experimental observations.
3.3 Software Used

The numerical investigation was performed using the following software packages.

Software Purpose

SolidWorks 2024 CAD Model Development
ANSYS Workbench 2024 R2 Finite Element Analysis
ANSYS Mechanical Static Structural Analysis
ANSYS Modal Modal Analysis

ANSYS Harmonic Response Dynamic Analysis
ANSYS Thermal Thermal Simulation
Microsoft Excel Data Processing

Minitab 21 Statistical Analysis

4.CONCLUSION

The present review provides a comprehensive overview of recent developments in silicon wafer dicing for high-precision semiconductor manufacturing,
with particular emphasis on conventional diamond blade dicing, advanced laser and stealth dicing techniques, process parameter optimization, numerical
simulation, and intelligent manufacturing approaches. The reviewed literature demonstrates that wafer dicing is a critical manufacturing operation because
defects generated during wafer separation, such as edge chipping, micro-cracks, excessive kerf width, surface damage, thermal effects, and dimensional
inaccuracies, can directly influence die strength, reliability, manufacturing yield, and overall device performance.

The literature indicates that spindle speed, feed rate, cutting depth, blade characteristics, and cooling conditions are important parameters governing
dicing performance. Excessive feed rate and unstable cutting conditions can increase cutting forces, vibration, crack propagation, and edge chipping,
whereas appropriate spindle speed and controlled feed rate can improve cutting stability and surface integrity. Diamond blade dicing remains an important
industrial technique because of its relatively high productivity and established manufacturing infrastructure. At the same time, stealth dicing, femtosecond
laser processing, and other non-contact techniques have demonstrated significant potential for reducing mechanical damage and improving precision,
although their implementation may involve higher equipment cost and greater process complexity.

The reviewed numerical studies demonstrate that Finite Element Analysis can provide valuable information regarding stress distribution, deformation,
fracture behavior, vibration, and thermal effects during wafer dicing. Numerical modeling can therefore complement experimental investigation by
providing a better understanding of mechanisms that are difficult to observe directly during high-speed cutting. However, the literature also indicates that
comprehensive thermo-mechanical and dynamic simulations validated against experimental measurements are still relatively limited.

Statistical and intelligent optimization techniques, including Taguchi Design of Experiments, Response Surface Methodology, ANOVA, Bayesian
optimization, and genetic algorithms, have shown considerable potential for identifying suitable machining conditions while reducing the number of
experimental trials. Recent research has also demonstrated the increasing role of artificial intelligence, machine learning, computer vision, and sensor-
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based monitoring in semiconductor manufacturing. These technologies can support automated defect detection, predictive maintenance, process
monitoring, and future real-time adaptive control.
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