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Abstract 

Rotary in-feed grinding is a most promising process with high efficiency, precision and 

controllability of wafer geometry including the thickness and flatness and thus has been 

widely used in manufacturing of monocrystal wafers, such as silicon, silicon carbide, 

sapphire, lithium tantalate and etc.  In order to deeply understand the material removal 

mechanism in rotary in-feed grinding, the objectives of this research are: 

1. Theoretical and experimental investigations on the wafer profile generation.   

2. Theoretical and experimental investigations on the wafer topography generation.   

3. Theoretical and experimental investigations on the grinding force and heat 

assessments.  

 

The thesis consists of the following contents:  

In Chapter 1, monocrystalline materials are briefly introduced together with their 

applications and manufacturing processes.  The conventional manufacturing process such as 

lapping and polishing using free abrasive is no longer able to meet the requirements in cost, 

productivity and accuracy.  The fixed abrasive process (or grinding) stands out as a most 

promising manufacturing technology to replace the conventional processes. 

The rotary in-feed grinding dynamic originated for wafering process is relatively new and 

totally different from that of conventional grinding.  This thesis provides a deeper insight 

view of mechanism of rotary in-feed grinding, from engineering perspectives of 1) wafer 

profile and geometry, 2) chip formation and wafer surface topography and 3) grinding statics 

and dynamics.  

A detailed survey on the monocrystalline wafering process has been made in chapter 2.  

From accessible literature works, it is revealed that most of published researches are focusing 

on the three specific scoops including the total thickness variation (TTV), surface integrity 

and subsurface damage to evaluate the performance of rotary in-feed grinding.  When the 

dynamics of rotary in-feed grinding is concerned, the grinding performances should be 
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assessed from the following aspects: (1) Kinematics and path control of each cutting edge 

which govern the wafer shape and profile; (2) Chip formation and protrusion distribution of 

cutting edge which govern the surface topography and integrity; (3) Grinding force and 

grinding heat which dominate the subsurface damage.  Therefore, a full understanding of 

rotary in-feed grinding mechanisms become more essential. 

The mathematical analysis and experiments for wafer profile generation are described in 

chapter 3, to obtain and optimize the grinding conditions for achieving great wafer geometry.  

First, the motion and path of cutting edge in rotary in-feed grinding are kinematically 

analyzed in three-dimensions, to address the behavior of each abrasive in generation of the 

wafer profile.  The results mathematically reveal the effects of wheel specifications, grinding 

conditions and wheel/wafer configurations on the wafer geometry, particularly including 

offset distance between the axes of wheel and wafer, the tilt angles of wafer axis and the 

diameter of the wheel.  Second, the effects of both cutting path density and machine stiffness 

on the wafer profile are assessed.  The experimental results in Si wafer grinding demonstrate 

a solution using tilt angle to counterbalance the effects of machine stiffness and cutting path 

density on the wafer geometry.  

In Chapter 4, the surface topography on the wafer surface is associated with the chip 

formation which highly depends on distribution of abrasive protrusion in height-wise.  Both 

theoretical analysis and experiments results lead to a fact that the surface roughness becomes 

larger toward to the outer circumference of the wafer, but smaller as decreasing in the 

rotational speed ratio.  In addition, influence of depth of cut has also been investigated.  The 

mathematical analysis results suggest that inadequate depth of cut may not improve the 

surface roughness in rotary in-feed grinding due to the insufficient effective cutting edge 

involved in material removal. 

The statics and dynamics in rotary in-feed grinding have been studied and discussed in 

chapter 5, in order to associate not only the grinding conditions but also the wheel 

specifications with the grinding force, grinding power and grinding heat.  The grinding force 

exerted on an individual abrasive is first correlated to the chip cross section, and then 

extended to the grinding force on a single wheel segment and whole wafer.  Meanwhile, a 

wireless thermo/dynamo-meter is designed, developed and applied to measure the grinding 
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force and grinding temperature simultaneously during the grinding process.  Both theoretical 

analysis and experiment results tell that the grinding force on a wheel segment was 

proportional to the segment length, gradually grew along the wafer radial distance and rapidly 

dropped to zero when the wheel segment exited from the wafer fringe.  Grinding force and 

consumed grinding power are proportional to the square of the wafer size.  This fact suggests 

that grinding large diameter wafers requires high rigidity and the spindle power of the 

grinding machine.  

Chapter 6 makes the summary of the achievements obtained in this study.  
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Chapter 1 Introduction 

1.1 Introduction of functional monocrystal materials and their 

applications 

A single-crystal or monocrystalline material is a crystal lattice that repeats itself 

periodically in three dimensions, with no grain boundaries [1].  It is the building block of the 

crystalline structure which displays translational symmetry along its principal axes [2].  Thus, 

the crystalline structure and symmetry of monocrystalline material play a critical role in 

determining unique physical properties in piezo-electrics, pyroelectrics and optics, which can 

also be anisotropic [3-5].  Such properties make the monocrystalline materials be widely 

 

                         (a) Silicon                                                           (b) Sapphire 

 

 

                (c) Silicon carbide                                                    (d) Lithium tantalate 

Fig. 1.1 Functional monocrystal materials 
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utilized in numerous functional devices [1-5].     

The monocrystalline materials, such as silicon (Si), sapphire (-Al2O3), silicon carbide 

(SiC) and lithium tantalate (LiTaO3) are frequently used in high-end semiconductor devices 

[6-9].  Most of those devices in our daily lives are built on the substrates or wafers of those 

monocrystalline materials as shown in Fig. 1.1 [10-13].  Crystalline silicon not only is one 

of the best-studied monocrystalline materials, but also is the dominant semiconductor 

materials in modern microelectronics.  Thus, silicon substrate is mainly used for the 

integrated circuits in various potential applications, such as flash memory as shown in Fig. 

1.2 (a) [14].  With excellent optical properties, sapphire substrate is mainly used for the 

growth of GaN epilayer in LEDs application, as shown in Fig. 1.2 (b) [15].  Silicon carbide 

substrate is unusually used in insulated-gate bipolar transistor (IGBT) for high power 

semiconductor devices, as shown in Fig. 1.2 (c) [16]. Shown in the Fig. 1.2 (d) [17] is 

configuration of pyroelectric sensor which transforms heat into electric potential by using of 

  

                  (a) Flash memory                                              (b) Micro pixel LEDs 

 

        

    (c) Insulated-gate bipolar transistor                             (d) Pyroelectric sensor 

Fig. 1.2 Application of functional materials  
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the pyroelectric effects of lithium tantalate substrate.     

1.2 Wafer manufacturing processes 

Before a semiconductor is built, the monocrystalline materials must be turned into a wafer 

substrate.  Fig. 1.3 shows the traditional manufacturing flow of wafer substrate [6].  The 

manufacturing procedure of wafer substrate starts with the growth of a crystal ingot via the 

Czochralski (CZ) method [18].  In the CZ method, nuggets of polycrystalline are placed in a 

quartz crucible, which is set in a graphite crucible surrounded by graphite heaters in the 

crystal pulling chamber.  These nuggets are melted by heating in an argon atmosphere under 

vacuum and then pulled slowly using a seed crystal.  Once the ingot is fully-grown, the ingot 

has a notch or flat cut into it, in order to indicate its orientation.  The ingot is then sliced into 

thin disc-shaped wafers with hard grain edge wire-saw. The lapping process begins after the 

thin disc-shaped wafers was obtained by slicing process.  The wafers are set in a carrier, 

which spins between two rotating lapping plates.  Both of wafer surfaces are lapped to 

remove saw marks and surface defects by use of the loose abrasive slurry in general.  It is 

 

Fig. 1.3 Conventional processes for wafer manufacturing  
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also the popular process to thin the wafer and relieve stress accumulated during the slicing 

process [19].  Finally, the wafer is concerted to a damage free, specular surface by the 

polishing processes.  With free abrasive methods, it is feasible to obtain better surface 

roughness only when smaller abrasives are utilized, and thus multiple equipments are 

required [20].  In addition, the process efficiency is extremely low when thinning hard and 

brittle materials such as monocrystal silicon, silicon carbide and sapphire by using the free 

abrasives [21].  Lapping and polishing with free abrasive to obtain the ultra-smooth and 

damage-free wafer surface account for about 80% of total cost in manufacturing process of 

monocrystalline wafers.  The semiconductor industry requires to reduce the manufacturing 

cost of wafer thinning while meeting more stringent specifications since the demand of the 

wafer substrate is increasing year-over-year [21].  

 Nowadays, instead of the conventional manufacture flow using the loose abrasive, new 

sequence of wafer processes, Rotary in-feed Grinding and Chemo-Mechanical Grinding, are 

intensively researched [22, 23].  In the new processes as shown in Fig. 1.4, the surface of 

sliced substrate wafer is trimmed by coalescent diamond grinding and followed by chemo-

mechanical grinding for finishing.  Both processes use fixed abrasive wheels which are 

agglomerated into a solid-state or organic composite.  In other words, the abrasives are 

bonded together by a bonding material to form a fixed abrasive cutting tool.  The composite 

of fixed abrasives is manufactured into the shape of segment mounted on a cup-type wheel.  

If the grinding conditions are chosen appropriately, a self-dressing process will 

spontaneously occur during grinding process and significantly improved the cutting tool life 

[22].    

The cup-type grinding wheel is down fed to the wafer with a constant in-feed rate while 

 

Fig. 1.4 New fixed abrasive processes; grinding and CMG  
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both grinding wheel and wafer rotate around their own axes simultaneously during the rotary 

in-feed grinding process.  The fixed abrasive process provides the higher material removal 

rate (𝑀𝑅𝑅) [24, 25].  In addition, the grinding wheel segment is in constant contact with the 

monocrystal wafer from the center to periphery and thereby to deliver a stable grinding 

performance.  These characteristics make it capable of generating a flat surface with high 

accuracy and high surface integrity in a cost-effective way [21].  Thus, the fixed abrasive 

process is widely applied in monocrystal wafers manufacturing.  When compared with loose 

abrasive process, the fixed abrasive process is becoming increasingly seductive because it 

not only is a controllable process but also has various nonnegligible advantages as listed in 

Table 1.1.   

 

         (a) Conventional surface grinding                       (b) Rotary in-feed grinding 

Fig. 1.5 Conventional surface grinding and rotary in-feed surface grinding 

 

Table 1.1 The advantages of fixed abrasive processes  
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Cost High Low 

Time consuming High Low 
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Surface grinding, in general, is a very complex material removal operation and thus 

several types of grinding dynamics have been developed to produce the corresponding 

products [19].  Fig. 1.5 shows the two types of surface grinding mechanism which are (a) 

conventional surface grinding and (b) rotary in-feed grinding.  Over the past decades, many 

works concerning with the grinding process have been done to understand the metal material 

removal mechanism in conventional surface grinding process [26-28].  On the other hand, 

the dynamics of rotary in-feed grinding is relatively new and total different from that of the 

conventional surface grinding [29].  For clearly understanding the differences between rotary 

in-feed grinding and conventional surface grinding, the comparison of these two types of 

surface grinding is listed in Table 1.2.   

In this thesis, the focus will be given to understand the removal mechanism in rotary in-

feed grinding.    

1.3 Research objectives 

The distinct advantages of rotary in-feed grinding have made it become an attractive pre-

finishing process for wafer manufacturing.  It is the most promising process to ensure the 

Table 1.2 The differences between conventional grinding and rotary in-feed grinding 

 
Rotary in-feed 

grinding 

Conventional surface 

grinding 
 

Equivalent wheel diameter ∞ 102~103 [mm] 

Abrasive cutting depth 10−4~10−1 100~102 [μm] 

Abrasive cutting length 102~ ~10−1 [mm] 

Wheel/workpiece contact 

curvature different 
0 10−2 [mm−1] 

Cutting path density 
Dense → Sparse 

(Center → Periphery) 
Uniform − 
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controllability of wafer thickness and flatness, and thus widely used to manufacture the 

monocrystal wafers.  Hence, the complex material removal mechanism of rotary in-feed 

grinding needs to be studied clearly and deeply to improve the grinding performance.  The 

objectives of this research are listed as below: 

1. Theoretical analysis and experiments on the wafer total thickness variation by 

concerning the cutting path in 3D manner, and optimization of grinding conditions to 

produce the excellent flatness on wafers.   

2. Theoretical analysis and experiments on the wafer surface integrity by considering 

the distribution of abrasive protrusion height-wise, and optimization of grinding 

conditions to generate the low and stable surface roughness. 

3. Theoretical analysis and experiments on the grinding force and heat by correlation to 

the chip formation, and optimization of grinding conditions to reduce the surface and 

subsurface damage. 

1.4 Thesis structure and strategy 

In thesis, focusing on the material removal mechanism in rotary in-feed grinding process, 

the structure and strategy of this thesis are listed as below:  

In Chapter 1, monocrystalline materials are briefly introduced together with their 

applications and manufacturing processes.  The conventional manufacturing process such as 

lapping and polishing using free abrasive is no longer able to meet the requirements in cost, 

productivity and accuracy.  The fixed abrasive process (or grinding) stands out as a most 

promising manufacturing technology to replace the conventional processes. 

The rotary in-feed grinding dynamic originated for wafering process is relatively new and 

totally different from that of conventional grinding.  This thesis provides a deeper insight 

view of mechanism of rotary in-feed grinding, from engineering perspectives of 1) wafer 

profile and geometry, 2) chip formation and wafer surface topography and 3) grinding statics 

and dynamics.  

A detailed survey on the monocrystalline wafering process has been made in chapter 2.  
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From accessible literature works, it is revealed that most of published researches are focusing 

on the three specific scoops including the total thickness variation (TTV), surface integrity 

and subsurface damage to evaluate the performance of rotary in-feed grinding.  When the 

dynamics of rotary in-feed grinding is concerned, the grinding performances should be 

assessed from the following aspects: (1) Kinematics and path control of each cutting edge 

which govern the wafer shape and profile; (2) Chip formation and protrusion distribution of 

cutting edge which govern the surface topography and integrity; (3) Grinding force and 

grinding heat which dominate the subsurface damage.  Therefore, a full understanding of 

rotary in-feed grinding mechanisms become more essential. 

The mathematical analysis and experiments for wafer profile generation are described in 

chapter 3, to obtain and optimize the grinding conditions for achieving great wafer geometry.  

First, the motion and path of cutting edge in rotary in-feed grinding are kinematically 

analyzed in three-dimensions, to address the behavior of each abrasive in generation of the 

wafer profile.  The results mathematically reveal the effects of wheel specifications, grinding 

conditions and wheel/wafer configurations on the wafer geometry, particularly including 

offset distance between the axes of wheel and wafer, the tilt angles of wafer axis and the 

diameter of the wheel.  Second, the effects of both cutting path density and machine stiffness 

on the wafer profile are assessed.  The experimental results in Si wafer grinding demonstrate 

a solution using tilt angle to counterbalance the effects of machine stiffness and cutting path 

density on the wafer geometry.  

In Chapter 4, the surface topography on the wafer surface is associated with the chip 

formation which highly depends on distribution of abrasive protrusion in height-wise.  Both 

theoretical analysis and experiments results lead to a fact that the surface roughness becomes 

larger toward to the outer circumference of the wafer, but smaller as decreasing in the 

rotational speed ratio.  In addition, influence of depth of cut has also been investigated.  The 

mathematical analysis results suggest that inadequate depth of cut may not improve the 

surface roughness in rotary in-feed grinding due to the insufficient effective cutting edge 

involved in material removal. 

The statics and dynamics in rotary in-feed grinding have been studied and discussed in 

chapter 5, in order to associate not only the grinding conditions but also the wheel 
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specifications with the grinding force, grinding power and grinding heat.  The grinding force 

exerted on an individual abrasive is first correlated to the chip cross section, and then 

extended to the grinding force on a single wheel segment and whole wafer.  Meanwhile, a 

wireless thermo/dynamo-meter is designed, developed and applied to measure the grinding 

force and grinding temperature simultaneously during the grinding process.  Both theoretical 

analysis and experiment results tell that the grinding force on a wheel segment was 

proportional to the segment length, gradually grew along the wafer radial distance and rapidly 

dropped to zero when the wheel segment exited from the wafer fringe.  Grinding force and 

consumed grinding power are proportional to the square of the wafer size.  This fact suggests 

that grinding large diameter wafers requires high rigidity and the spindle power of the 

grinding machine.  

Chapter 6 makes the summary of the achievements obtained in this study. 

 

 

 

 

  



10 

 

Reference 

[1] Gregory S. Rohrer, (2001), Structure and bonding in crystalline materials, Cambridge 

University Press. 

[2] Suwas S., Ray R., (2014), Crystallographic texture of materials, Springer–Verlag 

London. 

[3] Oana C., Benoit R.B., Nitin C., (2019) Plasticity-Danmage Couplings: From single 

crystal to polycrystalline materials, Springer. 

[4] Ye, Zuo Guange, (2008), Handbook of advanced dielectric, piezoelectric and 

ferroelectric materials, Woodhead Publishing Limited. 

[5] Safa K., Peter C., (2017), Handbook of electronic and photonic materials, Springer. 

[6] O’Mara W.C., Herring R.B., Hunt L.P., (1990), Handbook of semiconductor silicon 

technology, Noyes Publications. 

[7] Pishchik, V., Lytvynov, L.A., Dobrovinskaya, E.R. (2009), Material, Manufacturing, 

Applications, Springer. 

[8] Choyke W.J., Matsunami H., Pensl G., (1971), Silicon carbide, Springer. 

[9] Milek J.T., Neuberger M., (1972), Linear electrooptic modular materials, Plenum 

Press. 

[10] Information on: https://www.matterhackers.com/store/printer-accessories/silicon-

wafer-print-bed-plate-200mm 

[11] Information on: https://www.indiamart.com/proddetail/sapphire-wafer-

10205730448.html 

[12] Information on: https://www.ii-vi.com/product/sic-substrates/ 

[13] Information on: https://www.koike-corp.co.jp/en/product 

[14] Cho, I., Park, B., Lee, J., Lee, J., (2003), Nano-scale SONOS memory with a double-

gate MOSFET structure, Journal Korean physical society, Vol. 42, pp. 233-236. 

[15] Rae B.R., Griffin C., McKendry J., Girkin J.M., Zhang H.X., Gu E., Renshaw D., 

Charbon E., Dawson M.D. and Henderson R.K., (2008), CMOS Driven Micro-pixel 

LEDs Integrated with Single Photon Avalanche Diodes for Time Resolved 

Fluorescence Measurements, Journal of physics D: Applied physics, Vol. 41, No. 

9, pp. 094011. 

[16] Wei J., Zhang M., Jiang H., To S., Kim S., Kim J., Chen K., (2018), SiC trench IGBT 

with diode-clamped p-shield for oxide protection and enhanced conductivity 

modulation, IEEE 30th International Symposium on Power Semiconductor Devices 

and ICs (ISPSD), pp. 411-414. 



11 

 

[17] Sergei A.K., Andrey G.P., Miguel N.C., Andrey V. A., (2016), Selective pyroelectric 

detection of millimeter waves using ultra-thin metasurface absorbers, Scientific 

reports, 6, 21079. 

[18] Information on: https://en.wikipedia.org/wiki/Czochralski_method 

[19] King R.I., Hahn R.S., (1986), Handbook of modern grinding technology, Chapman 

and Hall. 

[20] Marinescu I.D., Uhlmann E., Doi T.K., (2006), Handbook of lapping and polishing, 

CRC Press. 

[21] Pei Z.J., Fisher G.R. and Liu J., (2008), Grinding of silicon wafers: A review from 

historical perspectives, International journal of machine tools & manufacture, Vol. 

48, No. 12-13, pp.1297-1307. 

[22] Marinescu I.D., Doi T.K., Uhlmann E., (2015), Handbook of ceramics grinding and 

polishing, Elsevier. 

[23] Tomita Y., Eda H., (1996), A study of the ultra precision grinding process on a 

magnetic disk substrate-development of new bonding materials for fixed abrasives of 

grinding stone, Wear, Vol. 195, No. 1-2, pp. 74-80. 

[24] Jahanmir S., Ramulu M., Koshy P., (1999), Machining of ceramics and composites, 

New York. 

[25] Zhang B., Howes T.D., (1994), Material-Removal Mechanisms in Grinding ceramics, 

Annals of the CIRP, Vol. 43, No. 1, 305-308. 

[26] Younis M.A., Alawi H., (1984), Probabilistic analysis of the surface grinding process, 

Vol. 8, No. 4, 208-213. 

[27] Syoji K., (2004), Grinding engineering, Yokendo co. ltd, (in Japanese). 

[28] Ariura Y, Suzuki T, Onikura H, Semba T, Kurokawa S., (2007), Manufacturing 

Process II, Asakura Publishing Co., Ltd. (in Japanese). 

[29] Shaw M.C., (1996), Principles of abrasive processing, Oxford. 

  

https://en.wikipedia.org/wiki/Czochralski_method


12 

 

Chapter 2 Literature review on wafer process in rotary in-

feed grinding 

Conventionally, the monocrystalline wafers were manufactured by the face grinding or 

creep feed face grinding dynamics.  In 1986, the first rotary in-feed grinding machine was 

developed in Japan by Nishiguchi M., Sekiguchi T., Miyoshi I., and Nishio K. for 

monocrystalline wafer back-grinding [1].  After Matsui S. [2] presented a wafer rotation 

grinding method in 1987 and reported that this dynamics provides better performance in 

wafer flatness, surface roughness and flatness of ground surface, a lot of efforts have then 

been invested to study the mechanism of the rotary in-feed grinding [3, 4].  Several 

investigations showed that the rotary in-feed grinding was capable of producing the better 

total thickness variation (TTV), consistent and low grinding force which helps to limit the 

subsurface damage and maintain a desired shape for ground wafers [2-4].  Therefore, the 

rotaty in-feed grinding becomes the most promising process and thus is successfully and 

widely utilized in the fabrication of monocrystalline wafers.   

This chapter will present a general literature review of the rotary in-feed grinding for 

monocrystalline wafering process by focusing on three specific scoops: wafer geometry 

control, wafer surface integrity and wafer subsurface damage (SSD).  When the dynamics of 

rotary in-feed grinding is concerned, the grinding performances could be mainly evaluated 

as below:  

⚫ Kinematics and path of each cutting edge which govern the wafer shape and profile. 

⚫ Chip formation and protrusion distribution of cutting edge which govern the surface 

topography and integrity. 

⚫ Grinding force and grinding heat which dominate the subsurface damage. 
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2.1 Wafer shape and profile 

In general, the grinding is a fixed abrasive machining operation for heavy stock removal 

[5].  A common dynamic of the conventional rotary face grinding is shown in left panel of 

Fig. 2.1.  The grinding wheel is self-rotating while the worktable traverses in horizontal 

reciprocally and the grinding wheel is fed vertically downward into the wafer.  The 

engagement of the grinding wheel against the wafer is shown in right panel of Fig. 2.1.  The 

contact length and edge angle keep changing during the wafer traveling.  Due to changes in 

the contact length and angle, the grinding forces vary, which makes it difficult to generate a 

flat surface.   

In 1987, Matsui [2] has first reported the rotary in-feed grinding dynamics which 

 

Fig. 2.1 Conventional rotary face grinding dynamics  

 

 

Fig. 2.2 Rotary in-feed grinding dynamics  
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generated a better wafer flatness.  Fig. 2.2 illustrates the configuration of rotary in-feed 

grinding process.  The wafer is mounted on a porous chuck and held by vacuum.  The 

grinding wheel is offset by a distance of the wheel radius relative to the wafer rotation axis.  

The grinding wheel and wafer simultaneous rotate around their own axis while the grinding 

wheel is fed into the wafer during the grinding.  Compared with conventional face grinding 

method, the contact length and edge angle are kept constant in rotary in-feed grinding process.  

Such in-feed grinding dynamics can deliver a much stable grinding performance throughout 

the grinding process.  Thus, rotary in-feed grinding is widely applied into wafer back-

grinding and wafer thinning where the flatness and profile accuracy of the wafer are critical.     

In rotary in-feed grinding, the shape of the ceramic chuck is built with a very small angle 

in rotary in-feed grinding machine, as shown in Fig. 2.3 [6].  The wafer elastically deforms 

into the conic shape when the it is mounted on the chuck.  Pei et al. in 1999 reported that the 

shape of the ground wafer can be controlled by adjusting the tilt angle between the wheel 

rotation axis and wafer rotation axis [7].  Tso and Teng in 2001 stated that the deviation of 

wheel spindle angle must be justified in order to obtain the best flatness of the ground wafer 

[8].  Via the kinematic analysis and experiments, the research shown that the inclination of 

grinding wheel axis must be set appropriately to improve the TTV.  In the 2002, Zhou et al. 

developed an advanced manufacturing system for 𝜙300 [mm] silicon wafer and kinematical 

analysis on wafer profiles has been made by changing the combination of tilt angles of wheel 

rotational axis and wafer rotational axis in 2D manner [9, 10].  They took one step further in 

2003, addressed the cutting path of individual abrasive in 3D manner and effect on the wafer 

flatness [11].  This is a quite specific 3D kinematical analysis model which is able to address 

 

Fig. 2.3 Wafer profile and tilt angle  
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the behavior of each abrasive in wafer profile generation.  Sun et al. proposed a mathematical 

model for the wafer profile generation [12].  The results shown that the chuck shape 

significantly influenced on the wafer shape, as illustrated in Fig. 2.4.  As a follow-up report, 

Sun et al. proposed the machine configurations for the spindle axis adjustments.  An 

important criterion was given to tilt the wheel rotation axis relative to the wafer rotation axis.  

The experiment results were released in publication [13] and shown in Fig. 2.5 (a) and (b).  

Zhang et al. reviewed the hypothesis for the generation mechanisms of central dimples due 

to the deformation occurring in the contact zone where the grinding wheel segment engages 

into wafer during grinding [14].  Via the kinematic analysis and experiments, Zhou et al. 

stated that the machine tool with higher stiffness and grinding conditions providing denser 

cutting path offer a better TTV [15, 16].  A grinding machine with high loop stiffness has 

been developed by Kusuyama et al. [17] and a rotary worktable with constant-flow 

hydrostatic water bearing by Okahata G., et al. [18] for 450 [mm] silicon wafers.  They 

 

Fig. 2.4 Illustration for wafer profile generation [12] 

 

 

                
 −       
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(a) 

  

(b) 

Fig. 2.5 Concave wafer profile (a) 3D graph; (b) 2D cross-sectional profile [13] 



17 

 

claimed that the developed rotary in-feed grinding machine has sufficient static performances 

for the large scale silicon-wafer grinding.  A recent study [19] also presented that the grinding 

wheel diameter influenced on the wafer profile, as shown in Fig. 2.6.  A concentric zone was 

formed on the wafer when the wheel diameter is equal to the wafer radius.  

According to the literature mentioned above, the grinding machine configuration and 

grinding conditions significantly influence on ground wafer shape and profile. 

1) The tilt angle between grinding wheel rotation axis and wafer rotation axis is the main 

concern to the total thickness variation of ground wafers.  By setting the appropriate 

inclination of grinding wheel rotation axis and wafer rotation axis, the TTV could be 

improved. 

2) The kinematic analysis is able to address the wafer shape affected by wheel 

specifications and grinding conditions.  It also provides a useful guidance for 

selection of grinding conditions for flat wafer manufacturing. 

In order to associate the grinding conditions with the wafer shape and profile, kinematic 

and geometric study on rotary in-feed grinding is necessary.  In chapter 3, a mathematical 

analysis and experiments are described as a guidance to obtain and optimize the grinding 

conditions for high wafer geometry. 

  

 

Fig. 2.6 Wafer shape produced by different wheel diameters [19] 
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2.2 Surface integrity 

When compared with conventional face grinding process, rotary in-feed grinding process 

is becoming more and more attractive since it could generate the better surface integrity [20], 

due to its constant contact zone and stable grinding performance.   

The surface integrity is the main cause to lead to low productivity in subsequent finishing 

process [21].  With increasing demand of high-quality wafers, the ductile mode machining 

with crack-free surface is a “must” for rotary in-feed grinding [22].  The surface roughness 

is a component of surface texture, and generally used to assess the surface integrity.  

Regrading to the surface roughness, Matsui presented an experimental result of surface 

roughness of ground wafer which showed that the surface roughness by the rotary in-feed 

grinding is better than that by the conventional face grinding and the creep-feed grinding, but 

co-related to the wafer radial distance.  The experiment conditions are detailed listed in Table 

2.1, and the part of results released in publication [2] was shown in Fig. 2.7.  Tomita and Eda 

Table 2.1 Experiment conditions in publication [2]  

 
Wafer rotation grinding 

(Rotary in-feed grinding) 

Face grinding 

Creep feed Conventional 

Workpiece Silicon wafer, 𝜙100, 10 [mm] 

Grinding wheel 𝜙200 Cup wheel, SD1200R100B 
 

Wheel speed 3000 [min−1] (1884 [m/min]) 

Table rotation speed 1000 [min−1] − − 

Table speed − 200 [mm/min] 6 [m/min] 

In-feed rate 0.1 [mm/min] − − 

Depth of cut (0.1 [μm/rev]) 10 [μm] 1 [μm] 

Grinding allowance 20 [μm] 

Coolant Water 
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developed a fixed abrasive grinding wheel for producing high quality surface on a magnetic 

disk substrate [3].  They showed that the roughness is affected by the size of the fixed 

abrasives.  Pei et al. stated that both wafer rotational speed and in-feed rate significantly 

influenced on surface roughness [23].  Luo and Chen via an experiment demonstrated the 

effects of abrasive size and wheel rotational speed on surface roughness [24].  Liu et al. also 

presented a comprehensive kinematic simulation to study the effects of different abrasive 

shapes and dressing on the surface roughness [25].  Sun et al. considered the effects of wheel 

rotational speed and wafer rotational speed on the depth of the grinding grooves [26].     

Since year 1986, intensive attentions have been paid to the rotary in-feed grinding process 

of monocrystalline wafer.  Most of the literature works showed the relationship between the 

variables (including rotational speed ratio, wafer radial, in-feed rate, abrasive size and shape) 

and surface roughness via experiment at studies.  However, theoretical prediction of surface 

roughness in rotary in-feed grinding is still under research because of its complexity.  

Therefore, a mathematical analyzation of surface roughness for deeper understanding to the 

rotary in-feed grinding process of monocrystalline wafer is necessary.  The detailed study on 

 

Fig. 2.7 Surface roughness along the wafer radial distance [2] 
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chip formation and resultant wafer surface roughness will be presented in chapter 4, by taking 

into the consideration of protrusion of each cutting edge in height-wise.  

2.3 Subsurface damage 

Finishing with SSD (subsurface damage) free is required for most wafer manufacturing 

[27].  Therefore, it is essential to achieve SSD as less as possible in rotary in-feed grinding, 

to reduce the process time and cost in the subsequent polishing process. 

For the above purpose, numerous researches have been made from the viewpoints of 

optimizing grinding wheel specifications, grinding conditions according to wafer properties.  

Zhang and Howes proposed a model for predicting grinding induced SSD, in which damage 

depth is a function of brittleness of materials and the maximum abrasive depth of cut [28].  

Lundt et al. stated that grinding of silicon wafer would cause unavoidable SSD [29].  Pei et 

al. investigated that the effects of abrasive size and sample position on the depth of SSD.  

Through the way of cross-sectional examination, they found that the depth of subsurface 

crack on ground silicon wafers is approximately equal to half of the diamond abrasive size 

used in grinding wheel [7].  Gao et al. also found quite similar phenomenon and discovered 

that the depth of SSD would be influenced by radial distance from the wafer center [30].  Yin 

et al. present a statistical method to study the formation of SSD induced during grinding 

process [31].  Zhang et al. analytically predicted that the less depth of SSD in silicon wafer 

could be achieved with lower in-feed rate, lower wafer rotation speed and higher grinding 

wheel speed in the rotary in-feed grinding process [32].  Yan et al. also obtained the similar 

phenomenon in experiment results of SiC wafer grinding, as shown in Fig. 2.8 [33].  

SSD, including phase transformation, dislocation and micro crack, is closely associated 

with the material removal mechanism.  In grinding of monocrystalline wafer, the material 

removal in either ductile or brittle mode is one of the most interested issues [22, 34].  The 

cutting depth of each abrasive must be controlled to be less than the critical depth of cut 

(short for DOC) of ground wafers for the ductile mode grinding.  The experimental 

investigation of the critical DOC for silicon wafers has been derived by Younge et al. [35, 

36].  If the abrasive cutting depth is less than the critical DOC, a better surface roughness can 
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be achieved.  Zhou et al. in the publication [37] also reported that the transition between the 

ductile and brittle modes can be controlled by the wheel and wafer rotational speed and in-

feed rate.  In addition, Lin et al. proposed that the elastic-plastic behaviors in both wheel and 

 

 Fig. 2.8 Subsurface characteristics of ground SiC wafer for varying grinding conditions:  

a) ground with #325 diamond wheel 𝑓  5 [μm/s], 𝑣𝑠  19.1 [m/s];  

b) ground with #325 diamond wheel 𝑓  1 [μm/s], 𝑣𝑠  19.1 [m/s];  

c) ground with #325 diamond wheel 𝑓  0.1 [μm/s], 𝑣𝑠  19.1 [m/s];  

d) ground with #325 diamond wheel 𝑓  0.1 [μm/s], 𝑣𝑠  31.84 [m/s];  

e) ground with #8000 diamond wheel 𝑓  0.1 [μm/s], 𝑣𝑠  31.84 [m/s] [33] 
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wafer should be taken into consideration for accurately predicting the abrasive depth of cut 

in rotary in-feed grinding [38].   

In grinding, contact between an abrasive and wafer provides a local stress and strain 

concentration and temperature rise, which dominate the generation of SSD.  The stress field 

is usually composed of a hydrostatic compressive stress that is superimposed by a shear stress 

and a tensile stress which is induced by frictional force at the interface of abrasive and wafer 

[39].  The complex stress field causes the material to deform through dislocation motions and 

cleavages.  Therefore, the generation of SSD is closely related to the grinding force and 

grinding heat in the rotary in-feed grinding process.  Couey et al. have developed a device 

for in-process force monitoring in precision grinding of silicon wafer, and thus indicated that 

the grinding force was mainly influenced by the in-feed rate [40].  Sun et al. provide a 

predictive model of grinding force in silicon wafer grinding, which correlated the grinding 

conditions to the grinding force and was validated by experimental results [41].  Ishibashi et 

al. found that the grinding force gradually grew up when the wheel segment started to engage 

from the wafer center, and rapidly dropped to zero when the wheel segment exits from the 

wafer periphery [42].   

In order to associate not only the grinding conditions but also the wheel specifications 

with the grinding force and grinding heat, a dynamic and static analysis on the rotary in-feed 

grinding becomes necessary.  Chapter 5 will report the grinding force exerted on an 

individual abrasive which is first correlated to the chip cross section and then extended to a 

single wheel segment and whole wafer.    
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Chapter 3 Wafer profile and geometry 

According to the literature surveyed, wafer profile or geometry is one of most important 

indexes to evaluate the performance of rotary in-feed grinding.  In this chapter, the motion 

and path of cutting edge in rotary in-feed grinding are kinematically analyzed in 3D.  It is 

useful to address the behavior of each abrasive in generation of the wafer profile.  The effects 

of both cutting path density and machine stiffness are also assessed.  Therefore, the 

mathematical analysis and experiments are described in this chapter as a guidance to obtain 

and optimize the grinding conditions for achieving high wafer geometry.  

3.1 Description of rotary in-feed grinding model 

In chapter 2, a lot of literature works showed that the grinding machine configuration and 

grinding conditions significantly influence on ground wafer shape and profile.  Thus, it is 

necessary to make a deeper insight view to the grinding dynamics of rotary in-feed grinding.  

In order to associate the grinding conditions with the wafer shape and profile generation, a 

mathematical analysis is made to address the behavior of each abrasive in wafer surface 

  

     (a) Overall view of rotary in-feed grinding          (b) Projection in 𝑋 − 𝑌 plane 

Fig. 3.1 Rotary in-feed grinding model 

Wafer Wheel 

segment

Wheel

Porous chuck

Wheel

Wafer

Wheel

segment

Offset 
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generation [1-7].  Fig. 3.1 illustrates a model of three-dimensional rotary in-feed grinding 

Table 3.1 The symbols used for the rotary in-feed grinding dynamic model description 

and the following analysis 

Wheel specifications 

𝑅1 Wheel radius [mm] 

𝑙 Wheel segment length [mm] 

𝑤 Wheel segment width [mm] 

𝑟𝑔 Abrasive radius [μm] 

𝑟0 Average abrasive radius [μm] 

𝑉𝑔 Abrasive concentration [vol%] 

𝑗 The number of effective cutting edge [pratical] 

Wafer specifications 
𝑅2 Wafer radius [mm] 

𝑟2 Radial distance from the wafer center [mm] 

Grinding conditions 

𝐿o Offset of wheel and wafer axes [mm] 

𝑛1 Wheel rotational speed [min−1] 

𝑛2 Wafer rotational speed [min−1] 

𝑓 In-feed rate [mm/min] 

𝜏 Grinding time [min] 

𝛼 Tilt angle around wafer 𝑋 axis [°] 

𝛽 Tilt angle around wafer 𝑌 axis [°] 

Symbol used for 

evaluations 

𝑏 Individual abrasive cutting width [μm] 

𝑘𝑔 Machine tool stiffness [N/μm] 

𝑘𝑤 Wafer stiffness [N/μm] 

𝐾 Stiffness factor − 

ℎ Actual cutting depth [μm] 

Δ Cutting depth [μm] 

η Cutting path density − 
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and the principle of wheel/wafer engagement.  The cup-type grinding wheel is down fed to 

the wafer with a constant in-feed rate 𝑓 while both grinding wheel and wafer rotate around 

their own axes simultaneously during the grinding process.  A wafer is mounted via a porous 

vacuum chuck and a cup-type grinding wheel is placed opposite with an offset equivalent to 

the wheel radius 𝑅1 .  The porous vacuum chuck has tilt angles denoted as 𝛼  and 𝛽 , 

respectively around 𝑋 − and 𝑌 −axis, as shown in Fig. 3.1 (a).  The projection in 𝑋 − 𝑌 

plane is illustrated in Fig. 3.1 (b), where the relevant parameters are labeled.  The symbols 

used in made description and the subsequent analysis are listed in Table 3.1.  

3.2 Kinematical analysis of cutting path 

In a cartesian coordinate system with the origin fixed at the wafer center, the 

mathematical description of the cutting path for an abrasive to travel across the wafer surface 

in two-dimensional space is described in the publication [4].  By taking the tilt angles 𝛼 and 

𝛽 into the consideration, the cutting path description is then updated to three-dimensional 

space and given in a matrix form as Eq. (3-1). 

[

𝑥(𝜏)

𝑦(𝜏)

𝑧(𝜏)
1

]  𝑨 ∙ 𝑩 ∙ 𝑪 ∙ 𝑫 ∙ 𝑬 ∙ 𝑭 [

𝑥𝑔

𝑦𝑔

𝑧𝑔

1

]                                                                            (3-1) 

where (𝑥𝑔, 𝑦𝑔, 𝑧𝑔) is the initial position of the corresponding abrasive and 𝜏 is the grinding 

time.  The matrices 𝑨 and 𝑬 represent the rotations of wafer and wheel respectively and are 

specified as;  

𝑨  [

cos 2𝜋𝑛2𝜏 sin 2𝜋𝑛2𝜏 0 0
− sin 2𝜋𝑛2𝜏 cos 2𝜋𝑛2𝜏 0 0

0 0 1 0
0 0 0 1

]                                                                   (3-2) 

𝑬  [

cos 2𝜋𝑛1𝜏 − sin 2𝜋𝑛1𝜏 0 0
sin 2𝜋𝑛1𝜏 cos 2𝜋𝑛1𝜏 0 0

0 0 −𝑓𝜏 0
0 0 0 1

]                                                              (3-3) 

while, the matrices 𝑩 and 𝑪 respectively express the tilt angles of wafer 𝛼 around X-axis and 

𝛽 around Y-axis, are given as; 
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𝑩  [

1 0 0 0
0 cos 𝛼 − sin 𝛼 0
0 sin 𝛼 cos 𝛼 0
0 0 0 1

]                                                                                   (3-4) 

𝑪  [

cos 𝛽 0 sin 𝛽 0
0 1 0 0

− sin 𝛽 0 cos 𝛽 0
0 0 0 1

]                                                                                   (3-5)  

 

                              (a) 𝐿o < 𝑅1                                                    (b) 𝐿o > 𝑅1   

 

                              (c) 𝐿o  𝑅1                                                    (d) 𝐿o  𝑅1   

Fig. 3.2 The effect of offset 𝐿o (< 𝑅1, > 𝑅1,  𝑅1)  
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and, the matrices 𝑫 and 𝑭 are the translations of the offset 𝐿o.  

𝑫  [

1 0 0 𝐿o

0 1 0 0
0 0 1 0
0 0 0 1

]                                                                                                  (3-6) 

𝑭  [

1 0 0 −𝐿o

0 1 0 0
0 0 1 0
0 0 0 1

]                                                                                               (3-7) 

As an example, the cutting path calculated according to Eq. (3-1) at the conditions of the 

wheel radius 𝑅1  150 [mm], the rotational speed ratios 𝑛1/𝑛2  50/1 and the tilt angles 

of wafer axis 𝛼  𝛽  0[°], are shown in Fig. 3.2, where the red circles represent the position 

of the wheel, the blue lines represent the cutting path generated by a single abrasive.  It is 

easily understood that the offset 𝐿o determines the occurrence of uncut area.  In the case of 

𝐿o < 𝑅1 or 𝐿o > 𝑅1, the uncut area is left to the wafer center 𝑟2  |𝑅1 − 𝐿o|, as shown in 

Fig. 3.2 (a) and (b).  Therefore, the offset 𝐿o must be set/equal to the wheel radius 𝑅1 to grind 

the entire wafer surface as shown in Fig. 3.2 (c).  Even in case of 𝐿o  𝑅1, however, both 

edges of the wheel (dash red lines) could still leave unfavorable cutting marks on the wafer 

surface as shown in Fig. 3.2 (d) if the wheel is not dressed properly. 

In order to quantitatively understand the effects of the combination of tilt angles of wafer 

rotational axis, the cutting paths are calculated according to the Eq. (3-1).  When the wafer 

axis is unparallel to the wheel axis, the interference has to be discussed in 3D manner.  Fig. 

3.3 shows a series of wafer profiles, where the wafer profiles were formed by varying the tilt 

angles of 𝛼 and 𝛽 from 1.5 × 10−3 [°]~ 1.5 × 10−3[°]. 

According to the results in Fig. 3.3, not matter the tilt angle 𝛼 is either positive or negative, 

the wafer profile becomes a convex cone shape so that the wheel constantly makes a half-

contact with the wafer surface during grinding.  When 𝛼  0[°], the wheel has a full contact 

with the wafer and the bidirectional cutting path is generated where a negative 𝛽 leads to a 

concave profile, and a positive 𝛽 makes a convex profile, as shown in the center column of 

Fig. 3.3.  Therefore, the very intrinsic nature of combination of tilt angles leads to a fact that 

the tilt angle 𝛼  is dominates the way of contact between the wheel and wafer, and the 

direction of cutting path.  
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On the other hand, tilt angle 𝛽 effects on the wafer surface profile too.  The results could 

also be found in the cross-sectional views as shown in Fig. 3.4, which presents the wafer 

profile obtainable at the corresponding tilt angles.  Mathematically, it is possible to create a 

desirable axisymmetric profile on the wafer surface by properly aligning the tilt angles.  The 

 

                        (a) 𝑅1  50 [mm]                                         (b) 𝑅1  75 [mm]   

 

                       (c) 𝑅1  125 [mm]                                        (d) 𝑅1  150 [mm]   

Fig. 3.5 The effect of wheel size 𝑅1 
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ideal flat wafer (TTV=0) is achievable by paralleling wheel axis to the wafer axis 

(𝛼  𝛽  0[°]).  However, tilt angle 𝛼  0[°] is not favored from the viewpoints of reducing 

the contact length and grinding resistance in wafer grinding.  Therefore, the tilt angle 𝛼 ≠

0[°] is often presented in wafer manufacturing.  

The effect of wheel radius 𝑅1 on wafer profile is also studied, and a series of 3D view of 

wafer profiles and cross-sectional views are shown in Fig. 3.5,  where the wafer profiles 

(𝑅2  100 [mm]) are calculated for a combination of the tilt angle 𝛼  −1 × 10−5[°] and 

𝛽  −3.5 × 10−5[°], by varying the wheel radius 𝑅1  50 ~ 150 [mm].  First of all, the 

wheel diameter must be larger than the wafer radius (2𝑅1 ≥ 𝑅2), in order to remove the 

material from the entire wafer surface. Second, a larger wheel diameter leads to a better wafer 

flatness.  The mathematical analysis and simulation results agreed quantitatively with the 

experimental results which are presented by Ebina et al. [6].  In other words, a particular 

attention needs to be paid when selecting grinding wheels (𝑅1 > 𝑅2) in wafer manufacturing.  

3.3 Effects of speed ratio on cutting path periodicity and density 

Shown in Fig. 3.6 are the cutting path periodicitys made at different speed ratios 𝑛1/𝑛2, 

and projected in 𝑋 − 𝑌 plane.  The cutting path periodicity 𝜔 is obviousely determined by 

 

Fig. 3.6 Speed ratio effects on cutting path periodicity (𝜔  2𝜋/
𝑛1

𝑛2
  ) and density 
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the speed ratio 𝑛1/𝑛2 of the grinding wheel against the wafer.  It is found that the number of 

cutting path made by an individual abrasive in one wafer rotation is equal to the numerator 

of reduced fraction in 𝑛1/𝑛2.  In other words, the path periodicity 𝜔 is inversely proportional 

to the speed ratio 𝑛1/𝑛2.  By increasing the speed ratio 𝑛1/𝑛2, the phenomenon of overlap 

in cutting path increases and results in better surface roughness.  In the meantime, the larger 

overlap ratio might leads to severe burn marks on the wafer surface.  Thus, choosing an 

appropriate speed ratio is able to improve the performace of  rotary in-feed grinding.  

Obviously, Fig. 3.6 also showed that the speed ratio 𝑛1/𝑛2 contributes great influence on 

the cutting path density.  In addition, the cutting path density or overlap ratio in center is 

always higher than that in wafer periphery no matter how the speed ratio varies.  Illustrated 

in Fig. 3.7 is the cutting path generated on a ground wafer surface.  The cutting path density 

𝜂 at specific wafer radial distance 𝑟2 is stated as: 

 𝜂  𝑗 ∙
𝑏

2𝜋𝑟2
∙
𝑛1

𝑛2
                                                                                                           (3-8) 

where, 𝑗 is the number of effective cutting edges on the entire wheel working surface. 𝑏 is 

the cutting width generated by an individual abrasive and given by;   

𝑏 ≒ 2√2𝑟0Δ − Δ2                                                                                                      (3-9) 

here, 𝑟0 is and average of abrasive radius used in the wheel, Δ is the depth of cut given to the 

wafer in one rotation (Δ  𝑓/𝑛2). 

 

Fig. 3.7 Illustration of cutting path density 

cutting path 

density 𝜂  𝑗  
𝑏

2𝜋𝑟2
 
𝑛1

𝑛2

𝑏  2 2𝑟0Δ − Δ2



37 

 

By substituting Eq. (3-9) into Eq. (3-8), the expression of 𝜂 can be obtained as; 

𝜂  𝑗 ∙
√2𝑟0Δ−Δ2

𝜋𝑟2
∙
𝑛1

𝑛2
                                                                                                 (3-10) 

 As shown in Fig. 3.7, the overlap of cutting path takes place when 𝜂 ≥ 1.  It is noted that 

the cutting path density is inversely proportional to the wafer radial distance 𝑟2.  The cutting 

path density calculated at different speed ratio are shown in Fig. 3.8 as a function of 𝑟2, where 

 

Fig. 3.8 Cutting path density variation along wafer radial distance 

 

 

Fig. 3.9 Critical conditions for cutting path density 𝜂 ≥ 1 
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the wafer rotational speed 𝑛2  20 [min−1] , in-feed rate 𝑓  0.1 [mm/min] , average 

abrasive radius 𝑟0  6 × 10−3 [mm]  and the wheel rotational speed varying in 𝑛1  

1000 ~ 3000 [min−1].  In spite of the change in speed ratio 𝑛1/𝑛2, the density sharply 

increases toward to the wafer center.  Therefore, the phenomenon of overlap of cutting path 

(𝜂 ≥ 1) always occurs in wafer center.  On the other hand, the cutting path density gradually 

becomes lower as increasing in the wafer radial distance 𝑟2.  Especially at low rotational 

speed ratio (an example given by 𝑛1/𝑛2  50), the cutting path density 𝜂 could be lower 

than 1  at the wafer outer circumference, which means the uncut area remaining in the 

periphery of the wafer.  Therefore, in order to ensure 𝜂 ≥ 1 accross the entire wafer surface, 

it is important to optimize the grinding conditions according to the wafer size and wheel 

specifications.  Fig. 3.9 shows the critical condition on the feature map of speed ratio 𝑛1/𝑛2 

and the wheel specifications for different wafer size 𝑅2 . The results suggest that the 

combination of the grinding conditions (𝑛1/𝑛2) and wheel specifications (𝑗 ∙ 𝑏) must meet 

the criteria to ensure 𝜂 ≥ 1 in accordance with the wafer size 𝑅2.   

3.4 Effects of cutting path density and machine tool stiffness on wafer 

profile 

From the mathematical analysis results above, it is easy to understand in the area of a 

wafer where the cutting path density 𝜂 < 1, that part of the wafer surface remains uncut.  

Therefore, the actual cutting depth ℎ is expected to be smaller than the given cutting depth 

Δ.  Whereas for 𝜂 ≥ 1, the actual cutting depth ℎ is equal to the given cutting depth Δ.  They 

are described as below; 

{
ℎ  𝜂 ∙ Δ                                      (𝜂 < 1)
ℎ  Δ                                            (𝜂 ≥ 1)

                                                                   (3-11) 

In the region of 𝜂 < 1, the wafer profile presents the “sunken” like shape due to ℎ < Δ.   

This still is the ideal case where the machine tool stiffness is considered as a rigid body 

while the ground wafer has no elastic deformation.  However, the practical case becomes 

more complicate when the stiffnesses of machine tool, grinding wheel and wafer are taken 

into consideration.  Fig. 3.10 (a) schematically shown the transition of actual cutting depth ℎ 
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along with the wafer radial distance 𝑟2.  When the contact stiffness of grinding wheel is 𝑘𝑔 

and the dynamic rigidity of wafer is 𝑘𝑤, the stiffness factor 𝐾 in Eq. (3-12) is used to describe 

 

(a) Effect of cutting path density when stiffness factor 𝐾  1 

 

(b) Effect of cutting path density when stiffness factor 0 < 𝐾 < 1 

 

(c) Effect of cutting path density, spark-out and the stiffness factor (1 − 𝐾)𝜂 

Fig. 3.10 Illustration of the effect of cutting path density and machine tool stiffness 
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the loop stiffness of the machine tool.  

 𝐾  
𝑘𝑔

𝑘𝑔+𝑘𝑤
                                                                                                                (3-12) 

 In the ideal case where the machine tool and the grinding wheel are rigid bodies or 𝑘𝑔  

∞ and 𝑘𝑤  ∞, 𝐾  1, the actual cutting depth ℎ follows Eq. (3-11) and appears in Fig. 3.10 

(a).  In actual case, 𝐾 ranges in 0 < 𝐾 < 1, depending on the relative stiffness of machine 

tool against the hardness of the wafer.  The actual cutting depth  ℎ  can be obtained by 

multiplying the stiffness factor 𝐾, as expressed in Eq. (3-13).  

{
ℎ  𝐾 ∙ 𝜂 ∙ Δ                               (𝜂 < 1)
ℎ  𝐾 ∙ Δ                                     (𝜂 ≥ 1)

                                                                    (3-13) 

The effect of stiffness factor 𝐾 on actual removal depth of cut is schematically shown in 

Fig. 3.10 (b), where the black broken line represents the actual cutting depth ℎ when the 

stiffness factor 𝐾  1, the blue broken line represents the actual cutting depth ℎ when the 

stiffness factor 0 < 𝐾 < 1.   

In the region where 𝜂 ≥ 1, additionally, the wafer surface is supposed to be cut multiple 

(𝜂) times.  This is as same as “spark-out” grinding under a fixed depth of cut.  According to 

Eq. (3-13), the residual height changes by (1 − K) ∙ Δ, (1 − 𝐾)2 ∙ Δ, …(1 − 𝐾)𝑛 ∙ Δ after 𝑛 

times “spark-out” process.  Therefore, depending on the relative stiffness of machine tool 

against the hardness of the wafer and cutting path density, the final form of actual cutting 

depth ℎ can be expressed as Eq. (3-14).   

{
ℎ  𝐾 ∙ 𝜂 ∙ Δ                               (𝜂 < 1)

ℎ  {1 − (1 − 𝐾)𝜂}Δ               (𝜂 ≥ 1)
                                                                    (3-14) 

The resultant actual cutting depth ℎ from stiffness 𝐾 and path density 𝜂 on the radial 

distance is schematically shown by the red broken line in Fig. 3.10 (c).  in the center of the 

wafer where 𝜂 ≫ 1, the actual cutting depth ℎ gradually approaches to the given depth of cut 

Δ. 

Fig. 3.11 shows a series of sectional view of wafer profiles calculated by Eq. (3-14) at the 

condition of the tilt angles 𝛼  0[°] and 𝛽  0[°].  The effect of stiffness factor on wafer 

profile is studied and shown in Fig. 3.11 (a), where the wafer profiles are calculated from a 

combination of the wheel rotational speed 𝑛1  2000 [min−1], wafer rotational speed 𝑛2  

50 [min−1] and grinding wheel specification 𝑗 ∙ 𝑏  5 [mm], by varying the stiffness factor 
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𝐾  1/3 ~ 1.  Obviously, the stiffness factor 𝐾 has a great influence on the wafer profile.  

Higher stiffness of machine and tool gives a better wafer geometry accuracy, or TTV [8].  It 

is critical to use a grinding machine with high rigidity for high precision grinding [9-11].   

Fig. 3.11 (b) shows the effect of rotational speed ratio on wafer profiles at the grinding 

wheel specification 𝑗 ∙ 𝑏  5 [mm], the stiffness factor 𝐾  2/3.  It reveals that a higher 

rotational speed ratio leads to a better wafer flatness.   

Fig. 3.11 (c) shows the effect of wheel specifications 𝑗, 𝑏  on wafer profiles at the 

conditions of the rotational speed ratio 𝑛1/𝑛2  2000/50, the stiffness factor 𝐾  2/3.  

Clearly, the grinding wheel specification 𝑗 ∙ 𝑏 also greatly influences on the wafer profile.  

 

(a) Effect of stiffness factor 

 

(b) Effect of rotational speed ratio 

 

(c) Effect of grinding wheel specification 

Fig. 3.11 Cutting path density and machine tool stiffness effects on wafer profile 
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The number of effective cutting edge 𝑗 is proportional to the abrasive concentration and 

increases inversely with the square of abrasive 𝑟0 while the cutting width 𝑏 is proportional to 

the square root of average abrasive radius 𝑟0.  Thus, it leads a fact that choosing a grinding 

wheel with high abrasive concentration and small average abrasive radius is able to produce 

a better wafer profile.  

As mentioned above, the wafer profile can be improved through the optimization of 

grinding condition and wheel specification, but still presents in an axis symmetrical concave 

form as long as the stiffness of machine tool is limited.  As a solution, tilt angle 𝛼 and 𝛽 is 

used to counterbalance this “concave” effect.  An example is given in Fig. 3.12, where 𝛼  

6 × 10−4[°], 𝛽  −3 × 10−3[°].  The TTV for ∅300 [mm] wafer can be improved from 

1.2 [μm] to 0.3 [μm] by the proposed dynamics model.  

3.5 Experiments  

Based on the analysis mentioned above, the experiments were carried out on a horizontal 

type rotary in-feed precision grinding machine (UPG-300H),  which was developed by Eda 

and Zhou et al. [4], offers a less energy consumption and less environmental impact.  Fig. 

3.13 shows its external view and zoom-up of the rotary in-feed grinding machine, on which 

a diamond wheel (SD400N100DK100) and ∅200 [mm] Si wafer is mounted.  The machine 

has two-degree of freedom; the wafer spindle moves along 𝑋 − direction, while the wheel 

spindle along  −  direction (in-feed direction).  Each spindle comes with an aerostatic 

bearing and a built-in ac servomotor, which rotates at the range of 1.8~1800 [min−1] with 

the maximum run-out of 0.02 [μm].  A typical arrangement, in which the wheel was offset 

by a distance of 𝑅1, was made.  The eight-inch (∅200 [mm]) silicon wafer (with (100) plane) 

 

Fig. 3.12 Simulation results of wafer profile in proposed dynamics model 
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was held by a vacuum chuck.  The diamond grinding wheel moved towards the silicon wafer 

by a constant in-feed rate 𝑓.  The tilt angles of wafer axis 𝛼, 𝛽 are adjustable in range of 

 

Fig. 3.13 UPG-300H rotary in-feed grinding machine 

 

 

Fig. 3.14 On-machine measurement system 
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0[°]~ − 5 × 10−3[°] and the detailed experimental conditions are listed in Table 3.2.  After 

the grinding process, the ground wafer profile was measured by an on-machine measurement 

system, which used a laser interferometer, as shown in Fig. 3.14 [12].  

According to the SD400 resin bond grinding wheel specification, the average of abrasive 

radius 𝑟0  20 [μm], the concentration 𝑉𝑔  25%, respectively.  The number of effective 

cutting edge 𝑗  125 [practical] for the SD400 resin bond grinding wheel is calculated by 

mathematical analysis reported in section 4.1 [12].  The machine and tool have the stiffness 

factor 𝐾  2/3 [13].  

The left panel of Fig. 3.15 shows the simulated TTV results and the right panel of Fig. 

3.15 shows the experimental TTV results.  At the conditions of the tilt angle 𝛼  

5 × 10−3[°], 𝛽  0[°], the wafer profile becomes a convex cone shape.  At the conditions of 

tilt angle 𝛼  0[°], 𝛽  −5 × 10−3[°], the wafer profile becomes a concave profile.  When 

the tilt angle 𝛼  5 × 10−3[°], 𝛽  5 × 10−3[°], the wafer profile shaped as convex profile.  

Fig. 3.15 clearly shows that experimental results are quite same as the mathematically 

analyzed results.  It also reveals that our proposed grinding dynamics model could accurately 

Table 3.2 Experiment conditions 

Notations Parameters Unit 

Tilt angle of wafer axis 𝛼 0~5 × 10−3 [°] 

Tilt angle of wheel axis 𝛽 −5 × 10−3~5 × 10−3 [°] 

Wheel rotational speed 𝑛1 1800 [min−1] 

Wafer rotational speed 𝑛2 100 [min−1] 

In-feed rate 𝑓 10 [μm/min] 

Wheel radius 𝑅1 150 [mm] 

Wafer radius 𝑅2 100 [mm] 

Wheel width 𝑤 3 [mm] 
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analyze wafer profile in rotary in-feed grinding and be used as a guidance to predict TTV 

and optimize grinding conditions for wafer manufacturing.  

An example is shown in Fig. 3.16, where 𝛼  6 × 104[°], 𝛽  1 × 103[°] is preset to 

achieve the minimum TTV for the machine and wheel used in the experiment.  According to 

 

Fig. 3.15 The comparison of TTV in simulation and experimental results 
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tilt angles and experimental conditions mentioned above, TTV  0.42 [μm] is suggested by 

our dynamics model and resulted in 0.46 [μm] in our experiment.  

3.6 Summary 

In this chapter, efforts have been paid to kinematic analysis of cutting path and understand 

the wafer profile generation in the rotary in-feed grinding dynamics.  The influential factors 

for rotary in-feed grinding have been mathematical studied and validated by experiment 

results.  The obtained results are able to be summarized as below: 

1) The motion and path of cutting edge in rotary in-feed grinding are kinematically 

analyzed in three-dimensions, successfully to address the behavior of each abrasive 

in generation of the wafer profile. 

2) The results mathematically reveal the effects of wheel specifications, grinding 

conditions and wheel/wafer configurations on the wafer geometry, particularly 

including the offset distance between the axes of wheel and wafer, the tilt angles of 

wafer axis and the diameter of the wheel. 

3) The effects of both cutting path density and machine stiffness on the wafer profile are 

assessed.  It is strongly recommended to use a grinding machine with a higher rigidity, 

a higher speed ratio, a finer abrasive to achieve a better wafer profile. 

 

         (a) Simulated TTV  0.42 [μm]                 (b) Experimental TTV  0.46 [μm] 

Fig. 3.16 Wafer profile at optimal grinding conditions 
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4) The grinding dynamic model also provides a solution using tilt angle 𝛼 , 𝛽  to 

counterbalance the effect of machine stiffness and cutting path density on the wafer 

geometry.  
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Chapter 4 Wafer topography and surface roughness 

In this chapter, attention has been paid to modelling and experimental study of the surface 

roughness in rotary in-feed grinding, where influential factors are categorized into grinding 

wheel specifications, wafer specifications and grinding conditions.   

The surface topography on the wafer surface is associated with the chip formation which 

largely depends on distribution of abrasive protrusion in height-wise.  The mathematical 

analysis results suggest that the depth of cut should be adequate to ensure sufficient cutting 

edge being effective for reducing the surface roughness.  Moreover, both theoretical analysis 

and experiments results lead to a fact that the surface roughness becomes larger toward to 

the outer circumference of the wafer, but smaller as increasing in the speed ratio 𝑛1/𝑛2.  

4.1 Theoretical analysis of chip formation  

As we known, the surface roughness is an important indicator for assessing the grinding 

 

     (a) Depth of cut and removed volume         (b) Side removal area in a ground annulus 

 

(c) Cutting chip by individual cutting edge 
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quality and performance which is used to characterize the material removal mode in the 

grinding process.  In ductile-mode machining of mono-crystal materials, material is removed 

predominantly by the chip formation to generate a crack-free machined surface.  The 

generation of chip formation in rotary in-feed grinding is schematically shown in Fig. 4.1, 

and the relevant parameters are labeled in Table 4.1.  The shadow band illustrated in Fig. 4.1 

(a) represents the volume removed in one rotation of the grinding wheel, where the depth of 

cut is Δ  𝑓/𝑛2 and the travel length is 𝐿  2𝜋𝑟2𝑛2/𝑛1.  It is clear that the depth of cut is 

kept constant once the grinding conditions are given.  Here, the wafer is considered as a 

collected concentric annulus with different radius 𝑟2.  One annulus positioned at [𝑟2, 𝑟2 + 𝑑𝑟2] 

is zoomed up in Fig. 4.1 (b) for the detailed study.  The side area of the annulus S2 removed 

in one rotation of the wheel is expressed as Eq. (4-1). 

 2   𝛥 ∙ 𝐿  2𝜋
𝑓

𝑛1
𝑟2  2𝜋 ∙

𝑛2

𝑛1
∙ Δ ∙ 𝑟2                                                                      (4-1) 

The side area S2 is proportional to the wafer radial distance 𝑟2, the depth of cut Δ and 

Table 4.1 The symbols used for the rotary in-feed grinding dynamic model description 

and the following analysis 

Wheel 

specifications 

𝜁 Segment ratio − 

𝜎 Standard deviation of the abrasive radius [μm] 

𝑚 Cut-off coefficient − 

2𝛾 Abrasive vertex angle [°] 

Wafer 

specifications 
𝐶𝑝 Specific grinding energy [MPa] 

Symbols used for 

evaluations 

𝑁0 
Density of effective cutting edge exposed 

on the bond base 
[practial/mm2] 

𝑁𝑒 Density of effective cutting edge [practial/mm2] 

 2 Side area of ground wafer [mm2] 

 𝑔 Size of chip cross section [μm2] 

𝑅𝑧 Maximum surface roughness [nm] 

𝑅𝑎 Mean surface roughness [nm] 
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𝑛2/𝑛1 (or reverse of speed ratio), as shown in Fig. 4.2.  It should be noted that the wafer 

rotational speed 𝑛2 does not affect the size of  2, but does affect its geometric shape.  As 

illustrated in Fig. 4.1 (b) and Fig. 4.2, increasing in 𝑛2 leads to a long and thin shape of  2 

while keeps the area of  2 unchanged.  According to the principle of continuity,  2 is shared 

by the number of effective cutting edges 𝑗  2𝜋𝑅1𝑤 ∙ 𝑁𝑒 which are evenly distributed across 

the wheel working surface, where 𝑤 is the width of wheel segment, 𝑁𝑒  is the density of 

effective cutting edge.  Therefore, the chip cross section removed by an individual abrasive 

cutting edge at the wafer radial distance 𝑟2 is given below; 

 𝑔  
𝑆2

𝑗
 

1

𝑅1𝑤𝑁𝑒

𝑛2

𝑛1
Δ ∙ 𝑟2                                                                                               (4-2) 

Also, the chip volume 𝑞𝑔 and average chip cross section area  ̅𝑔 are then given below;  

𝑞𝑔  ∫  𝑔 𝑟2
𝑅2

0
 

1

2𝑤𝑁𝑒

𝑅2
2

𝑅1
∙
𝑛2

𝑛1
Δ                                                                                   (4-3)  

 ̅𝑔  
1

𝑅2
∫  𝑔 𝑟2

𝑅2

0
 

1

2𝑤𝑁𝑒

𝑅2

𝑅1
∙
𝑛2

𝑛1
Δ                                                                               (4-4) 

As shown in Eq. (4-2) and Fig. 4.1 (c), the chip cross section  𝑔 proportionally increases 

with 𝑟2 as the abrasive goes from the wafer center to its outer periphery.  Here, the effective 

cutting edge density 𝑁𝑒 is an important factor to determine the chip cross section  𝑔, which 

was predicable in a mathematic method proposed by Zhou et al. [1].    

 

Fig. 4.2 Side area of material removed and depth of cut 

 2

Δ(𝑛2  50 [min−1]) 

Δ(𝑛2  25 [min−1])
  2
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For theoretical analysis of the number of cutting edge and its protrusion distribution on 

grinding wheel surface, as illustrated in Fig. 4.3, the modelling of wheel working surface is 

based on following assumptions:  

1) The bond base is built in ideally flat. 

2) Abrasives are uniformly distributed in the wheel segment within three-dimensional 

space. 

3) Abrasives are approximated into spheres with radius 𝑟𝑔. 

4) 𝑟𝑔  varies in accordance with a normal distribution (𝑟0, 𝜎 ), where 𝑟0  is the mean 

abrasive radius, and 𝜎 is the standard deviation of the abrasive radius, respectively. 

5) The abrasive drops out when its protrusion height t exceeds 2𝜅𝑟𝑔 from the bond base, 

where 𝜅 takes a value of 0 ≤ 𝜅 < 1  and stands for the protruding coefficient. 

In this context, the abrasive variation is able to be expressed by a normal distribution as 

Eq. (4-5).  

𝑓(𝑟𝑔)  
1

√2𝜋𝜎
exp [−

(𝑟𝑔−𝑟0)
2

2𝜎2 ]                                                                                       (4-5) 

Practically, the size of abrasives is further filtrated within the range of 𝑟0 − 𝑚𝜎 < 𝑟𝑔 <

𝑟0  𝑚𝜎 , where 𝑚  is the cut-off coefficient and 𝑚  1  is favored by most wheel 

manufacturers.  Therefore, the abrasive size distribution is governed by two factors; the 

standard deviation 𝜎 and the cut-off coefficient 𝑚.  The average volume �̅� of an individual 

 

Fig. 4.3 Cutting edge exposed on the wheel working surface 
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spherical abrasive is expressed by Eq. (4-6).   

  �̅�  
4

3
𝜋

∫ 𝑟𝑔
3𝑓(𝑟𝑔)d𝑟𝑔

𝑟0+𝑚𝜎
𝑟0−𝑚𝜎

∫ 𝑓(𝑟𝑔)
𝑟0+𝑚𝜎
𝑟0−𝑚𝜎 d𝑟𝑔

 
4

3
𝜋𝑟0

3  4𝜋 [1 −

𝑚

√2
 xp(−

𝑚2

2
)

1−    (
𝑚

√2
)
]                                          (4-6) 

where the erfc( ) is the complementary error function. 

When the position of bond base is set to   0, an abrasive with radius 𝑟𝑔 whose center 

is located within the range of −𝑟𝑔 <  < (2𝜅 − 1)𝑟𝑔 is expected to be exposed above and 

remains on the bond base.  Here, the protrusion coefficient 𝜅 is in fact the fraction of abrasive 

which possibly remains on the grinding wheel surface.  Among those exposed abrasives, the 

number of abrasives having the radius [𝑟𝑔, 𝑟𝑔   𝑟𝑔] is given as; 

 𝑁0  
2𝜅𝑉𝑔

�̅�
∙

𝑓(𝑟𝑔)d𝑟𝑔

∫𝑓(𝑟𝑔)d𝑟𝑔
                                                                                                    (4-7) 

where 𝑉𝑔 is the volume fraction of abrasive in a grinding wheel. 

Thus, the total number 𝑁0 of abrasives exposed and remaining on a specific working 

surface area (per unit area) is the integration of  𝑁0 within the domain 𝑟0 − 𝑚𝜎 < 𝑟𝑔 < 𝑟0  

𝑚𝜎 and expressed in Eq. (4-8).  

𝑁0  
2𝜅𝑉𝑔

�̅�

∫ 𝑟𝑔
3𝑓(𝑟𝑔)d𝑟𝑔

𝑟0+𝑚𝜎
𝑟0−𝑚𝜎

∫ 𝑓(𝑟𝑔)
𝑟0+𝑚𝜎
𝑟0−𝑚𝜎 d𝑟𝑔

 
3𝜅𝑉𝑔

2𝜋𝑟0
2 ∙

1

1+3[1−

√
2
𝜋
𝑚∙exp(−

𝑚2

2
)

1−erfc(
𝑚

√2
)

](
𝜎

𝑟0
)
2

                                       (4-8) 

 

Fig. 4.4 Cutting edge density exposed on the wheel working surface 
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However, the abrasives remaining on the bond base vary not only in the radius 𝑟𝑔 but also 

in the protrusion height   above wheel bond base.  The codomain of abrasive radius is limited 

to  /2𝜅 < 𝑟𝑔 < 𝑟0  𝑚𝜎  in order to satisfy the protrusion height  .  Therefore, the 

probability of abrasives concurrently satisfying 𝑟𝑔~𝑟𝑔   𝑟𝑔  and  ~     are able to be 

calculated by Eq. (4-9).  

𝑃(𝑟𝑔,  ) 𝑟𝑔   
d𝑁0

𝑁0
∙

d𝑡

2𝜅𝑟𝑔
 

1

2𝜅𝑟0

𝑓(𝑟𝑔)d𝑟𝑔

∫𝑓(𝑟𝑔)d𝑟𝑔
 𝑟𝑔                                                           (4-9) 

Therefore, the possibility 𝑃( )  of protrusion height    for all sizes of abrasives is the 

integration of 𝑃(𝑟𝑔,  ) within the codomain of 𝑟𝑔 .  The number of abrasives 𝑁( ) which 

possess the protrusion height   is therefore the product of 𝑃( ) and 𝑁0,  and can be written 

as Eq. (4.10). 

𝑁( )  𝑁0 ∙ 𝑃( )  𝑁0 ∙ ∫ 𝑃(𝑟𝑔,  ) 𝑟𝑔  
𝑟0+𝑚𝜎

𝑡/2𝜅
 

{
 
 
 

 
 
 

3𝑉𝑔

4𝜋𝑟0
3

1

1+3[1−

√2
𝜋
𝑚∙exp(−

𝑚2

2
)

1−erfc(
𝑚

√2
)

](
𝜎

𝑟0
)
2

                                           (0 ≤  < 2𝜅(𝑟0 − 𝑚𝜎))

3𝑉𝑔

8𝜋𝑟0
3

1

1+3[1−

√2
𝜋
𝑚∙exp(−

𝑚2

2
)

1−erfc(
𝑚

√2
)

](
𝜎

𝑟0
)
2

    (
𝑡−2𝜅𝑟0
2√2𝜎𝜅

)−    (
𝑚

√2
)

1−    (
𝑚

√2
)

                 ( ≥ 2𝜅(𝑟0 − 𝑚𝜎))
             (4-10) 

 Fig. 4.4 shows the effects of protrusion height   and abrasive radius on the number of 

total cutting edge 𝑁( ) exposed on wheel working surface.  Obviously, it is found out that 

the number of total cutting edges 𝑁( ) is decreased as increasing in abrasive radius 𝑟0.  At a 

given 𝑟0, the number of abrasives 𝑁( ) is constant when the protrusion height   ranges 0 ≤

 < 2𝜅(𝑟0 − 𝑚𝜎), and rapidly dropped to zero when  ≥ 2𝜅(𝑟0 − 𝑚𝜎). 

Fig. 4.5 shows the normalized variation of 𝑁( ) for three kinds of wheels with different 

standard deviation 𝜎 in the distribution of protrusion height  .  Clearly, only those abrasives 

which have top protrusion possibly become effective to engage into material.  The amount 

of these effective cutting edges can be calculated by integration of 𝑁( ) within the range of 

 m x − Δ <  <  m x which is illustrated by a light shade in Fig. 4.5 and expressed in Eq. (4-

8). 
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𝑁𝑒(Δ)  ∫ 𝑁( )  
𝑡max

𝑡max−Δ
                                                                                             (4-11) 

where  m x  2𝜅(𝑟0  𝑚𝜎)  for a given protrusion coefficient 𝜅  and abrasive radius 

distribution 𝑚𝜎 .  For most rotary in-feed grinding as shown in Fig. 4.1, Δ ranges from 

submicron to several microns, depending on the in-feed rate 𝑓 and the wafer rotational speed 

𝑛2.  Therefore, only a fraction of abrasive at the top protrusions are possibly engaged in 

 

Fig. 4.5 Protrusion height distribution and effective cutting edge 

 

Fig. 4.6 Effective cutting edge density 𝑁𝑒 
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material removal and become effective cutting edges. For such a wheel (𝑅1  

150 [mm],𝑤  3 [mm], 𝑉𝑔  25 vol%, 𝑟0  6 [μm], 𝜎  1.5 [μm], 𝜅  0.3) , the total 

cutting edge exposed on the working surface 𝑁0 is about 1000 [p/mm2].  The effective 

cutting edge density 𝑁𝑒 is calculated and shown in Fig. 4.6.  Depending on the depth of cut 

Δ  𝑓/𝑛2  and standard deviation 𝜎  in the distribution of abrasive size, 𝑁𝑒  ranges 

20~200 [p/mm2], or about 2%~20% of the total. 

Using the above 𝑁𝑒 , the chip cross section area  𝑔  is calculated as a function of 

(𝑟2, 𝑛2/𝑛1).  The results for Δ  1 [μm] is shown in Fig. 4.7.  The chip cross section by an 

individual abrasive cutting edge increases linearly with an increasing in both 𝑛2/𝑛1  and 

wafer radial distance 𝑟2.  Choosing a large speed ratio 𝑛1/𝑛2effectively constrains the chip 

cross section.   

4.2 Theoretical analysis for surface roughness 

For evaluating the surface roughness, following assumptions are made: 

1) The effect of brittle model on surface roughness is not considered, the depth of cut is 

always under the critical depth of cut [2-4]. 

 

Fig. 4.7 Cross sectional area of individual chip 
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2) The elastic recovery of the wafer is neglected [5]. 

 

 A simplified model of surface topography generated on a ground wafer surface is 

illustrated in Fig. 4.8.  Assuming the vertex angle of an abrasive is 2𝛾, the penetration depth 

of the abrasive into the wafer can be easily derived once the chip cross section  𝑔 is known.  

 

(a) The generated ground wafer surface 

 

 

(b) The cross section of grinding path 

Fig. 4.8 Illustration of the surface topography 
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1

2
𝑅𝑧 ∙ 2𝑅𝑧 tan 𝛾   𝑔                                                                                                   (4-12) 

Substituting Eq. (4-2) into Eq. (4.12), the surface roughness can be solved as;  

𝑅𝑧  √
1

  n𝛾𝑅1𝑤
∙
𝑛2

𝑛1
∙

Δ

𝑁𝑒
∙ 𝑟2                                                                                         (4-13) 

It must be pointed out that 𝑅𝑧 in Eq. (4-12) is governed by the cross section  𝑔, while  𝑔 

in  Eq. (4-2) is the averaged cross section at the radial distance 𝑟2  without counting the 

 

Fig. 4.9 Effect of 𝑛2/𝑛1 and 𝑟2 on 𝑅𝑧 

 

Fig. 4.10 Effect of 𝑛2/𝑛1 and Δ on 𝑅𝑧 

 

𝑛2/𝑛1  0.1

𝑛2/𝑛1  0.05

𝑛2/𝑛1  0.025

𝑛2/𝑛1  0.1

𝑛2/𝑛1  0.05

𝑛2/𝑛1  0.025
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variation in the abrasive radius and protrusion height.  Therefor, 𝑅𝑧 in Eq. (4-13) is a sort of 

equalized maximum surface roughness, slightly smaller than that defined by ISO.    

For such triangularly waved topography, the mean line roughness average 𝑅𝑎 is given as;  

𝑅𝑎  
1

𝐿
(
1

2
𝐿 ∙

𝑅𝑧

2
)  

1

4
𝑅𝑧                                                                                              (4-14) 

where, 𝐿 is the evaluation length.  At the wafer center where the wafer radial distance 𝑟2 →

0, in addition, K.  Ono suggested that the surface roughness should take its ultimate limit [6].  

The surface roughness 𝑅𝑎 calculated at Δ  1 [μm] is plotted in Fig. 4.9, as a function of 

(𝑟2, 𝑛2/𝑛1).  The results suggest that the surface roughness becomes larger as increasing in 

the radial distance 𝑟2 and takes the maximum value of 𝑅𝑎  Δ/4 if the cutting path density 

𝜂 < 1 occurs at the outer circumference of the wafer, but smaller as decreasing in 𝑛2/𝑛1.  

The surface roughness 𝑅𝑎 calculated at 𝑟2  50 [mm] while Δ and 𝑛2/𝑛1 varies is shown in 

Fig. 4.10.  The results tell that inadequate depth of cut Δ may not improve the surface 

roughness due to the insufficient effective cutting edge (Fig. 4.6).  Especially when Δ is 

extremely small (Δ < 0.2 [μm] for the current condition), as illustrated in Fig.4.8 (b), the 

wafer surface may not be completely removed in one rotation of the grinding wheel.  The 

subsequent grinding still makes the surface roughness remain relatively high.  Finally, it 

should also be noted that the Eq. (4-13) does not include the elastic recovery of the wafer 

after grinding, which could counter up to 40% ~ 60% of the depth of cut according to 

publication [5].   

4.3 Experiments and results  

Based on the analysis mentioned above, the experiments were carried out on a horizontal 

type rotary in-feed precision grinding machine (UPG-150) which is able to perform grinding 

process under either constant in-feed rate or constant pressure.  Fig. 4.11 shows its external 

view together with the zoom-up of ∅200 [mm]  Si wafer and the diamond wheel 

(SD1500N75B) are mounted.  SD1500N75B is potential to achieve ductile dominated 

removal.  The detailed specifications of SD1500N75B and experiment conditions are listed 

in Table 4.2.  After the grinding process, the ground Si wafer was cleaned by pure water in 

an ultrasonic cleaning machine (UT-305S, Sharp Co.) and then dried off for measurement.   
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The surface topography of Si wafers was measured and observed by white-light 

 

Fig. 4.11 Experiment tool and setup 

 

Table 4.2 Detailed specifications of SD1500N75B and experiment conditions 

Wheel specifications 

Grinding wheel − SD1500N75B − 

Wheel hardness − 2 [GPa] 

Average abrasive radius 𝑟0 5 [μm] 

Number of segments 𝑛 24 [pratical] 

Wheel size 𝑙 × 𝑤 17 × 3 [mm2] 

Wheel radius 𝑅1 150 [mm] 

Wafer specifications 
Wafer − Si − 

Wafer radius 𝑅2 100 [mm] 

Grinding conditions 

Wheel speed 𝑛1 1500, 2000, 2500 [min−1] 

Wafer speed 𝑛2 25 [min−1] 

In-feed rate 𝑓 10 [μm/min] 

Total in-feed depth − 60 [μm] 

Coolant − 6 [l/min] 

 

 

Wafer-wheel alignment

Silicon

wafer
SD1500N75B
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interferometer (NewView-200, Zygo Co.).  Six points were uniformly distributed from center 

to periphery for a Si wafer to study.   

 Fig. 4.12 shows surface roughness under conditions of 𝑛2  25 [min−1]  and 𝑓  

10 [μm/min]  when 𝑛1  varying in 𝑛1  1500~2500  [min−1] .  The surface roughness 

reveals that the surface topography produced by higher wheel rotational speed is much better 

 

Fig. 4.12 Experimental results 

 

 

Fig. 4.13 Comparison of experimental and theoretical results 

0 10 20 30 40 50 [mm]
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than that of lower wheel rotational speed.   

The comparison of experimental and theoretical results is shown in Fig. 4.13.  Both 

experimental and theoretical results clearly show that the surface roughness is proportional 

to 𝑟2 and 𝑛2/𝑛1.  It also reveals that our proposed grinding dynamics model could accurately 

analyze wafer topography in rotary in-feed grinding and be used to predict surface roughness 

and optimize grinding conditions for wafer manufacturing. 

4.4 Summary 

This chapter analyzes chip formation and associates chip cross section to surface 

roughness which principally depends on distribution of abrasive protrusion in height-wise.  

The influential factors of rotary in-feed grinding process for wafer topography have been 

mathematical studied and validated by experiment result.  The obtained results could be 

summarized as below: 

1) The side removal area and chip cross section are analyzed to understand the chip 

formation and associated with grinding conditions and wheel specifications. 

2) The effective cutting edge density was estimated by taking into consideration of the 

distribution of abrasive protrusion in height-wise, which helps to precisely predict the 

chip cross section and surface roughness. 

3) The surface roughness and its variation in a radial direction of the wafer were derived 

and discussed on varying grinding conditions. The depth of cut should be adequate to 

ensure sufficient cutting edge being effective. 

4) The effect of 𝑛2/𝑛1 on the surface roughness is assessed.  It is suggested to use a high 

speed ratio 𝑛1/𝑛2 to achieve a better wafer surface. 

5) Inadequate depth of cut Δ does not help to improve the surface roughness due to the 

insufficient effective cutting edge.  
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Chapter 5 Static and dynamic analysis for rotary in-feed 

grinding 

Both theoretical analysis and experiment results in previous chapter unveil that 

optimization in grinding conditions is of potential to efficiently improve the ground wafer 

surface quality.  On the other hand, the subsurface quality or subsurface damage (SSD) 

induced in rotary in-feed grinding is the consequence of the grinding force and grinding heat 

in the material removal operation.  Thus, static and dynamic analysis of rotary in-feed 

grinding is essential to understand the SSD formation.   

A thorough analysis on the relationships between the chip formation and grinding forces 

will be analyzed in this chapter.  The grinding force exerted on an individual abrasive is first 

correlated to the chip cross section and then extended to a single wheel segment and the 

whole wafer.  Meanwhile, a wireless thermo/dynamo-meter is developed and applied to 

measure the grinding force and grinding temperature during the grinding process.  Both 

mathematical and experimental results show that the grinding force on a wheel segment was 

proportional to the wheel segment length, gradually grew along the wafer radial distance, and 

rapidly dropped to zero when the wheel segment exited from the wafer periphery.  Moreover, 

it should be point out that the rigidity and the spindle power of grinding machine were 

important when grinding large diameter wafers. 

5.1 Static analysis  

The grinding dynamic is schematically shown in Fig. 5.1, where the grinding force is 

composed of two components; the normal grinding force 𝐹𝑛 and tangential force 𝐹𝑡 when the 

wheel segment is engaged in material removal.  The other symbols used are listed in Table 

5.1.  As per each individual abrasive (as zoomed in the right panel of Fig. 5.1), the grinding 

force 𝑓𝑡 in the tangential direction (along cutting path) is the product of the specific removal 

energy 𝐶𝑝 and chip cross-section  𝑔 and shown as below.   

  𝑓𝑡  𝐶𝑝 ∙  𝑔                                                                                                                 (5-1) 

Substituting  𝑔 which is obtained in the Eq. (4-2) in the previous chapter, the tangential 
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force 𝑓𝑡 on an individual abrasive is written below;  

  𝑓𝑡  𝐶𝑝 ∙
1

𝑅1∙𝑤∙𝑁𝑒
∙

𝑓

𝑛1
∙ 𝑟2  

𝐶𝑝

𝑅1𝑤𝑁𝑒

𝑛2

𝑛1
Δ ∙ 𝑟2                                                                  (5-2) 

Here, Eq. (5-2) addresses that the tangential force 𝑓𝑡 not only is affected by the grinding 

 

Fig. 5.1 Illustration of grinding force components 

 

Table 5.1 The symbols used for the rotary in-feed grinding dynamic model description 

and the static analysis 

Symbol Description Unit 

�́� Friction coefficient − 

2𝛾 Abrasive vertex angle [°] 

𝑓𝑛 Normal force on an individual abrasive [mN] 

𝑓𝑡 Tangential force on an individual abrasive [mN] 

𝐹𝑛 Normal force on a wheel segment [N] 

𝐹𝑡 Tangential force on a wheel segment [N] 

𝑃 Grinding power [W] 

𝑞 Power density [W/mm2] 
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conditions 𝑛2/𝑛1 , Δ, but also by the wheel specifications 𝑅1 , 𝑤,  𝑁𝑒 , the wafer material 

property 𝐶𝑝 and the cutting position 𝑟2 as well.  It should be point out that the friction force 

is neglected here and will be discussed at the end of this section for the actual grinding 

process.  Fig. 5.2 plots two sets of tangential force 𝑓𝑡 appearing at different wheel rotational 

speed 𝑛1, as a function of the grinding time 𝜏.  It is found that 𝑓𝑡 is halved when the wheel 

speed 𝑛1  is doubled.  The iteration of 𝑓𝑡  is also doubled in frequency.  It should be 

emphasized that the specific removal energy 𝐶𝑝 depends on not only the property of wafer 

material but also the size of  𝑔.  A smaller  𝑔 normally results in relatively larger 𝐶𝑝 because 

of the “size effect”.  

Within the wafer annulus positioned at [𝑟2, 𝑟2   𝑟2] mentioned in Section 4.1, the sum 

of number of abrasives totally engaged in wafer annulus the is given as 𝑁𝑒 ∙ 𝑤 ∙  𝑟2.  Thus, 

the tangential grinding force on a wheel segment in length of 𝑙 is calculated as Eq. (5-3). 

 𝐹𝑡  ∫ 𝑓𝑡 ∙ 𝑁𝑒𝑤 𝑟2
𝑟2+𝑙/2

𝑟2−𝑙/2
 𝐶𝑝 ∙

𝑙

𝑅1
∙
𝑛2

𝑛1
∙ 𝛥 ∙ 𝑟2                                                             (5-3) 

𝐹𝑡 is found to be proportional to the segment length 𝑙, the depth of cut Δ and 𝑛2/𝑛1, and 

reversely proportional to the wheel radius 𝑅1.  By taking the effect at the wafer center and 

fringe, where the wheel segment is not fully contacted with the wafer, into consideration, 

 

Fig. 5.2 Grinding force variation on an individual abrasive 

𝑓  10 [μm/min 
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variation of the tangential grinding force on a wheel segment 𝐹𝑡 is shown in Fig. 5.3.  𝐹𝑡 

gradually grows along the wafer radial distance 𝑟2, and rapidly drops to zero when the wheel 

segment exits from the wafer fringe.  This fact also suggests that the wheel rotational 

direction is important for wafer thinning process to ensure the wheel segment traveling from 

the wafer center toward its fringe.  Otherwise, the wafer edge may encounter a sudden 

increase in grinding force and highly risk in edge cracking as published in [1, 2].   

The total grinding force ∑𝐹𝑡  generated on the entire wafer surface is calculated by 

integration of 𝐹𝑡 within the range of [0, 𝑅2], and expressed in Eq. (5-4).   

∑𝐹𝑡  ∫ 𝑓𝑡 ∙ 𝑁𝑒𝑤 𝑟2
𝑅2

0
 

𝐶𝑝

2
∙
𝑅2

2

𝑅1
∙
𝑛2

𝑛1
Δ                                                                          (5-4) 

The consumed grinding power is then the product of ∑𝐹𝑡  and the wheel rotational 

velocity and expressed as; 

  𝑃  ∑𝐹𝑡 ∙ 2𝜋𝑅1𝑛1  𝐶𝑝 ∙ 𝜋𝑅2
2𝑓                                                                                 (5-5) 

The above equation well matches with the definition of grinding power which is the 

product of the specific energy 𝐶𝑝 [J/mm3] and the material removal rate (𝑀𝑅𝑅= 𝜋𝑅2
2𝑓) 

[mm3/s].  It can then be concluded that the consumed grinding power is determined once the 

wafer material and 𝑀𝑅𝑅 are given.  Both the total grinding force ∑𝐹𝑡 (the solid line in Fig. 

5.4) and the consumed grinding power 𝑃 (the broken line in Fig. 5.4) are proportional to the 

 

Fig. 5.3 Grinding force on a wheel segment 
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square of the wafer size 𝑅2.  Hence, it is necessary to pay attention to the rigidity and the 

spindle power of the grinding machine when grinding large diameter wafers.  Recent 

publications [3] and [4] by Kusuyama et al. who have designed and developed water 

hydrostatic rotary table and wheel spindle also share the same scope of interests for large 

diameter Si wafer grinding.    

Back to the Fig. 4.1 (b), the grinding power consumed on the annulus positioned at [𝑟2, 

𝑟2 +  𝑟2] is expressed as; 

 𝑃  2𝜋𝑅1𝑛1 ∙ 𝑓𝑡 ∙ 𝑁𝑒𝑤 𝑟2  2𝜋𝐶𝑝 ∙ 𝑓 ∙ 𝑟2 𝑟2                                                                  (5-6) 

The corresponding surface area of the annulus is given as 2𝜋𝑟2 ∙  𝑟2.  The power density 

𝑞 (or, the energy consumed on a specific area of the wafer per unit time) is then resulted as; 

 𝑞  
d𝑃

2𝜋𝑟2∙d𝑟2∙𝑛2
 𝐶𝑝 ∙

𝑓

𝑛2
 𝐶𝑝 ∙ Δ                                                                                  (5-7) 

The power density is the source of the grinding heat and directly associated with the 

temperature rise in wafer grinding.  It is found that the power density is consistent across the 

entire wafer, without depending on the radial distance 𝑟2 .  The temperature distribution, 

however, may not be homogeneous due to the concentricity of round shape of the wafer.  The 

details will be evaluated by use of FEM and reported in our subsequent study. 

The grinding force 𝑓𝑛 in the normal direction, on the other hand, is given in Eq. (5-8) by 

 

Fig. 5.4 Total grinding force and grinding power 
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Ref. [5] when assuming each individual abrasive is in a cone-shape with the vertex angle 2𝛾. 

 𝑓𝑛  
𝜋

2
∙ 𝐶𝑝 ∙  𝑔 ∙ tan 𝛾                                                                                                 (5-8) 

Adding the friction force into the grinding force 𝑓𝑡, Eq. (5-2) is then updated as below; 

  𝑓𝑡  𝐶𝑝 ∙  𝑔  
2

𝜋
∙

𝜇´

sin𝛾
𝑓𝑛  (1  

𝜇´

 os𝛾
)

𝐶𝑝

𝑅1𝑤𝑁𝑒

𝑛2

𝑛1
Δ ∙ 𝑟2                                               (5-9) 

where the 𝜇´ is the friction coefficient.  As the consequence, the grinding force 𝐹𝑡, ∑𝐹𝑡, the 

grinding power 𝑃 and the power density 𝑞 addressed in Eq. (5-3) ~ (5-7) are all needed to be 

multiplied by a factor of (1  
𝜇´

 os𝛾
) in order to yield the effect of frication. 

5.2 Wireless thermo/dynamo-meter development 

Just as mentioned in chapter 3, the rotary in-feed dynamic, in which both grinding wheel 

and wafer rotate around their own axes, is different from that of the conventional 

reciprocating surface grinding.  Therefore, the conventional wired measuring instruments are 

not applicable to rotary in-feed grinding because of the rotational motions of both the 

grinding wheel and wafer [6].  Thus, a wireless thermo/dynamo-meter has been developed 

for measuring the grinding force and temperature during the grinding process to understand 

the material removal mechanism [7-9].   

The overview of the system of wireless thermo/dynamo-meter is illustrated in Fig. 5.5.  

 

Fig. 5.5 Overview of wireless thermo/dynamo-meter  
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The wireless thermo/dynamo-meter consists of a wheel segment embedded with a K-type 

thermocouple, an aluminum octagonal ring with 2 × 4 strain gages, the Wheatstone bridge 

circuits, amplifiers, a 12-bit A/D converter, a Bluetooth transmitter and internal data storage.  

When the grinding wheel contacts the wafer, the thermocouple and strain gages output 

signals corresponding to the temperature and forces. These signals are amplified and then 

converted to digital signals by the A/D converter.  The digitized signals can be either sent out 

by the Bluetooth transmitter or saved into the internal data storage. The detailed electrical 

diagram of wireless thermo/dynamo-meter is shown in Fig. 5.6, and the specifications are 

listed in Table 5.2.  

Thermocouple leads are wrapped with aluminum foil and runs through a hole in the 

grinding wheel to reach the wheel working surface. There is no conduction between the 

thermocouple leads before grinding process. When the wheel made contact with the wafer, 

the thermocouple is bridged and conducted with the help of deformation flow in aluminum 

foil, to output a signal corresponding to the temperature in the contact zone.  

The octagonal ring has two sets of four strain gages affixed, in which A1~A4 strain gages 

constitute Wheatstone bridge circuit to measure normal grinding force 𝐹𝑛 while B1~B4 strain 

gages constitute Wheatstone bridge circuit to measure the tangential grinding force 𝐹𝑡.  The 

 

Fig. 5.6 Electrical diagram of wireless thermo/dynamo-meter 
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octagonal ring is deformed once it is involved in contact with the wafer. Two Wheatstone 

bridge circuits will then output signals corresponding to the force components 𝐹𝑡 and  𝐹𝑛 in 

the contact zone.   

The wireless thermo/dynamo-meter was calibrated before measurements.  Fig. 5.7 shows 

the calibration results.  As shown in the left panel, calibration was performed from 30 [°C] 

Table 5.2 Specifications of wireless thermo/dynamo-meter 

 Thermometer Dynamometer 

Measuring element K-type thermocouple Strain gage 

Measurement range 0~1370 [℃] −80~80 [N] 

Resolution 1 [℃] 0.4 [N] 

Channel count 1 2 

Amplification factor 50 500 

A/D converter 12 bit (LPC1768) 

Sampling frequency 40 [KHz] (≈ 13 [KHz/ch. ]) 

Data storage Micro SD 

 

 

Fig. 5.7 Calibration of thermo/dynamo-meter [8] 
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to 550 [°C]  for the thermometer.  The response voltage is linearly proportional to the 

temperature in this range.  The calibration results of dynamometer are shown in the right 

panel.  Both response voltages are linearly proportional to the grinding force 𝐹𝑛  and 𝐹𝑡 .  

These calibration results guarantee the accuracy of wireless thermo/dynamo-meter.  

5.3 Experiments and results   

The experiments on grinding force evaluation was carried out on a vertical type rotary in-

feed precision grinding machine (SGR-700) which is able to perform grinding process under 

constant in-feed rate.  Fig. 5.8 shows its external view, on which a ∅200 [mm] silicon wafer 

and diamond wheel (SD1000J100M) are mounted.  The developed thermo/dynamo-meter 

was installed as one of wheel segments, as shown in the right panel of Fig. 5.8.  During the 

grinding process, both grinding force and grinding temperature were measured 

simultaneously when the wireless thermo/dynamo-meter mounted segment was engaged into 

the wafer.  The experiment conditions are given in Table 5.3.   

 Recorded in Fig. 5.9 are the grinding forces under conditions of (a) 𝑛1  160 [min−1] 

and (b) 𝑛1  320  [min−1] , while 𝑛2  25 [min−1]  and 𝑓  15 [μm/min]  are kept 

 

Fig. 5.8 Vertical grinding machine and experiment setup 
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unchanged.  The signals corresponding to the normal force component 𝐹𝑛 and the tangential 

force component 𝐹𝑡 appear periodically according to the frequency of wheel rotation 1/𝑛1.  

When the wheel rotation speed is doubled from 𝑛1  160  [min−1] to 320 [min−1], the 

grinding forces become halved.  This result well matches with the prediction by Eq. (5-3).  

The measured grinding forces were re-plotted as a function of the wafer redial distance 

𝑟2  for the further detailed study.  The results were shown in Fig. 5.10, together with 

theoretical analysis by Eq. (5-3).  It is found that the grinding forces on a wheel segment 

gradually grew along the wafer radial distance and rapidly dropped to zero when the wheel 

segment exited from the wafer periphery.  The experimental results agree well with the 

theoretical results quantitively and qualitatively, strongly supports analysis in the previous 

section. 

On the other hand, the actually measured grinding forces are still 20% ~ 40% larger than 

the theoretical prediction, especially in the wafer center.  This might attribute to two reasons.  

One is the “size effect” which is closely related to the chip cross section  𝑔.  According to 

Table 5.3 Experiment conditions 

Wheel specifications 

Grinding wheel − SD1000J100M − 

Wheel size 𝑙 × 𝑤 10 × 3 [mm2] 

Number of segments 𝑛 35 [pratical] 

Wheel radius 𝑅1 150 [mm] 

Wafer specifications 

Wafer − Si − 

Specific energy 𝐶𝑝 8600 [5] [MPa] 

Wafer radius 𝑅2 100 [mm] 

Grinding conditions 

Wheel speed 𝑛1 160, 320 [min−1] 

Wafer speed 𝑛2 25 [min−1] 

In-feed rate 𝑓 15 [μm/min] 

Total in-feed depth − 60 [μm] 

Coolant − − [l/min] 
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the Eq. (4-2),  𝑔 is linearly proportional to the wafer radial distance 𝑟2.  In the wafer center, 

therefore,  𝑔  is extremely small, results in a relatively larger 𝐶𝑝.  The second reason comes 

from the spacing between the wheel segments, which leads to a fact the accumulated length 

wheel segment is always less than the circumferential length of the wheel 2𝜋𝑅1.  The detail 

 

(a) 𝑛1  160 [min−1] 

 

(b) 𝑛1  320 [min−1] 

Fig. 5.9 Periodical appearance of the grinding forces under conditions of (a) 𝑛1  160 

[min−1] and (b) 𝑛1  320 [min−1] [7] 
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will be evaluated in the subsequent discussion for the grinding power.   

Recorded in Fig. 5.11 is the periodical appearance of the grinding temperature at 𝑛1  

320 [min−1].  The results are also replotted in Fig. 5.12 as a function of the wafer radial 

distance 𝑟2.  It is found that the temperature variation in the contact zone was similar to that 

of the grinding force, which gradually grew along the wafer radial distance and rapidly 

 

(a) 𝑛1  160 [min−1] 

 

(b) 𝑛1  320 [min−1] 

Fig. 5.10 Experimental results of grinding forces correlate to the wafer radial 𝑟2 [7] 
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dropped at the wafer periphery.  Due to the concentricity of round shape of the wafer, the 

temperature distribution across the wafer may not exactly follow this temperature profile.  

The details are now under evaluation by use of FEM and will be reported in our future study. 

The above experimental results lead to a conclusion that our proposed grinding dynamics 

 

Fig.5.11 Periodical appearance of the grinding temperature under conditions of 𝑛1  

320 [min−1] 

  

 

Fig. 5.12 Experimental result for grinding temperature 
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model is highly accurate in analyzing grinding force for rotary in-feed grinding and validate 

in optimizing grinding conditions for reduction in the subsurface damage.  

5.4 Further discussion on dynamic behavior of grinding power 

According to Eq. (5-5), the consumed grinding power is determinable once the wafer 

material and 𝑀𝑅𝑅 are given, seems to be independent from other grinding conditions like 𝑛1 

and 𝑛2 .  In this section, we will further discuss on the effects of abrasive wear through 

monitoring the consumed grinding power in actual grinding of two kinds of wafers: silicon 

and sapphire.   

The experiment was carried out on a horizontal type rotary in-feed precision grinding 

machine (UPG-150), as shown in Fig. 5.13.  During the grinding process, the power of wheel 

driving motor can be monitored and recorded by a data acquisition system.  The detailed 

experiment conditions are listed in Table 5.4.   

First, three sets of grinding experiments were performed on silicon wafer at different in-

feed rate 𝑓. The grinding power are recorded as Fig. 5.14, where the consumed power is 

about 500 [W] during air-cut, rapidly increased as the wheel was engaged into the wafer.   

 

Fig. 5.13 Horizontal grinding machine and experimental setup 
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After the wheel fully in contact with the wafer, the power was then kept stable until the end 

of grinding process.  Here, the increment in the grinding power from the air-cut is defined as 

the consumed power for grinding.   

The consumed grinding is plot in Fig. 5.15 as a function of the in-feed rate 𝑓, together 

Table 5.4 Experiment conditions 

Wheel 

specifications 

Grinding wheel − SD1500N75B SD500L40V − 

Number of segments 𝑛 24 48 [pratical] 

Wheel size 𝑙 × 𝑤 17 × 3 17 × 3 [mm2] 

Wheel radius 𝑅1 150 150 [mm] 

Wafer 

specifications 

Wafer − Si Sapphire − 

Specific energy 𝐶𝑝 8600 22500 [10] [MPa] 

Wafer radius 𝑅2 100 75 [mm] 

Grinding 

conditions 

Wheel speed 𝑛1 2000 500 [min−1] 

Wafer speed 𝑛2 25 100 [min−1] 

In-feed rate 𝑓 10, 15, 20 10, 20, 30 [μm/min] 

Total in-feed depth − 40 40 [μm] 

 

 

Fig. 5.14 Experimental results in silicon wafer grinding 
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with the result (broken line) calculated by Eq. (5-5).  The consumed grinding power is found 

to be much larger than the theoretical predication.  This is because Eq. (5-5) countered either 

the friction force mentioned in Eq. (5-9), nor the spacing between the wheel segments.  Hence, 

we update the Eq. (5-5) to the modified grinding power as follows; 

𝑃mod  
1

𝜁
(1  

𝜇´

 os𝛾
) ∑𝐹𝑡 ∙ 2𝜋𝑅1𝑛1  

1

𝜁
(1  

𝜇´

 os𝛾
)  𝐶𝑝 ∙ 𝜋𝑅2

2𝑓                               (5-10) 

where, 𝜁  𝑛𝑙/2𝜋𝑅1 is the ratio of accumulated length segments against the circumferential 

length of the wheel, takes a value less than 1.  (1  
𝜇´

 os𝛾
) is the factor to yield the effect of 

frication force, takes a value larger than 1 as described in section 5.1. 

Substituting 𝜁  0.43, �́�  0.4  [11] , 𝛾  82.5[°]  [5] into Eq. (5-10), the modified 

grinding power 𝑃mod is plotted using a solid line in Fig. 5.15,  which is found to be much 

closer to the experimental results.  Both experiments and theoretical results clearly show that 

the grinding consumed power is linearly proportional to the in-feed rate 𝑓.  It must be pointed 

out that the vertex angle 2𝛾 of abrasives in Eq. (5-10) remains unchanged for grinding at 

different in-feed rate, which means that the abrasives hardly wear in the silicon wafer 

grinding.  

 Now, we changed the wafer from the silicon to sapphire (∅150 [mm], C-plane), conduct 

the same in-feed grinding at the same horizontal grinding machine and investigate changes 

 

Fig 5.15 Grinding power for silicon wafer 
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in the consumed grinding power.  The detailed grinding conditions are listed in the right 

column in Table 5.4.  As compared in Table 5.5 [11-18], sapphire (-Al2O3) crystal tends to 

be much harder and tougher than silicon crystal, thus, much more difficult to be ground.  In 

other words, the abrasive wear is no longer negligible.   

Fig. 5.16 is the consumed power recorded at three different in-feed rates varying from 

10 ~ 30 [μm/min], where the consumed power is about 200 [W] for the air cut at wheel 

rotational speed 𝑛1  500 [min−1].  Unlike grinding silicon wafer, the grinding power keeps 

increasing even after the wheel fully in contact with the wafer.  For such circumstance, the 

abrasive wear must be considered when evaluating the grinding power.  According to the 

Table 5.5 The comparison of silicon and sapphire material properties 

Notation Si Sapphire Diamond Unit 

Friction coefficient 0.31~0.48 0.16~0.22  0.02~0.1 − 

Density 2.33 3.97 3.51 [g/cm2] 

Vickers hardness 10.2 22.5 45 [GPa] 

Young’s modulus 193 470 1050 [GPa] 

Fracture toughness 1.27~2.17 4.6 3.5 [MPa/√m] 

 

 

Fig. 5.16 Experimental results in sapphire wafer grinding 
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Taylor’s tool life equation [19-21], the wear on vertex angle can be expressed as below; 

Δ𝛾  𝜒 ∙ 𝑀𝑅𝑅𝜓 ∙ 𝜏𝜆                                                                                                    (5-11)  

here, 𝜒, 𝜓 and 𝜆 are constants and depend on the abrasive property and the 𝑀𝑅𝑅 ( 𝜋𝑅2
2𝑓) 

 

Fig. 5.17 The comparison of experimental and theoretical grinding power for sapphire 

wafer 

 

 

Fig. 5.18 The comparison of experimental and theoretical grinding power for silicon 

wafer 
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is the material removal rate.  Eq. (5-11) correlates the change in the vertex angle to the 

grinding time 𝜏.  The vertex angle at a specific grinding time is then given as  𝛾  𝛾0  𝜒 ∙

𝑀𝑅𝑅𝜓 ∙ 𝜏𝜆 where the 𝛾0 is the initial vertex angle of abrasive.  Substituting Eq. (5-11) into 

Eq. (5-10) gives the modified grinding power as; 

𝑃mod  
1

𝜁
[1  

𝜇´

 os(𝛾0+𝜒∙𝑀𝑅𝑅𝜓∙𝜏𝜆)
] 𝐶𝑝 ∙ 𝜋𝑅2

2𝑓                                                              (5-12) 

Via the best fitting Eq. (5-12) to the experimental results shown in Fig. 5.17 and Fig. 5.18, 

we are able to solve three variables to be 𝛾0  73[°], 𝜒  8.5, 𝜓  0.062, and 𝜆  0.2 for 

the sapphire grinding, 𝛾0  81[°], 𝜒  0.01, 𝜓  0.93, and 𝜆  0.2 for the silicon grinding, 

respectively.  Using this procedure, not only the abrasive wear along the grinding time but 

also the initial sharpness of the abrasive immediately after dressing can be appropriately 

evaluated.  The values of 𝜒, 𝜓 and 𝜆 can be used as indicators to tell whether the current 

wheel specifications and grinding conditions fit the grinding process or not.  For those 

relatively “easy-to-cut” materials like silicon, the wear on abrasive is negligible so that  𝜒 ≈

0. 

5.5 Summary 

In this chapter, a detailed discussion concerning statics and dynamics in rotary in-feed 

grinding has been made based on theoretical analysis and experimental results.  The obtained 

results could be summarized as below: 

1) The grinding forces, grinding temperature and consumed grinding power were 

theoretically extended from the chip formation which is correlated to grinding conditions 

and wheel specifications.  

2) The grinding force on a wheel segment is proportional to the segment length, gradually 

grows along the wafer radial distance, and rapidly drops to zero when the wheel segment 

exited from the wafer periphery. 

3) The wheel rotational direction is important for wafer thinning process to ensure the 

wheel segment traveling from the wafer center toward its fringe.  Otherwise, the wafer 
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may encounter a sudden increase in grinding force and highly risk in edge cracking. 

4) The grinding power is determinable once the wafer material property and the material 

removal rate is given. 

5) The power density is consistent across the entire wafer, without depending on the radial 

distance 𝑟2. 

6) The wireless thermo/dynamo-meter has been developed, which is able to measure the 

grinding forces and the grinding temperature simultaneously in rotary in-feed grinding.  

7) Our proposed grinding dynamics model is highly accurate in analyzing grinding force 

for rotary in-feed grinding and validate in optimizing grinding conditions for reduction 

in the subsurface damage. 

8) Using the modified grinding power model, not only the abrasive wear along the grinding 

time but also the initial sharpness of the abrasive immediately after dressing can be 

appropriately evaluated.  The variables of 𝜒  and 𝜆  can be used as indicators to tell 

whether the current wheel specifications and grinding conditions fit the grinding process 

or not. 
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Chapter 6 Conclusion 

As the most the promising process for wafer machining, rotary in-feed grinding has been 

widely applied in manufacturing of monocrystals, such as silicon, silicon carbide, sapphire, 

lithium tantalate and etc.  In this thesis, I conducted a systematic and comprehensive study 

on its material removal mechanism from three aspects; 1) wafer profile generation and 

geometry control, 2) wafer topography generation and surface roughness and 3) grinding 

statics and dynamics assessments.  The main conclusions obtained from each objective are 

summarized as follows: 

 

1) Theoretical and experimental investigations on the wafer profile generation. 

The motion and path of cutting edge in rotary in-feed grinding are kinematically analyzed 

in three-dimensions, successfully to address the behavior of each abrasive in generation of 

the wafer profile.  The results mathematically reveal the effects of wheel specifications, 

grinding conditions and wheel/wafer configurations on the wafer geometry, particularly 

including the offset distance between the axes of wheel and wafer, the tilt angles of wafer 

axis and the diameter of the wheel.  The effects of both cutting path density and machine 

stiffness on the wafer profile are also assessed.  It is strongly recommended to use a grinding 

machine with a higher rigidity, a higher speed ratio, a finer abrasive to ensure the wafer 

geometry accuracy.  The grinding dynamic model also provides a solution using tilt angle 𝛼, 

𝛽 to counterbalance the effect of machine stiffness and cutting path density on the wafer 

profile generation. 

 

2) Theoretical and experimental investigations on the wafer topography generation. 

The side removal area and chip cross section in rotary in-feed grinding has been analyzed 

to understand the chip formation and associated with grinding conditions and wheel 

specifications.  The effective cutting edge density was estimated by taking into consideration 

of the distribution of abrasive protrusion in height-wise, which in turn precisely predicted the 

chip cross section and surface roughness.  The surface roughness and its variation in a radial 

direction of the wafer were derived and discussed on varying grinding conditions.  It is found 
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that the surface roughness becomes larger toward to the outer circumference of the wafer, 

but smaller as increasing in the speed ration of 𝑛1/𝑛2. 

 

3) Theoretical and experimental investigations on the grinding force and heat assessments. 

The grinding forces, grinding temperature and consumed grinding power were 

theoretically extended from the chip formation which is correlated to grinding conditions and 

wheel specifications.  The grinding force on a wheel segment is proportional to the segment 

length, gradually grows along the wafer radial distance, and rapidly drops to zero when the 

wheel segment exited from the wafer periphery.  The grinding power is determinable once 

the wafer material property and the material removal rate is given.  The power density is 

consistent across the entire wafer, without depending on the radial distance 𝑟2.  Meanwhile, 

the wireless thermo/dynamo-meter has been developed, which is able to measure the grinding 

forces and the grinding temperature simultaneously in rotary in-feed grinding.  Our proposed 

grinding dynamics model is highly accurate in analyzing grinding force for rotary in-feed 

grinding and validate for optimizing grinding conditions for reduction in the subsurface 

damage.  Further using the modified grinding power model, not only the abrasive wear along 

the grinding time but also the initial sharpness of the abrasive immediately after dressing can 

be appropriately evaluated. 
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