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Abstract 

Surface damage mechanism of single crystalline Si (100) under single point 

diamond grinding was investigated in the present study. The result, for the first time, 

showed that the ductile and brittle material removal appeared at different grinding 

positions of the diamond wheel due to the varied kinematics of the diamond grits in the 

cylindrical face and end face. Under the dynamic pressure of the diamond grits, 

amorphization and the transformation to high pressure phases (Si-III and Si-XI) of Si 

occurred, which were identified by both XRD and Raman spectroscopy. In addition, 

surface oxidation and chemical reaction between the Si, O, C and N atoms was analyzed 

by the XPS, and the new products of Si3N4 and graphite oxide (GO) are firstly proposed 

to be the surface damage of Si and the tool wear mechanism during the ultra-precision 

machining process.  
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1. Introduction 

As a famous semiconductor material, monocrystalline Si is now widely used in 

the fields of electronics, infrared optical devices and photovoltaic technologies. 

However, for its high brittleness and the chemical activity with carbon, there is still 

great difficulty to machine them to obtain the damage-free surface by the ultra-precision 

machining technology. For instance, single point diamond turning (SPDT) has been 

applied to obtain the nanometric surface on Si [1], but the chemical reaction between 

Si and C always results in the serious tool wear [2, 3], which makes the diamond turning 

process more costly. To overcome the problem, ultra-precision grinding process was 

applied to fabricate the Si devices [4]. However, surface and subsurface damage can be 

introduced by the dynamic pressure of the diamond grits, such as the phase 

transformations [5, 6], surface fracture [7, 8], residual stress [9] and edge chipping [4]. 

Actually, the efficiency and the service life of the devices are closely related to the 

surface damage degree induced by the grinding process. Such kinds of defects are 

actually intolerable for Si wafers used for the intergrated circuits (ICs) and 

photovoltaics. For example, the residual stress and surface fracture can result in an 

immediate decrease of the module efficiency and stability [10, 11]. 

The damage mechanism of monocrystalline Si is closely related to the material 

removal mode. Ductile material removal has been widely investigated to reduce the 



surface fracture during ultra-precision machining of brittle materials [12]. In addition, 

phase transformation of Si also contributed to the surface fracture under a rapid 

loading/unloading condition [13, 14]. Specifically, it has been reported that the 

transformation of crystalline Si-I to metallic Si-II (β-Sn structure) occurred during the 

loading stage, and the Si-II phase further turned to be r8 structure (Si-XII) or bc8 

structure (Si-III) during the unloading process [13]. A volume change appeared for the 

different densities of the polymorph phases of Si, which led to the generation of 

abnormal load-displacement curves (elbow or pop-out) during nano-indentation [13-

15]. In the previous studies, the phase transformation of Si during the diamond 

scratching, diamond turning and abrasive machining has also been identified and 

investigated [16-19]. However, the effects of phase transformation on the nanometric 

surface characteristics have been rarely discussed. Moreover, the high temperature 

generated by the friction and fracture can lead to the chemical reactions between the Si 

atoms and the diamond tool and oxygen [20, 21].  

For ultra-precision grinding technology, another encountered problem is the size 

limitation of the parts caused by the dimension of the diamond wheel and the grinding 

methodology. For instance, it is difficult to machine the aspherical or spherical parts 

with a higher aspect ratio by conventional method. As a new grinding process, wheel 

normal grinding which is typical type of single point diamond grinding process was 

developed to overcome the size limitation of the parts [22-24]. In the wheel normal 

grinding process, a sharp edge on the diamond wheel is necessary to prevent 

interference between the diamond wheel and the designed surface [25, 26], and the 



sharp edge of wheel is kept to be normal to the machined surface all the time. To ensure 

that the sharp edge of the diamond wheel participated in the material removal and 

surface generation process, the diamond wheel was moved with gradient tilted angle by 

integrating B axis rotation to adjust the relative position of diamond wheel and 

workpiece surface. Brinksmeier et al [27] and Tohme [22] both pointed out that this 

method can prevent the transfer of wheel error to the machined spherical surface. 

However, the utilization of the novel grinding process in the fabrication of Si devices 

has not been reported. During the single point diamond grinding process of Si, the 

number of the diamond grits decreased, and the surface characteristics of the ground Si 

should also be changed. 

In the present work, single point diamond grinding of single crystalline Si wafer 

is performed to get a further understanding of the surface damage mechanism. To reveal 

the damage mechanism of Si, the scanning electron microscope (SEM), X ray 

photoelectron spectroscopy (XPS), Raman spectroscopy, energy dispersive 

spectroscopy (EDS) and X ray diffraction (XRD) are utilized to examine the machined 

Si surface, in terms of the nanometric surface characteristics, oxidation, chemical 

reaction and the amorphization. 

2. Experiments 

Commercially available monocrystalline silicon wafer N-Si(100) (Top Vendor 

Science & Technology Co., Ltd. China) with the size of 15×15×0.5 mm was used as the 

workpiece, and it is fixed to a round clip made of Al. Single point diamond grinding 

(SPDG) of the Si(100) wafer was conducted on an ultra-precision grinding machine 



(Moore Nanotech 450UPL, USA), equipped with two linear slides (X and Z axis) and 

one rotational axis (B axis), as illustrated in Fig. 1. Commercially available Clairsol 

350 (Haltermann Carless USA Inc.) was used as coolant, which is composed of 

parafinic hydrocarbon from petroleum distillates, principally decane (hydrotreated light, 

kerosene-unspecified 60-100%). To obtain a smooth machined surface and achieve the 

ductile material removal, a 2000# resin bonded diamond wheel (Diagrind, Inc., USA) 

was utilized. The average diameter of the diamond grits can be obtained to be around 

3.7 m by the following empirical equation [28],  

181928 .

g g.d −=                             (1) 

where g is the grain size and dg is the mean grain diameter. Before it was applied for the 

diamond grinding process, the cylindrical wheel was firstly dressed by a green SiC stick 

to obtain a sharp edge of 90 ° angle. Single point diamond grinding was then conducted 

with the sharp edge perpendicular to the machined surface which was controlled by the 

B axis. The detail grinding parameters are listed in Table 1. 

The surface morphology of the machined Si(100) sample was characterized by a 

scanning electron microscope (SEM, JEOL Model JSM-6490), equipped with an 

energy disperse spectroscopy (EDS). The surface topography was examined by a white 

light interferometer (WLI, ZYGO Lamda Nexview) and an atomic force microscope 

(AFM, Park’s XE-70). In addition, the phase structure of the Si(100) after grinding was 

studied by X ray diffraction (XRD, Rigaku SmartLab) with the CuKα radiation (45 kV, 

200 mA), X ray photoelectron spectroscopy (XPS, ESCALAB 250Xi) and Raman 

spectroscopy (Raman, Horiba Xplora system) with the laser wavelength of 532 nm.  



  

Fig.1 Schematic of the grinding setup and grinding methodology 

Table 1 Detail grinding parameters 

2000# diamond wheel diam. 8 mm, resin bonded 

Wheel RPM ns (rpm) 50,000 

Workpiece RPM nw (rpm) 120 

Feed rate f (mm/min) 0.5 

Depth of grinding ae (μm/pass) 0.5 

Coolant  CLAIRSOL 350 (MQL) 

Workpiece size (mm) 15×15×0.5 

3. Results 

The surface topography of the machined Si(100) is shown in Fig. 2. It can be found 

that the surface roughness can reach Ra=14.56 nm, Rq=16.60 nm and Rt=83.15 nm, as 

shown in Fig. 2(a). The micro-grooves caused by the wheel feed can be clearly seen. 

Fig. 2(b) shows the AFM image of the ground surface, and more fine scratching stripes 

generated by the diamond grits appeared in the micro-grooves, which are regarded as 

the indication for the ductile material removal. In addition, surface burs appeared on 

the machined surface, as shown in Fig. 2(b).  
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Fig. 2 (a) Surface topography, and (b) AFM image of the machined single crystalline 

Si 

The surface morphology of the machined Si(100), as shown in Fig. 3(a), clearly 

indicates that the ground surface is covered by the brittle fractured regions and ductile 

smooth regions along the grinding direction. The ductile material removal was mainly 

produced by the diamond grits distributed in the sharp edge of the wheel, but the brittle 

fracture appeared at the peak positions of the cross-sectional profile. In addition, the 

intermittent break of the ground surface resulted in the formation of micro-pits of varied 

sizes. Interestingly, it can be seen that the color for the machined surface also varied at 

different points, which might be attributed to the formation of the varied allotrope 

phases of Si.  

 

Fig. 3 SEM image and EDS result of the machined single crystalline Si surface 



The EDS result, as shown in Fig. 3(b), indicates that a high ratio of C atoms 

remained on the machined Si(100) surface where the ductile material removal occurred. 

Under the dynamic scratching effects, the temperature in the grinding zone rose rapidly 

due to the friction effects, so the chemical reaction between the Si atoms and C atoms 

is supposed to be induced to form SiC, as indicated by the XRD result shown in Fig. 4. 

In addition, the abrasive wear of the diamond grits resulted in the adhesion of diamond 

materials on the machined surface. The broad diffraction peak at 2θ=68.5 ° appeared 

due to the amorphization of the crystalline Si. 

 

Fig. 4 X ray diffraction spectra of the machined Si(100) surface 

To get a further insight into the chemical reaction during the grinding process, the 

XPS results of the machined surface are shown in Fig. 5. It is found from the full XPS 

spectra that C1s, N1s and O1s peaks can be clearly detected, as shown in Fig. 5(a). The 

full spectrum shows that there is a great amount of O element on the machined Si 

surface. The appearance of O is firstly attributed to the oxidation of Si, as illustrated in 

Fig. 5(b). The oxidation products of Si contain not only SiO2 but also SiO. The peak 

information of Si3N4 can be obtained due to the chemical reaction between the Si atoms 



and N2. The formation of SiC is also verified by the results of the C peak separation, 

and the C atoms from diamond can be detected, as shown in Fig. 5(c). In addition, the 

C=O and C-O bonds formed due to the oxidation of C atoms, which indicates the 

appearance of graphite oxide (GO). The XPS peak of the O1s can be separated into 

C=O, SiO, SiO2 and -OH peaks, as shown in Fig. 5(d). The result further confirms the 

oxidation of Si and the diamond grits during the grinding process. 

 

Fig. 5 XPS results of the machined single crystalline Si surface: a) full XPS spectrum; 

b) Si2p peak separation; c) C1s peak separation; d) O1s peak separation 

Fig. 6 shows the Raman spectra of the polished Si surface and the ground Si 

surface. Compared with the original surface, as shown in Fig. 6(a), the Raman spectra 

of the machined Si surface further shows that the amorphization of Si was induced 

under the dynamic pressure of the diamond grits, where an asymmetry background 



occurs around 470 cm-1 and the peak intensity at 520 cm-1 decreases, as shown in Fig. 

6(b) and (c). Moreover, the phase transformation of the different allotropes of Si were 

induced at varied points of the machined surface. Specifically, the Si-I structure turns 

to be amorphous structure at Point 1, while the Si-XII and Si-III structure formed except 

the amorphous phase at point 2.  

 

Fig. 6 Raman spectra of the polished Si wafer and the machined Si surface at different 

points: a) the polished Si surface; b) point 1 on the machined Si surface; c) point 2 on 

the machined Si surface 

4. Discussion 

For the machining of hard and brittle materials, the critical depth of cut is proposed 

by Bifano et al as follows [12], 

2

150 
















=

H

K

H

E
d c

c .                       (2) 

where dc is the critical depth of cut, E is the elastic modulus, H is the hardness, and Kc 

is the fracture toughness of the machined material. By comparing the relative value of 

dc and the maximum undeformed chip thickness hm, the material removal mechanism 

can be obtained [29], where hm could be calculated by Eq. (3) [30],  
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where vs is the wheel speed, vw is the workpiece speed, ae is the grinding depth, de is 

the equivalent diameter of the wheel, C is the grit number per unit area in wheel, and r 

is the chip width-to-thickness ratio. 

The critical cutting depth (dc) of Si was calculated to be about 60 nm by Bifano et 

al based on Eq. (2) in Ref. [12]. Based on the previous study [31], the value of the grit 

number per unit area in wheel (C ) and the chip width-to-thickness ratio (r) is chosen 

to be 55 and 90 for the used 2000# diamond wheel. Then, the maximum undeform chip 

thickness (hm) can be obtained based on the parameters in Table 1. Fig. 7 shows the 

maximum undeform chip thickness of single crystalline Si according to Eq. (3). It can 

be easily seen that the value of hm drops gradually with decreasing radial distance from 

the workpiece center due to the varied workpiece speed (vw), as shown in Fig. 7(a). The 

condition for brittle material removal can be met when hm is bigger than dc (~60 nm). 

Even so, it should be noted that the undeform chip thickness for the different diamond 

grits also changed due to the random distribution in the wheel. The protrusion heights 

of the diamond grits distributed randomly, and some of the diamond grits with smaller 

protrusion heights contributed to the ductile materials removal. So both the ductile and 

brittle material removal can be achieved by different diamond grits, even though hm is 

greater than dc. 



 

Fig. 7 The calculated maximum undeform chip thickness (hm): a) the dependence on 

the radial distance from the workpiece center, b) the dependence on the diameter of 

the wheel 

If the diamond wheel wear is not taken into consideration, the generation of the 

cross-sectional profile for the single point diamond grinding process (also referred as 

quick point grinding in [32] or wheel normal grinding in [22]) is illustrated in Fig. 8. 

Based on the analysis of the grinding kinematics, it can be found that the material is 

mainly removed by the diamond grits in the cylindrical surface of the diamond wheel, 

and the generated surfaces for the grinding grooves are named sides B in Fig. 8(a). The 

surface generation for sides A is different from sides B, where the diamond grits in the 

end face is responsible for the surface formation of sides A, as shown in Fig. 8(a). The 

scratching and squeezing effects led to the surface fracture for sides A. In addition, for 

the points at a smaller radial distance in A, both the cutting velocity and the equivalent 

rotation diameter of the diamond grits decreases compared with the diamond grit in the 

cylindrical surface. So the maximum undeformed chip thickness hm become greater 

with decreasing diameter of the end face, as shown in Fig. 7(b), which promotes the 

brittle material removal. Therefore, the different material removal mechanism resulted 



in the varied nanometric characteristics in the same grinding groove, as shown in Fig. 

8(b).

 

 

 

Fig. 8 (a) Illustration of the cross-sectional profile generated by single point diamond 

grinding; (b) SEM image of the grinding surface to illustrate the difference between 

sides A and sides B 

For the micro-machining process by single point diamond grinding, the rapid wear 

of the sharp wheel edge would also affect the surface characteristics [23, 24]. The 

surface topography and cross-sectional profile of the diamond wheel after grinding is 

shown in Fig. 9(a) and (b). It can be easily seen that the 90° sharp edge obtained by the 
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diamond nib dressing experienced rapid wear during the grinding process, and it is 

referred to be the macro wheel wear which bears obvious impact on the form accuracy 

of the machined surface. Comparing the surface morphology of the diamond grits after 

dressing and grinding, as shown in Fig. 9(c) and (d), it is found that the abrasive wear 

and grooving wear appeared for the diamond grits. The surface of the diamond grits 

participated in the material removal becomes smooth and the flattening appeared 

compared with the grits after dressing. Even though the flattened surface might also 

prompt the ductile material removal during the machining of brittle materials in fine 

grinding [33], the heat generation and thermal loads rose in the grinding zone due to 

the increasing friction effects [34], and it has been reported that the thermal effects can 

lead to the melting of Si during the nanoscratching test [17]. Therefore, re-dressing of 

the diamond wheel is of great necessity during the grinding process. 

 



Fig. 9 (a) Surface topography and (b) cross-sectional profile of the diamond wheel 

after grinding; (c) SEM image of the diamond wheel after dressing; (d) SEM image of 

the diamond wheel after grinding 

To get an insight into the temperature in the grinding zone, we try to analyze it by 

the Finite Element Modelling (FEM) method. The rake and clearance angle of the 

diamond grit used for simulation is 26.5°. Then, a simplified method based on D-P 

(Drucker-Prager) model can be built to analyze the grinding temperature, where the 

diamond grit is rotated to cut the workpiece material analogous to the raster-milling 

process [15], as shown in Fig. 10(a). Generally, multi-passes grinding are needed to 

obtain the final surface, and the generated surface of the current pass (indicated by the 

green dotted line) is actually related to the serrated surface (indicated by the black line) 

obtained by the previous grinding pass, as shown in Fig. 8(a). It can also be found that 

the diamond grits in the sharp edge of the wheel actually owns the maximum cutting 

depth. Taken the specific kinematic of the inclined axis grinding and the remained 

material of the serrated cross-section into consideration, the maximum cutting depth 

can be simply expressed as follows, 

 PVaa emaxe += 2                          (4) 

where aemax is the maximum cutting depth of the diamond grit in the sharp edge, ae is 

the grinding depth, and PV is the peak to valley value which can be measured by the 

white light interferometer(Rt). So the maximum cutting depth is chosen to be 0.75 μm 

based on the calculated aemax (~790 nm), and the cutting parameters and the material 

parameters are listed in Table 1 and Table 2, respectively. 



Table 2 Mechanical properties of Si(100) material  

Elastic modulus E (MPa) 193000 

Density ρ (ton/mm3) 2.3×109 

Possion’s ratio 

Fracture toughness KIC (MPa m1/2)    

Yield stress (MPa) 

Angle of friction (°) 

Dilation angle (°) 

Flow stress ratio 

0.28 

0.9 

7000 

18 

5 

0.9 

Friction coefficient between Chip and Tool 0.2 

 



Fig. 10 The temperature distribution in the cutting zone simulated by the ABAQUS 

software: a) The built model, b) before wear, c) after wear 

As shown in Fig. 10(b), the maximum temperature in the cutting zone can reach 

above 1400 ℃. The surface morphology of the diamond grits after grinding indicates 

that the flattening of the diamond grits resulted in the loss of the sharp cutting edge, and 

it leads to the further growth of the temperature in the cutting zone, as shown in Fig. 

10(c).  

Generally, the production of SiC matarials is always conducted at the temperature 

higher than 1400 ℃ [36], and the chemical reaction between solid Si and solid C can 

take place at around 800 ℃ [37, 38]. With the participant of the SiO and CO, the 

temperature further dropped to some degree. During the ultra-precision machining 

process, the dynamic pressure always resulted in the formation of chemically active 

dangling bonds of both C and Si, which leads to the formation of SiC at much lower 

temperature (~450 ℃) in the cutting zone [35]. Therefore, the following chemical 

reaction has been proposed for the formation of SiC, SiO and SiO2, and the negative 

free energy change make all of them possible in the grinding zone [20, 36]. 

Si(s, l, g)+C(s)→SiC(s),  T..G 315082499 +−= kJ/mol 

or                 Si(s)+O2(g)→SiO2(s),     T..G 32704670 +−= kJ/mol 

SiO2(s)+C(s)→SiO(s)+CO(g)                        

SiO(s)+3CO(g)→SiC(s)+2CO2(g)                    

SiO(g)+C(s)→Si(g)+CO(g)                         

Si(g)+C(s)→SiC(s)                               



Moreover, the chemical reaction between Si and N, C and O can also be identified, 

where the formation of Si3N4 and graphite oxide (GO) is proposed under the high 

temperature. Both α- and β-Si3N4 are of hexagonal structure and Si is tetrahedrally 

coordinated. The formation of α-Si3N4 is favored at the temperature below the melting 

of Si while β-Si3N4 above the melting point [39]. At the high grinding temperature, the 

chemical reaction between the gaseous N2 and solid Si took place, and two reaction 

mechanisms were proposed: the nitrogen firstly dissociates and then reacts with Si 

atoms or Si atoms reacts with the N2 molecules directly [40]. For the formation of Si3N4, 

the Gibbs free energy can be estimated by the following equations [39], 

3Si(s)+2N2(g)→Si3N4(s), T.G 3150723+−= kJ/mol                  

3Si(l)+2N2(g)→Si3N4(s), T.G 4050874+−= kJ/mol                  

In addition, the gaseous O2 in air and the formation of SiO and SiO2 both have 

influences on the formation of Si3N4, where the surface oxide layer prevents the further 

formation of Si3N4 on the machined Si surface, as indicated by the weak N1s intensity 

compared with the O1s peak in XPS result.  

As shown in Fig. 5(c), the low peak intensity and area at 287.8 eV for the carbonyl 

C (C=O, 287.8 eV) indicates the appearance of GO [41]. There is no doubt that 

graphitization of the diamond could be induced under the high pressure [42], where the 

tetrahedrally bonded amorphous C or small graphite particle appeared under the 

dynamic pressure and high temperature [43]. For the small grain size of graphite, the 

oxidation can occur at temperatures ranging from 450 to 650 ℃ [44]. In addition, the 



two separated peaks around 284.5 eV and 286.5 eV is also a good indication for the 

formation of graphite oxide [45, 46], and the chemical reaction is described as follows, 

2xC(s)+yO2(g)→2GxOy(s) 

It has also been reported that the single crystalline Si (Si-I) firstly transformed to 

be the β-Sn structure (Si-II) which then turned to be amorphous Si under the rapid 

loading/unloading condition, but the Si-II structure converted to be R8 (Si-XII) and 

BC8 (Si-III) structure under slow unloading [13]. During the high spindle speed 

grinding process, the diamond grits distributed in the cylindrical surface of diamond 

wheel participated in the material removal, and the rapid loading and unloading process 

contributed to the formation of amorphous Si on the machined surface. The lower feed 

rate (4.17 μm per revolution) provides a slow loading/unloading condition for the 

generation of R8 (Si-XII) and BC8 (Si-III) phase. Especially after the wear of the sharp 

edge of the diamond wheel, the repeated loads make it more possible to form the 

metastable phases. Therefore, the R8 (Si-XII), BC8 (Si-III) and amorphous Si appeared 

on the machined surface. The transformation to be R8 (Si-XII) and BC8 (Si-III) 

structure can result in the ‘pop-out’ effect during the nano-indentation test [14]. During 

the single point diamond grinding process, the volume change accompanied by the 

phase transformation led to the generation of surface burs inevitably, as shown in Fig. 

2(b). Due to the random protrusion height and distribution of the diamond grits, the 

loads and the surface burs also changed accordingly. 

5. Conclusion 

In the present study, the surface damage mechanism of monocrystalline Si during 



single point diamond grinding (SPDG) was investigated based on the characterization 

by WLI, AFM, SEM, EDS, XRD, XPS and Raman spectroscopy. The results showed 

that the surface characteristics of the machined Si wafer differed at varied points of the 

grinding grooves due to the varied kinematics of the diamond grits in the cylindrical 

surface and end face of the wheel, where the surface formed by the cylindrical surface 

of the diamond wheel contributed to the ductile material removal while the diamond 

grits in the end surface caused the intermittent fracture. This also promoted the 

appearance of different Si allotropes for the varied loading/unloading condition of the 

diamond grits, and the phase transformation accompanied volume change resulted in 

the generation of surface burs. The scratching and friction effects, which led to the high 

grinding temperature, caused the chemical reaction between the Si, C, N2 and O2, and 

the formation of Si3N4 and graphite oxide (GO) is proposed as new surface damage 

mechanism and diamond tool wear mechanism based on the XPS results in the present 

work.  
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