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A B S T R A C T   

This paper investigates the effect of scribing speed on the surface morphology and material removal behavior in 
diamond wire sawing of monocrystalline silicon through specially designed high-speed diamond scribing ex
periments. High-speed scribing tests are performed on a (100) monocrystalline silicon wafer over a wide range of 
speeds. The results show that a higher scribing speed is prone to inducing more surface defects such as burrs and 
tearing in the ductile scribing region, and more radial cracks in the brittle scribing region. The critical scribing 
depth of ductile-to-brittle transition is found to decrease with increasing scribing speed. A strain rate hardening 
effect is evident in the experimental data, which explains the underlying mechanism for promotion of brittle 
fracture at higher scribing speeds.   

1. Introduction 

Silicon is widely used in a number of fields such as optics, photo
voltaics, and microelectronics. Because of its higher productivity, dia
mond wire sawing (DWS) is normally preferred over loose abrasive 
slurry sawing for the manufacture of silicon wafers [1–3]. Production of 
silicon wafers with low surface damage is a challenge due to the inherent 
brittleness of silicon. Previous research has shown that deformation 
below a threshold can lead to ductile deformation instead of the nor
mally expected brittle fracture [4–6]. The factors that determine the 
deformation mode (i.e. ductile or brittle fracture) of silicon in DWS 
include the shape of abrasives used [7], the cutting environment (i.e. dry 
or with coolant) [8], and the sawing parameters [9,10]. 

Compared to other influencing factors, there is limited fundamental 
understanding of the effect of scribing speed, which is a key process 
parameter in DWS, on the deformation mode and material removal 
behavior of silicon. Considering that DWS is characterized by a combi
nation of indentation and scratching processes, prior research has 
focused on nanoindentation and scribing of silicon to investigate the 
material deformation behavior and the underlying mechanisms 
[11–13]. However, most of the available literatures on scribing/
scratching of monocrystalline silicon are limited to low speeds (10 μm/s 
– 2.67 mm/s), compared to the high speeds (10 m/s – 20 m/s) routinely 
used in DWS of silicon wafers [8,11–13]. Therefore, there is a large gap 
in fundamental understanding of the deformation behavior of silicon at 

scribing speeds representative of the DWS process. 
Several researchers [14–16] have tried high-speed scribing experi

ments on monocrystalline silicon. Wegener et al. [14] used a wire 
wrapped grinding wheel to perform high-speed scribing experiments on 
bulk silicon at a scribing speed of 50 m/s. Their objective was to study 
the wear behavior of diamond wires at high speeds and no results on the 
deformation behavior of silicon as a function of scribing speed were 
reported. Alreja and Subbiah [15] used a specialized setup to perform 
scribing tests at a fixed speed of 1 m/s on (100) monocrystalline silicon 
wafer, and they detected more metastable silicon phases such as Si-III, 
Si-XII, Si-IV, and Si-XIII along with amorphous silicon (a-Si) within the 
scribes. Zhang et al. [16] used grinding with diamond tips to conduct 
high-speed scribing tests at a fixed speed of 40 m/s on a (100) mono
crystalline silicon wafer. They found that complete amorphization 
occurred underneath the scriber tip. It can be seen that the speeds used 
in the above studies were either significantly lower or higher than the 
speeds used in DWS. In addition, the scribing speed in these studies was 
kept constant and hence the effect of scribing speed on material defor
mation was not revealed. 

The effect of scribing speed, and the corresponding strain rate, on the 
mechanical properties of silicon determines the material deformation 
behavior in the DWS process. An appropriate material model consid
ering the strain rate effect is required for accurate prediction of dynamic 
deformation and fracture when using numerical methods such as the 
finite element method (FEM). However, most of the current FEM models 
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of silicon scribing utilize a static or quasi-static material model [12,17, 
18]. Unlike metallic materials, it is difficult to employ dynamic material 
testing methods such as the Split Hopkinson pressure bar (SHPB) tech
nique to understand and quantify the dynamic deformation behavior of 
silicon, primarily due to its brittleness. As a result, it is necessary to 
develop a material model of silicon considering the strain rate effect, 
especially one that is representative of strain rates encountered in DWS. 

This paper investigates the effect of scribing speed and the corre
sponding strain rate on the deformation and surface damage behavior of 
monocrystalline silicon using a specialized high-speed scribing setup. 
The ductile deformation, brittle fracture, as well as ductile-to-brittle 
transition of silicon over a wide range of scribing speeds (1.67 ×
10− 5 m/s – 25 m/s) are studied. The average stresses beneath the scriber 
at different scribing speeds are analyzed to reveal the underlying 
mechanisms of material removal. A quantitative relationship between 
the average normal and tangential stress and strain rate is developed, 
which suggests a strain rate dependence of the plastic deformation of 
monocrystalline silicon. 

2. Experimental procedure 

The experimental setup for high-speed scribing of silicon is shown in 
Fig. 1. Microelectronic grade polished monocrystalline (100) silicon 
wafers were used in the scribing experiments. Conical tipped diamond 
scribers with 120◦ included angle and a tip radius of 3 μm were used. 
The silicon wafer, with a diameter of 101.6 mm, was sliced into 10 mm 
× 25 mm coupons, which were attached to a vacuum chuck bolted on to 
a three-component piezoelectric force dynamometer (Kistler 9256c2). 

The dynamometer was used to detect contact between the diamond 
scriber and the silicon coupon, and to measure the scribing forces in 
three orthogonal directions. The dynamometer was mounted on X-Y-Z 
motion stages (Aerotech ANT-4V), which had a positioning resolution of 
1 nm in the scribing depth (Z) direction. High scribing speeds were 
realized by means of a high-speed motor spindle (Fraureuth FS 33–60) 
with a speed range of 5000–60,000 RPM. The diamond scriber was fixed 
to an aluminum cutting disk [Fig. 1(b)] at a radius of 19 mm. The cutting 
disk was attached to the high-speed spindle. 

All scribing experiments at speeds ranging from 10 m/s to 25 m/s 
were conducted using the high-speed rotation of the spindle. The 
scribing direction is shown schematically in Fig. 1(c). The region of the 
scribes selected for subsequent observation and analysis is located in the 
middle of the silicon coupon where the scribing direction is [110]. The 
low speed scribing experiments over the 1 mm/min – 10,000 mm/min 
range were performed using the linear movement of the X–Y motion 
stages with the diamond scriber mounted in the spindle, which was 
locked and therefore not rotating. The scribing direction in the low 
speed experiments was also [110]. In both sets of experiments, two 
constant scribing depths of 200 nm and 500 nm were used to investigate 
the ductile deformation and brittle fracture of silicon, respectively. 

Furthermore, inclined scribing experiments were performed at both 
the high speed and low speed ranges to study the ductile-to-brittle 
transition of silicon. A thin shim was placed under one side of the sili
con coupon to create a scribing depth variation from 0 to 3 μm over a 10 
mm length along the scribing direction (i.e. an inclined surface is formed 
with a computed slope of 0.03◦). The location of the shim is marked in 
Fig. 1(d). Although there was a small clearance between the bottom 

Fig. 1. Experimental setup for high-speed scribing (a) overall setup, (b) scribing disk, (c) schematic of scribing test, and (d) three-view schematic of inclined scribing. 
Note: the dimensions of the scribing disk, diamond scriber, and silicon coupon are not to scale. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 

B. Wang et al.                                                                                                                                                                                                                                   



Precision Engineering 66 (2020) 315–323

317

surface of the silicon coupon and the vacuum chuck, the silicon coupon 
was still firmly fixed to the chuck because the inclination angle was only 
0.03◦. The critical depths of ductile-to-brittle transition for all the 
scribing speeds investigated were then obtained from the inclined 
scribing tests. It should be noted that the scribing direction at the 
location of the ductile-to-brittle transition in the 10 m/s – 25 m/s range 
may not be strictly parallel with [110]. Nevertheless, the variation of 
scribing direction was determined to be less than 3◦in the ductile-to- 
brittle transition region. The effect of this small variation on the 
scribing direction is assumed to be negligible. 

The experimental design employed for the two sets of scribing tests is 
presented in Table 1. The tests for each scribing condition were repeated 
five times on one coupon (i.e. five scribes per scribing speed were made) 
for speeds ranging from 1 mm/min to 10,000 mm/min. Over ten scribes 
were made on one coupon at each scribing speed ranging from 10 m/s to 
25 m/s, and five of them per scribing speed were randomly selected for 
analysis. 

Micro-Raman spectroscopy was performed on selected scribes using 
a Raman spectrometer (Renishaw Invia) to detect the phases produced 
in the scribed grooves. An argon ion laser with a wavelength of 488 nm 
and a beam size of 1 μm was used. The residual depths and surface radial 
crack frequencies of the scribed grooves were measured using a 3D 
optical profiler (Zygo ZeGage, 50X objective). High resolution images of 
the scribed grooves were obtained using a scanning electron microscope 
(Zeiss Ultra60). 

3. Results and discussion 

3.1. Surface morphology of scribed grooves 

Fig. 2 shows the surface morphologies of the scribed grooves pro
duced at scribing speeds varying from 1 mm/min to 25 m/s and a 
constant scribing depth of 200 nm. No brittle fracture features were 
observed in the scribed grooves or near the groove edges as shown in 
Fig. 2, which indicates that all grooves were produced in the ductile 
deformation mode. Both continuous and fragmented chips were 
observed near the edges of all scribed grooves. Typical SEM images of 
the chips produced at different scribing speeds are shown in Fig. 3. 

The groove morphologies generated at different scribing speeds 
exhibit some differences. The 1 mm/min scribed groove [Fig. 2(a)] was 
much smoother than those generated at higher scribing speeds. When 
the scribing speed was higher than 10 mm/min, different defects 
occurred within the grooves as shown in Fig. 2(b)–(i). The defects 
include burrs, tearing, periodic ductile cracking and debris depending 
on the scribing speed. The burr type morphologies observed at the 
scribing speed of 10 mm/min are similar with those seen at 100 mm/ 
min. When the scribing speed is increased to 1000 mm/min and to 
10,000 mm/min, tearing accompanied by burrs within the scribed 
grooves, and periodic ductile cracking were observed, respectively. 
Features similar to periodic cracks shown in Fig. 2(e) were also observed 
in the scribes made on a multi-crystalline silicon surface using an actual 
diamond wire [19]. With increase in the scribing speed to 10 m/s – 25 
m/s, the main surface features within the scribed grooves are primarily 
debris. 

A possible reason for the formation of surface defects is the micro- 

geometry of the imperfect diamond scriber tip. Specifically, pro
trusions or pits on the scriber tip, as seen in Fig. 4, may cause hetero
geneous plastic deformation of silicon, which causes the above- 
mentioned defects. However, this reason cannot explain the pro
pensity for such defects at higher scribing speeds. These defects are more 
likely caused by the varied mechanical loading between the scriber tip 
and the deformed material at different scribing speeds, which will be 
discussed later. Furthermore, the formation of debris at scribing speeds 
higher than 10 m/s is probably due to the generation of more frag
mented chips at the higher speeds. These results suggest that lower 
speeds are beneficial for improving the cut surface quality during 
scribing of silicon. However, such low speeds are impractical in DWS of 
silicon. 

Phase transformation beneath the scriber is responsible for the 
ductile removal of silicon. Micro-Raman spectroscopy was performed on 
selected scribes to investigate the phase transformations of silicon. Fig. 5 
shows the Raman spectra of two representative tested positions within 
the scribed grooves labeled as A and B in Fig. 2(a) and (f), respectively. It 
can be seen in Fig. 5(a) that Si-III, Si-IV, Si-XII, and amorphous (a-Si) 
phases of silicon are formed in the 1 mm/min scribed groove, whereas 
only Si-IV and a-Si are found in the 10 m/s scribed groove as seen in 
Fig. 5(b). The latter observation is attributed to the high unloading rate 
associated with the high scribing speed of 10 m/s, which results in 
complete amorphization within the scribed groove. It is worth noting 
that Si-III, Si-XII, and a-Si occur in ductile scribing regions of the silicon 
wafer, which indicates that the formation of such phases implies the 
ductile deformation of silicon [20–22]. Furthermore, Si-IV with high 
intensity count was detected in both scribes made at 1 mm/min and 10 
m/s. It is known that the formation mechanism of Si-IV is due to the 
intersection of twins produced by the plastic deformation of Si-I [23,24]. 
Additional results for the effect of scratching speed on phase trans
formations in high-speed scribing of monocrystalline silicon are avail
able in Ref. [25]. 

It should be noted that test position B in Fig. 2(f) may partially cover 
the groove and debris. It is difficult to perform micro-Raman tests on the 
groove surface without interference of debris due to limitation of the 
laser beam size (1 μm) and large amounts of debris formed within the 
groove at high scribing speeds. Nevertheless, multiple measurements at 
different locations within the scribed grooves were made, and the results 
were reasonably consistent. Therefore, it can be assumed that the 
interference of debris does not significantly influence the phase mea
surement of the groove surface at the investigated location using the 
scribing parameters in Fig. 2(f), where only ductile scribing occurs. 

Fig. 6 shows the SEM morphologies of scribed grooves made at 
scribing speeds ranging from 1 mm/min to 25 m/s at a scribing depth of 
500 nm. Chevron cracks are observed near the edges of all scribed 
grooves, indicating brittle regime scribing occurred at the 500 nm 
scribing depth over the entire range of scribing speeds investigated. 
Chipping caused by brittle fracture is also found to occur near the groove 
edges as seen in Fig. 6(d) and (e). With increasing scribing speed, the 
space between adjacent radial cracks tends to decrease, leading to a 
higher frequency of radial crack formation. Meanwhile, the crack length 
was also larger at higher scribing speeds due to either a higher loading 
stress or material embrittlement induced by higher loading and 
unloading rates. 

Chevron cracks were prone to occur on one side of the grooves as 
shown in Fig. 6, indicating in-plane anisotropy of material deformation 
and fracture during scribing of monocrystalline silicon [20,26]. One 
possible reason for this phenomenon is that the applied stress distribu
tion in the two sides of the scribed groove may not be uniform or sym
metric due to imperfections in the micro-geometry of the diamond 
scriber tips used in the experiments (as seen in Fig. 4). The groove side 
with higher stress would therefore fracture more easily. Once cracks 
were formed on one side of the scribed groove, the stress applied on the 
silicon wafer would be relieved, after which the other side of the groove 
would not fracture easily. 

Table 1 
Experimental design.  

Experiments Scribing speed Scribing 
depth 

Remarks 

1 1 mm/min – 
10,000 mm/min, 
10 m/s – 25 m/s 

200 nm and 
500 nm 

Constant scribing depths were 
used without shim 

2 1 mm/min – 
10,000 mm/min, 
10 m/s – 25 m/s 

Varied 
scribing 
depth 

Inclined scribing experiments 
were performed with a thin 
shim under the coupon  
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It must be noted that the use of two different methods to produce 
relative motion between the scriber and silicon coupon (linear motion 
and spindle rotation) can influence the experimental results. Therefore, 
a high speed camera (Phantom VEO 410L) was used to observe the 
instantaneous motion of the scriber during scribing and no significant 
differences were observed between the two scribing methods. Further
more, no evidence of vibration was visible in the scribed morphologies, 
as seen in Figs. 2 and 6. As a result, it is deemed that the scribing method 
did not significantly influence the experimental results. 

The frequency of radial cracks formed at different scribing speeds 
was analyzed quantitatively as shown in Fig. 7. The counts of radial 
cracks per millimeter derived from analysis of data obtained from an 
optical profiler (Zygo ZeGage, 50× objective) was used to quantify the 
radial crack frequency. Two representative optical images of the scribed 
grooves created at 100 mm/min and 10 m/s were inserted in Fig. 7. It 
can be seen from the figure that the frequency of radial cracks is linearly 
correlated with the logarithm of scribing speed. When the scribing speed 
is greater than 10 m/s, the frequency of radial cracks tends to saturate at 
~150 mm− 1. The recent work of Trachet and Subhash [27] on nano
indentation of (100) monocrystalline silicon also reported that cracking 

Fig. 2. Surface morphologies of scribed grooves made at a scribing depth of 200 nm at different speeds (a) 1 mm/min, (b) 10 mm/min, (c) 100 mm/min, (d) 1000 
mm/min, (e) 10,000 mm/min, (f) 10 m/s, (g) 15 m/s, (h) 20 m/s, and (i) 25 m/s. 

Fig. 3. Chip morphologies produced at a scribing depth of 200 nm at different speeds (a) 1 mm/min, (b) 1000 mm/min, and (c) 20 m/s.  

Fig. 4. SEM morphology of a diamond tip used in the scribing tests.  
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was generally more severe in dynamic indentation (loading and 
unloading rates of 102–104/s) compared to static indentation (loading 
and unloading rate of 1/s) for similar indentation loads. They attributed 
this finding to a lower response time for dislocation motion during dy
namic indentations, which results in the more brittle behavior. 

3.2. Critical residual depth of ductile-to-brittle transition at different 
scribing speeds 

A critical residual depth dc parameter for ductile-to-brittle transition 
was adopted to quantitatively compare the material deformation 

behaviors at different scribing speeds. The critical depth was defined as 
the residual scribing depth at the location along the scribe where the 
first crack on the wafer surface is observed. Fig. 8 shows a sample image 
of the 1 mm/min scribed groove and the procedure used to determine 
the critical depth parameter. It can be seen from Fig. 8(b) that bumps are 
formed at the groove edges due to plastic deformation of silicon. The 
residual depth was defined as the distance between the groove bottom 
and the undisturbed silicon surface. 

The variation of critical residual depth of ductile-to-brittle transition 
with scribing speed is plotted in Fig. 9. A larger critical residual depth 
implies enhanced ductility of the deformed material. Fig. 9 indicates 

Fig. 5. Raman spectra of tested positions within scribed grooves made at different speeds (a) Position A in Fig. 2(a) made at 1 mm/min, (b) Position B in Fig. 2(f) 
made at 10 m/s. 

Fig. 6. SEM morphologies of scribed grooves made at a scribing depth of 500 nm under different speeds (a) 1 mm/min, (b) 10 mm/min, (c) 100 mm/min, (d) 1000 
mm/min, (e) 10,000 mm/min, (f) 10 m/s, (g) 15 m/s, (h) 20 m/s, and (i) 25 m/s. 
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that the critical residual depth decreases with increasing scribing speed, 
indicating that brittle fracture occurs at a smaller scribing depth at 
higher scribing speeds. The critical residual depth parameter exhibits a 
negative linear correlation with the logarithm of scribing speed within 
the investigated speed range. When increasing the scribing speed from 1 
mm/min to 25 m/s, the average critical residual depth decreases by 
about 40% from 264 nm to 158 nm. 

3.3. Variation of scribing forces at different scribing speeds 

The fluctuation of scribing forces with increasing scribing depth re
flects the transition in material removal mode. Fig. 10 shows the 
instantaneous scribing forces, including the tangential force (Fx), the 
radial force (Fy) and the normal force (Fz), plotted against scribing dis
tance. The scribing distance has a proportional relationship with the 
scribing depth. Hence, the tangential force Fx and the normal force Fz 
exhibit an increasing trend with scribing distance, while the radial force 
Fy remains at nearly zero due to the axisymmetric scriber used. 
Considering the limited bandwidth of the piezoelectric force dyna
mometer (<5 kHz), only the scribing forces in the 1 mm/min – 1000 
mm/min range were measured and studied. 

The initial smooth increase in the forces indicates ductile scribing. 
The transition from ductile to brittle scribing is marked by a drastic 
variation in the forces [8], as seen in Fig. 10. In the scribing force curves 
in Fig. 10, the standard deviations of scribing force component Fz (i.e. 
the largest force component) were calculated over consecutive scribing 
distances of 0.1 mm, i.e. from 0 to 0.1 mm, 0.1 mm–0.2 mm, 0.2 
mm–0.3 mm, etc. It is found that beyond a standard deviation of 10% the 
variation in the force signal increases rapidly. Therefore, the location 

where the standard deviation of the force signal is greater than 10% is 
taken to be the ductile-to-brittle transition point. As the rate of increase 
of scribing depth is the same for all cases investigated, scribing at a 
higher speed results in the onset of brittle scribing at a shorter scribing 
distance, and hence at a smaller scribing depth. The scribing distances at 
the location of ductile-to-brittle transition were 1.50 mm, 1.30 mm, 
1.10 mm and 1.10 mm corresponding to scribing speeds of 1 mm/min, 
10 mm/min, 100 mm/min and 1000 mm/min, respectively. 

The effect of scribing speed, which determines the strain rate, on the 
mechanical properties of monocrystalline silicon can be revealed by 
analyzing the variation of the scribing forces with scribing speed. The 
normal scribing force (Fz) makes the largest contribution to the hydro
static pressure within the scribed region, and therefore is the most 
important force component for determining the material deformation 
mode i.e., ductile or brittle. The average normal stress is calculated as 
the ratio of the normal force to the x-y projection of the actual contact 
area between the scriber tip and the silicon wafer. The average 
tangential stress is calculated as the ratio of the tangential force to the y- 
z projection of the actual contact area between the scriber tip and the 
silicon wafer. Fig. 11 shows a three-view schematic of the contact area 
between the scriber and silicon wafer during the scribing test. The effect 
of elastic recovery on the contact area at a given scribing distance is 
assumed to be independent of the scribing speed over the 1 mm/min – 
1000 mm/min range. 

The average strain rate ε̇ during ductile scribing is estimated as fol
lows [28–30]. 

Fig. 7. Variation of radial crack frequency with scribing speed (the error bars 
indicate standard deviations obtained from five repeated measurements). 

Fig. 8. Measurement of critical residual depth of ductile-to-brittle transition (a) surface morphology measured with optical profiler, (b) determination of residual 
scribing depth. 

Fig. 9. Variation of critical residual depth with scribing speed (the error bars 
indicate standard deviations obtained from five repeated measurements). 
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ε̇= v
w

(1)  

where v is the scribing speed and w is the scribing width. 
The average normal stress σz and average tangential stress σx during 

ductile scribing are calculated from Eq. (2) and Eq. (3), respectively 

σz =
Fz

An
(2)  

σx =
Fx

At
(3)  

where An and At are the x-y projection and y-z projection of the actual 
contact area between the scriber and the silicon wafer, respectively. 

By comparing the normal and tangential stresses at the same scribing 
depth (i.e., the same scribing distance) at different speeds, the effect of 
strain rate on the normal and tangential stresses is revealed and suggests 
a strain rate dependence of the plastic deformation of monocrystalline 
silicon. The strain rates and stresses are normalized by their values at 1 
mm/min to simplify the analyses. The strain rates, normal scribing 
forces, tangential scribing forces, as well as their normalized values at 
scribing distances of 0.25 mm, 0.5 mm, 0.75 mm and 1.0 mm are 
summarized in Table 2. Note that only ductile scribing occurs at these 
scribing distances in the 1 mm/min – 1000 mm/min range, as indicated 
by the scribing force curves in Fig. 10. Both the normalized normal stress 
and tangential stress exhibit an increasing trend with strain rate at all 
investigated scribing depths. 

The variation of normalized normal and tangential stresses with 
normalized strain rate is plotted in Fig. 12. The rate dependence of the 
normalized stress is found to fit well (R2 = 98.1% and 96.4% for normal 
stress and tangential stress, respectively) by Eq. (4), which is similar in 
form to the rate dependence term in some material models [31,32]. 

σ = σ0

(

1+C ⋅ ln
ε̇
ε̇0

)

(4)  

where the coefficient C is fitted to be 0.196 and 0.217 for normal stress 

Fig. 10. Scribing force curves at different scribing speeds (a) 1 mm/min, (b) 10 mm/min, (c) 100 mm/min, and (d) 1000 mm/min. The scribing distances at which 
ductile-to-brittle transition occur are indicated. 

Fig. 11. Schematic of contact area between the scriber and silicon wafer during 
scribing test (An, At, w, d, and r denote the normal contact area, tangential 
contact area, scribing width, scribing depth and radius of scriber, respectively). 
Note: the trapezoidal shaded region in the upper left figure indicates the contact 
area caused by elastic recovery. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web version of this article.) 
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and tangential stress, respectively, in the current experiments. σ0 and ε̇0 
are the stress and strain rate at 1 mm/min, respectively. It indicates that 
the coefficient C for normal stress and tangential stress differ slightly 
with each other. 

The rate-dependent relationship given by Eq. (4) indicates a rate 
hardening effect during ductile scribing of silicon, which has not been 
reported before. It is well known that the diamond cubic phase of 
crystalline silicon (Si-I) transforms to a metastable metallic phase (Si-II) 
with β-tin structure at a hydrostatic pressure of ~12 GPa due to the 
loading applied during scribing [33]. The rate hardening effect of silicon 
suggests that the deformation behavior of Si-II phase is sensitive to 
scribing speed. Generally, the phase transformation behavior of silicon is 
studied using a diamond anvil cell [33], wherein the loading is static or 
quasi-static. However, it is difficult to capture the plastic deformation 
behavior of the metastable Si-II phase in-situ during scribing using 
currently available measurement and characterization methods, mainly 
due to the nanometer scale deformation involved. Nevertheless, based 
on post-mortem examination using micro-Raman spectroscopy and the 
rate-dependent relationship for the stress behavior of monocrystalline 
silicon as shown in Fig. 12, it is plausible to infer that a strain rate 
hardening effect of metastable Si-II phase occurs. 

Due to the strain rate hardening effect, the contact stress between the 
scriber and plastic deformed silicon is increased with scribing speed. 
Meanwhile, more radial cracks and a larger radial crack frequency occur 

at a higher scribing speed as seen in Figs. 6 and 7. Consequently, a 
relationship between the scribing speed, the contact stress and the crack 
formation can be established. This explains the underlying mechanism 
for the smaller critical depths of ductile-to-brittle transition observed at 
the higher scribing speeds. Furthermore, the results indicate that higher 
scribing speeds may lead to an increased propensity for crack formation 
during DWS of monocrystalline silicon, although this will also corre
spond to a higher material removal rate. It is therefore suggested that a 
balanced approach should be taken in selecting the scribing speed to 
optimize the material removal rate while ensuring adequate surface 
quality. 

4. Conclusions 

The paper investigated the effect of scribing speed on the material 
removal behavior in high-speed scribing of (100) monocrystalline sili
con. Scribing tests were performed over a wide range of speeds, from 1 
mm/min to 25 m/s, using a specialized high-speed scribing setup. The 
effects of scribing speed on the deformation behavior and ductile-to- 
brittle transition of monocrystalline silicon were analyzed. A higher 
scribing speed was found to induce more surface defects in the ductile 
scribing region and a larger radial crack frequency in the brittle scribing 
region of the scribes. An increase in scribing speed led to a reduction in 
the critical depth of ductile-to-brittle transition, which implied an 
increased tendency of material embrittlement at higher speeds. 

The scribing forces under varied speeds revealed the strain rate 
hardening effect of monocrystalline silicon. A rate-dependent relation
ship for the normal and tangential stress behavior of monocrystalline 
silicon was derived empirically. The rate dependence of the normal 
stress and tangential stress explains the earlier onset of brittle scribing at 
higher speeds. The work described in this paper also suggests the pos
sibility of using high speed scribing as an experimental technique to 
determine the dynamic mechanical properties of the material. The 
research presented in this paper contributes to advancing the funda
mental understanding of material removal behavior of monocrystalline 
silicon, which is expected to be useful for the design and control of DWS 
of silicon wafers. 
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Table 2 
Strain rate, scribing force, and normalized stress at different scribing speeds.  

Scribing distance l (mm) Scribing speed (mm/min) Strain rate (/s) Normalized strain rate Scribing force (N) Normalized stress 

Normal force Fz Tangential force Fx Normal stress Tangential stress 

0.25 1 12.53 1 0.021 0.011 1 1 
10 125.31 10 0.028 0.015 1.333 1.364 
100 1.25 × 103 102 0.040 0.023 1.905 2.091 
1000 1.25 × 104 103 0.051 0.029 2.429 2.636 

0.5 1 8.91 1 0.044 0.013 1 1 
10 89.12 10 0.058 0.018 1.318 1.385 
100 8.91 × 102 102 0.081 0.024 1.841 1.846 
1000 8.91 × 103 103 0.109 0.032 2.477 2.462 

0.75 1 7.31 1 0.070 0.021 1 1 
10 73.10 10 0.092 0.026 1.314 1.238 
100 7.31 × 102 102 0.129 0.038 1.843 1.810 
1000 7.31 × 103 103 0.169 0.053 2.414 2.524 

1.0 1 6.36 1 0.104 0.029 1 1 
10 63.61 10 0.147 0.041 1.413 1.414 
100 6.36 × 102 102 0.192 0.054 1.846 1.862 
1000 6.36 × 103 103 0.246 0.072 2.365 2.483  

Fig. 12. Variation of normalized normal and tangential stress with normalized 
strain rate. 
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