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The applied laser energy absorbed in a local area in laser thermal stress cleaving of brittle materials using a
controlled fracture technique produces tensile thermal stress that causes the material to separate along the
moving direction of the laser beam. The material separation is similar to crack extension, but the fracture
growth is controllable. Using heat transfer theory, we establish a three-dimensional (3D) mathematical
thermoelastic calculational model containing a pre-existing crack for a two-point pulsed Nd:YAG laser
cleaving silicon wafer. The temperature field and thermal stress field in the silicon wafer are obtained
by using the finite element method (FEM). The distribution of the tensile stress and changes in stress
intensity factor around the crack tip are analyzed during the pulse duration. Meanwhile, the mechanism
of crack propagation is investigated by analyzing the development of the thermal stress field during the
cleaving process.
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The conventional mechanical cutting technique for brit-
tle materials, in which cutting is aided by a metal- or
diamond-point tool, has been used for decades. However,
chip formation and fractures on cut edges are intractable
problems in the cutting process. Various laser-cutting
techniques, such as laser scribing and evaporation and
controlled fracture technique, have recently been used in
the industry.

The controlled fracture technique exhibits tremendous
potential in laser cutting of brittle materials. It uses less
laser power and enables high cutting speed compared
with other laser cutting methods[1]. This technique in-
volves cutting below the melting temperature of the
brittle material—a practice that results in smooth edges.
The laser cutting of thick ceramic substrates through the
controlled fracture technique was investigated[2]. Tsai
et al.[3] divided the cutting process into three stages: in
the first stage, fracture initiated because of tensile stress;
in the second stage, stable crack growth was observed;
in the third stage, the crack extended unstably because
of complete domination of tensile stresses. Yan et al. in-
vestigated crack characteristics during laser processing[4].
Ma et al. designed two kinds of laser cutting methods
for boron carbides and discussed the effect of technical
parameters on cutting quality[5]. Jiao et al. proposed
a dual-laser-beam method to cut glass substrates[6]. An
off-focus CO2 laser beam was used to preheat the glass
sample to reduce the thermal gradients, and a focused
CO2 laser beam was used to machine the glass. Nisar
et al.[7] examined the cut deviation problem by analyz-
ing the stress fields in the glass during the laser cutting
process. Yamada et al. used two kinds of effective meth-
ods to reduce the thermal damage of the cut edge: a
cleaving with pulsed Nd:YAG laser, and the application
of a refrigerating chuck for the cleaving using continuous
wave (CW) laser[8]. Ueda et al. investigated the cleav-
ing mechanism of a silicon wafer irradiated with pulsed
Nd:YAG laser[9]. The experimental results showed that

the temperature at the area irradiated with the laser is
an important factor in controlling crack propagation and
achieving low thermal damage.

Based on the controlled fracture technique, brittle ma-
terials can be separated by a two-point pulsed laser. The
cutting mode differs from the common pulsed laser cut-
ting mode, in which a laser scans along the cutting line
(see Fig. 1). Figure 2 shows that the silicon wafer is sep-
arated by a two-point pulsed laser, and the separation
surface induced by thermal stress is smooth.

The scanning paths of the two pulsed laser beams are
located on both sides of the cutting line in the two-point
pulsed Nd:YAG laser cutting mode. In this letter, the
finite element method (FEM) is used to investigate the
temperature field and thermal stress field during the
cutting process. Meanwhile, the mechanism of crack
propagation is investigated by analyzing the develop-
ment of the changes in stress intensity factor during the
pulse duration.

Fig. 1. Diagrams of the cutting process by (a) one-point
pulsed laser and (b) two-point pulsed laser.
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Fig. 2. Crack along cutting line induced by (a) thermal stress
and (b) separation surface.

The dimension of the silicon wafer is 11.5 ×10 ×0.5
(mm). The wafer is irradiated by two moving pulsed
laser beams and a pre-existing crack of 1.5-mm length
is formed in the silicon wafer before cutting. This helps
to initiate the crack and leads to the separation of the
wafer. Figure 1(b) illustrates the laser cutting process.

Some assumptions are made before establishing the
mathematical model as follows. 1) The physical param-
eters of the silicon are temperature-independent. 2) The
superficial heat irradiation is negligible on the surface
of the silicon wafer where there is no laser heating. 3)
The cleaving direction and the crystal plane of the wafer
are <011̄> and <100>, respectively. 4) The specimen
is annealed; thus, free of any residual stresses. 5) The
stress-strain relationship of the silicon wafer is perfectly
elastic.

Based on the assumptions above, the heat transfer
model can be established as[10]
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where k is the thermal conductivity, c and ρ are the heat
capacity and density, respectively, T0 denotes the initial
temperature of the silicon (which is the same as the en-
vironment temperature); Ts and Tn denote the tempera-
tures of the heated zone and area without laser heating,
respectively; ε is the laser absorptivity; h represents the
convection heat-transfer coefficient; I(x, y, z, t) is the
density of the laser power, n is the direction cosine of the
boundary.

The laser beam maintains a constant TEM00 mode and
travels in the x direction at constant velocity v. The
density of the laser power can be described by Gaussian
distribution as
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where g(t) =
{

1, 0 < t ≤ τ
0, t > τ

, p0, τ , and r are the power,

the pulse duration, and the radius of the laser beam, re-
spectively.

Stress and strain responses are assumed to be quasi-
static at each interval, and the thermo-elastic model is
used. During the laser cutting process, thermal stress

may be induced by the thermal gradients in the sili-
con wafer, frequently caused by rapid heating or cooling.
Thermal stress σtherm caused by temperature difference
∆T is then derived by[11]

σtherm =
Eβ∆T

1 − θ
, (6)

where θ is the Poisson’s ratio, and E and β are the
Young’s modulus and coefficient of linear expansion, re-
spectively.

The FEM controlling equation for the temperature can
be written as[12]

[K]th{T} + [C]{
·
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where [K]th, [C], {T}, and {
·

T} are the heat conduction
matrix, the heat capacity matrix, the temperature vec-
tor, and the temperature rise rate vector, respectively.
The absorbed laser energy is expressed by heat source
vector {Q}. The Crank-Nicolson method[13] is used to
solve Eq. (7). The temporal discrete form of Eq. (7) can
be derived by
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where ∆t is the time interval and θ = 1/2.
The temperature increment is derived through ∆T =

Tt+∆t – Tt as the temperature increases from Tt to Tt+∆t

during time interval ∆t. The element strain induced by
thermal expansion can be written in an incremental form
in this manner[14]

{∆εth} = {α}∆T, (9)

where {α} is the vector of thermal expansion coeffi-
cient. However, thermal expansion is restricted by the
surrounding material, inducing thermal stress. The mag-
nitude of thermal stress continues to grow in the elastic
stage. Stress increment {∆σ} leads to elastic strain in-
crement {∆ε

e}. Total strain increment {∆ε} of the ele-
ment can be expressed by[15]
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The stress-strain relationship in the elastic region is
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expression is
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Table 1. Physical Parameters of Silicon Wafer

ρ(kg·m−3) C(J·k·g−1·K−1) k (W·m−1·K−1) β(K−1) E(GPa) σ α(m−1)

2340 761 156 2.62×10−6 117.4 0.262 5000

where µ is the Poisson’s ratio. The incremental form of
geometric equation on strain {ε} and displacement {U}
can be written as

{∆ε} = [B]{∆U}. (14)

The equilibrium equation, which describes the relation-
ship between displacement {U} and element thermal load
vector {Fth}, can also be written in incremental form[15]

[K]{∆U} = {∆Fth}. (15)

In the elastic region,
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where [B] and [K] are the element geometric and element
stiffness matrices, respectively.

The [K] and {∆Fth} of every element are assembled
first. The incremental displacement of every node is
then obtained by solving the total equilibrium equation.
Furthermore, the strain increment ∆ε of every element
is obtained by substituting the results into Eq. (14).
Finally, the element stress increment is calculated by Eq.
(11).

A finite element model is established based on FEM;
the finite meshes of the model are shown in Fig. 3. A
pre-existing crack is formed by setting two separate sur-
faces in the same location.

The pulsed Nd:YAG laser with the wavelength of 1.06
µm was used for cutting. The laser power, pulse dura-
tion, and beam radius are 567 W, 3 ms, and 0.9 mm,
respectively. The one- and two-point laser cutting pro-
cesses are simulated with this laser source to show the
difference in the cleaving mechanism. The distance be-
tween the center of the first laser spot and the crack tip is
1.5 mm for the two-point laser cutting process, whereas
the distance between the two laser spots is 3 mm. The
material parameters are listed in Table 1[8].

Figure 4 shows the temperature curve of the central
point of the laser spot. The temperature rapidly increases
during laser irradiation. The maximum temperature of
the center of the laser spot reaches 598 ◦C at 3 ms, which
marks the end of irradiation. After the pulse duration,
the temperature slowly descends as a result of heat loss
by conduction.

Figure 5 shows the temperature distribution along the
cutting line during the two-point pulsed laser cutting
process. The temperature increases with the pulse du-
ration. The temperature rises in the cutting line as a
result of heat conduction because the temperature near
the laser-heating zone in the scanning line is higher.

Figure 6 shows the temperature distribution along the
cutting line at 3 ms in the two kinds of cutting modes.
The pulsed laser moves along the cutting line in the one-

Fig. 3. Mesh of silicon wafer.

Fig. 4. Temperature curve of the central point of the laser
spot.

Fig. 5. Temperature distribution along the cutting line in the
two-point laser mode.

Fig. 6. Temperature distribution along the cutting line at 3
ms.
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Fig. 7. Stress σyy distribution along the cutting line (two-
point laser mode).

Fig. 8. Stress σyy distribution along the cutting line at 3 ms.

Fig. 9. Time curve of stress intensity K1.

point laser cutting mode. The maximum temperature
in the two-point laser cutting mode is lower than that
in the one-point laser-cutting mode. The results of the
simulation of the temperature field are consistent with
the experimental results from the pulsed Nd:YAG laser
processing silicon in Ref. [9].

Figure 7 shows normal stress σyy distribution along
the cutting line during the two-point pulsed laser cutting
process. The compressive stress is at its maximum at the
point where the temperature is also the maximum at dif-
ferent times during the laser irradiation. The maximum
tensile stress is always at the crack tip (x = 0) because
of the stress concentration by the crack. The tensile
stress at the crack tip constantly increases during the
pulse duration. The crack propagates along the cutting
line when the tensile stress induced by the laser becomes
sufficiently high. The crack continues propagating by
the end of the process when the maximum tensile stress
in the next pulse duration is also at the new crack tip,
caused by the stress concentration.

Figure 8 shows normal stress σyy distribution along the
cutting line at 3 ms in the two kinds of cutting modes.
The maximum compressive stress (85 MPa) induced by

the laser heating in the one-point laser mode is higher
than that (65 MPa) induced by heat conduction in the
two-point laser cutting mode. The maximum tensile
stress (182 MPa) in the two-point laser cutting mode
is higher than that (90 MPa) in the one-point cutting
mode.

The laser cutting process is the mode I fracture[16],
and the crack propagates when stress intensity factor
K1 becomes larger than the fracture toughness of the
material. Figure 9 shows the time history of stress inten-
sity K1 during the two-point laser cutting process. K1

continues to increase during the laser irradiation time,
when K1 becomes higher than the fracture toughness
(0.6 MPa·m1/2of the silicon). The crack extension oc-
curs at this point.

In conclusion, the temperature and thermal stress are
calculated using FEM, based on the assumptions and
the parameters of the silicon wafer, as well as the bound-
ary conditions of the mathematical model. The tensile
stress is produced at the crack tip and the stress intensity
continues to increase during the laser irradiation time.
The crack propagates when the stress intensity becomes
higher than the fracture toughness of the material. The
maximum tensile stress is always at the crack tip because
of stress concentration in the entire cutting process. The
simulation results in this letter agree with the experi-
mental results in the pulsed Nd:YAG laser processing
silicon in Refs. [7,8]. Cutting quality is improved if the
parameters of the laser and the distance between the two
laser spots are chosen properly; however, this area needs
further investigation.
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