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Silicon-glass devices are widely used in IC industry, MEMS and solar energy system because of their reli-
ability and simplicity of the manufacturing process. With the trend toward the wafer level chip scale
package (WLCSP) technology, the suitable dicing method of silicon-glass bonded structure wafer has
become necessary. In this paper, a combined experimental and computational approach is undertaken
to investigate the feasibility of cutting the sandwich structure glass-silicon-glass (SGS) wafer with laser
induced thermal-crack propagation (LITP) method. A 1064 nm semiconductor laser cutting system with
double laser beams which could simultaneously irradiate on the top and bottom of the sandwich struc-
ture wafer has been designed. A mathematical model for describing the physical process of the interac-
tion between laser and SGS wafer, which consists of two surface heating sources and two volumetric
heating sources, has been established. The temperature stress distribution are simulated by using finite
element method (FEM) analysis software ABAQUS. The crack propagation process is analyzed by using
the J-integral method. In the FEM model, a stationary planar crack is embedded in the wafer and the J-
integral values around the crack front edge are determined using the FEM. A verification experiment
under typical parameters is conducted and the crack propagation profile on the fracture surface is exam-
ined by the optical microscope and explained from the stress distribution and J-integral value.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Recent experiences from MEMS, IC and solar power industries
have clearly demonstrated the critical importance of silicon-glass
devices. In the device package procedure, the glass wafer and the
silicon wafer are joining together using anodic bonding technology
which could provide high reliability, stability and hermetic sealing.
And borosilicate glass, such as Pyrex or Borofloat, which has a
lower coefficient of thermal expansion, is used [1]. Most of these
devices have been using silicon-glass double layer structure [2,3].
However, in some peculiar application occasions, glass-silicon-
glass (SGS) sandwich structure has also been adopted [4,5]. Typi-
cally, the wafer level chip scale package (WLCSP) technology has
been used in the fabrication of the silicon-glass devices [6]. And
the dicing process is carried out after the wafer bonding process.
So the significance of developing a suitable dicing method for
SGS wafer has become obvious.

There are a number of dicing methods available for glass and
silicon respectively. Most of them could fall into the category of
mechanical dicing or laser dicing. At present, three major basic dic-
ing methods are being used in semiconductor industry: the dia-
mond blade cutting method [7]; the laser melting and
evaporation cutting method [8–11]; the laser induced thermal-
crack propagation (LITP) method [12].

LITP has proven effective in separating FPD glass substrate [13–
19] as well as many other kinds of brittle materials (e.g. silicon
[20–22], ceramic [23], etc.). This method uses laser to heat up
the sheet locally and cause non-uniform thermal expansion, which
would generate a specific tensile-compressive thermal stress field
that controls the crack propagation process. Compare to other
methods, this method, especially the full body separation with LITP
method, could separate the sheet without material removal and
generate a perfect fracture surface without microcracks and
defects.

Up until now, due to the complexity of the thermal crack prop-
agation mechanism, most studies concerning LITP method were
focused on the cutting problems of single material sheet of single
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layer or multilayer (not bonded together). However in practical
applications, the device is usually characterized as multilayers
structure of various kinds of materials which are bonded together
and affected each other, for instance, the anodically bonded
silicon-glass multilayer sheet. In previous studies, several solutions
have been proposed for cutting anodically bonded silicon-glass
multilayer sheet, such as fabricating a recess beneath the dicing
line [24], using a combination of the ultrafast laser stealth dicing
method and the LITP method [25,26], and full body LITP method
[27]. The first solution requires extra processing step of grooving
for the recesses. And the second solution requires dedicated
multi-laser system which consists three types of lasers with differ-
ent wavelengths and pulse-durations for each dicing steps. By
comparison, the full body LITP method is a very promising solution,
which only requires one types of laser with one clean and efficient
processing step of cutting. In paper [27], the mechanism of cutting
silicon-glass double layer wafer using full body LITP method was
studied using an integrated experimental/analytical approach.
During the cutting process, 79.6% of the 1064 nm laser energy were
absorbed at the inner bonding surface of the silicon layer, and the
crack front edge is a curve which starts at the bottom surface of the
silicon layer, then crosses the interface, and finally ends at the top
surface of the glass layer. Both layers were separated at once scan-
ning process.

Inferring from the silicon-glass double layer wafer LITP method
cutting mechanism, we reasoned that the SGS wafer would also be
separated at once scanning process. Therefore in this paper, the
authors attempted to set up a double laser beam cutting system
to achieve full-body separation of the anodic bonded SGS wafer
using LITP method. A FEM model with stationary crack was built
and the fracture parameter J-integral wass chosen to analyze the
crack propagation process. A feasibility experiment was conducted
using moderate cutting parameters.
2. Experimental methods

A 1064 nm semiconductor laser cutting system with double
laser beams which could simultaneously irradiate on the top and
bottom of the sandwich structure wafer has been designed.
Fig. 1. Schematic diagram of the experimental setup.
As Figs. 1 and 2 illustrate, the system consists of two indepen-
dent control laser sources, a horizontal x-y table, and a computer
to control the CNC system. Two laser beams irradiate vertically
on the top and bottom of the specimen. Both lasers are 300W
fiber-optic-coupled continuous semiconductor laser, and emitting
at 1064 nm with TEM 00 beam mode. Each laser has an indepen-
dent generator, together with the water cooling unit and the power
supply unit. A horizontal fine adjustment device is installed to
adjust the x and y position of the upper laser head and keep the
two laser beams coaxial and symmetrical about the specimen. Both
laser heads could move along the Z-axis driven by two indepen-
dent motors. The computer controls the movement of X-axis and
Y-axis of the x-y table, the movement of Z-axis of both laser heads,
and the laser parameters through customized software. Further
detailed specifications concerning the experimental setup are
given in Table 1. A thermal infrared imager (FLIR) is arranged for
measuring temperature.

The sandwich structure wafer, which is manufactured by anodic
bonded a silicon wafer (n-type with (100) crystal plane with both
surfaces polished) to two Borofloat 33 (BF33) borosilicate glass
wafers (produced by Schott) on both sides of the silicon wafer.
The specimen has a total thickness of 1.5 mm (0.5 + 0.5
+ 0.5 mm) and a diameter of 101.6 mm (4 in.). An initial through
thickness notch serving as the source fracture is incised on the
leading edge with a diamond wire saw.

The fracture surface is inspected by the optical microscope
(Zeiss) and scanning electron microscope (FEI Quanta). The frac-
ture surface profile is measured using surface profilers (Taylor
Hobson).
3. Numerical analysis

The temperature stress distribution of the specimen and the J-
integral along the crack front in cutting process are calculated by
using the FEM software ABAQUS. The non-steady sequentially cou-
pled heat transfer and thermal stress analysis is adopted. Fig. 3
shows the flow chart of the simulation process.

General mesh geometry of the specimen is shown in Fig. 4. A
stationary seam-type crack is placed at y = 0 on the scanning path
with crack front edge set at x = 5 mm. In order to achieve high
accuracy in the calculation of J-integral of the crack, mesh adjacent
to the crack front region is reconstructed in X, Y, and Z directions
and refined, as shown in Fig. 5. The minimum element width in
the X-direction is 50 nm, and the minimum element depth in the
z-direction is 15.6 lm. The total number of nodes is 327,159 and
the total number of elements is 251,418.

Based on the theoretical model established in the previous
study [27], the 1064 nm laser beam transmitted through the whole
glass layer and then is absorbed on the surface of the silicon layer.
Fig. 6 shows the thermal loads symmetrically applies on the spec-
imen. There are two volumetric heating sources loaded in both
glass layers and two surface heating sources loaded on the top
and bottom surface of the silicon layer. The optical properties of
the specimen under 1064 nm laser radiation are given in Table 2
[27].

Both lasers use the identical cutting paramters. The laser is
modeled by applying the planar circular Gaussian heat flux. And
the attenuation and divergence of laser in the glass layer is also
considered. The heat flux in the upper glass layer could be
described as Eq. (1). And for the lower glass layer, the formulation
is similar to Eq. (1), except all of the (3H-z) terms in the expression
should be replaced with z. The heat flux on the top and bottom sur-
face of the silicon layer could be expressed as Eq. (2). In these equa-
tions, qG is volume heat intensity, qS is surface heat intensity, I is
the laser power, RDG is the air-glass interface reflectivity, a is the



Fig. 2. Photographs of the experimental setup.

Table 1
Specifications for double lasers cutting machine tool.

X/Y-axis Movement stroke [mm] 500
Cutting speed [mm/s] 0.1–200
Positioning accuracy [mm] ±0.02

Z-axis Movement stroke [mm] 50
Resolution [mm] 0.01

Horizontal adjustment device Movement stroke [mm] 10
Accuracy [mm] 0.005

Fig. 3. The flow chart of the simulation process.
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absorption coefficient, gS is the absorptivity of the silicon layer, 3H
is the whole thickness of the specimen (H = 0.5 mm), v is the laser
scanning velocity, h is the divergence angle of laser beam, rG is the
spot radius on top/bottom surface of the upper/lower glass layer, rS
is the spot radius on top/bottom surface of the silicon layer, v is the
scanning speed, x0 and y0 are the coordinates of the starting point
of the scanning process.

qGðx; y; zÞ ¼
2ð1� RAGÞaI

p½rG � ð3H � zÞ tan h�2
e�að3H�zÞe

�2
ðx�x0�vtÞ2þðy�y0Þ2
½rG�ð3H�zÞ tan h�2 ð1Þ
qSðx; yÞ ¼
2gSI
pr2S

e
�2

ðx�x0�vtÞ2þðy�y0 Þ2
r2s ð2Þ

The user subroutine DFLUX is used to define the distributed vol-
ume heat flux and the surface heat flux according to Eqs. (1) and
(2). Initial room temperature T0, is set at 18 �C. Element type use
the DC3D8 element.

In order to further understand and analyze the crack propaga-
tion process, the J-integral value is calculated additionally in the
thermal stress analysis step. The J-integral, which was proposed
by Rice [28] and has been used as a fracture mechanics parameter
in many engineering applications, is known as the path-
independent contour integral representing the energy release rate
at the crack front. Within linear elastic fracture mechanics (LEFM),
according to the Griffith’s crack energy balance criterion, the K-G
equivalence relationship and the J-integral theory, for plane stress
mode I critical equilibrium state crack, critical condition of the
crack propagation could be expressed as [29]

Jc ¼ Gc ¼ K2
Ic

E
¼ R0 ¼ 2c ð3Þ
K Ic ¼ T0 ¼
ffiffiffiffiffiffiffiffi
ER0

p
ð4Þ

where J0 is the critical J-integral value, G0 is the critical energy
release rate, KIc is the critical stress intensity factor, E is Young’s
module, R0 is crack resistance force, c is surface energy, and T0 is
fracture toughness. Since the stress analysis step is quasi-static frac-
ture analysis, the J-integral could be calculated to characterize the
energy release associated with crack growth. First-order stress/dis-
placement solid continuum reduced-integration C3D8R element is
employed in the stress analysis.

The properties of the materials are given in Table 3 [30] and
Table 4 [31–34]. The cutting parameters involved in simulation
and experiment with representative values for scanning speed,
laser power and spot diameter are listed in Table 5. These physical
parameters have been experimentally proven valid through tem-
perature measuring experiments which were described in the pre-
vious study [27].



Fig. 4. Mesh geometry of the three-dimensional model of the specimen for FEM analysis.

Fig. 5. Mesh geometry adjacent to the crack front region.
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4. Results and discussion

4.1. FE results

Figs. 7–9 and 11 show the results of heat transfer analysis.
Figs. 10, 12 and 13 show the results of thermal stress analysis.

Obviously since 99.5% of the effective energy is absorbed on the
top and bottom surface of the silicon layer, and the powers of the
two lasers are equal, so the highest temperature value simultane-
ously appears at the bonding interface at z = 0.5 and 1.0 mm on the
scanning path behind the laser spot center point.

Fig. 7 shows that when the cutting speed is set at a constant
value, the highest temperature value increases monotonically with
increasing of time. The highest temperature value rises sharply
during the beginning and ending of the cutting process and is rel-
atively stabled around 442 �C in the middle of the cutting process.
Yet, due to the heat accumulation effect near the end of the cutting
path, after the laser spot reached the x = 95 mm point, the maxi-
mum temperature value could reach above BF33 glass strain point
which is 518 �C. Despite the difference of the material structure,
the changing regularity of the highest temperature value is in
agreement with the results of the previous study [27].

Figs. 8, 9 and 11 reflect the temperature distribution from dif-
ferent perspective. As these figures show, all of the locations in
the thickness direction in the silicon layer with the same x-
coordinate and y = 0 reach its highest temperature value almost
simultaneously (within 0.01 s) during the stable cutting stage.
And according to the assumptions and simplifications that the
temperature value of the two layers are equal at the bonding sur-
face, so that the points on the bonding surface of both layers reach
its highest temperature value simultaneously.

As Fig. 11 show, since the heat flux on the whole specimen is
mirror symmetrical about z = 0.75 mm plane, the temperature dis-
tribution is also mirror symmetrical. However, the thermal loads



Fig. 6. Schematic of the laser irradiates the SGS wafer.

Table 2
Optical properties of BF33 glass-silicon anodic bonded wafer under 1064 nm laser
radiation.

Reflectivity at the air-glass boundary [%] 3.6652
Reflectivity at the glass-silicon boundary [%] 17.0748
Absorption coefficient of glass [m�1] 7.9365
Total absorption rate of glass [%] 0.3952
Absorptivity of the silicon 0.796042
Total absorption rate of Si [%] 79.6042

Table 5
Typical cutting parameters for simulation and experiment.

Workpiece dimensions [mm3] 100 � 100�(0.5 + 0.5 + 0.5)
Laser power [W] 25.0 + 25.0
Scanning velocity [mm/s] 3
Laser spot diameter (mm) 3

Fig. 7. Temperature versus time on the bonding interface between the upper glass
layer and the silicon layer at a series of points on the scanning path defined by
(x = 0, 2, 5, 10, 25, 50, 75, 90, 95, 98, 100, y = 0, z = 0.5).
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on the glass layer are asymmetrical in the Z-direction, the surface
heat flux on the bottom surface is much greater than the volumet-
ric heat flux inside the upper glass layer, and there is no heat
source on the top surface. Also, the thermal conductivity of silicon
is dozens of times than glass. So the top surface of the upper glass
layer reaches its highest temperature value 0.17 s after, which
means the highest temperature point is 0.51 mm behind than the
Table 3
Physical properties of Borofloat 33 glass.

T
[�C]

Density
[kg/m3]

Specific heat
[J/kg �C]

Thermal
conductivity [W/m
�C]

Expansion coeff.
alpha [10�6/�C]

Youn
modu
[GPa

25 2230 758 1.08 3.2 64
125 – 1071 1.25 3.2 65
225 – 1175 1.43 3.26 66
325 – 1244 1.60 3.38 67
425 – 1290 1.76 3.61 68
525 – 1325 1.92 5.7 69

Table 4
Physical properties of silicon.

T
[�C]

Density
[kg/m3]

Specific heat
[J/kg �C]

Thermal
conductivity [W/m
�C]

C11
[GPa]

C12
[GPa]

C44
[GPa]

25 2329 713 148.0 165.6 63.94 79.51
125 – 788 98.9 164.3 63.25 78.78
225 – 830 76.2 162.9 62.69 78.05
325 – 859 61.9 161.5 62.06 77.33
425 – 887 51.0 160.1 61.43 76.60
525 – 908 42.2 158.7 60.81 75.87
point on the bottom surface, and its temperature value (394 �C at
x = 50, y = 0, z = 1, t = 17.26 s) is 47 �C lower than the bottom sur-
face (441.5 �C at x = 50, y = 0, z = 1.5, t = 17.43 s). By comparison,
the temperature difference in the Z-axis direction inside the silicon
layer is much small and only reaches 12 �C (430 �C at x = 50, y = 0,
z = 0.75, t = 17.26 s). This value reaches 35 �C (468 �C at the bond-
ing surface at x = 50, y = 0, z = 0.5, t = 13.08 s, and 434 �C at the
exterior surface at x = 50, y = 0, z = 0, t = 13.08 s) for silicon-glass
double layer wafer. Higher thermal conductivity of silicon also
causes smaller temperature gradient in z-direction, higher temper-
ature changing rate, and higher temperature before laser beam
arrived and lower temperature after laser beam passed.

The thermal properties and the thermal loads could only effect
the temperature distribution. In order to study the crack propaga-
g’s
lus

]

Poisson’s
ratio

Refractive index
at 1064 nm

Fracture toughness
[MPa m1/2]

Surface
energy [J/m2]

0.2 1.474 (0.75) (8.0)
0.202 – – –
0.204 – – –
0.206 – – –
0.208 – – –
0.21 – – –

Expansion coeff.
alpha [10�6/�C]

Refractive index
at 1064 nm

Fracture toughness
[MPa�m1/2]

Surface
energy [J/m2]

2.63 3.550 (0.7) (4.0)
3.23 – – –
3.60 – – –
3.83 – – –
4.01 – – –
4.14 – – –



Fig. 8. Temperature versus time at a series of points on the scanning path defined
by (x = 50, y = 0, z = 0.75, 1.00, 1.25, 1.50).

Fig. 9. Temperature distribution at t = 3.44 s on the top surfaces of the upper glass
layer and silicon layer.

Fig. 10. Stress ryy distribution at t = 3.44 s on the top surfaces of the upper glass
layer and silicon layer.
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tion process, the stress distribution need to be calculated according
to the temperature distribution, the thermal-mechanical proper-
ties, the geometrical shape of the materials and the mechanical
boundary conditions.

Figs. 9–13 show the temperature distribution and stress ryy dis-
tribution. Due to laser induced confined thermal expansion, a com-
pressive stress region is formed in the heating area with a lower
tensile stress region ahead of the laser spot and a tensile stress
region around the crack front behind the laser spot. The stress
ryy has discontinuity at the bonding interface. It is assumed that
the displacement at the bonding interface are identical. So, the dis-
continuity of the stress ryy mainly attributes to elastic difference
between silicon and glass. The results show that there is hardly
no stress gradient in z-direction in the silicon layer, which is much
higher in both glass layers. This mainly attributes to thermal con-
ductivity difference and asymmetrical thermal loads.

In compressive stress region, due to higher elastic modulus,
maximum compressive stress ryy of �93.6 MPa is observed at
the bonding interface of the silicon layer at x = 8.75 mm, z = 1.0
and 0.5 mm, and �91.9 MPa is observed in the center of the silicon
layer at x = 8.75 mm, z = 0.75 mm, as shown in Figs. 10, 12 and 13.
While the maximum compressive stress ryy of �64.0 MPa appears
at the bonding interface of the glass layer (z = 1.0 + 0 or 0.5–0 mm),
�37.9 MPa in the center of the glass layer (z = 1.25 or 0.25 mm),
and �24.2 MPa on the exterior surface of the glass layer (z = 1.5
or 0.0 mm).

In tensile stress region ahead of the crack front, the stress ryy

rises rapidly to the critical level. In both the glass layers, the tensile
stress ryy decreases from the inner bonding surface to the exterior
surface. In the silicon layer, the tensile stress ryy decreases from
the center to the bonding surface. For all the layers, the stress gra-
dient is higher near the bonding surface. In this region, with the
same x-coordinate on the fracture surface, the tensile stress
decreases from the inner center plane (z = 0.75 mm) to the exterior
surface (z = 1.5 or 0.0 mm).

Fig. 14 shows the time history results of J-integral evaluation at
the crack front across the thickness of the specimen during laser
scanning. According to Eqs. (3) and (4), the crack would propagate
if the J-integral value reaches 8.0 J/m2 in the glass layer or 4.0 J/m2

in the silicon layer. The J-integral value throughout the entire
thickness of the specimen is shown to increase as the laser scan-
ning away from the crack tip. And the J-integral value in the silicon
layer is higher than the glass layer during the entire scanning pro-
cess. The J-integral of the silicon layer JS reaches critical value JcS at
t = 3.08 s (laser spot center arrives at x = 7.74 mm). Yet the J-
integral of both glass layers JG is only about 3.0 J/m2. After 0.24 s
(during which the laser spot travels 0.72 mm forward), JG reaches
the critical value JcG at t = 3.32 s (laser spot center arrives at
x = 8.46 mm). This indicates that although all the layers are sepa-
rated synchronously, the crack front profile in the silicon layer is
advanced than the two glass layers.
4.2. Experimental results

The preliminary feasibility experiments, including symmetrical
straight line, asymmetrical straight line and circular curve cutting,
are conducted under typical cutting parameters which are given in
Table 5.
4.2.1. Symmetrical straight line cutting
Fig. 15 shows the optical microscope photographs of the speci-

men. Since the through-thickness notch has been incised on the
leading edge and the crack propagation process has been effec-
tively controlled, the cut path deviation at the leading edge is sig-
nificantly reduced to merely 60 lm. All three layers of the



Fig. 11. Temperature distribution in x-z plane at y = 0, at t = 3.44 s.

Fig. 12. Stress ryy distribution in x-z plane at y = 0, at t = 3.44 s.

Fig. 13. Profiles of stress ryy at z = 1.5, 1.25, 1.0 + 0, 1.0–0, 0.75, y = 0 at t = 3.44 s. Fig. 14. J-integral value versus z-coordinate for the stationary seam-type crack
when time is varied during the scanning process (no element layer excluded from
the computation).
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sandwich structure wafer are synchronously separated with per-
fect smooth fracture surface.

4.2.2. Asymmetrical straight line and circular curve cutting
Fig. 16 shows the experimental results of asymmetrical straight

line cutting. The wafer did not fully separated immediately after
the cutting process. The distance between the right side boundary
of the wafer and the scanning path is only 6.78 mm, which means
the materials on two sides of the scanning path are asymmetrical.
In asymmetrical straight line cutting conditions, the constraints
provided by the surrounding materials are also asymmetrical,
which would finally cause an uneven stress distribution near the
crack tip. This means the fracture mode of the crack is not pure
mode I. The whole fracture path appears as a bow-shaped arc
bending to the left side. The similar results could also be expected
during single layer glass, silicon or ceramics asymmetrical cutting.
The maximum deviation between the fracture path and the scan-
ning path reaches 0.6 mm. And due to constrained thermal expan-
sion effect at the final moment, the materials would reach even
higher temperature and expand much more. However, there is
no more materials ahead to provide high enough compression.
Therefore the crack would open rapidly. Result shows the crack
opening displacement (COD) reached 0.56 mm at the leading edge.

Fig. 17 shows the experimental results of circular curve cutting.
The scanning path consist of a straight line and a circular curve
with 30.00 mm radius. The fracture path generally followed the
scanning path. The path deviation at the leading edge could easily
be seen. But the error between the fracture path and the geomet-
rical circular arc curve is under 70 lm.

As Fig. 17 illustrates, the COD is only 107 lm, which is less than
1/5 of the COD result of asymmetrical straight line cutting experi-
ment. This is because the orientation of the fracture path changes
during the circular curve cutting section, and the total scanning
path length is 51.843 mm, which is only half length of the scanning
path in the asymmetrical straight line cutting.
4.2.3. Cutting quality and crack propagation process analysis
Fig. 18 shows the optical microscope photograph of the fracture

surface. The crack propagation profiles, which appear similar to
Wallner lines, could be found on the silicon layer and on both



Fig. 15. Photographs of the specimen: (a) the whole specimen, (b) cut path deviation at the leading edge, (c) the cutting path on the upper glass layer side, (d) fracture surface
of the left half wafer at the leading edge.

Fig. 16. Photographs of the specimen after asymmetrical straight line cutting (a) wafer just being cut but not fully separated, (b) not fully separated cutting path at the
trailing edge, (c) maximum deviation occurs near the middle of cutting path, (d) crack opening at the leading edge.
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the glass layers near to the bonding interface. These regular ripple-
like cleavage step lines on the fracture surface represent the chang-
ing history of the crack tip positions during the cutting process. The
red/blue curve represents a crack front at a certain time that the
upper/lower glass layer and the silicon layer fractured
simultaneously.

Studies show that the cleavage steps lines on the fracture sur-
face of single layer silicon [20–22,35] are C-shaped or L-shaped
(laser radiates on the top surface). Regarding single layer glass
under full body cutting, studies show no cleavage steps. However,
since the glass is transparent, the crack front shape can be captured
by a camera during the cutting process. And according to the sim-
ulation and the experiments results acquired by Zhao [36,37], the
crack front of glass is C-shaped. For single layer sheet, the immedi-
ate cause of the formation of the C-shaped crack front profile is the
stress distribution, which is strongly influenced by air convection
on exterior surface, the thickness of the sheet and the absence of
constraint brings by surrounding materials, such as surface films.

However, for the SGS wafer, the boundary conditions and con-
straints are completely different. The cleavage steps on the fracture
surfaces of the upper glass layer, the middle silicon layer and the
lower glass layer are L-shaped, reverse C-shaped and C-shaped,
respectively. In the area which is far from the bonding surface of
the glass layer (z > 1.25 or z < 0.25 mm roughly), the fracture sur-
face is smooth and the step lines could hardly be seen. These cleav-
age step lines indicate that the crack propagation profile in the
silicon layer is ahead of the glass layers. The length in the X-
direction of a single crack propagation profile is about 0.35 mm,
which is accordance with the tensile stress distribution and the
J-integral value gained by FE analysis.

Fig. 19 shows the SEM image from the fracture surface at the
bonding surface. There is no debonding, chipping or micro-cracks



Fig. 17. Photographs of the specimen after circular curve cutting: (a) wafer just being cut but not fully separated, (b) cut path deviation at the leading edge, (c) not fully
separated cutting path at the trailing edge.

Fig. 18. Crack propagation profile from the fracture surface (contrast and bright-
ness of the glass layer area has been adjusted to make the crack propagation profile
more identifiable).

Fig. 19. SEM image of the fracture surface at the bonding surface.
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on the fracture surface near the bonding interface. Figs. 20 and 21
show the measurement results of the fracture surface profile at the
center of the upper glass and silicon layer. Apparently, the fracture
surface of the glass layer is locally smoother than the silicon layer.
And the fracture surface profile curve of the silicon layer is cyclical,
which means crack propagates discontinuously. This is because sil-
icon is anisotropic elastic and brittle, and the cutting speed and the
crack growth rate could differ by orders of magnitude. Even so, the
overall fracture surface is flat and smooth with an average rough-
ness Ra under 1 lm.
5. Conclusions

The LITP technique was successfully applied to the cutting of
SGS wafer. Considering the geometric symmetry of the sandwich
structure wafer, the authors designed the laser system containing
double laser beams and created a symmetrical temperature stress
field in the wafer. A sound three-dimensional simulation model
capable of representing the essential physical processes of the
sandwich structure wafer under laser radiation was proposed
and J-integral value at the crack tip was calculated. A set of typical
processing parameters (overall laser power is 50 W (25.0
+ 25.0 W), spot diameter is 3 mm, and scanning speed is 3 mm/s)
was adopted in the simulation and the experiments. The mecha-
nism of 1064 nm laser cutting SGS wafer using LITP method was
investigated, and the crack propagation profile is explained by
the tensile thermal-stress distribution and the J-integral value.



Fig. 20. Fracture surface profile in the middle section of the cutting path at the center of the upper glass layer (z = 1.25 mm).

Fig. 21. Fracture surface profile in the middle section of the cutting path at the center of the silicon layer (z = 0.75 mm).
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The results presented in this paper are important for under-
standing the crack propagation process in laser cutting sandwich
structure wafer. The authors expect that there will be further
developments of the technique in terms of the optimization of
the cutting parameters, the cutting of multiple cells wafer and
the method for generating trigger crack et al.
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