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Laser splitting of bilayer structures made of silicon wafers and glass substrates

Y.V. NIKITIuk!, A.N. SERDYUKOV?, LY. AUSHEV?

The paper presents the results of a finite-element simulation of the laser splitting process of bilayer struc-
tures of monocrystalline silicon and glass when the workpiece is exposed to laser beams with wave-
lengths equal to 0,808 um and 10.6 um and a refrigerant. The calculation of thermoelastic fields created
in a bilayer wafer as a result of laser heating was performed for three cuts of silicon crystals, i.e. (100),
(110), (111). The outcomes of this research can be used to optimize the process of laser separation of bi-
layer structures made of monocrystalline silicon and glass.
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B pabote npencraBneHs! pe3ynbTaThl KOHEYHO-3JIEMEHTHOTO MOJAEIMPOBAHUS MpOLecca Na3epHOro pac-
KaJbIBaHUSI ABYXCIOMHBIX CTPYKTYpP U3 MOHOKPUCTAJUINYECKOTO KPEMHUS U CTEKJIa IpH BO3AENHCTBUM Ha
oOpabaTbIBaeMOe M3/1eJIHe JIA3EPHBIX ITyYKOB C AIMHAMK BosiH paBHbiMU 0,808 Mxm 1 1056 MKM 1 xJaza-
renta. PacueTr TepMoynpyrux nojuei, GOpMHUPYEMBIX B JBYXCIIOHHOW IJIACTHHE B pE3ydIbTaTe JIa3epHOTO
Harpesa, ObLI BBIIIOJIHEH JUIA Tpex cpe3oB kpuctauioB kpemHust: (100), (110),(111). Ilonyuennsie B pa-
00Te pe3yNabTaThl, MOTYT ObITh UCIIOJIB30BAHbI I ONTUMU3AIMY Ipoliecca JIA3EPHOT0 pas/eIeHusl IByX-
CIIOWHBIX CTPYKTYpP U3 MOHOKPUCTAIIIMIECKOTO KPEMHHS M CTEKIIA.

KaroueBble c10Ba: 1azepHOE pacKalblBaHUE, KDEMHHUEBAS TNIACTHHA; METO KOHEUHBIX JIEMEHTOB.

Introduction. The main methods of separating glass praducts and instrument wafers into crys-
tals include: cutting with diamond disks, mechanical and, laser ‘scribing [1]-[3]. One of the effective
ways to cut silicate glasses and monocrystalline silicon ‘is laser splitting [1]-[8]. In some cases, the
successful implementation of laser splitting technologies for silicon wafers and glass products can be
achieved using double-beam processing methods'{9]-[12]. The use of two-beam technologies is effec-
tive in processing structures consisting of various materials. Bilayer structures made of monocrystal-
line silicon and glass have become widespread in the manufacture of semiconductor microelectrome-
chanical devices, while electrostatic bonding is one of the leading technologies for producing such
samples [2], [13]. Paper [2] provides a study of the laser splitting process of bilayer structures made of
silicon and glass, taking into consideration the anisotropy of the elastic properties of monocrystalline
silicon using a laser beam withta wavelength of 1,06 pm, focused from the side of the glass layer. Pa-
per [12] presents a numerical, simulation of the laser splitting process of bilayer structures made of
monocrystalline silicon and/glass when the workpiece is exposed to laser beams with wavelengths
equal to 1.06 um and10.6 m and a refrigerant. The current paper demonstrates the results of the fi-
nite-element simulation_of laser splitting of bilayer structures made of monocrystalline silicon and
glass during laser heating by beams with wavelengths equal to 0,808 um and 10,6 pm and under the
action of a refrigerant. Using laser radiation parameters with the wavelength of 0,808 um for simula-
tion is relevant,since silicon absorbs radiation with this wavelength quite intensively. It is worth not-
ing that'the.experimental studies of the separation processes of silicon wafers into crystals in [4] were
carried out.with the setup that included a laser generating radiation at this wavelength.

Numerical modeling. The finite-element simulation of the laser splitting process of bilayer
structures made of monocrystalline silicon and glass was carried out within the framework of an
uncoupled thermoelasticity problem in the quasi-static formulation using ANSYS.

The criterion of maximum tensile stresses was used to determine the direction of laser-induced
crack development [14].

When modeling, it was assumed that the thermal conductivity coefficient, specific heat capac-
ity and density of the LC5 glass and monocrystalline silicon are constant and equal to A;=1,13 W/m
K, C, =795 J/Kg -°C, p1=2270 kg/m3 for glass and A,=109 W/m K, C,=758 J/Kg-°C, p2=2330
kg/m? for silicon. The temperature dependences of the linear thermal expansion coefficients of the
LC5 glass and single-crystal silicon were taken into account. The calculations considered the data
on the values of the reflection and absorption coefficients of monocrystalline silicon and optical
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glass for laser radiation with wavelengths of 0,808 pm and 10,6 um. The modulus of elasticity and
Poisson’'s ratio for glass were assumed to be equal to E; = 68,5 GPa, v; = 0,184. In the simulation,
the following elastic stiffness constants of crystalline silicon were used: C;; = 165,6-GPa, Ci, =
63,9-GPa, C44 = 79,5-GPa [2], [13], [15]-[20].

The calculations were performed for the following parameters of laser beams: radiation spot radius
R; = 1.10° for a beam with a radiation wavelength 1.,=0,808 pm and radiation power Po = 200 W; radia-
tion spot radius R, = 1-10° m for a beam with a radiation wavelength A, = 10,6 pm and radiation power
Po =10 W. The calculations were carried out for bilayer disks made of monocrystalline silicon and glass
with a radius of R = 15,5 mm (the silicon layer thickness is H; = 0,5 mm; the glass layer thicknessiis
H, = 0,5 mm). The sample travel speed relative to the laser beams and the refrigerant was V = 10 mm/s.

To perform a comparative analysis, the thermoelastic field distribution was calculated for. six
spatial variants of the laser radiation and refrigerant impact zones:

A) laser splitting of the bilayer structure with sequential laser heating by beams with"wave-
lengths equal to 0,808 um and 10,6 um and under the action of the refrigerant from the side of mono-
crystalline silicon (see Figure 1, the horizontal arrow indicates the direction of movement of the prod-
uct relative to the laser beams and the refrigerant);

B) laser splitting of the bilayer structure with sequential laser heating by a beam with a wavelength
of 0,808 pwm and under the action of the refrigerant from the side of monocrystalline-silicon (see Figure 2);

C) laser splitting of the bilayer structure during laser heating by,a“beam with a wavelength of
0,808 um from the side of monocrystalline silicon (see Figure 3);

D) laser splitting of the bilayer structure with sequential laser heating by beams with wavelengths
equal to 0,808 um and 10,6 pm and under the action of the refrigerant from the side of the glass layer;

E) laser splitting of the bilayer structure with sequential/aser heating by a beam with a wave-
length of 0,808 um and under the action of the refrigerantfrom the side of the glass layer;

F) laser splitting of the bilayer structure during laserheating by a beam with a wavelength of
0,808 um from the side of the glass layer.

The mutual location of the impact zones ofithe laser beams and the refrigerant for treatment vari-
ants D, E, F coincides with variants A, B, C,irespectively, taking into account their impact from the
glass layer. The mutual location of laser beams.and refrigerant exposure areas for treatment variants D,
E, F coincides with variants A, B, C, taking, into-account their exposure from the side of the glass layer.

Thermoelastic fields in the bilayer strueture for each of the six spatial variants of the laser and re-
frigerant impact zones were calculated for'six different variants, taking into account the anisotropy of the
silicon layer, i.e. | a is the analysisof the (100) cut when cutting in the [001] direction; I b is the (100) cut
analysis when cutting in the [011}\direction; Il a is the (110) cut analysis when cutting in the direction

[1107; 11 b is the analysis of the (110) cut when cutting in the [001] direction; 11 ¢ is the (110) cut analysis,

when cutting in the [121] direction, 111 is the analysis of the (111) cut, when cutting in the [110] direction.
The results of the.calculations are presented in Tables 1-2 and in Figures 4-8.

Figure 1 — Spatial arrangement of the impact zones of laser radiation and a refrigerant (variant A):

1 is the laser beam with a wavelength of 0,808 um, 2 is the laser beam with a wavelength of 10,6 um, 3 is the
refrigerant, 4 is the processed bilayer structure made of monocrystalline silicon 5 and glass 6, 7 is the laser
beam cross-section 1 on the working plane, 8 is the laser beam cross-section 2 on the working plane, 9 is the
refrigerant impact zone
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Figure 2 — Spatial arrangement of the impact zones of laser radiation and a refrigerant (variant B):
1 is the laser beam with a wavelength of 0,808 um, 2 is the refrigerant, 3 is the processed bilayer. structure
made of monocrystalline silicon 4 and glass 5, 6 is the laser beam cross-section 1 on therwerking plane, 7 is
the refrigerant impact zone

Figure 3 — Spatial arrangement of‘the impact zones of laser radiation and a refrigerant (variant C):
1 is the laser beam with a wavelength.of 0,808 um, 2 is the processed bilayer structure made of monocrystal-
line silicon 3 and glass 4, 5 is the laser beam cross-section 1 on the working plane

Table 1 shows thecalculated values of the maximum and minimum temperatures in the pro-
cessed bilayer structure. Table 2 shows the calculated values of the maximum tensile and compressive
stresses in the processing area.

Figures+«4-5 show the distributions of temperature fields and fields of thermoelastic stresses cre-
ated in the bilayer structure for each of the six spatial variants of the location of the laser radiation and
refrigerantimpact zones when cutting in the [001] direction of the (100) cut of monocrystalline silicon
(variant la,). Letters a), b), c) indicate variants A, B, C of the spatial location of the laser radiation and
refrigerant impact zones in Figures 4-5.

Due to the absence of thermal conductivity anisotropy in silicon crystals, the calculated tem-
peratures in the laser processing zone for the (110), (100), and (111) cuts coincide when choosing
the same processing parameters.

The data (Table 1) show that the maximum temperature values for all six simulation modes do not
exceed the glass softening temperature. Thus, the calculated values of temperatures are in the range nec-
essary for implementing brittle fracture of a bilayer wafer under the action of thermo-elastic stresses.

In general, the peculiarities of the temperature fields localization, presented in Figures 4 and 6,
coincide with the results of modeling the process of laser splitting of bilayer structures made of silicon
and glass using laser radiation with a wavelength of 1,06 um [14]. More intense absorption of radia-
tion with a wavelength of 0,808 microns by silicon was taken into account.
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Table 1 — Calculated values of the maximum and minimum temperatures in the processed bilayer structure

Temperature in the processed Variant of the location of the laser radiation and refrigerant impact zones
bilayer structure T, K A B C D E F
maximum 784 675 782 856 845 863
minimum 295 294 298 295 295 299

As mentioned earlier, Table 2 shows the calculated values of the maximum tensile and com-
pressive stresses created in the processing area during laser splitting for six spatial variants of the lo-
cation of the laser radiation and refrigerant impact zones and for six different variants that take into
account the silicon layer anisotropy.

Table 2 — Calculated values of the maximum tensile and compressive stresses in the processing area of the

bilayer structure

§ o Maximum stresses in Variant of the location of the laser radiation and refrigerant impact'zones
c S the processing area
S=
=g oy MPa A B c D E F
w
la tensile_ 64 46 42 63 46 59
compressive 185 148 172 231 239 230
b tensile_ 68 49 45 60 45 63
compressive 184 149 170 229 240 227
lla tensile_ 65 46 49 69 47 63
compressive 199 158 185 249 256 285
b tensile_ 76 56 49 72 56 63
compressive 220 176 205 287 297 285
le tensile_ 73 53 53 67 50 70
compressive 209 168 194 265 277 265
i tensile_ 81 59 48 65 49 67
compressive 235 187 219 298 307 297

The data analysis (see Table 2) shows that the'difference in the values of the maximum tensile
stresses in bilayer structures caused by the siliconanisotropy reaches 28%. The difference in the val-
ues of the maximum tensile stresses, due to-the spatial arrangement of the laser radiation and refriger-
ant impact zones, reaches 55 %. In this‘case,-the highest tensile stress values are achieved for the
combination (l11, A) when splitting the cut (111) when the laser beams and the refrigerant move in the

direction [110] from the side-ofsmonocrystalline silicon. The smallest tensile stress values are
achieved for the combination (la;,C) when splitting the cut (100) when the laser beam with a wave-
length of 1,06 um moves in the [001] direction from the side of monocrystalline silicon.

The calculated valuges of the corresponding tensile stresses in the processing area are 81 MPa and
42 MPa. Considering the.albiove differences in the values of thermoelastic stresses, it seems appropriate
to choose the technolagical parameters of the process of separating bilayer structures by the method of
laser splitting (for-example, by changing the processing speed or the power of laser radiation).

Let us pay attention to the features of the spatial localization of thermoelastic fields created as a
result of laser splitting of bilayer structures when implementing various options for the spatial ar-
rangement of the laser radiation and refrigerant impact zones. Figure 5 demonstrates that when im-
plementing the variants with the refrigerant, significant tensile stresses are created in the zone of its
influence on the surface of the processed sample (see Figures 5a, 5b). In the case of single-beam pro-
cessing variants, areas of significant tensile stresses are also formed in the bilayer structure but at a
significant distance from the center of the laser beam (see Figure 5c¢). In practice, this leads to instabil-
ity of the laser splitting process and the possibility of deflection of laser-induced cracks from the pro-
cessing line. The spatial configuration analysis of the boundary between tensile and compressive
stresses in bilayer structures in the processing zone (see isosurfaces at oy, = 0) allows predicting the
success of crack propagation in both layers of the bilayer structure. In this case, the most effective is
the use of laser splitting of the bilayer structure with sequential laser heating and under the action of
the refrigerant from the side of monocrystalline silicon (see Figures 5a and 5b). Note that similar fea-
tures were observed when simulating the laser splitting process of bilayer structures made of silicon
and glass using laser radiation with a wavelength of 1,06 um.
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a) double-beam exposure with the refrigerant;
b) laser impact with a wavelength of 0,808 um and the
refrigerant; c) laser impact with a wavelength of 0,808 um

Figure 4 — Temperature distribution in the volume
of the processed bilayer sample in processing
from the side of monocrystalline silicon, K

a) double-beam exposure with the refrigerant;
b) laser impact with a wavelength of 0,808 um and the
refrigerant; c) laser impact with a wavelength of 0,808 pm

Figure 5 — Distribution of stresses oy, in the volume
of the processed bilayer sample in processing
from the side of monocrystalline silicon, MPa
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Conclusions. The results obtained show the necessity to take into consideration the anisotro-
py of elastic properties of monocrystalline silicon when choosing the parameters of splitting bilayer
structures made of silicon and glass when the workpiece is exposed to laser beams with wave-
lengths equal to 0,808 um and 10,6 um and a refrigerant. The paper shows the feasibility of imple-
menting laser splitting of a bilayer structure with sequential laser heating and under the action of the
refrigerant from the side of monocrystalline silicon.
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