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Controlled Fracture of
Nonmetallic Thin Wafers Using
a Laser Thermal Shock Method
We developed a theoretical model of a novel thermal laser shock method for separat
glass and glass-ceramic wafers into chips. The suggested model allowed us to dete
the operating parameters of the device for wafer splitting. The investigated metho
volves two stages: 1) formation of a surface (blind) microcrack (or a grid of surf
microcracks) using a double thermal shock method, and 2) splitting the cracked w
into chips along the microcrack contour by applying small bending stresses. The emp
was given to splitting of thin wafers with the thickness less than 1 mm. The latter pro
is more involved because of the undesirable spontaneous transition of a surface m
crack into a through crack.@DOI: 10.1115/1.1649245#
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Introduction
High quality separation of nonmetallic~e.g., glass, glass

ceramic! wafers into chips is of great significance in electron
industry. Since chips often operate at large thermal loadings,
quality of wafers and, especially, the high quality of their edge
required. Indeed, most of the defects, e.g., cracks, dislocati
etc., are formed during wafer cutting. When temperature rises
defects at the edge of a wafer can propagate inside the wafer
cause mechanical failure of an electronic assembly, e.g., br
fracture failure~see Suhir@1#!. The existing methods for cutting
materials used in electronic industry can be broadly divided i
two categories: mechanical and nonmechanical methods.
methods of the first category comprise the widely employed d
mond cutter and saw~Hnatek@2#!. In spite of the simplicity of the
mechanical methods and low cost, they do not allow to attai
high quality of the produced chips. At present the method of
separation using a diamond saw cutting technique is the m
widely used in the integrated circuit~IC! technology due to a
higher level of automation and applicability to a broader range
materials in electronic industry. Among nonmechanical meth
the laser cutting methods are the most versatile and they are
in various fields of technology, e.g., processing of substrate
electronics and for solar cells production, processing of am
phous semiconductors. Up to the middle of the 1970s the la
scribing method was one of the leading methods in IC technolo
and it was employed for separation of wafers into chips us
industrial YAG: NdQ-switched laser. Application of laser scribin
method involves formation of a groove due to evaporation o
treated material. The laser cutting method~Lumley @3#, Powell
@4#! uses a single thermal effect of laser radiation for cutting
wafer by a scanning laser power beam with the intensity tha
sufficient to separate the treated substrate into chips. In
method the laser radiation is absorbed in a thin subsurface re
of a material, and the relaxation of the induced thermal ela
stresses under certain conditions causes initiating of a thro
crack ~see Fig. 1~b!! from the upper to the bottom surfaces of
heated wafer which propagates along the trajectory of a la
beam scanning. This laser cutting method did not receive a w
range of applications because of the following shortcomings:

1. It does not allow to produce cracks along the intersect
directions;
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2. Frequently a crack is initiated outside the line of a be
scanning at a surface of wafer. In the latter case a cr
propagates in some accidental direction and ‘‘outstrips’
laser beam;

3. Relatively low rate of processing.

In recent years a novel method for a high quality separation
nonmetallic materials into chips using a surface~‘‘blind’’ ! micro-
crack attracted attention in the electronic industry and in proce
ing of optical materials. The essence of the method is that it
volves the following two stages: 1! formation of a surface
microcrack or a grid of surface microcracks, and 2! splitting of the
cracked wafer into chips along the microcrack contour by app
ing small bending stresses. At the first stage a wafer is positio
on the translated X-Y table and is heated by a power laser b
up to a temperature of the order of 300°C~see Fig. 1~a!!. Then the
wafer is cooled by an air-water spray~double thermal shock!, and
due to a relaxation of thermal stresses a surface~blind! microcrack
~see Fig. 1~b!! with the depth of the order of several hundre
microns is formed~Karaev and Kornilov@5#, Elperin et al.@6–8#!.
This microcrack that can be observed under the microsc
propagates inside the subsurface region of a wafer faithfully
lowing the path of the laser beam. Thus application of the la
method allows to attain a controlled fracture. In order to sepa
a wafer into chips it is necessary to form a grid of surface mic
cracks ~see Fig. 1~c!! which can be viewed from the top as
system of two parallel lines intersecting at a right angle. At t
stage the cracked wafer can be easily separated into chips a
the microcrack contour by applying small bending stresses,
the produced chips have the mirror-like and free of macro defe
edges.

The surface microcrack is essentially different from a regu
through crack~Fig. 1~b!! which is formed using a traditional lase
scribing method. Formation and propagation of the surface mic
crack inside a subsurface region of a wafer is not accompanie
the removal of the material from a microcrack and, therefore,
edges of the chips are mirror-like, i.e., free of any macro defe
~see@5# for more details!. Controlled fracture of thin wafers~with
a thickness less than 1 mm! is a more complicated technologica
problem because of the undesirable competitive one-step pro
whereby a surface microcrack is spontaneously transformed in
through crack. Such transformation is very undesirable beca
after separation of wafer into two segments it is not feasible
form surface microcracks in the direction normal to a throu
crack and to form a grid of surface microcracks~see Fig. 1~c!!.
The cause of initiation of a through crack rather than a surf
microcrack is a large compressive thermal stress at the uppe
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radiated surface of a wafer during the stage of heating of
irradiated surface of a wafer~see Fig. 1, location A!, and tensile
stress at the bottom surface~location B! caused by buckling of a
wafer. Such stress pattern results in formation of a through cr
~from A to B!. In order to prevent from through crack formation
is necessary to determine the operating parameters of the d
for wafer splitting~laser beam power, power distribution and co
figuration of a laser focal spot, rate of cooling, etc.! that allow to
reduce thermal stresses at the locations A and B.

Thermal Stress Analysis
In order to determine the operating parameters of the device

wafer splitting using a double thermal shock we solved a ther
elasticity problem for a translated wafer heated by a power la
beam incident atz5d/2 ~d is the thickness of wafer! in a normal
direction to the surface and cooled by an air-water spray~see Fig.
1!. The temperature distributionT(x,y,z,t) in a wafer is governed
by a nonstationary heat conduction equation with the appropr
initial and boundary conditions:

c
]T

]t
5lS ]2T

]x2 1
]2T

]y2 1
]2T

]z2 D1Q~x,y,t !dS d

2
2zD

T~ t50!5T0 , l
]T

]z
5h~T2T0! at z52d/2. (1)

It is assumed that the surfacesx56`, y50,̀ are thermally in-
sulated. A wafer is heated to a constant temperatureT0 by an
electrical heater built in into the translated X-Y table. Applicati
of the heater allows to decrease temperature difference betw
the surfacesz5d/2 andz52d/2 and thermal stresses in a wafe

In this study we considered three different kinds of the la
power distribution in a laser focal spot:

1. Elliptic symmetric shape with the Gaussian dependence
spatial coordinatesx, y ~see Fig. 2~a!!. The distribution of
the intensity is described by the superposition of the t
Gaussian functions,

qh5Ih@f~m5m1!2xf~m5m2!#,

f5exp$2m@x21~12«2!~y2yh!
2#%, yh5Dh1vt, (2)

where parameterx is equal to 0 and 1 for the TEM00 ~Gauss-
ian! and TEM01 laser modes, respectively:

2. Cross-section of a laser beam has a rectangular shape w
uniform power distributionqh5I h inside ABCD ~see Fig.
2~b!!

Fig. 1 „a… Scheme of the method for formation of a surface
microcrack: 1—laser beam, 2—air-water spray, 3—wafer „b…
cracks in a wafer obtained by different laser methods: b1-open
crack, b2-through crack, b3-surface microcrack „c… grid of sur-
face microcracks in a wafer
Journal of Electronic Packaging
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3. Cross-section of a laser beam in a plane comprises two id
tical rectangles BCKN, AMLD~the ‘‘splitted’’ laser beam!
with a uniform power distributionqh5I h inside BCKN,
AMLD ~see Fig. 2~c!!.

The rate of cooling of a heated surface is described by a supe
sition of the Gaussian functions:

qc5I c@g~m5m3!2hg~m5m4!#,

g5exp$2m@x21~y2yc!
2#%, yc5Dc1vt (3)

The parametersm3 , m4 andh are chosen to fit experimental da
on the rate of cooling of a heated wafer by an air-water spray~see,
e.g., Liu et al.@9#!. Analysis of this data shows that the rate
cooling qc weakly depends onT in the range of temperature
100,T,300°C. Hereafter we assumed thatqc does not change
with a temperature. The total heat sourceQ at the wafer surface is

Q5qh2qc . (4)

Applying the Laplace-Fourier integral transform to the he
conduction equation and the boundary condition~1! we deter-
mined temperature distribution in a translated wafer:

T2T05
1

4pld E0

t

dt0E
2`

`

dx0E
0

` Q~x0 ,y0 ,t0!

t2t0

3 expF2
~x2x0!2

4a~ t2t0!G H expF2
~y2y0!2

4a~ t2t0!G
1expF ~y1y0!2

4a~ t2t0!G J (n51

`
2~pn

21Bi2!

pn
21Bi21Bi

3expF2
pn

2a~ t2t0!

d2 GcosFpnS 1

2
2

z

dD Gdy0 . (5)

Here pn are the roots of the transcendental equationpn tan(pn)
5(hd/l)5Bi, and expression for the total heat fluxQ is given by
formulas~2!–~4!. Integrating Eq.~5! over the spatial coordinate
x0 , y0 and time t0 we arrive at the following expressions fo
temperature distribution in a wafer for two different profiles of t
power distributionqh

1. Power distribution is described by the formula~2!

T2T05
1

8ldm1
~Ihqh2Icqc!, (6)

where

qh5E
0

t

@Vh~1!2Vh~d1~«!!#S~v,z!dt0,

qc5E
0

t

@Vc~d2~0!!2gVc~d3~0!!#S~v,z!dt0 ,

S~v,z!5(
n51

`

An exp~2vpn
2!cosFpnS 1

2
2

z

dD G ,

Fig. 2 Different shapes of the laser beam cross-section:a-
elliptic, b—rectangular, c—‘‘splitted’’ beam
MARCH 2004, Vol. 126 Õ 143
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t2t0

4m1d2 , t54am1t, An5
2~pn

21Bi2!

pn
21Bi21Bi

,

x̄5xAm1,ȳ5yAm1,

Vj@d i~«!#5F@d i~«!,x̄,ȳ,ȳ j #2F@d i~«!,x̄,2 ȳ,ȳ j #,

d i~«!5
m i

m1
~12«2!,

F5
1

A11d i~0!~t2t0!
3

1

A11d i~«!~t2t0!

3expF2
x̄2

d i
21~0!1t2t0

GexpF2
~ ȳ2 ȳ j !

2

d i
21~«!1t2t0

G
3F11erf

ȳ1 ȳ jd i~«!~t2t0!

At2t0A11d i~«!~t2t0!
G .

2. Laser focal spot has a rectangular cross-section, the po
distribution does not depend on spatial coordinates~uniform
power distribution,~Fig. 2~b!, ~c!!. Then the temperature dis
tribution is described by the following formula:

T2T05
I hby

2

16ld E0

tFerf
x̄2āx

At2t0

2erf
x̄2b̄x

At2t0

2erf
x̄1āx

At2t0

1erf
x̄1b̄x

At2t0
GFerfS ȳ2 v̄t011

At2t0
D 2erfS ȳ2 v̄t0

At2t0
D

1erfS ȳ1 v̄t0

At2t0
D 2erfS ȳ1 v̄t021

At2t0
D GS~v̄,z!dt0

2
I c

8ldm1
qc, (7)

where

v̄5
~t2t0!by

2

4d2 , by5AD5BC, x̄5
x

by
, ȳ5

y

by
,

āx5
MN

2by
, b̄x5

AB

2by
, v̄5v

by

4a
, t5

4at

by
2 .

In the case of the cross-section ABCD~see Fig. 2~b!! the distance
āx50. Formulas~6!, ~7! are used for determining thermal stress
in a wafer.

In order to determine thermal stresses in a wafer we used
plane stress approach~Noda et al.@10#!. In this model the tem-
perature distributionu and the stress components5sxx ~the com-
ponentssxy 5syy50 because the edge of a wafer is free from t
external load! are represented in the following approximate for

T2T05M0112
z

d
M1 , sxx5s112

z

d
s2 , (8)

where

M05
1

d E2d/2

d/2

~T2T0!dz, M15
1

d2 E
2d/2

d/2

~T2T0!zdz. (9)

Expressions forT are given by Eqs.~6! and ~7!, s1 is a stress at
the middle planez50, s2 is a stress caused by buckling of
wafer. We determined the stress componentsxx at the edge of a
wafer x5y50 ~segment AB, Fig. 1! because this stress comp
nent is of paramount significance for initiation of a surface mic
crack. All the rest components of a thermal stress tensor at
segmentsxy 5syy50 because the edge of a wafer is free from t
external load. The thermal stresss1 is expressed by the Airy
function U and the thermal elastic displacement potentialC as
follows ~for details see Noda et al.@10#!:
144 Õ Vol. 126, MARCH 2004
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]2F

]y2 , F5U22GC, (10)

where

]2C

]x2 1
]2C

]y2 5a~11n!M0 , S ]2

]x2 1
]2

]y2D S ]2U

]x2 1
]2U

]y2 D50.

(11)

The boundary conditions aty50 read:

sxy5
]2F

]x]y
50, syy5

]2F

]x2 50. (12)

Applying the Laplace-Fourier transform to Eqs.~11! and the
boundary conditions~12! yields:

~s1!LF5
]2FLF

]y2 , FLF5ULF22GCLF , (13)

]2CLF

]y2 2b2CLF5a~11n!~M0!LF ,

S ]2

]y22b2D S ]2ULF

]y2 2b2ULFD50, (14)

~sxy!LF5 ib
]FLF

]y
50, ~syy!LF52b2FLF50 at y50,

i 5A21. (15)

Consider the thermal stress distribution in a wafer heated by
instantaneous point heat sourceqp(x0 ,y0 ,z5d/2). The expres-
sions for the temperature distributionT and the integralM0 are
obtained from Eq.~1! using the Laplace-Fourier transform:

TLF5
qp

2ld (
n51

`
An

gn
@exp~2gnuy2y0u!1exp~2gn~y1y0!!#

3cosFpnS 1

2
2

z

dD G ,
~M0!LF5

qp

2ld (
n51

`
An

gn
@exp~2gnuy2y0u!1exp~2gn~y1y0!!#

3
sinpn

pn
, gn5As

a
1b21

pn
2

d2 . (16)

Substituting Eq.~16! into Eq.~14! we arrive at the solution for the
functionsCLF andULF :

CLF5
qpa~11n!

2ld (
n51

`
An

gn
22b2

sin~pn!

pn
H 1

gn
@exp~2gnuy2y0u!

1exp@2gn~y1y0!##2
1

ubu
exp@2ub~y2y0!u#J ,

ULF5(
n51

`

~Bn1Cny!exp~2ubuy! . (17)

The integration constantsBn , Cn are determined from the bound
ary conditions~15!. Substituting expressions~17! into Eq.~13! we
determine the thermal stress (s1)LF at x5y50:

~s1!LF5
4qpa~11n!G

ld (
n51

`
An

gn
22b2

sinpn

pn
F ubuexp~2ubuy0!

2
b2

gn
exp~2gny0!G22a~11n!G~M0!LF . (18)
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The latter expression is the Laplace–Fourier transform of
stresss1 caused by the instantaneous point heat sourceqp .
Using the tables of Laplace–Fourier integral transforms and
convolution theorem allows us to determine the inverse transf
of the expression~18!:

s1~x0 ,y0 ,t0!5
8qpa~11n!Ga

pld (
n51

`

An

sinpn

pn
expS apn

2t0

d2 D
3E

0

`H b cos~bx0!Fexp~2by0!

2Aa

p
bE

0

t0 1

At1

expS 2
y0

2

4at1
2ab2t1D dt1G J db

22a~11n!GM0. (19)

Substituting the total heat sourceQ(x0 ,y0 ,t0) instead ofqp into
Eq. ~19! and integratings1(x0 ,y0 ,t2t0) over the spatial vari-
ablesx0 , y0 and timet0 we determine the stress atx5y5z50.

In order to determine the thermal stresss2 caused by buckling
of a middle planez50 of a wafer we used the Duhamel
Neumann relationships between the elastic stresses, strains
temperature~see Noda et al.@10#!. Using the boundary condition
at y50 for a free supported wafer we arrive at the followin
expression for the thermal stresss2 ~for details see Elperin et al
@6#!:

s25212a~11n!GM1 , (20)

whereM1 is given by Eq.~9!. The final expression for the stres
sxx is obtained from Eq.~8! using Eqs.~19! and ~20!.

Results and Discussion
We solved thermal elasticity problem for a glass or gla

ceramic wafer subjected to a scanning laser radiation beam
determined temperature and stress distributions in a wafer for
different kinds of the power distributionqh in a laser focal spot,
elliptic and rectangular distributions, respectively~see Fig. 2!.
Thermal and mechanical characteristics of glass used in the
culations are as follows:l51.2(W/m°K), a52•1027(m2/s), G
526(GPa),n50.3, a58.8•1026(°K21). Consider some result
obtained for a glass wafer with a thicknessd51(mm) and the
initial temperatureT05150(°C). The operating parameters of th
laser splitting method with an elliptic power distribution of las
radiation in a focal spot~2! are as follows:I h54.3(MW/m2), Biot
number Bi51, radius of a zone cooled by a water-air sprayR
52.5 mm, all the rest operating parameters are presented in T
1. Figure 3 shows the dependence of the temperatureT ~Eq. ~6!!
on the line of scanning (z5d/2) of a laser beam vs. coordinatey
~the initial distance between the axis of a laser beam and the
of a waferDh52 mm) for different values of time,t. The curves
1–3 have two maxima because the power of a laser beam
creases towards the beam center (x51, Eq.~2!!, curve 4~dashed
line! is obtained for the Gaussian power distribution (x50). The
maximum temperature in the case of the Gaussian power dist
tion is lower than in the case of the power distribution~2! with
x51.

Figure 4 shows the dependence of thermal stresssxx5s at
locations A~a microcrack is originated in this location! and B~see
Fig. 1! vs. timet determined for the case of power distribution~2!

Table 1 Operating parameters for splitting of glass wafers us-
ing TEM 00 and TEM01 laser modes

I c ~W/m2! v ~m/s! m1 ~m22! m2 ~m22! m3 ~m22! m4 ~m22! « h

106 2.50•105 3.75•105 2.70•105 4.50•105

0.05 0.8 0.3
Journal of Electronic Packaging
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with x51. These stresses are responsible for formation of a
face microcrack and, also, for the undesirable initiation of
‘‘through’’ crack caused by a high magnitude of a tensile stress
the location B. Calculations show that during the initial time i
terval (t,0.15 s), i.e., before cooling of a heated surface,
thermal stresses at locations A and B are compressive and ten
respectively. In the case when the initial distance between a l
beam and the edge of a waferDh50, the tensile stress at th
location B attains large values~up to 30 MPa! and can cause
formation of an undesirable through crack. When the distanceDh
is in the range 2 mm,Dh,3 mm, thermal stresses decrease at
beginning of a stage of cooling. The tensile stress at locatio
becomes compressive while the compressive stress at locati
becomes tensile that favors the propagation of a surface mic
rack. In a case of the Gaussian distribution~2! with x50 the
tensile stress at location B is high and can cause the initiation
through crack. Therefore, application of a laser beam with
Gaussian power distribution for formation of a surface microcra
in a thin wafer (d,1 mm) is questionable.

We considered temperature and stress distributions in a w
with a rectangular cross-section of a laser beam~Fig. 2~b!,~c!. The
operating parameters of a laser beam are as follows:

Fig. 3 Temperature T on the line of scanning of a laser beam
„Gaussian power distribution … vs. longitudinal coordinate y for
different values of time t „curve 1 —tÄ0.02 s, curve 2 —t
Ä0.1 s, curves 3, 4 —tÄ0.2 s…

Fig. 4 Thermal stress s at the edge of a wafer „location
A-solid lines and location B—dashed lines … vs. time t for differ-
ent values of the initial distance Dh between a laser beam and
the edge of a wafer: DhÄ3 mm „curves 1, 4 …, DhÄ2 mm „curves
2, 5… and DhÄ0 „curves 3, 6 …
MARCH 2004, Vol. 126 Õ 145

ense or copyright; see http://www.asme.org/terms/Terms_Use.cfm



e

e

t
-
u

lly

ur-
n B
a
sile

k at
a-

o a
ob-
fer

e-
he

ng of
rate

ate
c-

afer
he
ee-
m-

uss-

e
i-
ia-
the
roc-

an-
is

ess
and
ota-
res-
, a
rical

for

der-
al
c-

t

Down
I h51 MW/m2, v50.05 m/s,Dh55 mm, and we considered th
following dimensions of a laser spot:

1. AB/25bx52.5 mm, AD5by54.0 mm for a rectangular
cross-section ABCD;

2. MN/25ax51.5 mm, AB/25bx54.0 mm, AD5by
54.0 mm for a ‘‘splitted’’ beam~AMLD and BCKN!.

In both cases the cross-sections areas of a laser beam ar
same. Figure 5 shows the temperature distribution as a functio
coordinatey ~Eq. ~7!! obtained for the cross-section ABCD~solid
line! and the ‘‘splitted’’ beam~dashed line!. Calculations show
that in the case of the ‘‘splitted’’ beam the maximum values
temperature T0'300°C are attained at a distancex
52.5– 3.0 mm from the line of scanning of a laser beam. Te
perature in a zone adjacent to a line of scanningx50 does not
exceed the initial temperatureT05150°C, and it decreases due
cooling of a surfacez5d/2 ~curves 4, 5!. In a case of the rectan
gular cross-section ABCD the maximum value of temperat
~Fig. 5! is attained at the line of scanningx50 of a laser beam.
When a laser beam with the cross-section ABCD is used,
thermal stresses at the locations A and B are tensile~Fig. 6!,
during the stage of cooling the stress increases up to 28 MPa
can cause propagation of a through crack. In contrast to this,

Fig. 5 Temperature T on the line of scanning of a laser beam
„uniform power distribution-solid lines, ‘‘splitted’’ laser beam-
dashed lines … vs. longitudinal coordinate y for different values
of time t „curve 1 —tÄ0.02 s, curves 2, 4 —tÄ0.1 s, curves 3,
5—tÄ0.2 s…

Fig. 6 Thermal stress s at the edge of a wafer „location
A-solid lines and location B-dashed lines … vs. time t for a uni-
form power distribution „curves 1, 2 … and a ‘‘splitted’’ laser
beam „curves 3, 4 …
146 Õ Vol. 126, MARCH 2004
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case of a ‘‘splitted’’ beam the locations A and B are practica
free from the thermal stresses~curves 3, 4! before the stage of
cooling (t,0.1 s). When an air-water spray is applied at the s
face z5d/2 the stress becomes compressive at the locatio
~curve 4! and tensile at the location A which is lower than in
case of rectangular cross-section ABCD. The moderate ten
stress at the location A favors formation of a surface microcrac
the edge of a wafer (y50), and a compressive stress at the loc
tion B prevents from transformation of a surface microcrack int
through crack. Thus, using the ‘‘splitted’’ laser beam one can
tain the optimal thermal stress distribution at the edge of a wa
which favors formation of a surface microcrack.

Conclusions
We developed a physical model for separation of thin nonm

tallic wafers into chips using double thermal shock method. T
considered separation technique comprises the stage of heati
a wafer by a scanning laser beam and the stage of a high
cooling by an air-water spray. The combined effect of high r
heating and cooling results in the initiation of a surface micro
rack. This microcrack propagates in a subsurface region of a w
and follows the beam path without removal material from t
microcrack. We obtained a solution of an unsteady thr
dimensional thermal elasticity problem and determined the te
perature and thermal stress distributions in a wafer for the Ga
ian (TEM00 mode!, non Gaussian~similar to TEM01 mode! and
uniform distributions of a laser beam power in a focal spot. W
found that using the ‘‘splitted’’ laser beam with a uniform distr
bution of power one can obtain the optimal conditions for init
tion and propagation of a surface microcrack. In this case
temperature of a wafer in a region adjacent to a surface mic
rack remains close to the initial temperatureT0 , i.e., it does not
change during propagation of a microcrack along the line of sc
ning of a laser beamx50. The maximum value of temperature
attained at the distancex52 – 3 mm from the line of scanningx
50. This temperature distribution results in tensile thermal str
in the subsurface region of a wafer heated by a laser beam,
causes formation and propagation of a surface microcrack. N
bly, the thermal stress at the opposite side of a wafer is comp
sive preventing from the formation of a through crack. Thus
shape of the laser beam power distribution and a geomet
shape of a laser focal spot are of the paramount importance
formation and propagation of a surface microcrack.

The developed theoretical model can also be applied to mo
ately brittle semiconductor materials with a relatively low therm
conductivity. In a case of materials with a high thermal condu
tivity and very brittle materials~for example, GaAs! it is difficult
~if possible at all! to obtain a stable surface microcrack.

Nomenclature

a 5 thermal diffusivity
Bi 5 Biot number
c 5 specific heat
d 5 wafer thickness
G 5 shear modulus
h 5 coefficient of heat transfer between a wafer and a

X-Y table
H(j) 5 Heaviside step function

I h 5 maximum value of power of a laser beam absorbed
by a wafer

I c 5 maximum value of cooling rate by a spray applied a
a heated wafer

qc 5 rate of a spray cooling
qh 5 power of a laser beam
qp 5 power of the instantaneous point heat source
Q 5 total heat source
R 5 radius of a cooled zone
s 5 Laplace transform variable conjugate to timet
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t 5 time
T0 5 initial temperature
U 5 Airy function
v 5 velocity of translation of a wafer

x, y, z 5 spatial coordinates
x̄,ȳ 5 dimensionless spatial coordinates

a 5 coefficient of linear thermal expansion
b 5 Fourier transform variable conjugate to coordinatex

d~j! 5 Dirac’s delta function
Dh 5 distance between the axis of a laser beam and the

edgey50 of a wafer att50
Dc 5 distance between a cooling spray and the edge of

wafer
« 5 eccentricity of a laser beam spot
l 5 thermal conductivity

m, x 5 parameters of the power distribution of a laser bea
n 5 Poisson’s ratio
s 5 thermal stress
t 5 dimensionless time

C 5 thermal elastic displacement potential

Subscripts

LF 5 Laplace–Fourier transform
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