Formation of Surface Microcrack
for Separation of Nonmetallic

T. Elperin .
axomiov | \Wafers Into Chips
G. Rudin In recent years a technology for a high quality separation of nonmetallic materials into
. o chips using a surface (“blind”) microcrack attracted considerable attention in the elec-
Department of Mechanical Engineering, tronic industry. In this method a wafer is positioned on the translated X-Y table and is
 The Pearlstone Center heated by a laser beam up to a temperature of the order 0£800°C. The wafer is then
fOFAQTOHQU“Cm Eng|qeer|ng Studies, cooled by an air-water spray, and a surface microcrack is formed due to relaxation of the
Ben-Gurion University of the Negev, thermal stresses. The initial microcrack with a depth of the order of several hundred
P.0. Box 653, microns then propagates in a subsurface region of a wafer and follows the path of the
Beer-Sheva 84105, Israel laser beam. Theoretical modeling based on the solution of the equations of thermal

elasticity was performed to determine the distributions of temperature and thermal
stresses that cause formation of an “edge” microcrack (at the edge of a wafer) followed
by its transformation into a surface microcrack. The results of thermal stresses analysis
are in an agreement with experimental observatig®d.043-7398)0)00804-5

1 Introduction 1 The edges of the chips are mirror-like, i.e., free of any de-
. . . . S fects. This property of the obtained chips is of great significance
High quality separation of waters into chips is important to th% electronic industry and in processing of optical materials;

electronic industry. Since chips often operate at a high power, 1y : : :
- e . e method is environmentally friendly due to the absence of
level (Bar-Cohen[1], Suhir[2]) wafers with high quality edges the treated material dust in a zone of a separation;

are required. Most of the defects, e.g., microcracks, dislocations - P
etc., form during cutting. During heating, the defects at the edg;r(?3 The maximum temperature is significantly lower than the

; ) - . elting point of the treated material.
of a wafer(with a size larger than some critical sjzeropagate
inside the wafer and result in mechanical failure of an electronic In this study we developed a model describing this method for
assembly. Thus, the presence of defects influences the thertharmal splitting of glass and glass-like materials. The developed
reliability of an assembly, and high quality separation of wafensodel was verified experimentally, and analyzes the essential fea-
into chips is of great importance in manufacturing electronic contdres of the method in order to employ it for separating semicon-
ponents. High quality cutting of various kinds of amorphous sottuctor materials into chips.
ids, e.g., glasses, is of great importance in processing of optical
materials where t_he presence of defects with a size of the orderof gq|ytion of the Thermal Elasticity Problem
a wavelength of light is unacceptable. . o )

In this study we analyze a laser method for separation of wafersConsider a thermal elasticity problem for a moving wafer
manufactured from nonmetallic materials, e.g., glass, gla gated by a power laser beam incidentzatd/2 in a normal
ceramic and some other glass-like materials, into chips which §¥€ction to the surface and cooled by an air-water sgsag Fig.
based on the effect of a double thermal shock. In this method thk In order to determine the temperature field we used a method
wafer is positioned on aX-Y table so that the direction of trans-Of the unit instantaneous point heat sout@arslaw and Jaeger
lation of the table is along the line of separation of wafer. The’)- The temperature distribution in a wafer is governed by a
wafer is heated by a power laser bed@O,—laser, CW— nonstationary three-dimensional heat conduction equation with
operation, and is immediately cooled by an air-water spray simit'® @Ppropriate initial and boundary conditions:
lar to thermal tempering of glagsee, e.g., Ernsbergg3]). As a JT d
result of this double thermal shock a microcrack is formed at the Cpﬁ =NAT+ 6(x)5(y—y0)6(5—z) o(t) Q)
edge of a wafefsee Fig. 1c)). The microcrack with a depth of the

order of several hundred microns then propagates in a subsurface

region and follows the path of the laser beésee, e.g., Karaev T(t=0)=Ty, )\5 =k(T—Ty),

and Kornilov[4], Elperin et al[5], Elperin et al[6]). This blind z=—di2 o)
microcrack can be observed under the microscope and is essen- oT T T

tially different from a crack formed using a dicing s&kig. 1(b)) — =— =—] =

and laser scribing methodsee, e.g., Lumlej7], Powell[8] and 9Z|,_gp Nlyoom MXlyogw

Fig. 1(a)). The distinctive feature of the surface microcrack is that

its formation and propagation in a subsurface region of a wafer is
not accompanied by removal of the material from a microcrack.

At the next stage the wafer can be easily separated into chips

along the microcrack contour by applying small bending stresses. \/
This method has a number of advantages in comparison with cur-
rent laser methods, namely:

a) b) c)
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B whereQ=gq,—q, is the heat source at the surfaze;d/2, due to
laser heating and spray cooling of a wafer. In the case where the
\x cross-sections of a laser beam and a cooling spray have a rectan-
gular shape with the half-width,=0.5ab, h,=0.5ad in the x

and y-directions, respectively, for a laser beam ang-0.5ef,
Fig. 2 Scheme of the method for separation of wafers into ¢,=0.5gf for a cooling spraysee Fig. 2, the nonstationary spa-
chips using a surface (blind ) microcrack tial distributions ofgy, andq, are

o= 1cH(Cx=|Xo)[H(Yo—2hy = lo) = H (Yo~ 2h,—2¢y—1o)],

B _ _ — ©)
The boundary condition of the third kind at the surface, A =1aH (= XoD[H(Yo) =H(Yo =201, Yo=vto= Yo
=—d/2, relates to the case when theY table is heated to a

constant temperatur®, by a built-in electrical heater. Applying The rate of coolingd . is determined experimentally. After substi-

the Laplace-Fourier transform to E(.) yields tuting expression§9) into Eq.(8) and calculating the integral one
can obtain the three-dimensional distribution of temperature in a
d20 k¢ o 1 wafer.
0 B+ Pic| OLre— 1 8(Y—Yo), 3) The stress distribution at the edge of a watke region of the
origination of a surface microcragkan be determined using the
where plane stress approadBoley and Weinef10]). The stress com-

ponents are represented as a superposition of the stiggsets-
dr2 ) ing due to compression or tension on the middle plane of a wafer
O rc(S,B8,P) = . d/Z(T*To)eXp(*SH',BX) and the stresse®; caused by buckling of a wafer

d
X co ==z
Py 5
In order to determine the stresseg and &;; we represent the
The values, are determined from solution of the following tran-| aplace-Fourier transform of a temperature field in a similar form
scendental characteristic equation

22
dtdx dz 4) o3y =0 (%Y) + 5 0 (%Y) (10)

— 2z
wetanme=Bi, we=pid, Bi=kd/\. (5) OLF=0r+ 7O (11)
The solution of Eq(3) with the boundary condition&) yields The inverse cos-transform of the temperature distributién
reads
1
®LFC=T[EXF(_'yk|y_y0|)+exq_7k(y+y0))]x 1
L OLr(s.8.2)= 5 E A®c(s,B.p)Cos 5~ 5| (12)
/s -
»w=Vj3 + B2+ pﬁ. (6) The expressions fo@LF and G)LF are obtained by integrating Eq.

(12) over coordinatez

The inverse Laplace-Fourier transform of the expres$&rhas

. — 1 (dr 1w sin
the following form @LF:af ®LFdZZaE Ak®LFCIu—Mk (13)
—d/i2 k=1 k

oo 1 " t)i A p( ,uﬁat) (1 z) "
= X,Y, K €X COSpuy - 6 1—cosu, Sinuy
4mhtd k=1 d* 2 d ®LFZFJ O pzdz= 5 E AO el —2—— 2
@) Mk Mk
(14)
Here _
The components of thermal stressgs are expressed through
Ay=2(u2+Bi?)/(u2+Bi%+Bi), the Airy functionU and the thermal elastic displacement potential
¥ as follows
X2 (y=yo?* p[ (y+yo)? 2 2 2
9P P °P
F(x,y,t)=exp — —|ex +expg ———— |- — _ - _ — _ —)—
6yt F{ 4at [ F{ " 4at 4at } Uxx_Wz—v U'yy_Wv ny_axﬁy' d=U-2GV
(15)

Expression(7) represents Green’s function for the considered
boundary value problem. The temperature distribution in a waféhe functionsU and V¥ are determined by solving the following
is given by the following expression thermal elasticity boundary value problem
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The expression fos,, according to the Eq10) comprises two

Bl Zallrn® (16) terms. The first term in the expression feg, at z=0 is deter-
A><,y(A><,yU):0 a7) mined from Eqgs(15) and (23)
P*® 7D B - k
. = —8aGY, — 5| |Blexp(—
ox2 yoom OXOY| g 0 (18) (oxdir kz:l STapdld | Blexn —| Blyo)

2

whereA, ,=d°/x?+ 9% dy? is the two-dimensional Laplace op- 3 'i—exp(— 'kaO)} _463 %exp(— 7o) (24)
k k=1 Yk

erator,® is a temperature at the middle plane 0 of a wafer.

Equation(16) for the thermal elastic displacement potental o .
can be written as follows The latter expression is the Laplace-Fourier transform of the

Green’s function that represents a stress caused by the unit instan-
2 ) — taneous point heat source locatedyaty,, z=d/2. Using the
(&_yz_ﬁ Vir=a(l+v)0 tables of Laplace-Fourier integral transforms, the convolution
theorem and integrating the obtained expression with the heat

* By source functiomQ(Xgq,Yq,tp) over the spatial variables,,y, and
=2, ~Texp(— %y Yo +expt = y(y+yo)]  timet, we find
(19) T=8aG Y, By(lpLn—IcLo)—2a(1+»)G(y=0) (25)
whereBy = (Ay/2\d)(sin /) a(1+v). The solution of Eq(19 k=1 B
yields where the temperature rise at a middle plane of a wéfés
Wir=ag[explyky) +exp— yy)] — 1 (dr2
9=3 (9—Tp)dz
+hiexd —|Bl(yo—y)],  yY<Yo —di2
W e=ay[1+exp2yYo) 1exp — yiy) The expression fok,, has the following form
_ _ Yh2 [t
+boexd —[Bl(Y=yo)l. ¥>Yo (20) f f f f 5 cosBxg
Yh1 J O

Herea,,b;,b, are the arbitrary constants which are determined
from the continuity conditions for function®  andoW¥ /dy at
Yy=Yo. The final expression for the thermal elastic displacement X [ expl — Byo)ex —aul(t—ty)/d?]
potential has the following form

_ i \/a 20/ =t 1
Vir=a 1W (exp( YelY—Yol) —\/—;Bexﬁ—a#kt )fo W
1
+exr[—7k(y+yo)])—Wexp(—lﬂ(y—yo)b} (1) xexp[—(a,th’+y§/4at’)]dt’}dﬂdxodyodto (26)

The solution of the transformed equatitv) is Herey,,=rH(r1), Yna=uto. Integrating Eq(26) over B, Xo.Yo

prs 2 yields
(_2_ ,32) Ue=0 t

ay 2
Ly= f exp{—aﬂﬁ(t—to)/dz](;[arcsiﬂyhz/m)
0

and can be written as follows

U= (Cy+Dyy)exp(—|Bly) (22)

The integration constants, andD, are determined by substitut-
ing expressiorni22) into Eqgs.(15) and(18). The expression for the
function ® has the following form

1 h, (t7o 1
—arcsin(yp, /Vh2+y? ———XJ -
MYh1 Y] 2lm 2o T

X exp( —h2/4at’)[ erf(yp,/2+/at’) —erf(y,./2\/at’) |dt’ J dto

D=2 GE !
LFr=2a — s+auk/d2 exp( YYo) 27)
1 The expression fot. has a form similar to expressiof27)
= _ _ where h,, y,; andy,, are replaced by,, y.,;=rsH(rs) and
T |Blyo) |(1+]Bly)exp —|Bly) Vore o (r) respeciively. x» Ye

In order to determine the thermal stress caused by buckling of a
wafer, i.e., the second term in E(L0), we used the formulas of
Duhamel-Neumanksee, Boley and Weingd.0]) that provide re-
lationships between elastic stresses, strains and temperature

1
- ﬁ[exp(— Yy =Yol) +exp( — vy +Yo))]

|/3| [exp(—[Blly—yol) +exp—|Bl(y+yo)]  (23) E
Tx=1,2 [exxt veyy—a(l+v)T],
Substituting Eq(23) into Eq.(15) one can obtain the expressions (28)
for the stress components,,, o,y ,0yy at the middle planeg=0
of a wafer. The stress componem{, at the edge of a wafex oyy=12leyyt ven— a(l+v)T]
=y=0 is of particular interest since this component significantly
affects the initiation of a microcrack. The formulas for strain tensor components are
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 Pw 350

ExxT Exx L2
IX

(29)

32w 300

ay? o

wheres,,, &y, are the strain tensor components at the middle ® 250

plane,z=0, of a wafer. Substituting Eq29) into Eq. (28) and

using the linear approximation of the temperature fi@dpro-

Eyy=8&yy—Z

vided by Eq.(11), one can obtain the following formulas for the 200
components of the stress tensor
E [dw  Pw 2a(l+v)

We—~—=u% & ®§ 0 i
(30) y. 107%m

Oxx= Oxx— 0,

v+
1= 29932 Vﬁyz d
E

o 9w 9w 2a(1+v) -
Oyy= Oy~ 7,27 0

—trv——=+ —a Fig. 3 Temperature 9 at x=0, z=d/2 versus coordinate y for
ay 2 different values of time t (curve 1 —t=0.03s, 2—0.06s, 3

—0.09s, 4—0.125s)

At the edge of a wafer the stresae§y:Eyy:0. Therefore,

9w 1(6’2W 2a(1+v)@)

R Y A (1)
. 9* (ef) at the points of the intervdkf) (see Fig. 2 The maxi-
Now we use the boundary condition for a free supported Waferlq'tum value ofd9* (ef) at the locatiom will satisfy the condition

y=0 I (ef)>250°C(for glass to provide an effective cooling of the
Pw 12a(1+v) (92 heated surface of a wafer and to initiate a surfddimd) microc-
Tyzz_ REE 7d/2®z dz (32)  rack. The temperaturé* (ef) should be as high as possible,

provided that the maximum temperatudg, in a zone of heating
Substituting Egs(31), (32) into Eq.(30) and integrating with the is less than the temperature of softening of the treated material.
heat source functio®(x,,Yq,to) Over the spatial variables,, y, Calculations performed using E¢8) showed that for materials
and timet, we arrive at the expression for the stress tensor comwith low thermal conductivity the temperatui, scales with the
ponento,, at the edge of a wafer velocity of translatiorv as 9,%v ™2 in the range of velocities
0.01 m/s<v< 0.1 m/s that are used during treatment of glass and
3 (33) glass-like materials. However, in the case of materials with a high
thermal conductivity, e.g., silicon and some semiconductor mate-
rials, this dependence is weaker than that presented above. There-
fore, for semiconductor materials the feasibility of increasing the

Oyx= 0Oy~ 4a(1l+v)G

o N

where the temperature distributiah is similar to that given by

Eq. (14 value of ¥, by decreasing the velocity of translationis rather
_ 6 (d2 limited. An alternative method to control the temperature field for
= i f Yz dz a given laser powey;, is to change the dimensions of a laser focall
—diz spoth, andh, . Calculations show that in the case of materials

Using Eq.(25) the expression fowr,, can be rewritten as follows With @ low thermal conductivity the temperatu, increases
with decreasindy, . Thus, atv=0.1m/s the temperaturé, in-

* creases only by 9 percent with the decreaséofrom 0.003 to
oxx(x=y=0)=8an By(lpLh—1cLe) 0.001 m. However, the value &f, strongly affects the tempera-
k=1 ture 9,,, especially in the case of materials with a low thermal
conductivity. For example, in the case of a glass wafer moving
) with a velocity v =0.1 m/s we obtained an approximate depen-
denced,>hy . In a case of materials with a high thermal con-
(34) ductivity the value of the maximum temperature attained within a
3 Results and Discussion laser spot s:trongly depends bp while the temperatured™ (ef)
) ) ) ) at the locatiom only weakly depends oh, andh, because of a
Using Eq.(8) we determined the three-dimensional temperaturiigh rate of temperature relaxation from the laser spot at the sur-
distribution in a translated wafer heated by a power laser bedgte of a wafer. Therefore, for treatment of materials with a low
and cooled by an air-water spray. Figure 3 shows the dependefiggrmal conductivity it is preferable to use the laser beam spot that
of the temperature}(x=0, z=d/2) on the line of scanning of a is extended in thg-direction, i.e., 5hy /h,<10. For materials
laser beam versus coordinatéor different values of timet. The with a high thermal conductivity, the cross-section shape of a
results are obtained for a glass wafer with a thickness |aser beam with a given powey, only slightly affects a tempera-
=0.001m, B=0.1, To=150°C and operating parameters of theure distribution at a zone of cooling. Therefore, the control of
laser splitting method given in Table 1. Calculations show that themperature and stress distribution is much more complicated than

maximum temperature is attained at the locatidfig. 2). As the in a case of materials with low thermal conductivity.
laser beam is translated away from the egge0, the value of the

maximum temperature decreases slightly until it reaches the
quasi-stationary value.

Using the above expressions, we investigated the effect of theTable 1 Operating parameters for laser splitting of glass
operating parameters, i.e., velocity of translation of a wafer, di-
mensions of a laser focal spot, rate of a spray cooling, etc., on the | ggw) |1 Wm2| vaws) | b | bem) | bym) | cxm) | cym)
temperature and stress distributions in a wafer. One of the most
important parameters that affects the thermal elastic stresses and| 5 106 01 | ooos | ooor | 0003 | 0002 | 0002
the initiation of a surfaceblind) microcrack is the temperature

—2a(1+7v)G 9+2

O N
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2 The velocity of the translation of a wafer can be varied in the
range 0.01-0.1 m/s.

The dependence of the thermal elastic stress at the edge of a
wafer versus time is not monotonic as a laser beam moves away
from the edge. Initially when a laser beam is located at a distance
y<3hy, the stress is compressive in a zone of heating and is
tensile at the opposite surface of a wafer. Therefore, the crack is
initiated at the location Bsee Fig. 2, and propagates along the
line AB to the upper surfacédge crack In order to transform
the edge crack into a surfad@alind) microcrack(the main purpose
of this investigatiol it is necessary to provide a high cooling rate
of wafer. This provides a decrease in compressive stress at the
45 5 10 15 subsurface layer that inhibits the transformation of an edge crack

t, 10724 into a surface microcrack.

Fig. 4 Thermal stress o, at the edge x=y=0 of a wafer ver- ~ Nomenclature

sus time t (curve 1—the upper plane z=d/2, 2—the middle _ . L

plane z=0, 3—the lower plane z=—d/2 of a wafer. Solid lines— Bé.l B Eh_e;mal dk')ﬁusw'ty of a wafer
cooling rate  [,=10°W/m?,  dashed lines—cooling rate I = biot number

I;=0.5X10° W/m?). c = specifi_c heat o o
¢ me) Cyx,Ccy = half-width of a zone of cooling ix andy-directions,
respectively

d = wafer thickness
Figure 4 shows the dependence of thermal stresses at locationg, = laser power
A (curve 1), O (curve 2 and B(curve 3 versus timet using Eq. E = elastic modulus
(34). Calculations show that during the time intentat0.09 s, G = shear modulus
i.e., before cooling of a heated surface, the thermal stresses at Higx) = Heaviside step function
opposite surface of a wafer= —d/2 are tensilgFig. 4, curve 3. h,,h, = half-width of a laser beam im andy-directions, re-

This is the reason that a crack initiates across the whole width AB spectively

of a wafer("edge” crack). This theoretical result is also observedl, |, = laser beam intensity absorbed by wafer and rate of
experimentally. When an air-water spray is applied at the surface cooling, respectively

heated by a laser beam at time 0.09 s, the stress distribution in i= =

a wafer changes abruptly. The tensile stresg=at-d/2 signifi- k = coefficient of heat transfer

cantly decreases while the compressive stregs=ait/2 becomes I, = distance between a laser beam and a cooling spray at
tensile(Fig. 4, curve 3 that favors the transformation of an edge the surface of a wafer

crack into a surfacg“blind” ) microcrack. Calculations of a Q = total heat source at the surface of a wafer

stresses distribution showed that the rate of cooling significantlyp, s = parameters of cosine and Laplace transforms with re-
affects this transformation. The tensile stresszat—d/2 and spect to coordinate and timet

compressive stress at=d/2 tend to increase, and both these fac- T, = initial temperature of a wafer

tors prevent the transformation of the edge crack into a blind t = time

microcrack. This tendency is shown in Fig. 4 by the dashed lines U = Airy function

obtained for the rate of coolinig=0.5x 10° W/m? while the solid v = velocity of translation of a wafer

lines demonstrate the stress dependence versus timd.for w = displacement of the middle plane of a wafer in
=10° W/m?. Therefore, to initiate a surface microcrack it is nec- z-direction

essary to provide the highest possible cooling rate of a heated, z = Cartesian coordinates

surface. a = coefficient of linear thermal expansion

B = Fourier transform variable conjugate to coordinate
. S6(t) = Dirac’s delta function

4 Conclusions A = three-dimensional Laplace operator

We developed a physical model for wafer separation into chips @ij = Stress tensor component
that uses the initiation of a surface microcrack in nonmetallic A = thermal conductivity
materials by double thermal shock technique. The analyzed sepa- ¥ = Poisson’s ratio
ration technique comprises the following two stages: heating of a p = density o )
wafer by a focused laser beam and high rate cooling by an air- ¥ = thermal elastic displacement potential
water spray. This combined heating and cooling results in the © = Green's functon
initiation of the surface microcrack that propagates in the subsur- ¥ = temperature distribution in a wafer
face region of a wafer and follows the laser beam path withogfybscripts
removal of material from the microcrack. We obtained a solution

of a nonstationary three-dimensional thermal elasticity boundary (L: i EOSIlne tr?rnifc;rnrwm
value problem for determining the parameters, e.g., dimensions of - — aplace transio
F = Fourier transform

a laser focal spot, velocity of translation of a wafer, rate of cooling
of a wafer, a distance between a zone of heating and a zone_of
cooling, that are favorable for formation of a surface microcrackkeferences
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