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Evaluation of Thermal Deformation in Electronic Packages

Hyeon Gyu Beom,* Kyoung Moon Jeong
Department of Mechanical Engineering, Chonnam National University

Thermal deformation in an electronic package due to thermal strain mismatch is investigated.
The warpage and the in-plane deformation of the package after encapsulation is analyzed using
the laminated plate theory. An exact solution for the thermal deformation of an electronic
package with circular shape is derived. Theoretical results are presented on the effects of the
layer geometries and material properties on the thermal deformation. Several applications of the
exact solution to electronic packaging product development are illustrated. The applications
include lead on chip package, encapsulated chip on board and chip on substrate.
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1. Introduction

Thermal deformation of a plastic package after
encapsulation is a potential reliability concern
(Lau, 1993). After encapsulation, thermal defor-
mation is created within a package due to thermal
expansion mismatch between the constituent
materials as it cools from the molding tempera-
ture to room temperature. Warpage of the molded
package becomes more serious as the package size
increases and the package thickness decreases.
The package warpage can cause problems with
mounting the package onto a printed circuit
board and often results in premature solder joint
failures. In-plane deformation of the package
caused by thermal loading is also a major cause
of solder reliability problems.

Studies on warpage of plastic packages have
been performed recently. Suhir and Manzione
(1992) developed an analytical stress model for
the evaluation of thermally induced bow of a
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large plastic package due to the nonuniform
distribution of temperature in the through-thick-
ness direction after a molding cycle. They treated
a plastic package as a rectangular homogeneous
plate. Subsequently, Suhir (1993) obtained the
analytic solution for warpage of thin plastic
packages subjected to a uniform temperature
change. In his work, a thin plastic package is
treated as a composite plate under plane strain.
Kelly et al. (1994, 1996) and Zheng et al.
(1997) employed the finite element techniques to
predict warpage in plastic quad flat packs after
encapsulation. Complicated geometry of the elec-
tronic packages makes it difficult to obtain the
analytic solutions for displacement distributions
in real packages. A closed form solution for
thermal deformation of plastic package has not
yet been derived.

The purpose of this study is to provide a
method for evaluation of thermal deformation in
an electronic package, due to thermal strain
mismatch. A thin plastic package can be treated
as a composite plate manufactured at an elevated
temperature and subsequently cooled down to the
room temperature. The problem of plate bending
of the multilayered structure subjected small
deformation is approached using the classical
plate theory. An exact solution for the thermal
deformation of an electronic package with a
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circular shape is derived in this paper. Theoretical
results are presented on the effects of the layer
geometries and material properties on the thermal
deformation. Several applications of the exact
solution to electronic packaging product develop-
ment are illustrated. The applications include
lead on chip package, encapsulated chip on board
and chip on substrate.

2. Formulation

A thin plastic package can be treated as a
composite plate manufactured at an elevated tem-
perature and subsequently cooled down to the
room temperature. Consider a deformation of a
plate composed of thin layers of isotropic linear
elastic material. The cross section of the plate is
shown schematically in Fig. 1. The plate has
constant thickness /. A temperature change 47T
from the initial stress—free state are uniform in the
plate. The temperature change is assumed to be
the same throughout the laminate. According to
the classical laminated plate theory, the displace-
ments at any point of a plate are written as
(Jones, 1975)

ui=u?—x3w,i(x1s xz)> (2:1’ 2)» (1)
us=w (x> x2)>

where 4, and y, are the in-plane and transverse
displacements, respectively, z{ is the in-plane
displacement on the main plane, and the subscript
comma(,) denotes a partial derivative with
respective to the in-plane Cartesian coordinates,
x; and x, The constitutive relations for the
laminated plate have the following form:
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Here N, and M, are the resultant stress and
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Fig. 1 Geometry of a multilayered plate

—w,;;, tespectively. §; is the Kronecker delta.
Ay By and D;; are the extensional, coupling and
bending stiffnesses, respectively, given as

h—h0

h—ho
Aij: 2 Ci,-dxs, Bij:[ho x:;ci;an,
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where C,, and Cy, are the stiffnesses given in
terms of Young’s modulus £ and Poisson’s ratio
y of the layer as C,=E/(1—* and C=vE/
(1—1?). €°7 and x7 are the thermal strain and the
thermal curvature, respectively, given as

or— L (" GoaTan
[ —A” _no 47 3
h—h0 __
XT:%/:M CMTXstaa (4)

where é:Cu‘l‘ Ciz A:A11+A12, ﬁ:D11+D12
and ¢ is the coefficient of thermal expansion. In
this paper, the repetition of an index in a term
denotes a summation with respect to that index
over its range 1 to 2 for a Roman letter lowercase,
unless indicated otherwise. Without loss of gener-
ality, we can place the main plane (x3=0) at the
distance

h h
h():/o. XgCnan//; Cuan, (5)

from the lower surface of the plate. Here, X3(=xs
+ 1% is the vertical coordinate of the given point

from the lowest surface of the plate. Clearly, (5)
—po
is equivalent to the condition B;= / g

—ho
stud?Ca:O-
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3. Analytic Solution

Many techniques and methods have been devel-
oped to evaluate the thermal deformation in
electronic packages. Because of complicated
geometry and highly nonlinear properties of the
materials composing the packages, it is difficult to
obtain the analytic solution for deformation dis-
tribution in real packages. To simplify the com-
plexities, the following assumptions are made in
this paper. The package is stress free and undefor-
med at the molding temperature. Mechanical
properties of materials are linear elastic and in-
dependent of temperature. Perfect adhesion exists
at the material interfaces within the package. The
laminated plate theory is employed to analyze the
warpage and the in-plane deformation of the
package after encapsulation.

Consider thermal deformation of a circular
laminate with radius R as shown in Fig. 2. The
circular plate has the stiffness tensors A;;, B;; and
Dy;; (=11, 12), and the stiffness tensors of the
circular inhomogeneity with radius g are A%, B
% and DJ. We introduce cylindrical coordinates
(7, 8, x3) for convenience, and take the origin of
coordinates at the center of the plate and denote
by # the radial distance of the point in the main
plane of the plate. All field quantities are in-
dependent of # and are function of » alone. The
main plane thermal strain and the thermal curva-
ture prescribed in the laminate are : ¢%f =¢£°78,;, x
G=x"0y for r >qand e * =l * 8y, x5*=x" 6y
for » <, respectively. The boundary conditions
along the outer boundary of the plate at »=pR
are:

H=0 gt r=R, (6)
Vr:0a Mrr:O at 7:R~

Fig. 2 Circular laminate with an inhomogeneity

Here ¢! is the resultant in-plane traction given as
t?=Nyn; where z; is the unit vector normal to
the plate edge and V, is the Kirchhoff force.
Applying the superposition principle, we can
obtain solutions of the plate from the sum of
solutions for problems ¢ and p as shown in Fig.
3. The displacements for the plate are written as

U= 242D+ 28, ©)

w:w(a)+w(b)’
where superscripts ¢ and p in parentheses indi-
cate the quantities associated with the problems ¢
and p, respectively. For the problem g, the circu-
lar plate has the stiffness tensors A,;, By and Dy
(7=11, 12). The main plane thermal strain and
the thermal curvature prescribed in the laminate
are : % =&78y, x5=x75,; throughout the plate,
respectively. The boundary conditions for the
problem g are :

D=0 gt r=R, (8)
V=0, M®=0 at r=R.

The problem g for the plate subjected to the
boundary conditions (8) can be solved by taking
N{P=0 and M{”=0 throughout the plate, which
satisfies the in-plane boundary condition (8) as
well as the equilibrium equation. Inversion of (2)
for N{¥=0 and M{P=0 gives the main plane
strain and the curvature

(a) Homogeneous circular plate

(b) Circular plate containing an inclusion with an equiv-
alent eigenstrain

Fig. 3 Superposition of elastic fields in a circular
plate
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%D =95y, 9
xP=x90;.

Here

@=(A—BD'B) (A" —Bx"), (10)
x9=(D—BA'B) " (Dx" — Be*"),
where A= A+ Az, B=Bn+ B, and D=Dy
+ Dy,. Integrating the strain-displacement rela-
tionships, the closed form of the corresponding
displacement can be expressed as

ud =@y,
w9 =0, (i1)

1
w®= —Tx“”rz,

Next, consider problem p for a circular finite
plate with a radius R as shown in Fig. 3. The
circular plate has the stiffnesses A;;, By and Dy,
and the stiffnesses of the circular inhomogeneity
with a radius g are A}, B} and D} The main
plane eigenstrain ¢ and the eigencurvature x}
prescribed in the circular inhomogeneity are
determined so as to satisfy the condition for the
equivalency of the resultant stress and moment in
the circular inhomogeneity. Making use of (2),
(7) and (11), it can be shown that

e =3y (12)
x5=x"0y-
where 60'IEDT*—EOM)—A*_IB*X(M and x*=
xT* — 4@ — D*-1B*%@ . The boundary condi-
tions for the problem § are :

H®=0 at r=R, (13)
V=0, MP=0 at r=R.
Recently, Beom and Earmme (1999) have

obtained the closed form solution for the displace-
ments for the problem p by using the equivalent
eigenstrain method. The closed form solution for
the displacement fields is written as

4
ug(b):{ 1-|-21) +p11}5°**r+1)12x”7, 23 =0,

w= _%[1)2160**7’24”{‘;—(1 +v°) +Z>zz}x**r2]
for y<a

A 2
ug(b):{%v—%‘f'f)nf}&o” + prox**r,

ug® =0,

W= -%[92150"74 {%(1 +v2)d*2nr/a
+1) + par 2" | for 7 >a (14)

Here ¢4=A/ A1, v°=Dy/Dy and the con-
stants p,; are presented in Appendix A. £** and
x** are the equivalent eigenstrain and the equiva-
lent eigencurvature for the circular plate, which
are written in terms of ¢°* and x* as follows

LR UES
(ot malleH 19
V4 o Fopllx
where F; are presented in Appendix A. Since the
solutions of the displacements for problems g and
b are determined as above, the complete solutions

for the displacement field for the circular plate are
written from (11)and (14) as

A
ud(r) ={ ]+20 +pu}e°" r+ (€94 prax**) 7,
ug(r) =0,
w(r)= x‘“)+pzls°“)r2+{%(l+v”)

1
iy
+p22}x**rz] for y<a

1 A 2
u2(7)={ +22} a—r'f'pu?’}Eo**
+ (94 prax**) v, ug(r) =0,
w(r)=—%[(x‘“)+pue°“)72+{%(1+UD) a
Qlnr/a+1) +p2272}x**] for »>a.
(16)

Thus, the in-plane displacement at any point of a
plate is obtained from (1) and (16) as

4
ur (7, x3) :[{ l+22) +ﬁ11]’€0“+6(a)+1)1zx**}7’

+X3|:X(a)+1)21€0”+{%(1 +v?) +ng};¢”}7’
for »<a,

] A 2
ur (7, x3) ={ +21) gy—ﬂmr}e"" + (94 prax**) r

2
+x3[(x(‘”+pzle°**) r—i—{%(l + vD)%
+p227}7r”] for »>a. (17)

The analytic solution (17) shows dependence of
the thermal deformation on the layer geometries
and material properties. Similarly, the corre-



Evaluation of Thermal Deformation in Electronic Packages 255

sponding resultant stress and moment can be
evaluated from (2) and (16) (Appendix B). It is
noted that the approach via the through-thickness
averaging approach in the lamination theory has
a limitation, i. e. it can not determine the local
stress fields which appear at the three junctions
between the individual layers and the elastic in-
homogeneity. However, the solution of the resul-
tant stress and moment obtained in this paper
provides an overview of the problem and the
locations of the critical elements in the structure.

4. Deformation of Electronic
Packages

This section illustrates several applications of
the exact solution obtained in the previous section
to electronic packages. The applications include
lead on chip package, encapsulated chip on board
and chip on substrate as shown in Fig. 4. The
technique developed for prediction of the thermal
deformation in a thin electronic package is appli-
cable to optimal design of a package with suffi-
ciently small warpage and in-plane deformation.

Consider thermal deformation of a lead on chip
package as shown in Fig. 4(a). A thin small
outline package (TSOP) is a typical example of
the lead on chip package. The circular chip with
radius ¢ and thickness 4 is embedded in a
triple layered plate with thickness /. The thick-
nesses of three layers composing the laminate are
BV, 5@ and 5@, respectively. The distance from
the lowest surface of the plate to the main plane
}°, the stiffness tensors of the triple layered plate
Ay By and D, and the stiffness tensors of the
laminate containing the chip A}, B} and D} can
be easily written in terms of %, CF (L=1, 2,
3), A" and C& from the definitions in the
section 2, which are presented in Appendix C.
Here the superscripts 1, 2 and 3 in the parentheses
represent the quantities associated with the layers
1, 2 and 3, respectively, and the superscript chip
denotes the quantities associated with the silicon
chip. The thermal strain and the thermal curva-
ture prescribed in the laminate are : £} =&%76y;,
L=xT8; for y >gand &*=&"T*8y, x ¥ =x"*8;
for < g, respectively, where &7, x7, £°7* and

Xy
B3 (0 ()
T 57
I B CH g | Fr
h
R OV (1 \

a

R

(a) Lead on chip

X3

R O g9 |

h
|h"”” C¥ g |
K ) g B

(b) Encapsulated chip on board
X3

hvfw Cb’w avklp

hCa 1% r h

(c) Chip on substrate
Fig. 4 Cross section of axisymmetric packages.

xT* are presented in Appendix C. The material of
layers 1 and 3 is molding compound and the layer
2 material is alloy 42. The material properties
used in analysis of thermal deformation for the
lead on chip package are listed in Table 1. For
three specific values of %®/}, the normalized
radial displacement 7 on the mid plane at x;=

%h—h" and the normalized transverse displace-

ment 1p are plotted as a function of »/R in Fig.
5. Here 7 and 4 are defined as #'(r)=

ur (7, %h—h") i - B w(r)

T ITR W) = e TR
respectively. The numerical values used in the
computation are as follows : z%/5=0.875— 3/
h h®/h=0.125, p*/p=0.3, a¢/R=2/3, h=1
mm and R=15mm. For the temperature change
AT =150°C, o***ATR=6.75ym and o***ATR?
/h=101.25,m. Figure 5 illustrates the effect of
the layer geometries on in-plane deformation and
warpage of the package. The thermal deformation
of the lead on chip package is influenced by the
location of the chip attached to the lead frame.
Figure 5 shows that the influence of location of
the chip on the in-plane deformation is quite
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Fig. 5 Normalized displacements for lead on chip
package as a function of »/R.

small. However, the influence is very strong for
the warpage. Figure 6 shows the effects of the
material properties of the molding compound on
the thermal deformation. Here the numerical
calculations are carried out for the package with
7Y/ R=0.575 and 4®/5=0.3. It is seen from Fig.
6 that the Young’s modulus and coefficient of
thermal expansion of the molding compound play
in a significant role in the warpage as well as the
in-plane deformation. Figures 5 and 6 show that
the influence of the layer geometries and material
properties on warpage and in-plane deformation
of the packages is very strong for the large size
package. The warpage sensitivity of different
packages to changes in the layer geometries and
material properties is higher as the thickness of

—— EYEM=1/10

4 6

o
w
o

10
o e

(a) Normalized radial displacement

0.6
0.4+
- —— EVE™=1/10
w(R o
(R) o2 - EV/EP=1/5
.................. EYEP=1/3

0.0

024

0.4

-0.6

0 2 4 6 8 10

1), _chi
oo™
(b) Normalized transverse displacement

Fig. 6 Effect of material properties on thermal
deformation of lead on chip package.

the package decreases.

Next, we consider thermal deformation of an
encapsulated chip on board as shown in Fig. 4
(b). A plastic ball grid array (PBGA) is a typical
example of the encapsulated chip on board. Bis-
maleimide Triazine (BT) substrate is normally
used for this PBGA. The silicon chip is directly
attached to the BT substrate. The circular chip
with radius ¢ and thickness 4 is embedded in
a bilayered plate with thickness /. The thicknes-
ses of two layers composing the laminate are j®
and /@, respectively. The thermal strain and the
thermal curvature prescribed in the laminate are :
e ="y xE=x"8; for y >q and 7 =£"T*
S xE*=xT*§,; for » < g, respectively, where £°7,

x7, &°T* and xT* are presented in Appendix D.
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Table 1 Material properties used in analysis of ther-
mal deformation.

Material E(GPa) v | a(ppm/C)
Silicon 170 0.25 3
Alloy 42 148 0.30 5
Molding
2 .
Compound $ 025 17
BT 20 0.20 15
8
6] ——EZE"=1/10
O @ rchip_
urm(R) E“/ETT=1/5

.................. EY/E"P=1/3

s
5>

<

0 2 4 6 8 10

2), chi
a( )/ac p

(a) Normalized radial displacement

—— E®/E™Mr=1/10
E@/E™=1/5
E®/E*=1/3

&

0 2 4 6 8 10
P
(b) Normalized transverse displacement

Fig. 7 Effect of material properties on thermal
deformation of encapsulated chip on board.

The distance from the lowest surface of the plate
to the main plane, 4° and the stiffness tensors Aij
By, Dy A%, B and D can be easily written in
terms of z@), C;E;'L) (L=1, 2), k% and Cfihz'p’

10

——E/E™=1/10

(=

0‘/achip

(a) Normalized radial displacement

a4 E/E""=1/5
s BEP=1/3
2 T T ) 2
0 5 4 6 8 10
a/a®

(b) Normalized transverse displacement

Fig. 8 Effect of material properties on thermal
deformation of chip on substrate.

which are presented in Appendix D. The mate-
rials of layers 1 and 2 are BT substrate and
molding compound, respectively. The material
properties used in analysis of thermal deforma-
tion are listed in Table 1. Figure 7 illustrates the
effect of the material properties of the molding
compound on in-plane deformation and warpage
of the package. Here the numerical calculations
are carried out for the package with 4% =0.3;,
P =1mm, 7P =0.5mm, a=10mm and R =20
mm.

Next, consider thermal deformation of a chip
on board as shown in Fig. 4(c). The circular chip
with radius ¢ and thickness %4 is attached in a
plate with thickness 4. The thermal strain and the
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thermal curvature prescribed in the laminate are :
e =¢"78y, xh=x78; for r>q and &f*=¢T*
8y» xF*=xT* 8, for ¥ < g, respectively, where &7,
x7, &7* and x7* are presented in Appendix D.
The distance from the lowest surface of the plate
to the main plane, %% and the stiffness tensors A,
B, Dy, Al, B and D can be easily written in
terms of /4, Cy;, A" and C§*?, which are present-
ed in Appendix D. The material of the substrate
is BT. Figure 8 iliustrates the effect of the material
properties of the substrate on in-plane deforma-
tion and warpage of the package. Here the numer-
ical calculations are carried out for the package
with %=0.3mm, h""**=0.5mm, a=10mm and R
=20mm.

5. Conclusions

Thermal deformation in an electronic package
due to thermal strain mismatch is investigated.
The warpage and the in-plane deformation of the
package after encapsulation is analyzed using the
laminated plate theory. An exact solution for
thermal deformation of an electronic package
with a circular shape is derived. Theoretical
results are presented on the effects of the layer
geometries and material properties on the thermal
deformation. Several applications of the exact
solution to electronic packaging product develop-
ment are illustrated. The applications include
lead on chip package, encapsulated chip on board
and chip on substrate. The layer geometries and
material properties composing the packages play
in a significant role in the warpage and in-plane
deformation of the packages. It is shown that the
influence of the layer geometries and material
properties on warpage and in-plane deformation
of the packages is very strong for the large size
packages. The warpage sensitivity of different
packages to changes in the layer geometries and
material properties is higher as the thickness of
the package decreases.
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Appendix A
The constants p;; are:

1 A 2z
;buz——gfv—%[DA(l—v") +B?,
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Dz=— 1—5]0 2 [D+D(1—-v")]B,
=g W[A(l—v")HUB,

Pt 5B+ AD(1—-07)),

(AD)

where A=A, B=B; D=D, and f:AD
— B?% The matrix F is given by F=L"!, where
the components of I ;; are

Lu:z—{;T{ (A*—A) qu+(B*—B) g+ A},

L12:~’1‘*—{ (A* — A) guo+ (B*— B) gz},

Lm——*—{(B* B) qu+ (D*—D) g},

LzzZBT{(B*“E) qut (D*—D) g+ D},
(A2)

1+ 4
where g =p;+ 5 G12=7P12» g =7p=1 and gy,

1+v

=pat
Appendix B

Nrr=Nop=A(1+0%) [{p“_%(l_w)}gon

+1712)(’”:|+B[Z)2180**+{1§22+%(1

+0?) }x“},
Mor=Ma=D (1+09)[{prs= (107 | **

+1721€0**] +B[1712X" +{P11+%(1

+v")}e°**],
Nrw=M=0 for y<g, (B1)
1 2
= AQ+09 | {pu—g (- vh Lferes

+P121“:’+B[p2150**+{p22+L(1+vn)%z_}x“:|’
Nar= A1+ 0| {put g (109 Lo+ ot
+B[pme°**+{z>zz~7(l+vb)§f}x**],
Mr=D (1400 [{pamy (1= %) G|+ poc]

+Bl:1>1276’” +{1’711+%(1 + UA)%}EO**],

2
=D(1+0) | {paty (1= 09 Lo+ e
2
+B|:p127(**+{p11‘%(1+0A)%[}€0**jl,
Nr=M=0 for r>a,
where A=A,,, B=B,, and D=D,,.

Appendix C

The distance from the lowest surface of the
plate to the main plane for the lead on chip
package is given by

};” 1 C](]l){h(l)z_I_kZ_ (h(ll_'_h(z))z} + C{f){(hm +h(2))2_h(1)2}
= 2 "

C{({)( h(l) + h(s)) + Cff) h(z)
(C)
The stiffness tensors are given by
Au: C§})(h(l)+ h(3)) + C'QJZ_)],L(Z)’
By=5 [ CPD— I~ "+ (h—)?

— (h(l)+ h(Z)_hO) 2}

+ C,(JZ){ (h(l) + h(z) — kO) 2__ h(l) ho) 2}]
Do=g (D= )=+ (h— 1)

— (h(l)‘l‘;’l(Z)_ hO) 3}

+ Cz(JZ){ (h(l)+ h(2) — hO) 3_ (h(l) _ hO) 3}]
AL=CP W=k +h) + CF*h**+ CPR®,
B;:%[C’(}){ (h(l)_hChip_ ho) 2 k02+ (h

— )= (WO + h®— 1)

+ Cghip{(h(l)_hO) 2__ (ha) _ hchip _hO) 2}

+ Cz(.,z){ (hﬂ)_,_ h(2) — hO) 2__ (h(l) _ ho) 2}]

=%[C$}’{(h‘“—h°“"— B)*—=h"+(h
_h0)3_ (h(1)+h(2)_h0) 3}

+ Cff'ip{(h‘“—ho) 3_ (h(l) _ hcm‘p _hO) 3}
+ CI(JZ){ (h(l)+h(2)— ho) 3__ (h(l)__ hO) 3}] .
(C2)

It is noted that By is not zero in general since 4°
is determined so as to satisfy B,;=0 only. The
thermal strain and the thermal curvature are given

by
7 =4L [ Fw ooy 1) + CO @ @],
A

xT= é’g [C(l)a/m{ (Y —p%)2—
_hO)z_ (h(1)+ h(Z)_ hO) 2}

W%+ (h
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+ C(z)aa){ (B + 5@ —p0)2— (B — ) 2}]
T = %{ [é(l)a(l) (B — penit 4 j®)
+ Cchipachiphchip+ C(Z)Q(Z)h(z)] ,
2 T* Z%[C(l)a(l){ (D — periv — oy —
+ (b= 1= (K + P — 1) %
+ Cchipachip{ (h(l)_ hO)Z_ (h(l) — hchip
— h°) 2} + C<2)a(2){ (B + B®— p0)2
— (K —=r)%] (C3)

Appendix D

For the encapsulated chip on board, it can be
shown that

Lo 1 CWRY+ CB (= 1)
T2 CiP ™+ CRh®
Ay=CRPrY+CPn®,
By=g [CP{ (R —)*— "} + C{
2
— )2 (= ),
D= COURD =1 — 1) + CP{
— 1= (K= %],
&7 :%(Cmamhm + C@ @ p@y,

r_ AT [ A wp (0 _ p0y2_ 00
#'=55 [COa (A — )2 — 1™}
+CPa®{(h— 1) — (K" =K%},
Al=CWHD + CFP o+ C (WD — h),
By = [ CO((O— )= I} + CE2{ (h®

+ R — )7 — (W — 1)}
+ C,(JZ){ (f’l— ho) 2__ (h(l) + hchip _ ho) 2}] ,

D= CPUO— 1)+ 1)+ CFP{ (R
+ hchip_hO):i_ (h(l) _ hO) 3}
+ Cg){ (h_ h0)3‘ (h(l) + hchip_ ho) a}} ,
807» =%[C(l)a(l)h(l) + CChiPachiphchip
+ é(z) 2@ (B — perip) ] ,
xT*= 2ADZ; [é(l)a(l){ (h<1)_h0)2_h02}
+ Cchifachip{(h(1)+ ek — hO) 2_ (h(l)_ hO) 2}

+ C(z)a(z){(h—ho) 2_ (ha) + JHiP — y0) 2}]

(D1)

In the special case in which ;V=p, CP=Cy, oV
=a, #?=0, C#=0 and ¢?=0, (D1) is reduced
to those for the chip on substrate shown in Fig. 4

(c).



