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Influence of Interfacial Compliance on
Thermomechanical Stresses in Multilayered
Microelectronic Packaging

Cemal Basaran and Yujun Wen

Abstract—Many analytical procedures are proposed for ther-
momechanical analysis of layered structures, mostly based on the
perfectly bonded interfacial conditions. However, in the microelec-
tronics industry, there is a strong desire to design packages with
flexible interfaces to decrease interfacial stresses and interfacial
delamination. In this paper, an analytical model based on flexible
interfacial compliances is presented for multilayered microelec-
tronic structures where loading can be a thermal gradient across
the layers rather than uniform temperature. Interfacial stresses
and the normal stresses in the layers can be calculated very effi-
ciently and quickly compared to time-consuming finite-element
analysis and following asymptotic analysis. The influence of inter-
facial compliance on thermomechanical stresses is investigated for
different cases.

Index Terms—Adhesive, delamination, electronic packaging,
laminated substrate.

1. INTRODUCTION

ATERIALS with different coefficients of thermal ex-

pansion (CTE) and stiffness are bonded together to
form laminated stacks in microelectronic packaging. Thermal
stresses, usually causing interfacial delamination and crack in
silicon die, result from the CTE mismatch of the adhesively
joined materials. Predicting the thermal stresses in multilayered
microelectronic packaging is always a challenging task. This
problem is particularly severe during manufacturing stage of
semiconductor devices.

Many researchers studied the failure mechanisms in multi-
layered structures. Timoshenko [5] is the first one to study the
interlaminar stresses in layered structures. An extensive survey
on the subject is presented in the earlier papers by the authors.

The biggest drawback of most of the proposed analytical
methods is that that they were not verified in the laboratory,
especially for small-scale structures like microelectronics.
Another drawback of the analytical solutions is that they assume
a uniform temperature change (isothermal condition) across
the structure. In most microelectronics, there is a gradient
of temperature across the package, not a homogeneous field.
Moreover, most of the models proposed in the literature assume
rigid interfaces and isotropic material properties. Wen and
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Fig. 1. Generic laminated beam-type plate with compliant interfaces.

Basaran [7], [8] developed an analytical model for multilayered
microelectronic structures based on the refined plate theory
with the assumption of perfectly bounded interfaces and ho-
mogeneous thermal field. This model considers each layer as a
beam-type plate with orthotropic material properties. Wen and
Basaran analytical solution was verified in the laboratory by
using high-sensitivity moiré interferometry. In this paper, the
interfacial compliances and temperature gradient are introduced
into the model and the influence of interfacial compliances on
the thermomechanical stresses is investigated for different cases.

II. FORMULATION OF THE ANALYTICAL MODEL

Consider N-layer laminated plate with compliant interfaces
as shown in Fig. 1.

Assuming there are no body forces and couple stresses acting
on the system, for a beam-type plate force and moment equilib-
rium equations for a kth layer can be given by

N§72 +nk=0 1))
M3 o+ cemf — Q5 =0 )
Q,+d"=0 3)
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where NV indicates axial force, M indicates moment, and () indi-
cates shear force per unit width. The comma identifies differen-
tiation w.r.t. the axis number after the comma. The superscript &
identifies layer number. The difference in interfacial stresses be-
tween layers k and (k-1) yield the stress imposed on each layer,
which can be given by

k k—1

ny = ob. (22, c1) — 05, (v2,—ck) (4a)
miy = o5 (w2, k) + 05, (12, —cr) (4b)
qk = O'k 1(:52, Cr) — Ufz(xg, —Ck). (4¢)

For a beam-type plate all, derivatives with respect to X; are
zero. The thickness of the kth ply is 2¢*. The superscript k,
which identifies the generic ply, will be dropped in the subse-
quent part for convenience.

During manufacturing, most microelectronic components are
exposed to a thermal gradient rather than a homogeneous con-
dition. Considering the thermal gradient across the laminated
assembly to be AT = az + b, the constitutive relations can be
derived as follows:

N, .
5= —Cijbaj + CioUs o
+ Knicn2,2 + Kp’ip7 27.7 = 17 2 (53.)
M, - _
T = —Cijacy — CioW oo + Kinima o
+ qiq/c (5b)
1
Oy + Wy = —544 <Q2 56m2> (5¢)

where

Koni = (3C5253;C;2/Cay — 2Ci2S4s + 2C5) /20,

1,7 = land?2
Ky = (3Ci283;C;2/Chs — 12Ci284 + 120;)/20
Kpni = (Ci253;Cj2/Cay + CigSas + 2C;) /12

K, = Ci/2
p= Uzz(x27 C) + Uzz(x2> _C)
h=2c, I=2c/3
_ C13C _ C13C
Cn = Chy — % Cra = C1z — 12:3332
Csy3C! Cy3C
Coy = Cay — 253331, Cap = Cp — 253332
~ C13 ~ Ca3
Ci=—", (Cy=-—-" 6
1 0337 2 033 ( )
where
Cij stiffness coefficients of orthotropic materials;

o coefficient of thermal expansion of kth layer in
direction 7;

AT temperature field function, aand b are constants
(assuming linear change in temperature);
U,W displacement components in the z2 and z

directions, respectively, at z = 0 surface,
(G the rotation of a normal to the reference surface

(z =0).

The solution of the differential equations given by the equilib-
rium equations and interfacial compatibility conditions (which
is discussed extensively in Section III) for the classical plate
theory yield the following stress and displacement distribution
equations

1 1
—N; + —Kﬂlg’g(zz — 62/3) + %Mi

TET R T g
1
+ —7Ki(cm272 +q)(2* = 3¢%2/5), i,j=1,2 (7a)
1
09, = an + G—Imz(Sz —c ) — 2—17Q2(z2 — 02) (7b)
_ 1 1 2 2
Ozz = 2 2hn2,2(z c )+ hq
1
— 6I(cm2 2+ ) (2% — ¢%2) (7¢)
where
K; = Ci2S3j¢2/Ca2 + Ci2S4a — Ci,  i,5=1,2  (8)
where
o1 normal stress in the x; direction in any layer;
o9 normal stress in the x5 direction, in any layer;
02, shear stress in the 2 — z plane;
Oz transverse normal stress in the thickness coordinate

z direction, peeling stress

2
w=W+S3; <Nj%+M]2I>

+ S5 K; 67 — g o(2® — c?2)
+ sgjkj%(z‘*/z; —3¢222/10)
52
S fadl
+ 33( p+ o5 )
- 533 6h’n2 2(2 - 30 Z)
— S33 il L(24)4 — 222 2)

2/'2 ZS
u2:U2—7W2 531 <N]2—h+MJ6—I>2

— Say G { T2 (/4 = ¢ [2)

W(Zf’/go - 22%/10)

61
Su3{ Zpa = Snaaal(eA/a - 3222 )
33 4p,2 6hn2 22 c'z

23 cma 22+ q2, 5 2 3

- I ey L T § . 6
T o N-cE )}

22 1 3 9
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- GLjQQ(ZS - 302,2)} (9a;b)
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Fig. 2. Elongated bimaterial plate.

where w, uy are the displacement components in the z and x>
coordinate directions, respectively.

III. COEFFICIENTS OF INTERFACIAL COMPLIANCES

The interfacial compliance concept was first put forward by
Suhir [1]-[3], and the coefficient of interfacial compliance was
given for the longitudinal direction in the beam. However, there
was an error in Suhir’s derivation of the coefficient of interfa-
cial compliance for the longitudinal direction. The expansion of
function cotanhwu was inaccurate which led to a compliance
coefficient that does not satisfy the differential equations. After-
wards, Suhir [4] reported the transverse interfacial compliance
coefficient. Here, we correct Suhir’s error and rederive the in-
terfacial compliance coefficients based on more general case of
orthotropic material properties and plate theory, rather than the
beam theory used in Suhir’s solution.

A. Transverse Interfacial Compliance Coefficient

Considering an elongated bimaterial plate as shown in Fig. 2,
the displacement can be evaluated from Ribiere solution for a
long-and-narrow strip Timoshenko and Goodier [6]

9
wy(z) = —%p(w) (10a)
1
2
wn(a) = L1 P2 (100
2

where w1 () and wo(2) are vertical deflections of the plate for
the first layer and the second layer along the y direction, v; and
Vo are Poisson’s ratios, hq and ho are the plate thicknesses, and
p(x) is the peeling stress at the interface.

Subtracting (10b) from (10a) leads to

(1=v)hy  (1—13) hy
E + Ey

wy () = we(x) — p(z). (11)

If we define K, as the transverse interfacial compliance

1
K, = (12)
1—1/12 hy l—ug ho
(RN
then (11) can be given as
wy(z) = we(x) — p[((z) (13)
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Fig. 3. Long-and-narrow strip subjected to shear loading.

B. Longitudinal Interfacial Compliance Coefficient

For along-and-narrow strip under shear loading at the surface
(Fig. 3), neglecting the bending contribution, the displacement
along the x axis at the edge y=0 can be written as

Sl /0 " Q©)de + Koa)

Ehb (9

uyg = —

where E and v are the elastic constants for the strip material,
K is the interfacial compliance, £ is the thickness of the strip, b
is the plate width, ¢(z) is the shear force per unit plate length,
Q(z) is the force at the x cross section and

15)

Expanding ¢(z) to a harmonics sinay, « series leads to

q(z) = bro(z) = bz QY Sin g . (16)
k

Substituting (16) into (15), and then into (14) yields

_1—1/2

uo(x) = T

Jre sin o + sz QEYE Sin QT
P 3
)

On the other hand, the displacement along the x axis at the
edge y = 0 can also be obtained from the Ribiere solution for a
long-and-narrow plate strip as follows:

1
uo(x) = 0 Z Y[3 — v — (1 + v)ugcotanhuy,)
k=1,3,5,...
cotanhug, + (1 4 v)ug|sinagz. (18)
where
__F o p o b
Tty FTMT
9 !
Y= — | 7o(x)sin agpzdz.
Ozkl 0
Comparing (18) with (17), we find that
P Yok YN (ug) sin agz (19)

" Eb >k Qe SID g
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where N (ug) = I+v/2)[B8 — v — (1 +
v)ugcotanh ug)cotanh ur + (1 + v)ur — (2(1 — v)/ug)].
For sufficiently small (h/1) ratios (say, (h/l) < 0.2, which is
usually the case in microelectronic packaging), we have

cotanh ug = coshup _ ™ +e7™
b Sinhuk o elk — e~ Uk
2 3 2 3
- 2 3 ) 3
Lbue+ 3+ F - 1w - F+ %
2+
B ud °
2up, + =+
Neglecting the third order term u% then
1
cotanh uy = — + =&
[ 2
1 3 - 1 3
N(up) = W“k _ deh.

(20)
Substituting (20) into (19), we get the simple formula for the
longitudinal interfacial compliance coefficient as
(1+v)(3=v)h
4b '
For an elongated bimaterial plate shown in Fig. 2, neglecting the

bending contribution, the displacements at the interface (y =
0)u; (z) and ua(z) can be evaluated as

K= @21)

. v —uv1)h
wle) =~ " Q(eag + L=
(22a)
2 v —v
wle) = 2 [ agae - L=l
(22b)

where 7 () is the shear stress at the interface.
Subtracting (22b) from (22a) yields

_ 2 _ 2 x
wie) = o) - (Gt + ot ) [ @

Z
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Fig. 4. Idealized model geometry (dimensions are given in Table I).

tronics packaging is considered. Fig. 4 shows the idealized ge-
ometry used in this study. The first layer is bismaleimide—tri-
azine (BT) and the third layer is silicon. To illustrate the influ-
ence of interfacial compliances, we consider two different types
bonding materials, which make the middle layers in Fig. 4. One
is eutectic Pb/Sn solder layer as a stiff bonding layer and the
other is epoxy layer as a compliant bonding material. During
the manufacturing process, the microelectronic packaging mod-
ules usually experience a high temperature gradient of approx-
imately 400 °C. In this paper, the microelectronic structure is
subjected to uniform temperature change of AT" = 400 °C.
Considering the interfacial compliances, the compatibility of
the displacement field is imposed at the interfaces as follows:

h h :
us (m, 71> = uj <x27—72> + ;‘gi (26a)
h h o3
2 2 3 3 2z
Uy | v2, — | =us | T2, —— | + (26b)
2 < ? 2 > 2 < ? 2 ) Km2
h h !
wt <:v2, %) = w? <z2,— ;) — ;(zyz (26¢)
2
w? (9. P2) Z (g, -3 — Oz (26d)
2 2 K,
where
ol peeling stress at interface 1;
o2, peeling stress at interface 2;
o5, shear stress at interface 1;
o3, shear stress at interface 2;

thKz%Kyla Ky2

orthotropic interfacial compliances,
and according to the derivation

p| GGl Q@i ] ) oy
Say
9 ) x
wr () = () — <1E1}i’11 + IEQ;ZZ) ‘ /0 Q(e)dt + %
24

where K, is the longitudinal interfacial compliance, where it is
given by
1
= 1) B—v)hy y (a)Bvadhs °
1 1

K, (25)

IV. CASE STUDY—A THREE-LAYERED
MICROELECTRONIC STRUCTURE

In order to investigate the influence of interfacial compliances
on thermomechanical stresses in microelectronics packaging, a
three-layered structure with dimensions common to microelec-

given in Section III, they can be
evaluated as follows:

e 1
1l = (14v231)(3—v231)h1 + (14v232)(3—v232)ho
4E21 8E22
1
K,= . .
vl = =2, 4 0=k
E3; 2E33
K 1
x2 = (14v232)(3—v2312)ho + (14v233)(3—v233)hs
8Fo 4E>3
1
K, = 27
v2 (1—v355)ho + (1—v333)hs ( )
2E32 E33

where F1, F31 indicate the Young’s modulus Fy and E3 for
the first layer, respectively. Fas, F3o indicate the Young’s mod-
ulus F, and F5 for the second layer, respectively. Fo3, F33 in-
dicate the Young’s modulus F5 and F5 for the third layer, re-
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Fig. 5. Comparison of shear stress at interface 1 for no compliance, and A, B, C, and D compliance scenarios.

spectively. vo31, V232, V233 indicate the Poisson ratio vo3 for the
first, second, and third layer, respectively. h1, hs, h3 indicate the
thickness for the first, second, and third layer, respectively.

After introduction of the boundary conditions, using a hyper-
bolic differential equation solution method, we can obtain the
analytical solution which detail are given by Wen and Basaran
in [9].

To investigate the influence of interfacial compliance on the
thermomechanical stresses, we assume four cases of compliant
interface configurations as follows.

Compliance A: Considering the compliances in 2 and z di-
rections at interface 1 and neglecting the corresponding compli-
ances at interface 2.

Compliance B: Considering the compliances in 2 and z di-
rections at interface 2 and neglecting the corresponding compli-
ances at interface 1.

Compliance C: Considering the compliances in x5 and z di-
rections at both interface 1 and interface 2.

Compliance D: Considering the compliances in x» direction
at both interface 1 and interface 2 and neglecting the corre-
sponding compliances in z direction.

Each one of these cases corresponds to certain potential next-
generation microelectronic package designs.

V. RESULTS AND DISCUSSION

A. Eutectic Pb/Sn Solder Layer as a Bonding Material

Table I shows the orthotropic material properties and the di-
mensions for the structure, where solder is the bonding material.

Figs. 5 and 6 show the shear stress distribution along inter-
faces 1 and 2 for no compliance, and compliance cases A, B,
C, and D. Compared to the shear stresses with no compliance,
—24.2 MPa at interface 1 and —110.5 MPa at interface 2, and
compliance cases A, B, C, and D yield increasing shear stress
values, 153.5, —27.6, —550.3, and —289.8 MPa at interface 1
and —700.9, —554.4, —536.5, and —355.5 MPa at interface 2,
respectively. Introducing interfacial compliance increases shear

TABLE I
MATERIAL PROPERTIES FOR THE STRUCTURE WITH SOLDER LAYER
M, (BT) M, (Pb/Sn solder) M (silicon)
E: (Gpa) 17.5 243 112
E, (Gpa) 10.4 243 148
E; (Gpa) 4.7 24.3 168
G, (Gpa) 3.54 9.2 46.2
Gi3 (Gpa) 9.04 9.2 33.2
Gy (Gpa) 1.58 9.2 51.7
Vio 0.32 0.32 0.28
Via 0.32 0.32 0.28
Vo3 0.32 0.32 0.28
ai(e-6/°C) 16 247 3
on(e-6/°C) 16 24.7 3
oa(e-6/°C) 16 24.7 3
h (mm) 1.32 0.096 0.714
2L(mm) 20.5

stress level both at interface 1 and interface 2. Figs. 7 and 8
show the peeling stress distribution along interface 1 and inter-
face 2 for no compliance, and compliance cases A, B, C, and D,
respectively. The maximum peeling stress values for no compli-
ance, and compliance cases A, B, C, and D are 147.96, —10.4,
—76.5, 48.2, and 122.6 MPa at interface 1 and —77.4, 228.92,
407.4,251.5, and —242.9 MPa at interface 2, respectively. Com-
paring the peeling stress values at interface 1 and interface 2 for
no compliance, and A, B, C, and D compliance scenarios indi-
cates that introducing interfacial compliance lowers the peeling
stress level at interface 1 but increase the peeling stress values
at interface 2.

The axial normal stress distributions in the BT layer and sil-
icon layer are shown in Figs. 9 and 10. Compared to the axial
normal stresses with no compliance, —15.7 MPa in BT layer and
62.7 MPa in silicon layer, compliance cases C and D yield stress
values much larger, —84.5 MPa, —41.9 MPa in the BT layer and
174.9 and 111.2 MPa in the silicon layer, respectively. However,
compliance scenarios A and B only increase stress values a little
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Fig. 6. Comparison of shear stress at interface 2 for no compliance, and A, B, C, and D compliance scenarios.
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Fig. 7. Comparison of peeling stress at interface 1 for no compliance, and A, B, C, and D compliance scenarios.

bit, 17.3 and —15.76 MPa in the BT layer and 65.8 and 70.2
MPa in the silicon layer, respectively. Again having compliant
interface increases the axial stresses in the layers. Figs. 9 and 10
show that the axial normal stress values in the BT and the silicon
layers are almost the same from x2/L = 0 to z2/L = 0.7 for
no compliance, and compliance cases A, B, C, and D. It should
be pointed out that there is a jump near the free edge of the axial
normal stress value in the BT layer for compliance cases A, C,
and D and in the silicon layer for compliance cases B, C, and
D. But there is no such jump in the BT layer for compliance
B, in the silicon layer for compliance A, and for no compliance
case. The jump is due to interfacial compliance. Compared to
BT material solder is stiffer. Hence, on the BT side of the in-
terface, in case B, there is no compliance. This is also evident
that scenario C introducing the compliance in both x5 and y di-
rections results in much more jump in stress than scenario D
introducing the compliance only in z9 direction. In the case of
the silicon layer, there is no jump in shear stresses near the free

edge as much when there is no interfacial compliance on the sil-
icon side of the solder layer.

B. Adhesive Epoxy Layer as a Bonding Material (Die Attach)

In this case, it is assumed that the second layer is epoxy with
soft interfaces relative to BT and silicon.

Due to space limitations, figures are shown, yet the results are
discussed in detail. The shear stress distribution along interfaces
1 and 2 for no compliance, and compliance cases A, B, C, and D,
respectively, were investigated. Compared to the shear stresses
with no compliances, —13.8 MPa at interface 1 and —22.5 MPa
at interface 2, compliances A and D yield higher shear stress
values, 24.5 and —17.3 MPa at interface 1 and —77.2 and —40.9
MPa at interface 2, respectively. Compliance C yields a higher
shear stress value —27.4 MPa at interface 1 and a lower shear
stress value —22.1 MPa at interface 2, and compliance B yields
alower shear stress value, 5.99 MPa at interface 1 and —9.5 MPa
at interface 2. The peeling stress distribution along interface 1
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Fig. 8. Comparison of peeling stress at interface 2 for no compliance, and A, B, C, and D compliance scenarios.
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Fig. 9. Comparison of axial normal stress in the bottom side of BT layer for no compliance, and A, B, C, and D compliance scenarios.
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Fig. 10. Comparison of axial normal stress in the top side of silicon layer for no compliance, and A, B, C, and D compliance scenarios.
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and interface 2 for no compliance, and for cases A, B, C, and D
were also investigated. The maximum peeling stress values for
no compliance, and compliance cases A, B, C, and D are —10.5,
96.97 MPa, 19.4 MPa, 26.5 MPa, and —13.8 MPa at interface
1 and —20.2, 26.3, 13.5, —37.8, and —41.3 MPa at interface
2, respectively. Comparing the peeling stresses at interface 1
and interface 2 for no compliances, and cases A, B, C, and D
indicates that introducing interfacial compliances can increase
the peeling stress level at both interface 1 and interface 2, except
for the case B, lowers the peeling stress at interface 2.

Compared to compliance cases A, C, and D, compliance case
B significantly reduces the interfacial stress level, except for
the peeling stress at interface 1. This is due to the larger stiff-
ness difference between the silicon and the epoxy layer at inter-
face 2 compared to the stiffness difference between the BT and
the epoxy layer at interface 1. Shear stress at interface 1 is re-
duced by 56.6%, shear stress at interface 2 is reduced by 57.8%,
peeling stress at interface 2 is reduced by 33.2%, axial normal
stress in the BT layer is reduced by 90.6%, and axial normal
stress in silicon layer is reduced by 96.8%.

VI. CONCLUSION

The analytical method proposed in this paper provides an ac-
curate and quick method to obtain stresses in a multilayered
orthotropic structure with interfacial compliances. Interfacial
compliances have significant influence on thermomechanical
stresses in multilayered microelectronics. Comparing the above
two cases with a stiffer solder adhesive layer and a softer epoxy
adhesive layer indicates that a softer adhesive layer can sig-
nificantly lower the interfacial shear stress level and the axial
normal stress in the bonded layers. A high shear stress and
peeling stress level are usually responsible for the delamination
failure in microelectronic devices. And the die crack often re-
sults from the high normal stress level in the silicon layer. Using
a softer adhesive layer can effectively increase the yield during
manufacturing semiconductor devices. The interfacial compli-
ances must be taken into account in structural analysis of mi-
croelectronic packaging, where reducing the stresses in silicon
layer is a big concern to increase production yield.
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