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ABSTRACT
OBJECTIVES
The original objective for the study was the construction of analytical theory for
thermal/residual stresses in thin films and bonding layers. However, prompted by the
reviewers of the Journal of Applied Physics, the P.I. involved one more goal, namely the
construction of numerical codes for the 2D and 3D fields, which caused the prolongation of
the planned work to the second year.

STATE-OF-THE-ART IN THE FIELD BEFORE AND AFTER THE WORK IS
DONE

Thermal/residual stresses in thin films and bonding layers are currently the main problem
of reliability in high speed electronics. Only simple 1D problems or heavy numerical
experiments overloaded by unnecessary information were available in literature before. The
work was proposed to derive the closed system of partial differential equations with respect
to thermal stresses, which would take into account the main simplifying feature of the
problem, namely the small thickness of films and bonding layers compared to their
dimensions in plan view. To this end, the approach taken from the dynamics of viscous fluids
and pioneered by Prandtl was used. As a result, such systems and necessary boundaryk
conditionsi were derived, providing the 2D analytical theories for thermal elastic stresses in
thin surface films and thin bonding layers. An analogous study was performed for total
plastic deformation of thin films and bonding layers, and the closed equation system of the

“theory of plasticity was derived for both.




A finite difference numerical code based on the analytical theory was developed and

verified in some calculations.

ACCOMPLISHMENTS

For the first time, the 2D analytical theory of thermal/residual stresses in thin films and
bonding layers was derived. This achievement is similar to fhe construction of the theory of
plates and shells by Kirchhoff and Love a century ago. The system of partial differential
equations appeared to have a specific structure with small parameters before the senior
derivatives, which is characteristic for boundary layer problems, and preliminary numerical

experiments unveiled a boundary layer near the trim of a thin film and/or bonding layer in

. plan view.

PERSONNEL

Luiz Martinez took part in the numerical calculations of thermal stresses in thin films

without a financial support from this grant.

PUBLICATIONS

1. On the theory of thermal stresses in a thin film on a ceramic substrate, J. Appl. Phys.,

75(2), pp. 844-849, 1994.

2. On the theory of thermal stresses in a thin bonding layer, J. Appl: Phys.,78(11), pp.

6826-6832, 1995.

A computerized model for thermal stresses in thin films, Computers and Structures

(%]

(jointly with L. Martinez), to be published in Spring 1997.

it




.

4. Flow past a cylinder of an arbitrary cross section in a saturated porous medium under
ény Peclet number, SIAM J. on Applied Mathematics, (to be published in Spring 1997).
One section in this paper treats an application of the derived solution to the growth of

planar voids in fine lines described by the 2D diffusion-electromigration of vacancies in

the field of tensile stresses and temperature.

6. NEW DISCOVERIES AND INVENTIONS

New effects of Poisson’s ratio mismatch and periodic law of thermal stress distribution in

plastic region were discovered.

No inventions or patent disclosures were performed.
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PART 1
THE THEORY OF THERMAL STRESSES IN THIN FILMS

It is generally recognized that thermal stresses in thin films are primanly responsible for
morphological changes in thin films, including hillocks, whiskers, and void or pit formatjons,
which present serious problems of reliability in microelectronics. In Part I, the analytical theory of
thermal stresses is constructed under some natural simplifying assumptions. The latter include
that of the thermoelastic or thermoelastic-plastic behavior of the materials of a film and substrate
after depositing the film and cooling the composite system to an qperational temperature. The
closed system of governing partial differential equations for thermal stresses in a thin film is
derived for any in-plane shape of the film. Some particular problems are solved in an explicit form

and the implication of the solutions for the prediction of hillocks is discussed.

1. INTRODUCTION

Suppose, for example', that Pb is deposited on a Si substrate at room temperature in the
form of a thin film, and then the composite material is cooled to 4.2 K where the Pb becomes
superconducting. The coefficients of the thermal expansion of Pb and Si are 29.5x10°/°C and
2.6x10%/°C, respectively. While the Pb tries to shrink, the Si substrate rgstricts it from doing so;
hence, in cooling, the Pb is under tension. These thermal stresses may include plastic yielding of
the film and the formation of hillocks.” An analogous phenomenon is possible for some
semiconducting alloys deposited on a substrate and cooled to the nitrogen temperature where
some semiconductors become superconductive. Upon heating the composite back to room
temperature, the thin film tends to expand and again is restricted by the substrate. Thus, the thin

film is under compression upon heating.




In Part I, the analytical theory of thermal stresses in thin films is constructed subject to the

following assumptions:

1. The thickness of a film is much smaller than the thickness of a substrate
and any in-plane dimension of the film and substrate.

2. No shear or open-mode cracks are formed during the deformation process
by cooling/heating (ideal bonding).

The material of the substrate is homogeneous, isotropic, and linearly

(0%]

thermoelastic.

4. The material of the film is homogeneous, isotropic, and ideally

thermoelastic-plastic.

This treatment is based on ideas advanced earlier as applied to simiplier problems’.

2. SYSTEM OF GOVERNING EQUATIONS

A. Thin film

Consider a thin film deposited on a substrate (Fig. 1). For clarity, the film is depicted in
Fig. 1 in plan view in a rectangular form having dimensions of 2/x2/. However, the theory
treated below is valid for any film form. The plane, z=0, is chosen along the flat film-substrate
interface and a possible film-unprotected surface of the substrate. The planes, y=0 and x=0,
coincide with the planes of symmetry. It is assumed that the boundary surface of the thin film at

z=t is free of tractions (t is the film thickness):

when z=1 |xl<lx, |y|<1y O =T =Ty =0. (2.1)




The edges of the film are also free of tractions:

O<z<tx==%I, 0, =T, =T,=0;
b Xy Xz 4
when (2.2)
c}'

O<z<ty=z%l
The film-substrate interface at z=0 is ideally bonded so that all displacements and stresses,

G2, Tz, and T, are continuous across the interface. Designate that

T, =T, atz=0, 1, =1 ,atz=0 (2.3)
In what follows, the stress, o,, is considered negligibly small in both the thin film and

substrate boundary zone influenced by the thin film and located near the latter. Therefore, the

equilibrium equation with respect to the z axis is not essential and can be omuitted.

Consider the equilibrium equations with respect to the x and y axes:

o, Ot, ot
T+ TE =0 (2.4)

(2.5)

Here, O, Oy, Txy, T, and Ty, are stresses.

Let us integrate Egs. (2.4) and (2.5) over z from z=0 to z=t. Using Egs. (2.1) and (2.3)

we derive

& dy ot '

0c, ot T

= : (@2.7)
ox t _

Here, Ex(x, y),Ey(x, y), and T xy(x, y) are corresp'c;nding mean stresses in a thin film:




2. 1
a)

film_ L

~—— boundary zone
substrate

b)

FIG. 1. Schematic representation of a film-substrate composite: (a) planar view of a deposited thin film, with
dimensions, 21, x 21, x t. (b) Sectional view showing the substrate boundary zone with dimensions 21, x 21, x ty.

— I —_ In _ 11
zez.[, o, dz, cy=;_’; o, dz, ‘cxy:;J; T, dz. (2.8)

Prior to when yielding occurs, the film material is thermoelastic and satisfies the following

incremental Hooke’s law equations:

dAU) AE: - Uf AEV

o £ +a AT, (2.9)
NAV) AT, -v,.AG,
agy ) 2% = L 1a,AT, (2.10)
f
V) At
dar) aa )= == (2.11)

» & G,




Here, U(x,y) and V(x,y) are mean.displacement components along the x and y axes, respectively
(in a thin film), E is Young’s modulus, G is the shear modulus, v is Poisson’s ratio, and o is the
thermal expansion coefficient. Subscript f corresponds to the film material. The value of T
denotes the temperature with respect to a certain reference temperature when all thermal stresses
equal zero. (In the example of the Introduction, the reference temperature is room temperature,
at which Pb is deposited on Si.) The symbol A designates the infinitesimal increment of a quantity
in the thermal process of heating or cooling corresponding to the growth AT of the temperature.
The parameters o, E, G, and v, generally, are some functions of temperature. Equations (2.6) and

(2.7) hold for stress increments, t0o.

B. Substrate

A thin film influences the stress and strain field of a substrate in a certain boundary zone in
the neighborhood of the thin film. Outside the boundary zone, the stress and strain field is not
perturbed by a thin film, hence it is the same field as without the thin film. We assume that the
boundary zone occupies the domain 0 >z>-1#, ,|x| </ and|y| </ ,inFig 1(b), where s, is
the thickness of the boundary zone. The value of 7, , if unknown from the physical formulation of
a problem, is considered as a fitting parameter, which can be chosen to better approximate the
function of primary interest. For example, in the case of a rigid, strip-shaped thin film, it was
determined that’ from a comparison with the exact solution, #, roughly equals one-sixth of the

strip width.

Due to bonding with no slipping between a thin film and substrate, and because of the

small thickness of the thin film, we can ignore the bending stresses in the film. Under these




conditions, the thin film can induce in substrate only shear stresses, T and T,, , and in-plane
displacements, # and v, and in-plane stresses, ©. , G, , and Ty . Equilibrium equations with

respect to the x and y axes have the form of Eqs. (2.4) and (2.5). In the substrate boundary zone,

we have

0 0 0 0
—>>— and —>— ,
oz 0Ox 0z Oy

so that Egs. (2.4) and (2.5) take the following form:

&txz &Cyz
2 =0 =0 (2.12)

[C\])

Also, in the boundary zone we have

cu  ow v ow
—>>—— —>>——

cz ox 0z cy

where u, v, and w are displacement components, so that the incremental Hooke’s law can be

written in the form

(2.13)

Subscript s corresponds to the substrate material. The A is an infinitesimal increment of a

quantity in the heating-cooling process corresponding to the growth, AT, of the temperature.

- Integrating Egs. (2.12) and (2.13) over z, we obtain
T,=T, (x, y) , T, =T, (x,y) , (2.14)
At At,
Au=zE-x—+AU(x,y) , Av=z-a—+AV(x,y) . (2.15)




Here, we used the equilibrium and continuity equations on the film-substrate interface. Moreover,

fhe following compatibility equations should be satisfied:

when z=1, Au=Auy , Av=Ay, . (2.16)

Here, uo (x,y) and v, (x,y) are the corresponding displacements, u and V; of fhe field unpertﬁrbed
by the film. The functions u, and v, should be determined from analysis of the internal stress and
strain field in a substrate without a film. In the following, they are considered given. For
example, if the substrate without a film suffers an unconstrained uniform thermal deformation. we

have

when z= -f, ©  Aug= xo, AT Avp= yo, AT . (2.17)
[Hére, we also used the symmetry condition in Fig. 1.(a).]

Thus, from Eqgs. (2.15) and (2.16), it follows that

AU=au, +258% (2.18)
9 GS
t, AT,

AV =Av, + "G L (2.19)

Substituting AU and AV in Egs. (2.9), (2.10), and (2.11) by Egs. (2.18) and (2.19), we

obtain

Er ——G'—S ax T o —Ctr-AT > (220)
Ag, -v;Ac,  t, E(A‘cy) O(Avo)

= "5 % o _—_afAT : (2.21)
Az, :t_b{a(frx)+a(Ary)}+a(f\uo) 5(Av,) o)
G; G.f oy ox oy 0x




From Eqgs. (2.6) and (2.7), it follows that

=\ alaz
%Azx=a(§xc*)+o(a;“) , (2.23)

7 i (2.25)
‘ 2.25
G, (A5, -v,A5,  &(Au,) )
= -+, AT ,
tt, E, ox

oo (2.26)
G, (A5 -vAg, 5(av,) o AT\
Gl
5 &\at,) ¢ AT,
—;@(A@fi\@)*" Lx~“)+ (Cy)
(2.27)

_G.[ar, a(sw))
o s )

St Gy &y

The system of three partial differential equations, Egs. (2.25)-(2.27), will serve to find the

increments of thermal stresses G,, G,, and T, in a thin film in terms of x and y. In view of Egs.

(2.2) we have




x =%l Ay = ATxy =0 -_5_}’—+ = =
L OAT,  OATyy (2.28)
y=i‘1y AGy=A‘L‘Xy=O , —5x—'+—77-y—=0

The boundary value problem in Egs. (2.25)-(2.28) is appropriate for both the analytical

and numerical study of thermal stresses in thin films.

3. A STRIP-SHAPED THIN FILM ON A SUBSTRATE

Consider the case of Fig. 1(a) when /, >> /. , where a thin film is deposited in the form of
an infinite strip, | x | </ , of width 2/, . In this case, due to the symmetry, we have
Z_o ., 1_=0 G.1)
oy
We also assume that Auy = oxAT and Avy = ayAT.  With regard to Eq. (3.1), the

governing equation system, Eqgs. (2.25)-(2.27), become

d* (a5,) K _
———==—5AG, +FAT (3.2)
dx- -
Here, .
:_les(l—v-;.) 22
k _—_—tthf , (3.3)
po S (1+v,) (o, —at,) (3.4)
tt, .
AT, =v,AG ~(a; ~o,) E,AT . (3.5)

The solution to Eq. (3.2) meeting the boundary condition, AG, = 0, when x = + /. , is as

follows:




s FATI: cosh (kx /1, o L6
O = k? coshk(T) ’ (3.6)

where F is a constant. It is just as easy to find the solution for the arbitrary function F = F ().
Since o¢, o , Eg, v¢, and G, are certain functions of temperature T, we integrate Eq. (3.6) over T

and obtain

[ cosh( 1 3
. [t F(T) | cosh(xk(T)//) G.7)
= L k*(T) [ cosh k (T) 'IJdT '

Here, T, is the initial temperature of the heating/cooling process. Functions, F(T) and k(T) are
defined by Egs. (3.3) and (3.4), e.g., in the example problem of the Introduction, Ty is the room

temperature, T is the helium temperature, and

5 (1)=0 (3.8)

and from Eq. (3.7), it follows that

_ . [t ED cosh(xk (T) /1) )
=i e { ok T G2

q =+ LT o, (T)— o (T)] E; (T) dT

,  [rve(DED cosh(xk (T)/ lx) )

+1 Lo k*(T) { cosh k (T) ST (.10
T I l

- _y ,[ F(T)smh(k(T)x/ K>dT | G

=t :
Y L k*(T)coshk(T)

10
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~ Thus, the thermal stresses are determined for arbitrary functions, o (T), a(T), E{T),

Gy(T), and v/ (T).

4. SOLUTION FOR LARGE &

The case of large & defined by Eq. (3.3) is of importance for very thin films, which is
realized, for example, when 12 >> tt, and G is of the order of E;. In this case, the solution to the
governing equation system, Egs. (2.25)-(2.27), constitutes a narrow boundary layer that borders
the contour of a thin film. Everywhere inside the arbitrary contour of a film, except for the

boundary layer, the solution is given by the following equations:

— — 6 Au,
AT, -V, AT, = E(AT| ——r -0, : (4.1
— — ¢ Av,
AG, - v;Ac, =E AT Ey— AT -0y , (4.2)
_ 0 Av, - 0 Auoj
= - - - 4"‘
AT, G,AT(ax AT T3y AT (4.3)

In a normal .case, when Aup = o,xAT and Ave = a,yAT, we have AG, = AG, and AT, = 0.

Inside the boundary layer, it is expedient to express the thermal stresses in terms of x, and
x,, where Ox.x. is the local coordinate frame with the origin at an arbitrary point, O, of the
contour of a film, and x, and X, are, respectively, normal and tangential directions at O, with

respect to the contour. In this case, Egs. (2.25)-(2.79) can be reduced to the following equations:

T &as)
dx?

k2
72
X

TAS, +FAT 44)

11




AG, =Vv;AG, ——(af —Ots) E AT

(A‘fxnxl = 0 4 AVO = athAT ) Auo = asanT) ’ (45)
is

=g ' 4.6)
dx

The solution to these equations satisfying the boundary condition, AG, =0 when x =0 (on
the film contour) and approaching toward the stress field given by Eqgs. (4.1)-(4.3), when X, — x,

is easy to find in the following form:

—_ :f F(T) - (e—xn[k(T)/L(] _1) dT , (47)
 [k(D/1]
KT k(T
o ED [—X—Q) dT (4.8)
[k /L I,
The width of the boundary layer is roughly equal to
(4.9)

2, [ ®,E,

k(T) Gs(l—vi)

While x, is increasing, T, monotonously decreases toward zero when X, — o, and G

monotonously increases toward the constant maximum defined by Egs. (4.1) and (4.2).

Maximum values of 1, and G, follow:

. _ L fr _F(DdT .
" (q“n) max ™ t'[;: k(T)/lxz (Xn - ) ’ (410)
| __F(_T_)d_T_(ano) . (4.11)

(e) ey kmy/ )’

A

Here, F(T) and k(T) are defined by Eqs. (3.4) and (3.3), respectively.

12




5. PLASTIC YIELDING OF A THIN FILM: HILLOCK FORMATION
A metal film is elastic until it yields. Yielding begins at a certain temperature difference, T

- Ty, when the second invariant of the stress deviator achieves a critical value:®

~—2

T +8' -5 +3T;, +31, =0, . (5.13)

Here, o, is the yielding stress under simple tension or compression.

According to the solution of Section IV, the yielding can begin either on the contour of a
thin film or inside the film (outside the boundary layer). The second case holds when (Exn) e 100

Eq. (4.10) achieves o, first.

We consider plastic yielding of a thin film in the most important case of large k at

in Egs. (4.1)-(4.3), when the following uniform biaxial stress,
o, (T) - o, (T)|dtT

g [ ED
(T) (5.3)

(fw =0, T,T = O) ,
holds in the thin film (except for the boundary layer) before yielding occurs. It is reasonable to
assume that the following equations:

§=g =0, T,=0, t,=1,=1 , (5.9

are valid for the total plastic yielding of the film (for sufficiently large T - To). Using the condition

of biaxiality, Eq. (5:4), in the yielding criterion, Eq. (5.1), we obtain

o +6T =0 : (5.5)

According td Egs. (2.6) or (2.7) the equation of equilibrium has the following form:

13




HYERNY

—= . 5.6
P (5.6)

Here, r is the radial distance from a certain coordinate origin.

Let us introduce the new function, g(r) :
= = —= (o4
c=o,cosg(r) , = r-6crssm=r 7

The yielding criterion, Eq. (5.5), is satisfied by Eq. (5.7), and substituting ¢ and 7 in Eq. (5.6) by
Eq. (5.7) provides the following equation:
dg . |
t«/gg-!-l sing(r)=0 (5.8)

This equation has the following two solutions:

sing(r)=0 g(r)=m (n=0£1%+2---)

c=%0,, t=0 (5.9
and
S /6
{c d j Lo sin C—— ) (5.10)
- 0=C.CO ——= T=—"F0C.5S1 —_—= .
: 6/ 6 tJ/6

Here C is an arbitrary constant. Suppose that the boundary, r = ry , of a round domain, r <ry , is

free of tractions:

when r=rgy, o©=0 . (5.11)

Using Eq. (5.11) in Egs. (5.10), we obtain

i I
C==+—%

2 t/6 ’

and the second solution, Eq. (5.10), becomes

14




. 0.s. H
c=0 SlIn——=— , T=—=COS—F—= 5.12
S T N G132
In the process of cooling or heating, this solution, Eq. (5.12), has developed from the

original elastic solution, Eq. (5.3), where G, =G, =c=0,,7=0 at the initiation of yielding.

It is natural to assume that the condition
c=0s,, 1=0 , (5.13)

is valid at the center of the round domain, r = 0.

Using Eq. (5.12) we find that the condition of continuity, Eq. (5.13), can be satisfied if

Ly = T, = t= 38476496t | (5.14)

This is the minimal ry meeting the condition, Eq. (5.13); other ry’s satisfying the same condition
are

o w

r, =my/3/2+2mt6 (n=123;-) (5.15)
For large n, the solution provided by Egs. (5.12) and (5.15) approaches asymptotically to
the uniform solution, Eq. (5.9), in the middle region that extends without limits, when n is

Increasing.

The infinite series of the solutions constructed represent all possible stationary states of
plastic yielding equilibrium of a thin metal film. They probably provide the most substantiated
description of successive morphological changes occurring in thin metal films in the process of

cooling or heating.

15
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At first, the uniform solution, Eq. (5.9), is valid. However, the uniform yielding is

unstable in the post-critical stage’ .

The instability transforms the film condition to the solution. Egs. (5.12) and (5.15), with n

corresponding to the rg nearest to the original in-plane size of the film.

As a matter of fact, the hillocks must initially have the form of hexagons, which can
congruently cover the plane of a thin film and maximize the released free energy"™’. A circular

form of hillocks is understood as a certain approximation to reality.

6. CONCLUSION TO PART 1
The theory constructed opens a door for predictive physical analysis of thermal stresses in

thin films. The abundance of parameters significantly reduces the role of numerical experiments

done in this area earlier without the analytical theory.
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PART 2
THE THEORY OF THERMAL STRESSES IN THIN BONDING LAYERS

Thin bonding layers made of solders or metal-filled adhesives are widely used in electronics. They are
mostly responsible for the integrity and reliability of computers and other electronic devices. Major .
concems are due to thermal stresses arising in the process of electronic packaging. In Part 2, the
analytical theory of thermal stresses is constructed under some natural simplifying assumptions. The
assumptions include the thermoelastic behavior of the bonded materials and the thermoelastic-plastic
behavior of a bonding layer after the latter is deposited and the composite system is cooled to an
operational temperature. The closed system of governing partial differential equations for thermal
stresses in a thin bonding layer is derived for any in-plane shape of the layer. Some particular problems
are solved in an explicit form and the implication of the solutions for the prediction of planar voids and

cracks formation is discussed.

1. INTRODUCTION

Suppose, for example', that an Au-Sn solder connecting an alumina ceramic substrate and a Si
or Ga-As die (chip), is deposited at 280°C in the form of a thin layer, and then the composite material
is cooled to room temperature of operation. The coefficients of the thermal expansion of the Au-Sn
eutectic alloy, alumina and silicon are 15.9, 6.7 and 2.8 x 10%/°C respectively. While the Au-Sn tries
to shrink, the alumina substrate and silicon die restrict it from doing so; hence, in cooling, the Au-Sn is
under tension. These thermal stresses may mdu;e plastic yielding and microcracking of the bonding
layer producing a gréat void or planar crack that can split the chip or otherwise disintegrate the

system”®.
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In Part 2 the analytical theory of thermal stresses in a thin bonding layer 1s constructed subject

‘to the following assumptions:

¢)) The thickness of a layer is much smaller than the thickness of a die and any in-plane
dimension of the layer and bonded materals. |

2) No shear or open-mode cracks are formed during‘ the deformation process by
cooling/heating (ideal bonding).

(3) The materials of the substrate and die are homogeneous, isotropic, and elastic.

©)) The material of the bonding layer is homogenous, isotropic and linearly thermoelastic-

ideally plastic.

This treatment is based on the approach advanced earlier as applied to simpler problems”®.
The literature on thermal stresses is ample (see, for example, Refs. 9-19 on the subject). The

novel features of the present approach compared with the previous results of other author as follows.

(1) The approach utilizing the asymptotic idea of a boundary layer from hydrodynamics is a
rigorous and general method of mathematical physics. It leads to the closed system of governing
partial differential equations for all three components of the peeling thermal stress in a thin bonding

layer in terms of two in-plane coordinates of the layer (Sec. II).

(2) The equation system is derived for any in-plane shape of the layer and is formulated in
terms of stress increments as some functions of temperature. This allows one to consider thermal

expansions and elastic properties of the constituent materials as some arbitrary functions of

temperature.
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(3) The solution to the general equation system is shown to generally split into two solutions-
one describing the uniform field inside and in-plane domain, and the other describing the trim zone near
the boundary of the domain (Saint Venant effect zone or boundary layer). The first solution is similar
to a potential inviscid flow, and can also be found by elementary means. The second is similar to the
viscous flow in a boundary layer, and can often be found analytically for the material parameters being
arbitrary functions of ‘temperature (Secs. T and IV). Analytical results for the Saint Venant effect
zone in a thin bonding layer have been unknown to this author.

(4) The well-developed plastic yielding a thin bonding layer in the internal domain is

considered using the classic limit analysis of thermal stresses (Sec. V).

Some numerical examples demonstrating the internal zone and boundary layer solutions are

given in Sec. VL

2. SYSTEM OF GOVERNING EQUATIONS

A. Thin bonding layer

Consider a thin bonding layer between a substrate and die (Fig. 1). The plane, z = 0, is chosen
along the flat bonding layer—substrate interface and free surface of the substrate. The x axis is in a

cross section of the bonding layer which can have an arbitrary form in planar view. The x, y, and z

make up a Cartesian coordinate frame.

The bonding layer—substrate and bonding layer—die interfaces are ideally bonded so that all

displacements and the stresses; o, T and 1., are continuous across the interfaces. The following

designations are made:
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T =Txatz=0; 1, =T,atz=0
T =Tzatz=f 1, =Tyatz=t 2.1

Here ¢ is the bonding layer thickness.

In what follows, the variation of the stress, o, is considered negligibly small in both a thin bonding
layer and boundary zones in a die and substrate influenced by the thin bonding layer and located near
the latter. Therefore, the equilibrium equation with respect to the z axis is not essential and can be

omitted.

Consider the equilibrium equations with respect to the x and y axes, and let one integrate them over =
fromz=0to z =t Using Eq. (2.1) we derive

Ooy L0ty Ty~ 7%
ox b t 2.2)
Ooy , Oty _ 73-7%
oy ox t (23)
Here, g_\-(x,y),gy (x,y), and ;xy (x,y) are corresponding mean stresses in a thin bonding layer:
- 1t - t - 1t
O’\zz I oxdz, O‘y=¥ f O'ydz’ T.\yzz J T.\'_vdz
0 0 0 (2.4)
ZA
| _— die
/
Lo J bonding layer
™~ >
:I: ts X
substrate

FIG. 1. Schematic representation of a substrate—bonding layer—die composite cross section.
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Prior to when yielding occurs, the bonding layer material is thermoelastic and satisfies the

following incremental Hooke's law equations:

3(AU) _ A5 -(3y+oy)

: +aAT
ox E (2.5)
ouv) oy Motar) |
oy E (2.6)
3(AU) , 8AV) _ Ay
&y & G @.7)

Here, U (x, y) and V (x, y) are mean displacement components along the x and y axes,
respectively (in a thin bonding layer), £ is Young's modulus, G is the shear modulus, v is Poisson's
ratib, and o is the thermal expansion coefficient. The subscript s will correspond to the substrate
material, subscript b to that of the die, and no subscript will correspond to the solder. The value of 7
denotes the temperature with respect to a certain reference temperature when all thermal stresses equal
zero. (In the example of Section 1, the reference temperature is the temperature of the electronic
packaging when the solder is deposited on Si, and the chip is attached). Detecting a reference state is
often a crucial point in the theory of generation of residual stresses”. The symbol A designates the
infinitesimal increment of a quantity corresponding to the increment A T of the temperature. The
parameters o, £, G, and v, are, generally, some functions of the temperature. Equations (2.2) and

(2.3) also hold for stress increments.
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B. Substrate and die

A thin bonding layer influences the stress and strain field of a substrate and the die in certain
boundary zones in the neighborhood of the bonding layer. Outside the boundary zones, the stress and
strain field are not perturbed by a thin bonding layer; hence, they are the same field as with zero
thickness bounding layer. We assume that the boundary zone occupies the dor'nain, 0 >z > -1,
0 <x<l,and 0 <y <, inthe substrate,and £, > z > 0, 0 < x < I and0 < y < I, inthe
die, in Fig. 1, where ¢ and #, are the thickness of the boundary zone in the substrate and die,
respectively, and |, and l, are some planar dimensions of the rectangular bonding layer. The values of
t, and f,, if unknown from the physical formulation of a problem, are considered as fitting parameters,
which can be chosen to better approximate the function of primary interest. For example, in the case of
a n'gid, strip shaped bonding layer, it was determined’ that from a comparison with the exact solution, %

and #, are roughly equal one-sixth of the strip width.

Due to the small thickness of the bonding layer, we can ignore the bending stresses in the layer,

5o that the thin bonding layer can induce in the substrate and die the shear stresses, 7= and T, and in-

plane displacements, # and v, and in-plane stresses, O, Gy and 1.

Using the method of Section IIB of reference® we derive

A1y tpAry

AU=(Ay,) +8=25X=(A IDTTx
( UO)S Gs ( Uo)D - GDp (2.8)

AV=(AV) +tSATS’=(AV) tDAT;
75 Gs “P~ 6o 2.9)
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Here, (Au,)s, (AVo)s, (At,)s, and (Av,), are the increments of corresponding displacements, u
aﬁd v, in the substrate énd die of the field unperturbed by the thin bonding layer. These functions of x
and y should be determined from the analysis of the thermal stress and stress field in the bonded
substrate—die system with a bonding layer of zero thickness. In the following, they are considered |

given. The stress, o. (, ), in Eqs. (2.5) and (2.6) should also be determined from the analysis of the

same system with a bonding layer of zero thickness.

From the bonding condition on the substrate—die interface with a zero-thickness bonding

layer, it follows that

(Au,)s = (Auy)p = Au,, (AV,)s = (Avo)p = Av,, (2.10)
and‘hence from Egs. (2.8) and (2.9) \-Jve derive
t, Gp At =-tp G, At (2.11)
t; Gp Aty = -1p G, Aty (2.12)
Writing Egs. (2.2) and (2.3) m the incremental form and substitute At.” and At,” for Egs.

(2.11) and (2.12) is obtained:

- -

1o tp Gs O A=Y+ % (A=
tATx tp Gs*+tsGp {&((AGX)JF@’( fxy)— S (2.13)

_ EIRRY e
%A7y=m Gt?ﬁZGD [%(Aay)+?&([& Txy)_ 2.14)

Substituting AU and AV in Egs. (2.5), (2.6) and (2.7) for Eqgs. (2.8) and (2.9), one derives
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Age Gy gy ts AATH) , dAu)
E E Gs o ox (2.15)

Aoy-Aoy_ oy, 1o ABT), dave) s
E E Gs 0y ay - (2.16)

(2.17)

Substituting Az, and At, in Egs. (2.15) through (2.17) by Egs. (2.13 and (2.14) provides

~

S

s.) &lax 5. -VAG A
(Acx)+ ( 'cx.v)ztDGsHsG{AGx VAGY_VAGZ_C(A“°)+OLATJ, (2.18)

ox*? oxdy tt, tp E E Ox

(2.19)

_) az(A?w) 52(A;X.V)=tDGs+tsGDF;.\7_5(‘§U°)-5(AV°)}
(

- )
OXZ oy~ ttstD G cy cX " 70)

The system of three partial differential equations, Egs. (2.18)—(2.20), will serve to help one

find the increments of thermal elastic stresses G, G, and T, in a bonding layer in terms of x and y.

On the boundary of a bonding domain, the corresponding normal and shear stresses (tractions) vanish;
for example, for a rectangular domain we have

x=0,x=1, AG=A%,=0

y=0,y=1, AG=A%,=0 (2.21)
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In the limiting case when G, tends towards zero, the equation system, Egs. (2.18) through
(2.20), coincides with that for a thin film®. In the latter case, the o: is a known normal load on the thin
film surface, which is assumed to be zero in ref. 8. The o. (x, ), 4, (x, y, and v, (x, y) in Egs. (2.18)
through (2.20) are the values of corresponding stress and displacements on the die-substrate interface

when the thickness of the bonding layer equals zero.

If one considers the equilibrium equation with respect to the = axis and integrates it over = from

-=0toz=1 the application of the Hooke's law equation for T and 1. yields

o= 2]
o a (2.22)
_ 1 t azw 52W
k=- | (A 5t d
Polext oy (2.23)

Here, u, v, and w are the Cartesian coordinates of the displacement vector, K is the mean curvature of
the bonding layer, and [4 (x,,z)] is the discontinuity of 4 across the bonding layer, that is, [4] = 4
(3,0 - 4 (x,y,0). From Egs. (2.22) and (2.23), it follows that [c:] tends towards zero when ¢ — 0,

because u and v are continuous along the bonded die—substrate interface.

For small ¢, the varation of . across the bonding layer is of the order of the negligible
variation of o, and o, . Hence, the bending effects of the thin bonding layer can be neglected;

however, the bending of die and substrate, if it is essential, is taken into account by the functions, u,

(xy), vo (xy) and G. (), in Egs. (2.18) through (2.20).
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3. A STRIP-SHAPED THIN BONDING LAYER

Consider the case when a bonding layer is deposited in the form of an infinite strip, lx| <1, of
width 21, (whenl, >>1,). In this case, due to the symmetry, the AG. and Ac, are some functions of
only x, and %, =0, so that the governing equation system, Eqs. (2.18) through (2.20), become

d*(Ag 2
C AT +FAT .

d% liter% (3.1

Here,

_titer3(1-v2)(tp Gs * tsG)

k? ,
ttstpE (32)
2 | .
oo KIE [a(l+v)_v<1+v)Aaz_ta_Auo _V:g_AvO}
liter(1_+?) E AT ox AT — 0y AT
- (.3)
Ay =BG+ Ao ) +E—(Avo) aEAT |
: oy (.4)
&(Auo) , E(é vo) _
oy ox - (3.5)

To find u, , v,, and o, let us confine ourselves to a simple case of a die of rectangular
parallelepiped shape attached to a substrate of an analogous shape along one face (Fig. 2). The
dimensions of the die and substrate along the x axis are assumed to be small as compared to their
dimensions along the y and z axes. An eleméntary analysis of thermal stresses and strains in this

composite system (with a zero thickness bonding layer) provides the following results:
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EA A

a ) b )

FIG. 2. A die-substrate systems: (a) a cross section, and (b) a lateral view.

Ayg= XATl:aD__ VD (1 + Vs) as_aDJ ’

Vs_VD (3.6)
Avo= yAT{aD +(1+ vs)a—s——@} ,
Vs VD (3.7)
Ao,=0 (3.8)
while the thermal stresses in the die and substrate are as follows:
AoP=(1+v5) E5=CD gy AT

: Vs_ VD (3.9)

Ao =(1+vp) EE=EDEgAT -
Vs_VD (3.10)

The remaining components of the thermal stress tensor equal zero.

The bending in the Oyz plane can be neglected because the dimension of the die and substrate
along the z axis is of the same or larger order then the dimension along the y axis (Fig. 2). In this

*  particular case, Fin Eq. (3.1) is the following constant:

2
p-_ K°E

__KE I+vg a_s_@}
liter2(1-v)

{a_aDJr(vD-V) 1+v  vs-vp

(3.11)
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The solution to Eq. (3.1) meeting the boundary condition, AG. = 0, when x = l,, after

integrating it over 7, becomes

T 4
— . 5t ED (cosh(xk(T)xk(T)/merx) ]

= literk 11dT
o~ liters / cosh k(T) -

2
1. k°(D (.12)

Here, 7, is the reference temperature of electronic packaging when G, = 0. The /' (7) and £

(T) are defined by Egs. (3.2) and (3.11) where £, v, v,, Vs, @, O, O, G5, and G, are some known

functions of 7. The G, is defined by Egs. (3.4, (3.7), (3.8), and (3.12) as follows

T A~ T _
oy = | UD=ZXdT+ ] E[ao_aJ’(l*Vs)—“‘—as “DJ dT

T, T. Vs~VD (3.13)

The thermal stresses appear to substantially depend, not only on the differences in the thermal

expansion coefficient of die, substrate and bonding layer materials, but also on the difference of

Poisson's ratio of the die and substrate materials.

4. SOLUTION FOR LARGE &

The case of large k defined by Eq. (3.2) is of importance for very thin bonding layers, which is
realized, for example, when 1.2 >> 1 £, and L2 >> f ,, and G, and G, are of the order of E. In this case,
the solution to the governing equation system, Eqs. (2.18) through (2.20), constitutes a narrow

boundary layer that borders the contour of a bonding area. Everywhere inside the arbitrary contour of

R

the area, except for the boundary layer, the solution is given by the following equations:

4
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L
)

— _ o,
Ao'x_VAo-y =E (_aAT+‘éAo’Z+’a—x'(A uO))

4.1)
— — v 0
AJV— VA ox = E (_aAT‘}"“'A O'Z+T(AUO)J
: E oy 42)
= ) %)
' C'y X (4.3)

In a particular case of Section III, described by Fig. 2 and Egs. (3.6) through (3.10), we have

1 8gy_ap_a, (v-vpfl*vdas-ap (44
E AT 1v 1-y2  vs-vp '
1 8y _ ap_a_  (-vw)i+v)as-ap “5)
E AT Lv 1- 12 vs-vD '
Ao =0 | (4.6)

Inside the boundary layer, it is expedient to express the thermal stresses in terms of x,, and x;,
where Ox, x, is the local coordinate frame with the origin at an arbitrary point, 0, of the contour of a
bonding area, and x, and x, are, respectively, normal and fangential directions at 0, with respect to the
contour. In this case, Eqgs. (2.18)-(2.20) can be reduced to the following equations:

d* Aoy K2 -
Xn lltern (47)

9Bu)  LEAT

Ag, = v(Ag, *Ag,) +E >
t ‘ (4.8)

2 = liter2 (1 - v (tp Gs * ts GD)
ttstp E @9
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2 A 5 A
literd(1-1?) E AT Ox AT  0xq AT 10
G(A un) + HAu) =0, Agi=- ttsGD d(A;n) @11
5xt axn ’ n tsGD+tDGs d‘xn . .
- t d(A &
Arn=0, Arp= pGs 4 G“), f=7=0 (4.12)

tsGp TtDGs dxa

Here, subscripts ¢ and 7 correspond to the tangential and normal direction respectively. The

F,, 1, and k can be considered to be independent of x, and x.. The solution to these equations should

satisfy the boundary condition, AG, = 0 when x, = 0 (on the contour of a bonding area). Whenx, — <,
the solution should approach the stress field given by Eqs. (4.1) through (4.3) at the point 0. Solving

Eq. (4.7) yields

T 2
_ _ T ERMLED [ amL. R
o] Sam s e v

The F, (T) is the value of F at the point 0. The width of the boundary layer is roughly equal to

2 (D) _, ttstpE (4.14)
KT)  Y(1-v*)(tp Gs * tsGD)

When ¥, is increasing, T, and T, monotonously decrease toward zero, and G, increases toward the

maximum value

Fo (t) hter%(T) dT

T
(—n)max = I
7 . KD (4.15)

Maximum values of interface shear stresses, 1, and 1, follow:
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T . .
1
(T;)max =t .g Coenfodb g (xn=0)

. k(tsGp * tp Gs) (4.16)
T .
. tpliternFo Gs =
=t dT (xn=0
(Tn)max . k(tsGp+tp Gs) (xn ' ) (4.17)

Here, 1,/k and F,, are defined by Egs. (4.9) and (4.10).

5. PLASTIC YIELDING OF A BONDING LAYER: FORMATION OF PLANAR
. YOIDS AND CRACKS

A solder bonding layer is elastic until it yields. Yielding begins at a certain temperature

difference, T - T,, when the second invariant of the stress deviator achieves a critical value®!

2

2,2, 2. —— = _ = 3= 1- 2
oxtoytoz-oyoy ox0z-0y0z 31y TO77 = 0% (5.1)

where

(o8]

(e ol

Here, o, is the yielding stress under simple tension or compression. Yielding can begin either

272= max[(‘[;x)z +(e%) (5.2)

on upper or lower interface of a bonding layer, and either on the contour of a bonding area or inside

the latter (outside the boundary layer). The second case holds when (G,)max in Eq. (4.15) achieves o;

first.

We consider plastic yielding of a bonding layer in the important particular case studied in

Section I (Fig. 2):

Py =02 0270, 73270 (53)

Designate that G, = G.
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For a well-developed plastic yielding, a solder alloy material can be considered incompressible;

we thus have™

_ 1,—
oy=3(oxtas) (5.4)

Additionally, let us assume that
T =T =7 (5.5)
This condition is particularly satisfied if the thermal and elastic properties of die and substrate

materials coincide, and the middle plane of a bonding layer, z = #2, is a plane of symmetry of the

problem.

In this case, with the account of Egs. (5.2) through (5.5) the yielding criterion, Eq. (5.1),
becomes '

30‘2+24f2=40'§ s (56)
and the equation of equilibrium has the following form:

do
t—=27  (-litery < x < *litery)
dx (5.7)

The ends of a bonding layer are free of tractions when:
x==%l., c=0 (5.8)

The solution to the boundary value problem, Egs. (5.6) through (5.8) is as follows:

_ 205 . Xtlitery Os X +literx

o= sin T=25 cos ——=% |
J3 t2 J6 t2 (5.9)

Here, 21, should be equal to

21iterx=~/§(-§-+ﬂn)t ,

(5.10)
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where n=0, 1, 2, 3,.... Particularly, when » =0 we have 2l ¢ V2.
If 21, < 7 ¢ V2, the yielding of the entire bonding area is impossible. In this case, the bonding

layer is probably elastic, at least, partially.

If I, satisfies Eq. (5.10), the stresses, ¢ and 7, in the bonding layer are periodical functions of x,
that is, they form a frozen space wave of length, 2 7 ¢ 2, where the tension and compression alternate

during a period.

In the middle of every wave of tensile ¢ the formation of a planar rupture, whose plane is
perpendicular to the x axis, is possible. The rupture, if it crosses interface can split a die. It s
inte‘resting that the ruptures are periodically located in the bonding layer, on the distance 2 7 ¢ 2 from
one from another. Between the nearest possible ruptures, right in the middle, o is zero and t is
maximal. At these points interface slips are possible, which are also periodic with period 7 ¢ V2. The
ruptures are perpendicular to the x axis and can extend along the y axis through the entire bonding

area.

If . does not satisfy Eq. (5.10), in a bonding layer, there is probably one segment of length less
than 7 # V2 which is, at least, partially elastic. The remaining part of the bonding layer is covered by a
periodic wave sélution, Eq. (5.9). |

The interpretation of an analogous periodic solution in Ref. 8 with respect to hillock formation

in thin films is probably invalid in what concerns the evolution of hillocks. From the solution, it follows
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FIG. 3. The sum of principal stresses o vt o y (surface graphics).

that the dimension of the hillocks is one and the same from the beginning of instability during the
process of heating and cooling. The latter can only influence on the level of a plastic deformation of a

hillock.

6. SOME NUMERICAL EXAMPLES
Equations (2.18) - (2.20) provide the closed system of partial differential equations for

increments of thermal stresses, Ao, Ao, and A7, in a thin bonding laver of an arbitrary in-plane

shape. As a numerical example, we consider the rectangular shape of the bonding layer in the cases of

Ac: = 0.and Au, , and Av, given by Eqgs. (3.6) and (3.7), see Fig. 2.
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FIG. 4. The &, vs X along §= 0.
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FIG. 5. The 0, vs Xalong ¥ = 1.

Consider the following input data:

gold - - tin (Au-Sn) solder

>

a=159x10%°C, v=035 G =30GPa,

E=81 GPa

alumina (ALO;) substrate

o, =6.7x10%°C, v, =022,
G, =160 GPa, E; =390 GPa,

silicon (Si) die
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ap=2.8x10%°C, v, =027,

Gp =150 GPa, Ep=381 GPa.

The bonding layer is assumed to occupy the domain, lx|< a and | y |< b, in the xy plane,
where

a=125mm, b=5mm.

The remaining geometrical parameters are chosen to be

t=100 pm, & =17 =300 pm.

The change of temperature, from manufacturing to operation, is taken to be

AT=200 °C. |

The author did not have detailed data available on the variation of thermal expansion and
elastic constants with temperature in this range, therefore, the material parameters were taken as

invariable in the present numerical example.

0.0036

(o ]

0.0015

FIG. 6. The ‘}y vs y along X =1
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FIG7. The &Vvs ¥ along X =0.

The calculation was done using Matematica and a finite difference model with grid of 25 x
100. The results of the calculation are depicted in Figs. 3-7 for the quarter, 0 <x <aand 0 <y <},

which is sufficient because of symmetry.

The dimensionless values
6’ Ao x ~ Aa_v ~ A?xy 7 X — Yy
= , O, = , Ty = , =—, ==,
X E Yy E xy E a Y b

are used in Figs. 3-7.

Figure 3 shows the three-dimensional graphics of the sum, ¢, + & ,,interms of ¥ and y. It

demonstrates the uniform internal solution similar to a potential flow of an inviscid fluid and the
boundary layer solution around the boundary of the rectangular domain. Figures 4-7 show the

distribution of the characteristic nonzero stresses, &, and & y, along the boundary contour and the

symmetry lines of the domain.
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7. CONCLUSION TO PART 2

Thermal stresses in a bonding layer between a die and substrate can be predicted and analyzed
using the equation system constructed. The analytical theory is necessary in this field due to a great
number of pararﬁeters in the problems of such kind®.

An analysis of a particular problem discovered that, besides the difference of thermal éxpansion
coefficients, the difference of Poisson's ratio of the die and substrate may also be crucial.

Thermal stresses in a plastic state of a bonding layer are shown to be periodic, which provides a
causative background for possible formation of a periodic lattice of planar cracks or voids

perpendicular to interfaces.

REFERENCES TO PART 2

1. CC. Lee C. Y. Wang and G. S. Matijasevic, Advances in bonding technology for electronic

packaging, J. Electronic Packaging, 115, 201-207 (1993).

2

G. S. Matjjasevic, C. Y. Wang, and C. C. Lee, Thermal stress consideration in die-attachment, in
Thermal Stresses and Strains in Microelectronics Packaging, edited by J. H. Lau (Van Nostrand
Reinhold, New York, 1994).

Z. Mei and J. W. Momis, Jr., Characterization of eutectic Sn-Bi solder joints, J. Electronic

(V8]

Materials, 21(6), 599-607 (1992).
4. Microelectronics Packaging Handbook, edited by A. G. Klopfenstein, R. R. Tummala, and E. J.

Rymaszewski (Van Nostrand Reinhold, New York, 1989).

39




4

K

~

14.

15.

16.

17.

18.

J. C. I. Chang, Mechanical aspects of microelectronics reliability, in Workshop On Mechanical
Behavior of Thin Films for Optics and Microelectronics Reliability (Oct. 14-15, 1993, The
Aerospace Corporation, Los Angeles, CA).

P. Krulevitch, in Ref. 5.

G. P. Cherepanov, Mekhanika Razrushenia Kompositnykh Materialov (Fracture Mechanics of
Composite Materials) (Nauka, Moscow, 1983).

G. P. Cherepanov, J. Appl. Phys. 75(2), 844-849 (1994).

S. P. Timoshenko, J. Opt. Soc. Am 11, 233 (1925).

M. A. Moske, P. S. Ho, D. J. Mikalsen, J. J. Cumo, and R. Rosenberg, J. Appl. Phys. 74, 1716

(1993).

. P.B. Grimado, J. Thermal Stresses 1, 75 (1978).

E. Suhir, J. Appl. Mech. 56, 595 (1989).

. E. Suhir, J. Appl. Mech. 42, 2420 (1987).

R. W. Harshbarger and W. K. Jones, Int. J. Hybrid Microelectron. 14, 11 (1991).

J. W. Eischew and J. S. Everett, ASME J. Electorn. Packaging 111, 282 (1989).

Mechanics and Materials for Electronic Packaging: Thermal and Mechanical Behavior and
Modeling, edited by M. A. Schen, H. Abe, and E. Suhir (ASME, New York, 1994).

Mechanical Behavior of Microelectronic Materials and Structures, edited by E. Suhir, M. Jono, R.
Camarata, and D. D. L. Chung, Mater. Res. Soc. Symp. Proc., 1991, Vol. 226.

E. Suhir and Y. C. Lee, in Handbook of Electronic Materials (ASM International, New York,

1990).

40




19.

20.

21.

E. Suhir, JEEE Conference on Multichip Modules, Santa Cruz, CA, March 1993 (IEEE, New

York, 1993).
H. Irschik and F. Ziegler, in Fracture: A Topical Encyclopedia of Current Knowledge Dedicated
to Alan Armold Griffith, edited by G. P. Cherepanov (Krieger, Melbourne, U.S.A., 1996).

G. P. Cherepanov and B. D. Annin, Elastic-Plastic Problems (ASME Press, New York, 1988).

. G. P. Cherepanov, Methods of Fracture Mechamics, Vol. 1, Solid Marter Physics (Kluwer

Academic, Amsterdam, 1996).

41




k3

PART 3
THE NUMERICAL CODE FOR THERMAL STRESSES IN THIN FILMS
AND BONDING LAYERS

Thermal stresses are primarily responsible for morphological changes in thin films,
including hillocks, whiskers, and void or pit formations, which present serious problems of
reliability in microelectronics. In Part 3, a computerized code for prediction of thermal stresses in
thin films is suggested. The closed system of governing partial differential equations for thefmal
stresses in a thin film is utilized for any in-plane shape of the ﬁlfn. Some numerical experiments

are conducted to verify the code.

1. INTRODUCTION

Suppose, for example, [1], that Pb is deposited on a Si substrate at room temperature in
the form of a thin film, and then the composite material is cooled to 4.2K where the Pb becomes
superconducting. The coefficients of the thermal expansion of Pb and Si are 29.5 x 107°°C,
respectively. While the Pb tries to shrink the Si substrate restricts it from doing so; hence, in
cooling, the Pb is under tension. These thermal stresses may induce plastic yielding of the film
and the formation of hillocks [2, 3, 4]. An analogous phenomenon is possible for some
semiconducting alloys deposited on a substrate and cooled to the nitrogen temperature where
some semiconductors becorﬁe superconductive. Upon heating the composite back to room
temperature, the thin film tends to expand and again is restricted by the substrate. Thus, the thin

film is under compression upon heating.

The closed two-dimensional system of governing partial differential equations for thermal

stresses in a thin film was earlier derived for any in-plane shape of the film [5] based on ideas
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advanced previously for fibers [6]. The work of other investigators in the field on the one-
dimensional theory of thermal stresses is acknowledged, too [7-13]. Some general laws of

residual stresses and strains are discussed in Ref. [14].

In Part 3, the finite difference analogue model of the governing' equation systeﬁ is
formulated for any in-plane shape of the film. Some numerical experiments are conducted for
rectangular shapes which enable to reveal two zones, namely, the boundary l‘ayer zone on the trim
of a film analogous to a viscous layer, and the internal zone similar to a potential flow of a fluid.
The materials of a substrate and film are assumed to be homogeneous, isotropic, and linearly

thermoelastic.

2. GOVERNING EQUATIONS

Thin film

Consider a thin film deposited on a substrate (Fig. 1). For definiteness, the film is depicted
in Fig. 1 in planar view of a rectangular form having dimensions of 2/, x 2/,. The plane, z= 0, is
chosen along the flat film substrate interface and a possible film-unprotected surface of the
substrate. The planes, y = 0 and x = 0, coincide with the planes of symmetry. It is assumed that

the boundary surface of the thin film at z =t is free of tractions (t is the ;film thickness):

when z=1¢ x|<L, V<L, 0:=7x 75, =0. (1)
The edges of the film are also free of tractions:
. =0

when 0 < z <t x= +/[ :

N
I

[ 1

when 0 < z <t y==zt[ :0.=17, =0. (2)

8y
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The film-substrate interface at z =.0 is ideally bonded so that all displacements and stress o, 7
and 7, , are continuous across the interface.
Designate that:

Tu =Ty at =z
T, =1, at z=

©)
In what follows, stress o: is considered negligibly small in both the thin film and substrate
boundary zone influenced by the thin film and located near the latter. Therefore, the equilibrium

equation with respect to the z axis is not essential and can be omitted. Designate as

oxlxy),o,(xy) and T xy (%) the corresponding mean stresses in a thin film:

(a)
z
Film t
—~— —
X
o [ ]
—
— boundary zone
substrate
(b)

Fig. 1. Schematic representation of a film-substrate composite: (a) planar view of a deposited thin film, with
dimensions, 2/, x 2/, x t; (b) sectional view showing the substrate boundary zone with dimensions, 2/, x 2/y .
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—_ 14 — i - 1.1
o =z_[0 axdz,ayztj'o o, dz ryx=;j'0 7y dz, (4)

Prior to when yielding occurs, the film material is thermoelastic and satisfies the following

incremental Hooke’s law equations;

AAU) AT, -vAT,

Py 5 + afAT ®))
s
AU) AT, —v AT
&(AU) 20T OV g AT (6)
oy Ef /
5 A
aa7) . 5(fV) _ Sy )

& X Gr
Here, Ufx, y) and V{x, y) are mean displacement components along the x and y axes, respectively
(in a thin film), £ is Young’s modulus, G is the shear modulus, v is Poisson’s ratio and « is the
thermal expansion coefficient. Subscript, /, corresponds to the film material. The value of T
denotes the temperature with respect to a certain reference temperature when all thermal stresses
equal zero. (In the example of the Introduction, the reference temperature is room temperature,
at which Pb is deposited on Si.) The symbol, A, designates the infinitesimal increment of a
quantity in the thermal process of heating or cooling corresponding to the growth, AT, of the
temperature. The parameters, o, £, G and v, generally, are some functions of temperature. A
thin film influences the stress and strain field of a substrate in a certain zone in the neighborhood
of the thin film. Outside the zone, the stress and field is not perturbed by a thin film, hence, it is

the same field as without the thin film. This zone occupies the domain 0 > z > - 4, |x l < [

~ and| y | < I, , in Fig. 1(b) where 1, is the thickness of the zone. The value of t,, if unknown from
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the physical formulation of a problem, is considered as a fitting parameter, which can be chosen to
better approximate the function of a primary interest. For example, in the case of a rigid, strip
shaped thin film, it was determined that from a comparison with the exact solution, #, equals one-
sixth of the strip width [6]. Because of the small thickness of the thin film, we can ignore the
bending stresses in the film. Under these conditions, the thin film can induce in substrate only

shear stresses, T.. and 1,, , and in-plane displacements, # and v, and in-plane stresses, o, G, ‘and

T

In the zone of influence in the substrate, it was derived [5].

Tee = T (x’ )")’ Ty =Ty (x’ y) (8)
A
A=zl AUxy),
S
At
Av=:—L 5 AV y), ©)
Gy *

Here, subscript, s, corresponds to the substrate material; the A is an infinitesimal increment of a
quantity in the heating-cooling process corresponding to the growth, A7, of the temperature.

Moreover, the following compatibility equations should be satisfied:

when z=-1,: Au=Auy, Av=Av, . (10)
when z=-t,: Auy, = xa; AT, Avy =ya, AT (1D
(Here, we also used the symmetry conditions in Fig. 1(a)).

Thus, from Egs. (9) and (10), it follows that

‘.

AU = Bug + ’bé” (12)

N
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tbATy

AV =Avy + (13)
S
The governing equation system for o,,0,, and 7y, has the following form [5]:
F(a5,) *(8Ty) G, [A5.-v/AT  HAup)
+ - - +afAT| (14)
&’ &gy M Ef
c*(az,) &*(a7 AG, - v AT A
( 7y)+ . ﬂxy)___gs_ y o —4’_‘VO)+afAT : (15)
&~ &y ity L, &y
2 *(AT,,) 2*(AT AT A
.?ﬂ(AEx-r—Acrv)ﬁ— ( 7"-V)+ ( 7"V)=_C;_s -W_f(f‘o) _ (16)
&y | - &* fty| Gy &y

The system of three partial differential equations, Eqs. (14) - (16), will serve to find the

increments of thermal stresses, o,,0, and 7., in a thin film in terms of x and y. In view of

Egs. (2) we have:

x=xl: Ac,=A7, =0

y=%l,0 Ao, =4Ty =0 (17)

Everyone of the three equations (14)-(16) is of the second order. ‘It means that one more
boundary condition equation is required to close the formulation of the boundary value problem.

It is reasonable to take the following boundary conditions:

oo or .
=+l —L+—-F=0 (18)
y & :
ér
y=zI; 5O'x+_xy___0' (19)
&
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Physically it means that the shear force on the film border tangential to the film in-plane contour is
neglected. The boundary value problem in Eqs. (14)-(19) will be used for the numerical study of

thermal stresses in thin films.

3. FINITE DIFFERENCE ANALOGUE OF THE BOUNDARY VALUE PROBLEM

Introduce the following notation:

J=:£ :l 0
°=7 n p (20)
A =20 gen)=222 Weq=tlE e
O Ep T U Ep Ey
a=29 a—afAT-a(LEuO),
thf cxX
A

b—quT-E(f”), (22)

%% 1,4
The governing equation system (14) - (16) in this notation can be written as:

Frf  &%h

552 +E§———=i<f-vfg+a) (23)
gtg &*
§n§+§§;=l(g-vff+b) (24)
2 (f+g) &*h &*h
;gﬁr]g)+5§2+i2=l[2(1+vf)h-c] _ (25)‘
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The boundary condition equations for the rectangular domain |§ | < I |n | < Zy of the &n plane

follow from Egs. (17)-(19):

e=tl f=h=0 E.%_g
Z/
n=xl, g=h=0, %+%—o x (L=l /4, =1, /1)

(26)

(27)

Let us choose the finite difference rectangular grid with grid cell size, AZ and An, measured in

whole numbers. Designate:

Fon =F(MN),  Gun =8MN),  Ann = h(m,n).

i

FIG. 2 The 3-D graphics of the sum o, + o, . intermsof X and ).
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1

FIG. 3. The maximum shear stress | o, - o, + 2it, |/2, interms of X and .

The value of A% and An less than 1 has no meaning, because the governing equation system (14)-

(16) loses sense when’ the characteristic size of a domain in the Xy plane has an order of the film

thickness.

In the finite difference form the equation system (14)-(16), by taking AZ = 1 and An =1,
can be written as follows:
Smein — 2fmn + 1, +h +lh +—1h ——1-h ; ——l—h —lh +

m+ln m.n m-1n mn 5 m+1n-1 5 m-1n-1 B m+1n 5 m-1.n 5 m.n—+1
1
- Ehm.n—l = ’?*(fm.n ~Vf8mn T a) ,
(29)

1 1

1 1
Emn+l —28MN+ gy +hpmy + 3 Pmsin=1 + Py Pm1n-1 = 2 Rpiin — > Ppin

1 1
- _z"hm.n+l - Ehm.n-l = )“(gm.n - fom.n + b)

(30)
9

1 1 1 1
(f+g)m,n +E(f+g)m+l.n+l+_2_(f+g)m-1.n-1—E(f+g)m+1.n _5(f+g)m-l.n

1 1
- E(f T E(f * &) nat T Amrin = 2Rmn + P + Pnn1 = 2
+hypl = '1[2(1 +Vr Ymn = C] -




’ GD

The boundary condition equations, (26) and (27), are:
m=M: an = th = 0, Em.n+1 ~-&Mmn = hM-l.n = hM.n (32)
n=N: EmN = how =0, fm+1,‘v -me =Ny + Pyt . (33)

4. NUMERICAL EXAMPLE

To examine the numerical model (29)-(33) let us consider the normal isothermal expansion with

no additional loadings. In this case:

a=b(af —-ag)AT, ¢c=0 . (G4

Consider the following data:
silicon substrate (Si)

a. =26 x 10°C; v, =027, G, =105 Gpa;
lead thin film (Pb)

o =29.5x 10°°C; v, =037, E; =80 Gpa;
film geometry (25 x 100 rectangular domain)
l.=M=12, Zy =N=50, t=1 um;, =3 pm,

The temperature difference, from manufacturing to operation, is

A T=300°C
Hence, we have .
th -3
A= =0625 a =b=8x10"",
tyEf
c=0 v,= 037.

The authors did not have available detailed data on the variation of thermal expansion and elastic
constants with temperature in this range, therefore, the material parameters were taken invariable

in the present numerical example.

.
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0.00122
U.X
0.0006
0.0002
!
3
FIG. 4. Stresso, vs. X for y =1,0< X <1
3
1
-0.006
UX
0012
FIG. 5. Stress o, vs. X for y =0,0< X <1.
The calculation was done using Matematica and a finite difference model with grid 25 x
. 100. The results of the calculation are depicted on Figs. 2-7 for the quarter, 0 <x<gand 0 <y <
b, which is sufficient because of symmetry. The dimensionless values
% AG, Ao, ATy,
O-x - E > O—y = Tr TA.}/ = E b )
(35)
x
f = e s y = Z ,
a b
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-0.006

-0.0124

FIG. 6. Stress o yvs J for x =0.0 <y <1.

-0.0036

-0.0015

y

FIG. 7. Stress o, vs. y for ¥ =1,0< y <1.

were used in Figs. 2-7.

Figures 2 and 3 show the three-dimensional graphics of the s um, 6; + ©,, and maximum

shear stress in terms of ¥ and ¥ . They demonstrate the uniform internal solution similar to a

potential flow of an inviscid fluid and the boundary layer solution around the boundary of the

rectangular domain. Figures 4-7 show the distribution of the characteristic non-zero stresses, Cx

and o, , along the boundary contour and the symmetry lines of the domain.
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5.

CONCLUSION TO PART 3

A numerical code was suggested to find thermal stresses in thin films and bonding layers. An

examination of the model proved that a narrow boundary layer exists in the neighborhood of the

border of the domain occupied by the thin film or bonding layers.
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