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Stresses in a Multilayer Thin
Film/Substrate System Subjected
to Nonuniform Temperature

Current methodologies used for the inference of thin film stress through curvature mea-
surements are strictly restricted to uniform film stress and system curvature states over
the entire system of a single thin film on a substrate. By considering a circular multilayer
thin film/substrate system subjected to nonuniform temperature distributions, we derive
relations between the stresses in each film and temperature, and between the system
curvatures and temperature. These relations featured a “local” part that involves a direct
dependence of the stress or curvature components on the temperature at the same point,
and a “nonlocal” part, which reflects the effect of temperature of other points on the
location of scrutiny. We also derive relations between the film stresses in each film and
the system curvatures, which allow for the experimental inference of such stresses from
full-field curvature measurements in the presence of arbitrary nonuniformities. These
relations also feature a “nonlocal” dependence on curvatures making full-field measure-
ments of curvature a necessity for the correct inference of stress. The interfacial shear
tractions between the films and between the film and substrate are proportional to the

gradient of the first curvature invariant, and can also be inferred experimentally.
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1 Introduction

Substrates formed of suitable solid-state materials may be used
as platforms to support various thin film structures. Integrated
electronic circuits, integrated optical devices and optoelectronic
circuits, microelectromechanical systems deposited on wafers,
three-dimensional electronic circuits, systems-on-a-chip struc-
tures, lithographic reticles, and flat panel display systems are ex-
amples of such thin film structures integrated on various types of
plate substrates. The stress buildup in the thin film is important to
the reliability and performance of these devices and systems.

Stoney [1] studied a system composed of a thin film of thick-
ness hf, deposited on a relatively thick substrate, of thickness Ay,
and derived a simple relation between the curvature « of the sys-
tem and the stress o) of the film as follows:

Esth

(f) —
7 T o1

(1.1)

In the above, the subscripts “f” and “s” denote the thin film and
substrate, respectively, and £ and v are the Young’s modulus and
Poisson’s ratio. Equation (1.1) is called the Stoney formula, and it
has been extensively used in the literature to infer film stress
changes from experimental measurement of system curvature
changes [2].

Stoney’s formula was based on a number of assumptions:

(i) Both the film thickness /i, and the substrate thickness A,
are uniform and hp<h, <R, where R represents the char-
acteristic length in the lateral direction (e.g., system radius
R shown in Fig. 1);
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(ii) The strains and rotations of the plate system are infinitesi-
mal;

(iii) Both the film and substrate are homogeneous, isotropic,
and linearly elastic;

(iv) The film stress states are in-plane isotropic or equibiaxial
(two equal stress components in any two, mutually or-
thogonal in-plane directions) while the out-of-plane direct
stress and all shear stresses vanish;

(v) The system’s curvature components are equibiaxial (two
equal direct curvatures) while the twist curvature vanishes
in all directions; and

(vi) All surviving stress and curvature components are spa-
tially constant over the plate system’s surface, a situation
that is often violated in practice.

Despite the explicitly stated assumptions of spatial stress and
curvature uniformity, the Stoney formula is often, arbitrarily, ap-
plied to cases of practical interest where these assumptions are
violated. This is typically done by applying Stoney’s formula
pointwise, and thus extracting a local value of stress from a local
measurement of the curvature of the system. This approach of
inferring film stress clearly violates the uniformity assumptions of
the analysis and, as such, its accuracy as an approximation is
expected to deteriorate as the levels of curvature nonuniformity
become more severe.

Following the initial formulation by Stoney, a number of exten-
sions have been derived to relax some assumptions. Such exten-
sions of the initial formulation include relaxation of the assump-
tion of equibiaxiality as well as the assumption of small
deformations/deflections. A biaxial form of Stoney formula (with
different direct stress values and nonzero in-plane shear stress)
was derived by relaxing the assumption (v) of curvature equibi-
axiality [2]. Related analyses treating discontinuous films in the
form of bare periodic lines [3] or composite films with periodic
line structures (e.g., bare or encapsulated periodic lines) have also
been derived [4—6]. These latter analyses have removed the as-
sumptions (iv) and (v) of equibiaxiality and have allowed the
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Fig. 1 A schematic diagram of a multilayer thin film/substrate
system, showing the cylindrical coordinates (r, 0, 2)

existence of three independent curvature and stress components in
the form of two, nonequal, direct components and one shear or
twist component. However, the uniformity assumption (vi) of all
of these quantities over the entire plate system was retained. In
addition to the above, single, multiple, and graded films and sub-
strates have been treated in various “large” deformation analyses
[7-10]. These analyses have removed both the restrictions of an
equibiaxial curvature state as well as the assumption (ii) of infini-
tesimal deformations. They have allowed for the prediction of
kinematically nonlinear behavior and bifurcations in curvature
states that have also been observed experimentally [11,12]. These
bifurcations are transformations from an initially equibiaxial to a
subsequently biaxial curvature state that may be induced by an
increase in film stress beyond a critical level. This critical level is
intimately related to the system aspect ratio, i.e., the ratio of in-
plane to thickness dimension and the elastic stiffness. These
analyses also retain the assumption (vi) of spatial curvature and
stress uniformity across the system. However, they allow for de-
formations to evolve from an initially spherical shape to an ener-
getically favored shape (e.g., ellipsoidal, cylindrical, or saddle
shapes) that features three different, still spatially constant, curva-
ture components [6,11].

The above-discussed extensions of Stoney’s methodology have
not relaxed the most restrictive of Stoney’s original assumption
(vi) of spatial uniformity that does not allow film stress and sys-
tem curvature components to vary in the thin film/substrate sys-
tem. This crucial assumption is often violated in practice, since
film stresses and the associated system curvatures are nonuni-
formly distributed. Recently, Huang et al. [13] and Huang and
Rosakis [14] relaxed the assumption (vi) (and also (iv) and (v)) to
study the thin film/substrate system subjected to nonuniform, axi-
symmetric misfit strain (in thin film) and temperature change (in
both thin film and substrate), respectively, while Huang and Ro-
sakis [15] and Ngo et al. [16] studied the thin film/substrate sys-
tem subject to arbitrarily nonuniform (e.g., nonaxisymmetric) mis-
fit strain and temperature. The most important result is that the
film stresses depend nonlocally on the system curvatures; i.e., they
depend on curvatures of the entire system. The relations between
film stresses and system curvatures are established for arbitrarily
nonuniform misfit strain and temperature change, and such rela-
tions degenerate to Stoney’s formula for uniform, equibiaxial
stresses and curvatures.

Feng et al. [17] relaxed part of the assumption (i) to study the
thin film and substrate of different radii. Ngo et al. [18] com-
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pletely relax the assumption (i) to study arbitrarily nonuniform
thickness of the thin film. They derived an analytical relation be-
tween the film stresses and system curvatures that allows for the
accurate experimental inference of film stress from full-field cur-
vature measurements once the film thickness distribution is
known. Brown et al. [19] used two independent types of X-ray
microdiffraction to measure both substrate slope and film stress
across the diameter of an axisymmetric thin film/substrate speci-
men composed of a Si substrate on which a smaller circular W
film island was deposited. The substrate slopes, measured by poly-
chromatic (white beam) X-ray microdiffraction, were used to cal-
culate curvature fields and to, thus, infer the film stress distribu-
tion using both the “local” Stoney formula and the new, nonlocal
relation. The variable film thickness, which was independently
measured, was also an input to the new relation. These were then
compared with the film stress measured independently through
monochromatic X-ray diffraction in the sample to validate the
new analytical relation [18].

Many thin film/substrate systems involve multiple layers of thin
films. The main purpose of this paper is to extend the above analy-
ses by Huang, Rosakis, and co-workers to a system composed of
multilayer thin films on a substrate subjected to nonuniform tem-
perature distribution. We will relate stresses in each film and sys-
tem curvatures to the temperature distribution, and ultimately de-
rive a relation between the stresses in each film and system
curvatures that would allow for the accurate experimental infer-
ence of film stresses from full-field and real-time curvature mea-
surements.

2 Axisymmetric Temperature Distribution

We first consider a system of multilayer thin films deposited on
a substrate subjected to axisymmetric temperature distribution
T(r), where r is the radial coordinate (Fig. 1). The thin films and
substrate are circular in the lateral direction and have a radius R.
The deformation is axisymmetric and is therefore independent of
the polar angle 6, where (r, 6,z) are cylindrical coordinates with
the origin at the center of the substrate (Fig. 1).

2.1 Governing Equations. Let hg(i=1,...,n) denote the
thickness of the ith thin film (Fig. 1). The total film thickness A,
=E?:1hfl_ of all n thin films is much less than the substrate thick-
ness hy, and both are much less than R; ie., hy<<h <R. The
Young’s modulus, Poisson’s ratio, and coefficient of thermal ex-
pansion of the ith film and substrate are denoted by Efi’ Vs Qs E,,
v,, and «;, respectively.

The substrate is modeled as a plate since it can be subjected to
bending and i, <<R. The thin films are modeled as membranes that
have no bending rigidities due to their small thickness hfl_<h5.
Therefore, they all have the same in-plane displacement uj(r) in
the radial direction. The strains are &,.=dug/dr and &gg=us/r. The
stresses in the ith thin film can be obtained from the linear
thermo-elastic constitutive model as

E du.

G

o= +v -(1+v)a,T
" l—v%_[dr Tiy ( f") 1i

- duy uy
Opp=—"75| V + = =(1+vp)a,T 2.1
oo l—vf[ frdr © r ( f") /i @D
The membrane forces in the ith thin film are

NP =nol) NJ =n ol (2.2)

For a nonuniform temperature distribution 7=T(r), the shear
stress tractions at the film/substrate and film/film interfaces do not
vanish, and are denoted by 7)(r)(i=1,...,n) as shown in Fig. 2.
The normal stress tractions o, still vanish because thin films have
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Fig. 2 A schematic diagram of the nonuniform shear traction
distribution at the film/film and film/substrate interfaces

no bending rigidities. The equilibrium equations for thin films,
accounting for the effect of interface shear stress tractions, be-
come

( 1 D _ Nt
N MM
dr r
< d[:?fz) . N&fz) _N%fz) B (7(2) B 7-(3)) 0
@ r (2.3)
‘ fn) fu) _ AU
dl:f +M N(e _4n—p
r r
\

Substitution of Egs. (2.1)—(2.3) and the summation of its left-hand
side yield

S Echy (P 1 du dr
E Ji fé<_'42f+__f A0 2 ff ar,
i1 1-vp dr=  rdr = -y, dr

(2.4)

Let u, denote the displacement in the radial (r) direction at the
neutral axis (z=0) of the substrate, and w the displacement in the
normal (z) direction. The forces and bending moments in the sub-
strate are obtained from the linear thermo-elastic constitutive
model as

Eh, |d

-V r r

Eh,| d

N = = ;z[vsf + ”7 1+ VS)a’ST:| (2.5)

__Em (dz_w+&d_W)

"0 -w)\ar? " orar
M——Eshi ( dz—w+ld—w> (2.6)
9_12(1—1)3) War T ar ’

The shear stress 7! at the film/substrate interface is equivalent
to the distributed axial force 7"(r) and bending moment
(hy/2)7D(r) applied at the neutral axis (z=0) of the substrate. The
in-plane force equilibrium equation of the substrate then becomes

ag NN
dr r

The out-of-plane force and moment equilibrium equations are
given by

+740= (2.7)
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M, M,-M h
—L+——ti0-24AV=0 (2.8)
dr r 2

d

Q.2 (2.9)

dr r

where Q is the shear force normal to the neutral axis. Substitution
of Eq. (2.5) into Eq. (2.7) yields

d*u;

ldug; uy dar
>t
dr rdr

-5 =00+v)a
R

2
_I_VST(I)

— 2.10
dr  Ehy ( )

Elimination of Q from Egs. (2.8) and (2.9), in conjunction with
Eq. (2.6), gives
dw 1dw ldw 6(1-1)
aw . 2 A7)
arr r dr P dr E; h2

The continuity of displacement across the film/substrate inter-
face requires

(2.11)

hydw
Up=ug— "7
2 dr
Equations (2.4) and (2.10)—(2.12) constitute four ordinary differ-
ential equations for Up, Uy, W, and 7V
We can eliminate u;, u,, andw from these four equations to
obtain the shear stress at the film/substrate interface in terms of
temperature as

(2.12)

E - 2[(1+V)oz (1+vp)ay]
o= 7Y Z— (2.13)
1+E4 Bl 1= % '
=1 ]—Vf Eh

which is a remarkable result that holds regardless of boundary
conditions at the edge r=R. Therefore, the interface shear stress is
proportional to the gradient of temperature. For uniform tempera-
ture 7=constant, the interface shear stress vanishes; i.e., AD=0.

Substitution of the above solution for shear stress 7! into Egs.
(2.11) and (2.10) yields ordinary differential equations for dis-
placements w and u, in the substrate. Their solutions, at the limit
hy<hy are

aw 1= By
=6— 1 1 T(n)d
dr E5h3,11—V2[( rr)e - ”f)“f] 77(’7)’7
B
+7'r (2.14)
1" B
uy=(1+v)a,~ f nT(mdn+—r (2.15)
rJ, 2

where B and B, are constants to be determined by boundary
conditions. The displacement in the thin films is then obtained
from Eq. (2.12) as

1" B, hB
up=(1+ Vs)afx;J nT(n)dn+<—2—Tl)r (2.16)

0 2

The first boundary condition at the free edge r=R requires that
the net force vanish

SNV 4NI=0 atr=R (2.17)
i=1

which gives
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By=(1-v)a,T (2.18)

for hp<h,, where T=(2/R?)[§ 9T (n)dn=[[TdA/wR? is the aver-
age temperature over the entire system. The second boundary con-
dition at the free edge r=R is vanishing of net moment, i.e.,

By~
M,-;‘ENW:O at r=R (2.19)
i=1

which gives

I—V? ! Efihfi (1+Ufi)(1_vs)

Bi=6—>>,

Eshs i=1

(a.\' - afl) - (U.\‘ - Vfi) A T

1-v; 1 +uv,

(2.20)

2.2 Stresses in Multilayer Thin Films and System
Curvatures. The system curvatures are related to the out-of-plane
displacement w by «,,=d’*w/dr* and kgy=dw/rdr. Their sum is
given by

1-v = 1+ -
Kyt Kgg= 12E_112 AJT+—A,(T-T) (2.21)

2

STs

where T is the average temperature in the thin film/substrate sys-
tem, and

n
E:h
fi
Aaz 2 1 (as_afi)
=1 LUy

n

E:h
f,‘ fl'
A= 2 Sl e = (4 vag]

i=1 fi
The first term on the right-hand side corresponds to the (constant)

(2.22)

average temperature 7, while the second term gives the deviation

T-T from the constant temperature.
The difference between two system curvatures is

IRy P T(n)d (2.23)
Kyr = Koo = Esh? va r2 . nilnpjan .
As compared to the system curvatures for a single thin film [14],
Egs. (2.21) and (2.23) can be obtained by replacing the single film
properties by the sum of multilayer film properties in Eq. (2.22).

The stresses in the ith thin film can be obtained from the in-
plane displacement uy as

I 7 7
Oyt 0py = ﬁ{z(ax —ap)T+[(1+v)a,—2a,(T-T)}
—v,

(2.24)

I 2 [f
o= oy =1_(1+V5)as T-= | 7T(npdy
+ Vfi r 0

(2.25)

They are identical to Huang and Rosakis [14] for a single thin film
if the Young’s modulus, Poisson’s ratio, and coefficient of thermal
expansion are substituted by E;, v;, and «; of the ith thin film,
respectively. The shear stresses along the film/film or film/
substrate interface can be obtained from the equilibrium equation
(2.3). Specifically, the shear stress of ith thin film is given by

O Eshy dT

= L v )a - (1 +v)e ] (2.26)
= l—vjzc' T dr

J

where the summation is from the ith thin film to the last (nth).
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3 Extension of Stoney Formula for a Multilayer Thin
Film/Substrate System Subjected to Axisymmetric Tem-
perature Distribution

We extend the Stoney formula for a multilayer thin film/
substrate system by eliminating the nonuniform axisymmetric

temperature in order to establish a direct relation between the

stresses in the ith thin film and system curvatures. Both «,,— kg, in
Eq. (2.23) and U&’;’)—a'gé) in Eq. (2.25) are proportional to T
—(2/7) [T (n)d7n, and therefore can be directly related by

Esh?as Efi Krr— Kgg
6(1-v)l+v, A,

(f;) () —
Oy = 0gg =

(3.1)

where A, is given in Eq. (2.22). We define the average system
curvature K,,+Kgg as
R

— 1 2
Kyt Kgg= ? f f (Krr+ KHB) 7/d77d9= E 7](Kr7+ Kﬁﬂ)dﬂ
™ A 0

(3.2)

which can be related to the average temperature T by averaging
both sides of Eq. (2.21), i.e.,

_— 1=y -
K+ K= 12—5A,T

ss

(3.3)

where A, is given in Eq. (2.22). The deviation from the average
curvature K.+ Kgg— K.+ Kgg can be related to the deviation from

the average temperature 7—7 from Eq. (2.21) as

[ -V _
K, + Kgg— Kyp + Kgg= 6_2AVH(T— T)

sUs

(3.4)

Elimination of temperature deviation 7—T and average tempera-
ture 7 from Eqs. (3.3), (3.4), and (2.24) gives the sum of stresses
in the ith thin film in terms of curvature as

Eh?
6(1 _Vs)] _vfi Aa

Er, |&——rn
Kyt Koy

(l+vs.)as—2af[ -
W(Krﬁ Koo — Kpr+ Kgp)
S ra

(3.5)

Equations (3.1) and (3.5) provide direct relations between stresses
in each thin film and system curvatures. Stresses at a point in each
thin film depend not only on curvatures at the same point (local
dependence), but also on the average curvature in the entire sub-
strate (nonlocal dependence).

The interface stress 79 can also be directly related to system
curvatures via

" E.h,
i Tk
2 —— (1 +v)a,—(1+vs)ar]
- Eshg k=i 1_0?1( N Kert K90)
T 6(1-0v9) A, dr
(3.6)

This provides a remarkably simple way to estimate the interface
shear stress from radial gradients of the two nonzero system cur-
vatures.

i)

4 Arbitrary Temperature Distribution

Similar to Huang and Rosakis [15] for a single thin film on a
substrate, we expand the arbitrary nonuniform temperature distri-
bution T(r, 6) to the Fourier series:

Transactions of the ASME

Downloaded 22 Apr 2008 to 129.105.86.142. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



- - w low 1 Pw 1aw
T(r,0) = X, T (r)cos mO+ X, T (sinm@  (4.1) Kp="3 Kep=To*5Ta Ke= Ty
m=0 m=0
The sum of system curvatures is related to the temperature by
where
2 — v 4
! Stk = A
Tﬁo)(r) = _f T(r,0)do K+ Koo = E, 2 va 5)<3 + @
2 0 $
R
L[ m>2 (m+ D) 5s RM cos mf J 7T ()
T (r) = = T(r,6)cos mbdo el 0
™o .
and + sin mof 7/n+1T§m)(7])d7]i| (4.2)
1 2 0
m)yy _ . _
T‘(" (r)= WJ; T(r,)sinméd6  (m=1) where T=(2/R2)f§n7ﬁo)(7])d77=(l | 7R?) [ [4T(7n, ©)dA is the av-

erage temperature over the entire area A of the thin film, dA
The analysis is similar to Huang and Rosakis [15], except it is =ndnde, and A, and A, are given in Eq. (2.22).
now for multilayer thin films on a substrate. The difference between two curvatures, i.e., K,.—Kgy, and the
The system curvatures are twist «, are given by

1_ 2 r r
Ky — Kgp= 6E—hv2“A,, |: f T(O)dn E (cos m0f 7]’”+1T§.'")d7;+ sin mBJ 7]"”1T§'”)d7;)
s'ts m=1 0

0

d R R P o
1-v 4 m+1 r\"
— —m(m . —mem) S| —_
—m§=1 (m-1)7r 2<cosmﬁfr 7 IC( )d77+ smm@fr 7 T§ dn):| +6 Eshf <3+ VXAQ—AW) E I [m(R>

m=1

m=2 R R
—(m- 1)(1%) ](cos mﬁf 7" T d 7 + sin maf 77’””T§"’)dn> (4.3)
0

0

m=1 0 m=1

R 1= 4 A N ama [ et
—cosmé , n "TMdn | | -3 E0 3+—VSAQ—AW % | ™ % —-(m-1) ? sinmé . 7" T Mdny

R
—cos mBJ 77’"”7"2’”)417]) (4.4)
0

1-7 S om+ 1 ' 8
K9=3 Eh]; |: En:mz (sinmﬁf ﬁ"*llﬁ'")dn—cosmﬁf 7]’””7"('”)d77>+2(m—1)r’” (sinmﬁf nl_’"Tﬁm)dn

As compared to the system curvatures for a single thin film [15], Egs. (4.2)-(4.4) can be obtained by replacing the film properties by
the sum of multilayer film propemes in Egs. (2.22).

The sum of stresses (r(f ! +a'(f “’ in the ith thin film is related to the temperature by

©

E R

: : f; - - m+1

oV 4 olfi) = . 2(a = ap)T+[(1+v)a -2, J(T-T) +2(1 - v)a, Y, Wr’"(cos mGJ 7T ay
e m=1 0

R
+sinmé f 77'"+'7§’">d77) (4.5)
0

The difference between stresses, ie., a'rri)—ogi and shear stress o'(f’ are given by

o-E’:i) - o'%) =1 Ja T—— f T(O)dn 2 (cos mﬂf n’"”T(C’")dn+ sin mﬁf 77””'7{5’")d7]> - E (m
0 m=1 0 0 m=1
R K Som+l r\" r\"?
- 1)r"2| cos mﬁf 7]"’"T§”‘M77+ sianJ n"mTﬁ”’)dn —2 W[’"(_> —(m—l)(—) ]
r r m=1 R R R
R R
X (cos mﬁf 7" T d 7 + sin mﬂf 77’”“T§’”)d77> (4.6)
0 0
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() _ E

oy m(l + vy ay

>

m+1( . 0fr
T2 simm
m=1 r”’* 0

m m=2 R R
—cos mﬂf 1= "’T<”')d77> + 2 e [ (;) —(m- 1)(1%) }(sin mef 7™ T d 7y - cos mt‘)J ﬁ"*lﬂm)dn) (4.7)
r 0 0

m=1
Equations (4.5)—(4.7) are identical to Huang and Rosakis [15] for a single thin film if the Young’s modulus, Poisson’s ratio, and
coefficient of thermal expansion are substituted by E;, v;, and «; of the ith thin film, respectively.
The shear stresses 7'(') and 7 (') at the film/film and film/substrate interfaces are related to the temperature by

r * R
7™ T d 7y - cos mé’f ﬁ”*lﬂ’")dn> + 2 (m— 1)r’"'2<sin mﬂf 7" T dy
0 m=1 r

Efhy aT
A= E 1 (1+ ij)aj}]

—LL[(I +v)a, —

R
rm
+ 1)W<cos mﬁf 7T d g + sin mﬁf 77’"+'7§'")dn>
0 0

; Tj;[(l +v)a, - (1+ Vf)af]—

rm—l < R
—oz| sin mﬂf
R o

+1)

where the summation is from the ith thin film to the last (nth).

5 Extension of Stoney Formula for a Multilayer Thin
Film/Substrate System Subjected to Arbitrary Tem-
perature Distribution

We extend the Stoney formula for a multilayer thin film/
substrate system by establishing the direct relation between the
stresses in each thin film and system curvatures. Similar to Huang
and Rosakis [15] for a single thin film, we first define the coeffi-
cients C,, and S, related to the system curvatures by

1 m
?JL(K"Jr K@o)(é]) cos medA
?fL(K”-F Kﬁg)(g) sin medA

where the integration is over the entire area A of the thin film, and
dA=ndnde. Elimination of temperature gives the stresses in each
thin film in terms of system curvatures by

(5.1)

Eh2 E; a;
6)_ o) L _Th 1
Trr = T4 6(1—v)1+vaVa mEl(m )
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where k,,+ kgg=Co=(1/TR?) [ [ s(K,+ Kgg)dA is the average cur-
vature over entire area A of the thin film, and A, and A, are
given in Eq. (2.22). Equations (5.2)—(5.4) provide direct relations
between individual film stresses and system curvatures. It is im-
portant to note that stresses at a point in each thin film depend not
only on curvatures at the same point (local dependence), but also
on the curvatures in the entire substrate (nonlocal dependence) via
the coefficients C,, and S,,,.

The shear stresses 7'( " and 7 (’) at the film/film and film/substrate
interfaces can also be dlrectly related to system curvatures via

) 2 Enl (1 +v)ay -(L+vg)ey]
) _ Eh; k=i fk
T _(Krr+K90)
6(1 - v ) A,, ar
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m=1

This provides a way to determine the interface shear stresses from
the system curvatures. It also displays a nonlocal dependence via
the coefficients C,, and S,,,.

6 Concluding Remarks

The analytical solution is obtained for a multilayer thin film/
substrate system subjected to arbitrary temperature distribution.
The stresses in each thin film and system curvatures are obtained
in terms of the temperature. The direct relation between the
stresses in each thin film and system curvatures is also obtained.
The dependence of the film stresses on curvatures is not generally
“local,” i.e., the stress components at a point on the film will
depend on both the local value of the curvature components (at
the same point) and on the value of curvatures of all other points
(nonlocal dependence).

The presence of nonlocal contributions in such relations also
has implications regarding the nature of diagnostic methods
needed to perform wafer-level film stress measurements. Notably,
the existence of nonlocal terms necessitates the use of full-field
methods capable of measuring curvature components over the en-
tire surface of the plate system (or wafer). Furthermore, measure-
ment of all independent components of the curvature field is nec-
essary. This is because the stress state at a point depends on
curvature contributions from the entire plate surface.

The nonuniform temperature distribution also results in shear
stresses along the film/film and film/substrate interfaces. The re-
lation between the shear stresses and system curvatures provides
an effective method to estimate the shear stresses. Since film
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delamination is a commonly encountered form of failure during
wafer manufacturing, the ability to estimate the level and distri-
bution of such stresses from wafer-level metrology might prove to
be invaluable in enhancing the reliability of such systems.
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