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Analyses of edge effects on residual stresses
in film strip /substrate systems
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The residual stress distribution in a thin-film strip overlaid on a substrate is influenced by the edges
of the strip. An analytical model is developed to derive a closed-form solution for the stress
distribution along the film width. Because the film is much thinner than the substrate, the stress
variation through the film thickness is ignored; however, the stress variation through the substrate
thickness is considered in the analysis. Compared to the existing analytical models, the present
model is more rigorous and the analytical results agree better with both finite element results and
experimental measurements. Z00 American Institute of Physids$S0021-897800)02218-7

I. INTRODUCTION II. SUMMARY OF EXISTING ANALYSES

Thin-film strips on a substrate have extensive applica- Both analytical modeliny®~*?and the FEA"*~**have
tions in microelectronic devices?® The film/substrate sys- been performed to analyze the film-edge effects, and they are
tem is subjected to residual stresses, which result from theummarized as follows.
film deposition process, the lattice mismatch, and the thermad . Analytical modeling
expansion mismatch. These stresses provide a driving force

t0 form defects which. in turn. dearade the device perfor- Analytical solutions for the stress distribution in a film
' » 0€g P strip similar to that shown in Fig. 1 have been previously

mance. If the film has an infinite lateral dimension, the Stres?ﬂerived A film strip with a width 2 and a thickness is
in the film would be uniform when the substrate is muchyeraid on a substrate with a thicknessThe film is sub-

thicker than the film and bending of the system is ignoredjected to a mismatch straing. The Cartesian coordinates,
However, a finite film strip has free surfaces at the edgey, andz are shown in Fig. 1, such that the film is bonded to
which, in turn, modify the stress distribution in the film/ the substrate at=0, and the edges of the film are located at
substrate system. There have been many studies to analyge- =1. The dimension of the film/substrate system along the
the film/substrate stresses arising from the edges of an otlz-axis is assumed to be infinitely long. Among the existing
erwise uniformly stressed filfiY Both analytical analytical models, the most cited ones are developed by
mode”nérg_lz and the finite element ana'ys(§EA)7113_lS HU8'g and Suhiﬁo’ll HOWeVer, in all analytical m0de|S, the

have been performed to predict the film-edge effects. HowVvavriation of the stress through the film thickness is neglected
ever, by comparing the analytical solutions with finite e|e_because the film is much thinner than the substrate. Other

ments results and experimental measurements, it is corffuz’prOXImatlonS are also used to simplify the problem in or-

cluded that predictions for the film-edge effects from theder o obtain analytical solutions.

it iical model ¢ satisfactdi Al In Hu's analysi€?® an infinitely thick substratdi.e., s
existing analyfical models are not salistaclory. Also, nu- —) is considered and the solution is derived for a single-

merical procedures are required in some of the existing angsyged film having a semi-infinite width. A concentrated
lytical models in order to solve some complex equations.  force model was derived first, such that a concentrated body
The purpose of this study is to develop a better analyticaforce (per unit length in the direction, F, is induced at the
model with a closed-form analytical solution for the film- fiim edge and acts tangentially on the substfdtethis case,
edge effects. Unlike the FEA which requires a finite elementhe stress distribution in the substrate can be obtained readily
package and extensive numerical computations, the closeffom Timoshenko and Goodier's solutioffsjn which the
form analytical solution is ready to be used to examine thestress distribution in a half space subjected to a concentrated
roles of the essential material parameters in the system. Fird@rce tangential to the surface is analyzed. The solution ob-
the existing analyses are reviewed. Then, an analytical mod&tined from the concentrated force model lacks self-

is developed to derive a closed-form solution to predict theconsistency because the film stress becomes distributed as it

stress distribution in the film strip/substrate system. Fina"y,relaxes with the substrate deformation. Consequently, the

concentrated force modelwas modified to a distributed

by a distributed tangential force on the substrate. However,
for the distributed force model, the formulation for the stress
distribution in the system is an integral equation and a nu-
dElectronic mail: hsuehc@ornl.gov merical method is required to obtain the solutins.

measurement$1°
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: whereE andv are Young's modulus and Poisson’s ratio, and
- the subscriptsf and s, denote the film and the substrate,
FIG. 1. Schematic showing a thin-film strip deposited on a substrate. '€Spectively. Because the film is relatively thin, the bending
moment in the film(proportional tot®) is small, and the
stress in the filmg(y), is due to the forcé>(y) only, such

()

K=

that
When the film becomes a strip, Hu's solutions for a
single-edged film and the principle of superposition are used T~ EfAe B coshixy) 4
to obtain the solutions for a two-edged fif? It has been o)== Ve coshixl) |’ @

noted that the stress distribution in the film obtained by Hu

for a single-edged film satisfies the free surface condition %nggfht?ﬁes;giiz Igntg?hﬁelrgé T;nstre;?s ngr; ::e V?/L:]ki)lsétrtits ;strg::
the edge. However, the stress distribution in the film ob- 9 )

tained by using Hu’s solutions and the principle of Superpo_component due to the forc®, is uniform through the sub-

sition for a two-edged film does not satisfy the free sun‘a(:eStrate thickness, the stress component due fo the bending

condition at the edge’sA simple analytical solution for the vrcr?g;e?r:ev?hriflfn(tazrsozgr:h:ehiui)i?;{tr:t?s Ezlf?r:(i?:stsﬁeHlfg:'llz\i/r?r,
stress distribution in the substrate can be obtained when Ti- . ' 9
moshenko and Goodier's solutiorige., the concentrated moment becomes zero, and the stress in the substrate be-
force modef?® and the principle of superposition are used,Comes zero although the force is nonzero.

such that the stress component in thdirection in the sub-
strate,crf,, for the geometry described by Fig. 1 is giverfBy
The stress distribution in the geometry depicted by Fig. 1

_ 3 _1\3
oS= 2F (y+2I) - y 2I) _— (1)  has been analyzed using the FEX:*°The tractions on all
Yoo [[(y+ D x]7 [(y=D+x7] free surfaces are zero except at the bottom of the substrate

Suhir's analysis is a modification of Timoshenko's (i.€., atx=—s) which is assumed to be rigid.e., zero dis-

modef* on analyzing the residual stresses in a bi-metal therPlacement An initially uniform mismatch strainAe, is as-
mostat, in which the width is infinitéi.e., | —). By con-  Signed to the film. Then, this mismatch strain is allowed to

sidering a finite film width, 2, Timoshenko’s model is relax, and a numerical code is used to find the minimum

modified by Suhir. Because of the mismatcts;, between €nergy configuration for the whole system. It is noted that

the film, the substrate, and the edge effect, a nonuniforngingularities exist at the points where the film edges meet the
force along they axis (per unit length in the direction) P(y) substrate, and a refined finite element mesh is used in the
is induced in the film and a force of the same magnitude butegion close to the edges.

of the opposite direction is induced in the substrate. These

forces can be regarded as concentrated forces at the half THE PRESENT ANALYTICAL MODEL

thicknesses of the filfi.e., atx=1/2) and the substratge., The present analytical model preserves the essence of
atx= —s/2), respectively. They can also be treated as forcegyhir's analysis but adopts different analytical procedures to
distributed uniformly through the thicknesses of the film andgerive the stress distribution in the film/substrate system.
the substrate. A shear forcgy) is induced at the interface  a|so, since the substrate is much thicker than the film, the
such thaig(y) andP(y) are related by an equilibrium equa- yariation of the stress through the thickness of the substrate
tion. Bending of the system is considered. Then, the disis included in the analysis; however, bending of the system is
placements of the film and the substrate at the interface aignored. Incidentally, the present model can also be regarded
formulated, reSpeCtiVely, based on the mismatch Strain, thgs a Shear |ag mode| in a p|anar geometry. The Shear |ag
two force distributions, and the curvature of the system. It ispodel was first developed by Cox to analyze the stress trans-
noted that a Fourier series is adopted in formulating the disggr problem for a cylindrical geometi.e., a fiber embedded
placement due to the interfacial shear force, &idis as-  jn 3 coaxial cylindrical matrix?? It has then been modified
sumed to be smalle.g.,t/I<0.2) in order to simplify the  and improved by many othefd:?’ The analytical proce-

equations® By satisfying the displacement compatibility qures in deriving the present model are as follows.
condition at the interface and the boundary conditions that

P(1)=0 and q(0)=0, the solution forP(y) [and hence A- Condition for a bonded interface

q(y)] can be obtained, such that The film and the substrate are bonded at the interface,
and the film is subjected to a mismatch straka, Without

B. Finite element analyses

—tEfAe cosh{ky) 2 e :
P(y)= = - ik (2)  the constraint in the direction(see Fig. 1, the stress normal
Vi costi«l) to the interface is zero, and the displacement compatibility
The parameter, is defined by condition at the interface requires
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. . 1 C. Stress distribution in the substrate
—(oy— +Ae=—(oy—vsoy) (at x=0), (5 . . . .
E; (oy=vioz) +Ae ES(Gy R ), (53 To strictly satisfy the equilibrium equation, the stress—
N displacement relation, and the essential boundary conditions,
_(U;_ vfa;)+As= = (03— Vs‘fi) (at x=0), solutions fpr the stress d'lstrlbutlon require extgnswe numeri-
E; Es cal analysis. However, simple analytical solutions are attain-

(5b)  able when some of the above equations are approximately
satisfied and the rest of the equations are exactly satisfied.

and the superscripts,and s, denote the film and the sub- Because the main interest in the system is the variatian,of
strate, respectively. When the substrate is much thicker thaji ey direction, the variation otry in the x direction is
the film, bending of the system can be ignored. Furthermorddnored in the equilibrium equation such that the gradient of
when the system has an infinite length in thdirection,o; oy in th_ey dlrec_t|on in the substrate can be approximated by
is uniform in the film ando? is zero in the substrate. With a function ofy; i.e.,

a5=0, the combination of Eqg5a) and (5b) yields

whereo, ando, are the stresses in tiyeand thez directions,

Jdo
y
—=f(y) (for —s=x=<0). 11
o (1=vAEs , (1+wE;s %y
oy= = E oy 1= Ae (at X:O). (6) . . . . .
(1= vivo) By ViVs The physical meaning of this approximatifire., Eq.(11)]

in the equilibrium equatiofEq. (8)] is that the equilibrium

equation is satisfied in an average sefwith respect to the

x direction. A similar approach has been adopted in the

shear lag model in analyzing the stress transfer problem in a

R = cylindrical geometry. The approximatedependence ofr,

y_"fb_l_,,fA“3 (for O=x<t). (7) " can be obtained by solving the approximate equilibrium
equation and is shown as follows.

Hence, for the special case that the substrate is much thicker Continuity of the shear stress at the interface., 7

than the film and the system is infinitely long in both the =7, atx=0) is required, and solution of Eq) and (11)

and thez directions, the film is subjected to a biaxial stresssubjected to the continuity condition gives

(oy=0}) described by Eq(7) and the substrate is stress-

free. For convenience, this biaxial stress in the film is rede-

fined asoy,. However, when the film has a finite width in

they direction (e.g., a strip, the displacement compatibility

condition at the interface is described by E6). Where_rs is the shear stregs at= —s. . o
With o,=0 and the displacement in thedirection be-

ing negligible, 7 can be related to the displacement in the
direction,w, by

If the system is also infinitely long in the direction,a; is
uniform in the film,a§ is zero in the substrate, and the so-
lution of o, from Eq. (6) is

o

X X
T=(1+§ =75 (for —s<x<0), (12

B. Stress gradient in the film
Es dw

When the system has an infinite length in #direction, P ——
2(1+wvg) dx

there is no stress variation in taelirection. The equilibrium

eqlzatio)n between the normal stresg, and the shear stress, compination of Eqs(12) and (13) and integration yields
Ty(=17), is

(for —s=x=<0). (13

Es(WO_Ws)

doy It To=— T, (144
S AT S(1+
3y X 0. (8) (1+vy)

Integration of Eq(8) over the thickness of the film and then T:( X M_( 2_X> Te

division by its thickness yields s/ s(1+vw)
9 11 [t 1 (tor (for —s=x=<0), (14b
— —f aydx +—f—dx=0. 9 ) . o
dy\t Jo t Jodx wherew, andwg are the displacements in tlyedirection at

x=0 and —s, respectively. When the substrate is fixed at

Because the film is relatively thin, the variation of, x=—s, w,=0 and the displacement, can be derived from
through the thickness can be ignored. Letting represent Eqs.(1,3) zsand (14b) such that "

the average value of, over the thickness of the film and

using the free surface condition that=0 atx=t, Eq. (9) x\? 2(1+vy) x?
becomes W={1+ 5] Wom —g— | X+ 5| 7s
S
dog 70 (10 (for —s<x<0). (15
dy t’

Using the conditions that,= o,=0 in the substrate, differ-
where 7 is the shear stress at the interfdce., 7=19 atx  entiation of Eq(15) with respect toy and then multiplication
=0). The stress gradient in the film is described by @). by Eg gives
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X\ 2 X%\ drg It is noted that the present solution for the film stress distri-
oy=|1+ 3] oo=2(A+vy|x+ dy bution[Eq. (22)] has a similar formulation as that in Suhir’s
model[Eq. (4)].
(for —s=x=<0), (16 The maximum stress within the film occurs at the center

where o is the substrate stress in tlgedirection atx=0. of the film (i.e., aty=0), such that

The approximate« dependence of, in the substrate is de- Tt 1
scribed by Eq(16). o N ' or(0)=—3; =0 1- costal)
The mechanical equilibrium condition for the stress dis- o
2s (1-v¢9)E;

tribution in the system requires that
When the film strip is sufficiently wide such that coalj(

. (24)

0
tcrf+J o,dx=0. (17)  —o», this maximum stress has a constant value: i.e.,
—S
. . _ Otp <
Solution of Egs(16) and(17) gives o¢(0)= . 3t (1= v )E, (for 1>0). (25
drg -3t s 25 (1— v?)Eq
d_y_sz—(1+1/s) 0'f+§0'0 . (18)

Furthermore, when the substrate is much thicker than the
The aforementioned equation is required in deriving the goviilm, this constant maximum stress becomes

erning differential equation foo; . oi(0) =0y (for 150 and s>1). 26)

IV. RESULTS
D. Stress distribution in the film

Combination of Eqs(10), (148, and(18) and differen-
tiation with respect to yields

d20'f . 2
dy?  st(1+wg)

The FEA has been performed to predict the stress distri-
bution in GeSi film strips on silicon substrate¥:® The
material properties of this system arg;=147.2 GPa,Eq
3t =163.1 GPawv;=0.2765, andvs=0.28. The thickness and
Py fto 0)- (19 the width of the substrate are 50 and 100 units respectively,

and different thicknesses and widths are used for the film in
The solution of the stress distributiar is contingent upon  the FEA. The width of the substrate is not involved in all the
the determination ofr,. For a bonded interfacer, is re-  gpalytical solutions. Unless noted otherwise, the above ma-
lated too¢ by Eq.(6), whereos atx=0 becomesry ando}  terjal properties and a thickness of 50 units for the substrate
at x=0 becomess; when the variation ofr| through the  are used to calculate the results from the analytical models.
film thickness is ignored. Hence, the differential equationFirst, comparison of the stress distribution along the film
governing the stress distribution in the film can be obtainedyidth is made between the present analytical results, Suhir’s

by substituting Eq(6) into Eq. (19), such that analytical results, and finite element results. Second, the
d20; 2 3t (1-v?)E stress at the center of the filtne., aty=0) is calculated and
= 5 compared with the results obtained from other models and
dy*  st(l+wg)|\25 (1—wsrvg)Es

experimental measurements. Third, comparison of the stress
(1-v¢%)Eq distribution in the substrate is made between the results ob-
- m(ﬁb} (200 tained from the present analytical model, Hu's model, and
the FEA. Finally, the effects of the Young’s modulus ratio of
whereoy, is defined by Eq(7). substrate to film and the aspect ratio of the film on the stress
The solution ofo; from Eq.(20) is subject to the bound-  djstribution in the film are shown. Because the geometry of
ary conditions that the film is stress-free at the edge and thghe system is symmetric with respectyte: 0, only the solu-

system is symmetric with respect yo=0; i.e., tions fory=0 are shown in the following.
o=0 (aty=1), (21a  A. Stress distribution along the film width
70=0 (at y=0). (21b Based on the finite element results, the stress is not uni-

form throughout the thickness of the film. The film stress is

With the above two boundary conditions, the solutionsgf |5 ast at the interface and decreases with the increasing dis-

IS tance from the substrate. However, the stress at the half
Tt cosl{ay) thickness of the filnii.e., atx=t/2) is a good approximation
ai(y)= (=1 E { ~ Cosial) |’ (220 of the average film stre$&.Since the analytical solutions
1+ % give only the average stress throughout the film thickness,
2s(1=v()Es the stresses at=t/2 from the finite element results are cho-
where sen to compare with the analytical results. Using the film
2 12 thicknesst=1 unit and the half widthl=20 units, the
a= 2 (i (1~ v")Es ” (23) present analytical results, Suhir's analytical results, and the
st(1+vg) |25 (1—vivg)Ey finite elements results are shown in Fig. 2. Compared to
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FIG. 2. Comparison of variations of normalized film stresg/oy,, along 4
the film width between the results obtained from the present model, Suhir's -
model, and the FEA fos=50 units,t=1 units, and =20 units. E-

0 1 1 Lt 1.1 lI L L L $ 1 111
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Suhir's results, the present results are closer to the finite Normalized film width, /¢
glemenFs rgsults. Suhir's model predicts a onver stress in the —  Hsueh B GaAs, Lee
film. This discrepancy could result from the different bound- — — - Suhir O  GaAs, Yamaguchi
ary conditions adopted in the modeling. While the substrate — - -Hu A  InGaAs, Tang
is fixed atx=—s in the present analytical model and the =~~~ ----- FEA vV  GaSi, Dietrich

finite element model, the system is free to bend in Suhir’sF i . )

. . . . IG. 3. Comparison of the normalized stress at the center of the film,
model which, in turr_]' results ”.] stress relaxation. Howeverm(O)lcrfb, as a function of/t between the results obtained from the present
when the substrate is much thicker than the figrg., when  model, Suhir's model, Hu's model, the FEA, and experimental measure-
s/t=50 in Fig. 2, the difference in the predicted results ments.
caused by the different boundary condition assignex=at
—s is negligible. Hence, the lower stresses obtained in Su-
hir's model are believed to be due to the assumption of the

force P(y) being uniformly distributed through the substrate stra'te' thickness is a§sumed to bg infinite, and the fdtiois
thickness sufficient to determine the solutions. However, the param-

eters,s, t, andl, are involved in both the present model and
Suhir's model. Usings=50 units,t=1 unit, and different
units for I, the results from the present model and Suhir’s
Stress measurements have been made on several semedel are calculated for comparison. The normalized stress
conductor films deposited on Si substrates. Using cathodolwat the center of the filmg;(0)/oy,, as a function of/t is
minescence, the stresses in GaAs films were measured Isjrown in Fig. 3. Higher stresses are predicted based on Hu's
Lee (with t=3 um, 21=7, 15, and 10Qum)*® and Yamagu- model. Compared to Suhir's model, the present model pre-
chi (with t=4 um, 21=10, 35, and 60um),*’ respectively. dicts results closer to the finite element results. While the
Using micro-Raman, the stress in g Gay 75As film (with stresses predicted from the present model are lower than
t=0.1um, 21=1um) was measured by Tarfj,and the those predicted from FEA, the present predicted results
stresses in G Sip ggfilms (with t=96nm, 2=0.6um and  qualitatively agree with the measurements.
1 um) were measured by Dietricfi.It is noted that a sharp It has been argued that for the geometry described by
film edge is difficult to obtain in film processing due to the Fig. 1, the thin film influences the stress field in the substrate
formation of “bird’s beak,”?’ which distorts the film edge. only within a certain boundary zone in the neighborhood of
This complicates the stress measurement at the film edgetfie film. Outside the boundary zone, the stress field in the
nevertheless, the stresses have been measured at the fimbstrate is not perturbed by the presence of the fim.
center(i.e., aty=0). However, because of the finite beam Hence, an effective thickness should be defined, such that
spot diametefe.g., 1 um for cathodoluminescence and 0.7 this effective thickness instead of the actual substrate thick-
um for micro-Ramai the measured stress is not just at theness should be used in analytical modeling. However, a cri-
center but some average around the center. terion for defining the effective substrate thickness has not
The FEA has been performed to predict the stress at théeen established. Based on the finite element results for the
center of the film as a function dft to compare with the film thickness being one unit, the perturbation of the stress
measurements. Not all the films involved in the stress medfield in the substrate is negligible when the position in the
surements are GeSi. However, the elastic constants are nabstrate is>25 units away from the interfaceUsing 25
ther sensitive to small changes in Ge concentration for GeSinits instead of 50 units as the substrate thickness, the results
films nor are they very different from GaAS and InGaAs from the present model and Suhir's model are also shown in
films,” and the material properties of GeSi film are used toFig. 3 and they agree better with both the finite element
calculate the results from modeling. In Hu's model, the sub+esults and the measurements.

B. Stress at the center of the film
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ences are discussed as follows. First, without the edge effect,
mechanical equilibrium of the system requires that the
stresses in the substrate and the film have the opposite sign,
such that the normalized substrate stre@,é(rfb, is negative.
The condition that the film has a free surface at the ddge
os=0 aty=1) is satisfied in both the present model and the
finite element model. Hence, the integral of the substrate
stresses at=1 over the substrate thickness is zero which, in
turn, results in both positive and negative signsa‘@/rcrfb at
y=I depending on the position [Fig. 4a)]. However, a
concentrated forcds, at the edge position acting on the sur-
face of the substratf.e., at &,y)=(0,)] is considered in
Hu’s model, the integral of the substrate stressgs=dtover
the substrate thickness must balaﬁoandcrilafb aty=Iis
0o bev s 0 BN v e e always negative through the substrate thickrisse Eq(1)
0 5 10 15 20 and Fig. 4b)]. Second, Hu’s results show that the normal-
Normalized position, y/t ized substrate stress has a negative singularity xay) (
=(0J). In the present analytical model, the stress singularity
0.2 Tt T—T— Tt cannot be handled exactly; however, the magnitude of the
C (b) =25 ! ! A negativeaf,/ofb reaches a maximum ak(y)=(0J). In the
oL ‘N ﬁ N finite element results, the stress singularity is reflected by an
abrupt change of the sign fo@/(rfb at positions close to the
interface[seex= —1 in Fig. 4a)] and near the edge. Con-
sideringailaﬂ) aty=1, while the finite element results show
positive values at locations close to the interface and nega-
tive values at locations away from the interface, the present
results show the opposif&ig. 4a)].
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-0.8 — Hsueh D. Effects of E/E;and I/t on the stress distribution
in the film
— - ~-Hu
-1 To examine the effects of Young’s modulus ratio on the
| | | ] stress distribution in the film, the normalized stress in the
'1-20 — s — '10' — '15‘ - '20 film, o¢/0g, as a function of the normalized positiopt,
N lized positi / are shown in Fig. &) for s/t=25, andl/t=20 at different
ormalized position, y/t values ofE,/E;. The stress in the filmg;, is zero at the
FIG. 4. Comparison of the variations of normalized substrate sy, , free edge and Increases with th_e d'Star_lce from the edge;
along the film width between the results obtained fi@rthe present model however, the rate of increase @f with the distance from the
and the FEA, andb) the present model and Hu’s model. edge increases with increasifg/E; .

To examine the effects of the film aspect ratio on the

stress distribution in the film, the normalized stress in the
C. Stress distribution in the substrate film, o /0y, , as a function of the normalized positiofit, is
shown in Fig. %b) for s/t=25 at different values df/'t. The

_ The stress distribution in the substrate has been analyzeghess at the center of the film reaches an equilibrium value
using the FEA. Using one unit for the film thickness and 20gefined by Eq/(25) if the film is sufficiently wide[e.g., I/t
units for the half film widthl, the stresses in the substrate ~ 3 i Fig. 5b)].

have been calculated at positions 1, 10, and 25 units away

from the interface(i.e., atx=—1, —10, and—25) respec-

tively, and the results are shown in Figat Choosing 25 V. CONCLUSIONS
units as the effective substrate thickness, the results predicted A closed-form analytical solution is derived in the
from the present model are also shown in Figa)4The present study to analyze the edge effects on the residual
stress distribution in the substrate can also be obtained fromstress distribution in a thin-film strip on a substrate. In the
Hu's model[Eqg. (1)], in which the concentrated edge force existing analytical models, the stress variation through the
acting on the substraté&;, becomedoy,. The comparison film thickness is always ignored, and there are two major
between the present results and Hu’s results is shown in Figpproaches; i.e., Hu's model and Suhir's model. The first
4(b). Fory positions away from the edge positi¢e.g.,y/t approach starts with a single-edged uniformly stressed film
<10 forl/t=20), the stresses in the substrate predicted fronon an infinitely thick substrate and considers a concentrated
the present model, the FEA, and Hu's model are similarforce exerted by the film edge on the substfaBecause of
However, very different stresses are predicted from the threthe deformation of the substrate under the force, the stress in
models fory positions close to the edge, and these differ-the film is modified. In this case, the stress distribution in the
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and the experimental measurements. However, two issues
remain unsolved. First, the stress singularity, which occurs at
the points where the film edges meet the substrate, cannot be
exactly handled in analytical models. Second, the thin film
influences the stress field in the substrate only within a cer-
tain boundary zone in the neighborhood of the film. Hence,
when the substrate is much thicker than the film, an effective
substrate thickness instead of the actual substrate thickness
should be used in analytical modeling. This effective sub-

0.8

0.6
E¢/Ef=0.2

0.4

e s lee el el oy

Normalized film stress, 6f/Gtp

0.2 (a) strate thickness can be extracted from the finite element re-
| | | sults. Using the effective substrate thickness, the analytical
00 = s =t '10' = '15' : 20 results agree better with both the finite element results and
Normalized position. v/7 the experimental measurements. However, an analytical
p Y model capable of predicting the effective substrate thickness
] has not been established.
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