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Abstract—Thermal cycling is widely used as a qualification test in the microelectronic industry. This paper
investigates an intriguing failure mode observed in such a test. Near the corners of a silicon die, shear stresses
arise due to thermal expansion mismatch between the silicon and the packaging substrate. These shear stresses
may have a small magnitude, being transmitted through packaging polymers, but sometimes motivate metallic
interconnect films to crawl toward the center of the die during thermal cycling, even when the temperatures are
low and the metal creeps negligibly. The phenomenon has been observed for two decades, but no mechanistic
explanation has been given so far. This paper shows that the metal films can crawl by ratcheting plastic
deformation. When the temperature cycles, the thermal expansion mismatch between the silicon and the metal
causes the metal films to yield. Directed by the small shear stresses, the films shear plastically by a small
amount in each cycle, and accumulate a large deformation after many cycles. We develop an idealized model
to demonstrate this mechanism, and to study the effects of temperature-dependent yield strength and strain
hardening. Several analytical solutions are obtained. Implications for the qualification test and interconnect
design are discussed. The study clearly shows the need for basic research on large plastic deformation at
small length scaled] 2001 Acta Materialia Inc. Published by Elsevier Science Ltd. All rights reserved.
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1. INTRODUCTION
Thermal cycling is widely used in the microelectronic Al Al
industry as a test to qualify new products. The test
cycles a device between two temperatures hundreds

and thousands of times. Failure modes include die— [[Atter themmal cyetes
substrate debonding [1, 2], solder bump detachment
[3], die cracking [4, 5], passivation film cracking [6—
11], and excessive deformation of metal films [7, 12,
13]. Understanding these failure modes is urgently
needed in order to interpret the qualification test and
guide new designs. This paper focuses on a particular
failure mode: the excessive deformation of metal

films, which we will call crawling for reasons that _ ) )
Fig. 1. A schematic of a part of an interconnect structure before

will .become. clear later. . thermal cycling, and a micrograph of the same structure after
Figure 1 illustrates a part of an interconnect struc- thermal cycling.

ture before and after about 1000 cycles between
—55°C and 128C. The aluminum films deformed
substantially, and even broke the SiN passivatiotoward the die center, and was maximum near the die
layer. The displacement of the aluminum films wasorners and gradually reduced on moving away from
the corners. Figure 2(a) sketches a flip-chip assembly,
of which the interconnect structure in Fig. 1 was a
1t To whom all correspondence should be addressed. Te?.r:naII part. Because of the rn_lsmatch of thermal
+1-609-258-0250; fax+1-609-258-6123. expansion between the packaging substrate and the
E-mail address: suo@princeton.edu (Z. Suo) silicon die, upon cooling from the curing temperature,
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Fig. 2. (a) Schematic of a flip-chip assembly. (b) A magnified
view of the left corner of the silicon die, showing the shear
stress on the metal film. (c) The stress state in the film.

shear stresses developed at the corners of the die sur-
face[7, 8, 14] [Fig. 2(b)]. Because the thermal expan-
sion coefficient of the packaging substrate was larger
than that of silicon, the shear stresses pointed to the
die center, consistent with the metal displacement
direction. The stresses were gradualy reduced on
moving away from the corners, as was the observed
displacement of the metal films. The shear stresses,
however, were limited by the yield strength of the
polymer, which was lower than the yield strength of
aluminum. How could such small shear stresses plas-
tically deform the aluminum films? Why did this hap-
pen after the cyclic temperature change?

Metal film crawling under cyclic temperature has
been observed for over two decades [7, 12, 13], but
its mechanism has never been explained. In this
paper, we use the concept of ratcheting to explain this
phenomenon. Under the cyclic temperature change,
the thermal expansion mismatch between the metal
and the silica or silicon underneath causes the metal
films to deform plasticaly. Directed by the shear
stresses, the metal films gain a small amount of plas-
tic deformation in each cycle. After many cycles, the
accumulated deformation is very large. Ratcheting
plastic deformation has been observed in pressure
vessels [15], composites [16], multilayers [11, 17],
thermal barrier coatings [18, 19], and other engineer-
ing structures [20, 21].

The plan of the paper is as follows. Section 2
develops an idealized model of a blanket film on a
semi-infinite substrate subject to a constant shear
stress and temperature cycles. In Section 3, the film
is taken to be elastic and perfectly plastic. Section 4
compares the prediction of the idealized model with
afinite element model of a film of finite length. Sec-
tions 5 and 6 consider the effects of temperature-
dependent yield strength and strain hardening.
Throughout the paper, we will relate the idealized
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model to the practical concerns of the qualification
test on the one hand and the basic description of plas-
ticity on the other.

2. A BLANKET FILM ON A SEMI-INFINITE
SUBSTRATE

This section develops an idealized model to dem-
onstrate the main concept of crawling. Figure 2(b)
illustrates a blanket metal film bonded onto a semi-
infinite elastic substrate. Cycle the system between
temperatures T, and T,;. A shear stress, 1, acts on
the surface of the film. The length scale of interest is
much smaller than the overal package, so that the
shear stress is taken to be spatialy uniform, limited
by the yield strength of the polymer used in the pack-
age. The cycling temperature range is below the cur-
ing temperature of the polymer, so that the shear
stress always points to the same direction (i.e. toward
the die center) as the temperature changes. To sim-
plify the discussion, we further assume that 7, is inde-
pendent of the temperature. As will become evident,
a temperature-dependent 7, would not change the
qualitative picture. Detailed calculations (e.g. [14])
have shown that a stress normal to the interface, i.e.
the peal stress, also exists at the die corner. To focus
on the main ideas, we will ignore the peal stress. The
biaxia stress in the film, o, is uniform in the film,
and changes with the temperature.

Under these assumptions, the stress field in the sys-
tem is very simple. The substrate is subject to the
shear stress 1, but no other stress components. Let
the coordinates in the plane of the film be x; and x,,
the coordinate normal to the plane be x5, and the coor-
dinate x, coincide with the direction of the shear
stress 7,. As shown in Fig. 2(c), the film is in a uni-
form stress state of a combination of a biaxia stress
and a shear stress:

011 = O = 0, O13 = T, 023 = 01, = 0. D

Obviously the uniform stress states in the substrate
and in the film satisfy the equilibrium conditions.

We next consider deformation compatibility
between the film and the substrate. Let o and o be
the thermal expansion coefficients of the film and the
substrate, respectively (o;>ars). The semi-infinite sub-
strate is under no in-plane stress. Consequently, when
the temperature changes by dT, the in-plane strain of
the substrate changes by o, dT. Because the film is
bonded to the substrate, the in-plane strain increment
of the film eguals that of the substrate, namely,

deP + de® + o dT = o, T, )

where eP and €° are the plastic and the elastic in-plane
strain in the film, respectively. That is, the thermal
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expansion mismatch is accommodated by a combi-
nation of elastic and plastic strains in the film.

The elastic in-plane strain of the film relates to the
biaxial stress in the film by Hooke's law:

1-v
de® = ?dO', (3)

where E is Young's modulus and v is Poisson’s ratio
of the film. The elastic shear strain in the film is con-
stant at al temperatures, given by

)P:2(1+V)

E To- 4)

When the film is elastic, deP = 0, and a combination
of equations (2) and (3) gives the biaxia stress
increment

do = f%((xr(xs)dT. (5)

When the film is elastic, the thermal mismatch is
entirely accommodated by the elastic strain in the
film.

We adopt the J, flow theory to analyze the plastic
deformation in the film [22], and comment on its suit-
ability for films of submicrometer thickness as we
move aong. The mean stress in the film is
Om = 20/3. The deviatoric stress tensor, s; = o;—
o.0;, has the components

Si = S = 013, Sz = —20/3, (6)
Si3 = To, Sz3 = S12 = 0.

The von Mises equivalent stress is
0. =Vo? + 313 )
The J, flow theory dictates that the plastic strain

increment tensor be in the same direction as the devi-
atoric stress tensor, namely,

def = 5, dA, (8)

where dA is a scalar factor of proportionality. Denote
P = 2¢e8; as the plastic shear strain in the film. Substi-
tuting equation (6) into equation (8), we obtain that

deP _dpp

%—Z—%—dﬂ,. 9
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This relation is the key to the understanding of metal
film crawling. During plastic deformation, deP has the
same sign as the biaxia stress ¢, and dy” has the same
sign as the shear stress 7, When the temperature
increases and the film yields in compression (0<0),
the plastic in-plane strain decreases, deP<0. When the
temperature decreases and the film yields in tension
(0>0), the plastic in-plane strain increases, de>0.
Because the film is bonded to the substrate, for a
given temperature increment, deP is aways finite.
Consequently, according to eguation (9), in each
cycle, y° increases by a finite amount in the direction
of 7, when the film is in both tension and com-
pression. It isthis feature that causes the film to crawl
in the same direction as the temperature cycles.

In the previous paragraph, we have based our
explanation of crawling on equation (9), which is a
consequence of the J, flow theory. It is uncertain to
what extent the J, flow theory is applicable to metal
films of submicrometer thickness. However, the
crawling mechanism proposed here is robust, quite
independent of the detailed flow rules. The film will
crawl if (i) the therma expansion mismatch causes
the film to yield; (ii) during yielding, the film gains
a finite plastic shear strain, as well as a finite plastic
in-plane strain; and (iii) the plastic shear strain is
always in the same direction as the shear stress.
Because no secure description of micro-plasticity
exists, to carry out explicit calculations we will use
the J, flow theory throughout this paper. Conse-
quently, the quantitative results should be used with
caution, but the qualitative trends should be reliable.
Of course, the idealized model can be analyzed again
when flow laws more appropriate for thin films
become available.

Substituting equation (3) into equation (2) givesthe
increment of the plastic in-plane strain

deP = f(affas)de?da. (10)

The plastic strain in the film equals the thermal misfit
strain minus the elastic strain. Substituting equation
(10) into the J, flow rule, equation (9) gives the
increment of the plastic shear strain

67,

P =~ (o4 —0)dT + ?da . @y

To integrate equations (10) and (11), further speci-
fication of the plastic flow is needed to determine do
for a given dT. The following sections discuss three
cases in detail: (a) the film is non-hardening and the
yield strength is independent of the temperature; (b)
the film is non-hardening but the yield strength
depends on the temperature; and (c) the film is strain
hardening but the yield strength is independent of
the temperature.
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3. ELASTIC AND PERFECTLY PLASTIC FILM

This section assumes that the uniaxia vyield
strength of the metal, Y, is constant, independent of
the temperature and the amount of the plastic strain.
The von Mises yield condition is specialized to

0’ +313=Y2 (12

When the film yields, the biaxia stress can only be
at one of the two levels:

o = +V/Y?—373, (13)

The biaxial stress remains fixed, do = 0, as the film
deforms plastically. Equations (10) and (11) give the
increment of the plastic in-plane strain

deP = — (o —o)dT, (14)
and the increment of the plastic shear strain
dp 74d610(a0f__ %yt (15)

When the film plasticaly deforms in tension,
o = +VY?—3r3 and dT<0. When the film plastically
deformsin compression, o = —vVY?—3t3 and dT>0. In
both cases, the plastic shear strain increment isin the
same direction of 7, namely, dy*>0, giving rise to
crawling.

Figure 3(a) shows the prescribed temperature
change with time. Figures 3(b—d) show the biaxial
stress, the plastic in-plane strain, and the plastic shear
strain as functions of the temperature. These figures
are described in detail as follows. They help to
develop an intuition for crawling.

State A. T=T,. The initial biaxial stress in the
film is taken to be o;, the exact value of which only
affects thefirst cycle, so long as the film remains elas-
tic under the combined initial biaxia stress and the
shear stress, namely, o? + 373<Y2,

Path AB. T, <T<Tg. The rising temperature causes
thermal expansion in the film, but the film is elastic.
The biaxial stress changes toward compression, as
described by eguation (3), and represented in Fig.
3(b) by a straight line with the dope —E(os—
ag)/(1—v). The film gains no plastic strains, as shown
in Figs 3(c) and 3(d) by the horizontal lines.

State B. T =Tg. The film yields in compression,
reaching the biaxial stress o = —vY?—373.

Path BC. Tg<T<T,. The film deforms plastically
in compression. The biaxial stress keeps at the con-
stant level, as represented by the horizontal line in
Fig. 3(b). When the temperature increases, the plastic
in-plane strain decreases according to equation (14),
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Fig. 3. Predictions of the model of an elastic and perfectly plas-

tic film with a temperature-independent yield strength: (a) the

prescribed temperature changes with time; (b) the biaxial stress

as a function of the temperature; (c) the plastic in-plane strain

as a function of the temperature; (d) the plastic shear strain as
a function of the temperature.

represented in Fig. 3(c) by a straight line of the slope
—(os—0o). Meanwhile, the plastic shear strain
increases according to equation (15), represented in
Fig. 3(d) by a straight line of dSlope 67q(0s—
o )NY?—313.

State C. T = T,,. The system reaches the prescribed
highest temperature.
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Path CD. T,>T>T,. The dropping temperature
causes thermal contraction in the film. The biaxial
stress changes toward tension. The film is elastic and
gains no plastic strain.

State D. T =Tp,. The metal film yields in tension,
reaching the biaxial stress o = + vY?—373.

Path DE. To>T>T,. The biaxial stress remains at
the constant level, as represented by the horizontal
line in Fig. 3(b). The dropping temperature causes
thermal contraction in the film. The film deforms
plastically in tension. The plastic in-plane strain
increases according to equation (14), and the plastic
shear strain increases according to equation (15).

State E. T = T,. The system reaches the prescribed
lowest temperature.

Path EF. T <T<T.. The rising temperature causes
thermal expansion in the film. The film deforms elas-
ticaly, changing the biaxia stress toward com-
pression.

State F. T =T The film yields again in com-
pression, reaching the biaxial stress o = —VY2—373.

Path FC'. T<T<T,. The biaxial stress remains
constant. The film deforms plastically according to
equations (14) and (15).

State C’'. T = Ty,. The temperature reaches the pre-
scribed highest point.

Starting from state C’, as the temperature cycles,
the biaxial stress and the in-plane strain cycle around
the loop CDEF. The shear strain, however, increases
by a definite amount each cycle.

Figure 4 shows a coordinate plane spanned by the
normalized shear stress, 7,/Y, and the normalized tem-
perature range, E(o;—ot)(Ty—T)/(1—-V)Y. The plane
is divided into three regimes: plastic collapse, shake-
down, and crawling (or ratcheting). Figures of this
type are known as Bree diagrams [15]. If (7o/Y)=
(13), the film plasticaly deforms under the shear

Crawling

N

Shakedown

Normalized temperature range, E (o05)(Tu-TL)/[(1-W)Y]

(=3
sl

Normalized shear stress, 7/Y

Fig. 4. The Bree diagram for the elastic and perfectly plastic
film. The plane spanned by the normalized shear stress and
temperature range is divided into three regimes: plastic col-
lapse, shakedown, and crawling. The contours of plastic shear
strain per cycle are mapped in the ratcheting regime.
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stress adlone without the aid of the temperature
change, and the device is in the plastic collapse
regime. If (zo/Y)<(1/V3) and the temperature range is
small enough, the device may plasticaly deform dur-
ing the first temperature cycle, but cycles elastically
afterward. The device is in the shakedown regime.
From Fig. 3(b), we see that the film shakes down if
states D and E coincide, namely,

E(os—o)(Tu—Ty)

NZ_ 272
2VY?—315= (1-v)

(16)

This shakedown condition is represented in Fig. 4 by
a shaded region below a quarter of an elliptical curve.
Outside the shaded region, if 7, = 0, the temperature
change causes cyclic in-plane strain but no shear
strain. If 7,>0 and the temperature change is large
enough, the film will crawl. In the crawling regime,
the in-plane strain cycles plastically, but the shear
strain increases by a fixed amount each cycle. The
crawling rate (i.e. the plastic shear strain increment
per cycle) is represented by CC’ in Fig. 3(d), given by

_ 12(1_V)TO[E(af_as)(TH_TL)i
T E | A-vWY-33

NG 2|. (17

Contours of constant crawling rate are mapped in the
crawling regime. Thomas [13] used the amount of
crawling after a given number of cycles as an experi-
mental method to screen various polymers developed
for “low stress’ applications. Equation (17) provides
a theoretical basis for this method, provided 7, is
interpreted as the stress transmitted through the poly-
mers.

The practical implications of the Bree diagram
(Fig. 4) are asfollows. A given pair of the normalized
shear stress and the normalized temperature range
corresponds to a point in the diagram. If the point
fals in the plastic collapse regime, the design must
be modified either to decrease the yield strength of
the polymer, or to increase the yield strength of the
metal film, in order to bring the structure out of the
plastic collapse regime. If the point fallsin the shake-
down regime, the film may deform plastically for the
first temperature cycle and will remain elastic after-
wards. The shakedown regime should be the design
godl. If the point falls in the crawling regime, the film
will shear incrementally as the temperature cycles.
For example, if a point fals on the curve labeled
E AP/[(1—-Vv)Y] =1, using the materia properties in
Table 1, we predict that the film crawls Ay=10"3
per cycle, so that afilm of thickness 1 um crawls by a
distance of 1 um after 1000 cycles. Using the material
propertiesin Table 1, we find that the maximum tem-
perature range for the film to be in the shakedown
regime is about 100°C. When the device is cycled
beyond this temperature range, the film will crawl, no
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Table 1. Material properties used in finite element calculations
Efiim (GPa) Es» (GPa) Vilm Vaib Y (MPa) (x—ay) (1/°C)
70 200 0.33 100 20x10°¢

matter how small the shear stress is, so long as the
shear stress does not vanish. The shakedown tempera-
ture range can be extended if the yield strength of
the meta film is larger, or if the thermal expansion
mismatch, E(as—oa), is smaller. To accelerate the
qudlification test, the engineer sometimes uses a tem-
perature range larger than that intended in the normal
use of the device. If crawling is observed in the quali-
fication test, the engineer should not conclude that the
device is unsafe in use. A simple-minded extrapol-
ation can also be mideading, for a smaller tempera-
ture range may bring the device into the shakedown
regime.

4. A FINITE ELEMENT MODEL OF A FILM OF
FINITE LENGTH

The object of this section is to show that the model
for blanket films aso predicts the crawling rate of
films of finite lengths. In the blanket film the stresses
are spatialy uniform. In afilm of finite length, how-
ever, the stresses are non-uniform as the film edges
are approached. The problem of films of finite lengths
cannot be solved analytically. Instead we use the
commercial finite element software ABAQUS, adopt-
ing three-node triangular plane strain elements. The
thickness of the films are h=1 pm. Films of two
lengths, L = 10 pm and L = 100 um, are studied. The
shear stress applied to the surface of the films is
To =50 MPa. The temperature cycles between 0°C
and 140°C. To ensure that the deformation is in the
plane strain state as the temperature changes, we set
the thermal expansion coefficient of the substrate to
be zero, and the thermal expansion coefficient of the
films to be (os—a). Table 1 shows the material
properties used in the finite element calculations. Of
the numerical values used in the finite element calcu-
lation, 7, and Y are uncertain, that is they may not
correspond to those in the experimental observation
(Fig. 1). The purpose of this calculation isto ascertain
the validity of the blanket film model.

Define the average shear strain at a point along the
film as the displacement of the film surface relative
to the substrate surface, Au, divided by the thickness
of thefilm, h. Figure 5 shows the average shear strain,
Au/h, aong the film at several temperatures. In state
A, the film is only under the shear stress, the biaxial
stress is set to be zero, and the shear strains at the
front edge and the back edge are symmetricaly dis-
tributed. The film deforms plastically at the two edges
to particularly relieve the stress concentration. When
the temperature increases to state B, thermal expan-
sion increases the average shear strain at the front
edge, but decreases the average shear strain at the

back edge. Meanwhile the middle part of the film
remains elastic and does not shear further relative to
state A. When the temperature increases to state C,
the entire film has yielded. The middle part of the
film deforms plastically to the right, the front edge
moves to the right, and the back edge moves to the
left. The system reaches the highest temperature in
state D. The shear strain increases a lot at the front
edge and in the middle of the film, but only changes
a little at the back edge. In state E, the shear strain
of the back edge increases. In state G, the lowest tem-
perature, the shear strain increases a lot at the back
edge, but only changes a little at the front edge. After
one thermal cycle, the whole film shears toward the
right. The film crawls as if the two edges were two
legs, taking turns to move.

Figure 6 shows the accumulated average shear
strain of the middle part of the film as a function of
the number of cycles. The solid line is the prediction
of the theory for the blanket film, and the data points
are the results of the finite element calculation for the
100 pm and 10 pm films. The shear strain at the
middle part of the film is insensitive to the film
length. The idealized model predicts well the crawl-
ing rate even for very short films.

The state in a finite film is well approximated by
that in a blanket film, except for short lengths at the
two edges. These short lengths can be estimated by
the shear lag model (e.g. [23]). As shown in Fig. 5,
a the back edge the stress component ¢y, vanishes
at the ends of the film, and builds up to the level
VY?—313 over the length L. For the film to slide plas-
tically, the shear stress at the film/substrate interface
should be the shear yield strength, Y/V3. Force bal-
ance requires that

= [Y+V3r,
L= V3h ng_o

The theory of the blanket film predicts well the shear
strains in the middle part of the finite film, if the total
film length exceeds twice the shear lag length,
L>2L

(18)

5. TEMPERATURE-DEPENDENT YIELD STRENGTH

Numerous wafer curvature measurements have
shown that the yield strength of metal films depends
on temperature (e.g. [24, 25]). We now study the
effect of the temperature-dependent yield strength on
crawling. Assume that the yield strength of the metal
film is a function of the temperature, Y = Y(T). At a
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Fig. 6. Accumulated average shear strain of the middle part of
the film as a function of the number of cycles.

given temperature, the film is still taken to be an elas-
tic and perfectly plastic solid, satisfying the von
Mises yield condition

02+ 313=Y2 (29)

We could also assume 7, to be a function of tempera-
ture. The treatment would be similar to what follows
and will not be pursued in this paper. When the film
deforms plastically, for a given temperature increment
dT, eguation (19) gives the biaxia stress increment
in the film

(20)

Substituting equation (20) into equations (10) and
(11), we obtain the plastic in-plane strain increment

(1_V)Y°'Y] ar, (1)

d‘gp:_[(af_%” Eoc dT

and the plastic shear strain increment

[(afas) + (1E;’)Yde, 22)

6
dp =

For a complete temperature cycle, the net temperature
change is zero, and so are the net changesin the yield
strength and the biaxia stress. Integrating equation
(21) for a complete cycle, we can show that the net
change in the plastic in-plane strain is zero.

To illustrate the effect of the temperature-depen-
dent yield strength, we assume that the yield strength
is a linear function of the temperature:

Y = Yo (T-T9), (23)

where Y°, B, and T° are al constants. Figure 7
sketches the biaxial stress, plastic in-plane strain, and
plastic shear strain as functions of the temperature.
They are qudlitatively the same as those for a film
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with a temperature-independent yield strength (Fig.
3).

6. STRAIN HARDENING FILM

Because the film crawls by accumulating a large
amount of plastic deformation, strain hardening plays
an important role, so long as the temperatures are low
enough that the film does not anneal [26]. In the elas-
tic state, the film behaves the same as discussed
before. This section focuses on the effect of isotropic
hardening on the plastic state. Prior to therma cyc-
ling, the fabrication process (the temperature changes,
materials integration steps, etc.) will cause plastic
deformation in the metal film. As a result, the yield
strength of the film after the fabrication process and
before the thermal cycles, Y,, is usually higher than
theinitial yield strength measured in auniaxial tensile
test. When the temperature range (Ty—T,) is below
a critical value, the film will be elastic and gains no
plastic strain during therma cycling. The biaxia
stress cycles between +E(o—o)(Tu—T)/(1—V).
Consequently, the film will cycle elastically if the
effective stress is below Y,, namely

+313<Y,.

\/{E(afas)(THTL) 2

2(1-v) (24)

Figure 8 shows a coordinate plane spanned by the
normalized shear stress and the normalized tempera-
ture range, where the inequality (24) is represented
by the shaded region. When the temperature range is
above this region, the thermal cycles cause plastic
strains in addition to those caused by the fabrication
process. Consequently, for the strain hardening
material, the yield strength increases with the thermal

Normalized temperature range, E(aos)(Tu-TL)/[(1-V) Y]

Normalized shear stress, %/Y,

Fig. 8. The plastic shear strain accumulated during the thermal
cycles to shake down the film.
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cycles. The film asymptotes to a shakedown state, in
which the biaxial stress cycles elagtically between
+E(0s—ag)(Ty—T)/(1—V). In the shakedown state,
the yield strength of the film becomes constant,
given by

v \/[E(af ) (Tu—T)[?
o 2(1-v)

+313. (25

To approach the shakedown state, the cycles increase
the yield strength from Y, to Yep.

The above considerations are independent of the
detailed hardening law. However, to calculate the
amount of plastic strain and the number of cycles to
approach the shakedown state, we need to prescribe
ahardening law. The following analysis assumes that,
inthe uniaxial stress state, the yield strength increases
linearly with the uniaxial plastic strain, with the pro-
portionality coefficient C. Denote the current yield
strength by Y. The J, flow theory requires that A
defined in equation (8) be a function of the current
yield strength. Fitting this function to the uniaxial
stress—strain relation, we obtain that

di = 7dY

2CY 26)

Substituting equation (26) into equation (9), we
obtain the plastic in-plane strain increment

OeP = ﬂdY (27)
and the plastic shear strain increment
dy = %dY (28)

When the film deforms plastically, dY>0. The plastic
in-plane strain increases when the film is in tension,
and decreases when the film is in compression. The
plastic shear strain increases when the film is in both
tension and compression.

Integrate equation (28) from the state when the
thermal cycles start, Y, to the shakedown state, Yep.
The plastic shear strain accumulated over the thermal
cycles to shake down the film is

%)

The larger the hardening rate C, the less the film
needs to crawl to shakedown. Figure 8 plots equation

37,

%o =" In (29)
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(29). Because 7,<Yy/v3, we need only consider the
region to the left of the vertical line. As mentioned
before, when the shear stress and the temperature
range fal into the shaded region, the film is elastic
and gains no plastic strain during the thermal cycles.
This region is noted in Fig. 8 as ¥2,C/Y, = 0. Above
the shaded region, 12, increases as the shear stress
and the temperature range increases. For example,
assuming C/Y, = 10 and alowing &, = 0.1, one can
enlarge the design space to the area below the con-
tour 85C/Y, = 1. To know the total plastic strain prior
to shakedown, one needs to know the plastic strain
before thermal cycling, which depends on the fabri-
cation process. This is a very complicated problem
by itself, which is beyond the scope of this paper.

Because 7, is taken to be constant, the increment
of the yield strength, Y = Vo? + 373, relates to the
increment of the biaxial stress, o, as dY = (o/Y)do.
Substituting equation (27) into equation (10), we
relate the increment of the yield strength to the
increment of the temperature:

LCY " (lE;_/)Y]dY = (g-0)dT.  (30)

The eguation is valid when the film deforms plas-

ticaly, where the biaxial stress is given by
lo| = VY?—3t3. When |o]<vY2—373, the film is elastic
and dY =0.

After the Nth cycle, the yield strength of the film
isYya T, and Yy, o5 a Ty When the temperature
increases from T, to Ty, as seen in Fig. 9(a), the film
yields when the temperature reaches

2(1-Vv)VY3—313

=T, +
Te=To E(o,—a)

Integrating equation (30) from T: to Ty, we obtain
that

1 1-v\ —— V3, \/YZST%]YNw.s
—+—|VY?—313 tan—t——
L A e N

_(1- WYR 35| E(oy—ad(Ty—T.) ]
E | a-w¥—32 |

(31)

This relation updates the yield strength as a function
of N.

Figure 9 shows the yield strength, the biaxial stress,
the plastic in-plane strain and the plastic shear strain
as functions of temperature from the Nth cycle to the
(N + 1)th cycle. Because the yield strength of the film
increases in each cycle, the net change in the biaxia
stress and plastic in-plane strain are not zero for a
complete temperature cycle, and the plastic shear
strain per cycle (i.e. the crawling rate) decreases.
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Fig. 9. Strain hardening film with a temperature-independent
yield strength: (a) the biaxial stress as a function of the tem-
perature; (b) the yield strength as a function of the temperature;
(c) the plastic in-plane strain as a function of the temperature;
(d) the plastic shear strain as a function of the temperature.
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Figure 10 plots In[(Yso— Yo)/(Yso—Ya)] as a func-
tion of the number of cycles, N, by using the material
properties in Table 1 and C/Y, = 10. The function is
very close to a straight line, suggesting that the yield
strength should increase with the number of cycles
according to

YooY ed 1) @)

We estimate the characteristic number of cycles to
reach shakedown from

YooY,
Neo =2 lim (Yso—Yn)

VA 33
Nﬂ+ﬁo(YN+05 YN) ( )

By using equations (25) and (31), we obtain that

1 E 1
Ngp = + .
4 g1-vC +12 & 2
E(or—ag)(Tu—Ty)
(34)

The value of E/C plays an important role in setting
the number of cycles to reach shakedown. Taking the
materia propertiesin Table 1 and C/Y, = 10, we esti-
mate that Ngo=10. In this case, the film shakes
down rapidly.

7. CONCLUDING REMARKS

This paper identifies ratcheting plastic deformation
as a mechanism responsible for a failure mode in a
qualification test widely used in the microelectronic
industry. We analyze an idealized model of a blanket
meta film on a semi-infinite substrate, subjected to a
constant shear stress and cyclic temperatures. We
show that the film can crawl by ratcheting plastic
deformation. The phenomenon is expected in model
systems such as a thin-walled tube under combined

40

30

20 4

10 A

In[(Ysp-Yo)/(Ysp-Yn)1

0 T T T T r
0 50 100 150 200 250 300

Number of cycles, N

Fig. 10. In[(Ysp—Yo)l/[(Yso—Yn)] @s afunction of the number
of temperature cycles.
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torsion and axia force, where one stress component
cycles and the other stress component points in a
fixed direction. The Bree diagram is constructed to
aid design and the interpretation of the qualification
test. By adjusting the yield strength of the packaging
polymer, the yield strength and the strain-hardening
rate of the film, and the thermal expansion mismatch
between the film and the substrate, one can ensure
that the film shakes down after a small amount of
crawling. At present, a quantitative comparison
between the theory and experiments is impossible.
The lack of a secure description of micro-plasticity
has forced us to base the calculations on idealized,
macroscopic flow rules. Although we argue that dif-
ferent flow rules should not alter the qualitative pic-
ture, they will certainly modify the quantitative pre-
dictions. Furthermore, wafer curvature experiments
are commonly limited to small strain and a few tem-
perature cycles, which would require excessive extra-
polations for the present phenomenon. The magnitude
of the shear stress 7, relates to the nonlinear defor-
mation characteristics of the packaging polymers,
which are not well studied. Once more we stress that
large plastic deformation for both metals and poly-
mers at small length scales, under multiaxial loads
and variable temperatures, has not been adequately
studied. Deformation phenomena in microelectronics,
such as metal film crawling, provide a strong motiv-
ation for experimental and theoretical developments
in this fascinating field of plasticity at small length
scales.
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