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Abstract 
A typical microelectronic device contains a silicon die in a 

package encapsulated with an epoxy.  This polymer and 
various inorganic materials on the die, such as metal 
interconnects and ceramic passivation films, have dissimilar 
coefficients of thermal expansion (CTEs).  When such a 
device is subject to a change in temperature, the mismatch in 
the CTEs deforms the materials.  In particular, as temperature 
cycles, the plastic deformation in a metal interconnect may 
accumulate incrementally, a phenomenon known as 
ratcheting plastic deformation.  Ratcheting in the metal film 
may induce large stresses in an overlaying ceramic film, 
causing cracks to initiate and grow stably cycle by cycle.  In 
this paper, such ratcheting-induced stable cracking (RISC) is 
studied using a simplified three-layer model.  We describe 
conditions under which ratcheting will occur in the metal 
layer, predict the number of cycles for the crack to initiate in 
the ceramic film, and discuss strategies to avoid RISC in 
design. 

Introduction 
 D-PAK is an electronic package widely used in 

automobile and power industry.  Its structure is representative 
of many electronic packages that integrate diverse materials, 
as illustrated in Fig. 1.  On a silicon wafer, layers of poly-
silicon gates and dielectrics are deposited, which in turn are 
covered by metal interconnect, and then passivated by a SiN 
film.  The wafer is then cut into dies, each of which is then 
mounted on a copper pad and encapsulated with an epoxy 
molding compound (EMC) at 1750C.  

Due to mismatch between the coefficients of thermal 
expansion (CTEs), such an electronic package may exhibit 
various modes of failure in a thermal-cycling test.  As an 
example, Fig. 2 shows the micrographs of a D-PAK after 
1000 cycles between -650C and 1500C.  Cracks occur near the 
edges in the SiN film over wide aluminum pads, but rarely in 
the SiN film over narrow aluminum rings.  These cracks 
typically initiate after some number of cycles, and grow stably 
cycle by cycle [1-4].  This failure mode is known as 
ratcheting-induced stable cracking (RISC).   

This paper studies RISC using a simplified three-layer 
model.  We will elaborate the failure mechanism, describe 
conditions under which ratcheting will occur in the metal 
layer, predict the number of cycles for the crack to initiate in 
the ceramic film, and discuss strategies to avoid RISC in 
design.   

Ratcheting-Induced Stable Cracking:  a Synopsis 
This section describes qualitatively the process of RISC, 

leaving quantitative aspects to later sections.  Fig. 3 illustrates 

the structure to be studied as a model of the D-PAK.  The 
passivation film, thickness h , lies on the metal underlayer, 
thickness H , which in turn lies on the semi-infinite substrate.  
The passivation film is elastic, the underlayer is elastic-
perfectly-plastic, and the substrate is also elastic.  Both a 
blanket metal film and a metal stripe are considered here.  The 
gates and BPSG are just thin layer above silicon, and do not 
significantly affect the deformation of aluminum and 
passivation films.  Consequently, the gates and BPSG are 
treated as a part of the substrate. 

The EMC has a larger CTE than the silicon die.  Upon 
cooling from the curing temperature, if the EMC board and 
the silicon die were separated, the EMC would contract more 
than the silicon.  However, this relative motion is constrained 
by the bonding between the EMC and the die, so that shear 
stresses develop on the EMC/die interface, concentrating at 

 
 

 
 

Fig. 1.  Schematics of a D-PAK structure.  (a) Top view.  (b) 
Cross section.  (c) Magnified view of the interconnect 
structure of the lower right corner.    
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Fig. 2.   (a) Temperature history in a thermal-cycling test.  (b) 
Optical micrograph of a fractured die surface after 1000 
temperature cycles.  (c) SEM micrograph with a FIB cut.   
 
the edges and corners of the die.  During a thermal-cycling 
test, the high-end temperature (1500C) is lower than the curing 
temperature (1750C).  Consequently, at each corner or edge of 
the die, the magnitude of the shear stress varies with the 
temperature, but the direction of the shear stress is always 
biased towards the center of the die.  We denote the shear 
stress on the EMC/die interface by 0τ , as indicated in Fig. 3. 

This interfacial shear stress 0τ  is partly sustained by the 
passivation film as a membrane stress σ , and partly 
transmitted to the metal film as a shear stress mτ  [1-3].  The 
shear stress mτ  in the metal, being limited by the yield 
strength of the EMC, may or may not be high enough to cause 
the metal film to undergo plastic deformation.  However, the 
metal film also has a larger CTE than silicon, so that the 
normal stress in the plane of the metal film, mσ , changes with 
temperature.  If this in-plane stress causes the metal to yield in 
every cycle, mτ  will cause plastic shear strain in the same 
direction as mτ  (i.e., toward the center of the die), no matter 
how small mτ  is.  Under this condition, the plastic shear strain 
in the metal will accumulate cycle by cycle, a phenomenon 
known as ratcheting plastic deformation [5].   

As it ratchets toward the center, the metal film carries the 
overlaying passivation film along.  However, if the 
passivation film is bonded with the die along an edge, the  

Fig. 3.  (a) A partially passivated blanket film. (b) The stress 
state in the metal film and shear deformation.  (c)  The stress 
state in the passivation film.   

 
edge will be anchored and move negligibly.  Consequently, 
the ratcheting metal will elastically deform the passivation 
and build up the membrane stress in the passivation.  

The magnitude of the membrane stress in the passivation 
can be very high.  This is understood as follows.  The 
interfacial shear stress 0τ  is due to the mismatch in the CTEs 
of the epoxy and the silicon, so that the magnitude of  0τ  will 
not decay with the cycles.  Recall that the interfacial shear 
stress 0τ  is partly sustained by the passivation film as the 
membrane stress σ , and partly transmitted to the metal film 
as the shear stress mτ .  As the metal film ratchets, the 
membrane stress in the passivation builds up, but the 
magnitude of the shear stress in the metal mτ  decays.  After 
many cycles, mτ  will vanish, and 0τ  is fully sustained by the 
membrane stress in the passivation.  The structure is said to 
have reached the steady state. 

Fig. 4 plots the steady-state distribution of the membrane 
stress in the passivation film for two kinds of geometry.  In 
Fig. 4(a), both ends of the passivation film are anchored to the 
silicon die, so that the membrane stress is tensile on the right 
side, and compressive on the left.  At the two edges of the 
film, the magnitude of the membrane stress is largest, given 
by   

h
L

ss
0τ

σ = ,  at Lx =  (1)  

This equation is obtained by the balance of the forces acting 
on the passivation film.  In Fig. 4(b), the right end is anchored, 
but the left end is free, so that the membrane stress vanishes 
on the left end, and linearly builds up toward the right.  The 
magnitude of the stress at the right end is still given by (1).  

Equation (1) shows that, even if the magnitude of the 
interfacial shear stress 0τ  is modest, the large aspect ratio 
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Fig. 4.  Stress distribution in steady state for both fully 
passivated and partially passivated SiN films. (a) Two ends 
are fixed.  (b) One end is fixed, the other free. 

 
hL /  can greatly amplify the magnitude of the membrane 

stress.  This is known as the shear-lag effect.  When the 
tensile stress in the passivation is high enough, cracks will 
initiate and grow stably cycle by cycle.  The following 
sections consider various aspects discussed above more 
quantitatively. 

Ratcheting in Metal Films 
To better understand ratcheting plastic deformation, we 

next consider a blanket metal film on a silicon substrate, 
subject to cyclic temperature between  and . For the 
time being, we assume that the shear stress 

LT HT

mτ  is uniform in 
the metal and invariant with the temperature. The metal film 
is taken to be elastic-perfectly-plastic, with the CTE mα , 
Young’s modulus , Poisson’s ratiomE mν , and the 
temperature-independent yield strength .  The substrate is 
elastic with CTE 

mY

sα .  As shown in Fig. 3(b), the metal film is 
under biaxial in-plane stress mσ  due to the temperature 
change, and a shear stress mτ .  The metal film is elastic when 
the stresses satisfy the von Mises yield condition: 

  (2) 222 3 mmm Y<+ τσ
As the temperature cycles between  and , the normal 

stress 
LT HT

mσ  also cycles (Fig. 5).  When the metal is plastic, the 

normal stress is fixed at constant levels 22 3 mmm Y τσ −±= .  
When the metal is elastic, however, the normal stress changes 
linearly with the temperature, having a slope 

( ) ( msmmE )ναα −− 1/ .  It is evident from Fig. 5, to ensure that 
the metal film remains elastic after the first cycle, the 
following condition must be satisfied [2]: 
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⎝
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⎤
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⎡
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m

m

mm

LHsmm

YY
TTE τ

ν
αα . (3) 

Condition (3) is known as the shakedown condition.  Under 
this condition the metal film may undergo plastic deformation 
in part of the first cycle, but will remain elastic in subsequent 
cycles. 

Fig. 6 shows a plane spanned by the normalized shear 
stress, mm Y/τ ,  and the normalized temperature range, 

.  The plane is divided into four ( )( ) ( ) mmLHsmm YTTE ναα −−− 1/

 
Fig. 5.  Biaxial stress in metal film as a function of the 
temperature.  

 
regimes: shakedown, plastic collapse, cyclic plastic 
deformation, and ratcheting.  Such a diagram is called a Bree 
diagram [5].  Condition (3) corresponds to part of an ellipse, 
inside which lies the shakedown regime.  As a separate 
consideration, when 3/1/ ≥mm Yτ , the metal film will deform 
plastically under the shear stress alone without the aid of the 
temperature change.  In the other limit, when mτ  = 0, the 
metal film undergoes cyclic plastic deformation if the 
temperature range is sufficiently large.  The regime bounded 
within the above three boundaries is the ratcheting regime, 
where the metal film yields every cycle, but the amount of 
plastic shear strain is finite, accumulating cycle by cycle.  

 We next compare Al and Cu interconnects.  As indicated 
by Table I, the yield strength of EMC is comparable to that of 
Al, or even larger.  Note that the interfacial shear stress 0τ  is 
linearly proportional to the temperature change when the 
EMC is elastic, and is limited by the shear yield strength of 
the EMC when the EMC is plastic.  Hence, in this design of 
D-PAK, if the temperature range is large, 0τ  by itself can 
cause the Al film to deform plastically. 

To avoid plastic collapse, the design has to be modified to 
decrease the yield strength of the molding compound.  Also 
notice that Al has a large CTE, such that the value of 

 
Fig. 6.  The Bree diagram for the elastic and perfectly plastic 
metal film. The plane is divided into four regimes: plastic 
collapse, shakedown, ratcheting, and cyclic plastic 
deformation. 
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TABLE I.  Materials properties. 

Materials 

Young’s 

modulus 

E (GPa) 

Poisson’s 

ratio 

ν 

CTE 

α 

(10-6 K-1) 

Yield 

Strength 

Y (MPa) 

Toughness 

KI c 

(MPa·m1/2) 

EMC 17 0.3 24 98~150  

BPSG 64 0.17 2.78   

Silicon die 162.5 0.22 2.8   

Poly gate 162.5 0.22 2.8   

SiN 275 0.24 4  5.8~8.5 

Al 70.34 0.346 23.2 110  

Cu 130 0.33 17 345~310  

 
( )( ) ( ) 229.41/ >=−−− mmLHsmm YTTE ναα .  Consequently, inter-

facial shear stress 0τ  of any magnitude can cause ratcheting.  
Indeed, ratcheting is commonly reported for aluminum 
interconnects (see Refs cited in [1-3]). 

By contrast, ratcheting has not been reported in Cu 
interconnects.  Using the values in Table I, we find for Cu 

( )( ) ( ) 77.11/ =−−− mmLHsmm YTTE ναα . Using the yield strength 
of EMC as an estimate for 0τ , we find that .  
These two estimates correspond to a point just above the 
ellipse in Fig. 6, so that the Cu film will ratchet for the 
beginning cycles.  However, the shear stress in Cu,

29.0/0 =mYτ

mτ , will 
relax from its initial value 0τ  cycle by cycle, so that the Cu 
film will approach the shakedown regime after a certain 
number of cycles. If the passivation film does not crack before 
the Cu film shakes down, it will never crack in the future 
cycles.  

We next consider the plastic strain per cycle.  When 
( )( ) ( ) 21/ >−−− mmLHsmm YTTE ναα , and the shear stress mτ  is 

much smaller than its yield strength , the plastic shear 
strain rate per cycle versus the shear stress can be 
approximated by a linear relation [3]:  

mY

η
τγ m

p

N
=

∂
∂

. (4) 

where  be the number of cycles, and N η , the linear 
ratcheting coefficient, is given as follows: 

( )
( )( )
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LHsmm

m

m

Y
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ν
αα

ν
η . (5) 

For example, if , then the error of the linear 
approximation is less than 10%.  

2.0/ <mm Yτ

In the temperature range specified in Fig.2(a), all the 
materials in the structure do not creep, so dwelling time at 
high end and low end do not affect the analysis.  In practice, it 
takes some time for the structure to reach a state of uniform 
temperature during the testing, but in the follow analysis, we 
neglect the nonuniformity in temperature.  Consequently, 
various types of loading program, linear or sinusoidal, 
dwelling or not, will lead to the same accumulative effects 
over many cycles.   

Cracking in Passivation Films  
Let ( )Nx,σ  the membrane stress, and ( )Nxu ,  the 

displacement.  For simplicity, the interfacial shear stress 0τ  is 
assumed to be a constant, but the shear stress in the metal is 
taken to be a function ( )Nxm ,τ .  As shown in Fig. 3(c), the 
equilibrium of an infinitesimal element of the passivation film 
requires that ( ) 0// 0 =−+∂∂ hx m ττσ .  Hooke’s law relates 
the membrane stress to the membrane strain, xuEp ∂∂= /σ , 

where ( )21/ ppp vEE −= , and  and  are Young’s 
modulus and Poisson’s ratio of passivation film.  Moreover, 
as shown in Fig. 3(b), the plastic shear strain relates to the 
displacement as .  These relations, combining with 
Equation (4), give the governing equation for

pE pv

Hup /=γ
( )Nxu , : 

η
τ H

x
uD

N
u 0

2

2

−
∂
∂

=
∂
∂

 (6) 

where η/pEhHD = .    Equation (6) has the same form as the 
diffusion equation, and D can be interpreted as an effective 
diffusivity. 

The characteristic number of cycles to reach the steady 
state can be estimated by  

pEhH
L

D
LN η22

0 ==  (7) 

The complete solution of Equation (6) can be written as a 
series with the initial condition of  at 0=u 0=N .   Because 
the first term in the series dominates when , the 
maximum tensile stress build-up on the right edge can be 
approximated by the following:  

005.0 NN >

⎥
⎥
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⎡
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⎠
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−−≈
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2

2
0

4
exp81

N
N

h
L π

π
τσ  (8) 

Note that in this paper we have neglected the residual stress in 
SiN due to the deposition processes.  

Now let us consider an initial crack, of length 2a, in the 
blanket passivation film, as shown in Fig. 7.  As the aluminum 
layer ratchets, the membrane stress in the passivation film 
builds up globally over the length scale L.  However, locally 
near the crack, over the length scale a, the membrane stress 
relaxes.  We can identify two distinct cycle scales.  The 

 
Fig. 7.  A schematic of a finite initial crack, of length 2a, in 
the passivation film.   
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number of cycles to attain the steady state over the width of 
the passivation L scales as .  The number of cycles to 
relax near the crack scales as .  Assuming, , after 
many cycles,  the crack behaves like a Griffith crack [6-11].  
When the membrane stress is 

DL /2

Da /2 aL >>

σ , the stress intensity factor is 
given by 

aK πσ= .   (9) 
If this stress intensity factor is below the fracture toughness 

of the passivation, i.e.,cK cKa <πσ , the crack does not grow.  
Consequently, the facture strength of the passivation  is 
given by 

cσ

aKcc πσ /= .  In particular, if the fracture strength 
exceeds the steady state stress at the edge of the passivation, 
given by Equation (1), the crack will never grow.  This 
condition is given by 

hLc /0τσ >  .       (10) 
When Condition (10) is violated, however, the crack will 

initiate to grow after a certain number of cycles, denoted by 
.  Using Equation (8), we obtain that iN

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−−=

L
h

N
N ci

0

2

2
0

1
8

ln4
τ
σπ

π
.  (11) 

This equation is valid when  is sufficiently large.  Fig. 8 
plots the normalized number of cycles to crack initiation 
versus the normalized stress level in steady state. The whole 
plane is divided into two regimes: no crack initiation and 
delayed cracking as Equation (11).   

iN

Using the values in Table I and Fig. 1, and the shear stress 
500 =τ MPa, the stress at steady state is 5=ssσ GPa at the 

edge of the middle blanket film, and the characteristic number 
of cycles is about .  From Table I, if we use 
5.8MPa·m

500 =N
1/2 as the fracture toughness of SiN, and assume the 

largest initial crack length is comparable to the thickness, 
1.5µm, then the critical stress to initiate the crack would be 

 
Fig. 8.  Normalized critical number of cycles to initiate the 
crack versus the normalized steady state stress level.  If the 
steady state stress level is less than fracture strength, the crack 

73.4=cσ GPa.  Hence, from Fig. 8 and Eq.(11), it takes at 
least 55 cycles for crack initiation.  In the narrow stripe, 

500=ssσ MPa at the edge, so that cracking is less likely to 
happen. The above conclusion can be verified by 

tal pictures in Fig. 2.   
In the case of Fig.4(a), if the crack size is comparable or 

larger than the width of the stri

experimen

pe, then the stress intensity 
factor is determined by LK ssσ~ , and so there exists a 
critical width of the stripe [9]: 

3/2

~ ⎟⎟
⎞

⎜⎜
⎛

τ
hK

L c
c . 

0 ⎠⎝
 (12) 

below which the 
crack is.  Based on this equation, and put the value in, we can 

 the above study, we may consider the following 
void passivation cracking. 

een EMC 
the shear stress 

crack never grow no matter how long the 

estimate that the critical width is 50µm for fully passivated 
stripe.  

Design Modifications  
From

design modifications to a

A. Buffer layer  
 If we add a compliant and soft buffer layer betw

and silicon die, 0τ  can reduce significantly, 
and

m

n

length and the increase of 
 can reduce the stress level.  The 

cha

in 
lm is a commonly observed failure mode in 

microe

done under the co-op project of Fairchild 
ion.  

a, and H. Fujimoto, “Thin film 
 and ratcheting caused by temperature cycling,” J. 

 

 so does the stress level in steady state.  Correspondingly, 
the lower bound of critical nu ber of cycles of crack 
initiation, iN , can increase by several orders of magnitude.  It 
is even possible to prevent crack initiation.  The comparisons 
are plotted i  Fig. 9 and Fig. 10.   

B. Small passivation width  
The reduction of width and 

thickness of passivation also
nge of large or long passivation film to small or narrow 

pads is a practical method, for example, introducing slots into 
the passivation film.  In Fig.11, a lower right corner is 
simulated by ANSYS.  The original design, the design with 
slots, and the narrow stripe are shown.  The stress level at 
steady-state is significantly reduced in the latter two cases.  

Conclusion  
Ratcheting-induced stable cracking (RISC) 

passivation fi
lectronic devices.  This paper uses a 1-D model to 

estimate the lifetime in terms of temperature cycles, and to 
establish conditions that avoid this failure mode.  A Bree-type 
diagram is plotted to ascertain if a metal film will undergo 
ratcheting plastic deformation.  Under the condition that the 
metal does ratchet, we estimate the number of cycles for 
cracks to initiate.  Several possible design modifications are 
discussed.   
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