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Abstract 

A framework is proposed to analyze circuit layout 
geometries to predict chip lifetime due to low-k time-
dependent dielectric breakdown (TDDB).  The 
methodology uses as inputs data from test structures, which 
have been designed and fabricated to detect the impact of 
area and metal linewidth on low-k TDDB. 

 

I.  INTRODUCTION 
OPPER/LOW-K interconnects have proven to be the 
solution of choice to overcome issues raised by wire 
delays and dynamic power consumption in the deep 

submicron and nanometer regime.  However, Cu/low-k 
interconnect systems are vulnerable to breakdown because 
of the nature of the materials and the complexity of the 
manufacturing process. 

Some of the factors affecting breakdown are the lower 
breakdown field strengths of porous low-k materials, the 
susceptibility of low-k materials to mechanical damage by 
chemical mechanical polishing (CMP), and the high 
susceptibility of low-k materials to Cu drift.  Consequently, 
time-dependent dielectric breakdown (TDDB) of 
damascene structures has to be assessed as a system of a 
dielectric, diffusion barrier, cap layer (SiC, for example), 
and Cu interconnect.  This system is shown in Figure 1.   

 

 
Fig. 1.  Cross-section of a Cu/low-k interconnect system, including the 
barrier and capping layers. 
 

This paper aims to account for low-k dielectric 
breakdown, measured in test structures, to predict full chip 
lifetime.   

This paper is organized as follows.  In the next section, 
we discuss low-k dielectric breakdown physics and chip 
scale reliability simulators.  In the following section, we 
formulate the problem and propose the methodology that 
will be used.  Section 4 describes our test structures.  
Section 5 summarizes the data obtained from our test 
structures and the breakdown models for target layout 
features.  Section 6 demonstrates how to use existing 
models and data to predict chip lifetimes.  Section 7 
discusses issues with our approach and conclusions. 

II.  FULL CHIP RELIABILITY ANALYSIS 

A.  Low-k Breakdown Mechanisms 
Several competing theories have been around for some 

time and appear to model TDDB equally well.  The 
dominant models are the “E Model”, based on dipolar 
interactions [1], and the “ E Model,” based on Cu 
diffusion [2].  These models are concerned with linking 
lifetimes at high temperatures and voltages to lifetimes at 
operating conditions.  Similarly, the effect of different 
conductor geometries on low-k TDDB has been the subject 
of various studies, such as [3],[4].   

The physics behind existing models cannot be easily 
extended to circuits.  This is because lifetime is assumed to 
depend on only one circuit parameter.  For instance, 
according to the E model, 
                  ( )TkEHATF Beff /)(exp 00 ρ−Δ= .               (1) 

where TF is the time-to-breakdown, 0A  is a material 
constant, 0HΔ  is zero-field activation energy and depends 
on the properties of the dielectric, Bk  is Boltzmann’s 
constant, and effρ is the effective dipole moment and 
depends on the chemical composition of the dielectric.  In 
(1), only temperature, T, and electric field, E, affect 
lifetime.  If we assume that electric field and temperature 
distributions are unrelated, then these models would require 
the electric field intensity at the chip level.  Such an 
analysis would require the finite element method to 
simulate the behavior of electric field in a chip, the 
computation of its average, together with a temperature 
profile simulator to compute the average temperature.   

Other models fare no better.  In general, all models are 
of the form, 
                                ( )mEkTF γexp1=                              (2) 
where 1k  is a constant that depends on the material 
properties of the low-k dielectric, γ  is a field acceleration 
factor that incorporates an inverse dependence on 
temperature,  m=1 for the E model, and 21=m  for the 

E model.  

B.  Chip Scale Reliability Simulators 
There are both industrial (FAMMOS by Synopsys) and 

academic [5]-[7] simulators to assess reliability.  However, 
most do not deal with the backend of the process.  
Moreover, those that deal with the backend of the process 
are limited to wearout caused by electromigration and do 
not take into account the effect of the dielectric on 
reliability [5].  Hence, there are no tools to predict the  
impact of low-k TDDB on lifetimes, even though low-k 
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TDDB has emerged a major concern as Cu metallization 
has become mainstream.  

III.  PROBLEM FORMULATION AND METHODOLOGY 
Given models for low-k TDDB, is there a way to 

predict chip lifetime because of low-k TDDB for different 
physical geometries and layout features, without directly 
using physics-based models? 

To address this question, we first identify critical 
geometry features affecting TF.  Specifically, although a 
number of factors can affect the TF of Cu/Low-k 
interconnects, in this work, as a starting point, we focus on 
the impact of area and metal linewidth on TF. 

Next, we build models to extrapolate TF from one 
feature size to another.  And, we use models to combine 
failure rates from different features to extract a full chip 
failure rate. 

IV.  TEST STRUCTURE DESIGN 
Comb structures are used to measure TDDB 

characteristics of low-k dielectrics.  Stress, an electric field, 
is created in the dielectric by applying a voltage difference 
between combs.  We have designed a test chip for an 
industrial 45nm process to enable us to model lifetimes.  
Wafers have been fabricated that include these test 
structures. 

A.  Test Structures to Study the Effect of Area 
To isolate the impact of area, we have designed 

structures with area multiples of a 1X  area test structure.  
Figure 2(a) shows test structures that vary the area of the 
dielectric while keeping the number of tips constant.  Other 
features, like metal linewidth and metal line space, remain 
constant in these test structures.   

 

 
                       (a)                                         (b) 
Fig. 2.  Test structures to study the effect of (a) area and (b) metal 
linewidth. 

B.  Test Structures to Study the Effect of Metal Linewidth 
Figure 2(b) shows test structures designed for isolating 

the impact of linewidth on low-k TDDB.  The test structure 
on the left in Figure 2(b) has unit metal linewidth.  The test 
structure on the right has wider lines.  All test structures 
have a constant line space and dielectric area.  As a result, 
only the area of metal changes. 

V.  TEST RESULTS 
The data collected from the tests is fit by a Weibull 

distribution.  To do this, the data are arranged from the 
smallest TF(i) to largest, and probability points, iP , are 
assigned accordingly.  We plot:   
                 )ln))((ln())1ln(ln( ηβ −=−− iTFPi .               (3) 

The intercept of the x-axis is the characteristic lifetime,η , 
and the slope is the shape parameter, β .  The characteristic 
lifetime, η , corresponds to 625.0=iP . 

A.  Effect of Area 
The measurement data related to area, with a fixed 

number of tips, is shown in Figure 3.  The results indicate a 
strong impact of area.  In [8],[9], we have proposed a 
methodology to determine η and β  from this data, while 
eliminating any impact of failure due to electric field 
enhancement at comb tips.   
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Fig. 3.  Test results for structures used to isolate the impact of area. 

B.  Effect of Metal Linewidth 
Figure 4 shows the Weibull plots for data from our test 

structures which vary linewidth.  The results show that 
linewidth has a strong impact on low-k TDDB, despite the 
fact that the area of the dielectric under stress remains the 
same.  This is not in line with any of the existing theories, 
i.e. (2), where TF is only a function of electric field, E=V/S, 
V is the voltage stressing the dielectric, and S is the line 
spacing between the metal lines.  However, in fabricated 
chips, line spacing can be a function of density [10],[11] 
and the aspect ratio of the trench [11].   
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Fig. 4.  Test results for structures used to isolate the impact of 
linewidth. 
 

Our data was found to display a dependence on the 
aspect ratio of the trench, which explains the better 
lifetimes for wide lines.  Specifically,  
                       WSS DRAWNACTUAL Δ−=                       (4) 
where ACTUALS  is the true line spacing, DRAWNS is the 
drawn line spacing in the layout, and WΔ is the shift 
between the two due to the manufacturing process.  We 
have used SEM measurement data to extract a function for 

WΔ .  The data are shown in Figure 5.   
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Fig. 5.  The manufactured shift in line width as a function of  
linewidth.   
 

Any dielectric area is bordered by two lines.  To find 
ACTUALS  for a dielectric area, we first find the width of the 

lines on each side using the layout.  We then use the data in 
Figure 5 to find the shift in width, WΔ , for each line.  
These shifts are added, and ACTUALS  is computed with (4). 

VI.  LIFETIME EXTRACTION FROM THE CHIP LAYOUT 
We now turn to predicting chip lifetimes based on data 

on the breakdown statistics of Cu/low-k interconnect 
systems. We assume a random distribution of electric fields 
due to signaling.  In other words, the average voltage 
difference between any two lines is assumed to be equal.  In 
addition, we make the most pessimistic assumption that the 
electric field is under constant stress.  

A.  Determination of Vulnerable Sites for a Single Layer 
The feature that is extracted from layouts is the 

vulnerable length between two lines, iL , associated with a 
distance between the lines, iS , which is a function of the 
widths of the two adjacent lines, 1W , 2W , 21 WW ≥ .  The 
corresponding vulnerable area is iii LSA = , where iS  is 
the actual line space, in accordance with (4).  Suppose we 
are interested in conductors separated by space, iS , Figure 
6 shows the corresponding length of interest.    

  

Length of 
Interest           

Fig. 6.  For two parallel lines, the length we are interested in is the 
length for which the two lines run side by side. 
 

We analyze the layout by determining a set of pairs 
)),,(( 21 ii LWWS  for each layer, for all line spacings, 

),( 21 WWSi , surrounded by widths 1W , 2W . 

B.  TF for a Single Layer 
We assume a Poisson model for the probability of 

failure and a Weibull distribution, i.e. 
           ( )βηλ )/(exp1))(exp(1 TFAtP f −−=−−=          (5) 

where ff Atd )(λ=  is the number of defects at failure for 

the thf  feature, )(tλ  is the defect density at failure, and 

fA is the vulnerable area.  Let testtesttest SLA = be the 
vulnerable area of the test structure, whose actual line 
spacing is testS , which corresponds a vulnerable length, 

testL .  Then, we use the test data to find )(tλ  
corresponding to testS .   

Suppose that the vulnerable length corresponding to 
actual spacing fS  is fL .  Then the corresponding number 

of defects for a spacing fS  is fff LStd )(λ= .  Since the 
characteristic lifetime corresponds to 625.0=P , the 
corresponding characteristic lifetime of the chip is related to 
the lifetime of the test structure as follows: 

                                
β

ηη

1

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
=

f

test
testf L

L
.                        (6) 

Note that the layout contains more than one spacing 
between the lines.  Therefore, we must consider how to 
determine a lifetime when the line spacing is different than 
the test structure.  To do this, we rely on (2), rewritten in 
terms of testS : 
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S
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Next, suppose that the chip contains line spacing, fS .  
Then, the corresponding characteristic lifetime of a chip 
with lines spacing fS and vulnerable length fL  is 

          ( )( ) β
γηη

1

exp ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
−−= −−

f

testm
test

m
f

m
test L

L
SSV .         (8) 

Clearly, layouts contain many different line spacings, 
fS .  Hence, it is necessary to combine the failures for all 

lines spacings.  We do this by computing an overall defect 
count at failure.  For a single spacing, the defect count as a 
function of time is 

          ( )( )m
test
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The total defect count at failure is the sum, ∑=
f

fdd . 

Then, finding the characteristic lifetime, we choose the 
probability point 625.0=iP  to get  

   ( )( ) β
βγηη

1

exp ⎟
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m
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Figure 7 shows the characteristic lifetime for each layer 
for an example JPEG encoder/decoder chip.  The lifetime of 
Layer 3 is shortest because it is the densest, with more than 
70% of the lines belonging to one linespace group. 
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Fig. 7.  Characteristic lifetime for individual layers and the complete 
chip for an example circuit, a JPEG decoder/encoder.  The figure also 
shows the critical line spacing for each layer. 

C.  TF of the Full Chip 
Let ld be the defect density for each layer, where 

                                        ∑=
f

fl dd                               (11) 

and fd is computed with (9).  Overall, for the chip,  

                                    ∑=
l

lchip dd .                              (12) 

Unlike for a single layer, multiple layers of a chip may 
have different process details.  Therefore, data would need 
to be collected from test structures for each layer separately, 
i.e., )(ltestL  , )(ltestη , and )(lβ are unique to each layer. 

If β  were common to all layers, then it is possible to 
solve for the characteristic lifetime of the chip, chipη ,  
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Otherwise, chipη  is implicitly defined: 

                                        1=∑
l

ld                                   (14) 

where 
                                           =ld                                      (15) 
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The characteristic lifetime for the JPEG encoder/decoder 
chip is shown in Figure 7. It can be seen that the 
characteristic lifetime of the full chip is close to that of 
Layer 3, the most dense layer.  

VII.  DISCUSSION AND CONCLUSIONS 
In this work, a methodology has been proposed to 

extend models of low-k TDDB to circuits.  The analysis 
methodology estimates the impact on lifetime of low-k 
dielectric breakdown, accounting for differences in 
vulnerable area between the chip and test structures and 
variation due to metal linewidth and line space.   

The current methodology has some limitations.  We 
currently do not handle all geometric features in a layout, 
such as any impact due to vias, pattern density, and field 

enhancement at tips, corners, bends, and other 
unconventional geometries.  Instead, we have focused on 
only two major sources of variation, line space and 
linewidth, and we have accounted for differences in area. 

We have not scaled our results to use conditions.  This 
should be done for full chip reliability prediction since the 
chip operates at very different temperatures and voltages 
than the test conditions.  Moreover, different areas of the 
layout may experience different stress conditions due to 
variation in operation (signaling) and temperature profiles.  
It is likely that areas that experience higher stress may also 
experience higher temperature.  This needs to be taken into 
account in future work.      
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