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Abstract—Backend dielectric breakdown degrades the reliabil-
ity of circuits. A methodology to estimate chip lifetime because
of backend dielectric breakdown is presented. It incorporates
failures because of parallel tracks, the width effect, and field
enhancement due to line ends. It also includes the operating
temperature and activity.

Index Terms— Design for manufacture, dielectric breakdown,
integrated circuit reliability.

I. INTRODUCTION

ACH technology generation reduces the interconnect
dimensions without always reducing the supply voltage
in proportion. This results in higher electric fields within the
backend dielectric. Simultaneously, as the dielectric constant
(k) decreases to reduce parasitics, as prescribed by the Interna-
tional Technology Roadmap for Semiconductors, the porosity
of materials must increase, at the possible cost of increasing
the vulnerability of materials to breakdown. These factors
combine to increase the risk of failure of chips because of
backend dielectric breakdown in the newer technology nodes.
To better understand the impact of the backend dielectric on
design, this paper builds an interface between data collected
by reliability physicists and designers by linking test structure
data to chip-level lifetime estimates. In other words, in this
paper, the physical and electrical features of a chip are
analyzed and combined with known physical wearout models
to determine an overall failure rate distribution for a chip. Such
an analysis should be performed before tapeout of a chip to
minimize the risk of unexpected reliability problems.

It is a common assumption that the vulnerable area for
backend dielectric breakdown for a full chip is the area
between minimum spaced lines [1]. This paper shows that it is
necessary to consider all the areas with different line spaces.

In addition, lifetime is modulated by linewidth, even when
the line space is constant, because of aspect ratio-dependent
etch. Lifetime is also impacted by irregular geometries due
to aspects of advanced lithography. Others have demonstrated
dependencies on the presence of vias [2] and line-edge rough-
ness [3].

In this paper, initially, our methodology to estimate life-
time, based on the data collected from test structures, is
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summarized in the following section. Section III discusses
our test structures and vulnerable length, together with all
geometric features that are extracted from a chip layout, and
the circuit feature extraction algorithm is presented. Test data
are presented to assess the impact of layout geometries on
lifetime. Section IV summarizes the modeling of operating
conditions and temperature. Section V contains case study
results, and finally Section VI summarizes the conclusions.

II. BACKEND DIELECTRIC BREAKDOWN
MODELS AND SIMULATION

The most important reliability concerns for interconnects are
electromigration, stress-induced voiding, and time-dependent
dielectric breakdown (TDDB) of the backend dielectric. Our
purpose is to consider time-dependent backend dielectric
breakdown. This paper focuses on intralayer backend dielectric
breakdown, because the intralayer distances are smaller than
the interlayer distances. Interlayer breakdown, however, can
also be an issue, although a lesser one.

A. TDDB Models
Models of backend TDDB are of the form [4]-[7]

INTFE=A — yE" (1)

where A is a constant that depends on the material properties
of the dielectric, y is the field acceleration factor, m is one
for the E model and 1/2 for the E'/2 model, and TF is the
time-to-failure. The field acceleration factor, y, is a function of
temperature [8]. Equation (1) provides a correction between
the electric field during the use conditions and accelerated
stress tests.

Test structures are stressed with dc stress, whereas chip
dielectrics undergo ac stress. If two signals are switching with
a 50% duty cycle, the dielectric between the signals is stressed
50% of the time. Fig. 1 shows scaling to use conditions for
45-nm technology, with a supply voltage of 0.8 V for a
dielectric that is stressed 50% of the time. In addition to
the fact that geometries with different line spacings scale
differently to use conditions, it should be noted that the field
acceleration factor strongly impacts the estimate of lifetime at
use conditions. Specifically, circuits are required to achieve a
fixed lifetime, 10 years, under use conditions. Because it is not
possible to evaluate a circuit’s lifetime under use conditions,
as this would take 10 years, circuits and test structures are
stressed at high voltages. The field acceleration parameter
determines the relationship between a lifetime obtained when
a high voltage test is conducted versus the lifetime when
operating with the nominal supply voltage.
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Fig. 1. Scaling of test results to use conditions.

Time-to-failure is also a function of temperature, modeled
with an Arrhenius relationship [6]

InTF = B — E,/T 2)

where B is a constant and is an activation energy that depends
on electric field. Equation (2) provides a correction between
chip operating conditions and accelerated temperature stress
conditions. There is a concern that stressing at high tempera-
tures can activate failure modes that are not present during use
conditions. Hence, stressing at high electric fields is preferred
in comparison with testing at high temperatures. Our tests were
conducted at 150 °C.

B. Chip Lifetime Models

It should be noted that circuits wearout for a variety of
reasons, both related to devices and interconnect. All of these
wearout mechanisms happen simultaneously. It is common to
describe reliability mechanisms with a Weibull distribution

P(TF) = 1 — exp (- (TE /7)) 3)

having two parameters: 1) the characteristic lifetime, #, and
2) the shape parameter, . The characteristic lifetime is the
time-to-failure at the 63% probability point, when 63% of the
population have failed, and the shape parameter describes the
dispersion of the failure rate population. Typically, the shape
parameter is close to one.

To test the lifetime of a specific wearout mechanism and
circuit geometry, several samples of a test structure containing
that feature are tested and the time-to-failure for each sample is
recorded. The resulting data are fit with a Weibull distribution.
To fit the data with a Weibull distribution, it is necessary to
estimate # and fB. To do this, we order that time-to-failure
data from smallest to largest, i.e., TFy,...TF,, for n data
points. Probabilities, P;€[0, 1], are assigned to each data point,
by partitioning the probability scale equally, i.e., P; = (2i —
1/2n), i = 1I,...,n. The pairs [In(TF;), In(—In(1 — P;))] are
plotted. #; is the x-intercept and f; is the slope.

Given a collection of n independent wearout mechanisms
modeled with Weibull distributions, having parameters, #;,i =
1,...,n, and B = i = 1,...,n, then the characteristic
lifetime of the system, #chip, i.€., the time when 63% of the
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Fig. 2. (a) Vulnerable length, L, associated with a line space. The rectangles
are Cu wires, surrounded by the backend dielectric. (b) Top view of a comb
test structure.

population have failed from any mechanism, is the solution of
[9]-[11]

n

1= (nenip/mi)"". @

i=1

Similarly [10]

Penip = Z,Bi (nchip/ ﬂi)ﬁi~ (5)

i=1

The components in (4) and (5) could be different wearout
mechanisms, different layers of a chip, different geometries
within a layer, or different geometries within a layer at
different temperatures. Hence, a reliability simulator has to:
1) determine the characteristic lifetimes and shape parameters
for all of the underlying wearout mechanisms and geometries,
after all the components are scaled for temperature and to use
conditions with (1) and (2) and 2) apply (4) and (5) to solve
for #chip and Behip.

Note that if the dielectric segments fail based on a Weibull
distribution, the system may not fail according to a Weibull
distribution if the parameters of the underlying components
vary widely. Equation (4) provides the lifetime of the system
when 63% have failed, the Weibull characteristic lifetime. If all
the dielectric segments fail according to a Weibull distribution,
then for an arbitrary probability of failure, P, the time-to-
failure, TFchp, is the solution of the following:

n

—In(1 = P) = > (TFenip/ni)". (6)

i=1

Similarly, (5) provides the slope of the Weibull curve at the
x-intercept (63% failures). The slope at other probabilities of
failure may be different.

III. DETERMINING THE IMPACT OF
BACKEND GEOMETRIES

A. Vulnerable Length and the Test Structures

The simulator operates by determining the vulnerable length
of the chip layout and the corresponding test structure. The
vulnerable length is the length, L;, of lines associated with
a line space §;, shown in Fig. 2(a). Dielectric lifetime for
line space, S;, is also a function of the widths of the two
adjacent lines, W;; and W;g. A given layout is analyzed by
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determining the pairs [S;(WrWg), L;] for each layer for all
line spaces surrounded by the linewidths Wy and Wg.

Test structures that vary area, line space, and linewidth have
been implemented [9]-[13]. Fig. 2(b) shows a top view of a
comb test structure used in this paper. The test structure in
Fig. 2(b) is used to determine the lifetime of the dielectric
between parallel tracks with a specific line space, S. This test
structure has a fixed line space, S, and vulnerable length, L.
To test the lifetime of such a feature, a voltage difference
is applied between the two combs. The current between the
combs is monitored to determine the time-to-failure. The data
set from several samples is fit with a Weibull distribution to
estimate 7, and f;.

Because the features on a chip differ from a test structure
layout, area scaling must be performed to adjust the lifetime
to consider the difference in vulnerable area between the chip
and the test structure. To do this, let L; and L; be vulnerable
lengths of the test structure and chip, i.e., the length of the lines
that run in parallel in the test structure and chip, respectively,
with the same line space, S. #; is determined by stressing a
test structure with line space S and vulnerable length L,. Then,
the corresponding characteristic lifetime for that feature in the
chip is

ni = (Li/ L) %

Test structures with four areas, 1X, 3X, 4.5X, and 9X, have
been implemented. Test structures with different widths and a
fixed line space have also been implemented. Fig. 3(a) versus
(b) shows top views of test structures with different linewidths.
The width ratios are 1X, 3X, and 5X. To distinguish between
the density and linewidth effect, a test structure, where the
width of the lines for one comb is 1X and the other is 5X is
included. The density of this test structure matches that of the
3X width test structure. The top view of this test structure is
shown in Fig. 3(c).

Our study has included test structures that have several irreg-
ular features to determine any impact of field enhancement.
Fragments of these test structures are shown in Fig. 4. Top
views of these test structures are shown in Figs. 3(d)—(h).
PTT emphasizes the electric field between parallel routing
tracks that end at the same point. TLa and TLb emphasize
the electric field between line ends and perpendicular lines.
TLDb includes additional fringing fields, because the line ends
are more widely spaced. TTa and TTb emphasize electric fields
between line ends. In TTa, the line ends abut, and in TTb, the
line ends are in parallel tracks. TLa, TLb, TTa, and TTb have
528 line ends each. The separation between line ends is the
same for all test structures.

To account for irregular features, the counts of the irregular
features are extracted from the circuit layout. Each adds
additional parameters, #pTT, BPTT, #TLa/bs BTla/bs NTtas PTtas
n1TH, and PrTp to (4) and (5). These parameters depend on
the number of minimally spaced line ends in each category of
the layout. Let us consider the computation of #1iab for the
sake of illustration. Let us suppose the test structure has Nieg
minimally spaced line ends, from which #est and friap are
computed from the data collected from a set of tests. Then,
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Fig. 3. Top views of comb test structures to characterize the impact of
geometry on TDDB. (a) Standard comb structure. (b) Comb structure with
wide lines. (¢) Comb structure with both wide and narrow lines. (d) PTT.
(e) TLa. (f) TLb. (g) TTa. (h) TTb.
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Fig. 4. Vulnerable line ends that need to be extracted from a layout.

for a layout with Ncpjp similar line ends, by area scaling

NTla/b = ﬂtest(Ntest/Nchip)l/ﬂTLa/b. (8)

B. Vulnerable Length and Feature Extraction

The layout extraction tool was developed using a standard
object-oriented programming language.

Vulnerable area and features are extracted by comparing
pairs of lines in a layout. Because tens of millions of lines
exist in each metal layer in a layout, it is necessary to find the
adjacent lines that border a vulnerable area or form a critical
feature quickly. Therefore, vulnerable area and features are
extracted as shown in Algorithm 1.

Initially, lines are read from a layout, sorted by the bucket
sort algorithm, and stored in two separate data variables,
LineDataX and LineDataY. The lines in LineDataX (and
LineDataY) are sorted in ascending order of the x-coordinate
(y-coordinate) of the bottom left corner of the line. If two lines
have the same x-coordinate (or y-coordinate), they are sorted
in the ascending order of the y-coordinate (or x-coordinate)
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Algorithm 1 Layout Extraction Flow

Input: The maximum line spacing S,... and a layout L
Output: Tables of vulnerable lengths (VulnerableLengthTable) and new
features (TLab, TTa, TTb, PTT)

for each metal layer m do
LineDataX (m) < ReadLines (L); // BucketSort
LineDataY (m) < ReadLines (L); // BucketSort
TTa (m) < 0; TTb (m) « 0; PTT (m) « 0; TLab (m) < 0;
c—1;
n«—2;
while c<Nj;,. do // Nj,.: # lines in LineDataY
L; < LineDataY (m,c); // c-th line
L, <« LineDataY (m,n); // n-th line
if Spacing (L;, L>)<=S,.. then
TLab (m) += CheckTLab (L,, L;); // check TLab between L, and L,
TTa (m) += CheckTTa (L, Ly); // check TTa between L; and L,
end
n « Adjust (c, n);
L, « LineDataX (m,n);
if Spacing (L;, L;)<=S,.. then
TLab (m) += CheckTLab (L,, L;); // check TLab between L, and L,
end
n < Adjust (c, n);
L, < LineDataY (m,n);
if Spacing (L, L;)<=S,..: then
PTT (m) += CheckPTT (L;, L,); // check PTT between L; and L,
TTb (m) += CheckTTb (L,, L,); // check TTb between L; and L,
VulnerableLengthTable (m) < VulnerableLength (L;, L,);
LineDataY (m) «Split (L;, L,);
n «— Adjust (c, n);
end
n «— Adjust (c, n);
end
end

of the bottom left corner of the line. The lines with the same
x-coordinate (or y-coordinate) are placed in the same bucket.

Then, the extraction process starts by comparing the first
(L1) and the second (L») lines in the first bucket of Line-
DataY. Because each metal layer has a preferred routing
direction (horizontal or vertical), the preferred routing direc-
tion is assumed to be horizontal in this description. If the
y-coordinates of the two lines in the same bucket are the
same, they can form TTa or TLa/b, depending on the distance
between them and the direction (horizontal or vertical) of L.
To form TTa or TLa/b, the spacing between L; and L, must
be the minimum distance. If both L; and L, are horizontal,
they can form a TTa feature. If L; and L, are perpendicular,
they can form TLa/b. To find TLa/b, LineDataX is searched
based on the x-coordinate of the bottom right corner of L to
find any L, that can form TLa/b with L;. If an L, has been
determined with a critical feature, in addition to L,, L cannot
form any critical features with other lines in the same bucket,
because L, lies between L and the other lines in the bucket.

TTb and PTT are extracted by comparing two lines in
adjacent buckets in LineDataY (lines in different buckets
have different y-coordinates). TTb and PTT are checked by
comparing L; and any L, in the next bucket. If a TTb or
PTT is found, a flag for the corresponding edge of L is set.
By setting the flag, counting an extra TTb or PTT formed by
L1 and any other line L3, is avoided, because there may be
other lines, L3, that have the same x-coordinate as L, and that
are within the minimum distance. TLa/b can also be found by
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Fig. 5. (a) Initial line structure. (b) PTT between S1 and S2. (c) Vulnerable
length between S1 and S2. (d) Postprocessing after vulnerable area extraction.
(e) TTb does not exist between S1_1 and S2. (f) TTb between S1_1 and S3.
(g) TLa/b between S2 and S4. (h) TTa between S2 and S3.

comparing lines in adjacent buckets, if L, is perpendicular
to L.

After extracting irregular features formed by L; and its
adjacent lines, the algorithm searches for a vulnerable length
associated with Lj. To form a vulnerable length, L, must
be in a different bucket. L, is the first line in the sorted
list where the area between the x-coordinates overlaps. If
the vertical spacing is less than or equal to the maximum
line spacing, a vulnerable area surrounded by these two lines
exists. The line space is computed, and the vulnerable length
is added to the vulnerable length table for the corresponding
line space. Then, L; is split into one or two new lines;
they are inserted into LineDataY; and L; is removed from
LineDataY.

Fig. 5 shows an example with four line segments, S1, S2,
S3, and Ss4. They are ordered according to their bottom left
coordinate. The algorithm starts with the first line segment, Sj.
Initially, the irregular features are checked. In checks for
irregular features, the algorithm looks for specific geometries
that are within a minimum distance from S;. Hence, for
S1 PTT, TTa, TTb, and TLa/b are checked. The TTa geometry
only appears if the segments are on the same track. TLa/b is
a check for a perpendicular geometry. PTT and TTb appear
if the line ends line up. The PTT geometry is found between
S1 and S5, as shown in Fig. 5(b). Next, the vulnerable length
between S; and S, is extracted in Fig. 5(c). Because there
exists a vulnerable length, it is stored in the vulnerable length
table. Then, the split process is applied. S is split into two
segments, and the part of the S segment included in the
extracted vulnerable area is removed. In this example, only
one new line (S7_1) is created because the left boundaries of
S1 and Sy are aligned, as shown in Fig. 5(d).
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Fig. 6. Weibull plot of time-to-failure for comb test structures with four
areas: 1X, 3X, 4.5X, and 9X.

After inserting Sj_; into LineDataY, L; is set to Sj_i
and the extraction process is repeated. The algorithm checks
for PTT, TTa, TTb, and TLa/b between S ; and other lines.
Although there exists a TTb relation between S1_1 and Sy, as
shown in Fig. 5(e), it is not included in the TTb count, because
the left side of S;_; was generated during the split operation.
On the other hand, the right side of Sj_j is the right side of
the original line S;, and there exists a TTb relation between
S1.1 and S3, as shown in Fig. 5(f). Hence, the TTb count is
incremented. S;_; does not have a minimum distance with any
other line segment. It does not have a vulnerable area either.
Therefore, the algorithm proceeds to the next line S2. Lj is set
to S» by the index adjustment function. The algorithm checks
for irregular geometries that are separated from S, by the
minimum distance. It finds a TLa/b relation between S> and Sy,
as shown in Fig. 5(g). It also finds a TTa relation between
S> and S3 in Fig. 5(h). The TLa/b and TTa counts are
incremented.

The runtime for the simulator is the sum of the time
taken to extract features from the layout and a constant
time to evaluate equations (4) and (5). Complexity of feature
extraction is O(n), where n is the number of features, because
bucket sort is used. Complexity of extracting statistics from
features is also O(n), because the bucket is scanned from the
bottom most element, and the maximum number of features
within a fixed distance from an element is constant. Lifetime
is estimated in a constant time.

C. Test Results

Test results show a strong impact of area, as illustrated
in Fig. 6. Die-to-die linewidth variation creates curvature in
failure rate distributions [13]. This curvature does not impact
n. Hence, initially, # is extracted and then used to determine S
by area scaling [14]. Specifically, £ is determined by finding
the best fit of slope of ordered pairs, [Inyyx —Innix, n(1/N)]
where N is the area ratio, i.e., two if the area is 2X larger
than the reference 1X. Once x;x and S are known, the
failure rate distribution is known for all areas. For instance,
nNx = mx +In(1/N)/B.

Line edge roughness impacts both the circuit and the test
structures, and therefore it is considered.
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either side of the vulnerable dielectric. The data were collected using SEM
and were fit with regression.

Lifetime is also impacted by the linewidth on each side of
the dielectric segment. Fig. 7 shows the failure rate distribu-
tions for the test structures with 1X, 3X, and 5X linewidths,
with fixed line space.

These test results show a strong impact of linewidth, when
the line space remains constant. Note that the test structures
in Fig. 7 simultaneously vary density and linewidth. Compare,
for example, Fig. 3(a) and (b). To isolate the cause of variation,
our test structure set also includes a test structure that varies
linewidth independently of density, as shown in Fig. 3(c)
[10], [12]. It was found that linewidth, rather than density,
determines the lifetime. ARDE [15], [16], where narrow
trenches suffer from greater lateral etch near the critical CMP
interface and a less vertical sidewall profile, can explain such
a trend.

Scanning electron microscopy (SEM) data were used to
determine the difference between the actual linewidth, W,, and
the drawn linewidth, W, i.e., AW = W, — W,. This translates
into a shift in line space, i.e., S, = Sg — AW, where S, is
the actual line space and S, is the drawn line space. Line
spaces with larger positive values of AW breakdown faster,
because E = V/S,. A model based on SEM data was used to
determine AW, by fitting measured data through regression,
as shown in Fig. 8.
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Fig. 9. Data collected from (a) PTT versus the reference structure, (b) TLa,
TLb, and TTa versus the reference structure, and (c) TTb confidence bounds
are included for the area scaled reference test structure.

The line end features in Fig. 4 were also found to have
a significant impact on lifetime. The data collected from the
test structures are presented in Fig. 9. An area-scaled version
of a standard comb test structure is included for comparison.
It can be observed that all the test structures (PTT, TLa, TLDb,
TTa, and TTb) result in a significantly reduced lifetime in
comparison with the reference test structure. The data also
show that TLa and TLb fail at the same rate, showing that
fringing fields are not significant. The data from these two
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test structures can be merged to determine a single model.
TTa has an improved lifetime, in comparison with TLa/b. No
reference curve is included for comparison for TTb because
TTb has no vulnerable length.

A model was extracted for PTT, TLa/b, TTa, and TTb. The
model for TTa and TTb was found with the standard method,
involving fitting a linear function to the data to find #1T1a, STTas
NTTb, and SrTb.

Extraction of the model for TLa/b and PTT is more com-
plex, because these structures combine both line ends and
vulnerable length. Fig. 10 shows one TTa/b line end and two
PTT line ends, together with the vulnerable length extracted.
If we find HTLa/b, ﬂTLa/b, YNPTT> and ﬁPTT, by ﬁtting a linear
function, then the model would include both the impact of
the line ends and the vulnerable length. For circuit analysis
purposes, it is necessary to eliminate the effect of vulnerable
length to create a model for line ends only. To find the model
for line ends, it is necessary to subtract the effect of vulnerable
length. Details of the methodology are presented in [17].

IV. DETERMINING THE IMPACT OF
OPERATING CONDITIONS

Because backend dielectric breakdown is activity and tem-
perature dependent, our methodology includes determining
the temperature and stress for each dielectric segment while
running benchmarks. A framework for acquisition of spa-
tial and temporal thermal/electrical stress of the system was
constructed. Fig. 11 shows the electrical and thermal profile
acquisition flow.

For activity tracking, the hardware RTL/netlist was synthe-
sized for emulation on an FPGA, and counters were placed
at the I/O ports, which track both the state probabilities and
the toggle rates of the ports during application runtime, as
shown in Fig. 12. A standard set of benchmarks was used as
the applications for analysis [18].

The 1/O activities and the gate-level netlist were then used
for activity propagation to each net in the design, for a
complete stress/transition probability profile of the internal
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nodes of a circuit under study. This provides the probability
of a transition occurring at any node and the probability at
each state, i.e., the probability at logic 1. It is this probability
at logic 1 and O that is needed to compute the probability
that each dielectric segment is under stress. The probability of
dielectric stress of each dielectric segment is determined by

a=a(l—a2)+ax(l —ay) )

where a1 and a; are the probabilities that each net in the
pair of nets that border the dielectric segment is at logic 1.
If 540 is the characteristic lifetime under dc stress, then the
characteristic lifetime under ac stress, #4¢, 1S

Ndc

Nac = .
o

(10)

The netlist is also used for layout generation. The RC
information from the layout, together with the net activity, is
used for extraction of the power profile and the consequent
thermal profile, through the power simulator [19] and the
thermal simulator [20].

Note that computational complexity in accounting for oper-
ating conditions is dominated by the complexity to propagate
activities within a circuit block, which is O (n), where n is the
number of gates in the system. Hence, the overall complexity
of the simulator is O (n).

To illustrate the fact that the electrical and thermal stress
are not constant, the well-known open-source LEON3 IP core
processor with super scalar abilities [21] was considered.
Fig. 13 shows the average temperature distribution while
running one of the standard benchmarks [18]: bitcnts. Fig. 14
shows the electrical stress distribution. The distribution of
electrical stress is shown in Fig. 15.

V. CASE STUDIES

In this paper, we have considered two case studies: a set of
fast Fourier transform (FFT) circuits [22] with different layouts
and the LEON3 IP core processor. The FFT circuits were used
to study the impact of circuit geometries on dielectric lifetime,
whereas the microprocessor was used to study the impact of
blocks. The study of the smaller FFT circuit allows us to vary
the layout and determine the impact of different geometries
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running a standard benchmark.

and design parameters during circuit synthesis, whereas the
larger LEON3 circuit allows us to incorporate the impact of
activity and temperature and allows us to check some of our
conclusions with a larger circuit.

A. FFT Circuits

Several versions of a radix-2, 256-point and 512-point FFT
circuit were synthesized and implemented with the NCSU
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Fig. 16. Block diagram of the FFT circuit.
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Fig. 17. Characteristic lifetime for each layer, considering all line spaces,
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given layer). The percentage of features with the critical line space is also
noted.

45-nm technology library [23]. The block diagram is shown
in Fig. 16. The 256-point circuit has 324-k gates and
329-k nets, and the 512-point circuit has 708-k gates
and 712-k nets. The number of layers used in routing varied
from five to eight. Using more routing layers results in
shorter wirelength and better timing performance. Timing was
optimized using buffer insertion and gate sizing.

Synopsys design compiler was used for synthesis. Cadence
SoC encounter was used for placement, clock-tree synthesis,
routing, optimization, RC extraction, and static power analy-
sis. Synopsys PrimeTime was used for timing analysis.

1) Critical Physical Features: The characteristic lifetime for
chips is more pessimistic than the characteristic lifetime for
individual layers, because the characteristic lifetime for the
chip combines the vulnerable areas for all the layers.

Fig. 17 shows the characteristic lifetime for each layer.
It contains three estimates of lifetime: 1) an estimate that takes
all line spaces into account; 2) an estimate that takes only the
smallest line space into account; and 3) an estimate that takes
only the critical line space into account. The critical line space
for each layer is defined as the most frequent line space in the
layout. It is not necessarily the smallest line space. As shown
in Fig. 17, the characteristic lifetime for a layer is dominated
by the contribution of dielectric in the critical line space group.
Fig. 17 also shows the percentage of dielectric area formed by
the critical line space group.

Fig. 17 also shows the characteristic lifetime computed
based on only the minimum line space for each layer. The
chart shows that when a layout is dominated by a line space
other than the minimum line space, lifetime estimates can
be optimistic by the orders of magnitude. Metal 2 contains
40 different line spaces, ranging from 70 to 252.5 nm. The
smallest line space in Metal 2 is 70 nm, but the line space
dominating the characteristic lifetime for this layer is 120 nm;
73% of the dielectric segments in this layer have a line space
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Fig. 18. Characteristic lifetime for each layer as a function of the maximum
line space considered in the calculation of characteristic lifetime.
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Fig. 19. Characteristic lifetime for different instantiations of the FFT8 chip.
The Metal 3 linewidth of L3X and L4X is three and four times the linewidth
of L1X, respectively.

of 120 nm, whereas only 0.11% have a line space of 70 nm.
Fig. 18. shows the lifetime per layer as a function of the
maximum line space considered.

The layers with the highest wire density dominate the life-
time. Higher wire coverage is achieved by closely packing the
metal lines together, increasing electric field, and consequently
degrading reliability.

2) Linewidth: Linewidth impacts lifetime. Test structure
results show that lifetime improves as linewidth increases,
because of the interaction between physical design and etch-
ing. Several layouts were generated, labeled L1X, L3X, and
L4X. L3X and L4X have Metal 3 that is three and four
times wider than the linewidth of Metal 3 in L1X. Fig. 19
shows that increasing the line width design rule does not
improve lifetime significantly, because the overall dielectric
area increases after rerouting. The increase in lifetime for all
layers can be attributed to a change in the routing for all layers
because of the smaller number of routing tracks in Metal 3.

3) Irregular Geometries: Fig. 20 shows the characteristic
lifetime results with and without the inclusion of degradation
in lifetime because of irregular features, i.e., PTT, TLa/b, TTa,
and TTb. The impact of irregular features is strongest for
Metal 1. This is because the number of irregular geometries
decreases from Metal 1 to 5, because of routing restrictions
associated with higher layers of metal.
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impact of each irregular geometry separately.

Fig. 21 shows the impact of each of the irregular features.
The irregular geometry that most strongly impacts lifetime
is PTT. This is because there are numerous PTT geometries
on Metal 1 and above. On the other hand, TTb geometries
rarely (or never) occur above Metal 1, and there is a negligi-
ble impact of these geometries. TLa/b geometries essentially
consist of two perpendicular wires. In general, each metal
layer has a preferred routing direction, either horizontal or
vertical. Perpendicular wires are usually not allowed for global
routing. Therefore, TLa/b geometries above Metal 1 are rare.
TLa/b geometries were, however, frequently found on Metal 1,
because Metal 1 is used in cell libraries for internal wiring.

4) Timing and Wirelength: Using more metal layers gen-
erally results in a decrease in routing congestion, eliminating
the need for long detours to avoid routing congestion. This
leads to less coupling capacitance between wires and reduces
the critical path delay. Because a router can spread out wires
in several metal layers, this is expected to improve lifetime.

As expected, the critical path delay decreases as the number
of metal layers increases, as shown in Fig. 22. Fig. 22, also
shows, however, that lifetime increases only marginally as
the number of layers increases. This lack of improvement
in lifetime as a function of the number of layers can be
explained because, even though the number of layers increases
from five to eight, the percentage of total wirelength in
the additional layers is <6%. A large percentage of total
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Fig. 23.  Comparison of lifetime, timing performance, and wirelength.

wirelength remains in a single layer, Metal 3. Metal 3 has
mid-distance interconnects performing vital operations.

By varying layout parameters, we can study the relationship
between lifetime and wirelength and critical path delay. There
is a strong correlation between total wirelength and lifetime.
This is shown in Fig. 23.

Timing optimization is achieved through buffer insertion,
changing gate locations, and gate sizing. Buffer insertion
results in an increase in total wirelength, resulting in a decrease
in lifetime. Hence, buffer insertion can degrade lifetime. If gate
sizing is used for timing optimization, then the goals of timing
align with those of reliability. Increasing the gate size increases
the degrees of freedom for wire-to-pin connections, and this
can enable improved reliability. Ripup and rerouting are aimed
at reducing wiring congestion and coupling capacitance. Areas
with high coupling capacitance are also likely to be associated
with lower lifetimes. Hence, ripup and rerouting for coupling
capacitance can improve lifetime. Overall, despite all of these
factors, we did not observe any relationship between timing
and lifetime, as a result of varying the layout and synthesis
parameters, as shown in Fig. 23.

B. Microprocessor Circuit

The well-known open-source LEON3 IP core processor
with superscalar abilities was studied. The microprocessor
logic units consist of a 32-bit general purpose integer unit,



BASHIR et al.: BACKEND DIELECTRIC RELIABILITY FULL CHIP SIMULATOR

—4—Layerl
—-layer2

Layer3
—<layerd
—¥=Layer5

In(n) [a.u.]

Fig. 24.  Characteristic lifetimes for each layer and for each unit of the
microprocessor system while running the bitcnts benchmark.

0.4

—o—Layerl

p— < -8-Layer2

0.3 \
0.25

Layer3

——Layer4

——Layer5

z \
= 0.2
Q2
: \
2 o
2
£ \
0.1 \
0.05 — \ >
e J © & AC N & &) ) &
oﬁ?& \08 e ,@‘q‘ & & e &
%"é, \0&% N
Fig. 25. Probability of first failure for each layer and each unit of the

microprocessor system while running the bitcnts benchmark.

a 32-bit multiplier (MUL), a 32-bit divider (DIV) and a
memory management unit (MMU). Storage blocks include a
window-based register file unit, separate data (D-cache) and
instruction (I-cache) caches and cache tag storage units (Dtags
and Itags). The microprocessor includes around 20-25-k gates.

The electrical and thermal profiles from Section IV, together
with the lifetime models from Section II, were used to estimate
the lifetime of each functional unit in the system, as shown in
Fig. 24 for the bitcnts benchmark.

The lifetime of the system under study is clearly limited
by the Metal 1 layer. Higher metal layers are associated with
increased metal spacing, resulting in an increase in time-to-
failure. The data- and the I-cache are the lifetime limiting
units in the microprocessor. Online reconfiguration, through
redundancy allocation, was not considered here, but could
improve the lifetime of these units. Among the combinational
blocks, lifetime is limited by the MMU, whereas the MUL and
the DIV blocs had relatively better lifetimes. Figs. 13 and 24
clearly suggest a strong temperature dependence of the system
lifetime.

If we aim to prioritize efforts to improve lifetime, it is
helpful to find the probability that each block will fail first.
This is shown in Fig. 25. The graph shows that most failures
will happen in Metal 1 in the D-cache or I-cache. The
equations used for Fig. 25 are in Appendix A.
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dielectric involved in irregular geometries.

We also considered online reconfiguration through redun-
dancy allocation. Two additional columns were considered
for each of the memory units. The distribution of the micro-
processor lifetime with and without redundancy is shown in
Fig. 26. The formulas needed to consider redundancy are given
in Appendix B.

Fig. 27 shows the characteristic lifetime as a function of the
maximum line space considered. The graph shows that large
line spaces have an impact on the lifetime, especially for the
higher layers of metal.
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Fig. 28 shows the impact of irregular features. It can be
observed that, as with the FFT circuit, the number of irregular
geometries decreases for higher layers of metal. Fig. 29 shows
the impact of each of the irregular geometries. The results
are also consistent with the FFT circuit, with PTT having the
strongest impact and TTb having the least impact.

VI. CONCLUSION

A methodology has been proposed to assess backend
dielectric reliability of full chips. It considers all vulnerable
dielectric areas with all line spaces in a layout. It also
considers linewidth and many critical geometries, as well as
the temperature and activity profiles during chip operation.

Several layouts were analyzed. No correlation between
timing performance and dielectric lifetime was observed.
Greater wire coverage, however, results in reduced lifetimes,
as expected. It was also demonstrated that the area in a layout
with the smallest line space may not significantly impact chip
lifetime. Instead, all line spaces must be considered when
estimating lifetime.

APPENDIX A
ESTIMATION OF THE PROBABILITY OF FIRST FAILURE

Let us suppose that we are given a collection of n indepen-
dent wearout mechanisms, modeled with Weibull distributions,
having parameters, #;,i = 1,n and f;,i = 1,...,n. We want
to find the probability that the first wearout mechanism fails
before the other wearout mechanisms. Let f;(t;) be the prob-
ability density function of the ith wearout mechanism. Then,
the probability that the ith wearout mechanism fails first is

P=/OOO/:O/:O'"/:ofl(tl)'“fn(fn)dfn'“dt3dt?jtll)
/e \Bi—1 N\ Bi
son=0(5) e (- (1))

where

(A2)
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After substituting (A.1) into (A.2), we obtain

o0 t _ t ﬁl t ﬁn
8 [ () ) Yo
nm Jo m m Mn
(A3)
If B is a constant, then (A.3) reduces to

.\ A
p— (ﬂchlp) .
m

If £ is not a constant, then numerical integration is required

oo
P:/ e*du
0
where

Vi Bn
o= —u— (ﬂ) 2uﬂ2/ﬁ1 . (ﬂ) uPnlPr (A.6)
2 Nn

(A4)

(A.5)

APPENDIX B

DIELECTRIC LIFETIME WITH RECONFIGURATION
THROUGH REDUNDANCY ALLOCATION

Online reconfiguration through redundancy allocation
involves detecting failing memory cells and reconfiguration
of memory blocks using redundant spare rows and columns.
In this way, memory blocks can tolerate a small number of
faults.

To determine the impact of redundancy, note that defect
density associated with each component, i, is (TF/#;)?, where
TF is time. Hence, the defect density increases as a function
of time. The total defect density for a set of components
(dielectric segments) is the sum of the component-level defect
densities.

Let, Ji,k = 1,..., K be disjoint sets of components. For
example, J; could consist of all dielectric segments in the
Metal 1 layer of the D-cache and J> could consist of all
dielectric segments in the Metal 1 layer of the I-cache. Any
such set of components, Ji, can tolerate up to g, defects. For
example, if there are two redundant columns, then g = 2.
If P is the probability of failure, then the survival probability
for one collection of components with redundancy is

ﬁ' X
. TF\™
TF\ /i o (ztdk(,ﬁ) )
1-P =exp| —Zieix| — ¥| 2 ——————

ni x!

(A7)
If there are K blocks with redundancy in the system, then
the overall lifetime satisfies the following relationship:

A%
TF\/ (Eidk(%) )
AL N N R i
Ni
(A:8)

x!
This is equivalent to the following, which can be used to solve
for lifetime, TF, as a function of each probability point:

A\
(1F
TF\/ _, (2“”‘(%) )
—In(1—P) = 3 (—) -k | 20—~
"

1

qk
Z:x:O

x!

(A9)
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In addition, the characteristic lifetime under redundancy,
Hchip, 18 the solution of the following:

A\ Bi
Hch k
1=, (_P) N

(e (22)")

x!

i
(A.10)
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