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MITIGATING ELECTROMIGRATION, IN-RUSH CURRENT
EFFECTS, IR-VOLTAGE DROP, AND JITTER THROUGH METAL
LINE AND VIA MATRIX INSERTION

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority and the benefit of U.S. Non-Provisional
Application No. 14/340,381, filed in the United States Patent and Trademark Office on

July 24, 2014, the entire content of which is incorporated herein by reference.
BACKGROUND

Field

[0002] Various features generally relate to integrated circuits (IC), and more
particularly to ICs and methods of manufacturing the same that feature metal line and
via matrix insertion to reduce and/or mitigate electromigration, in-rush current effects

including IR-voltage drop, and jitter.
Background

[0003] Electromigration is the transport of material caused by the movement of ions in
a conductor due to the momentum transfer between conducting electrons and diffusing
metal atoms. A conductor, such as a wire line or interconnect in an IC, is especially
susceptible to electromigration when current densities through the conductor are
relatively high. Electromigration decreases the reliability of ICs because it may result in
voids (i.e., open circuit) and/or shorts along conductive paths within the IC, which may
ultimately cause the IC to fail. As IC dimensions continue to decrease in size,
electromigration increases in effect and significance.

[0004] In-rush current is the maximum, instantancous input current drawn by an
electrical device or circuit when turned ON or otherwise activated in some way. For
dynamically saving power, clock-gating is widely used on modern ICs. Consequently
however, in-rush current issues result when large currents flow into a circuit when the
clock-gating is turned OFF, which may cause considerable IR-voltage drop. The
resulting IR-voltage drop may cause operational status changes in transistors, such as
turning ON a transistor that is supposed to be OFF. Moreover, in-rush current issues are

typical near power switches of the IC, which often makes it a location specific issue.
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However, chip area at such locations may be very limited due to the IC’s design, and
thus the amount of chip area occupied by a proposed solution to the in-rush current
issue should be as small as possible.

[0005] Jitter is the frequency deviation from the static periodicity of a periodic signal.
The sources of jitter include power supply noise, data path noise, phase distortion on the
circuit (e.g., caused by phase-lock-loops), etc. Jitter can be quite problematic for ICs
related to many different applications.

[0006] Very commonly, ICs of the prior art employ decoupling capacitors (e.g., “de-
caps”) to mitigate the above undesirable effects of electromigration, IR-voltage drop
caused by in-rush currents, and jitter. Specifically, de-caps are inserted at strategic
points in a circuit where one or more of the above problems are anticipated. However,
de-caps have distinct drawbacks. First, they consume large chip areas, which in some
locations of the IC (e.g., near a power switch) makes their use very impractical or
difficult. Second, some de-caps consume significant power since they may include one
or more transistors. Third, de-caps have a frequency derived impedance that is selected
based on the anticipated operating frequency of the circuit. Problematically, changes to
the operating frequency of the circuit (e.g., when the IC enters a lower power state) may
negatively affect the performance of the de-cap, which may have to be re-tuned to re-
optimize performance.

[0007] There is a need for methods and devices that mitigate the problems associated
with electromigration, in-rush current based IR-voltage drop, and jitter that consume
less power, consume less chip area, and are robust to changes in the operating frequency

of the IC.
SUMMARY

[0008] One feature provides a method of manufacturing an integrated circuit. The
method comprises performing routing of the integrated circuit to generate a plurality of
conductive paths across a plurality of metal layers, identifying a first conductive path of
the plurality of conductive paths having a current and a current density, the first
conductive path including at least a first metal line within a first metal layer, and after
performing the steps of routing and identifying, forming an auxiliary conductive path
that includes forming a first via, a second metal line, and a second via. The first via

electrically couples to the second metal line that is in turn electrically coupled to the
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second via. The second metal line is positioned within a second metal layer that is
different than the first metal layer, and the first and second vias are positioned between
the first metal layer and the second metal layer. The first and second vias electrically
couple the first metal line to the second metal line such that the auxiliary conductive
path reduces the current and the current density of the first conductive path by diverting
a portion of the current flowing through the first conductive path. According to one
aspect, a path length of the auxiliary conductive path is different than a path length of
the first conductive path. According to another aspect, the path length of the auxiliary
conductive path is greater than the path length of the first conductive path.

[0009] According to one aspect, the method further comprises, after performing the
steps of routing and identifying, forming a second auxiliary conductive path that
includes a third metal line, a fourth metal line, and a fifth metal line, the third metal line
electrically coupled to the fourth metal line that is in turn electrically coupled to the fifth
metal line, the third, fourth, and fifth metal lines all positioned within the second metal
layer, and the third and fifth metal lines electrically couple the fourth metal line to the
second metal line such that the second auxiliary conductive path further reduces the
current and the current density of the first conductive path by diverting an additional
portion of the current flowing through the first conductive. According to another aspect,
a path length for each of the first conductive path, the auxiliary conductive path, and the
second auxiliary conductive path are different from one another.

[0010] According to one aspect, the method further comprises, after performing the
steps of routing and identifying, forming a second auxiliary conductive path that
includes forming a third via, a third metal line, and a fourth via, the third via electrically
coupled to the third metal line that is in turn electrically coupled to the fourth via, the
third metal line positioned within a third metal layer that is different than the first and
second metal layers, the third and fourth vias positioned between the second and third
metal layers, and the third and fourth vias electrically couple the third metal line to the
second metal line such that the second auxiliary conductive path further reduces the
current and the current density of the first conductive path by diverting an additional
portion of the current flowing through the first conductive. According to another aspect,
forming the auxiliary conductive path further includes a third and fourth metal line in

the second metal layer, a first end of the second metal line clectrically coupled to the
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first via through the third metal line, and a second end of the second metal line
electrically coupled to the second via through the fourth metal line.

[0011] According to one aspect, an end of the second metal line includes a metal
extension piece that extends beyond a juncture where the second metal line coupled to a
via, the extension piece adapted to collect atoms and/or form a void due to
electromigration. According to another aspect, the auxiliary conductive path is formed
by inserting the first and second vias and the second metal line into a layout design of
the integrated circuit after placing and routing of the integrated circuit has been
performed.

[0012] Another feature provides an integrated circuit comprising a first conductive
path that includes at least a first metal line within a first metal layer, and at least one
auxiliary conductive path that includes a first via, a second metal line, and a second via.
The first via is electrically coupled to the second metal line that is in turn electrically
coupled to the second via, and the second metal line is positioned within a second metal
layer that is different than the first metal layer. The first and second vias are positioned
between the first metal layer and the second metal layer, and wherein the first and
second vias electrically couple the first metal line to the second metal line such that the
auxiliary conductive path reduces the current and the current density of the first
conductive path by diverting a portion of the current flowing through the first
conductive path.

[0013] According to one aspect, the integrated circuit further comprises a second
auxiliary conductive path that includes a third metal line, a fourth metal line, and a fifth
metal line, the third metal line electrically coupled to the fourth metal line that is in turn
clectrically coupled to the fifth metal line. The third, fourth, and fifth metal lines are all
positioned within the second metal layer, and the third and fifth metal lines electrically
couple the fourth metal line to the second metal line such that the second auxiliary
conductive path further reduces the current and the current density of the first
conductive path by diverting an additional portion of the current flowing through the
first conductive.

[0014] According to one aspect, the integrated circuit further comprises a second
auxiliary conductive path that includes a third via, a third metal line, and a fourth via,
the third via electrically coupled to the third metal line that is in turn electrically coupled

to the fourth via, the third metal line positioned within a third metal layer that is
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different than the first and second metal layers, the third and fourth vias positioned
between the second and third metal layers, and the third and fourth vias electrically
couple the third metal line to the second metal line such that the second auxiliary
conductive path further reduces the current and the current density of the first
conductive path by diverting an additional portion of the current flowing through the
first conductive.

[0015] Another feature provides an integrated circuit prepared by the process
comprising performing routing of the integrated circuit to generate a plurality of
conductive paths across a plurality of metal layers, identifying a first conductive path of
the plurality of conductive paths having a current and a current density, the first
conductive path including at least a first metal line within a first metal layer, and after
performing the steps of routing and identifying, forming an auxiliary conductive path
that includes forming a first via, a second metal line, and a second via, the first via
electrically coupled to the second metal line that is in turn electrically coupled to the
second via, the second metal line positioned within a second metal layer that is different
than the first metal layer, the first and second vias positioned between the first metal
layer and the second metal layer, and wherein the first and second vias electrically
couple the first metal line to the second metal line such that the auxiliary conductive
path reduces the current and the current density of the first conductive path by diverting

a portion of the current flowing through the first conductive path.
BRIEF DESCRIPTION OF THE DRAWINGS

[0016] FIG. 1 illustrates a perspective view of an exemplary integrated circuit (IC)
featuring metal line and via matrix insertion.

[0017] FIG. 2 illustrates a schematic, cross-sectional view of the IC along the line 2-2.
[0018] FIG. 3 illustrates a conceptual, perspective view of a first conductive path in
the IC.

[0019] FIG. 4 illustrates a conceptual, perspective view of a second conductive path
within the IC featuring metal line-via matrix insertion.

[0020] FIG. § illustrates a multi-stage buffer path.

[0021] FIG. 6 illustrates the multi-stage buffer path after metal line-via matrix

insertion.
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[0022] FIG. 7 illustrates the relative IR-voltage drop versus time for stages A, B, and
C of the buffer path shown in FIGS. 5 and 6.

[0023] FIG. 8 illustrates a conceptual, perspective view of a third conductive path
within the IC featuring metal line-via matrix insertion.

[0024] FIG. 9 illustrates a conceptual, perspective view of a fourth conductive path
within the IC featuring metal line-via matrix insertion.

[0025] FIG. 10 illustrates a conceptual, perspective view of a fifth conductive path
within the IC featuring a metal line-via matrix insertion.

[0026] FIG. 11 illustrates a flowchart for a method manufacturing an integrated

circuit.
DETAILED DESCRIPTION

[0027] In the following description, specific details are given to provide a thorough
understanding of the various aspects of the disclosure. However, it will be understood
by one of ordinary skill in the art that the aspects may be practiced without these
specific details. For example, circuits may be shown in block diagrams in order to avoid
obscuring the aspects in unnecessary detail. In other instances, well-known circuits,
structures and techniques may not be shown in detail in order not to obscure the aspects
of the disclosure.

[0028] The word “exemplary” is used herein to mean “serving as an example,
instance, or illustration.” Any implementation or aspect described herein as
“exemplary” is not necessarily to be construed as preferred or advantageous over other
aspects of the disclosure. Likewise, the term “aspects” does not require that all aspects
of the disclosure include the discussed feature, advantage, or mode of operation. As
used herein, the term “electrically coupled” refers to the direct or indirect coupling
between two objects that allows for the flow of electrical current to take place between
the two objects. For example, if object A physically touches object B, and object B
touches object C, then objects A and C may still be considered electrically coupled to
one another—even if they do not directly physically touch each other—if object B is a
conductor that allows for the flow of electrical current to take place from object A to
object C and/or from object C to object A.

Overview
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[0029] Integrated circuits and methods of manufacturing such circuits are disclosed
herein that feature metal line-via matrix insertion after place and route processes are
performed and/or completed for the integrated circuit’s layout. The metal line-via
matrix consists of one or more additional metal lines and one or more additional vias
that are inserted into the integrated circuit’s layout at a specific point to lower the
current and current density through a first conductive path that has been determined to
suffer from electromigration, IR-voltage drop, and/or jitter. Specifically, the metal line-
via matrix provides one or more auxiliary conductive paths to divert and carry a portion
of the current that would otherwise flow through the first conductive path. This
mitigates electromigration issues and IR-voltage drop along the first conductive path. It

may also help alleviate problems due to jitter along the path.

Exemplary ICs Featuring Metal Line and Via Matrix Insertion

[0030] FIG. 1 illustrates a perspective view of an exemplary integrated circuit (IC)
100 featuring metal line and via matrix insertion according to one aspect of the
disclosure. The IC 100 may be any type of IC including, but not limited to, a processor,
a processing circuit within a processor, a memory circuit, etc. The IC 100 may be found
in any electronic device including electronic communication devices such as, but not
limited, to mobile phones, computers, tablets, watches, glasses, etc. In the illustrated
example, the IC 100 is a “flip-chip” IC. However, the methods and devices described
herein equally apply to any other type of IC including a wire-bonded ICs.

[0031] FIG. 2 illustrates a schematic, cross-sectional view of the IC 100 along the line
2-2 (see FIG. 1). The IC 100 includes a plurality of metal layers (e.g., M, Mg, M, Mp,
etc.) having metal lines/traces 201, 202, 203 that may be electrically coupled together
through conductive vias (Va, Vg, Vg, etc.). The network of metal lines 201, 202, 203
and vias 204, 205 may, for example, electrically couple a transistor 206 or other circuit
element(s) to other portions of the IC 100 such as other devices, power networks,
ground networks, etc. by providing a conductive path. One or more of these metal lines
201, 202, 203 and/or vias 204, 205 may be susceptible to electromigration, IR-voltage
drop caused by in-rush currents, and/or jitter, and thus the methods and devices for
reducing these problematic effects can be applied to such an IC 100. For example,
current /; flowing through the metal lines 201, 203 and via 205 may have a relatively

high current density and cause electromigration, IR-voltage drop, and/or jitter problems.
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As described in greater detail below, the IC 100 includes metal line and via insertion to
reduce the current density and current /; thereby alleviating electromigration, IR-voltage
drop, and jitter. In the example shown, four (4) metal layers are depicted. However, in
practice the methods and devices described herein apply to an IC having any plurality of
metal and via layers.

[0032] FIG. 3 illustrates, according to one non-limiting example, a conceptual,
perspective view of a conductive path 300 in the IC 100. The conductive path 300
includes a first conductive path 302 that extends from point A to point B and includes
the metal lines 201, 203 and via 205. The first conductive path 302 carries the current /;
that flows according to the dashed, directional arrows shown in FIG. 3. Thus, current /;
flows: (1) along the first metal line 201 in a direction starting from the positive X-axis
towards the negative X-axis; (2) then down the via 205 (i.e., from the positive Y-axis to
the negative Y-axis); and (3) then through the second metal line 203 in a direction from
the negative Z-axis to the positive Z-axis. The magnitude of the current 7, entering point
A is equal to the magnitude of the current /5 leaving point B. Since the first conductive
path 302 shown is the only available path for the current /, to flow into and the current
Iy to flow out of, the magnitude of the current /; is equal to the magnitude of the
currents /4 and Iz. Thus, |/;| = |14] = |3

[0033] In the illustrated example, the first metal line 201 may be in a higher metal
layer (e.g. metal layer Mc) than the second metal line 203 (e.g., in metal layer M), and
the via 205 may be in via layer Vg. However, this is merely an example. The first metal
line 201 may be in any metal layer that is different than the second metal line 203, and
one or more vias 205 may electrically couple the two lines 201, 203 together. Similarly,
the direction of the currents /;, /4, and /3 may be reversed.

[0034] The conductive paths 300, 302 shown in FIG. 3 are generated after placing and
routing of the IC 100 (or at least a portion of the IC 100 that includes the conductive
paths 300, 302) is performed/completed. After the place and route design stage is
performed it may be determined (e.g., through simulation/testing) that the first
conductive path 302 is susceptible to electromigration due to high current density and
in-rush current induced IR-voltage drop due to the large current flowing through it. The
conductive path 302 may also, or in the alternative, be susceptible to jitter issues. As
discussed below, inserting one or more additional conductive paths composed of metal

lines and vias into the layout design of the IC may reduce the current density and
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current of the first conductive path 302, and consequently alleviate electromigration, IR-
voltage drop, and/or jitter problems.

[0035] FIG. 4 illustrates a conceptual, perspective view of a conductive path 400
within the IC 100 featuring metal line-via matrix insertion according to one non-limiting
example. The conductive path 400 extends from point A to point B and includes the first
conductive path 302 (e.g., may be referred to as “main conductive path”) discussed
above with respect to FIG. 3, and also includes an auxiliary conductive path 402 (e.g.,
may be referred to as “second conductive path”) formed by the insertion of additional
metal lines 410, 412 and vias 420, 422, 424. (Inserted metal lines and vias, such as
metal lines 410, 412 and vias 420, 422, 424, may be referred to herein as a “metal line-
via matrix.”) The first inserted metal line 410 may be in a different (e.g., lower) metal
layer than the second inserted metal line 412. The first inserted metal line 410 and
second inserted metal line 412 may be in the same metal layer as the second metal line
203 and first metal line 201 of the first conductive path 302, respectively. The inserted
vias 420, 422, 424 may be in the same via layer as the via 205 of the first conductive
path 302. The metal line-via matrix that comprises the auxiliary conductive path 402 is
inserted into the layout design of the IC 100 after the place and route stage of the IC 100
(or some portion of the IC 100 thereof that includes the first conductive path 302) has
been performed.

[0036] Similar to the conductive path 300 described above with respect to FIG. 3, the
magnitude of the current 7, in FIG. 4 entering point A is equal to the magnitude of the
current /3 leaving point B. However, unlike in FIG. 3, a portion of the current 7, shown
in FIG. 4 flows along the first conductive path 302 as current /; and another portion of
the current 7, flows along the auxiliary conductive path 402 as current /> along the
dashed, directional arrows. Thus, in the example shown, the current 7, flows: (1) down
through a first inserted via 420 in a direction from the positive Y-axis to the negative Y-
axis; (2) through a first inserted metal line 410 in a direction from the negative Z-axis to
the positive Z-axis; (3) up through a second inserted via 422 in a direction from the
negative Y-axis to the positive Y-axis; (4) through a second inserted metal line 412 in a
direction from the positive X-axis to the negative X-axis; and (5) then back down a third
inserted via 424 in a direction from the positive Y-axis to the negative Y-axis where it
rejoins the first conductive path’s 302 current /; to form current 7z that flows out from

point B. Thus, |I; + I>| = |14 = |3
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[0037] In effect, the auxiliary conductive path 402 diverts a portion of the current that
would otherwise ordinarily flow through the first conductive path 302. By diverting this
current through the auxiliary conductive path 402 (e.g., generating current /»), the
current density of the first conductive path 302 (e.g., current /;) is reduced, and
consequently any existing electromigration issues along the first conductive path 302
may also be reduced. Similarly, the amount of current (e.g., which may be an in-rush
current) flowing through the first conductive path 302 is also reduced resulting in
reduced IR-voltage drop. Insertion of the metal line-via matrix may also help reduce
jitter along the first conductive path 302.

[0038] Moreover, besides reducing the amount of current flowing through the first
conductive path 302, the metal line-via matrix provides additional features/properties
that reduce in-rush current induced IR-voltage drops. The auxiliary conductive path 402
of the metal line-via matrix has a different length than the first conductive path 302 and
consequently it takes a different amount of time for its current /, to flow from point A to
point B than the current /;. In the non-limiting example shown in FIG. 4, the second
conductive path 402 is longer than the first conductive path 302 and thus it takes a
longer period of time for its current 7, to flow from point A to point B than the current
;. Since the latencies of the auxiliary conductive path 402 and first conductive path 302
are different, in-rush current flowing through the general conductive path 400 (which
includes paths 302, 402) is distributed across a longer time interval. This significantly
reduces the impact (e.g., reduces IR-voltage drop) of a sudden influx of current. The
optimal length of the auxiliary conductive path 402 (or optimal lengths of each auxiliary
path in the case of multiple auxiliary paths (see e.g., FIGS. 8 and 10)) may be decided
by the resistor-capacitor delay (i.e., RC delay) associated with the conductive path 400
and the clock frequency of the circuit (e.g., clock frequency of IC 100) having the
conductive path 400.

[0039] FIGS. 5 — 7 together illustrate how the differing latencies (i.e., signal path
delays) of the auxiliary conductive path 402 and the first conductive path 302 help
distribute the in-rush current across a longer time interval to reduce the maximum in-
rush current induced IR-voltage drop.

[0040] FIG. 5 illustrates a multi-stage buffer path 500 according to one aspect of the
disclosure. The buffer path 500 includes a first buffer 502, a second 504, a third buffer
506, and a fourth buffer 508. Additional buffers (not shown) may follow the fourth

10
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buffer 508. The portion of the buffer path 500 between the first buffer 502 and the
second buffer 504 may be considered the Stage A, the portion between the second
buffer 504 and the third buffer 506 stage B, and the portion between the third buffer 506
and the fourth buffer 508 stage C. An in-rush current, designated by the dashed arrow in
FIG. 5, flows through the buffers path 500. In FIG. 5, the conductive path coupling the
first buffer 502 to the second buffer 504 is the conductive path 300 of FIG. 3, which
includes the first conductive path 302.

[0041] FIG. 6 illustrates the multi-stage buffer path 500 after metal line-via matrix
insertion where the conductive path coupling the first buffer 502 to the second buffer
504 is now the conductive path 400 of FIG. 4, which not only includes the first
conductive path 302, but also includes the auxiliary conductive path 402. As discussed
above, the auxiliary conductive path 402 has a different (e.g., longer) path delay than
the first conductive path 302.

[0042] FIG. 7 illustrates the relative IR-voltage drop versus time for stages A, B, and
C of the buffer path 500 shown in FIGS. 5 and 6 according to the specific conductive
path placed between the first and second buffers 502, 504 (e.g., either conductive path
300 of FIG. 3 or the conductive path 400 of FIG. 4). The top third of FIG. 7 shows the
in-rush current induced IR-voltage drop of the buffer path 500 when the conductive path
300 of FIG. 3, which includes only the first conductive path 302, electrically couples the
first and second buffers 502, 504 to each other. The observed maximum IR-voltage drop
at the first conductive path 302 causes the voltage at stage A to drop to voltage V;,
which is relatively low. This may cause circuit malfunction if, for example, the low
voltage level causes some transistors to turn ON when they should be OFF or turn OFF
when they should be on, among other issues.

[0043] The middle third of FIG. 7 shows the in-rush current induced IR-voltage drop
of the buffer path 500 when the conductive path 400 of FIG. 4, which includes both the
first conductive path 302 and the auxiliary conductive path 402, clectrically couples the
first and second buffers 502, 504 to each other. The observed maximum IR-voltage drop
at the first conductive path 302 and the auxiliary conductive path 402 causes the voltage
level at stage A of each of these paths 302, 402 to drop to about voltage V> (where V3 is
greater than V) and to be time shifted with respect to each other because of their
different path delays. Thus, the middle third of FIG. 7 shows the individual IR-voltage
drop contribution of each conductive path 302, 402.
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[0044] The bottom third of FIG. 7 shows the in-rush current induced IR-voltage drop
of the buffer path 500 when again the conductive path 400 of FIG. 4 electrically couples
the first and second buffers 502, 504 to each other. The curve shown here represents the
composite maximum IR-voltage drop at stage A, which causes the voltage level of the
conductive path 400 to drop to voltage V;. Since V3 is greater than V;, inserting the
metal line-via matrix reduces the maximum in-rush induced IR voltage drop of the first
conductive path 302 by an amount J'3 — V;. The longer signal path delay associated with
the auxiliary conductive path 402 causes the overall in-rush current to flow through the
conductive path 400 over a greater period of time causing the IR-voltage drop to
lengthen in time from ¢, to ¢, instead of from ¢, to ;. The later stages (e.g., stages B and
C) of the buffer path 500 exhibit very similarly shaped curves as stage A except with
less pronounced (i.e., less magnitude) in-rush current induced IR-voltage drop due to the
effect of the buffers 504, 506.

[0045] As mentioned above, the example shown in FIG. 4 of the auxiliary conductive
path 402 is merely exemplary. Generally, a metal line-via matrix comprising one or
more auxiliary conductive paths of any size and shape may be inserted after place and
route of the IC 500 is performed and problematic conductive paths are identified that are
prone to electromigration, IR-voltage drop, and/or jitter. The metal line-via matrix
inserted may generally comprise a first conductive path that includes at least a first
metal line within a first metal layer, and at least one auxiliary conductive path that
includes: a second metal line within a second metal layer; a first via between the first
metal layer and the second metal layer; and a second via between the first metal layer
and the second metal layer. The first and second vias electrically couple the first metal
line to the second metal line such that the auxiliary conductive path reduces a current
and a current density of the first conductive path by sharing/diverting a portion of a
current flowing through the first conductive path. Below are some additional non-
limiting examples of metal line-via matrices according to different aspects that provide
auxiliary conductive paths to reduce electromigration, IR-voltage drop, and/or jitter of a
first conductive path.

[0046] FIG. 8 illustrates a conceptual, perspective view of a conductive path 800
within the IC 100 featuring metal line-via matrix insertion according to another non-
limiting example. Similar to the conductive path 400 shown in FIG. 4, the conductive

path 800 of FIG. 8 extends from point A to point B and includes the first conductive
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path 302. The conductive path 800 also includes additional auxiliary current paths
formed by the insertion of a metal line-via matrix that includes metal lines 410, 412,
810, 812, 814, 816 and vias 420, 422, 424, Some inserted metal lines 410, 814, 816 may
be in a different (e.g., lower) metal layer than other inserted metal lines 412, 810, 812.
Some inserted metal lines 410, 814, 816 may be in the same metal layer as the second
metal line 203 of the first conductive path 302, and other inserted metal lines 412, 810,
812 may be in the same metal layer as the first metal line 201 of the first conductive
path 302. The inserted vias 420, 422, 424 may be in the same via layer as the via 205 of
the first conductive path 302. The metal line-via matrix shown in FIG. 8 is inserted after
the place and route stage of the IC 100 (or some portion of the IC 100 therecof that
includes the first conductive path 302) has been performed.

[0047] Similar to the conductive path 300 described above with respect to FIG. 3, the
magnitude of the current 7, in FIG. 8 entering point A is equal to the magnitude of the
current /3 leaving point B. However, unlike in FIG. 3, only a portion of the current /4
shown in FIG. 8 flows along the first conductive path 302 as current /;. Other
significant portions of the current 7, flow along additional auxiliary conductive paths of
the metal line—via matrix represented by the currents 75, I3, 1y, Is, Is, I, Is, I, and ;). The
auxiliary conductive path currents 1o, /3, Iy, Is, 14, I, Is, 1o, and I generally flow in a
direction from point A to point B as shown with the dashed, directional arrows.

[0048] In effect, the inserted metal line-via matrix diverts a portion of the current that
would otherwise ordinarily flow through the first conductive path 302. By diverting this
current through the metal line-via matrix (e.g., currents I, I, Iy, Is, Is, I7, Is, Io, and 1),
the current density and current of the first conductive path 302 is reduced, and
consequently any existing electromigration, in-rush current induced IR-voltage drop,
and/or jitter issues along the first conductive path 302 may also be reduced.

[0049] FIG. 9 illustrates a conceptual, perspective view of a conductive path 900
within the IC 100 featuring metal line-via matrix insertion according to another non-
limiting example. The conductive path 900 shown in FIG. 9 is very similar to the
conductive path 400 shown in FIG. 4, except that the first metal line 201 of the first
conductive path 302 and the first inserted metal line 410 of the metal line-via matrix
include metal extension pieces 902, 904. That is, the first metal line 201 is extended to
form the first extension piece 902, and the second inserted metal line 410 is formed to

be longer so that it includes the second extension piece 904. The extension pieces 902,
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904 extend beyond the juncture where the metal lines 201, 410 couple to the vias 205,
422. The extension pieces 902, 904 act as atom and/or hole (i.e., void) collection pools
that bufter the effects of atom and/or hole build up from electromigration. The extension
pieces 902, 904 are carefully formed so that they do not extend out too close to other
conductive paths of the IC 100 where atom build up from electromigration may cause a
short. Similarly, since the ends 906, 908 of the extension pieces 902, 904 do not
clectrically couple to anything (i.c., they lead nowhere), if an open circuit along the
extension pieces 902, 904 forms due to electromigration induced voids, the extension
pieces 902, 904 will not cause failure of the conductive path 900. The extension picces
902, 904 formed at the metal lines 201, 410 shown in FIG. 9 are merely examples.
Extension pieces may be formed along any metal line and/or via of a conductive path
(e.g., first conductive path and/or auxiliary conductive path) of the IC 100.

[0050] The metal line-via matrix inserted can be of any size and shape (assuming no
design rule check (DRC) violations). As such, FIG. 10 illustrates a conceptual,
perspective view of a conductive path 1000 within the IC 100 featuring a metal line-via
matrix insertion according to another non-limiting example. A first conductive path
1002 that only included a first metal line 1004 is the original conductive path that was
prone to electromigration, in-rush current induced IR-voltage drop, and/or jitter.
Consequently, the remaining metal lines 1010 and vias 1020 shown (not all are labeled
in FIG. 10 for clarity) are inserted after place and route of the IC 100 to create auxiliary
conductive paths (labeled 74, not all are labeled for clarity) to reduce the current
density and current through the first conductive path 1002.

[0051] Whereas the metal line-via matrix of FIG. 8 may be considered a ‘“2x2” matrix,
the one illustrated in FIG. 10 may be considered a “3x3” matrix since it includes
inserted metal lines in three different metal layers (e.g., Ma, Mg, Mg, ctc.), and vias
there between. Other non-limiting metal line-via matrix sizes include 4x4, 2x4, 4x2,
2x3, 3x2, 1x2, 2x1, etc.

[0052] FIG. 11 illustrates a flowchart 1100 for a method manufacturing an integrated
circuit according to one aspect of the disclosure. First, routing of the integrated circuit is
performed to generate a plurality of conductive paths across a plurality of metal layers
1102. Next, a first conductive path of the plurality of conductive paths is identified
having a current and a current density, where the first conductive path includes at least a

first metal line within a first metal layer 1104. Then, after performing the steps of
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routing and identifying, an auxiliary conductive path is formed that includes a first via
electrically coupled to a second metal line that is electrically coupled to a second via.
The second metal line is positioned within a second metal layer that is different than the
first metal layer. The first and second vias are positioned between the first metal layer
and the second metal layer. Moreover, the first and second vias electrically couple the
first metal line to the second metal line such that the auxiliary conductive path reduces
the current and the current density of the first conductive path by diverting a portion of
the current flowing through the first conductive path 1106.

[0053] Compared to de-coupling capacitors, utilizing metal line-via matrix insertion to
combat electromigration, IR-voltage drop, and jitter as described above consumes
significantly less power. Moreover, metal line-via matrices take up very little space
compared to traditional de-caps.

[0054] One or more of the components, steps, features, and/or functions illustrated in
FIGS. 1,2, 3,4,5,6,7,8,9, 10, and 11 may be rearranged and/or combined into a
single component, step, feature or function or embodied in several components, steps, or
functions. Additional elements, components, steps, and/or functions may also be added
without departing from the invention. The algorithms described herein may also be
efficiently implemented in software and/or embedded in hardware.

[0055] Also, it is noted that the aspects of the present disclosure may be described as a
process that is depicted as a flowchart, a flow diagram, a structure diagram, or a block
diagram. Although a flowchart may describe the operations as a sequential process,
many of the operations can be performed in parallel or concurrently. In addition, the
order of the operations may be re-arranged. A process is terminated when its operations
are completed. A process may correspond to a method, a function, a procedure, a
subroutine, a subprogram, etc. When a process corresponds to a function, its termination
corresponds to a return of the function to the calling function or the main function.
[0056] Moreover, a storage medium may represent one or more devices for storing
data, including read-only memory (ROM), random access memory (RAM), magnetic
disk storage mediums, optical storage mediums, flash memory devices and/or other
machine-readable mediums and, processor-readable mediums, and/or computer-
readable mediums for storing information. The terms “machine-readable medium”,
“computer-readable medium”, and/or “processor-readable medium” may include, but

are not limited to non-transitory mediums such as portable or fixed storage devices,
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optical storage devices, and various other mediums capable of storing or containing
instruction(s) and/or data. Thus, the various methods described herein may be fully or
partially implemented by instructions and/or data that may be stored in a “machine-
readable medium”, “computer-readable medium”, and/or “processor-readable medium”
and executed by one or more processors, machines and/or devices.

[0057] Furthermore, aspects of the disclosure may be implemented by hardware,
software, firmware, middleware, microcode, or any combination thereof. When
implemented in software, firmware, middleware or microcode, the program code or
code segments to perform the necessary tasks may be stored in a machine-readable
medium such as a storage medium or other storage(s). A processor may perform the
necessary tasks. A code segment may represent a procedure, a function, a subprogram, a
program, a routine, a subroutine, a module, a software package, a class, or any
combination of instructions, data structures, or program statements. A code segment
may be coupled to another code segment or a hardware circuit by passing and/or
receiving information, data, arguments, parameters, or memory contents. Information,
arguments, parameters, data, etc. may be passed, forwarded, or transmitted via any
suitable means including memory sharing, message passing, token passing, network
transmission, etc.

[0058] The various illustrative logical blocks, modules, circuits, elements, and/or
components described in connection with the examples disclosed herein may be
implemented or performed with a general purpose processor, a digital signal processor
(DSP), an application specific integrated circuit (ASIC), a field programmable gate
array (FPGA) or other programmable logic component, discrete gate or transistor logic,
discrete hardware components, or any combination thereof designed to perform the
functions described herein. A general purpose processor may be a microprocessor, but
in the alternative, the processor may be any conventional processor, controller,
microcontroller, or state machine. A processor may also be implemented as a
combination of computing components, e.g., a combination of a DSP and a
microprocessor, a number of microprocessors, one oOr more mMmiCroprocessors in
conjunction with a DSP core, or any other such configuration.

[0059] The methods or algorithms described in connection with the examples
disclosed herein may be embodied directly in hardware, in a software module

executable by a processor, or in a combination of both, in the form of processing unit,
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programming instructions, or other directions, and may be contained in a single device
or distributed across multiple devices. A software module may reside in RAM memory,
flash memory, ROM memory, EPROM memory, EEPROM memory, registers, hard
disk, a removable disk, a CD-ROM, or any other form of storage medium known in the
art. A storage medium may be coupled to the processor such that the processor can read
information from, and write information to, the storage medium. In the alternative, the
storage medium may be integral to the processor.

[0060] Those of skill in the art would further appreciate that the various illustrative
logical blocks, modules, circuits, and algorithm steps described in connection with the
aspects disclosed herecin may be implemented as electronic hardware, computer
software, or combinations of both. To clearly illustrate this interchangeability of
hardware and software, various illustrative components, blocks, modules, circuits, and
steps have been described above generally in terms of their functionality. Whether such
functionality is implemented as hardware or software depends upon the particular
application and design constraints imposed on the overall system.

[0061] The various features of the invention described herein can be implemented in
different systems without departing from the invention. It should be noted that the
foregoing aspects of the disclosure are merely examples and are not to be construed as
limiting the invention. The description of the aspects of the present disclosure is
intended to be illustrative, and not to limit the scope of the claims. As such, the present
teachings can be readily applied to other types of apparatuses and many alternatives,

modifications, and variations will be apparent to those skilled in the art.
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CLAIMS

1. A method of manufacturing an integrated circuit, the method comprising:

performing routing of the integrated circuit to generate a plurality of conductive
paths across a plurality of metal layers;

identifying a first conductive path of the plurality of conductive paths having a
current and a current density, the first conductive path including at least a first metal
line within a first metal layer; and

after performing the steps of routing and identifying, forming an auxiliary
conductive path that includes forming a first via, a second metal line, and a second via,
the first via electrically coupled to the second metal line that is in turn electrically
coupled to the second via, the second metal line positioned within a second metal layer
that is different than the first metal layer, the first and second vias positioned between
the first metal layer and the second metal layer, and wherein the first and second vias
clectrically couple the first metal line to the second metal line such that the auxiliary
conductive path reduces the current and the current density of the first conductive path

by diverting a portion of the current flowing through the first conductive path.

2. The method of claim 1, wherein a path length of the auxiliary conductive path is
different than a path length of the first conductive path.

3. The method of claim 2, wherein the path length of the auxiliary conductive path
is greater than the path length of the first conductive path.

4. The method of claim 1, further comprising:

after performing the steps of routing and identifying, forming a second auxiliary
conductive path that includes forming a third metal line, a fourth metal line, and a fifth
metal line, the third metal line electrically coupled to the fourth metal line that is in turn
clectrically coupled to the fifth metal line, the third, fourth, and fifth metal lines all
positioned within the second metal layer, and the third and fifth metal lines electrically
couple the fourth metal line to the second metal line such that the second auxiliary

conductive path further reduces the current and the current density of the first
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conductive path by diverting an additional portion of the current flowing through the

first conductive.

5. The method of claim 4, wherein a path length for each of the first conductive
path, the auxiliary conductive path, and the second auxiliary conductive path are

different from one another.

6. The method of claim 1, further comprising:

after performing the steps of routing and identifying, forming a second auxiliary
conductive path that includes forming a third via, a third metal line, and a fourth via, the
third via electrically coupled to the third metal line that is in turn electrically coupled to
the fourth via, the third metal line positioned within a third metal layer that is different
than the first and second metal layers, the third and fourth vias positioned between the
second and third metal layers, and the third and fourth vias electrically couple the third
metal line to the second metal line such that the second auxiliary conductive path further
reduces the current and the current density of the first conductive path by diverting an

additional portion of the current flowing through the first conductive.

7. The method of claim 6, wherein a path length for each of the first conductive
path, the auxiliary conductive path, and the second auxiliary conductive path are

different from one another.

8. The method of claim 1, wherein forming the auxiliary conductive path further
includes a third and fourth metal line in the second metal layer, a first end of the second
metal line electrically coupled to the first via through the third metal line, and a second
end of the second metal line electrically coupled to the second via through the fourth

metal line.

9. The method of claim 1, wherein an end of the second metal line includes a metal
extension piece that extends beyond a juncture where the second metal line coupled to a
via, the extension piece adapted to collect atoms and/or form a void due to

electromigration.
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10. The method of claim 1, wherein the auxiliary conductive path is formed by
inserting the first and second vias and the second metal line into a layout design of the

integrated circuit after placing and routing of the integrated circuit has been performed.

11. An integrated circuit comprising;:

a first conductive path that includes at least a first metal line within a first metal
layer; and

at least one auxiliary conductive path that includes a first via, a second metal
line, and a second via, the first via electrically coupled to the second metal line that is in
turn electrically coupled to the second via, the second metal line positioned within a
second metal layer that is different than the first metal layer, the first and second vias
positioned between the first metal layer and the second metal layer, and wherein the first
and second vias electrically couple the first metal line to the second metal line such that
the auxiliary conductive path reduces the current and the current density of the first
conductive path by diverting a portion of the current flowing through the first

conductive path.

12. The integrated circuit of claim 11, wherein the auxiliary conductive path is
formed by inserting the first and second vias and the second metal line into a layout
design of the integrated circuit after placing and routing of the integrated circuit has

been performed.

13. The integrated circuit of claim 11, wherein a path length of the auxiliary
conductive path is different than a path length of the first conductive path.

14. The integrated circuit of claim 13, wherein the path length of the auxiliary
conductive path is greater than the path length of the first conductive path.

15. The integrated circuit of claim 11, further comprising:

a second auxiliary conductive path that includes a third metal line, a fourth metal
line, and fifth metal line, the third metal line electrically coupled to the fourth metal line
that is in turn electrically coupled to the fifth metal line, the third, fourth, and fifth metal

lines all positioned within the second metal layer, and the third and fifth metal lines
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clectrically couple the fourth metal line to the second metal line such that the second
auxiliary conductive path further reduces the current and the current density of the first
conductive path by diverting an additional portion of the current flowing through the

first conductive.

16. The integrated circuit of claim 15, wherein a path length for each of the first
conductive path, the auxiliary conductive path, and the second auxiliary conductive path

are different from one another.

17. The integrated circuit of claim 11, further comprising:

a second auxiliary conductive path that includes a third via, a third metal line,
and a fourth via, the third via electrically coupled to the third metal line that is in turn
clectrically coupled to the fourth via, the third metal line positioned within a third metal
layer that is different than the first and second metal layers, the third and fourth vias
positioned between the second and third metal layers, and the third and fourth vias
clectrically couple the third metal line to the second metal line such that the second
auxiliary conductive path further reduces the current and the current density of the first
conductive path by diverting an additional portion of the current flowing through the

first conductive.

18. The integrated circuit of claim 17, wherein a path length for each of the first
conductive path, the auxiliary conductive path, and the second auxiliary conductive path

are different from one another.

19. The integrated circuit of claim 11, wherein the auxiliary conductive path further
includes a third and fourth metal line in the second metal layer, a first end of the second
metal line electrically coupled to the first via through the third metal line, and a second
end of the second metal line electrically coupled to the second via through the fourth

metal line.

20. The integrated circuit of claim 11, wherein an end of the second metal line

includes a metal extension piece that extends beyond a juncture where the second metal
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line coupled to a via, the extension piece adapted to collect atoms and/or form a void

due to electromigration.

21. An integrated circuit prepared by the process comprising:

performing routing of the integrated circuit to generate a plurality of conductive
paths across a plurality of metal layers;

identifying a first conductive path of the plurality of conductive paths having a
current and a current density, the first conductive path including at least a first metal
line within a first metal layer; and

after performing the steps of routing and identifying, forming an auxiliary
conductive path that includes forming a first via, a second metal line, and a second via,
the first via electrically coupled to the second metal line that is in turn electrically
coupled to the second via, the second metal line positioned within a second metal layer
that is different than the first metal layer, the first and second vias positioned between
the first metal layer and the second metal layer, and wherein the first and second vias
clectrically couple the first metal line to the second metal line such that the auxiliary
conductive path reduces the current and the current density of the first conductive path

by diverting a portion of the current flowing through the first conductive path.

22. The integrated circuit of claim 21, wherein a path length of the auxiliary
conductive path is different than a path length of the first conductive path.

23. The integrated circuit of claim 22, wherein the path length of the auxiliary
conductive path is greater than the path length of the first conductive path.

24, The integrated circuit of claim 21, the process further comprising:

after performing the steps of routing and identifying, forming a second auxiliary
conductive path that includes forming a third metal line, a fourth metal line, and a fifth
metal line, the third metal line electrically coupled to the fourth metal line that is in turn
clectrically coupled to the fifth metal line, the third, fourth, and fifth metal lines all
positioned within the second metal layer, and the third and fifth metal lines electrically
couple the fourth metal line to the second metal line such that the second auxiliary

conductive path further reduces the current and the current density of the first
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conductive path by diverting an additional portion of the current flowing through the

first conductive.

25. The integrated circuit of claim 24, wherein a path length for each of the first
conductive path, the auxiliary conductive path, and the second auxiliary conductive path

are different from one another.

26. The integrated circuit of claim 21, the process further comprising:

after performing the steps of routing and identifying, forming a second auxiliary
conductive path that includes forming a third via, a third metal line, and a fourth via, the
third via electrically coupled to the third metal line that is in turn electrically coupled to
the fourth via, the third metal line positioned within a third metal layer that is different
than the first and second metal layers, the third and fourth vias positioned between the
second and third metal layers, and the third and fourth vias electrically couple the third
metal line to the second metal line such that the second auxiliary conductive path further
reduces the current and the current density of the first conductive path by diverting an

additional portion of the current flowing through the first conductive.

27. The integrated circuit of claim 26, wherein a path length for each of the first
conductive path, the auxiliary conductive path, and the second auxiliary conductive path

are different from one another.

28. The integrated circuit of claim 21, wherein forming the auxiliary conductive
path further includes a third and fourth metal line in the second metal layer, a first end
of the second metal line electrically coupled to the first via through the third metal line,
and a second end of the second metal line electrically coupled to the second via through

the fourth metal line.

29. The integrated circuit of claim 21, wherein an end of the second metal line
includes a metal extension piece that extends beyond a juncture where the second metal
line coupled to a via, the extension piece adapted to collect atoms and/or form a void

due to electromigration.
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30. The integrated circuit of claim 21, wherein the auxiliary conductive path is
formed by inserting the first and second vias and the second metal line into a layout
design of the integrated circuit after placing and routing of the integrated circuit has

been performed.
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1102
Performing routing of the integrated circuit to generate a _/
plurality of conductive paths across a plurality of metal
layers.
Identifying a first conductive path of the plurality of 1104

conductive paths having a current and a current density, _/
the first conductive path including at least a first metal line
within a first metal layer.

After performing the steps of routing and identifying,
forming an auxiliary conductive path that includes forming
a first via, a second metal line, and a second via, the first
via electrically coupled to the second metal line that is in

turn electrically coupled to the second via, the second 1106
metal line positioned within a second metal layer that is /
different than the first metal layer, the first and second vias
positioned between the first metal layer and the second
metal layer, and wherein the first and second vias
electrically couple the first metal line to the second metal
line such that the auxiliary conductive path reduces the
current and the current density of the first conductive path
by diverting a portion of the current flowing through the
first conductive path.
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