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Abstract: In advanced technology nodes, unidirectional layout is strongly preferred for high-density metal layers for
better manufacturability. The lithography printing of unidirectional layout can be tightly controlled with illumination
source optimization and resolution enhancement techniques. Meanwhile, with the unidirectional layout, self-aligned
double and quadruple patterning can be applied to achieve finer pitches beyond the resolutions limits of 193 nm lithog-
raphy tools. However, unidirectional layout style introduces significant impacts on the physical design flow. Notably,
unidirectional routing limits the standard cell pin accessibility, which makes manual cell layout design and optimiza-
tion more and more challenging under modern standard cell architecture. In the routing phase, routing densities and
resource competitions on lower metal layers are becoming increasingly high, where intelligent approaches are needed
to resolve routing resource competitions for unidirectional routing closure. Moreover, post-routing optimization is
inevitable to avoid significant engineering-changing-efforts for unidirectional routing under advanced manufacturing
constraints. In this paper, we present a holistic approach, including standard pin access evaluation/optimization, pin
access and routing co-optimization and post-routing optimization, to enable unidirectional routing closure in advanced

technology nodes.
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1. Introduction

As the technology node scales down to 10nm node and be-
yond, minimum feature size of the manufacturing process has
been shrinking beyond the resolution limits of 193 nm lithogra-
phy tools. Due to the delay of emerging lithography techniques,
such as extreme ultraviolet lithography (EUVL), electron-beam
lithography (E-beam) and directed self-assembly (DSA), multiple
patterning lithography (MPL) has been widely adopted in semi-
conductor industry to further push the geometric scaling in ad-
vanced technology nodes. In general, there exist two types of
MPL, Litho-Etch-Litho-Etch (LELE) type and self-aligned type.
LELE-type of MPL allows stitch insertions and two-dimensional
patterns [27], [59], [70], [71], [77], but coloring and overlay com-
pensation schemes become extremely complicated for triple pat-
terning lithography and beyond [12], [15], [30], [38], [60], [73],
[76], [81]. Self-aligned type of MPL can minimize electrical vari-
ations from overlay and line-edge-roughness but introduces com-
plex coloring and line-end constraints [40], [42], [56].

MPL generates a significant amount of design complexities,
such as coloring, overlay and line-end rules, into the physical
design flow. The industrial routine for standard cell design still
follows handcrafted design and optimization, which allows occa-
sional two-dimensional layout patterns on metal-1 (M1) layer and
below through extensive engineering changing efforts [33], [54].
This makes the standard cell design and placement stages partic-
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ularly important to resolve manufacturing constraints, especially
coloring, on M1 layer and below [14], [17], [19], [74]. In the
routing phase, for upper metal layers with relaxed pitches and
low metal densities, each layer has a preferred routing direction
and two-dimensional routing patterns, i.e., wire bending, can be
used to provide flexible routing solutions. However, for lower
metal layers with tight pitches and high metal densities, uni-
directional layout forbids wire bending on a single metal layer
and switching routing directions means changing routing layers.
For detailed routing closure on high-density metal layers, uni-
directional layout style with simplified design-for-manufacturing
schemes remains as the mainstream routine in advanced technol-
ogy nodes [21], [51], [52], [54], [75]. The single-mask lithogra-
phy printing of unidirectional layout can be tightly controlled us-
ing illumination source optimization and resolution enhancement
techniques [56]. This also simplifies MPL-related coloring con-
straints. Specifically, track-based coloring scheme assigns each
layout pattern an implicit color before layout patterns are cre-
ated. This significantly reduces the coloring complexities for a
physical design tool because each layout pattern created by the
tool automatically has a legal coloring solution. However, uni-
directional layout style still induces a set of challenging restric-
tions, such as sophisticated metal line-end rules and lower metal
layer routing with high-density layout patterns. This further in-
duces routing-limited scaling in predictive 7 nm technology node,
which means routing densities and routing resource competitions
on lower metal layers are becoming increasingly high, such that
design area has to be relaxed to obtain routing closure [33].

In advanced technology nodes, a standard cell architecture de-
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Fig. 1 Unidirectional routing on high-density metal layers.

cides that only a finite number of routing tracks are available to
access each standard cell I/O pin. Therefore, it is very important
to allocate the routing tracks on top of standard cell I/O pins in
an intelligent and efficient manner so that all I/O pins can be ac-
cessed for routing closure. An example of unidirectional routing
on M2 and metal-3 (M3) layers is shown in Fig.1*'. This rout-
ing instance includes 4 net connections, i.e., (aj, az,a3), (b1, by),
(c1,¢2) and (dy, d»). The routing patterns for net connections are
purely unidirectional and need to be packed within a finite num-
ber of horizontal routing tracks, which leads to high routing den-
sity on M2 layer.

A router is required to follow complex line-end rules and gen-
erate lithography-friendly cut patterns (only M2 cuts are shown
here for clearance). During the manufacturing procedure, unidi-
rectional lines are first patterned with self-aligned type of MPL,
where unwanted portions of the layout will be removed using
cut patterns, such as M2 cuts in Fig. 1. The cut patterns can
be manufactured using 193 nm lithography [56], MPL[16] or
other emerging lithography options, such as E-beam[10] and
DSA[61] to improve metal pattern density and the printability
of metal line ends. In general, unidirectional layout and high
routing density result in severe routing resource competitions.
Meanwhile, advanced manufacturing constraints for lithography-
friendly cut mask designs translate to complex metal line-end
rules, which further introduce complicated neighborhood interac-
tions among routing patterns. These restrictions aforementioned
make unidirectional routing closure only possible with significant
engineering-changing-efforts. Therefore, it is important for phys-
ical design tools to deliver automatic routing closure or at least
high-quality routing results within affordable runtime.

We present a holistic physical design flow to effectively enable
unidirectional routing closure. Our approach includes standard
cell design with pin access evaluation and optimization, pin ac-
cess and routing co-optimization and post-routing optimization.
In the standard cell level, designers handcraft cell layout to op-
timize I/O pin shapes for better pin accessibility, i.e., increase
the number of hit points available for a router. However, man-
ual optimization has limited capabilities without the assistance
from physical design tools because of complex pin-to-pin inter-
ference under advanced manufacturing constraints. Thus, a stan-
dard cell pin accessibility evaluation engine is presented to pro-

*I'In advanced technology nodes, metal-1 layer is typically not available

for detailed routing due to complex spacing and coloring constraints.
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vide quick feedbacks to designers for better I/O pin optimizations.
In the routing phase, pin access interference is effectively and
efficiently resolved by pin access planning schemes and routing
interval generation and assignment techniques. A negotiation-
congestion-based router is adopted for better routing closure. To
avoid significant engineering-changing-efforts, post-routing opti-
mization techniques are discussed to enhance the manufacturing
yield and generate manufacturing-friendly cut/trim mask designs
for unidirectional routing closure.

The rest of this paper is organized as follows. Section 2 intro-
duces relative background on unidirectional routing layout and
advanced manufacturing constraints, along with the holistic flow
to enable unidirectional routing closure. Section 3 presents stan-
dard cell architecture and design approaches to address the impact
of unidirectional layout on standard cell pin accessibility. Sec-
tion 4 presents advanced routing schemes with unidirectional lay-
out, with emphasis on handling pin access interference. Section 5
discusses the post-routing optimization techniques to avoid sig-
nificant engineering-changing-efforts for unidirectional routing
closure. Section 6 briefly summarizes the holistic approach for
unidirectional routing closure and discusses promising research
directions to further enhance the design closure in advanced tech-
nology nodes.

2. Unidirectional Routing Basics and Flow

In advanced technology nodes, routing patterns on lower metal
layers are purely unidirectional due to restrictive design-for-
manufacturing constraints. Meanwhile, density scaling implies
that same number of net connections need to be compacted within
smaller area compared to that of previous technology nodes. To
obtain unidirectional routing closure, we need a holistic approach
to handling routing resource competitions while accommodating
advanced manufacturing constraints. We first discuss unidirec-
tional layout in Section 2.1 and advanced manufacturing con-
straints in Section 2.2. We further propose a unidirectional rout-
ing closure flow in Section 2.3.

2.1 Unidirectional Layout

In advanced technology nodes, layout regularity and multi-
ple patterning lithography are the key to the geometric scaling
on lower metal layers[34], [40], [56]. Unidirectional layout
style simplifies the layout coloring scheme and is manufacturing-
friendly to the self-aligned type of MPL [40], [42]. An example is
shown in Fig. 2, where target patterns are purely unidirectional in
Fig.2 (a). Figure 2 (b) illustrates a track-based coloring scheme
for SADP, where neighboring routing tracks are assigned differ-
ent colors, i.e., light blue for mandrel layout and yellow for sub-
metal. Suppose the M2 pitch is 48 nm for 10 nm technology node,
the minimum pitch of mandrel layout in Fig. 2 (b) is 96 nm, which
is within the resolution limits of 193 nm lithography tools [63].
During the manufacturing process, the mandrel layout is first pat-
terned with 193 nm lithography tools. Then, spacer materials are
deposited around mandrel layout, where the gaps between neigh-
boring spacers define sub-metal patterns. The layout patterns de-
fined by mandrel and sub-metal in Fig. 2 (c) or Fig. 2 (d) include
undesired portions compared to the target patterns in Fig. 2 (a).
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Fig. 2 (a) Target patterns, (b) track-based coloring, (c) SADP with trim
masks, (d) SADP with cut masks [62].

Thus, trim or cut masks are inserted to remove undesired por-
tions and obtain manufactured patterns close to target patterns
as shown in Fig.2 (c) and (d). Specifically, the SADP with trim
and cut mask schemes define target patterns with the geometric
Boolean functions — Trim mask NOT Spacer and (Mandrel OR
Sub-metal) NOT Cut Mask, respectively.

Trim or cut masks can be patterned with 193 nm lithogra-
phy or other emerging lithography techniques, such as EUVL,
E-beam and DSA. Physical design tools or layout designers
need to follow lithography-dependent design rules, such as min-
imum width or spacing rule, to make trim or cut masks compli-
ant with their lithography options. Therefore, line-end extension
techniques have been widely used to improve layout printabil-
ity [78], [79]. For instance, dummy patterns (dashed light blue
and dashed yellow patterns) are added in Fig.2(d) to obtain a
193 nm lithography-friendly cut mask design. The manufacturing
procedure aforementioned can be easily extended to more com-
plex patterning schemes, such as SAQP, once related design rules
are defined [11].

2.2 Advanced Manufacturing Constraints

Routing closure on lower metal/via layers is particularly chal-
lenging due to their complex manufacturing constraints. For
lower metal layers, the minimum width or spacing rules for
trim/cut masks introduce metal line-end rules across multiple
routing tracks. An example of metal line-end rules is shown in
Fig.3 (a), where design rules are applied to metal patterns on
neighboring routing tracks with SADP [39], [42]. For lower via
layers, self-aligned via[3], [53] and via density constraints [25]
are particularly important for manufacturing high-density via pat-
terns in advanced technology nodes. The pitch of neighboring
vias in Fig. 3 (b) is beyond the resolution limit of 193 nm lithogra-
phy. Self-aligned via manufacturing technique first forms groups
of vias and further separates them by self-aligned manufactur-
ing tricks, which represents another paradigm of via density scal-
ing [3], [53].

The design constraints aforementioned are elementary
pieces of manufacturing complexities in advanced technology
nodes [18]. Practical manufacturing solutions could be much
more complex and foundry dependent[24], [44]. However,
unidirectional layout style with complex metal line-end and via
design constraints remains a promising candidate for geometric
scaling in advanced technology nodes, which also makes the
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Fig. 3 (a) Metal line-end design rules [40], [64], (b) self-aligned via

groups [3], [53].
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Fig. 4 Unidirectional routing flow.

unidirectional routing closure on lower metal layers extremely
challenging.

2.3 Routing Closure Flow

To obtain unidirectional routing closure, we present a holis-
tic approach in Fig. 4, which includes standard cell design, rout-
ing and post-routing optimization. At the standard cell level, pin
accessibility is a major bottleneck for unidirectional closure un-
der advanced manufacturing constraints. To improve standard
cell pin access, one option is to go through the design flow in
Fig. 4, which detects hard-to-route cells for iterative standard cell
library optimization [33]. However, this approach results in large
turnaround time and could be design dependent, which motivates
searches for other alternatives. Therefore, a standard cell pin
access optimization/evaluation engine is proposed, which guides
standard cell designers to provide maximized pin accessibility for
the router. In the routing level, routing interval generation and as-
signment are presented to resolve routing resource competitions
on lower metal layers. Then, a negotiation-congestion based rout-
ing scheme is adopted to achieve manufacturing-friendly routing
patterns. In post-routing stage, we discuss a redundant local-
loop insertion technique for the yield enhancement of unidirec-
tional routing patterns. Cut/trim mask redistributions are further
enabled by line-end extension techniques while accommodating
complex metal line-end rules for different lithography options.

3. Standard Cell Pin Access Optimization

Standard cell library design is the foundation of the entire phys-
ical design flow, which makes it critical to the high-quality de-
sign closure, especially to the unidirectional routing closure on
lower metal layers. Due to continued geometric scaling in 10 nm
node and beyond, physical design tools need to access standard
cell 1/O pins in congested areas under restrictive design rules as
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Fig. 5 Standard cell architecture, (a) 7.5 M2 track architecture, (b) “In-
verter” layout on M1 and M2, (c) “AND-OR-Inverter” layout on M1
and M2 [33].

discussed in Section 2.2. Although standard cell designers try
to optimize I/O pin shapes under unidirectional routing style,
human-driven optimization is becoming increasingly difficult due
to complex pin-to-pin interference under advanced manufactur-
ing constraints. In this section, we present a standard cell pin
access optimization/evaluation engine under state-of-the-art stan-
dard cell architecture.

3.1 Standard Cell Architecture

Due to complex design-for-manufacturing constraints, there
are finite options of standard cell architecture for a specific ad-
vanced technology node [6], [33], [55]. Figure 5 illustrates a 7.5-
track standard cell architecture at 7 nm technology node. A stan-
dard cell architecture pre-determines cell height in the number of
M2 routing tracks. The standard cell boundary decides the region
of intra-cell layout patterns on M1 and lower manufacturing lay-
ers, which are used for intra-cell connections and standard cell
I/O pins. While occasional M2 usages are allowed for intra-cell
connections for complex standard cells [63], M2 and upper lay-
ers are mainly used for routing connections. Regular M2 tracks
in the middle of Fig.5 (a) are routing tracks fed into a router for
net connections. Thick M2 tracks on the top and bottom of stan-
dard cell boundary align with the power/ground rails of a specific
design. The M1 I/O pins of “Inverter” and “AND-OR-Inverter”
are shown in Fig. 5 (b) and (c), respectively. In the routing level,
these M1 I/O pins can only be accessed with fixed number of
M2 routing tracks. As M2 routing patterns are purely unidirec-
tional, there exists a limited number of M2 accessing points (see
Fig. 6 (b)) for each I/O pin, which makes routing density and re-
source competition increasingly high on lower metal layers. This
makes standard cell pin access optimization on lower metal layers
particularly important for unidirectional routing closure.

3.2 From Hit Points to Hit Point Combinations

We first present the following definitions for standard pin ac-
cess issue [63], [64].
Definition 1 (Hit Point) The overlap of an M2 routing track
(pre-determined by standard cell architecture) and an 1/O pin
shape is defined as a Hit Point for that particular /O pin.
Definition 2 (Hit Point Combination) A set of hit points (with
a defined access direction—left or right) where each 1/O pin in a
standard cell is accessed exactly once is defined as a Hit Point
Combination for that cell.
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Fig. 6 (a) M1 I/O pins and M2 routing tracks, (b) hit points and M2 us-
age for within-cell connections, (c) a hit point combination with M2
pin access patterns, (d) M2 pin access patterns with line-end exten-
sions [64].

An example of complex standard cell design is shown in
Fig. 6 (a), where M2 routing tracks are running horizontally. For
each I/O pin, hit points, given by Definition 1 can be extracted
from the overlaps of M2 routing tracks and M1 I/O pins in
Fig.6(b). The set of hit points in Fig.6(c) is a hit point com-
bination, given by Definition 2, where each hit point is associated
with one I/O pin. The mainstream industrial routine for standard
cell design has been handcrafted design and optimization. For
better pin accessibility, a standard cell designer mainly focuses
on increasing the vertical span of an M1 pin (assuming horizon-
tal M2 routing tracks), which provides more hit points for each
pin during routing stage [33]. In advanced technology nodes, this
technique is becoming less effective due to a finite number of M2
routing tracks and pin-to-pin interference [6], [64]. To systemat-
ically evaluate pin accessibility under pin-to-pin interference and
advanced manufacturing constraints, it is important to quantify
pin accessibility in terms of “hit point combinations” and “hit
points” simultaneously [64]. The number of hit points quantifies
the pin accessibility of a single I/O pin in isolation, while the
number of hit point combinations evaluates the pin accessibility
of entire cell with pin-to-pin interference under advanced man-
ufacturing constraints. Thus, hit point combination provides a
more direct metric for designers to optimize I/O pin shapes for
better standard cell pin accessibility. The key idea is that pin-
to-pin interference needs to be explicitly considered during pin
accessibility evaluation. The similar idea applies to both intra-
cell and inter-cell pin accessibility evaluation at the placement
stage [58], [68].

3.3 Pin Access Evaluation and Optimization

We present a standard cell pin access optimization and evalu-
ation engine, which provides quick feedbacks of pin accessibil-
ity to standard cell designers. A hit point combination is deter-
mined to be valid or not based on simultaneous line-end exten-
sions and design rule checks for M2 and via layers. Thus, the
hit point combination in Fig. 6 (d) is valid as a legal set of M2
and via patterns can be obtained to access this particular stan-
dard cell. All possible hit point combinations can be enumerated
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based on backtracking scheme [64], which generates a compact
set of valid hit point combinations. For standard cell designers,
a robust standard cell shall provide maximized number of valid
hit point combinations, which can be quickly evaluated by the
pin access optimization and evaluation engine aforementioned.
Moreover, standard cells are placed next to each other instead
of being isolated in real designs. This means both intra-cell and
inter-cell pin accessibility shall be evaluated and optimized before
the routing stage [68], [69]. In our experiments on ARM 10 nm
predictive standard cell library, compared with conventional de-
sign rule check (DRC), we achieve 10X or more improvement for
most cells and some cells achieve up to a 10,000X increase in the
number of valid hit point combinations [63].

4. Pin Access and Routing Co-Optimization

In advanced technology nodes, standard cell architecture lim-
its the number of routing tracks available for net connections,
which induces high routing density and severe routing resource
competition, namely standard cell pin access issue [21]. Stan-
dard cell designers can address this issue by I/O pin optimiza-
tion with the assistance from pin access optimization and eval-
uation engine [63], [72]. A detailed placement engine can mit-
igate routing resource competitions by intelligent cell spread-
ing [58]. Global routing can benefit routing closure by accu-
rate modeling of local pin access impact on routing resources.
However, for a given design with cell placement, the detailed
router still takes the full responsibility for routing closure by re-
solving routing resource competitions and finishing all net con-
nections [47], [50], [68], [69]. In this section, we first discuss
routing-level pin access interference, which will be tackled by pin
access planning and routing interval generation and assignment
schemes. We further discuss how to incorporate these schemes
into a negotiation-congestion-based routing framework.

4.1 Pin Access Interference

In the routing level, pin access interference is an outcome
of routing resource competitions among I/O pins close to each
other [63]. For clear descriptions of pin access interference, we
present the following definition.

Definition 3 (Pin Access Routing Interval) A pin access rout-
ing interval is defined as a segment of unidirectional M2 pattern
connected to an 1/O pin on a specific routing track.

As an example, pin access interference on M2 is illustrated in
Fig.7, where there exist 5 pins including ay, by, ¢, ¢, and d;.
Pin ¢ and ¢, belong to the same net and need to be connected
with M2 routing patterns. One way to access these pins is shown

W M1

EBlocked M1 E V1 [OM2 [ Blocked M2 M2 track

(a) ®)

Fig. 7 Pin access interference on M2, (a) pin access failure, (b) pin access
success [68].
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in Fig.7 (a), which leads to pin access failure because pin c; is
blocked by existing pin access routing intervals. The main task
of pin access and routing co-optimization is to obtain pin access
success as shown in Fig.7 (b), where a different set of pin ac-
cess routing intervals is selected for net connections. Therefore,
an advanced detailed router should be able to resolve pin access
interference efficiently for unidirectional routing closure.

4.2 Pin Access Planning

To date, manufacturing-friendly detailed routing studies follow
the paradigms of sequential routing [11], [13], [28], [37], [45],
[46] and negotiation-congestion-based routing technique [8], [9].
When a router accesses an I/O pin locally, it creates a routing in-
terval pattern on M2 for the net connection as shown in Fig. 7.
With unidirectional routing style, the physical location of that
particular pin access routing interval, including routing track and
left/right edge position, depends on underlying path-finding al-
gorithm, which typically focuses on routing cost minimization
without leveraging the overall standard cell pin accessibility. This
means pin access routing intervals for routed nets could damage
the pin accessibility of I/O pins associated with remaining nets as
illustrated in Fig. 7 (a), i.e., pin access interference.

For better routing closure, it is important to create meaning-
ful planning schemes for a sequential router and leverage the
overall pin accessibility during a sequential routing procedure,
which is the major focus of local and global pin access planning
schemes [68], [69]. For single-net routing, the key to local pin
access planning is dynamic hit point scoring. We assign a score
to each hit point of an I/O pin based on the number of avail-
able hit point combinations for that particular hit point, which
changes dynamically when pin access routing intervals are cre-
ated for other net connections. When a router accesses the pin
locally, the router is forced to take the hit point with the highest
score, which implies the best pin accessibility for remaining 1/O
pins for that particular standard cell. During sequential routing
process, routed wires on M2 layer are created on top the I/O pins
for remaining nets as shown in Fig. 8. This makes the order of net
routing particularly important for pin access interference among

routed wire
(@)

blocked intra-cell pin access

(®)
Fig.8 Single row pin access graph (PAG), (a) cell placement, (b) simplified
PAG with routed wires [68], [69].
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all nets. Net deferring technique has been proposed to dynam-
ically change the order of net routing, which globally preserves
the pin accessibility of I/O pins for remaining nets. This scheme
depends on the single row pin access graph (PAG) to determine
whether a net will be deferred or not during sequential routing
procedure [68], [69].

An example of single row PAG is shown in Fig. 8 (b), where

corresponding standard cell placement and routed M2 wires are
illustrated in Fig. 8 (a)[69]. Each component in the single row
PAG is a directed graph from source (s) node to target (¢) node,
where each internal node in Fig. 8 (b) corresponds to a valid hit
point combination for a specific cell in Fig.8(a). An edge is
added from left node to right node if associated hit point com-
binations for neighboring cells are compatible with each other.
For the PAG, we have following observation [69].
Observation 1  The pin accessibility of the standard cells on the
M2 layer within the single row is equivalent to the existence of a
path from s to t of the PAG associated with that particular row.
We define a PAG component to be infeasible for pin access when
no feasible path exists from s to t of that PAG component.

The PAGs are dynamically updated during sequential routing.
When one component of the PAGs has no path from source to
sink, the net being routed will be deferred, which means routed
wires will be cleared and the net will be put back to the priority
queue with an updated priority. The local and global pin access
planning schemes can guide a sequential router for better pin ac-
cessibility and unidirectional routing closure [68], [69].

4.3 Routing Interval Generation and Assignment

With pin access planning schemes, it is still difficult for a
sequential router to achieve routing closure without significant
engineering-changing-efforts [68], [69]. Negotiation-congestion-
based routing scheme outperforms general sequential routing ap-
proaches because history cost is introduced to resolve the net con-
gestions in an efficient manner [43]. However, high routing den-
sities and severe routing resource competitions on lower metal
layers cause significant routing overhead for the router. An alter-
native to reduce routing overhead is to design and optimize pin
access routing intervals concurrently for all I/O pins, which are
fed into the router for better routing closure [1], [50]. The routing
interval generation and assignment approach resolves the rout-
ing resource competitions among I/O pins on lower metal layers
concurrently before the routing phase starts. When a router takes
optimized pin access routing intervals for I/O pins as an input,
each I/O pin has assigned a pin access routing interval and rout-
ing resource competitions have been resolved, which significantly
reduces the net congestions during a routing procedure.

To resolve pin access interference, Ref. [47] proposes pin ac-
cess path pre-computation and optimization for gridless routing,
but it cannot be directly applied in advanced technology nodes
due to the unidirectional routing style. RegularRoute [80] pro-
poses a terminal promotion heuristic to access standard cell I/O
pins, which could lead to inefficient usage of routing resources
on lower metal layers. The detailed routing study for dense pin
clusters [50] proposes an insightful solution in terms of escape
routing to obtain a set of pin access routing intervals on a spe-
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Fig.9 Routing interval generation, (a) a pin close to M2 blockages, (b) two
pins sharing the same net, (c) handling pin-to-pin interference.

cific metal layer. The escape routing of I/O pin clusters is for-
mulated as a multi-commodity flow problem and solved with
efficient Lagrangian relaxation algorithm. In advanced technol-
ogy nodes, this problem becomes more challenging due to high
routing density and advanced manufacturing constraints. Without
delivering details on the routing interval generation, BonnRoute
further generalizes the maximum weighted independent set al-
gorithm to compute routing interval assignment for each I/O pin
with maximum profits [1].

Our recent routing study provides novel solutions for both rout-
ing interval generation and assignment. An example of track-
based routing interval generation is illustrated in Fig. 9. As shown
in Fig. 9 (a), we generate candidate routing intervals for each I/O
pin according to net bounding box (net box), routing tracks and
blockages. A basic routing interval is a minimum-sized routing
pattern over an I/O pin, while a maximum routing interval spans
over the entire net box horizontally, which denotes the maximum
M2 usage for the net connecting a;, a, and as without detour.
Figure 9 (b) demonstrates the candidate routing interval genera-
tion for pin ¢; and ¢, sharing the same net. The routing intervals
enabling intra-panel net connections shall be favored during the
routing interval assignment phase because they provide optimal
routing patterns for that particular net. Figure 9 (c) illustrates a
general example for pin a; considering pin-to-pin interference,
which includes 5 routing intervals (RISl to RI;‘]) for pin a;. With
routing interval candidates generated for each I/O pin, the fol-
lowing step is to resolve the conflicts among routing intervals
while selecting one routing interval for each I/O pin with max-
imized profits. In general, routing interval generation and assign-
ment problem can be formulated as an integer linear program-
ming problem. Taking advantage of the uniqueness of this for-
mulation, we further propose an iterative greedy algorithm based
on the Lagrangian relaxation technique for scalable solutions.

4.4 Manufacturing-Friendly Unidirectional Routing

Most existing manufacturing-friendly studies focus on the col-
oring scheme of routing patterns while leveraging SAMP-specific
manufacturing constraints [8], [9], [11], [13], [28], [37], [45],
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Fig. 10 (a) Two-dimensional routing, (b) unidirectional routing, (c) more
wirelength with routing interval assignment, (d) more vias without
routing interval assignment.

[46], [57], [68]. Reference [45] presents the first SADP-aware
detailed routing study by considering SADP-specific constraints
during sequential routing procedure. Reference [13] further im-
proves the routing results by incorporating coloring scheme and
layer assignment into a sequential router. Refereces [28], [29] fo-
cus on novel grid coloring techniques to guarantee SADP and
SAQP friendliness during routing. Reference [9] proposes a
novel graph model to capture the SADP-specific manufactur-
ing constraints and delivers SADP-friendly routing results with
negotiation-congestion-based routing scheme. References [37]
and [8] further enhance the graph model for better results by con-
sidering overlay constraints and via model, respectively. These
studies aforementioned rely on two-dimensional patterns, which
contradicts with the pure unidirectional routing style in advanced
technology nodes.

Although unidirectional routing style reduces the routing solu-
tion space compared to routing with two-dimensional patterns, it
provides valuable opportunities to efficiently resolve routing re-
source competitions and trim/cut mask constraints during rout-
ing. Figure 10 (a) and (b) demonstrate the single-net routing
patterns for two-dimensional routing and unidirectional routing,
respectively. For two-dimensional routing, routing patterns or-
thogonal to the preferred direction of a metal layer will be much
thicker than regular metal patterns to improve the manufactura-
bility and a router typically selects hit points for I/O pins based
on wirelength minimization for the net connection. While for
unidirectional routing, switching routing direction means chang-
ing routing layers, which potentially introduces more vias and
larger wirelength. With unidirectional routing style, Ref.[11]
presents a track assignment approach to handling the cut mask
complexities efficiently. Reference [57] proposes global rout-
ing studies to reduce cut mask complexities for SAMP-aware
routing. Reference [68] introduces local and global pin access
planning schemes for better unidirectional routing closure, which
generates superior routing results compared to a two-dimensional
SADP-friendly router [37].

Moreover, unidirectional routing style ratifies the phase of
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routing interval generation and assignment before the detailed
routing stage. An example of single-net routing is shown in
Fig. 10(c) and Fig. 10(d) for detailed routing results with and
without routing interval assignment, respectively. With routing
interval assignment, fewer turns will be created by the router,
which generates fewer vias at the cost of some detour as shown in
Fig. 10 (c). Without routing interval assignment, the router deliv-
ers routing patterns with minimized overall cost, which typically
leads to close-to-optimal wirelength as shown in Fig. 10 (d). De-
spite wirelength overhead, our recent routing study demonstrates
that, by incorporating the results from routing interval genera-
tion and assignment, a negotiation-congestion-based router can
obtain much better routing results, i.e., unidirectional routing clo-
sure, than state-of-the-art manufacturing-friendly routing stud-
ies [8], [68]. Specifically, compared to sequential routing with
pin access planning schemes [68], our proposed approach obtains
over 15% wirelength reduction and over 10X runtime speed-up.
Compared to a pure negotiation-congestion-based routing scheme
without routing interval generation and assignment [8], our ap-
proach achieves over 14% via number reduction and over 2X run-
time speed-up.

5. Post-Routing Optimization

In advanced technology nodes, unidirectional line patterns
can be manufactured with tight overlay control using self-
aligned type of MPL [16], [56]. To obtain target routing pat-
terns, manufacturing-friendly cut/trim mask is designed to re-
move undesired portions of the lines as illustrated in Fig.2 (c)
and Fig. 2 (d). A detailed router is able to follow a specific set of
manufacturing constraints in the routing procedure or based on
additional rip-up and reroute [8], [69]. However, design rule vio-
lations may still exist after the routing phase, which makes post-
routing optimization very important for the unidirectional routing
closure in advanced technology nodes. Moreover, yield enhance-
ment with wiring and via redundancy has been widely adopted
in industry, which remains an important option for post-routing
optimization in advanced technology nodes. In this section, we
first present the full-chip redundant local loop insertion compati-
ble with unidirectional routing style. Then, cut/trim redistribution
techniques are discussed with various lithography options, which
targets at final unidirectional routing closure.

5.1 Redundant Local-Loop Insertion

During the layout manufacturing process, via and wiring fail-
ures are major causes for the yield loss [4]. Therefore, redundant
via[31], [41] and redundant wire [5], [26] insertions have been
proposed to improve manufacturing yield. However, traditional
redundant via insertion is not compatible with unidirectional rout-
ing style as shown in Fig. 11 (a). Conventional redundant via in-
sertion assumes wire bending for the metal coverage of redundant
vias to be inserted, which conflicts with the unidirectional rout-
ing style. As shown in Fig. 11 (b), a redundant local loop can
be adopted to insert redundant vias and wires simultaneously to
enhance the yield of unidirectional routing [4].

The concept of redundant local loop is first proposed in
Refs. [2], [4]. Reference [22] further quantifies the yield and
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Fig. 11 (a) Redundant via insertion with wire bending, (b) redundant local
loop insertion for unidirectional routing [67].

timing impact from redundant local loop insertions. The tim-
ing degradations from redundant local loop insertion are demon-
strated to be negligible [22]. Early studies on redundant local loop
insertion focus on greedy insertion schemes without giving glob-
ally optimized solutions. Our recent study proposes a full-chip re-
dundant local loop insertion engine with net-based redundant lo-
cal loop candidate generation while accommodating self-aligned
via [53] and via density constraints [25], [32]. Instead of adopt-
ing a simple greedy scheme [2], [4], [22], we further propose an
optimal integer linear programming formulation and a scalable
iterative relaxation and linear programming solving scheme to
obtain much better results in terms of insertion rate and overall
cost. Our study also revisits the timing impact of redundant lo-
cal loop insertion with delay model analysis and timing simula-
tions. We find that specific configurations of the redundant local
loop can introduce significant timing degradations in a predictive
10nm technology setup. Thus, these local-loop configurations
should be strictly forbidden during redundant local loop insertion
for negligible timing impact.

5.2 Cut/Trim Mask Redistribution

Although unidirectional routing patterns simplify the color-
ing schemes of MPL, manufacturing complexities arise in the
manufacturing-friendly cut/trim mask designs. As illustrated in
Fig. 2 and Fig. 3 (a), the line-end positions of unidirectional rout-
ing patterns decide the shapes and positions of cut/trim masks.
If we assume single patterning with 193 nm lithography tools
for cut/trim mask, a set of SADP-specific line-end rules can be
determined for routing patterns to generate lithography-friendly
cut/trim masks as shown in Fig. 3 (a) [63]. A detailed router can
be required to follow a set of metal and via design rules during
routing procedures. However, design rule violations may still ex-
ist after the routing phase due to problem complexities and run-
time. Therefore, line-end extensions, i.e. allowing dummy pat-
terns, have been widely used to enable manufacturing-friendly
cut/trim mask designs as shown in Fig. 12.

References [78], [79] present early studies on manufacturabil-
ity improvement of cut masks with line-end extensions, where
a greedy approach is used to redistribute cut shapes for better
printability. A mixed integer linear programming formulation is
presented in Refs. [63], [64] to obtain SADP-friendly pin access
patterns with minimum amount of line-end extensions. For uni-
directional layout with cut/trim mask, emerging lithography tech-
niques can be further deployed, such as LELE, E-beam and DSA,
to improve density and spacing of cut/trim masks. As shown in
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Fig. 12 Post-routing decomposition with line-end extensions, (a) target pat-
terns, (b) 193 nm cut [16], [56], (c) E-beam cut [7], [10], (d) guiding
template with DSA cut[61].

Fig. 12 (b), line-end extensions can be performed to enable cut
merging and E-beam-friendly cut shapes, which provides much
better tip-to-tip control compared to single patterning [7], [10].
Recently, DSA has been shown as a promising lithography can-
didate to print small layout patterns. Meanwhile, DSA brings
unique lithography constraints into layout design stage, where a
set of 193 nm lithography-friendly guiding templates needs to be
designed first before printing smaller DSA cuts. With guiding
template constraints, DSA has been adopted for cut mask design
and line-end extensions with a greedy scheme [61]. Mixed inte-
ger linear programming formulations and dynamic programming
algorithms have been proposed to enable DSA-friendly cut mask
designs [35], [36], [48], [49]. Given a set of design rules, line-end
extension problems aforementioned are similar to the layout mi-
gration issue [20], where the objective is to minimize the amount
of dummy patterns and the design rules are formulated as lin-
ear constraints. The (mixed integer) linear programming based
line-end extensions can help to obtain lithography-friendly lay-
out, which greatly reduces the amount of engineering-changing-
efforts for routing closure.

6. Conclusion and Future Direction

In this paper, we present a holistic approach to enable unidi-
rectional routing closure on lower metal layers in advanced tech-
nology nodes. A standard cell pin accessibility evaluation and
optimization engine is presented to guide standard cell design-
ers for incremental cell layout optimization. Pin access planning
schemes and routing interval generation and assignment tech-
niques are discussed to efficiently resolve the pin access interfer-
ence for a sequential router and a negotiation-congestion-based
router, respectively. In the post-routing stage, redundant local
loop insertion and cut/trim mask redistribution are comprehen-
sively discussed to improve manufacturing yield and enable lay-
out design closure under advanced manufacturing constraints, re-
spectively.

Unidirectional routing style is becoming the mainstream indus-
trial routine for high-density metal layers in advanced technology
nodes. For better routing closure and overall physical design clo-
sure, we anticipate more and more research efforts in this direc-
tion from following perspectives.

e Generic standard cell library evaluation tool. Hit points and

hit point combinations are elementary metrics for pin ac-
cessibility evaluation and optimization. For manual design
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and optimization, a generic scoring function is favorable
while considering pin accessibility, colorability [65], [66]
and manufacturing-specific design rules.

Placement mitigation. The complexities of cell coloring,
inter-cell pin accessibility and other manufacturing con-
straints interfere with each other, which makes it difficult
to predict the appropriate spacing among standard cells [19],
[58]. Advanced placement engine is needed to properly allo-
cate white space among standard cells for better design clo-
sure.

Concurrent multi-layer detailed routing. Routing interval
generation and assignment can only resolve routing resource
competitions on one metal layer. It remains an open research
problem of how to enable concurrent multi-layer detailed
routing beyond negotiation-congestion-based routing with-
out significant wirelength or runtime overhead [23].

Global and detailed routing co-optimization. Most exist-
ing manufacturing-friendly routing studies focus on detailed
routing phase as detailed router creates real physical pat-
terns, which are directly associated with manufacturing con-
straints. However, this is no longer an effective approach
when the routing resource competitions are severe and many
local nets cannot be routed due to inaccurate routing re-
source modeling for global routing, which requires global
and detailed routing co-optimization.

The authors would like to thank the help

and suggestions from collaborators (Dr. Brian Cline and Greg

Yeric), in ARM Research. This work is supported in part by SRC,
NSF, SPIE BACUS scholarship and university graduate continu-
ing fellowship from University of Texas at Austin.

References

(1]

[2]

(3]

[9]

[10]

Ahrens, M., Gester, M., Klewinghaus, N., Muller, D., Peyer, S.,
Schulte, C. and Tellez, G.: Detailed routing algorithms for advanced
technology nodes, IEEE Trans. Computer-Aided Design of Integrated
Circuits and Systems (TCAD), Vol.34, No.4, pp.563-576 (2015).
Anderson, B.A., Bickford, J.P., Buehler, M., Hibbeler, J.D., Koehl, J.
and Nowak, E.J.: Redundant micro-loop structure for use in an inte-
grated circuit physical design process and method of forming the same
(2012). US Patent 8,234,594.

Arnold, J.C., Burns, S.D., Kanakasabapathy, S.K. and Yin, Y.: Self
aligning via patterning (2012). US Patent 8,298,943.

Bickford, J., Biihler, M., Hibbeler, J., Koehl, J., Miiller, D., Peyer,
S. and Schulte, C.: Yield improvement by local wiring redundancy,
IEEE Proc. International Symposium on Quality Electronic Design
(ISQED), pp.6 pp.—478 (2006).

Chang, F.-Y., Tsay, R.-S. and Mak, W.-K.: How to consider shorts
and guarantee yield rate improvement for redundant wire inser-
tion, IEEE/JACM International Conference on Computer-Aided Design
(ICCAD), pp.33-38 (2009).

Chava, B., Rio, D., Sherazi, Y., Trivkovic, D., Gillijns, W., Debacker,
P., Raghavan, P., Elsaid, A., Dusa, M., Mercha, A., et al.: Standard cell
design in N7: EUV vs. immersion, Proc. SPIE, pp.94270E-94270E
(2015).

Ding, Y., Chu, C. and Mak, W.-K.: Throughput optimization for
SADP and e-beam based manufacturing of 1D layout, ACM/IEEE De-
sign Automation Conference (DAC), pp.1-6 (2014).

Ding, Y., Chu, C. and Mak, W.-K.: Detailed routing for spacer-
is-metal type self-aligned double/quadruple patterning lithography,
ACM/IEEE Design Automation Conference (DAC), pp.69:1-69:6
(2015).

Du, Y., Ma, Q., Song, H., Shiely, J., Luk-Pat, G., Miloslavsky, A. and
Wong, M.D.: Spacer-is-dielectric-compliant detailed routing for self-
aligned double patterning lithography, ACM/IEEE Design Automation
Conference (DAC), pp.93:1-93:6 (2013).

Du, Y., Zhang, H., Wong, M.D. and Chao, K.-Y.: Hybrid lithogra-

© 2017 Information Processing Society of Japan

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

phy optimization with e-beam and immersion processes for 16nm 1D
gridded design, IEEE/ACM Asia and South Pacific Design Automation
Conference (ASPDAC), pp.707-712 (2012).

Fang, S.-Y.: Cut mask optimization with wire planning in self-aligned
multiple patterning full-chip routing, IEEE/ACM Asia and South Pa-
cific Design Automation Conference (ASPDAC), pp.396-401 (2015).
Fang, S.-Y., Chen, W.-Y. and Chang, Y.-W.: A Novel Layout Decom-
position Algorithm for Triple Patterning Lithography, ACM/IEEE De-
sign Automation Conference (DAC), pp.1185-1190 (2012).

Gao, J.-R. and Pan, D.Z.: Flexible Self-aligned Double Patterning
Aware Detailed Routing with Prescribed Layout Planning, ACM In-
ternational Symposium on Physical Design (ISPD), pp.25-32 (2012).
Gao, J.-R., Yu, B., Huang, R. and Pan, D.Z.: Self-aligned Double Pat-
terning Friendly Configuration for Standard Cell Library Considering
Placement, SPIE Intl. Symp. Advanced Lithography (2013).

Ghaida, R.S., Agarwal, K.B., Liebmann, L.W., Nassif, S.R. and
Gupta, P.: A Novel Methodology for Triple/Multiple-Patterning Lay-
out Decomposition, Proc. SPIE, Vol.8327 (2011).

Gillijns, W., Sherazi, S., Trivkovic, D., Chava, B., Vandewalle, B.,
Gerousis, V., Raghavan, P., Ryckaert, J., Mercha, K., Verkest, D., et
al.: Impact of a SADP flow on the design and process for N10/N7
metal layers, Proc. SPIE, pp.942709-942709 (2015).

Gupta, M., Jeong, K. and Kahng, A.B.: Timing yield-aware color reas-
signment and detailed placement perturbation for bimodal CD distri-
bution in double patterning lithography, IEEE Trans. Computer-Aided
Design of Integrated Circuits and Systems (TCAD), Vol.29, No.8,
pp-1229-1242 (2010).

Han, K., Kahng, A.B. and Lee, H.: Evaluation of BEOL Design Rule
Impacts Using an Optimal ILP-based Detailed Router, ACM/IEEE De-
sign Automation Conference (DAC), pp.68:1-68:6 (2015).

Han, K., Kahng, A.B. and Lee, H.: Scalable detailed placement legal-
ization for complex sub-14nm constraints, /EEE/ACM International
Conference on Computer-Aided Design (ICCAD), pp.867-873 (2015).
Heng, F.-L., Chen, Z. and Tellez, G.E.: A VLSI artwork legalization
technique based on a new criterion of minimum layout perturbation,
ACM International Symposium on Physical Design (ISPD), pp.116—
121 (1997).

Hsu, M.-K., Katta, N., Lin, H.Y.-H., Lin, K.T.-H., Tam, K.H. and
Wang, K.C.-H.: Design and manufacturing process co-optimization in
nano-technology, IEEE/ACM International Conference on Computer-
Aided Design (ICCAD), pp.574-581 (2014).

Huang, W., Morris, D., Lafferty, N., Liebmann, L., Vaidyanathan, K.,
Lai, K., Pileggi, L. and Strojwas, A.J.: Local loops for robust inter-
layer routing at sub-20 nm nodes, Proc. SPIE, pp.83270D-83270D
(2012).

Jia, X., Cai, Y., Zhou, Q., Chen, G., Li, Z. and Li, Z.: MCFRoute: A
detailed router based on multi-commodity flow method, IEEE/ACM
International Conference on Computer-Aided Design (ICCAD),
pp.397-404 (2014).

Jones, S.: Samsung Versus Intel at 14nm, available from ¢https:/www.
semiwiki.com/forum/content/5256-samsung-versus-intel-14nm.html)
(accessed 2015-12).

Kahng, A.B.: Research directions for coevolution of rules and routers,
ACM International Symposium on Physical Design (ISPD), pp.122—
125 (2003).

Kahng, A.B., Liu, B. and Maandoiu, L.I.: Non-tree routing for relia-
bility and yield improvement, IEEE/ACM International Conference on
Computer-Aided Design (ICCAD), pp.260-266 (2002).

Kahng, A.B., Park, C.-H., Xu, X. and Yao, H.: Layout decomposition
for double patterning lithography, IEEE/ACM International Confer-
ence on Computer-Aided Design (ICCAD), pp.465-472 (2008).
Kodama, C., Ichikawa, H., Nakayama, K., Kotani, T., Nojima, S.,
Mimotogi, S., Miyamoto, S. and Takahashi, A.: Self-Aligned Double
and Quadruple Patterning-Aware Grid Routing with Hotspots Con-
trol, IEEE/ACM Asia and South Pacific Design Automation Confer-
ence (ASPDAC), pp.267-272 (2013).

Kodama, C., Ichikawa, H., Nakayama, K., Nakajima, F., Nojima,
S., Kotani, T., Thara, T. and Takahashi, A.: Self-aligned double
and quadruple patterning aware grid routing methods, /EEE Trans.
Computer-Aided Design of Integrated Circuits and Systems (TCAD),
Vol.34, No.5, pp.753-765 (2015).

Kuang, J. and Young, E.F.: An Efficient Layout Decomposition Ap-
proach for Triple Patterning Lithography, ACM/IEEE Design Automa-
tion Conference (DAC), pp.69:1-19:6 (2013).

Lee, K.-Y. and Wang, T.-C.: Post-routing redundant via insertion for
yield/reliability improvement, IEEE/ACM Asia and South Pacific De-
sign Automation Conference (ASPDAC), pp.303-308 (2006).

Lee, K.-Y., Wang, T.-C. and Chao, K.-Y.: Post-routing redundant
via insertion and line end extension with via density considera-
tion, IEEE/ACM International Conference on Computer-Aided Design
(ICCAD), pp.633-640 (2006).

10



IPSJ Transactions on System LSI Design Methodology Vol.10 2-12 (Feb. 2017)

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

Liebmann, L., Chu, A. and Gutwin, P.: The daunting complexity of
scaling to 7nm without EUV: Pushing DTCO to the extreme, Proc.
SPIE, pp.942702-942702 (2015).

Liebmann, L., Pileggi, L., Hibbeler, J., Rovner, V., Jhaveri, T. and
Northrop, G.: Simplify to survive: Prescriptive layouts ensure prof-
itable scaling to 32nm and beyond, Proc. SPIE, pp.72750A-72750A
(2009).

Lin, Z.-W. and Chang, Y.-W.: Cut redistribution with directed self-
assembly templates for advanced 1-D gridded layouts, IEEE/ACM
Asia and South Pacific Design Automation Conference (ASPDAC),
pp.89-94 (2016).

Lin, Z.-W. and Chang, Y.-W.: Double-Patterning Aware DSA Tem-
plate Guided Cut Redistribution for Advanced 1-D Gridded Designs,
ACM International Symposium on Physical Design (ISPD), pp.47-54
(2016).

Liu, L-J., Fang, S.-Y. and Chang, Y.-W.: Overlay-Aware Detailed
Routing for Self-Aligned Double Patterning Lithography Using the
Cut Process, ACM/IEEE Design Automation Conference (DAC),
pp-50:1-50:6 (2014).

Lucas, K., Cork, C., Yu, B., Luk-Pat, G., Painter, B. and Pan, D.Z.:
Implications of triple patterning for 14 nm node design and pattern-
ing, Proc. SPIE, Vol.8327 (2012).

Luk-Pat, G., Miloslavsky, A., Painter, B., Lin, L., De Bisschop, P. and
Lucas, K.: Design compliance for spacer is dielectric (SID) patterning,
Proc. SPIE, pp.83260D-83260D (2012).

Luk-Pat, G., Painter, B., Miloslavsky, A., De Bisschop, P., Beacham,
A. and Lucas, K.: Avoiding wafer-print artifacts in spacer is dielectric
(SID) patterning, Proc. SPIE, pp.868312-868312 (2013).

Luo, F, Jia, Y. and Dai, W.W.-M.: Yield-preferred via insertion based
on novel geotopological technology, IEEE/ACM Asia and South Pa-
cific Design Automation Conference (ASPDAC), pp.730-735 (2006).
Ma, Y., Sweis, J., Yoshida, H., Wang, Y., Kye, J. and Levinson, H.J.:
Self-aligned double patterning (SADP) compliant design flow, Proc.
SPIE, pp.832706-832706 (2012).

McMurchie, L. and Ebeling, C.: PathFinder: A Negotiation-based
Performance-driven Router for FPGAs, ACM Symposium on FPGAs,
pp-111-117 (1995).

Merritt, R.: TSMC Preps 10nm, Tunes 16nm, available from
(http://www.eetimes.com/document.asp?doc_id=1327725) (accessed
2015-09).

Mirsaeedi, M., Torres, J.A. and Anis, M.: Self-aligned double-
patterning (SADP) friendly detailed routing, Proc. SPIE, pp.797400—
797400 (2011).

Nakajima, F., Kodama, C., Ichikawa, H., Nakayama, K., Nojima, S.,
Kotani, T., Mimotogi, S. and Miyamoto, S.: Detailed routing with
advanced flexibility and in compliance with self-aligned double pat-
terning constraints, Proc. SPIE, pp.86840A—-86840A (2013).
Nieberg, T.: Gridless pin access in detailed routing, ACM/IEEE De-
sign Automation Conference (DAC), pp.170-175 (2011).

Ou, J., Yu, B., Gao, J.-R. and Pan, D.Z.: Directed self-assembly cut
mask assignment for unidirectional design, Journal of Microlithogra-
phy, Microfabrication and Microsystems, Vol.14, No.3 (2015).

Ou, J., Yu, B., Gao, J.-R., Pan, D.Z., Preil, M. and Latypov, A.:
Directed Self-Assembly Based Cut Mask Optimization for Unidirec-
tional Design, ACM Great Lakes Symposium on VLSI (GLSVLSI),
pp-83-86 (2015).

Ozdal, M.M.: Detailed-routing algorithms for dense pin clusters in in-
tegrated circuits, IEEE Trans. Computer-Aided Design of Integrated
Circuits and Systems (TCAD), Vol.28, No.3, pp.340-349 (2009).

Pan, D.Z., Liebmann, L., Yu, B., Xu, X. and Lin, Y.: Pushing multiple
patterning in sub-10nm: Are we ready?, ACM/IEEE Design Automa-
tion Conference (DAC), pp.197:1-197:6 (2015).

Pan, D.Z., Yu, B. and Gao, J.-R.: Design for manufacturing with
emerging nanolithography, IEEE Trans. Computer-Aided Design of
Integrated Circuits and Systems (TCAD), Vol.32, No.10, pp.1453—
1472 (2013).

Rieger, M.L. and Moroz, V.: Self-aligned via interconnect using re-
laxed patterning exposure (2014). US Patent 8,813,012.

Ryckaert, J., Raghavan, P., Schuddinck, P., Trong, H.B., Mallik, A.,
Sakhare, S.S., Chava, B., Sherazi, Y., Leray, P., Mercha, A., et al.:
DTCO at N7 and beyond: Patterning and electrical compromises and
opportunities, Proc. SPIE, pp.94270C-94270C (2015).

Sherazi, S.M.Y., Chava, B., Debacker, P., Bardon, M.G., Schuddinck,
P., Firouzi, F., Raghavan, P., Mercha, A., Verkest, D. and Ryckaert,
J.: Architectural strategies in standard-cell design for the 7nm and be-
yond technology node, Journal of Microlithography, Microfabrication
and Microsystems, Vol.15, No.1, p.013507 (2016).

Smayling, M.C., Tsujita, K., Yaegashi, H., Axelrad, V., Arai, T.,
Oyama, K. and Hara, A.: Sub-12nm optical lithography with 4x pitch
division and SMO-lite, Proc. SPIE, pp.868305-868305 (2013).

Su, Y.-H. and Chang, Y.-W.: Nanowire-aware Routing Considering

© 2017 Information Processing Society of Japan

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

High Cut Mask Complexity, ACM/IEEE Design Automation Confer-
ence (DAC), pp.138:1-138:6 (2015).

Taghavi, T., Alpert, C., Huber, A., Li, Z., Nam, G.-J. and Ramji, S.:
New placement prediction and mitigation techniques for local routing
congestion, IEEE/JACM International Conference on Computer-Aided
Design (ICCAD), pp.621-624 (2010).

Tang, X. and Cho, M.: Optimal Layout Decomposition for Dou-
ble Patterning Technology, IEEE/ACM International Conference on
Computer-Aided Design (ICCAD), pp.9-13 (2011).

Tian, H., Zhang, H., Ma, Q., Xiao, Z. and Wong, M.: A polyno-
mial time triple patterning algorithm for cell based row-structure lay-
out, IEEE/ACM International Conference on Computer-Aided Design
(ICCAD), pp.57-64 (2012).

Xiao, Z., Du, Y., Wong, M.D. and Zhang, H.: DSA Template Mask
Determination and Cut Redistribution for Advanced 1D Gridded De-
sign, Proc. SPIE, Vol.8880 (2013).

Xu, X., Cline, B., Yeric, G. and Pan, D.Z.: Standard cell pin access
and physical design in advanced lithography, Proc. SPIE, pp.97800P—
97800P (2016).

Xu, X., Cline, B., Yeric, G., Yu, B. and Pan, D.Z.: Self-aligned double
patterning aware pin access and standard cell layout co-optimization,
ACM International Symposium on Physical Design (ISPD), pp.101-
108 (2014).

Xu, X., Cline, B., Yeric, G., Yu, B. and Pan, D.Z.: Self-aligned double
patterning aware pin access and standard cell layout co-optimization,
IEEE Trans. Computer-Aided Design of Integrated Circuits and Sys-
tems (TCAD), Vol.34, No.5, pp.699-712 (2015).

Xu, X., Cline, B., Yeric, G., Yu, B. and Pan, D.Z.: A systematic frame-
work for evaluating standard cell middle-of-line (MOL) robustness for
multiple patterning, Proc. SPIE, pp.942707-942707 (2015).

Xu, X., Cline, B., Yeric, G., Yu, B. and Pan, D.Z.: Systematic frame-
work for evaluating standard cell middle-of-line robustness for multi-
ple patterning lithography, Journal of Microlithography, Microfabri-
cation and Microsystems, Vol.15, No.2, pp.021202-021202 (2016).
Xu, X., Lin, Y., Li, M., Ou, J., Cline, B. and Pan, D.Z.: Redundant
local-loop insertion for unidirectional routing, IEEE Trans. Computer-
Aided Design of Integrated Circuits and Systems (TCAD) (2017).

Xu, X., Yu, B., Gao, J.-R., Hsu, C.-L. and Pan, D.Z.: PARR: Pin
access planning and regular routing for self-aligned double pattern-
ing, ACM/IEEE Design Automation Conference (DAC), pp.28:1-28:6
(2015).

Xu, X., Yu, B., Gao, J.-R., Hsu, C.-L. and Pan, D.Z.: PARR:
Pin-Access Planning and Regular Routing for Self-Aligned Double
Patterning, ACM Trans. Design Automation of Electronic Systems
(TODAES), Vol.21, No.3, p.42 (2016).

Xu, Y. and Chu, C.: GREMA: Graph reduction based efficient mask
assignment for double patterning technology, IEEE/ACM Interna-
tional Conference on Computer-Aided Design (ICCAD), pp.601-606
(2009).

Yang, J.-S., Lu, K., Cho, M., Yuan, K. and Pan, D.Z.: A new graph-
theoretic, multi-objective layout decomposition framework for Double
Patterning Lithography, IEEE/ACM Asia and South Pacific Design Au-
tomation Conference (ASPDAC) (2010).

Ye, W., Yu, B., Pan, D.Z., Ban, Y.-C. and Liebmann, L.: Standard Cell
Layout Regularity and Pin Access Optimization Considering Middle-
of-Line, ACM Great Lakes Symposium on VLSI (GLSVLSI), pp.289—
294 (2015).

Yu, B., Lin, Y.-H., Luk-Pat, G., Ding, D., Lucas, K. and Pan, D.Z.:
A High-Performance Triple Patterning Layout Decomposer with Bal-
anced Density, IEEE/ACM International Conference on Computer-
Aided Design (ICCAD), pp.163-169 (2013).

Yu, B., Xu, X., Gao, J.-R. and Pan, D.Z.: Methodology for Standard
Cell Compliance and Detailed Placement for Triple Patterning Lithog-
raphy, IEEE/ACM International Conference on Computer-Aided De-
sign (ICCAD), pp.349-356 (2013).

Yu, B., Xu, X., Roy, S., Lin, Y., Ou, J. and Pan, D.Z.: Design for man-
ufacturability and reliability in extreme-scaling VLSI, Science China
Information Sciences, pp.1-23 (2016).

Yu, B, Yuan, K., Zhang, B., Ding, D. and Pan, D.Z.: Layout Decom-
position for Triple Patterning Lithography, IEEE/ACM International
Conference on Computer-Aided Design (ICCAD), pp.1-8 (2011).
Yuan, K., Yang, J.-S. and Pan, D.Z.: Double patterning layout decom-
position for simultaneous conflict and stitch minimization, ACM Inter-
national Symposium on Physical Design (ISPD), pp.185-196 (2009).
Zhang, H., Du, Y., Wong, M.D. and Chao, K.-Y.: Mask cost reduction
with circuit performance consideration for self-aligned double pattern-
ing, IEEE/JACM Asia and South Pacific Design Automation Conference
(ASPDAC), pp.787-792 (2011).

Zhang, H., Wong, M.D. and Chao, K.-Y.: On process-aware 1-D stan-
dard cell design, IEEE/ACM Asia and South Pacific Design Automa-
tion Conference (ASPDAC), pp.838-842 (2010).

11



IPSJ Transactions on System LSI Design Methodology Vol.10 2-12 (Feb. 2017)

[80] Zhang, Y. and Chu, C.: RegularRoute: An efficient detailed router
with regular routing patterns, ACM International Symposium on Phys-
ical Design (ISPD), pp.45-52 (2011).

[81] Zhang, Y., Luk, W.-S., Zhou, H., Yan, C. and Zeng, X.: Layout de-
composition with pairwise coloring for multiple patterning lithogra-
phy, IEEE/ACM International Conference on Computer-Aided Design
(ICCAD), pp.170-177 (2013).

Xiaoqing Xu received his B.S. degree in
Microelectronics from Peking University,
Beijing, China, in 2012. He is currently

pursuing the Ph.D. degree in Electrical

=y

and Computer Engineering, University of
Texas at Austin, under the supervision of
Professor David Z. Pan. His research in-
terests include robust standard cell design,
design for manufacturability and physical design. He received
the Gold Medal for ACM Design Automation Student Research
Competition at ICCAD 2016, the SRC best in session award in
SRC TECHCON 2015, the SPIE BACUS Fellowship in 2016,
the MCD Fellowship and University Graduate Continuing Fel-
lowship from University of Texas at Austin in 2012 and 2016,
respectively.

© 2017 Information Processing Society of Japan

David Z. Pan received his B.S. degree
from Peking University, and his M.S. and
Ph.D. degrees from University of Califor-
nia, Los Angeles (UCLA). From 2000 to
2003, he was a Research Staff Member
with IBM T. J. Watson Research Center.
He is currently the Engineering Founda-
tion Professor at the Department of Elec-
trical and Computer Engineering, The University of Texas at
Austin. His research interests include cross-layer nanometer IC
design for manufacturability, reliability, security, physical design,
analog design automation, and CAD for emerging technologies
such as 3D-IC and nanophotonics. He has published over 250
papers in refereed journals and conferences, and is the holder
of 8 U.S. patents. He has graduated 20 Ph.D. students who are
now holding key academic and industry positions. He has served
as a Senior Associate Editor for ACM Transactions on Design
Automation of Electronic Systems (TODAES), an Associate Ed-
itor for IEEE Transactions on Computer Aided Design of In-
tegrated Circuits and Systems (TCAD), IEEE Transactions on
Very Large Scale Integration Systems (TVLSI), IEEE Transac-
tions on Circuits and Systems PART I (TCAS-I), IEEE Transac-
tions on Circuits and Systems PART II (TCAS-II), IEEE Design
& Test, Science China Information Sciences, Journal of Com-
puter Science and Technology, IEEE CAS Society Newsletter,
etc. He has served in the Executive and Program Committees of
many major conferences, including DAC, ICCAD, ASPDAC, and
ISPD. He is the ASPDAC 2017 Program Chair, ICCAD 2016
Special Session/Tutorial Chair, DAC 2014 Tutorial Chair, and
ISPD 2008 General Chair. He has served as Chair of the IEEE
CANDE Committee and ACM/SIGDA Physical Design Techni-
cal Committee. He has received a number of awards for his re-
search contributions, including the SRC 2013 Technical Excel-
lence Award, DAC Top 10 Author in Fifth Decade, DAC Prolific
Author Award, ASP-DAC Frequently Cited Author Award, 13
Best Paper Awards at premier venues (SPIE DFM 2016, ISPD
2014, ICCAD 2013, ASPDAC 2012, ISPD 2011, IBM Research
2010 Pat Goldberg Memorial Best Paper Award, ASPDAC 2010,
DATE 2009, ICICDT 2009, SRC Techcon in 1998, 2007, 2012
and 2015) plus 11 additional Best Paper Award nominations at
DAC/ICCAD/ASPDAC/ISPD, Communications of the ACM Re-
search Highlights (2014), ACM/SIGDA Outstanding New Fac-
ulty Award (2005), NSF CAREER Award (2007), SRC Inven-
tor Recognition Award three times, IBM Faculty Award four
times, UCLA Engineering Distinguished Young Alumnus Award
(2009), UT Austin RAISE Faculty Excellence Award (2014), and
many international CAD contest awards, among others. He is an
IEEE Fellow.

(Invited by Editor-in-Chief: Nozomu Togawa)

12



