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Abstract— In directed self-assembly lithography (DSAL), vias
that are located close are clustered and patterned together.
A large and complex cluster, however, is not allowed in this
process due to its potential danger of pattern failure. We address
redundant via insertion in DSAL. The goal is to insert maximum
number of redundant vias while adjacent vias do not form
a large and complex cluster. The problem is formulated as
maximum independent set (MIS) of a conflict graph. Experiments
demonstrate 13% more redundant vias inserted compared to
simple-minded approach, basic insertion with no consideration
of DSAL followed by removal of redundant vias in large and
complex clusters. We also introduce DSA defect probability in
order to quantitatively define which clusters should be allowed
during insertion process.

I. INTRODUCTION

Redundant via insertion is a standard practice to preserve

the connectivity that via provides under potential via pattern

failure. It has become more important as optical lithography

approaches its resolution limit to pattern a fine feature [1].

Original- and redundant-via together forms a double via. A few

researches [2]–[5] have been performed to address redundant

via insertion problem.

We address redundant via insertion in directed self-assembly

lithography (DSAL) [6], [7], which is regarded as a patterning

solution for via and contact layers in technology of 10 nm or

below. DSAL process is illustrated in Fig. 1. Vias that are

orthogonally or diagonally adjacent are clustered (Fig. 1(a)).

A guide pattern (GP) [8], [9], which surrounds each cluster,

is synthesized; its photomask image is also obtained, which is

then used for patterning on a wafer through optical lithography

(Fig. 1(b)). Each GP on a wafer is filled with block copolymers

(BCPs), strings of two types of polymers, which are arranged

due to forces between polymers and GP wall; one type of

polymer is etched away leaving final vias (Fig. 1(c)). Since GP

goes through two complicated steps, optical lithography and

DSA, larger and complex shape containing many vias is not

allowed. An example is shown in Fig. 2, where 5-via cluster

causes pattern failure, short between two vias in this case.

In DSAL redundant via insertion, therefore, the goal is

to insert maximum number of redundant vias while adjacent

vias do not form a large and complex cluster. A necessary

component in this problem is to identify which clusters are

allowed and which are not. We introduce DSA defect prob-

ability for this purpose, which is the probability that cluster

causes pattern failure during DSA process.

(a)

(b) (c)

Via holes after
DSA process

Photomask

Wafer

GP

ViaVia cluster

Fig. 1. DSAL process: (a) via clustering, (b) synthesizing GP mask image
and optical lithography, and (c) DSA to pattern final vias.

Pattern failureVia cluster

(a) (b)

Via Redundant via GP
Via pattern

Fig. 2. (a) Via clustering and (b) pattern failure in 5-via cluster.

The remainder of this paper is organized as follows. In

Section II, DSA defect probability is introduced, first for

individual via and then for via cluster. DSAL redundant via

insertion problem is then addressed in Section III. Experimen-

tal results are presented in Section IV, followed by summary

of paper in Section V.
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Fig. 3. DSA defects: (a) open failure, (b) short failure, and (c) unexpected
pattern.

Mask image Litho images DSA images

Lithography
simulations

DSA
simulations

Fig. 4. Mask image of GP, expected shapes of GP after optical lithography
(called litho images) under lithography variations, and expected shapes of vias
after DSA process (called DSA images).

II. DSA DEFECT PROBABILITY

A key component in DSAL redundant via insertion is

to define a list of via clusters that are manufacturable and

so are allowed. For this purpose, we introduce DSA defect

probability (or defect probability for short), which is the

probability that a particular via causes a DSA defect after

DSAL process.

A. Definition

Three types of DSA defects are illustrated in Fig. 3. Target

via hardly forms due to too small via image on a wafer,

called open failure, in (a). Too large and close vias may cause

electrical short as shown in (b). Unexpected via forms during

DSA process as shown in (c).

The probability that a particular via (or a via pair) has DSA

defect is obtained through repeated lithography- and DSA-

simulations. As illustrated in Fig. 4, a mask image of GP is

submitted to lithography simulation, which yields expected GP

shape on a wafer, called litho image. To account for lithog-

raphy variations, the simulation is repeated while lithography

parameters such as scanner focus, exposure energy, and mask

size, are varied [10]–[12]; the results is a set of litho images.

Each litho image is then handed out to DSA simulator [13],

[14], which outputs an expected shape of via (or vias) after

DSA process, called DSA image. The region bounded by the

outermost- and innermost-contours of multiple DSA images is

called process variation band (PVB), which is also illustrated

in Fig. 5.

Open failure is identified by examining the area of inner

bound of PVB (see Ain in Fig. 5). The defect probability of

open failure is modeled by

Dopen =
MA −Ain

MA −mA
× 100%, (1)

doutAin

Ain

PVB

Fig. 5. PBVs, PVB distance between adjacent PBVs (dout), and area of
PVB inner bound (Ain).
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Fig. 6. (a) A 4-via cluster with DPopen and DPshort values of member
vias and (b) calculation of DPopen and DPshort of via cluster when it
contains a double via.

where MA is an area of inner bound of PVB beyond which

open failure never occurs (i.e. 0% defect probability), and mA

is an area of inner bound of PVB below which open failure

occurs in 100%. The values of MA and mA are typically

available from foundry fab [11], [12], [15], [16].

Defect probability of short failure is modeled by a distance

between outer bounds of adjacent PVBs (see dout in Fig. 5)

and is given by

Dshort =
Md − dout
Md −md

× 100%, (2)

where Md and md are defined similarly to MA and mA,

respectively.

Defect probability of unexpected pattern shown in Fig. 3(c)

is binary. If unexpected pattern is observed in DSA images,

the probability is 100%; otherwise, the probability is 0%.

B. Defect Probability of Via Cluster

Double via is still functional even if open failure occurs to

one of its member vias, but not to both, or even if short failure

occurs between the two member vias. Consider Figure 6(b),

in which V1 and V2 comprise a double via. DPshort between

them is 4.6%, but because they are members of a double via,
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Fig. 7. Defect probability of a variety of cluster structures.

DPshort is ignored. Open failure of double via is when both

V1 and V2 are associated with open, so DPopen of double via

is 0%, smaller value of DPopen of V1 and V2.

Once defect probabilities of double vias are identified,

defect probability of a via cluster can easily be computed.

DPshort of a via cluster is the maximum DPshort of all its

member vias and double vias (4.4% in Figure 6(b)); DPopen is

calculated similarly (2.3%). Defect probability of a via cluster

is then the maximum of its DPshort and DPopen (4.4%). Note

that defect probability of a via cluster is determined as above

if defect probability of unexpected pattern is 0%; on the other

hands, it is determined as 100% regardless of DPshort and

DPopen of member vias, if defect probability of unexpected

pattern is 0%.

C. Experiments

We demonstrate the defect probability using 10-nm syn-

thetic via layouts of a few circuits from OpenCores [17]

and ITC’99 [18]. Logic synthesis, placement, and routing are

performed with 15-nm NanGate library [19]; Via1 layouts are

appropriately shrunk so that they can follow the gridded design

rule (GDR) of 10-nm technology [20], in which via size is

25nm by 25nm with minimum via pitch of 50nm. Redundant

vias are inserted with basic insertion method [2] that does not

account for DSAL. Any vias that are one grid apart (either in

orthogonal- or diagonal-direction) are clustered.

Defect probability calculation for each individual via cluster

is impractical due to large number of clusters and lengthy

simulations. Fortunately, DSA process is localized within

GP region, so defect probability is same for the same GP

image shape; in addition, GDR limits via positions which

in turn limits the number of cluster structures. This allows

us to compile a list of cluster structures and calculate defect

probability of each cluster beforehand.
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Net 1

Net 3 Net 4

Net 2
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V5

V1

1n
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3w
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2n

2e

4e 5s4w

3e

1e

2w

5w 5eV3

V2

4s

2s

4n

Candidate position of redundant viaOriginal via

Metal

Fig. 8. Original vias (V1, · · · , V5) and candidate positions of redundant
vias.

We identify 48 different cluster structures and calculate their

defect probabilities, which are shown in Fig. 7. As cluster size

increases (i.e. as cluster includes more vias), defect probability

also increases, e.g. cluster (a) vs cluster (b). Note that cluster

(c) does not have any valid GP image that can yield the desired

via pattern, so it is strictly prevented.

III. REDUNDANT VIA INSERTION

The goal of redundant via insertion in DSAL is to insert

maximum number of redundant vias while all via clusters

are manufacturable or their defect probability is all zero. We

construct a conflict graph, in which a vertex corresponds to a

candidate position of redundant via and an edge represents a

conflict between two candidate positions. The problem is then

formulated as maximum independent set (MIS) of the conflict

graph.

A. Graph Modeling

Consider Fig. 8, in which five vias (V1, V2, · · · , V5) are

shown. For each original via, at most one redundant via can

be inserted at one of north, east, west, and south side with

minimum pitch distance from original via. But, there are some

prohibited positions of redundant vias, which are removed

from candidate positions, as follows:

• A redundant via cannot be inserted to the position oc-

cupied by an original via. For instance, V1 cannot have

candidate position on its south side due to V3, and vice

versa.

• A redundant via should not be placed on a different net

due to electrical short. For example, if 2s, which are

originated from V2, is inserted, Net 2 and Net 3 are

shorted, so s2 is not selected as a candidate position;

similarly, redundant via cannot be inserted to 1w, 3w,

4n, 5n, 5e, and 5s.
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Fig. 9. Procedure of conflict graph modeling for layout in Fig. 8.

• Unmanufacturable via cluster should not occur when a

redundant via is inserted. For instance, redundant via

cannot be inserted to 1e because it results in an unmanu-

facturable cluster, which is composed of V1, V2, V3, and

the redundant via at 1e, is generated; similarly, redundant

via cannot be inserted to 2w, 3e, and 4w.

In this example, seven candidate positions of redundant vias

are resulted in as shown in Fig. 8.

We then insert some edges to represent a few basic conflicts

of design rule violations. Two vertices have an edge if they are

originated from the same original via. For example, 2n and

2e are originated from V2, so they have an edge in-between

as shown in Fig. 9(a); similarly, 4s and 4e also have an edge.

Two vertices also have an edge if their positions are physically

overlap in a layout.

In addition to this, an edge is inserted between two vertices

if an unmanufacturable cluster occurs when two corresponding

redundant vias are inserted together. For example, vertices

1n and 3s have an edge as shown in Fig. 9(b), because

concurrent insertion of redundant vias to 1n and 3s results

in an unmanufacturable cluster composed of 1n, V1, V2, and

3s.

There may be a set of three redundant vias that occur

unmanufacturable cluster when they are inserted at the same

time, but inserting any two of them does not cause unmanu-

facturable cluster. For example, if redundant vias are inserted

to 2e, 4e, and 5w, the unmanufacturable cluster composed of

V2, 2e, 5w, 4e, and V4 occurs; but inserting any two of them

does not cause an unmanufacturable cluster1.

1The cluster composed of V4, 4e, 5w, and V 5 (or V2, 2e, 5w, and V 5)
is in fact manufacturable because V4 and 4e (and 5w and V 5) comprise a
double via so their defect probability of short failure is zero and the final
defect probability of the cluster is zero.

V1

V2

V3

V4V5

(a) (b)

{V1}

{V2}

{V3}

{V4}

{V5}

{V1,V3}

{V1,V5}

{V2,V4}

{V3,V1}

{V3,V5}

{V4,V2}

{V4,V5}

{V5,V1}

{V5,V3}

{V5,V4}

{V1,V3,V5}

{V1,V5,V3}

{V3,V1,V5}

{V3,V5,V1}

{V5,V1,V3}

{V5,V3,V1}

S1 S2 S3

Fig. 10. (a) An example of conflict graph and (b) list of independent sets:
S1, S2, and S3 corresponds to the superset of the independent sets with size
1, 2, and 3 respectively.

Imagine that 2e, 4e, and 5w in Fig. 8 are all occupied by

redundant vias, which cause unmanufacturable cluster that is

composed of V2, 2e, 5w, 4e, and V4. But, if redundant vias

are inserted to only two of them, unmanufacturable cluster

does not occur2. In this case, we modify our conflict graph

partly near the three vertices. We randomly pick two out of

the three vertices, duplicate them as new vertices, and add

relevant edge such that 2n is connected to 2e′ as well as 2e
as shown in Fig. 9(c)). Additional edges are then inserted in

cyclic fashion as shown in Fig. 9(d); note that the duplicate

vertices (e.g. 2e and 2e′ should be connected. At most two

of the three vertices can be selected if we solve MIS on this

modified graph. Note that we do not consider a set of four or

more vertices, since any via cluster containing five or more

vias is not manufacturable as we presented in Section II-C.

B. Algorithm

Our problem is now to find a maximum independent set

(MIS) of an input conflict graph. Independent set is a set of

vertices that have no edge between them, which implies that

there is no conflict in the vertex set, and MIS thus corresponds

to candidate positions of maximum number of redundant vias

without any conflict.

For a given conflict graph, there may be various independent

sets whose sizes are same. Let sk(i) be the i-th independent set

whose size is k, and Sk be a superset of the independent sets of

size k. We start from S1, whose elements are each individual

vertex in the graph; for the graph shown in Fig. 10(a), for

2The cluster composed of V4, 4e, 5w, and V 5 is in fact manufacturable
because V4 and 4e (and 5w and V 5) comprise a double via so their defect
probability of short failure is zero and the final defect probability of the
cluster is zero; similarly, cluster composed of V2, 2e, 5w, and V 5 is also
manufacturable.
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Fig. 11. Percentage of redundant via after simple- and proposed-method are applied: (a) when clusters of non-zero defect probability are not allowed, (b)
when clusters with defect probability less than 5% are allowed, and (c) when clusters with defect probability less than 10% are allowed.

instance, S1 = {{v1}, {v2}, · · · , {v5}} and s1(1) = {v1}
as shown in Fig. 10(b). We then find S2, in a way that for

each s1(i), a set of vertices that do not connect with s1(i)
is found, which we name I1(i), and each element of I1(i) is

added to s1(i) to form an independent set whose size is 2. If

we look s1(1) = {v1}, v1 is not adjacent to v3 and v5, thus

I1(1) = {v3, v5}, so we can find two independent sets of size 2:

{v1, v3} and {v1, v5}. We repeat this to other elements in S1 to

find S2. Now, we find S3 from S2 in similar way. For example,

s2(1) = {v1, v3} as shown in Fig. 10(b). Since v5 is the only

vertex not adjacent to both v1 and v3, I2(1) = {v5}. From

this we can find an independent set of size 3: {v1, v3, v5}. We

repeat this to other elements in S2 to find S3. We repeat this

until there is no element in Sm+1, which means that every

element in Sm is maximum independent set. In our example,

since there is no element in S4, maximum independent sets

can be found in S3, e.g. {1, 3, 5}.

IV. EXPERIMENTS

The proposed redundant via insertion algorithm is tested

using a few circuits from OpenCores [17] and ITC99 [18];

they are listed in Table I with the number of cells in col-

umn 2 and the number of vias in column 3. Each circuit is

synthesized using 15-nm NanGate library while GDR (gridded

design rule) is assumed. Metal layers up to M4 are used and

placement density is set to 70%. Design rules are intentionally

modified so that the final layout after routing is free from via

clusters with non-zero defect probability. The layout is then

appropriately shrunk for 10-nm technology, which we assume

in this paper. Via size is set to 25nm by 25nm with minimum

pitch of 50nm.

We apply basic redundant via insertion method [2], i.e.

redundant via insertion without DSAL, and the percentage of

vias that receive redundant vias (percentage of redundant vias,

for short) is indicated in column 4; average is about 90%. The

percentage of via clusters with non-zero defect probability is

shown in the last column with average of 13.4%.

TABLE I

PERCENTAGE OF REDUNDANT VIAS AND PERCENTAGE OF VIA CLUSTERS

WITH DEFECTS AFTER BASIC REDUNDANT VIA INSERTION [2]

Circuits # Cells # Vias
Basic RV insertion

% RVs
% Clusters
with defects

spi 1427 11714 89.3 14.2
tv80 4510 33310 88.3 14.0

mem ctrl 4968 37541 88.9 13.0
b15 5044 36924 90.0 14.3

b14 1 5256 34687 90.3 13.3
s35932 5766 40877 93.4 11.9
s38584 6382 44683 91.5 13.1
s38417 6609 45838 93.2 12.6

ac97 7058 52720 91.6 12.7
usb func 7222 63264 83.3 13.1

b14 7421 49630 89.0 14.0
b20 1 10567 69865 90.8 13.3
b21 1 10917 71561 90.1 13.5

aes cipher 12302 92570 87.3 13.4
b17 15448 110787 89.9 14.0
b20 15608 104402 90.1 13.4
b21 15692 105602 89.4 13.6
b22 23301 155624 90.1 14.1
b18 33509 250170 89.1 13.7

Average 89.8 13.4

We then remove all the redundant vias in via clusters of

non-zero defect probability. This method is named Simple in

Fig. 11(a). Percentage of inserted redundant vias is now 75%

on average, about 15% reduction from 4th column of Table I.

Proposed method, also shown in Fig. 11(a), yields on average

of 88% of redundant vias, which is very close to the number

from basic insertion in Table I, even though there are now no

via clusters of non-zero defect probability.
Let us assume that via clusters with defect probability

smaller than 5% or 10% are allowed3. Via clusters with

these assumptions are illustrated in Fig. 12. Proposed method

is assessed with these assumptions in Fig. 11(b) and (c).

3Remind that our defect probability calculation is conservative, so clusters
with very small defect probability may not actually cause any defects.
Quantitative decision of how small is safe will be up to manufacturing details.
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Fig. 13. Percentage of redundant vias with different placement density.

Percentage of redundant vias increases because more varieties

of via clusters are accepted.
We vary placement density (from 30% to 90%) and, for

each new layout, proposed redundant via insertion is applied.

Resulting percentage of redundant vias is shown in Fig. 13

for two test circuits. Without surprise, as placement density in-

creases, vias are more densely placed, which makes redundant

via insertion more difficult (in particular, to avoid via clusters

with non-zero defect probability) and there is a decline in the

percentage of inserted redundant vias.

V. CONCLUSION

We have addressed DSAL redundant via insertion. The goal

is to insert maximum number of redundant vias while adjacent

vias and redundant vias do not form a large and complex

cluster, which is hard to manufacture. We have introduced

DSA defect probability in order to define a list of clusters that

are allowed during insertion process.
In technology node of 7 nm or below, even DSAL is not

enough and it is expected that DSAL is used together with

multiple patterning (MP). Redundant via insertion in MP-

DASL is another problem worth of pursue.
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