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ABSTRACT

As the technology migrates into the deep submicron manu-
facturing (DSM) era, the critical dimension of the circuits is
getting smaller than the lithographic wavelength. The un-
avoidable light diffraction phenomena in the sub-wavelength
technologies have become one of the major factors in the
yield rate. Optical proximity correction (OPC) is one of
the methods adopted to compensate for the light diffrac-
tion effect as a post layout process. However, the process
is time-consuming and the results are still limited by the
original layout quality. In this paper, we propose a maze
routing method that considers the optical effect in the rout-
ing algorithm. By utilizing the symmetrical property of the
optical system, the light diffraction is efficiently calculated
and stored in tables. The costs that guide the router to
minimize the optical interferences are obtained from these
look-up tables. The problem is first formulated as a con-
strained maze routing problem, then it is shown to be a
multiple constrained shortest path problem. Based on the
Lagrangian relaxation method, an effective algorithm is de-
signed to solve the problem.

Categories and Subject Descriptors: J.6: Computer-
Aided Engineering

General Terms: Algorithms.

Keywords: micro-lithography, VLSI, maze routing, optical
system, manufacturing, OPC.

1. INTRODUCTION

Microlithography has become one of the key techniques
for the deep submicron technology. The improvements of
IC device integration and fabrication have been facilitated
by improving the stepper technology. Nowadays, integrated
circuits (IC) are manufactured with features smaller than
the lithographic wavelength [10]. The lithography technol-
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ogy with shorter wavelengths is still too costly and unstable.
Any wavelength shorter than 185nm would be absorbed by
the oxygen in the atmosphere. Furthermore, the photo resis-
tance and development must react on a certain region of the
wavelength. Therefore, the 0.25um and 0.18um technologies
are still adopting the DUV scanner (wavelength=248nm).
The 90nm process adopts the 193nm wavelength optical
system, and major IC fabs have announced that the 65nm
process will adopt the 193nm wavelength optical system to
leverage the mass capital investment in the 90nm node.

The sub-wavelength lithography introduces a huge burden
in the manufacturing process because the diffraction of light
physically limits the critical dimension (CD), such as the
shortest length of the gate channel. The distortions in opti-
cal lithography include corner rounding, pulling back at the
end of the narrow line, and the wide variation of line width.
To compensate for the distortion or cancel out the interfer-
ence from the neighboring light diffractions, two techniques—
Optical Proximity Correction (OPC) [5][6][12] and Phase
Shift Masking (PSM) [2][3][9][7] have been demonstrated to
show significant improvements in sub-wavelength lithogra-
phy technology. OPC functions by adding or subtracting
some fine features as serifs or line segments; and PSM oper-
ates by changing the phase of the transmitted light through
certain regions on the mask. However, a rule-based OPC
system that decides the added OPC features based on geo-
metrical rules cannot handle rules that are too complicated;
a model-based OPC system that requires many iterations of
simulations takes a long time to choose the sizes and posi-
tions of the added features; and PSM increases the cost of
the masks by introducing the phase shift mask.

The major goal of OPC is to keep the geometry printed
on the substrate as close to the layout as possible. If the
layout contains critical paths or regions, OPC cannot effec-
tively improve the process window. Sometimes the situation
becomes worse because the added feature narrows down the
space between its neighbors. The original layout actually
dominates the process variation allowances such as the ex-
posure latitude (EL) and depth of focus (DOF), despite the
fact that the post processes like OPC and PSM help re-
ducing distortion. Generally, the quality of the aerial im-
age determines the process window. If the aerial image has
sharp edges on each polygon, then the layout would have a
wide process window [8]. Since the design rules are the only
guides for routing, and these simple spacing rules cannot
reflect the light diffraction, the resulting layout often loses
the yield rate or the compactness.

In modern technologies, such as the nodes beyond 130nm,



most of the metal layers need OPC to control the line width
and length variations [11]. An OPC-friendly routing max-
imizes the effects of the corrections and reduces the efforts
that these fine features require to be inserted. In this pa-
per, we propose a maze routing algorithm that is aware of
the optical effects. Since the maze routing is a sequential
routing algorithm, only one signal net is routed at a time.
The routed nets introduce some optical effects all over the
routing grids on the same layer. In addition, when routing a
new net, it also affects the previously routed nets. Based on
the Lagrangian relaxation technique, a robust and effective
algorithm that is able to be modified to accommodate more
complicated models can be derived.

Section II reviews OPC technologies and defines the OPC-
friendly routing problem. In section III, the OPC cost func-
tion derived from the models of optical systems and the
methodology of building the look-up tables are described. In
addition, an algorithm based on the Lagrangian relaxation
is proposed to solve the problem. Experimental results are
presented in section IV, and section V concludes the paper.

2. OPC TECHNOLOGIESAND PROBLEM
DEFINITION

There are two major OPC technologies for the su
length processes: rule-based and model-based. Rule-based
OPC extracts the geonietrical meastirenients from the orig-
inal layout. According to the pre-built OPC rules, OPC
features are inserted to compensate for the distortion from
the light diffraction. Model-based OPC simulates the opti-
cal system iteratively on many pre-determined points of the
original layout. If the light intensity and the constrast at
the checking point are below certain requirements, a small
OPC feature would be added or subtracted from the original
layout. Fig. 1 is an example of OPC.
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Figure 1: Optical proximity correction.

To simplify the problem description, we use a simple ex-
ample to illustrate the OPC-friendly routing. Fig. 2 contains
three nets on two conductor layers. All three nets are routed
with minimum lengths. Since the line width and pitch are
beyond the wavelength of the optical system, all of the grids
contain the light diffraction from the routed nets. The ex-
tra light constructively or destructively affects the routed
patterns with each other. These optical proximity effects
can be compensated and corrected by adding fine features
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around the original patterns, as shown in Fig. 3. This tech-
nique is called optical proximity correction (OPC). OPC
is not effective nor efficient for an OPC-unfriendly routing.
Fig. 4 is the routing for the same nets, but it has different
paths. Fig. 5 illustrates how the OPC features are added
into Fig. 4. Obviously, less amount of OPC iterations are
needed in Fig. 5, and the process window is broader for the
OPC-friendly routing.

Figure 2: Three nets with shortest lengths on two
conductor layers.

Figure 3: The optical proximity effects are com-
pensated by adding fine features. This technique is
called optical proximity correction (OPC). Depend-
ing on the patterns and space between them, the
features added by OPC can be quite complicated,
and they are considerable time-consuming. How-
ever, the effect is still limited by the quality of the
original layout.

Note that the optical proximity effect would not be shielded
by the neighboring routed patterns. However, it decays
sharply beyond the distance of several wavelengths. The
amount of the interference from other routing patterns is
the error that would be corrected by OPC. We define the
energy of the interference on a net as the OPC cost, which is
the sum of the interference light intensity along the path of
the net. If the cost is constrained, the routing result would
be friendly for the OPC procedure later. Since the optical
interference of the routing patterns only affects others on
the same layer, the maze routing that is aware of the optical
effects is formulated as the following problem.



Figure 4: The same three nets with different paths.

Figure 5: Fewer and less complicated OPC fea-
tures are needed in the layout. The routing is more
friendly to the OPC process, and the process win-
dow is wider.

Problem 1. OPC Constrained Maze Routing
(OPCCMR)

Given a grid routing graph with m — 1 nets routed on K
conductor layers, find the shortest route for net m, such that
R} <C{ foralli=1---m, and j=1---K. R} is the cost
of net i on layer j, and C’f is the constraint for net i on
layer 7.

Instead of minimizing the costs of all nets, the cost of each
net is constrained and the total cost is balanced among the
nets. This approach avoids an OPC critical net that narrows
down the process window.

OPCCMR is a multi-constrained shortest path (MCSP)
problem. In the next section, we propose an efficient method
to calculate the OPC cost. Based on the cost, a vector-
weighted graph is constructed, and a robust algorithm is
adopted to route the multi-constrained nets on this graph.

3. OPC COST CALCULATION AND OPC-
FRIENDLY MAZE ROUTING
ALGORITHM

3.1 Optical System Models

Fig. 6 is a simple optical system in the microlithography.
The numerical aperture (NA) is defined as NA = sina. It
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Figure 6: A simple optical system.

Wafer

represents the quality of the lenses in the optical system.
The smallest representable size in the optical system is pro-
portional to ﬁ.

Let f(r), where r is a two dimensional vector representing
any position on a plane, be the mask for a certain layer of a
layout. The f(r) has a binary output: zero means the light
is blocked, and one allows the light to go through the mask.
The intensity of the output image I(r) for an optical system
with the amplitude-impulse-response h(r) can be calculated
by the following three models:

coherent illumination:

1(r)

|[f(r)  h(r)|? (1)

incoherent illumination:

1(r)

F(r)? % |h(r)? (2)

partially illumination:

I(r) = Zﬂ £ (r) * ha(r)? ®3)

where (3; is the scale factor. Partially coherent systems can
be approximated as the sum of coherent systems as in Fig. 7.

he 1.7
ho — 1. P
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Figure 7: Partially coherent illumination model.

The ideal amplitude-impulse-response function h(r) is a
sinc-like function, as shown in Fig. 8. If the wavelength of
the optical system is A, with numerical aperture NA, the
width W of the main lobes of h(r) would be

A
= — 4
w NA (4)
The width of the side lobe would be 2.]’:,14. Since the ampli-

tude decays sharply beyond the first side lobe, we can think



of the closest edges of the two adjacent patterns as the first
order factor in the cost function. The rest of the edges on
the patterns are second order, third order, and so on. If
the edge falls beyond the first side lobe, its effects would be
ignored. The design rules basically capture the first order
factor from the geometry. However, since the CD is smaller
than the wavelength nowadays, the second order or the third
order edge would fall into the effective region and cannot be
ignored.

1000

-1000

-1000

Figure 8: h(r) of the coherent illumination system.
A =248nm, NA = 0.5.

3.2 OPC Cost Calculation

The optical interference is limited within a region of sev-
eral wavelengths. To calculate the interference on a certain
edge from other routed patterns on the routing grid graph,
only patterns within the effective region centered at the edge
are necessary, as shown in Fig. 9. Note that the coordi-
nates represent the center of each routing edge. All patterns
within the effective region are marked with coordinates of
the left-most edge and the lengths of the patterns. The opti-
cal interference on the routing edge is the summation of the
interference from all effective patterns. As long as the rela-
tive positions stay the same, all of the optical effects would
be equivalent. For example, to obtain the interference from
pattern b shown in Fig. 9, the pattern would be shifted and
mirrored, as shown in Fig. 10, Fig. 11, and Fig. 12. Thus, a
look-up table is built as shown in Fig. 13. Let T} be the table
for the length j. T} contains the results of two-dimensional
convolution, f;(r) * h(r). f;(r) is the binary mask func-
tion for a bar with the length of j routing grids centered
at the origin, and h(r) is the amplitude-impulse-response of
the optical system. For example, the light diffraction from
the pattern b to edge e as shown in Fig. 12 is T7(—1, —2).
Note that if the optical system does not have the symmetric
property in certain axis, the mirror operation would not be
allowed and the size of the table would be doubled.

The optical interferences from all effective patterns are
looked up from the table. The sum of the values represents
the total effect of the interferences. The energy of the total
effect is the weight of the edge representing the cost from all
effective patterns, written as:

(3 wle,pi))’

where p; represents the effective patterns, and w(e, p;) is the

optical interference obtained from the look-up table Tjcn gtk (p,)-

For example, w(e, pp) in Fig. 9 is obtained from T7(—1, —2)
as shown in Fig. 11. The other costs we need to obtain are
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Figure 9: Five patterns are within the effective win-
dow of the edge (0,0). Each effective pattern is
denoted by the left most edge coordinate and its
length. For example, pattern a starts at (—4,4) with
length 9.

Figure 10: Pattern b is shifted to the horizontal axis.

the interferences from the routing edge to the effective pat-
terns. This scenario is more complicated because the net to
be routed does not exist yet. We evaluate the cost of the
routing edge to a certain effective pattern as the maximum
energy of the interference represented by:

max(w(e, 9))*
9ED;

For example, the cost of the routing edge to b in Fig. 9 is
the maximum interference energy on the 7 edges of b from
the routing edge centered at the origin (the maximum of
T1(-2,2)* Ti(-1,2)%, -+, T1(4,2)%).

The vector-weighted graph can be constructed as follows:
The grid nodes and edges that are occupied by routed nets
or obstacles are removed from the grid graph. Assign the
weight vector (v§,vs, - -
1) are the cost interferences from edge e to net ¢ if net m
is routed on edge e, and v5, is the sum of the interferences
from all other nets on edge e. The entries of the vector are
formulated as:

Uf = max(w(e7g))27 i=1---
9gEP;

(m—1)

, U5, ) on edge e, where vy, i = 1--- (m—



Figure 11: Pattern b is shifted to be centered at the
origin.

Figure 12: The evaluated edge can be mirrored to
the upper part of the effective window if the optical
system is symmetric on the horizontal axis.

w(e, pi))*

3.3 OPC-Friendly Maze Routing Algorithm

Given the vector-weighted graph, the OPCCMR is a MCSP
problem on the graph. The Lagrangian relaxation method
solves the MCSP by relaxing the constraints into the objec-
tive function after giving relative weights on the constraints.
The Lagrangian relaxation method is usually presented as
two sub-problems: Lagrangian Sub-Problem (LSP) and La-
grangian Multiplier Problem (LMP). The goal of the LSP is
to find the shortest path for a given set of Lagrangian mul-
tiplier; and the LMP maximizes the lower bound of MCSP
by adjusting the Lagrangian multipliers. The LSP of the
OPCCMR is defined in the following problem.

Problem 2. The Lagrangian Sub-Problem of
OPCCMR

Given the vector-weighted graph of OPCCMR and a set of
non-negative constants u;;,i = 1---m,j =1---K, find a
path P in the graph such that Zle ZejeP(H'Z;il w; j0;7)—
> Zle u;,; Cs,j 18 minimized, where e; is the edge on
layer j and C; ; is the constraint for net ¢ on layer j.

Note that the second term, Y ", Zle u;,; Cij, in the

Figure 13: The optical interference is simulated for
all lengths of patterns centered at the origin. The
result is kept in a look-up table. Note that the rout-
ing grid size is different from the optical simulation
grid size. The mean value within the grid size is
recorded in the table.

above equation is a constant for fixed the Lagrangian mul-
tipliers. By assigning 1 + 37" us; v;’ as the weight on
edge e;, the LSP can be solved by using Dijkstra’s short-
est path algorithm [4]. Let L(u) be defined as the opti-
mal solution (i.e., the shortest path) to the LSP for a given
Ui 5,0 =1---m,j7=1---K. That is:

L(u) = m}in{z T+ g ( Y v = Ciy)}

ecP i=1 j=1 €j eP
The LMP of the OPCCMR is formulated as:
Problem 3. The Lagrangian Multiplier Problem

of OPCCMR
Mazimize L(u)

subjecttou >0

Since u;,; > 0, it is obvious that the solution to OPCCMR
is:
. . €J < L . .
m};n{z 1 Z v;? < Cij,Vi, 5}

ecP e;EP

mn(3° 1430 (3 0 - Cu):

2
ecP i=1 j=1 EjGP
> v < Ciy,Vi, 5}
ej;EP
m K
> i - %o ..
> min{d 14> D wig() o -Gy
ecP i=1 j=1 EjGP
= L(u) (5)

Note that the above relationship exists for every u. There-
fore, the optimal solution to the LMP is the lower bound of
the solution to OPCCMR:

m};n{z 1: Z Ufj < Cij, Vi, 5}

ecP e;EP

> max L(u) (6)



Ideally, if a path P meets all of the constraints (i.e., Zej cp

Ci,j,Vi, j) and Y .p1 = L(u), then P would be the op-
timal solution to OPCCMR and u would be the optimal
solution to the corresponding LMP.

Since the LMP is a convex programming problem, the
sub-gradient method is an effective approach to solve this
problem. The algorithm is described as:

Algorithm: Sub-gradient Method for the LMP of
OPCCMR Problem

Solve LSP by Dijkstra’s shortest path algorithm;

Check constraints; If satisfied, halt;

e

ejeriJ — Ci’j)}, Vi,j; t

Else u;,; = max{0, 6:(>_
t 4+ 1; goto step 2.

The above algorithm converges to the optimal solution if
0 —»0and 3!_, 0 — o0 ast— oo [l].

Since the number of iterations to get the optimal solution
is undefined, the maximum number of the iterations is set to
limit the execution time of each path routing. The feasible
solutions are kept during the iterations. If the sub-gradient
method did not generate the optimal solution, the shortest
path in the feasible solutions would be adopted.

4. EXPERIMENTAL RESULTS

The OPC-friendly maze routing based on the Lagrangian
relaxation is implemented in C++ on the Sun Ultra work-
station. We perform the experiments on an industrial netlist
that contains 350 nets. The parameters for the optical sys-
tem are: NA = 0.5 and A = 193nm. We use the simple co-
herent optical model to simulate the aerial image and build
the look-up tables. The size of the optical grids is 14nm.
The aerial images are sampled at the optical grids. Higher
precision of the simulation can be obtained by setting finer
grids, but the simulation time would be longer. The line
width and space are both 140nm, which are obtained from
the routing layers except the highest layer in the industrial
90nm process. The highest layer has a much wider space
and line width for the global routing and special nets. Both
the line width and space are more than one X. Therefore,
OPC is not required for the highest layer. However, OPC
is necessary for the rest of the routing layers to compensate
for the optical diffractions. The size of the routing grids is
set as 140nm.

We implement the router on two routing layers (i.e., H-V
layers). The netlists are first routed to find the minimum
lengths and obtain the costs. Afterwards, we set the con-
straints as 1%, 4%, 8%, 16%, 32%, 64%, and 85% of the
maximum cost obtained in the conventional maze routing.
The netlist is rerouted to meet the constraints by using the
OPC-friendly maze router. The paths that violate the con-
straints are removed from the netlist. The amount of the
routable nets in both routing results are shown in Fig. 14.

5. CONCLUSIONS

The optical proximity costs are the energy of the light
diffractions from other patterns. The costs of all nets are
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Figure 14: The routing results of the OPC-friendly
maze router and the conventional maze router.
Routable nets are the nets that meet the constraints.

constrained during the sequential routing. The routing prob-
lem is shown to be a multi-constrained shortest path prob-
lem, and an effective routing algorithm based on the La-
grangian relaxation is proposed. As far as the authors’
knowledge extends, this is the first routing algorithm that is
aware of the optical effects of the sub-wavelength technolo-
gies. The implementation demonstrates considerable im-
prgvement on the routing quality.
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