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Abstract: We present a detailed routing algorithm considering the optical proximity effect. The light intensity is

calculated beforehand and stored in look-up tables. These costs are used as a constraint to guide the sequential rou-

ting. The routing algorithm is based on constructed force directed Steiner tree routing to enhance routing efficien-

cy. Experimental results on industrial benchmark circuits show that the presented routing algorithm can obtain

much improvement considering optical effects short runtime.
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1 Introduction

In the era of deep submicron manufacturing,
the critical dimension of integrated circuits (IC)
has become smaller than the lithographic wave-
length. The unavoidable optical proximity effect
(OPE) has become one of the major factors for
bad performance and low yield rate of 1Cs"*'. The
deformations in OPE include corner rounding,
wide variation of line width,and the pulling back
at the end of narrow lines. Although new litho-
graphic technologies using shorter wavelengths
have been reported, these techniques are still too
costly and unstable to be widely used in industrial
manufacture. Therefore, to reduce the distortions
on  wafers, optical proximity correction
(OPC)"*"* and phase shift masking (PSM)
techniques have been widely adopted in the indus-
try. The OPC technique changes the original lay-
out image by adding or subtracting fine serifs,
whereas the PSM technique changes the thickness
of masks in certain areas to control the phase of
light through the masks.

Although
proved with significant enhancements in sub-
wavelength lithography, they still have some dis-
advantages. Rule-based OPC with a database of
enhancement rules may not achieve high correc-
tion precision because of the limited data and the

these technologies have been
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approximation of data values-* . Model-based OPC
using optical models needs many iterations of sim-
ulation of the optical lithography, which is quite
time-consuming*’. PSM increases the cost of
mask-making. Moreover, the original layout image
actually determines the feasibility of the correc-
tion that can be done in these post-layout proces-
ses. The OPC and PSM techniques can work nei-
ther effectively nor efficiently on an unfriendly
routed layout that contains too many critical paths
or areas. The added OPC features may sometimes
further reduce the space between original ones,
making the optical conditions even worse. There-
fore,many researchers have been working to pro-
duce routing algorithms that are friendly to the
post-layout OPC or PSM techniques. Reference
[6] proposed an OPC-friendly maze routing algo-
rithm that is formulated as a multi-constrained
shortest path problem and is solved by the La-
grangian relaxation technique. Reference [ 7]
presented a maze routing algorithm with the OPE
cost calculated for each maze routing grid,and the
local OPE constraint is checked in the process of
maze routing. Reference [ 8] described gridless
routing with the consideration of OPE. These al-
gorithms have been proved to have good enhance-
ments in lithographic quality but are not very suit-
able for large-scale industry production because of
their time complexity.

In this paper we propose a detailed router a-
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ware of OPE where the OPC cost is adopted as a
constraint to guide the sequential routing process.
The detailed routing algorithm is based on the
constructed force directed (CFD) Steiner tree
routing method™ . The growth direction of the
Steiner tree is determined by both the CFD Stei-
ner tree algorithm and the constraint value of the
OPC cost.

2  OPC technology and problems

OPC technologies compensate the deforma-
tions of lithography results by changing the shapes
of the original layout features on the mask. Figure
1 is a schematic of a simple example of OPC tech-
nologies.

Conventional Image without OPC
m m
m m

OPC layout Image with OPC

Original layout

Fig.1 Example of optical proximity correction

Currently there are two major OPC method-
ologies: rule-based and model-based. Rule-based
OPC™ builds the database of enhancement rules
by extracting the geometrical characteristics of
the original layout. Then OPC features are added
onto the mask according to these pre-set rules to
reduce the OPE. However,because of the geomet-
rical measurement-based rules and the limited da-
tabase, a rule-based OPC system cannot handle
rules which are too complicated. This means that
it is difficult for the rule-based methodology to
achieve high correction precision™®' .

Model-based OPC'*' simulates the optical sys-
tem by iteratively applying a pre-defined optical
model. Small OPC features called serifs are insert-
ed or subtracted if the light intensity at the check
points does not satisfy certain requirements. Al-
though this methodology features better flexibility
and higher precision, it requires many simulation
iterations and is quite time-consuming.

Although OPC is a widely used resolution en-
hancement technique ( RET ), the calculation

process is quite time-consuming. The efficiency of
OPC also relies heavily on the quality of the origi-
nal layout. From many available routing patterns,
an unfriendly routing methodology may choose
the one with the highest OPC cost and process
runtime. It may even produce an OPE that cannot
be corrected by post-layout OPC. Therefore, man-
ufacturability should be considered in the routing
process to enhance the production efficiency and
yield.

In lithography,light diffracted from a routed
net affects that from other nets. The extra light
may affect other surrounding nets constructively
or destructively. However, this effect decays rap-
idly when the distance exceeds several wave-
lengths. The sum of interference light intensity on
a net is defined as the OPC cost of the net. The
task of an OPC-friendly routing system is to con-
strain the OPC cost for the post-layout OPC
process. Because the optical interference of the
routed nets only affects other nets on the same
layer, the routing system only needs to consider
OPE between parallel paths if the horizontal and
vertical paths are strictly separated to different
layers.

3  OPC cost calculation and CFD Stei-
ner tree based routing algorithm

3.1 Optical system model

The characteristics of the illumination light
are the major factors which control the light
transmission model. Typically, there are three
types of illumination: coherent, incoherent, and
partially coherent. Because the waves of coherent
illumination are correlative in phase,their intensi-
ty of output light needs to be calculated by adding
wave vectors linearly. The output light intensity of
incoherent illumination is the scalar sum of the in-
tensity from each light point,since the phases of
waves are disordered. A partially coherent system
can be approximated as the weighted sum of many
coherent systems.

From Ref.[6],we can calculate the light in-
tensity using the following three illumination
models™® .

+ Coherent illumination:

ICr) =| f(rHh(r |* (D
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* Incoherent illumination:

I(r) = f(r?* | h(r) |? (2
« Partially coherent illumination:
Iy = D08 | fFGohi () |2 (3
=1

» The function f(r) is binary:
1, transparent

Jer = {o, blocked
We can assume that the illumination light-

€Y

wave is a plane wave. Because the phase and vi-
bration of a light-wave is the same in the same
plane, the points within the layout mask can be
classified into two types:transparent and blocked.
Therefore, function f(r) is defined as a binary
function to show whether a certain point on the
mask allows the light to go through,where r is the
two-dimensional vector that represents the posi-
tion on the plane.

The function i (r) is the sine-like amplitude-
impulse-response function of the optical lithogra-
phy system,and B; represents the degree of inter-
ference between each coherent illumination sys-
tem. With a given optical lithography system,
h(r) and B; can be calculated by the Hopkins

[10]

functions''”'. I'(r) is the light intensity of the out-

put image.
3.2 OPC cost calculation

The optical interference is mainly limited to
an area of a few wavelengths. This means that the
optical interference from a certain edge only
needs to be calculated within its effective area,
and the size of this effective area is determined by
the amplitude-impulse-response function of the
optical system. To calculate the interference on a
certain edge from other routed patterns on the
routing grid graph,only patterns within the effec-
tive region centered at the edge are necessary.
Note that the coordinates represent the center of
each routing edge. All patterns within the effec-
tive region are marked with coordinates of the
left-most edge and the lengths of the patterns. The
optical interference on the routing edge is the
summation of the interference from all effective
patterns. As long as the relative positions stay the
same,all of the optical effects are equivalent.

Notice that the optical effects between two
certain edges are decided by their relative posi-
tions under the same optical system. Therefore,

the optical interference from all possible effective
patterns can be calculated beforehand and stored
in two-dimensional look-up tables. If the horizon-
tal and vertical paths are strictly separated into
different layers, the effective patterns will only
include parallel straight paths. Each look-up table
contains the value of the output light intensity
with the corresponding pattern in the center of
the effective area,as shown in Fig. 2. The light in-
tensity used in our program is calculated by
SPLAT!"" . If the optical system is symmetric a-
long a certain axis,the size of these look-up tables
can be halved.

All lengths

Fig.2 Look-up table that stores the output light in-
tensity within effective area for all lengths of patterns

For an edge e, there are two types of OPC
cost. One is the optical interference from e to oth-
er paths within its effective area. Because edge e
is not routed yet, the cost from e to a certain ef-
fective path is calculated as the maximum inter-
ference energy as'®

max(T ., (e,g)) (5)

8€P;
where p; is the effective pattern, g is the grid
point on path p;.and T,., (e, g) is the output
light intensity obtained from the look-up table
(shown in Fig.3) with edge e of length 1.

Path

Fig.3 Look-up table that contains light interference
from a certain pattern to e within its effective area

The other kind of OPC cost is the optical in-
terference from all other effective paths within
the effective area of edge e to e itself. This ener-
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gy can be calculated as the sum of the values of
light interference from other effective paths,
which can be looked up from tables (shown in
Fig.4) with each effective path at the center.

ZTI(pI)(pi’e) (6)

Effective pattern,

Fig.4 Look-up table that contains light interference
from e to a certain path within the effective area of e

3.3 CFD Steiner tree routing algorithm

In order to route multi-pin nets efficiently,
we choose the CFD Steiner tree algorithm from
many mature detailed routing methodologies as
the base of our detailed router. Though Reference
[12] has proved that all Steiner points can be
found on Hanan grids, whose storage space is
much less than track grids. the runtime cost for
redrawing grids when new obstacles are added still
cannot be ignored. Therefore,here we adopted the
CFD Steiner tree routing proposed in Ref. [9]
with track girds.

Given a track grid,we first mark the obstacle
information on it. The growth vertex of a Steiner
tree has four directions (up,down,left,and right)
to extend on the track grids. Any direction that is
blocked by obstacles is marked as “blocked”, and
the growth vertices of the Steiner tree are forbid-
den to grow in this direction. Grid points on the
nearest track grid beside obstacles are blocked in
the direction of the obstacle, and grid points in-
side an obstacle are blocked in all directions. Thus
the marking problem becomes a problem of jud-
ging whether a grid point is inside the boundary of
an obstacle or not. Here we adopt the scanning
beam method used in graphics to solve the prob-
lem.

After the grid marking is done, the routing
process begins. We route all nets in decreasing or-
der by the largest y coordinate value of all their
pins. In case of a tie,since longer nets tend to be
harder to route later, we route the longest nets
first.

The Steiner tree growth problem has been
proved to be NP-hard,so here we define a weight
middle position'®' (WMP) as the heuristic parame-
ter to guide the process of Steiner tree growth. As-
sume there is a set of active nodes for a Steiner
} »for the current growth
vertex of the Steiner tree v; = (x;,y;).Its WMP

trecas V={,vi, vy, vy,

(x.»y) is calculated as follows:

dy = (x; = x)D% + (y; = yp)? (D

D, =1/d, (8)

Xxa = > (x;Dyp/ D) Dy (9)
j#iv eV jFiv eV

vi = > (yDp/ D) Dy (10)

jEiv eV jEiviev
Here the weight D is defined to make the WMP
stay close to v;.Note that the WMP may not need
to be a point on the track grid. WMP just indicates
the next proper growth direction.
For the current growth vertex v;,the weight
of its four possible growth directions is counted as
Wawwe (d) = a L(v; s WMP) 11D
where L (v, , WMP) is the shortest length between
v; and its WMP on the track grid. Under the two
dimensional reference frames of the track grids,it
is the sum of their differences in x and y coordi-
nates. d is the direction that needs to be calculat-
ed. Parameter o is defined as the punishing coeffi-
cient for these four directions, and its value is
shown in Fig.5.

Fig.5 Different values of «

When choosing the growth direction for the
current growth vertex v, ,we select the unblocked
direction with the smallest weight Wy . In case
of a tie,the same direction as the growth direction
chosen for v; last time is preferred;otherwise we
randomly choose one.

3.4 Detailed routing with OPC cost constraint

To constrain the optical interference, the
OPC cost for each growth direction of the current
growth vertex v; is calculated. Let an edge with
the unit length in the current growth direction be
e and let p; be one of the N paths within the ef-
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fective area of e. Then the OPC cost from e to all
other N effective paths can be calculated using
Eq. (12),and the OPC cost from all other N ef-
fective paths to e can be computed by Eq. (13).

Fl = mraX(T,m(e,g)), i=1,-,N (12

gEP;
F.= > T, ,(pise)s i=1,-,N (13

If one of these OPC costs F, or F, for a cer-
tain direction of the current growth vertex ex-
ceeds the constraint value C,then this direction is
marked as blocked. The constraint value C is de-
termined according to the parameters for the opti-
cal system,and C can be adjusted by the process
technology from the industry.

To make the choice of next growth direction,
we do not choose the unblocked direction with the
smallest OPC cost, since a net grown in this way
may take up necessary routing resources for nets
to be routed later and may also cause further con-
gestion. Note that as long as the OPC cost stays
under the constraint value C, the routing result
will be friendly for post-layout OPC processes. We
can control the degree of OPC consideration by
simply changing the constraint level C.

Therefore,after Wy and the OPC cost are
calculated, we select the unblocked direction with
the smallest Wy weight for the current growth
vertex v;.In case of a tie, the direction with the
least OPC cost from other effective paths to the
current growth vertex is preferred; otherwise one
is randomly chosen.

4 Experimental results

The detailed router based on Steiner tree rou-
ting is implemented in C++. Experiments were
done on a 1. 6GHz IBM PC with 512MB memory.
The parameters for the optical system are: A =
193nm and NA =0. 5. A partially coherent optical
model with parameter 0. 7 is used to simulate the
effective patterns and build look-up tables. The
line width and space are both 140nm, which is
used in the industrial 90nm process. The size of
the routing grids is set at 140nm.

We have implemented the router with the as-
sumption that horizontal and vertical edges are
strictly separated in different layers. Figures 6 and
7 are simple examples of routing results by our
router with and without OPC consideration. From
the output light intensity, we can see that the rou-

ting quality is better for the router with OPC con-
sideration.

. 80
0.3 60
0.2
0.1

0

0

10090 8070 60 50 40 30 20 10 ¢
@) ()

Fig.6 Routing result of example A by router with-
out OPC consideration (a) Grid result; (b) Output

light intensity

0
10090 80 70 60 50 40 30 20 10 "
©

Fig.7 Routing result of example A by router with
(a) Grid result; (b) Output light
intensity for vertical path; (¢) Output light intensity

OPC consideration

for horizontal path



194 R

EE 't

% 28 &

The benchmarks we used are industrial
blocks. Table 1 describes their characteristics. BIU
_I,BIU 1II,GDC 1I,and GDC _II are small-
scale benchmarks with 2 routing layers, and full-
chip routing is performed on the circuits. IBM02
and IBMO09 are large-scale ones with 4 routing lay-
ers,and global routing results are fed to the de-
tailed router.

Table 1 Characteristics of example circuits

The routing results by detailed routers with
or without OPC constraint are shown in Table 2.
Though the detailed router with OPC constraint is
much slower than the one without it on small-
scale benchmarks.the runtime of these two kinds
of routers on large-scale benchmarks is nearly the
same. The runtime and the routing completion
rate of the detailed router with OPC constraint on
all these benchmarks are still acceptable.

— Cirouits characteristios The number of the OPE violation segments is
Cireuits Size/pm Netss Layer pairs(H-V) the parameter that indicates the total number of
GDC 1 800 X 750 272 1 segments in which the detailed router would cause
BIU _1 250X 800 840 1 OPE under our optical model. This parameter is
GDC _1II 300 %2100 1193 1 used to estimate the final OPE violation cases of
BIU—‘H 800 800 1112 ! routing results of the detailed router with and
f\]\ﬁg; éiiizif;ii; ;iizzi i without OPC consideration. If one of these OPC

costs F, or F;(see also Egs. (12) and (13)) for a
Table 2 Characteristics of routing results
With OPC Without OPC
Circuits Run-time Complete rate Number of OPE Run-time Complete rate Number of OPE
/s /% violation segments /s /% violation segments

GDC 1 2.4 100 0 0.70 100 85

BIU 1 37 82 0 1.54 100 4951
GDC _1I 204 81 0 2.43 100 9277
BIU I 119 83 0 2.37 100 8883

IBMO02 2382 93.7 0 2337 93.7 55324

IBMO09 3591 96.5 0 3528 96.5 55471

certain direction of the current growth vertex ex-
ceeds the constraint value C,then this segment is
an OPE violation segment. The constraint value C
is determined by the parameters of the optical sys-
tem.

For small-scale benchmarks, we can see that
the violation times of benchmarks BIU I,BIU _
II,and GDC 1II are greater than GDC 1. This is
because GDC I has more routing resources,
therefore the original nets are defined to be rela-
tively more dispersed. Since the primary principle
for avoiding OPE is to increase the space between
close paths and let the routed paths be placed in as
dispersed a configuration as possible, GDC 1
with more routing resources will result in shorter
runtime and fewer OPC cost violation times.

For large-scale benchmarks, we can see that
the routing completion rate is almost the same for
the detailed router with or without the OPC con-
straint. Because the input of detailed routers is the
result of global routing,the nets and resources are

assigned more properly and suitably for detailed
routing. Under this circumstance, we can see that
the OPC constraint would not affect the routing
completion rate of the detailed routing very
much. From the parameter “number of OPE viola-
tion segments”, we can see that using the OPC
constraint can improve the OPE condition in the
final routing result.

Therefore,we claim that our detailed routing
algorithm with OPC constraint proves to be effi-
cient and effective on both small-scale and large-
scale industrial benchmarks.

5 Conclusion and future work

In this paper, we have presented an OPC-
friendly detailed routing algorithm based on the
CFD Steiner tree routing method. Two types of
OPC costs are defined. One is the optical interfer-
ence from the target edge to all the other paths
within its effective area. The other is the optical
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interference from all the other effective paths to
the target edge. During sequential routing, the
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