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Abstract

Antenna problem is a phenomenon of plasma induced gate
oxide degradation. It directly affects manufacturability of VLSI
circuits, especially in deep-submicron technology using high den-
sity plasma. Diode insertion is a very effective way to solve this
problem. Ideally diodes are inserted directly under the wires that
violate antenna rules. But in today’s high-density VLSI layouts,
there is simply not enough room for “under-the-wire” diode in-
sertion for all wires. Thus it is necessary to insert many diodes
at legal “off-wire” locations and extend the antenna-rule violat-
ing wires to connect to their respective diodes. Previously only
simple heuristic algorithms were available for this diode insertion
and routing problem. In this paper, we show that the diode inser-
tion and routing problem for an arbitrary given number of routing
layers can be optimally solved in polynomial time. Our algorithm
guarantees to find a feasible diode insertion and routing solution
whenever one exists. Moreover, we can guarantee to find a feasi-
ble solution to minimize a cost function of the formeo. - L + 3+ N
where L is the total length of extension wires and N is the total
number of vias on the extension wires. Experimental results show
that our algorithm is very efficient.

1 Introduction

Yield and reliability of VLSI circuit have always been an im-
portant item on the agenda of IC manufacturers. With the con-
tinuous and rapid increase in complexity of VLSI designs and
fabrication technologies, manufacturing yield and product relia-
bility is becoming one of the most important issues among the
other existing ones, such as small die size, high speed, low-power
and so on [1, 2]. Fine feature size of modern IC technologies
are typically achieved using plasma-based processes. As the tech-
nology enters the deep-submicron era, more stringent process re-
quirements make some advanced high density plasma (HDP) re-
actors adopted in the production lines to achieve fine-line patterns
[5]. However, these plasma-based processes have a tendency to
charge conducting components of a fabricated structure. The ex-
isting experimental evidence indicates that charging may affect
the quality of the thin oxide. This is called “antenna effect” (also
called “plasma induced gate oxide damage”) [2, 3]. During met-
allization, long floating interconnects act as temporary capacitors
and store charges gained from the energy provided by fabrication
steps such as chemical mechanical polishing (CMP). A random
discharge of the floating node due to subsequent process steps
could permanently damage transistors rendering the IC useless
[4, 6]. For example, the exposed polysilicon and metal structures
connected to a thin oxide transistor will collect charge from the
processing environment (e.g., reactive ion etch) and damage the
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transistor when the discharging current flows through the thin ox-
ide.

Although the mechanism of the gate oxide damage is not very
well understood, the precise experimental relationships between
the amount of damage and the antennas have been studied [4, 6, 7].
Since the plasma damage is caused by the electrical charging of
devices during plasma processes, the damage increases with an
increase in the area of the exposed conductor (antenna) during the
plasma process. In order to reduce or prevent damage to the gate
oxide from the plasma process, and thus to ensure reliability of
VLSIs, a circuit layout rule that considers the antenna effect (an-
tenna rule) is employed. The conventional antenna rule restricts a
maximum antenna size or antenna ratio allowed for circuit layout.
Recent studies show that the damage considering all plasma-based
manufacturing operations increases in proportion to both the area
and the perimeter of the antennas [9]. A more accurate model con-
sidering the cumulative oxide damage is discussed in [13]. These
models provide a good guideline for router or physical layer EDA
tools to help in reducing the antenna effect damage and getting
higher yield and reliability.

Maly et al. [2] proposed a method for detecting antenna condi-
tion and calculated both the area and the perimeter of antennas us-
ing a general purpose design rule checking (DRC) program. How-
ever, the method does not indicate any measure to feedback the an-
tenna information to a layout generation. On the other hand, Wang
et al. [3] proposed a channel router which considers the antenna
effect. They introduce a layer restriction to a conventional chan-
nel router and this limits the maximum length of the wires with
antenna problem. But this restriction increases the die size and net
length. It is hard to estimate antenna before the layer assignment
is completed, so they estimate the antenna to be all the wires from
gates to the highest layer wires. This inaccuracy of estimation
causes a severe layering restriction in that all the routings from
the gates must go through the higher layer pattern near the gates.
Shirota et al [8, 9] proposed a router which combines a traditional
router with a modification of wires for reducing the antenna effect
damage using a rip-up and reroute method. This method reduces
the damage with only a little penalty on die size and performance.
But this method will introduce vias when modifying the route, and
will impact signal integrity especially in high speed designs. Chen
et al [13] adopted diode insertion method to fix antenna problem.
In [13], only a simple heuristic algorithm was presented for this
diode insertion and routing problem. Ideally diodes are inserted
directly under the wires that violate antenna rules. But in today’s
high-density VLSI layouts, there is simply not enough room for
“under-the-wire” diode insertion for all wires. Thus it is necessary
to insert many diodes at legal “off-wire” locations and extend the
antenna-rule violating wires to connect to their respective diodes.
Previously only simple heuristic algorithms were available for this
diode insertion and routing problem. In this paper, we show that
the diode insertion and routing problem can be optimally solved



in polynomial time. Our algorithm guarantees to find a feasible
diode insertion and routing solution whenever one exists. More-
over, we can guarantee to find a feasible solution to minimize a
cost function of the form e - L + B - N where L is the total length
of extension wires and NV is the total number of vias on the exten-
sion wires. Experimental results show that our algorithm is very
efficient.

Section 2 will review the antenna effect and Section 3 will give
the problem formulation. An optimal diode insertion and routing
algorithm will be introduced in Section 4. Section 5 presents the
experiment results, and concludes the paper.

2 Antenna Effect

Charging occurs when conductor layers not covered by a shield-
ing layer of oxide are directly exposed to plasma. The amount of
such charging is proportional to this plasma-exposed area. If the
charged conductor layers are connected only to the gate oxide,
Fowler-Nordheim (F-N) tunneling current will discharge through
the thin oxide and will cause damage to it.

During the discharge, the larger gate area will have less dam-
age. Therefore, a basic antenna rule defines the area ratio between
the conductor area and the gate area. For example, a 200um long
by 1um wide polysilicon wire connected to two channel regions
of 2um by 0.6um and 1pm by 0.6um has an antenna ratio of
111. Therefore, the polysilicon rules require that the area of the
polysilicon over field oxide divided by the area of the transistor
gate (thin oxide area) must be less than Np, which is a limit that
depends on the process and on design targets.

On the other hand, if the amount of charging collected by con-
nected conductor layer patterns could be released through a low
impedance path, such as previously formed diffusion layer pattern
(e.g., source/drain), it will not introduce the gate oxide damage,
see Fig. 1. These conductor layers, connected only to the gate
oxide, are called antennas.
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Figure 1: Before metal 2 is constructed, the charging on the wire
segment (C, D) discharges through the gate area and causes the
antenna problem. The charging on the wire segments (A, B) will
discharge through diffusion area, so the device will not be dam-
aged.

A more accurate analysis of the cause of the charging collected
during the deep sub micron VLSI manufacturing operations [9]
shows that the perimeter length of conductor layer patterns must
also be included into calculation. There are three types of plasma-
based manufacturing processes:

1. Conductor layer pattern etching processes: The amount of
accumulated charge is proportional to the perimeter length
of conductor layer patterns. Etching processes divide con-
ductor layer plates into innumerable routing patterns. In the
late stage of the processes, the perimeters of the routings are
directly exposed to plasma.
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Figure 2: Two metal layers process: (a) An example of connection
from an output of device A to an input gate of device B. (b) Late
stage of poly layer pattern etching of (a). The collected charge
on the poly pattern is discharged through the gate and damages
the device B. (c) Late stage of metal 1 layer pattern etching of
(a). The charge on the right most metal wire pattern is discharged
through the gate and damages device B. The charge on the left
most metal wire pattern is discharged through the diffusion area
without damaging to device A. The charge in the disconnected
metal 1 pattern (i.e., the middle one) is still accumulated. (d) Late
stage of metal 2 layer pattern etching of (a). All the charge on
metal 2 pattern and the accumulated charge on metal 1 pattern is
discharged through diffusion area of device A without damage.

2. Ashing processes: The amount of accumulated charge is
proportional to the area of the conductor layer patterns. Ash-
ing processes remove remaining photo resist layer after etch-
ing processes of conductor layer. In the late stage of the
processes, the area of conductor layer patterns is directly
exposed to plasma.

3. Contact etching processes: The amount of accumulated charge
is proportional to the area of the total area of the contacts.
Contact etching processes dig holes between two conduc-
tor layers. In the late stage of the processes, the area of all
the contacts on the lower conductor layer pattern is directly
exposed to plasma.

As a result, considering all the plasma-based processes, the
risk of gate-oxide damage is proportional to the area and perime-
ter length of antenna routings and inversely proportional to the
area and perimeter length of the gate oxide. Fig. 2 shows how
the accumulated charging will be released as the higher conductor
layer are constructed. Fig. 3 shows the discharging current path
for a three metal layers process. The antenna consists of polysili-



con, contact, metal 1, metal 2, and vias. Extension wires can start
from metal 1 or metal 2 layer of the violating wire. But if the vi-
olating wire consists of only metal 1 layer pattern, the extension
wire can not go up to metal 2 layer, and go back to metal 1 later
to connect the diode. The discharging path through the diode will
be disconnected. Because when the antenna problem occurs, the
metal 2 layer patterns are still not constructed.
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Figure 3: Three metal layers process: (a) The discharging current
path at the late stage of metal 2 pattern etching. Highlighted wire
segments are antennas. The discharging current from antennas
will damage device B (b) At the late stage of metal 3 layer pattern
etching, The collected charge on the metal 3 pattern is discharged
through the diffusion without damaging to device A.

There are three kinds of solution to reduce antenna effect [13]:

1. Router options: Break signal wires and routes to upper lev-
els by jumper insertion. This reduces the charge amount for
each net during manufacturing.

2. Embedded protection diode: Add protection diodes on ev-
ery input port for every standard cell. Since these diodes are
embedded and fixed, they consume unnecessary area when
there is no violation at the connecting wire.

w

. Diode inserting after placement and route: Fixing only the
wire with the antenna violation which will not waste rout-
ing resources. During wafer manufacturing, all the inserted
diodes are floating (or ground). Since the input ports are
high impedance, the charge on the wire flows through the
insert floating/ground diode (composite) instead of flowing
into the input port. One diode can be used to protect all
input ports that are connected to the same output ports.

Fig. 4 contains three violating wires that need diode insertion.
If the violating wire lies above a space that can insert a diode, then
the diode is inserted right below that wire. Otherwise, extension
wires are necessary to connect the violating wires to a diode inser-
tion legal space, as shown in Fig. 5.

The difference between jumper insertion and protection diode
is the impact on the timing characteristics of the wire. Each jumper
needs at least two vias. These vias will introduce 102 to hundreds
Q as the process moved to 0.18um or deeper submicron tech-
nology. The via resistance is almost the same order as the wire
resistance, so the caused RC delay and the effect on the signal
integrity can not be ignored. On the other hand, the diode inser-
tion will introduce diode capacitance. The amount of the capaci-
tance is around 1 fF for 0.35um technology. As compared to the
wire capacitance for 0.35um technology, which is around 0.1pF
to several pF' depending on the length of the wire, the diode in-
sertion caused delay is negligible. Besides, the via itself is more
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Figure 4: Routing obstacle and diode insertion obstacles are scat-
tered over the routing space.
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Figure 5: The diode could be inserted under the violating wire.
The violating wires in the diode insertion obstacles need wire ex-
tension to reach the diodes.

sensitive to process variation than the diode. For example, the dis-
tortion in sub-wavelength optical system will make the hole in the
via smaller or even close and results into increasing the via resis-
tance or disconnecting the wire. Therefore, it is better to adopt
diode insertion than jumper insertion. Furthermore, if there is no
space along the violating wire for adding the diode, it is necessary
to find a position along the wire to extend the wire to a diode.

3 Problem formulation

Our problem is formulated as finding the best position on the
violating wires and extend the wire to the diodes with the mini-
mum cost. Diode location assignment and routing the extension
wire are two closely related tasks. Diode assignment alone fol-
lowed by the wire connection can not achieve the optimal solution,
since the interconnection can not be accurately estimated without
carrying out actual routing step when doing the diode assignment.
Therefore, these two steps must be considered simultaneously.

For example, in Fig. 6, after placement and routing, there are
some antenna rule violating wires among routing or diode inser-
tion obstacles. If the diode is inserted by a greedy algorithm in (a,
b, ¢, d) order, then the extension wire for wire ¢ will block wire d
to get connected to a diode, as in Fig. 7. Besides, the total length
of the extension wire and the number of vias can not be guaranteed
to be the minimum. So, simultaneous diode insertion and routing
is not a trivial problem. One feasible solution is shown in Fig. 8.



However, there is a better solution with less vias and shorter total
length of extension wires as shown in Fig. 9.
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Figure 6: Four antenna rule violating wires.

Figure 7: The result of diode insertion by greedy algorithm in
(a, b, ¢, d) order. Wire d could be blocked because of previous
extension wires.

Figure 8: A feasible diode insertion and routing solution.

The diode connection with extension wire is modeled by a grid
graph G = (V, E). It contains antenna rule violating wires, diode
insertion locations, and routing/diode insertion obstacle informa-
tion. Each wire needs to be connected to a diode located in a
legal space. The grid nodes that are adjacent to each other are
connected by an edge representing the wire segments. Each grid
in the diode insertion region represents a diode insertion location.
The routing obstacles represents the existed wiring and the hard
blocks that does not allow over-block routing. The diode insertion
obstacles are the occupied diffusion area where diode insertion is
prohibited. The problem is stated as follows:

Figure 9: A better solution with less vias and shorter extension
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Figure 10: A diode insertion and routing problem in 2-metal pro-
cess. In this problem, there are two violating wires in metal 1.

Problem 1 DIR (Diode Insertion and Routing) Given a rout-
ing grid graph G(V, E), a set of violating wires W, a set of diode
insertion positions D, and a set of routing blocks B, find a set of
paths P connecting each wire in W to a diode position in D, such
that the cost is minimum. The cost function is defined as o - L
+ B+ N, where L is the total length of extension wires and N
is the total number of vias on the extension wires. Each path in
P can only be constructed from higher conductor layer to lower
conductor layer.

Each wire in W represents the violating wire that needs the
extension wire to reach the diode. Each grid on a wire represents
the possible position to extend the wire. D is the set of the diode
legal positions. Each element in D occupies one grid on G, and
can only be connected to one violating wire. Set B represents the
obstacles on the routing space that no wire can across them. We
restrict the extension wire being only constructed from a higher
conductor layer to a lower conductor layer to avoid disconneting
the discharging path when the extension wire go up to higher con-
ductor layers.

In the following section, we will develop an algorithm to solve
the DIR problem, and present that it is solvable in polynomial
time.

4 Algorithm (DIRM CF) for Diode Insertion and
Routing by Min-Cost Flow

To simplify the presentation, we first present diode insertion
in a two conductor layers problem. In this case, only the wires at
the lower conductor layer will have the antenna problem. Based
on the grid graph, we construct a network graph first, and then



apply a minimum cost network flow algorithm to get the solution.
Each path in the solution represents a connection between a vio-
lating wire and an inserted diode. The extension wire routing is
embedded along the path.

Given G(V, E), W, and D, the network graph Gr(Vr, Er),
edge capacity Ur, and edge cost C'r are constructed as follows:

1. Vr = {s, Sw;,t} UV, where s, t are the source node and
sink node respectively, and s, is the node added for each
wire w; € W.

2. Er = EU{(5,5w;)} U (5w;,Vuw,; ;) U {(ux,t)}, where
Vw; ; is the grid point on the violating wire w;, and uy is
the grid point that a diode can be inserted.

3. Edge capacity: Assign each edge (u,v) in EF as one. (i.e.,,
Ur(u,v) =1,Vu,v € Er.)

4. Edge cost: Cr(s,v) = 0,Cr(u,t) = 0 for other edge
e € E, Cr(e) is assigned as the weight of wire or via.

Fig. 11 is a simple example illustrating the constructed net-
work graph based on a diode insertion and routing problem shown
in Fig. 10. In this case, there are two violating wires, and five
legal diode insertion locations on the grid graph. Since the ex-
tension wire can not cross the routing obstacles, all the edges and
nodes inside the routing obstacles could be removed.

Once the solution of the min-cost network flow of G is ob-
tained, a flow f in the Gr assigns extension wires and diodes for
the violating wires on grid graph G. In general, f consists of a set
of disjoint paths in Gr from s to ¢, each corresponds to a path on
the grid graph G connecting a violating wire to a diode insertion
location. In Fig. 12, there are two paths in f on the resultant Gr.
Each path connects the violating wire to one diode insertion loca-
tion as shown in Fig. 13. The extension wire routing and diode
assignment are considered simultaneously and achieve the mini-
mum total length of the extension wires when the connections are
completed. We have the following theorem.

Figure 11: The network graph for Fig. 10.

Theorem 1 The min-cost flow f in Gr assigns extension wires
and diode insertions in G, and |f| < min(|W|,|D|). If |f| =
|W |, all the violating wires have been connected to inserted diodes
with minimum total length. If | f| < |W |, not all the violating wire
groups can be connected to the diodes.

The algorithm DIRM CF is summarized as follows:
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Figure 13: The extension wires and inserted diodes for the prob-
lem in Fig. 10. based on the min-cost flow solution in Fig. 12.

Algorithm DIRMCF(G,W, D, B)
1. Remove the nodes and edges in G corresponding to B.
. Construct the network graph Gr(Vr, Er).
. Assign the edge capacity and cost (i.e., Ur, and Cr).

. Apply min-cost flow algorithm on G .
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. Generate the layout of the extension wires, and allocate the
inserted diodes according to the flow from step 4.

There are several polynomial-time algorithm to find the min-
cost flow in a given network graph (the step 4)[14]. All the other
steps can be done in O(E). We conclude that the timing com-
plexity of DIRMCF is O(VElog(V?/E) log(V')). Since the
cost from s,,; to the boundary grids is always less then the cost
to the interior grids, the diodes are assigned only on the boundary
grids of the diode insertion region. Therefore, we can leave the
grids and edges on the boundary of diode insertion region of G,
and remove all other inside grids and edges.

Our algorithm can be easily extended to solve the problem
with an arbitrary given number of routing layers. We present the



extension to the 3-layer case and the extension to general multi-
layer case is obvious. For three conductor layers process, the an-
tennas consists of two lower conductor layers and vias. The ex-
tension wires can only start from higher conductor layer of the
antenna through vias to lower conductor layer and connect the
diodes. So when constructing the network graph from a two con-
ductor layers routing grid graph G, each via on node » in G will
introduce an edge in G from the node 4/ in G corresponding
to u at the higher conductor layer to the node u% in Gp corre-
sponding to w at the lower conductor layer on the grid graph. Fig.
14 is part of the network graph constructed from a grid graph with
two conductor layers (e.g., Matel 1 and Metal 2). The source node
s, the violating wire s,,;, and sink node ¢ are not shown in Fig. 14.
Notice that the direction of via edges can only be from the higher
layer to the lower layer. By assigning the cost 3 on these via edges
of the network graph, and the cost o on the conductor edges, the
total cost could be represented as & - L + 3 - N, where L and N
are the total length and the total number of vias of the paths.

@  Metal 1 nodes s Metal 1 edge
@  Metal 2 nodes () Metal 2 edge

Diode insertion

/ Via edge
region

[Z] Metal 1 routing @ Metal 2 routing

obstacle obstacle

Figure 14: Network for 3-metal process. Each via edge represents
a possible via on the grid graph. The direction of the via edge in
network graph can only be from a higher layer to a lower layer.

5 Experimental results and Conclusion

The DIRMCF is implemented in C++ programming lan-
guage, and tested on Sun Sparc Ultral0 (440MHZ, 256 MB DRAM).
Since DIRMCF is an exact algorithm to solve DIR problem,
we demonstrate the efficiency by different settings of the test cases.

The grid size of our test cases are ranging from 20x20 to 150x150.
Table 1 lists the results of DIRM CF'. The performance of DIRMCF

is very well. All violating wires in the test cases are connected to
diode insertion locations. In test case T'5, there are 120 violat-
ing wires, 8 routing obstacles and 8 diode insertion obstacles. The
diode insertion regions are all irregular shapes. Most test cases are
solved within 10 seconds. T'5 is solved within 40 seconds because
of large grid size and many violating wires.

In conclusion, a polynomial time optimal diode insertion and
routing algorithm is proposed to fix the antenna problem resulting
from deep sub-micron plasma based technology. Our algorithm
can construct the extension wires and diode insertion simultane-
ously and minimize the cost, which is a linear combination of via

name | wire | grid size | runtime(s)
T1 4 20x20 0.03

T2 5 25x20 0.06

T3 15 50x50 0.41

T4 60 100x100 | 6.62

T5 120 | 150x150 | 39.32

Table 1: Experimental results of DIRM C'F algorithm

cost and wire length cost. By adjusting the weights of the combi-
nation, we have different diode insertion schemes. Our algorithm
guarantees to obtain optimal solutions, and the simulation result
shows it is very efficient.
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