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Abstract The idea to relate the routing procedure to the process defects was first

¥oposed in [Pit89]. A channel router called DTR (Defect Tolerant

The impact of spot defects on the susceptibility for electrical failure Bouting) was implemented to minimize the critical areas between the

gnig:eanrlzgzﬁld\}v?]izshe?hznrg?lSfr;\ ?:lt); Sr'asbﬁi?egfe ;a:]r;tuigr:glfgﬁﬁ;%QC}%Qizontal routing segments. Later on, the authors [Bal91] tried to mini-
pres ; ! ; i Y o ize the critical areas between both the horizontal segments and the ver-
count in conjunction with the traditional routing objectives. The new

cost function, relating the process spot defects to the routing proceduFé’JlI segments by searching faid gapsin routing channels. In both

- : ers, there are still quite a few drawbacks that make the routing results
has been implemented. For the benchmark layouts obtained by bothfaa rom being effectively defect—tolerant. The main reasons are:

original routing tool and the new routing module, the failure probabili-
ties are analyzed. The results show that the failure probability of a la§- Only spot defects causing extra materials (bridges) are considered.
out is significantly decreased if the spot defect mechanism is taken intdConsequently, when the probability of the bridge faults decreases by
account in the routing procedure, while the area of the layout is kept minimizing the critical area for the bridges, the probability of the

constant. open faults, caused by missing materials, probably increases.
) 2 Only the single layer defect model is used for modeling the spot de-
1 Introduction fects. The fact that in addition missing material or extra material be-

tween mask layers will give rise to more bridges or opensis nottaken

into account.

3 The trade—off between the increase of the number of vias (potential
open sites) and the decrease of the critical areas for bridges is not con-

Routing a netis a "classical” topics in CAD for VLSI. The problem can
be formalized as thinimum Steiner Treproblem in an appropriate
routing graph [Len90]:

Problem: Minimum Steiner Tree sidered.
Instance A connected undirected graiV, E), also calledrouting 4 Only one defectsize s considered. However, the spot defects are dis-
graph, with edge cost functioh: E — [t and a neN C V, tributed with random sizes in reality. To accurately model spot de-
consisting of vertices to be connected. fects, itis important to take into account the defect size distribution.

Configurations All edge—weighted trees.

Solutions Al Steiner trees foNin G, denoted ag&r, i.e. all trees  Inthis paper, according to the defect size distribution and the process sta-
of G connecting all vertices ™ with all its leaves being vertices tistics, the failure probability of a net is analyzed. Based on the analysis,
in N. we propose a new edge cost function for the general routing problem.

Minimize 4(T) = > oc IO By applying the new cost function, a good trade—off between the mini-

Many algorithms exist to solve the minimum Steiner tree problem, Sgg’zation oft_he netlengthand the_ minimization of the failure probability
[Hwa92] for an excellent overview. All of these algorithms will coméan be obtained for each net, which consequently leads to a better layout

up with significantly different routings if different cost functions are apmanufacturablllty.

plied. Conventionally, the edge cost functitfg) is definedastheprod- 2 Spot Defects
uct of the distancd between two adjacent vertices and a control factor

¢, i.e. A(e) = cd Parametecis used to adjust the edge weights in o he functional failure ofac_hip_is Ii!<ely caused by spot_defects [Str89]. _
between the different mask layers. For example, by setting alarger va lllig re.sullt of aspotcontaminationinaprocess step is either extra materi-
of cfor the poly layer and a smaller valuecdbr the metal layer, con- alormissing T“ate”a' at t_he place where the .SPOt occurs [Mal8s]. A spot
nections with high signal propagation speed can be obtained insteaggfe(:t may either occur in one layer of the silicon structure, such as the

areal shortest path in distance. Furthermore, by choosing different\}?tf?taI layer or the poly layer, or somewhere between two layers, where

ues forc for different routing directions, thus favoring certain direc!t causes extra or missing oxide. We classify spot defects as follows:

tions, arouting style can be imposed. Summarizing, the traditional castOne layer extra material defects (OEhe defects may cause the
function can affect a routing in three aspects, viz. (1) the net length, (2)bridges between connection patterns in the same layer. For example,
the performance and (3) the routing style. the spot defect with sizetin the metal layer will result in a bridge

As process feature size keeps decreasing and IC chips are becoming€tween nets 1 and 2 as shown in Figure 1(a).

more complex, chips are more sensitive to process disturbadge: 2 One layer missing material defects (ONlhe defects will resultin

tive Fault AnalysigShe85] reveals that close nets are likely to get open faults if the spot defects break the connection patterns in one
shorted because of spot defects, the main local disturbance in fabricatiotayer. Such a case where a spot defect breaks a netin the metal layer
processes. Therefore, from the point of view of defect analysis, the yieldis shown in Figure 1(b). If the defects cause missing via patterns, the
of a good routing depends not only on the net itself, but also on the envi-open faults will also be induced because of missing vias.

ronment of the net. In other words, the minimization of the cost of a r&t Inter—Layer extra oxide defects (IH)the defects occur in the oxide

in terms of the net length is not the optimal solution if the failure possi- at the location of vias, the vias may be blocked, thus leading to open
bility of the netis taken into account. Obviously, the proposed cost func- faults. Figure 2(a) shows an example where a via connecting metal
tion A(e) does not adequately cover this issue. 1 and metal 2 is broken by the spot defect.



4 Inter-Layer missing oxide defects (tMhe defects are also referredments with the neighboring nets, amé the number of overlapping
to asoxide pinholeslf the defects occur in the oxide between twasites, i.e. the number of unit area overlaps with the conductors in the up-
overlapping conductors, the conductors are shorted. For instanget or lower layer as shown in Figure 3. In addition, we suppose the
the pinhole in Figure 2(b) causes a new via connecting metal 1 andnber of vias on nd\l is v.
metal 2, and therefore results in a bridge.
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3 The Failure Probability of a Net

2 Type OM: When the defect size is smaller thait is not possible
Critical area, defined as the area in which the center of a defect must fall that the net will be broken by the defect. Therefore the critical area
to cause a fault, can be extended to the critical area with respect to a pais zero. For the defects with sixew < x < 2w + s, the critical
ticularobject The object can be any spot defect type. Suppose the spotareal,,(X) is equal toX — w)l. As the defect size exceeds 2 s,
defect size distribution for objegtis D, (x), and the critical area with the critical area will be saturated t ¢ 9)I, similar to the defect
respect to objeat is A,(x), wherex s the spot defect size. If auniform  type OE. Consequently the probability of the failure caused by the
defect densityp, is assumed, then the probability of the failure of object defects of type OM can be described as

n, denoted a$,, can be expressed as: 2w:ks 4
X—W s+w
max FOM = POngl J 3 dx + J’ ?dx
F,=P, D, (XA, (x)dx o -
min Similarly, we deriveFg,, = I, where
wheremin and maxare the minimum and the maximum defect sizes. B = POMXS 1_ 1 3)
There have been many efforts on modeling the defect size distribution. T2 \W 2w+

In this paper, the size distribution function taken from [Sta84] is ag- Type IE: Since the defects of type |E will only break conductors tra-
sumed. In principle, using other size distribution functions will not af- versing the oxide, i.e. vias, the probability of the failure caused by
fect the following discussions. By replacing funct@y(x) with X3/x?, this type of defects is proportional to the number of vias on the net.
where X, is a process—related parameter, we obtain It needs mentioning that the defects in oxide follow no longer the
normal size distribution function. Here, we assume a simple model

, max 1 to estimate the failure probabilltySuppose the size of a via is
F, = PX5 Ay 5 dx (1) w x w. The probability of failure can be estimated By = yv,
min where

As described in the previous section, the spot defects can be classified y = Pew? @)
by four types. For each net, the critical afg&) with respect to the spot I

defects of typey can be estimated by using the virtual artwork concegt Type IM: The defects will cause parasitic vias between two layers of
proposed in [Mal85]. Hence, the failure probability for each type of spot the silicon structure. However, the parasitic vias are functionally
defect can be computed according to equation (1). 1. Since the critical area for vias given defect si®ea function ofx?,

Given a nel, suppose the net lengtH jsind the net width and spacing equa_tion (1) will yield an infinite value fgrif the size distribution
arewandsrespectively. Assunteis the total length of the adjacent seg- function of [Sta84] is used.



harmful only if the vias occur in places where two conductors ovel  Incorporating routing style

lap. As a result, the conductors are shorted by the pinhole defects. ) _ _ _ _
The overlap area can be treated as the critical area for the pinhole\yg-assume that the routing space is modelled as a 3—dimensional grid
fects, assuming: (1) that a pinhole occuring in the overlap area vllRPhG(V, E). An edgee € E of the grid graph may have one of three
resultin a bridge fault and (2) there is no size distribution for pinhoftirections, callecd—, y—andv—direction as indicated in Figure 4(a).
defects. Therefore, the probability of failure caused by defects ¥as are represented by edges-direction. Wires are allowed to run

type IM can be estimated b, = 50, where over edges and bend at grid points. An eelge E of the grid graph is
™ ' said to beactiveif it is part of a wiring pattern. Edges that are not part
6 = Pyw? (5) of a wiring pattern are callddactive The status of an edge may be

. . changed from inactive to active by the router. Possibly, initial wiring
According to the above analysis, the paramdgesP oy, Pie, Py and patterns exist in the grid graph.

Xqare process—related, whileindsare determined by the designrules.
Since these parameters are independent to routers, the total probability i1
of the failureF of netN can be given by summing up the probabilities %

of the failures caused by the different types of defects, i.e.

Looog - L.
F = Foe+ Fou + Fie + Fuy N h___%_/br
=ab+fl +yv + 60 (6) iy S S v
. . . . . Lo VL
wherea, f, y andé are given by the previous equations. It is obvious . ' () (b)

that the reduction db, |, v, ando is an effective way to decrease thegigyre 4 Grid model.

probability of the failure of nel for a router.
As mentioned in the introduction, we distinguish three aspects that may

4 New cost function affectthe edge costfunctidife). To coverthese aspects, we assume that

for each layet, three costs are specified, namellyc’ andc/. Here,cf
Given arouting grapls(V, E) with edge weightd (€). The cost of anet denotes the cost of edgesdirection,c denotes the cost of edges in
is defined as sum of the cost of the edges of the Steiner tree that connegiection anct! denotes the cost of vias connecting ldyamdi + 1.

the terminal vertices. L&, C E denote the set of edges, then the cost S
of a net is given by T= ges, ﬁ_et l; = I + 1Y denote the total number of edges in lalyar a net,
wherelandl? denote the number of edgeslirection ang—direc-
C= ZeEET;L(e) (7) tionrespectively. Furthermore, lgtlenote the number of vias connect-

ing layersi andi+ 1. Then we may write equation (7) as
The goalis to find a minimum cost connection for each net. We combine
the conventional cost function of equation (7) with the failure costfunc- C = z cli + cly + cv, (11)
tion of equation (6) according to i

Since the failure cost function is specific to some material, we assume
Cew = C + oF (8)  that for each layerra failure cost function according to equation (6) is
In conventional routing algorithms, the goal is to achieve minimum totapecified, i.e.F; = a;b; + Bil; + y;v; + 0;0;. Then, combining the
net length, implying minimum area. Thus the conventional cost fungenventional cost function of equation (11) with the failure cost func-
tion is modeled as a minimum length cost function. In addition to the riigin according to equation (8) yields
length and the number of vias which are considered in conventional cost
functions, the failure cost function introduces two new aspects, namely C = Z(C?( + o8+ (& + o)l +
bridges and overlaps. In essence, minimizing both net length and i
bridges/overlap is contradictious. Therefore, for dense circuits, net (€ + oiy)Vvi + oiaib; + 0i6;0; (12)

length minimization should be favored over minimizing bridges/ovessince the cost of vias are not influenced by any existing wiring pattern,

lap because routing space s limited, as opposed to sparse circuits, Wagsay discard vias from the following discussion, and set the cost of
minimization of bridges/overlap may be favored over net length mini yia in layeri to ¢! + oyy..

mization. Thusg is directly proportional to the sparsity of a circuit. We . - . _
define the sparsity of a circuit as Assume thap is specified for each layer accordingdo= s o;, and

furthermore assume that the circuitis maximally sparse, #e1, im-

A, plying thato; = ;. Since the circuit is maximally sparse, we want to
s=1-% (9)  minimize bridges/overlap.
whereA, denotes the amount of space necessary to lay down all nets as T T I T T
estimated by the global router, alsddenotes the amount of free routing o - < e > ]
space after placement. Notice that maximally sparse circuitshave i ‘ T 2 ‘
and maximally dense circuits hase= 0. Obviously,s < 0 indicates t . | Al ‘-‘ T -1‘ B |
circuits that are not routable. G b ———— |
Sincegp is a weight factor, it depends on the actual values occurring in | layeri | | | 7LNL |

the conventional cost functid® As we will show in the next section, Figure 5 Determination of cost using the new cost function. When min
we can derive a weight factorto take into account this dependencyimizing bridges, variant 2 is preferred to variant 1.

Thus we may writep as
In Figure 5, a net N exists in the routing space. Connecting point A and
0=So0 (10) point B, we wantthe netto follow variant 2 instead of 1, because the criti-



cal areafor bridges is minimal for variant 2. Using equation (12) and &ggned the original cosf'" + o, ;, plus a cost for each active surround-
ing edge. The latter depends on the relative position of the surrounding
edge with respect to edgelt is easy to see that this procedure assigns

suming the length of the netirdirection is given by, the cost of both
variants are given by

C, = (C+aif)lt + oaily

C, = (F+aoifly + 2@ +0iB)

for gy, i.e.
ZCiy
% - 25, (13)
Similarly, for vertical wires we derive
2cx
o, > A —T X (14)

For overlap we may derive the same functions, only substitdtifoy
a;, |e
2cx d pied
0, > =5 and 0; > ———=5
Lol — 2B Lol = 26
Combining equations (13), (14) and (15), and setin the maxi-
mum lower bound yields

(15)

2 max(cy, ciy)

(16)

the original edge cost 8 = 0, implyingo; = O, for alli.

The final edge cost entirely depends on the active edges by which itis
surrounded, and therefore may change during routing. To avoid
changes in cost due to interaction with already routed segments of the
usingb = I forvariantland = Oforvariant2. Since we prefervari- same net, it is assumed that an edge is activated only after all terminals
ant 2 to variant 1, we demand ti@t > C, and derive a lower bound of 3 net are connected. Notice that the above procedure takes constant
time to determine the cost of an edge. Therefore the run time complexity
of the original maze router is not influenced by this new cost function.

7 Experiments

The routing approach in which the layout failure mechanism is taken
into account has beenimplemented in the GAS sea of gate layout system
[S1e90], using the multi-terminal maze router of [Hui93]. Totestthereal
effect of our new routing strategy, a set of circuits have been designed.
Except for mult8 and prim9, all circuits are taken from the MCNC '91
logic synthesis benchmark set. The scales of the layouts range from 150
transistors to 5,000 transistors, while their numbers of nets range from
100to 3,500. After the placementis finished for each circuit, the sparsity
of a layout can be obtained according to the equation (9) presented in
section 4. The basic information about the benchmark layouts as well as

their sparsities are shown in Table 1.

Table 1: Analysis results.

o = I; min(a;,0,) — 2 B, circuit # # S % change of crit. area | ALS
As can be seen from equation (I)Jepends on both the cost informa-| trans | nets | % | OE |OM | IE [ IM | 9%
tion perlayer and the failure parameters specific to each layer. Paramieig2 372| 206 781 —23.2] 39| 69| 24| —5.0
ITm.ay be seen as a threshold net Iength. If the length by which two e 76941 32831 281 1621 031 30l 8l 62
are in parallel (or overlap) exceeds this threshold, we demand that pie
of the nets will take a detour as shown in Figure 5. apla 540| 290| 77| -23.3] 06| 50| 25| -75
. bw 504 267 76| -27.2| 3.6 9.7 24| -7.8
6 Computing new edge cost :
clip 446 242 78| -24.4| 1.0 39| 34| 7.7
In this section a procedure is given, see Algorithm 1, to determine i&ﬁ(
) ’ . . . 17 328 182| 80| -20.0] 3.8 42| 18| 4.2
final cost of an edge. To be able to do this, the notimuobunding
edgess introduced. For each edges Ein x—ory—direction, foursur- |duke2 | 1206| 641 67 -221| 21| 43| 13| -6.8
rounding edges are identified, denotethab,, o,andoy, as indicated [ ¢gs 700| 429 s6| —138] o7| ool 03l 40
in Figure 4(b). The edgdy andb,, lying in the same layer as edge
form the possible bridging edges, whilgando,, lying in respectively Sxpl 332) 181] 80 -302) 25) 61| 15] 838
the upper and lower layer, form possible overlap edges. 9sym 658| 350| 71| -27.6| 36| 56| 43| -75
procedure determine edge cost (i, dir) in6 817| 455| 73| -382] 45| 12| 26| —7.9
begin misex2 | 564| 316| 78| -26.7] 19| 42| 17] -7.9
if dir =vthen A:=cY + ojy;
else mults | 1566| 837| 76| -21.4| 25| 33| 55| -75
A= o' + of; 064 572| 428] 86| -142| 06| 63| —0.1] —4.9
if b, is active then A= A + oo,
if br is activethen A:= A + 0i0;; pr|m9 2112| 1167 62 -16.1 3.8 10.5| -8.6 4.4
if oyis active then & := A + 0; radd 146| 87| 86| -155] 38| 126] 05| 35
if o,is active then L := A + 00;_;
fi; rdg4 547 2901 75| -25.2| 4.0 41| 27| -6.7
er{gtum k sao 526| 283| 72| —243[ 26| 31| 35| —7.3
_ o six 358| 193| 75| -23.4| 36| 104] -08] 6.2
Algorithm 1: Determination of the new edge cost.
vg2 245 177| 84| -17.8] 05 32| 17| -5.2

In the above procedurejs the index of the layer in which edgées,
anddir denotes the direction of the edge, being eithgorv. For vias

Routing is performed using three layers: a polysilicon lpgand two

no special actions are taken, i.e. if the edge represents a via from lapetal layerén andins. Without loss of generality, the parameters,
i to layeri + 1, the costl is set toc! + o;y;. For all other edges the final y, d are setto 1 andis setto 7. The original edge costs are setaccording

cost is influenced by their surrounding active edges. The edge e ist@stps = 20, ¢/ = 3, ¢, = 3, ¢/

=10, c*

= A im-
s = 8andcy = 2,im



posing avertical-horizontal—vertical (VHV) routing style. Consequenbe decreased 6.4% on average if the failure probability is taken into ac-
ly, for each of the three layescan be obtained, i.eps = 8,0;, = 4,  count in the routing procedure.

andoj,s = 3. Figure 6 shows the sensitivities of the two different layouts per design:
To compare the results of the conventional router and the proposed roiiite bars represent the sensitivities of the layouts made by the original
ing approach, the benchmark circuits are laid out twice, once using thater and black bars indicate the sensitivities of the layouts made by the
original routing module of the GAS system and once using the new roew routing module.

ing tool. For each circuit the EDAM system [Xue93] is used to obtain
the data concerning the failure probability of both layouts.

The critical areas with respect to the four types of faults are computed.

The changes inthe critical areas as well as the layout sensitititi®$ (|, this paper a novel routing strategy producing layouts that are less sus-
are presented in Table 1. From the data, it may be concluded that fOf:énl}tible to spot defects has been presented. Based on an analysis of spof
benchmarklayoutsthe critical areas for one layer bridge faults (type Qfgkects, the four types of the main random disturbance in IC processes
decrease 22.6% on average, while the critical areas with respect to gRemodelled. A formula indicating the failure probabilities of these
layer open faults only increase 2.5% on average. The critical areasQijts is derived. Combining the failure cost function with the conven-
inter—layer faults, i.e. type |E faults and type IM faults, change vegna| costfunction, a new cost function for the general routing problem
slightly. For the IE faults, this is because via minimization is already geyised. By using this new cost function, a good trade—off between
considered in the original cost function. Therefore the number of Vigss minimization of the total net length and the maximization of the
will slightly increase since the weight of a via is relatively small in thg,anyfacturability of a layout can be obtained. The experimental data
new cost function. This is because of the extension of the cost functigRow that even for very dense circuits the layout sensitivities can be sig-

The changes of the fault IM seem to be random. The reasons are: (ifgantly decreased by the proposed routing approach while the layout
the originalrouting module, the VHV routing style is chosen. Thereforgyaas are kept the same.

large area overlap between two metal layers is already prevented by the

design style. Obviously, the critical areas caused by the overlaps will not

be decreased significantly by putting an extra penalty on them. (2) Sirggferences

in some cases an increase in overlap between two layers will result {3 8191] k. Balachandran, et al, "A yield enhancing routerPiac. Int.
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