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Abstract

Process disturbances during the manufacture of an integrated circuit cause the

fabricated circuit to vary from the design specifications. In some cases the

variations are such that circuit faults result. The relationship between circuit faults

and process disturbances is of interest because some applications such as yield

prediction require information about what circuit faults are caused by a given set of

process disturbances.

Most of these applications perform a Monte Carlo simulation of process

disturbances on a given layout, and then evaluate what circuit faults have resulted.

This report details a methodology for performing the low level operations required

to determine the process disturbance effects on layout structures. Some of the low

level operations include circuit reextraction of layout geometries and the

adjustment of layout dimensions. This report also describes a software

implementation of our methodology called PRICE(Program for Region Circuit

Extraction) and a MOS technology independent circuit extractor called

ENTICE(ENhanced Technology Independent Circuit Extractor).
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Chapter 1

Introduction

Fluctuations during the manufacture of an integrated circuit cause the fabricated

geometries to deviate from the design specifications. We call these fluctuations

process disturbances with global disturbances affecting large areas of the wafer

relative to the size of a chip and local disturbances affecting such small areas that

only _specific geometries are involved lMaly 851. Examples of process

disturbances include line width variations and particulates which land on the wafer

surface.

Process disturbances have an impact on how the resulting circuit compares with

the circuit from the nominal or undeformed layout. In some situations, circuit

parameters such as transistor device sizes and resistances vary from the nominal

or undisturbed circuit, although both circuits have the same circuit topology. Such

situations could lead to performance circuit faults CRazdan 86.~. An example is a

circuit which is functional but fails at the desired operating frequency. In other

situations, structural circuit faults results because the resulting circuits have

different topologies from that of the nominal. We define the term topological

changes to mean that the resulting circuit has a different electrical schematic from

that of the nominal circuit.

The relationship between circuit faults and process disturbances is of interest

since certain applications in such areas as yield prediction and design rule

development require this information. Most of these applications perform a Monte

Carlo simulation to determine what circuit faults result from a set of process

disturbances. For example, the catastrophic fault yield simulator VLASIC CWalker

86"1 generates a set of process disturbances, place them on a given layout, and
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then determines if any structural circuit faults occur. The design rule developer

STRUDEL l,Razdan 86] can run in a Monte Carlo mode where the probability of

topological changes is determined as a function of a design rule dimension. For

layouts without topological changes, other applications may be interested in how

the process disturbances have altered the circuit performance. For example, the

statistical timing simulator STAT! l’Benkoski 86] can determine which set of circuit

parameter variations cause performance faults. The different sets of circuit

parameters are obtained by simulating the effects of various process disturbances

on a given layout and then using a parasitic circuit parameter extractors such as

FRED l,Trick 83"1 or EXCL l,McCormick 84"1 to calculate new circuit parameters.

The applications performing a Monte Carlo simulation of process disturbances

share the requirement that actual layout geometries must be examined to determine

the nature o~ changes in the affected layout’s electrical and geometrical attributes.

Ultimately, these new attributes have to be translated to the changes to the nominal

electrical circuit description. We have developed a methodology to perform this

low-level task of evaluating how the process disturbances affect layout

geometries. Our approach tackles the issues involved in how to represent the

layout so as to allow efficient access to geometries affected by the process

disturbances and also how to update the electrical attributes of the process

deformed geometries.

Our approach takes advantage of the fact that global disturbances causing

topological changes lead to structural faults. For these classes of process

disturbances, we detect and report the situation. However, the absence of

topological changes caused by global disturbances does not guarantee that the

deformed layout is free of topological changes. We still have to consider those

layout regions affected by the superposition of local and global disturbances. We

define critical regions to be those layout areas which are affected by the

superposition of global and local disturbances, and defect to be the geometrical

distortions induced by the superposition effects. Our methodology is involved with

evaluating the effects of defects. We have implemented our methodology in a

software tool called PRICE (Program for Region Circuit Extraction).

4
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In addition to describing our methodology, this report also discusses ENTICE, our

modification of the NMOS circuit extractor ACE [Gupta 83] to handle an arbitrary

MOS process through the specifications contained in a technology file. ENTICE

was developed because of PRICE’s requirement for a technology independent

circuit extractor. This report is organized as follows. In Chapter 2, we discuss the

motivation for our methodology and describe it in more detail. In Chapter 3, we

discuss issues dealing with the region query or the retrieval of the layout

geometries intersecting the critical regions. Chapter 4 is devoted to the

considerations involved in the detection of topological changes caused by defects

in the critical regions. A detailed description of ENTICE and examples of ENTICE’s

circuit extraction performance are contained in Chapter 5. In Chapter 6 we discuss

PRICE’s implementation and examples of PRICE’s evaluation. We present our

conclusions and future extensions in Chapter 7.

5
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Chapter 2

PRICE Methodology

Before starting with the presentation of our methodology, we first discuss the role

that PRICE plays in the evaluation of process disturbances. We then follow with

descriptions of our assumptions and definitions of the terms to be used later in the

chapter. Finally, we continue with the motivation and the presentation of our

methodology.

2.1. Role of PRICE

As mentioned in the introduction, in our methodology we perform only the low

level evaluation of how process disturbances affect the electrical and geometrical

attributes of a layout. In some cases, this evaluation involves the circuit reextraction

of those layout areas affected by process disturbances. In other cases, only the

layout dimensions are adjusted. We expect the set of process disturbances to be

evaluated to be provided as part of the input. For example, STRUDEL rRazdan 861

may generate a set of process disturbances from empirical models and send these

disturbances to PRICE for evaluation. In turn, PRICE produces an updated layout

takes into account the process disturbance effects. We assume that an updated

layout will undergo further processing before the results can be used. Later in this

chapter, we present a possible system which uses PRICE to help evaluate the

effects of process disturbances on the resulting circuit.

The advantage of our approach is that each application performing a Monte Carlo

simulation of process disturbances does not have to be concerned with the details

surrounding the examination of layout objects. Instead, these applications can

utilize PRICE for the process disturbance evaluation and then interpret the results

7
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accordingly. For example, the yield simulator VLASIC I’Walker 86] can concentrate

on generating the set of process disturbances and interpreting results from PRICE

rather than be concerned with such details as how to represent the layout. Figure

2-1 depicts a possible configuration of VLASIC and PRICE. In this situation, VLASIC

would generate the point defects which PRICE uses to produce the list of layout

geometries affected by the defects.

Process Disturbances

PRICE

Rgure 2-1:

.2.2. Assumptions and Det’mitions

2.2.1. Process Disturbances

Process disturbances can arise from a wide variety of sources ranging from

instabilities of the materials used during the fabrication to the nonzero tolerance in

the control of the process conditions. Despite the diversity of possible sources,

process disturbances can be classified into two categories, geometrical and

electrical [Maly 85]. Geometrical deformations alter the dimensions of layout from

their intended values. For example, the over-etching of the polysilicon layer leads

to a line width variation which causes all the polysilicon geometries to have smaller

dimensions. Electrical disturbances cause the distribution of impurities and/or

charge to deviate from assumed values used during the circuit design. For example,

the manifestation of a deviation in the substrate doping level might be a change in

the transistor threshold voltages.

Because of time and resource constraints, we chose to concentrate only on the

8
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evaluation of the geometrical disturbances and ignore the electrical ones.

Consequently, in this report, we use the term process disturbance to refer only to

those disturbances whose effects are primarily geometrical in nature. Enough

information, however, is available so that the evaluation of electrical disturbances is

possible. Process simulators such as FABRICS-II [Nassif 85"1 can be used to

simulate the electrical disturbances generated by a given fabrication line. The

layout after being updated to account for geometrical process disturbance effects

can be sent to the process simulator to evaluate the electrical process

disturbances.

To simplify the analysis, we make the additional assumption that the global

disturbance effects are constant across the chip area. In reality, however, the

situation is not as simple since the global disturbance effects on s given chip area

are similar but are not necessarily identical. Global disturbances are not

guaranteed to affect a particular geometry uniformly because of the "white noise"

components. For example, the edges of geometry affected by a line width variation

have ragged edges rather than straight edges(Figure 2-2).

Rgure 2-2: "White Noise" Effects

We define process disturbance suite to be the set of all the global and local

process disturbances which affect a given chip layout during its fabrication. During

a typical fabrication run, the various chips on a wafer are subjected to different

disturbance suites. To simulate the fabrication process, we anticipate that a tool

able to evaluate process disturbances will be called upon to analyze a set of

different process disturbance suites on a given layout. The evaluation results from
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one disturbance suite represent the process disturbance effects on one of the

many chips on the wafer.

2.3. Motivation

2.3.1. Relationship Between Process Disturbances and Circuit Faults

Since process disturbances distort layout structures, the resulting circuit might

deviate from the nominal. In some cases, the process disturbance suite induces

such a deviation that the resulting circuit has either structural or performance faults.

Because the applications cited earlier require the detection of a specific circuit

fault category, the relationship between the geometrical deformations caused by

the process disturbances and the specific type of circuit fault must be determined.

Accountin~ for the effects of the global disturbances is a relatively

straightforward task. Global disturbances that induce topological changes cause

such a large number of structural faults that a circuit failure results. For example,

suppose a mask misalignment of the contact cut windows results in the breaking of

all the electrical connections between the metal and polysilicon geometries. The

end result is that all the nets composed of polysilicon and metal geometries have

electrical breaks.

Even if the global disturbances do not induce topological changes, performance

~aults might result since circuit parameters must be adjusted to account for the

geometrical deformations. In this situation, the global disturbances can be

accounted for by simply adjusting all the appropriate layout geometries. For

example, a line width variation on the polysilicon layer would result in an identical

modification of all the polysilicon geometries. We envision that an electrical

parasitic extractor such as FRED will process the distorted layout and send the

results to a performance fault simulator.

Local disturbances or, specifically, the superposition of local and global

disturbances pose a more difficult problem since now defects in specific regions of

10
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the layout might contribute to topological changes. These topological changes

might be induced even though the global disturbances can not do so.

Consequently, the determination of whether any circuit fault exists requires the

evaluation of defects in the different regions on a case by case basis. If topological

changes are induced by the defects in the critical regions, then a structural fault

results. The absence of any topological changes, however, might still result in

performance faults if the distortions in the critical regions are large enough.

In summary, process disturbances cause resulting circuits to differ from the

nominal circuit. Global disturbances causing topological changes result in

catastrophic circuit faults. For those global disturbances not inducing topological

changes, the superposition effects of local and global disturbances could result in

following situations:

11 Structural faults in the critical regions.

2. Performance faults from defects in the critical regions.

3. Performance faults caused by the global disturbance effects.

4. No circuit faults.

2.3.2. Evaluating Effects of Defects in Critical Regions

The normal mode of obtaining the circuit description of an integrated circuit

layout is by running a program called a circuit extractor. Unfortunately, the circuit

extraction process is a very time intensive task. The best known circuit extraction

algorithm runs in time proportional to O(nlogn), where n is the total number of edges

in the layout [Lauther 81] [Bentley 80al. Since reasonably sized layouts have a

fairly large n, the straightforward approach of injecting the geometrical effects of

the process disturbances into the layout and then running a circuit extractor on the

deformed layout is not an attractive option. This is especially true if one has a

nontrivially sized layout and a number of process disturbance suites to be

evaluated.

The fact that only the defects in the critical regions can contribute to topological

11


