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Abstract

Process variability is posing considerable challenge to the capability of lithography and manufacturing techniques,
and thus impacts both performance and yield of advanced node chips. To ensure the manufacturability and performance
of chips at 22 nm, one approach the industry is considering is restrictive design—Iimiting the type and placement of
features used in designs. Gridding of critical layers significantly reduces the total physical design space available and
makes restrictive design possible. This paper will examine the basics of gridding, the requirements for restrictive gridded
design, and the automated methods for accurate checking of Restrictive Design Rules (RDRs). Resolving the debug

challenges associated with the implementation of checking restrictive design and grid rules will also be discussed.
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Introduction

As every design and manufacturing engineer knows, the lower k1 falls, the more difficult it becomes to accurately
print the desired shapes on the wafer. At the start of 45 nm, traditional lithography techniques were not sufficient to print
difficult 2D structures. Immersion lithography improved the k1 factor and restored stability all the way though 32 nm.
However, at 22 nm, it may become very difficult to print shapes accurately even with immersion lithography, and without
immersion, impossible. Due to the absence of lithography tool improvements, printing any random 2D shape at 22 nm

with the current sources of light and lithography techniques may both be infeasible and unnecessary for design.
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Figure 1. Thelimits of lithography technigues and the changes in printed results across process nodes
This ever-increasing challenge of attempting to print an accurate representation of what the designer is trying to
implement has led, over time, to an increasing humber of design rules and operations. The number of rules has increased
in an attempt to define and limit the situations in which it gets very difficult to print accurately. Also, the number of
operations that must be performed to implement the rules in a rule deck are increasing faster than the rule count itself,
suggesting that even existing rules are becoming more and more complex to determine and apply. A fundamentally

different approach could potentially provide more optimized technology and design solutions.
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Figure 2: Both design rule count and rule operations are growing, reflecting the complexity of smaller designs



Rather than trying to define everything the designer cannot do, one rendering of design rules could attempt to define
what the designer can do (prescriptive design rules), and make the lithography problem simpler to solve. A much less
radical approach is the use of restricted design rules (RDRs), which may lead to much more regular layout, generally
manifested as pitch and grid restrictions. Physical verification will need to evolve to better manage checking of restricted
design constructs. In this paper, we describe in detail the implementation of practical restrictions in design and explore not
only methods for accurate checking of pitch and grid, but also means for resolving the debug challenges associated with

restricted design implementation.

Restricted Design

Today’s designs allow maximum flexibility to the designer. Designs need not be very regular—designers are free to
use a wide assortment of configurations and shapes and routing types, and to be very creative in the actual design layout,
as long as they meet some very simple, basic design rules. However, at 22 nm, increasing variability in the performance of
the device necessitates us to reduce the available physical design space. For example, lithographic rounding of both the
active and the contact in a source or drain connection can reduce the alignment marginality, creating the potential for a
resistive contact. In a gate construct, horizontal bends in the field poly near the gate can induce an inherent systematic
variation in the L-effective on the corner of the gate. With misalignment, that variation can be quite dramatic, causing the
device in this transistor to have more variation in terms of drive current, leakage, etc. Similarly, because of a horizontal-
to-vertical transition in the active layer, this curvature can cause variation in the W-effective, affecting the drive strength,
among other aspects. With alignment variability, this effect will vary dramatically as well. These variations in layout,
which affect the printability (e.g., inability to print accurate rectangles), create the yield and performance problems in the
design.

The basic concept behind restricted layout is to limit what the designer is allowed to do. Designers want a wide
assortment of possible features or shapes or constructs that they are allowed to use. Conversely, the fab would like a very
limited set of what the designer is allowed to use—ideally, everything would be perfectly regular and repeatable, making
designs much more simple to process and much more robust against manufacturing variability. The restricted design
compromise is to have some assortment of allowable features or constructs, but a much smaller list and a more controlled
list than what has been allowed in the past. With restrictive design, future designs will be much more regular than current

designs, and therefore actually manufacturable, but will still provide the same robustness that we have today.
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Figure 3: Restrictive design will combine selected design elements to produce more regular and controlled layouts

In the traditional design shown in Figure 3, there is regularity of a sort, although there is a wide assortment of features
and constructs being used. The gates are on a regular pitch and are, for the mogt, vertical, although there are horizontal
bends within them. Thereis afair amount of variability in the metal routing and the active layouit.

If the same design islaid out in a more regular style, the performance variability can be decreased considerably. In the
restrictive design, there is much more regularity in the design shapes. Idedlly, the gates would not only be vertical on a
given pitch, but there would be no “wrong way” (horizontal) routing in the polysilicon whatsoever. All the active areas
need to be perfect rectangles, and all the metal lines need to be unidirectional going only horizontaly or vertically (no
jogs and no bends). However, implementing all these restrictions may significantly constrain the design options and may
impact density. For an effective technology enablement, there should be a middle ground where designability and design
options are not very restricted, but the physical design space is more regular. This is attained through careful gridding of

the layers, as described in the next section.

Basics of Gridding

A layout is gridded when the vertices of all drawn shapes within a given area are restricted in placement to coarse grid
points. All the shapes in a gridded layout are drawn as in a conventional design, using rectangles, paths and polygons.
Although the design is till hierarchical, all the design shapes are checked in two stages. In the first stage, each shape is
checked for size legality (e.g., widths) and placement (gridding). In the second stage, additional rules that apply between
geometries (spacing, overlap, etc.) are checked. Checking in the second stage is invalid if the layout objects do not pass
the checking in the first stage. All grid violations have representations (e.g., graphical markers) similar to conventional
checking.

There are three basic types of layout objects (or shapes) in any physical design:



1. Line Objects (polysilicon, metals)
2. Point Objects (contacts, vias)
3. Block Objects (diffusions, implants)

In agridded design, the vertices of al layout objects will lay on a coarse grid called the Layout Base Unit (LBU) grid.
The anchors of al shapes—centerlines of line objects, centers of point objects, and edges of block objects—lie on a
coarser grid called the placement grid. Placement grids are both layer-specific and orientation-specific. For example, a
horizontal metal line will have a different placement grid as compared to a vertica metal line or a horizontal polysilicon
line.

The LBU grid may be some arbitrary number for a given technology. The contacted polysilicon pitch (CPP), wire
pitches and placement grids must be multiples of the LBU grid. The coarser the LBU, the lower the number of design
configurations. Reducing the number of design configurations is better for manufacturability, but it may negatively impact
design density. The key to a successful gridded design is to effectively determine the values of the different grids by

performing careful design-technology tradeoff analysis.
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Figure 4: The LBU grid may be arbitrary, but placement grids and metal/polysilicon widths must be multiples of the
designated LBU grid.

Each layer in the design will have aset of X and Y gridsthat are legal. For example:
o PC X-grid—centerlines 0, CPP, 2* CPP, 3* CPP, etc.
o M1 X-grid—centerlines 0, CPP/2, CPP, 3/2* CPP, etc.
However, placement periodicity isonly a part of grid definition. Each layer will also have a set of valid offsets, or
sub-grids. The general form for grid definition is as follows:

<level>:<D>=01[0,, Os...] + PG*n

where:

o <level>:<D> arethe level and orientation (direction) for the grid



o Nisaninteger (DRC code checksto determineif nisan integer or not)
o O, isthe normalized offset with respect to aglobal origin, and O,, Os... are optional additional offsets (sub-
grids)
e Vauesare specified in the design rule manual for all Osand PGsfor all layersin both X and Y orientations
In the grid example shown in Figure 5, the top and bottom edges of diffusion have different offsets (CPP+x), but the
same placement grid (CPP). In the equation, x represents half contact size. Contact on active has a single offset of CPP/2,

and a placement grid of CPP.
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Figure 5: Grid example showing different grid offsets
Thediffusion grid equation is

(-CPP/2-x, CPP/2+x) + CPP*n

where global originisin the center of apolysilicon.

In the RDR configuration shown in Figure 6, restrictive design leaves some edges only roughly specified, with
retargeting setting the exact edge positions. The valid minimum for a restrictive design rule is determined by looking at
process restrictions (PR1/2/3) and, as necessary, examining each in the specific context. Typically, two or more PRs may
define a single RDR (many to one relationship). The balance between competing limitations is used to set the retargeting.
In this example, the three effects are:

1. Necking of the vertical Metal 1
2. Metal tip-to-line shorting

3. Maetall covering Vial opens (overlap)
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Figure 6. Retargeting of edge positions in restrictive design
All of the above grid definitions must be captured in the design rules and be supported by design entry tools. Because
these grids are imaginary, design entry tools should provide options for turning on/off the grids on a per level basis. This
capability will make manual design entry in a gridded system much more user-friendly. However, automated checking
tools must also have a way to deal with grids that are imaginary. The challenges and implementation details of checking

restrictive designs are described in the following sections.

Checking Implementation

Assume some amount or some form of restrictive design isinevitable. What does that mean for physical verification?
What has to change in physical verification tools to support this type of layout?

A primary requirement of restricted design is the concept of checking for features “on grid.” If regularity is essential,
one way to ensure it isto establish agrid and make sure that all features align on that grid. The required check isto ensure
that all contacts are centered on intersections of this grid. However, as discussed earlier, this grid exists only in the virtual
sense. The ability to establish this virtual imaginary grid and check feature alignment with this grid is one of the
capabilities physical verification tools will need to be able to do.

A second requirement is an efficient and accurate way to check pitch. Pitch is similar to grid, in that features should
be located at regular intervals (spacings) from each other, whether horizontaly, vertically, or in both directions. The
difference between pitch and grid is that pitch is arelative measure of afeature vs. its neighbors, rather than absolute grid
spacing assigned to the whole layout. Pitch is relative because it is a measure of optical influence, meaning that features
within a given distance affect the printability of their neighbors. For example, in checking a gate for pitch, the designer
must look at other gates within the specified optical influence distance and make sure the gate is some equal increment of

apitch away from these gates. If the nearest neighbor gate is beyond the optical influence distance, then the gate does not



need to be “on pitch” with that other gate. This capability to recognize and measure relative distances also needs to be
supported effectively in the physical verification toolset.

Another requirement on the horizon is the ability to do pattern matching — specifying constructs that are (or are not)
allowed, and then finding occurrences of those constructs in the layout. This is another approach to checking for restricted
design that we see coming in physical verification. However, this paper will focus on the requirements for grid and pitch

checking, as these two requirements are well understood and can be implemented today.

Pitch Checking
B L]
T [=! Grid Checking

N

Pattern Matching

Figure 7: The three requirements of restrictive design rule checking.
a) Grid Checking

As previously mentioned, a grid is a hard-coded, defined grid for an entire chip or a region that consists of a set of
invisible lines defined in both X and Y directions. All grids are imaginary constructs—there is nothing on the layout
showing the designer the grid. The distance intervals don’t have to be the same for X and Y, and they don’t have to be the
same for al layers. Designers can establish one grid for contacts, another for gates, and yet another for metal lines. In all
likelihood, these grids probably relate to each other—they’ re defined in such away that if afeatureis“on grid” at contact,
that point will align itself to the grid of the poly, such that the contacts will land properly, but that is all worked out by the
design rule implementer.

Setting up a checking grid begins with defining its origin. Physical verification tools need some flexibility in how the
grid origin is defined. For instance, grid origins can be defined by the extent of the chip, so the grid is established at one
point for the whole chip and applied from that point across the whole layout. Grid origins could aso be defined for
separate marker layers independently, so that grids are established for regions. In these cases, the grid in one region may
not line up with the grid in another region. Similar to the LBU grids and placement grids, the grid origins for different

regions are defined during the technology development.
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Figure 8: Grid origins can be defined in relation to the design extent (left) or to shapesin a specified layer (right)

The next step is to define what determines grid alignment. Physical verification tools must provide easy and

convenient ways to derive awide array of “features of interest” and then measure them against the grid. For instance, the

following feature characteristics might be used to define grid alignment:

e Polygon centers

¢ Polygon endpoints (e.g., every inside or outside corner of the polygon must be aligned to grid)

¢ Edge endpoints (e.g., endpoints on one edge of a polygon must be aligned to grid)

e Edge centers (e.g., centerpoints of an edge of a polygon must be aligned to grid)

¢ Centerline edge endpoints (e.g., points on the centerline of a polygon must be aligned to grid)
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Figure 9: “ Features of interest” used to establish grid alignment

A more advanced requirement that has been developed is the concept of “offsets,” in which some primary grid is

established, but some features (e.g., edges of ends of lines) that don’'t necessarily need to be aligned to the primary grid

must instead be aligned to some offset of that grid. These offset alignments occur because the primary grid relates to

where the vias land. Metal lines that connect these vias need to line up to the vias on the primary grid, but they need to

enclose the via on the line ends by a certain amount, so the line ends must extend past the via by at least that amount. The

line end cannot end right on the via grid, but the extension must be some specific distance. In addition to specifying the

offset to the grid for the alignment, the physical verification tools must check whether the feature needs to be aigned to

the offset on the outer side or inner side of the wire.
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Figure 10: Checking for grid offset alignment (green indicates a compliant offset, while red shows violations)

Examples of grid checksinclude:
e All contact center points must be on the specified X-Y grid (misalignment on one or both axesis an error)
o All gate vertices must be on the specified X grid
e Gate-facing active edges that enclose contacts must be offset to the contact grid; else they must align with the
contact grid (if they’ re not enclosing a contact)

¢ M1line ends must extend beyond the contact by a specified offset to the contact grid
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Figure 11: Grid checking examples
Determining how to fix grid errors during checking debug is extremely difficult. Not only is the grid invisible, but
given all the ways to define a grid, it can be very chalenging to mathematically calculate where the grid would be lying.
There are so many factors to consider when an error occurs (origin points, offsets, X and Y measurements, etc.) that it's
very difficult for the designer to figure out how to fix the error. The designer has no way to know where that grid actually
lives. The physical verification tools must be able to not only find the grid misalignment errors and mark them, but also

supply correction hints that provide a visual guide to the nearest allowed grid point location(s) for that feature.
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Figure 12: Examples of visual grid alignment “ hints” to assist the designer during error correction

An unusual example of grid checking is the condition that all cell pin rectangles must fully enclose at |east one of the
Metal 2 routing grids. In the cell shown in Figure 13, certain polygons of Metal1 make up the landing pads for the pins that
will be hooked up when this cell is placed into a design. Because the Metal2 routing is gridded, the Metal2 wires will only
be allowed on certain grid routing channels at the next layer. The landing pads for these pins must fully enclose at least
one of those routing channels (grid “square”), to ensure it is possible to put a viafrom Metal2 down to the Metal 1 pin and
get full coverage. Since this cell hasn’t been placed in a design yet, it doesn't matter which routing channel it’s going to
be in, but it must fully enclose at least one. The challenge is that the Metal2 grid is not accessible when looking at this
cell—in fact, thereis no Metal2 within the cell. New equation-based physical verification techniques enabl e these types of
restrictions to be implemented as the grid coverage (or enclosure) can be mathematically calculated. In addition to
calculating the coverage, equation-based checks can also calculate how much the edges of the pin need to move when

thereisaviolation, which greatly improves error debug.
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Figure 13: Cell pin rectangles on Metal 1 must fully enclose a Metal 2 routing channel aligned to the Metal 2 grid.
Property values on error marker calculate how much positive or negative enclosure exists, so designers can determine
how best to fix the violation.

b) Pitch Checking
What is meant by pitch, or, more specifically, relative pitch, in regard to performing a check? The simplest way to

think of pitch is to add the space between two features to the width of one of the features, creating an allowable “pitch.”



Many people think about pitch as “centerline to centerline,” so by measuring from the center of one feature to the center
of the next feature (which includes the space and half of each of the widths), the allowable pitch is established. To put it
into mathematical terms:
Pitch = space + width = x

Pitch is relative because pitch only looks at a feature in relation to its neighbors. It differs from grid-based constraints
in that beyond a certain distance, pitch can be ignored. For example, the pitch distance may be a measure of the optical
radius (influence distance of the reflected light during the optical process). By allowing features beyond the influence
distance to be “off grid” in relation to the features within the influence distance, it provides a less-regimented layout for
the designer without affecting printability. For example, assume the optical radius is 10 times the pitch. When trying to
print a given feature, every other feature within 10 pitches of that feature will have some influence on the ability to print
that feature properly. Features beyond that optical radius of the stepper do not affect the given feature. Because everything
within that pitch distance has a significant impact, those features need to be placed on some even number of pitches from

the given feature so that regularity is established in the light/dark contrast of the stepper, ensuring the resolution will be
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Figure 14: Pitch spacing must be regular within the optical radiusto ensure regularity in stepper operations
Features are considered grouped if they are within an optical radius of each other. Features within a group are pitch-
restricted only in relation to each other. Features in separate groups (more than an optical radius away) do not need to be
constrained by pitch in relation to each other.
Sample pitch checks, as shown in Figure 15, might include:
e Metal routing wires must be on specified relative pitch within an optical radius
o All gates within the same active must be on specified relative pitch

o All contacts must be on a specified relative pitch
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Figure 15: Sample pitch checks

Locating and debugging pitch errors can be extremely challenging. Relative pitch is not readily visible to the layout
designer. If a pitch error occurs, the designer must know what the relative pitch is, and determine how far a feature must
be moved to be on pitch. There are no markers on the layout to show pitch, because it is mathematically calculated “on the
fly” relative to a feature's neighbors, which makes pitch very difficult to visualize. When pitch errors occur, designers
have traditionally used measuring tools to physically measure features to calculate the pitch, then divided the
measurements by the pitch to try to locate the pitch failure.

Not only does a physical verification tool have to be able to calculate pitch and perform a wide variety of pitch
checks, but it also must be able to calculate ways to fix the errors and provide that information to the designer. The
physical verification tool should provide correction “hints’ to the designer that include al the necessary information, such
as:

e The centerline to centerline measurement of two features(eliminates physical measuring by designer)

e The percentage of the calculated pitch that the first measurement represents (anything other than awhole
number identifies a pitch error)

e The percentage that the feature is “ off pitch” (this allows the designer to sort and prioritize pitch errors)

e Calculated distance feature must be moved to be on pitch (eliminates manual correction calculations by

designer)

pet-of f_pitch 16.7 pet.off_pitch 16.7
num.pitches 1.2 num_pitches 1.8
distance 0.77 distence 1.21

change_space_by 8.11 \ change_space_by -0.11

Figure 16: Providing correction hints for pitch correction is an essential function of automated pitch checking



Again, new equation-based physical verification techniques allow not only easy mathematical calculation of pitch, but
aso the ability to calculate how much the centerline of the wire must be moved to fix the violation. Figure 16 shows
several equation-based properties that were calculated for the two errors to assist the designer in understanding the

violation and how to correct it.

Summary

This paper provides aintroductory description of what restrictive design is all about, how it might impact your job as
a designer or physical verification engineer, and how new capabilities in physical verification tools can help you both
check and debug these types of issues.

It is clear that new techniques and design approaches will be needed at 22 nm to ensure continued production.
Because pitch and grid are critical to effective restrictive design, but rely heavily on mathematical calculations for
accurate implementation, it is essential that the physical verification tools not only be able to perform the design rule
checks associated with pitch and grid, but that they also supply the designer with the information needed to debug and
correct any errors associated with these checks. Without automated debug assistance, it would be nearly impossible to
produce DRC-clean restrictive designs in atimely and efficient manner.

It is still unclear to what extent restrictive design practices will be enforced, but most industry experts agree that some
form of this approach will be necessary. In many ways, this approach actually reduces complexity in regard to the number
of rules and ease of manufacturability. The trade-offs are a change in design methodology, as well as an increase in the
abstraction of a design rule in a mathematical sense. It is this abstraction from simple one-dimensional measurements to
multi-dimensional mathematical relationships that is dramatically impacting the traditional capabilities of design rule
checking tools. Thanks to new innovations in physical verification capabilities such as equation-based checks and
advanced grid definition, restrictive design can be implemented today, ensuring manufacturable designs at 22 nm. In
addition, advances in error correction hinting, including mathematical property calculations and nearest grid point

markers, enable the designer to meet these new reguirements without sacrificing time-to-market goals.
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