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Abstract The third phase has just begun. To characterize this
h phase, it is useful to consider a timing factor which
relates the key events of design with those of manufac-
turing. In Phase 2 this timing was simple - manufactur-
ing process evolution was relatively well-synchronized
with the ability of the design domain to absorb opportu-
nities/restrictions provided by the newer versions of
manufacturing processes. A simplified scenario of this
“symbiotic” relationship is summarized in Fig. 1. In this

This paper proposes a vision for a new researc
domain emerging on the interface between design and
manufacturing of VLSI circuits. The key objective of
this domain is the minimization of the mismatch
between design and manufacturing which is rapidly
growing with the increase in complexity of VLSI
designs and IC technologies. This broad objective is par-

titioned into a number of specific tasks. Often, one of nario. the desian of product “i” i ided b t of
the most important task is the extraction of VLSI design scenario, (n€ design of product 1 -1s guided by a Set o
design rules known to be effective from the previous

attributes that may be relevant from a manufacturing ersion of the technolo ocess ). The desian the
efficiency standpoint. The second task is yield analysis Yo o0 gy (process "r’). sign then

performed to detect process and design attributes is fabricated and its manufacturing efficiency (measured

responsible for inadequate yield. This paper postulates typically by mangfacturing yield) is“_?s.sessed.. If the e_ffi-
both, an overall change in the design-manufacturing ciency is not satisfactory, product “i” is redesigned with

interface, as well as a methodology to address the grow- COr'ections ranging from optical mask_shrink up to
ing design-manufacturing mismatch. Attributes of a ScPhisticated changes in circuit timing. The redesigned
number of tools needed for this purpose are discussed a<-"Cult is then fabricated again. If yield is still inade-
well. quate, process modlflcat!ons and another redesign cycle
] might be performed again. Of course, such a sequence
1.0 Introduction of process-design tuning is possible if, and only if, the
market permits such lengthy timetables of design and

The design-manufacturing interface can be seen as .
process corrections.

having evolved through three distinct phases. In Phase I,
design and process development were conducted by the
same small group of experts who could tune the pro- MANUEACTURING

DESIGN
cess-design interface using all available “knobs” on both | Designof
sides of the design-manufacturing border. This phase v : | product "i"

. . . Fabrication of product "i"
ended in the early 1970s, due to the large increase in the| " “with proc. version r | ]
volume of ICs manufactured, and in the diversity of T 1 PR
products fabricated on a single fab-line. Such increases Fakxi'tchat'cr’gcofvgfrgﬁ)unctr""' i
prevent a simple centralized control of design/manufac- P 7 3 JTime
turing operations. Another very important factor was the [TFabrication of product T |
widespread adoption of simple design rules, enabling | __With proc. version r+1 } Redesign of
very efficient design automation but, at the same time, v — product "i"
. . H . Fabrication of product "i" | ¥
preventing fine tuning of des_lgns. o with proc. version r+1 TS
In the second phase (still continuing in some places | product "i+1"
i i _|Fabrication of product "i+1
at present) design and manufacturing have been sepa-{"#%% proc. version r+1 : v

rated as much as possible to allow for “process indepen-
dent” and, consequently, efficient design. The best _. . L . .
measure of success of this trend is the emergence offig 1. Manufacturing-design interface during a time
fabless design houses which can perform efficient period when simple design-manufacturing
design with limited access to proprietary manufacturing synchronizations are permitted (“phase 27).
data.



In Phase 3, relatively simple design-manufacturing
synchronization is becoming a luxury available only to a
few very high volume producers, who can afford time
consuming and costly design-process tuning. For the
majority of producers, the situation is different. They
must deliver products to the market as quickly as possi-
ble and in a volume specified before hand. Also they

must adapt to process and equipment changes that

evolve according to product-independent (and often
uncontrollable) agendas such as the one set by the SIA
Roadmap. The rate of technology change enforced by
these agendas, or by the high-volume-and-resource-rich
IC producers, may not necessarily be optimal for IC fab-
ricators who serve smaller but equally important seg-
ments of the IC market.
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Fabrication of product "i-1'le | A Design of
with proc. version r product "i"
¥ ¥
Fabrication of product "i" Design of
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]
Fabrication of product "i+1' | Design pf
with proc. version r+2 a product "i+2"
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Fig 2. Manufacturing-design interface during a time
period of rapid change (“phase 3").

Consequently, the time domain relationship of the
design-manufacturing interface in Phase 3 very often
resembles the scenario depicted in Fig. 2. The character-
istic feature of this scenario is that the design is per-
formed when the process is not fully specified. Yet, the
design must achieve a high and predictable level of man-
ufacturability. As an example, in the likely scenario of
Phase 3, product “i” must be designed when manufac-
turing experience is available only for a product of the
previous generation (product “i-2"), fabricated with an
“obsolete” version of the process (“r-1”). In addition,
the rate of technology change is such that product “i"
must be designed for technology “r+1”, which may be
incompletely characterized or not even completely
developed.

These conditions are usually very difficult to deal
with and may lead to very inefficient designs. Therefore
for a growing segment of the IC industry, which is just
entering Phase 3, it is essential to re-examine the para-
digm of information exchange between design and man-
ufacturing. Even from a simple discussion presented
above, it is evident that this paradigm must be substan-
tially modified. Such a modification should allow for
accurate forecasting of future process capabilities/
restrictions and early assessment of manufacturability of
the design. This should facilitate design correction with-
out lengthy manufacturing experiments. The objective
of this paper is to discuss a strategy for such modifica-
tions.

2.0 lllustration

The discussion presented in this paper is intended to
influence and mobilize the forces capable of modifying
both sides of the design-manufacturing interface. There-
fore, it is essential that the ideas presented here be
explained in the clearest possible manner, but without
unacceptable simplifications. To that effect, an attempt
has been made in this section to present a specific exam-
ple of the design-manufacturing interface problem. This
example is used to illustrate key points of the discussion
which follows.

Let us assume that a CMOS product is to be
designed in a technology which is in the process of
being transferred from 6-inch to an 8-inch manufactur-
ing facility. Let us also assume that the new technology
uses a CMP (chemical mechanical polishing) process
for planarization before all metal deposition steps. Of
course such planarization is not perfect and even in a
well controlled process, the surface of the wafer may not
be flat after planarization. (See Fig. 3)

Oxide
Thickness

Fig 3. Surface of the manufacturing wafer after
planarization.

Note that, even a difference of a fraction of a
micrometer in the thickness of the polished layer
(assuming that in our example this is the Sl@yer)
may cause the drastic manufacturing problems illus-
trated in Fig. 4.

This figure shows cross-sections of three contact
holes at the end of the etching process at three different
locations (locations a, b and c in Fig. 3) on the wafer.
Observe that contacts to active regions (source and drain
of the p-MOS transistor) must be much deeper than the
contacts to poly. This means that the etching process
must be tuned such that deep contact holes are com-
pletely open while the shallow poly contact is still not
over-etched. Such tuning is possible but variations in
oxide thickness may cause situations shown in Fig. 4(b)
and (c) - too thick an oxide layer may result in insuffi-
cient etching of diffusion contact holes (b) or too thin an
oxide layer may cause over-etching of the poly contact
(c). In both cases yield loss occurs due to non-uniform
polishing. Such yield loss would manifest itself as the
cumulative wafer map shown in Fig. 5 which is a possi-
ble outcome of the described CMP problem. (The cumu-
lative yield wafer map is a representation of the wafer
yield loss reported for each die site.)



The problem illustrated by the above example leads
to the following question: How can one handle relation-
ships between imperfections of new 8-inch wafer pol-
ishing process/equipment, design attributes, and yield
loss data such that manufacturing efficiency (measured
as a volume of fabricated and functional IC dies) is max-
imized? The new paradigm for the design-manufactur-
ing interface described below should help to address this
question.
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Fig 4. The cross-section of the same segment of a
CMOS product in three different locations of a
wafer.

Fig 5. Cumulative yield wafer map.

3.0 New Design-Manufacturing Interface
Paradigm [1]
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Fig 6. Design-manufacturing interface in the proposed
paradigm.

The flow diagram in Fig. 6 captures the essence of
the enhancement proposed for the design-manufacturing
interface discussed in this paper. This diagram is derived
from the one in Fig. 2 by adding two kinds of informa-
tion processing capabilities: (a) yield analysis (YAN)
and (b) post-design manufacturability assessment
(PODEMA). The tasks to be handled by YAN and
PODEMA are described below.

3.1 Yield Analysis

YAN is intended to produce:

a. A ranked list of causes of yield loss of the analyzed
product;

b. Product-independent process characteristics related
to yield,;



c. A set of new design rules (or a set of design rule

modifications) to minimize the impact of newly
identified yield loss mechanisms.

. A set of process guidelines or modifications neces-
sary to achieve the desired yield.
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Fig 7. Organization of yield analysis.

A variety of ways exist in which YAN can be orga-

large number of design attributes. The reason is that
at the beginning of analysis, there is very little indi-
cation of what phenomena could have caused the
yield loss patterns observed on the cumulative yield
maps (such as the one shown in Fig. 5).

. Synthesis of the yield modethich is intended to

express yield as:

n

Y = Y.

i|:|1 ' €
where Y is the vyield loss of a particular failure
mechanism from the yield loss list produced by the
cross-correlation yield analysis. For instance, Yi
could represent yield loss due to spot defects in each
layer of the analyzed ICs. The yield model synthesis
process should decide which of the potential yield
loss mechanisms should be included in the model
and how each partial yield {)Yshould be expressed
in terms of design attributes (e.g., critical area) and
process characteristics (e.g., defect density). For the
illustration in Sec. 2., the synthesis of the yield
model involves deciding which of the yield loss phe-
nomena should be included in the model and how to
express each of them in terms of contact design
rules, number of contacts and a measure of the ran-
domness in the nonuniformity of oxide thickness.

. Extraction of process characteristiehich should

generate all parameters of the postulated yield
model. For the illustration of Sec. 2. the extraction

nized. One such organization is depicted in Fig. 7. Some
of the procedures shown have been practiced in the
industry in one form or another. Some of them are cur-
rently under development and some are yet to be devel-
oped. The key procedures of YAN are:

would produce statistical characterization of the
wafer polishing non-uniformities. Such a character-
ization should be product independent and applica-
ble towards yield prediction of future products.

d. Synthesis of yield impwement stratgy which
should provide the answer to the question: which
process characteristics and/or which design

a. Cross-correlation yield analysihie objective of

which is to produce a ranked list of phenomena that
cause yield loss, and the associated list of design
attributes that may have an impact on yield. The
rationale is that by observing failures rates of distinct
portions of the analyzed products, one will be able to
correlate design attributes with observed yield loss.
For the example in Sec. 2., cross-correlation yield
analysis would involve two or more different por-
tions of a product with different numbers of deep
and shallow contacts. Analysis could determine, for
instance, that the portion with more shallow contacts
fails more often. This would be an indication that the
shallow contacts are over-etched and that products
with a large number of shallow contacts are likely to
fail more often. Of course, the cross-correlation
yield analysis process would have to start with a

attributes should be changed to ensure acceptable
yield for the analyzed product? For the illustration in
Sec. 2. an yield improvement strategy could be
either to increase the diffusion contact minimum size
rule (in order to increase effective rate of etching of
deep contacts), or change the polishing equipment,
or change the contact etching settings.

Synthesis of e (modified) design rulefor a given
class of products which should translate specific
yield improvement guidelines into a set of universal
design rules. Such synthesis should be done with the
current information about the process status (taken
from process characterization) and the synthesized
yield model. For the illustration in Sec. 2. this step
would be to find the optimum value of the diffusion




contact cut. One could also envision design guide-
lines in the form of “soft design rules” encouraging
minimum usage of contact banks (because etching
rate can be affected in the regions with high density
of deep contacts).

3.2 Post Design Manufacturability Assessment

The second proposed design-manufacturing inter-
face capability, PODEMA, is intended for late assess-
ment of a design's manufacturability. Such an
assessment should have the following consequences

either the analyzed design is classified as “good enough

to be manufactured,” or as one which should be rede-
signed to meet an acceptable level of manufacturability.
The proposed structure of PODEMA and its relation to
YAN is shown in Fig. 8.
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Fig 8. Organization of PODEMA.

Key functional blocks of PODEMA are:

a. Design attribtes atractorwhich extracts an exhaus-
tive list of the characteristics (also used by YAN) rel-
evant to product yield. Such characteristics may
include: critical areas for each layer and defect type,
contact/via densities per functional block, sizes of
antennas of various kinds, total area of gate oxide,
total length of “bird’s beak”, clock imbalance index,
and many others. (For more details see [3].)

Yield model compilexwhich produces a yield model
template for an analyzed design. It takes as an input
a ranked list of yield loss causes produced by YAN,
and combines them with the product attributes.

c. Process characteristics forecasthich extrapolates
current process characteristics into future versions of
the process. For example, this block should predict
the densities of defects for the process with a scaled
down minimum feature size. For the example in Sec.
2 such a forecast should predict the distribution of
oxide thickness for an 8-inch wafer based on 6-inch
wafer distribution characterization data

Yield forecastemhich should use the product yield
model and predicted process characteristics to gen-
erate a yield forecast.

d.

3.3 Interaction

Observe that the addition of YAN and PODEMA to
the design-manufacturing interface has important impli-
cations. First of all PODEMA, when used as a “last
minute” design check (arrows labeled 1 and 2 in Fig. 6),
has the potential to filter out all design mistakes or
“imperfections” introduced into the design, either due to
the application of inadequate (or obsolete) design rules,
or as an uncontrolled “by-product” of the employed
design automation tools. Such filtration, if done with the
most current information about the process (arrows
labeled 3 in Fig. 6), can save time and cost in the early
stages of the product development cycle. It can also help
with the subsequent process modifications (arrow 4 in
Fig. 6). Secondly, YAN can speed-up yield ramping, and
at the same time produce guidelines for development of
the next generation process (arrow 5 in Fig. 6). Finally,
YAN and PODEMA can collectively deliver a much
more complete, timely and accurate process character-
ization, thus facilitating more efficient Design for Man-
ufacturability (DFM). It can be concluded, therefore,
that the changes proposed here to the design-manufac-
turing paradigm, if implemented fully, do address one of
the most pressing submicron domain problems - mini-
mization of time to volume and consequently, minimiza-
tion of time to money.

4.0 Status of PODEMA/YAN Vision

The vision described above has evolved over the
years starting with the introduction of the critical area
concept [4] and simple formalization of the yield analy-
sis process [5] through intensive research conducted in
CMU-SEMATECH Center of Excellence for Rapid
Yield Learning founded in 1989, up to current interac-
tions with many industrial partners. Some of the ele-
ments of yield analysis and DFM have been practiced
since the beginning of the microelectronics era without
being formalized or published. Given below is a brief
evaluation of the status of YAN and PODEMA-related
areas.

Yield analysis is performed on a daily basis in every
IC manufacturing operation, although in an informal
manner. The objective is to produce a ranked list (pareto



chart) of key yield detractors [6,7]. Yield analysis such
as that proposed for YAN has not been reported yet.

and spot defect-based models. Fudge-factor based mod-
els are not very useful for PODEMA purposes. The spot

Some of its elements, however, have been proposed anddefect models do not cover a number of yield loss mech-

or developed in the past. Some form of cross-correlation
yield analysis was applied at one of the Fairchild bipolar
plants [8]. Yield model synthesis is also practiced in
industry. But experiment-based yield models relating
yield estimates to design attributes are usually not
described in the literature. The only models of this kind
published recently are models developed in collabora-
tion between CMU, KLA and AMD [9]. Extraction of
process characteristics needed for yield prediction is a
large field. Currently, it is conducted using test struc-
tures (e.g. [10,11,12]), test results (e.g. [13]) or in-line
measurements. However, the extracted characteristics
are often in a form not directly translatable into yield
figures. For instance, routinely collected CD measure-
ments, which must be correlated to yield, cannot be uti-
lized by simple yield models. The only exception is
defect density data which has been used successfully
with yield models. Synthesis of yield improvement

anisms which are important in the early stages of pro-
cess-design tuning. The conclusion is, therefore, that
yield model synthesis has not yet been developed to an
adequate level. Process Characteristics Forecasting must
be a key element of any process development activity. It
seems, however, that such forecasting is performed in a
rather informal manner (and is often based on a given
need - for instance a need to achieve the SIA Roadmap
milestone - rather than on the modeling of the involved
physics). Yield Forecasting is as good as the yield mod-
els applied and predictions of process quality. Currently,
PODEMA-relevant yield forecasting is in its infancy
and the only published yield forecasting technique is
implemented in CMU’s Y4 simulator [24,25].

Hence, one must conclude that despite reported
effort, the design-manufacturing interface forms an
important bottle-neck for further growth of microelec-
tronics. This interface also seems to require a substantial

strategy is again a domain which is informally practiced investment, especially as far as computer applications
in industry. Such a synthesis is performed in an ad hoc are concerned. The reported results may, however, form
manner with very little, if any, formal support. Synthesis a basis for future developments. The most advanced
of new (or improved) design rules is routinely done in component of the design-manufacturing interface, as of

industry as well. But again, the process of rule genera-
tion is rather informal and only a few papers dealing
with this subject have been published (see e.g., [14,15]).

To summarize, the big-picture situation of yield
analysis is as follows: Yield analysis is practiced in an
informal way as a mean of yield improvement and con-
trol. Experimental yield models are built sometimes but
these are rarely intended for, and capable of, yield pre-
diction of new designs that are substantially different
from those used in the model building process. The only
exceptions are the critical area based yield models [4,9,
16,17,18,19,20] which can produce adequate predictive
accuracy under the condition that proper defect data is
available.

Post-design  manufacturability —assessment
PODEMA - in the form proposed in this paper is new,
but it can be seen as a natural expansion of the Manufac-
turability Extraction Environment - MAPEX [3] (which
has been inspired, in turn, by Fairchild’s approach to
yield analysis [8]). Status of key PODEMA components
is as follows:

Design Attribute Extraction has been developed
very intensely by CMU in collaboration with some of
their Research Affiliates including: AMD, CADENCE,
IBM, National Semiconductor, Philips and Siemens.
The main vehicle used in the extraction was MAPEX [3]
with a number of upgrades [21,22,23]. The upgraded
version is referred to as MAPEX 2 [3]. Yield Model
Synthesis is a domain discussed in numerous publica-
tions. The bottom-line assessment of this field can be
summarized in the following way. There are two kinds
of models which can approximate yield loss in a reason-
able manner: experimental, fudge-factor based models

now, seems to be post-design attribute extraction [3] -
the key element of PODEMA.

5.0 Conclusions

The short characterization of the basis for change of
the design - manufacturing paradigm discussed in this
paper indicates that:

a. Despite overwhelming evidence that such a change
is needed there is not enough intellectual or organi-
zational momentum which could lead to the materi-
alization of the vision proposed.

The key missing components are:

b.1 Formal basis for efficient cross-correlation yield
loss analysis;

b.2 Yield models covering yield loss mechanisms
other than spot defects;

b.3 Modeling techniques allowing forecastin
yield loss mechanisms for newly develope
cesses.

b.4 A methodology to translate newly detected man-
ufacturability limitations into a set of design
rules and design guidelines in a form acceptable
by modern DA tools.

A few components which have recently been devel-
oped include:

c.1 Design attributes extraction methodology, algo-
rithms and software [3].

c.2 Experimental evidence that key elements of the
vision described in this paper may have an
impact on the efficiency of design-manufacturing
interface [26].

b.
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It is our contention that much needed change in the
design-manufacturing interface can be accomplished if
adequate investment in talent, time and money is com-

layer using test structure data,” IEEE Trans. on
Semiconductor Manufacturing, vol. 7, no. 3, pp.
354-368, Aug. 1994.

mitted in order to develop all components of YAN and [13]

W. -B. Jone, “Defect Level Estimation of Circuit

PODEMA. Testing Using Sequential Statistical Analysis,”
Trans. on Computer-Aided Design, Vol. 12, No. 2,
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