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Abstract

In recent years, Analog design tools have helped reduce the design time for different
kinds of custom analog circuits. One such tool, the CMU Analog Design System, ACACIA,
can synthesize and layout various analog circuits, in about 10 minutes. Due to the strong
correlation between yield and profitability, it is important to predict the design yield, and
attempt to change the design to improve the yield. Currently, yield prediction strategies
involve the use of SPICE-type simulators in a Monte Carlo analysis, taking significant
computation time. We propose a macromodel based approach to rapidly estimate
parametric yield. In such an approach, the computation time is drastically reduced,

making it possible for the designer to explore design tradeoffs for yield enhancement.
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1. Current view of ACACIA framework

Analog design tools are of increasing importance to industries that use many different
kinds of custom analog circuits, mainly as small, but important, interfaces on application
specific ICs (ASICs). One such system, developed by the Analog CAD group at Carnegie
Mellon University, is a display framework called ACACIA [1]. The ACACIA environment
currently integrates analog circuit synthesis, layout generation, circuit simulation,
waveform display, schematic synthesis and display, as well as some rudimentary data

management capabilities. The interrelation of the tools as well some of its capabilities is

shown in Fig. 1-1.
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Figure 1-1: ACACIA design environment and its component tools

As can be seen in Fig. 1-1, the design specifications used by ACACIA are in the form of




performance and fabrication technology parameters. Due to variations in the fabrication
process, and the high sensitivity of analog circuit performance to these variations, it is
simply not enough to use nominal process parameters. The complex relationship between
the process parameters and the circuit performance also eliminates the use of process
corners to determine the effect of the variations on the yield (this is a common method for
digital circuits). Expert analog designers use multiple simulations of the circuit on SPICE-
type simulators, over many sets of process parameters, and then extract performance
parameters from the output waveforms to determine yield. Designers are interested in
tuning their circuits to maximize yield mainly because any chips that do not meet

specifications contribute to the cost, but not to the revenue of the manufacturer.

In this report, we describe a framework to incorporate parametric yield estimation into
the ACACIA environment. A Monte Carlo based approach is used, while at the same time
computation time is kept to a minimum by using analog circuit analysis equations, instead
of a SPICE-type simulator. Since the process parameters are often correlated (cannot be
considered independent random variables), a methodology of getting representative sets of

process parameters from independent random variables is also discussed.

In this chapter we discuss some details of the ACACIA framework, including the
motivations for such a design system. The first component of ACACIA is OASYS, [2, 3], a
general framework for hierarchical synthesis of sized circuit schematics from performance
and process specifications. These sized circuit schematics can be converted into layouts
using ANAGRAM/KOAN [4, 5]. Layout editors and extractors such as Magic, and
simulators such as SPICE, as well as some graphing tools are also incorporated into

ACACIA.

1.1. OASYS

Analog circuit synthesis, in general, involves three phases. Getting an initial first cut
design is usually the most time-consuming component of the manual analog design process.
It is then followed by a tuning phase and a layout phase. There is often some feedback
from the layout phase to the tuning phase, in which layout parasitics are explicitly

incorporated in the tuning.



OASYS was designed with the aim of significantly reducing the time taken to generate
the first cut at the design. OASYS is innovative compared to other analog synthesis
systems [6, 7], in that it uses hierarchy to simplify the problem into several sub-problems.
A OASYS hierarchy is a set of block-diagram topologies of abstract block-diagram sub-
topologies. OASYS generates a design by selecting a combination of these topologies, and
sizing the transistors at the lowest level in the hierarchy. OASYS is clever enough to use
the information about which topologies did not meet the specification at any level of the
hierarchy to select a better topology. In this way, OASYS can generate an op-amp without
being bogged down in the solution of complicated equations as in [7]. Typically, OASYS

takes a couple of seconds to design an op-amp on a 13MIP workstation.

Inputs to OASYS include a performance specification list, in the form of a text file,
naming the performance parameters and setting their values to the desired specifications.
OASYS also needs the technology specification for the process for which the analog circuit
is being designed. This technology description is also a text file listing process parameters,
and the values to which they should be set. Currently, OASYS uses a subset of SPICE level
2 MOS model parameters and certain other process parameters such as the minimum
width of the process. A new implementation of OASYS, called OASYSVM, described in [8],
attempts to differentiate the design knowledge, from the synthesis framework. These two
systems have identical functionality. In the rest of this report, we use the label OASYS to
include the original OASYS prototype as well as the newer OASYSVM.

In summary, OASYS is an analog circuit synthesis system that can rapidly generate

sized transistor schematics from performance and process specifications.

1.2. ANAGRAM/KOAN

The layout of an circuit, given the device-level schematic, involves module generation,
placement, and routing. The module generator builds low level macro-cells (either devices,
or groups of devices with special characteristics). These are placed by a simulated
annealing algorithm which tries to minimize wire-length in sensitive paths. Finally, a line-
expansion style router connects the signal paths and the power grid. In all these sub-

modules, careful attention is paid to minimizing performance-critical layout sensitivities,



while at the same time minimizing the time taken for the layout generation.

1.3. Design Space Exploration

In this mode, OASYS is used repeatedly to investigate the design space. None of the
generated schematics are stored, but a rough estimate of the performance parameters is
computed instead. Any three such parameters can be graphed for the designer, for a better
understanding of the design phase. To keep computation time to a level where interaction
between the designer and the system can still occur, the ACACIA interface asks the user to
limit the variation to two performance parameters, and then computes a third performance

parameter as a function of this variation.

In summary, ACACIA provides and interactive environment for an analog designer to
rapidly generate analog circuit designs, from performance and nominal process

specifications.

2. IC fabrication model and Yield

In the ideal fabrication process, all manufactured chips would exhibit the same behavior,
but in the actual process, random disturbances in the processing steps cause variations in
chip behavior. As described above, ACACIA uses a subset of the SPICE level 2 MOS model
parameters to describe the fabrication process. These parameters are not independent
random variables, but are a complex function of the manufacturing process. In this chapter
we discuss the manufacturing process and formulate yield prediction strategies as a

function of the independent random variables in the system.

2.1. The VLSI Fabrication Process
The manufacturing process of an integrated circuit (IC) consists of a series of steps, that,
when carried out in a specific order, converts a circuit design to an integrated circuit chip.

The structure and organization of the IC manufacturing process is discussed by Maly, et. al.
[9].

In an IC manufacturing process, the circuit being fabricated is described by a set of
masks. A mask is metal-covered glass plate with transparent geometric patterns etched on

them. The information in the masks is transferred to silicon by means of a sequence of



photolithographic and chemical processing steps. The silicon used in the manufacturing
process is in the form of thin slices of a cylindrical semiconductor ingot, of about 2 to 3
inches radius, called wafers. In some of the processing steps, groups of wafers are
processed simultaneously; such groups, usually of 20 to 50 wafers is called a lo¢. In order to
measure the performance of the fabrication process some of the chips in a given wafer
contain devices, called test structures, that are sensitive to the quality of specific processing
steps. These few test chips are usually spread out evenly among the tens to hundreds of IC

chips on the wafer.
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Figure 2-1: Model of a process step

In a standard complimentary metal-oxide semiconductor (CMOS) process, the details of
which are described in [10], there are over 40 processing steps. Each process step involves
some form of annealing, deposition, etching, implantation, lithography or oxidation. In
order to improve the control of the fabrication process, processing steps are usually
separated by evaluation and control steps (see Fig. 2-1). In a given process step, the process

control parameters, the layout, and random process disturbances modify the wafers passing



through the process step. In the evaluation stage, the test structures are tested according
to the test conditions to see if the results fall within the selection thresholds. Such in-line
tests include width and alignment checks. Failing chips are rejected or reworked, while
passing chips are forwarded to the next process step (this is the selection stage). As the
sequence of fabrication steps nears conclusion, the silicon structures begin to show
electrical properties that can be probed, so the test conditions are expanded to include
probe tests. At the end of the fabrication process, the chips are parametrically and

functionally tested, then sent for assembly and packaging.

We can represent the processing steps of a CMOS process as a sequence of the processing,
evaluation and selection steps of Fig. 2-1. Each step has four inputs, the process control
parameters, the layout, the disturbances, and the wafer. The process control parameters
depend on the kind of processing taking place in that step. For instance, in the case of an
oxization, these parameters include the type of oxidation (such as dry or wet - wet means
water vapor is the source of the oxygen), the time taken by the process, the temperature at
which the process is taking place and so on. On the other hand, in an etching step, it is the
material being etched, the time, and the temperature that are some of the important

parameters.

The layout information may be nothing (in the case of an oxidation step), or a working
mask that contains the image of an entire wafer, or a reticle that has the information of a
chip, and is stepped and repeated across the wafer. In a CMOS process there are masks
defining the regions on the chip that should be implanted, covered with metal or

polysilicon, for contacts, and so on.

The process disturbances are random changes in the process step environment that cause
variation between the structures being manufactured in that step, across the chip, between
chips, and between wafers. They are always present in any fabrication line. Due to the
inherent random nature of the disturbances they can be modeled as a random variables.

Maly et. al. [9] classifies some of the disturbances:
e Human errors and equipment failures.
» Instabilities in the process conditions. In some process steps it is impossible to

have uniform conditions surrounding a lot, thus chips may not be processed
identically. For instance, the turbulent flow of gasses in the oxidation step will



lead to different thicknesses of oxide across a chip.

o Material Instabilities. Some of the materials used in the processing may have
variations in their physical characteristics, or even contamination from other
compounds used in the fabrication process. For instance fluctuations in the
purity of dopants being used in the process will lead to variations in the
concentration of electrons and holes in the same devices across chips.

« Substrate inhomogeneities. There are often defects in the wafers due to point
defects, dislocations and surface imperfections. Point defects can cause a sharp
change in the diffusion profile of a dopant, thus to leakage currents in the
devices fabricated.

o Lithography spots. Sometimes a mask is scratched, or has a dust particle on it.
This can lead to added or missing material in the chip itself. For instance, a
dust particle on a mask may cause some metal interconnect that is normally 3u
wide to be 1lu wide for some part of its length, thus affecting the resistance of
the connection.

For a detailed description of the effects of these disturbances, see[9]. Some of the
common electrical effects include charges trapped in the oxide, and varying oxide thickness,

both of which affect the MOS threshold characteristics.

The independent variables in the VLSI manufacturing system are the process control
parameters (C), the masks (L), and the disturbances (D). While the first two sets of
variables are constants, the third is a random variable, thus a probabilistic or statistic
approach to yield is needed. We can define the process state vector after wafer processing,

Xw, as a function of C, L, and D.

2.2. Yield Prediction Metrics

We are interested in improving the profitability of the manufactured IC. We do not want
to invest in manufacturing the design to compute the yield (manufacturing yield), so we
need a method of determining the yield in the design process. Maly et. al. [9] use the
concept of the acceptibility region to determine design yield. They define the acceptibility
region as the set of process state variables that assure the desired performance of the

manufactured IC chip.

An acceptable IC chip is one that succesfully has passed the parametric and functional
tests. To keep the yield prediction problem simple, we will treat these separately, but in

parallel. Let us define a functional performance space, S’ and a parametric performance
Q



space, Sg, containing the functional and the parametric performances, respectively. We can
say that a set of functionally acceptable performances is

A’é: {Qe Sgleach qu is acceptable V j=1,2, - -, np },

and that a set of parametricly acceptable performances is

Ag ={Qe€ Sgleach qf is acceptable V j=1,2, .-, np },

where Q is the set of performances that are of interest to the designer. The performance
of an IC chip is fully determined by Xy, the process state variable vector representing all
the physical parameters of the IC after wafer processing. We can define the acceptibility
region in this process state variable space, denoted as Sy. The functional acceptibility
region is

AL = [ Xy € Syioty) € AD),

and the parametric accepatibility region is

Al = ( Xy e SyloXy) € A))

where Q(Xy) is the dependence of the performances of interest to the designer on the
process state variables. The probability that the IC chip has an acceptable set of functional

performances is the functional yield:

YF = JgF(xw)fw(xw) dxy

where fy{(xy) is the joint probability distribution function (JPDF) describing the random

variable Xy and

F
gF(xW) - {1, Vo € _AW
0, otherwise.

We can simplify the yield expression by combining the above two equations to get an
integral over all Xy, e A‘Fv
Y= p o) dry
Ay

Similarly, we can write the parametric yield as (skipping some steps)

Y=| p fyloy) dx
J o






