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Abstract—Process variations increasingly challenge the manufacturability of advanced devices and the yield of integrated circuits. Technology computer-aided design (TCAD) has the potential
to make key contributions to minimize this problem, by assessing
the impact of certain variations on the device, circuit, and system.
In this way, TCAD can provide the information necessary to decide
on investments in the processing level or the adoption of a more
variation tolerant process flow, device architecture, or design on
circuit or chip level. In this first of two consecutive papers, sources
of process variations and the state of the art of related simulation
tools are reviewed. An approach for hierarchical simulation of
process variations including their correlations is presented. The
second paper, also published in this issue, presents examples of
simulation results obtained with this methodology.
Index Terms—Circuit simulation, manufacturability, process
modeling, semiconductor device modeling, sensitivity, yield.

I. I NTRODUCTION

P

ROCESS variations increasingly affect the performance,
the reliability, and the manufacturability of advanced semiconductor devices. This is among others highlighted in the
International Technology Roadmap for Semiconductors (ITRS)
[1], where the problem of variability is addressed in many and
quite different chapters, ranging from design through lithography and front-end processes to metrology. In the Design chapter, “variability and lithography limitations” are a key concern
of the “Design for Manufacturability” section. Specifications
for 3σ variations are particularly given for threshold voltage
and critical dimensions (CDs). Aside from the patterning of
minimum feature sizes by lithography and etching, the 3σ
variations of the created CDs are essential requirements in the
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Lithography and Front End Processes chapters. For etching,
gate-length 3σ values are even separately specified across the
chip, across the wafer, between wafers, and lot to lot. Even
in the Metrology chapter, variability is mentioned as one of
the key problems because of measurement uncertainty results
from three sources, i.e., reproducibility of measurement of the
same sample with the same tool, differences of measuring
the same sample with different tools, and variations between
samples. These examples of the broad discussion of variability
throughout the ITRS stress its importance for current and future
advanced scaled devices.
Simulation is the only realistic possibility for a holistic
investigation of the impact of the large manifold of relevant
process variations on circuits and systems. However, while,
in process and device simulations, up to some million variables are used to describe one device due to the necessity to
express distributions of physical quantities in space and time,
circuits and systems are usually described with a relatively
small number of parameters in compact or behavioral models.
Therefore, a hierarchical approach is required to investigate
process variations from their sources, which are largely at
the equipment level, to their impact on devices, circuits, and
systems. Simulation tools are needed, which accurately predict
not only nominal values but also their variability, both along
the chain of technological processes and at all levels. A key
requirement is the appropriate transfer of data between different
tools and/or levels, which makes sure that variability is not
mixed up with, e.g., discretization errors of the algorithms
applied. Advancing from one level to the other, particularly
from the nanoscale simulation of processes and devices with
spatially resolved meshes to compact device models, requires
suitable data reduction, which maintains all information needed
at later steps of the simulation sequence, including variations.
In the following, the most relevant sources of process
variations and the state of the art of simulation tools are
discussed. An approach for the hierarchical simulation of variations including their correlations, developed at Fraunhofer,
is presented. Application results are shown in another paper
included in this Special Issue [2].
II. S OURCES OF P ROCESS VARIATIONS
There are basically two different kinds of process variations,
i.e., those due to material properties including particle statistics
and those due to equipment issues.
Most frequently discussed in the literature are statistical
variations that are due to the atomistic or molecular nature of
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some processes. In particular, low-dose implantations into very
small areas result in an average overall amount of just a few
implanted atoms and, in turn, considerable fluctuations around
the desired nominal value. Since this is a purely statistical
effect, a particular process simulation is not required to describe
it, but the Monte Carlo simulation of ion implantation can be
used to visualize it. The impact of this effect on devices and
simple circuits has been discussed in numerous papers, e.g., [3]
and [4], using properly extended device simulation programs
and simple but justified assumptions on the ion statistics. Quite
similar approaches have been used for the simulation of the
impact of line-edge and line-width roughness (LER/LWR) [5],
which is a statistical deviation from the ideal straight-lineshape-patterned structures. Moreover, defects (particles) statistically distributed on a mask may print on the photoresist in
lithography steps and therefore lead to variations. For siliconon-insulator (SOI) devices, variations of the thicknesses of
the silicon layer contribute to the statistical variations. For
advanced SOI substrates, this variation across the wafer is less
than 1 nm, and empirically, an impact of about 25 mV/nm
was found [6]. Own studies for fully depleted (FD) SOI transistors based on ITRS specifications for silicon film thickness
variations led to similar figures [7]. An important common
feature of all these statistical variations is that their appearance
on different dies, across the wafer, and on different wafers is
statistically independent. In turn, they cannot be reduced or
compensated by advanced process control methods, which are
today commonly used in manufacturing to increase yield.
Lesser attention has been paid in research to systematic
variations that result from the fabrication equipment and its use
or are due to effects of the wafer itself or its patterning. These
variations are exactly the main subject of this paper and the
consecutive paper [2].
Key sources of systematic variations are the lithography steps
used to pattern the wafers. Currently, optical lithography is
being driven to its physical limits, particularly because the lack
of lens materials suitable for wavelengths below 193 nm rules
out a further reduction of the wavelength in manufacturing.
Therefore, the use of tricks is requested, and sophisticated
methods are applied, such as off-axis and/or incoherent illumination, phase-shifting masks, immersion lithography, and,
recently, double/multiple patterning. LWR/LER has been previously mentioned as a statistical variation that is generated
during lithography steps due to the molecular nature of the
photoresist. However, its size also depends on the aerial image
quality and several resist quantities, and can be simulated with
mesoscopic models [8]. Aside from this, several systematic
variations occur in lithography: Any stepper causes variations
of the focus position of the optical system versus the photoresist, due to variations of the vertical distance of the stepper from
the wafer, wafer warpage, topography of wafers that already
underwent processing steps, and changes in resist thickness.
Misalignment between different lithography steps is a premier
source of variations. Aside from these systematic variations, the
statistical spread of the laser power, which leads to fluctuations
of the illumination dose, also contributes to variability in lithography. Further sources of variations are lens aberrations and
mask imperfections—their imaging on the wafer is expressed
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Fig. 1. Typical aerial-image-based process window in optical lithography:
Defocus and relative intensity range for lines with nominal and ±10% CDs.

by the mask error enhancement factor (MEEF), which is a critical quantity in advanced lithography. These variations partly
occur between different wafers only, partly between different
exposure fields on the same wafer, partly (wafer topography and
warpage) even within the die. The situation gets worse in the
case of double patterning steps, where two mask levels are used
to pattern minimum-size features, which makes even adjacent
patterns subject to all these variations. Another key problem is
that even homogeneous or symmetric variations of lithography
parameters, e.g., defocus, result in highly inhomogeneous or
asymmetric variations of the patterned features. The reason is
shown in the process window that is well known in lithography
(see Fig. 1). Here, the printed CD is sketched versus the
defocus and the relative intensity. The middle line represents
the nominal CD, whereas the lower and upper lines represent
an increase and a decrease in the CD by 10%, respectively.
In consequence, deviations from the focus position in either
direction result in the same sign of CD variations, giving rise
to highly asymmetric distributions, as presented in [2, Sec. III].
Not discussed here is the optical proximity effect: Via diffraction in imaging, structures influence each other up to a distance
of some wavelengths. This effect is to some extent already
being taken into account in the optical proximity correction
(OPC) used in state-of-the-art design tools. The use of extremeultraviolet (EUV) lithography would change many details but
not the basic problem.
Several sources of across-wafer and wafer-to-wafer variations must be considered in other topography processes such
as the following: in deposition and etching, spatial distribution
of neutrals and ions within the plasma, inhomogeneities of the
gas flow, and variations of temperature and pressure; in sputter
deposition, spatial variations of target erosion and target aging;
and in chemical mechanical polishing (CMP), pad pressure
variations and slurry flow distribution, pad aging, and variations
of the chemical composition of the slurry. The treatment of
these variations requires appropriate equipment simulation and
subsequent data transfer to feature-scale (process) simulation.
Moreover, these processes are also affected by patterndependent effects that lead to the following intra-die variations: aspect-ratio dependence and iso-dense bias in etching;
influence of aspect-ratio-dependent shadowing on deposition
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far. One reason seems to be that research projects on the
development of advanced device architectures mostly apply
e-beam direct WRITE for pattern generation. Moreover, for bulk
metal–oxide–semiconductor field-effect transistor (MOSFET)
devices, the large effect of dopant fluctuations may hide other
variations. However, the situation completely changes in the
case of undoped channels, e.g., in FD SOI transistors. Frequently, variations at the process level depend not only on the
equipment but also on patterns already existent on the wafer
and must be therefore quantified on a case-by-case basis.
Fig. 2. Example for the effect of aspect-ratio-dependent etching: (Left) Isolated line versus (right) dense line. The layers from top to bottom are resist,
polysilicon, oxide, and the silicon substrate.

rates inside features; and dependence of polishing rates and
feature profiles (dishing and erosion) on pattern density in CMP
processes. Fig. 2 shows an example for aspect-ratio-dependent
etching.
Ion implantation, in the past, could be considered as a wellcontrolled process because of the separation of implanted ions
and their energies, a high number of ions being implanted
into the relevant areas, and the minimization of channeling by
suitable tilt and rotation angles, thereby also minimizing the
impact of angle variations during scanning. However, current
low-energy processes lead to broadening of the energy distribution of the ions due to deceleration. The impact of variations of
tilt and rotation angles becomes more severe due to the larger
residual channeling at lower energies. This effect becomes even
more pronounced for plasma immersion doping, due to its
inherent larger angular spread. Dopant fluctuations resulting
from ion implantation were already previously discussed.
In traditional furnace annealing and oxidation processes,
temperature variations due to inhomogeneities in heating and
gas flow lead to across-wafer and inter-wafer variations. Furthermore, temporal and spatial variations in temperature profiles can have a similar effect. Current nonmelting laser and
Flash annealing processes are much more critical in terms
of variations because process times and, therefore, thermal
diffusion lengths are too short to smear out inhomogeneous
heat transfer into the wafer caused by patterned structures
with changes in wafer reflectivity. In consequence, not only
temperature changes with time must be considered but also
spatial variations. This can lead to intra-die variations of dopant
activation.
In addition to the pattern effects previously mentioned for
most processing steps, pattern-dependent stress is also a major
source of intra-die variability. It not only directly influences
processing steps such as oxidation but also particularly affects
carrier mobility. Other main sources of variability not previously mentioned so far are interface charges and traps, and
surface roughness in the channel, which affect carrier mobility
and, partly, threshold voltage. Interconnect surface roughness
affects, in particular, resistivity and electromigration.
Compared with variability sources such as dopant fluctuations, LER/LWR, and interface traps, which have been frequently discussed in the literature, e.g., [3]–[5], the process
variations previously summarized, which affect device geometry and dopant activation, have received lesser attention so

III. S TATE OF THE -A RT IN S IMULATION OF VARIABILITY
This section focuses on the most important aspects for the
treatment of process variations at the various levels of simulation, whereas discussions of the general models and algorithms
used for the simulation of nominal processes are beyond the
scope of this paper and were published elsewhere (see, e.g., [9]
for the modeling of diffusion and activation).
A. Equipment Simulation
Within micro- and nanoelectronics, equipment simulation
is mostly used to study reactors for etching and deposition.
For this purpose, fluid dynamics or multiphysics codes are
used, which were extended to include energy transfer into the
equipment, e.g., by radiative or inductive heating, plasma dynamics, and particularly the chemical reactions that govern the
deposition or etching process. A typical example is the program
CFD-ACE [10], which has been also applied for the etching
simulations on the equipment scale reported below. From the
simulation of gas flow, energy transfer, plasma dynamics, and
chemical reactions, the distributions of temperatures and various neutral and ionic species throughout the reactor chamber
are simulated. The geometry to be considered includes not
only the process chamber of the reactor with its gas inlets
and outlets and its heating or inductive elements but also an
approximation of the semiconductor wafers to be processed.
The distributions of temperature, concentrations, energies, and
directions of the reactive particles simulated at the position of
the wafer can be subsequently used to extract etching and/or
deposition rates at the wafer surface and changes across a
wafer or between different wafers. They can be also used in
subsequent feature-scale simulations, as summarized below.
Various implementations have been reported in the literature,
e.g., [11].
Concerning diffusion and oxidation furnaces, activities have
shifted from the simulation of temperature distributions and
partly gas compositions in (horizontal) batch reactors to the
investigation of contemporary millisecond or Flash annealing
reactors. Here, the main problem is that, increasingly, the
spatial and temporal distributions of the temperature at the
wafer are difficult to characterize and are partly even not fully
reproducible. However, for the simulation of the activation and
the diffusion of dopant atoms, not only the nominal temperature
is important but also its distribution, which additionally also
depends on wafer reflectivity and, in turn, on layer stacks and
pattern densities. While the study of such effects was already
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started in the 1980s [12], much work still remains to be carried
out on the characterization and the simulation of the current
state-of-the-art equipment.
B. Lithography Simulation
The situation of lithography is insofar specific as no reasonable separation can be made between equipment and process
simulation. The main aspect to be simulated is first the deposition of light intensity into the photoresist (illumination),
which is determined by the diffraction of the illumination light
at the optical mask and the transformation of the mask diffraction spectrum into the wafer stack by the projection system.
Then, the diffusion and reaction processes in the photoresist
(development) must be simulated, which finally lead to the
dissolution of the resist in the sufficiently exposed or unexposed
resist areas, for positive- or negative-tone resists, respectively.
While models and parameters for resist development generally
still lack predictive accuracy and, in turn, require a significant
amount of calibration, the optical imaging process is accurately
described by Maxwell’s equations. Particularly in lithography,
rigorous three-dimensional (3-D) simulation is mandatory for
almost all relevant cases. Commercial tools available for the
simulation of optical lithography, such as PROLITH [13],
Panoramic [14], and Sentaurus Lithography [15], employ very
different approaches to solve Maxwell’s equations or to partly
replace them by simpler and less time-consuming methods.
Furthermore, they largely differ in the approximations used,
e.g., for the frequently used off-axis illumination (“Hopkins”
or “non-Hopkins” approach [16]) or for nonpoint light sources.
Optolith [17] is even only applicable for 2-D problems. For
this paper and the consecutive paper [2], the proprietary 3-D
research lithography simulator Dr.LiTHO [18] from the
Fraunhofer IISB has been extended, integrated and applied.
This tool allows for the accurate and computationally efficient
solution of Maxwell’s equations by sophisticated waveguide
and domain decomposition methods [19] and has been combined with a genetic algorithm e.g., for the cooptimization
of light sources and masks in order to optimize not only the
nominal features printed but also the process windows obtained,
thus minimizing the effect of lithography parameter variations,
as summarized in Section II.
C. Process Simulation
Sophisticated feature-scale models for the simulation of ion
implantation, annealing, and oxidation are implemented in
commercial tools such as Sentaurus Process [15] or Victory
[17] and are subject of further research in various projects such
as the current European Commission project Advanced TEchnology MOdeling for eXtra-functionality devices (ATEMOX)
[20], in which the generality and the predictive accuracy of
the models are being further improved. The most important
limiting factors for the investigation of process variations are,
particularly for 3-D simulations, the long computation times
needed and the still-not-fully-solved problem of generating and
adapting numerical meshes for nonplanar moving geometries in
three dimensions, particularly for oxidation steps.
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The capabilities for simulation of etching and deposition
processes in these tools is mostly limited to 2-D and/or simple
solid modeling approaches to create the input geometries for
3-D device simulation, e.g., by extruding 2-D geometries to
3-D. Programs for simulation of etching and deposition in three
dimensions are available from commercial [17] and some academic sources, e.g., [21]–[23]. For the treatment of variations
resulting from lithography, etching, or deposition steps, such
tools must be employed and linked with equipment simulation
to be able to trace the effect of variations, which are caused
by process equipment, on device geometries. This is subject to
current research and various publications, e.g., [11] and [22].
D. Device Simulation
Most work on semiconductor device simulation currently
carried out deals with the development of new or improved
transport models and the application of device simulation tools
to optimize device architecture and investigate new device
options. A key limitation is that the drift-diffusion or hydrodynamic models used in commercial programs such as Sentaurus
Device [15] or Victory [17] fail to match experiments for small
feature sizes [24] and therefore need appropriate calibration
or extension. More advanced—and, in general, more time
consuming—models and device simulators are available from
various academic sites, e.g., [25].
Four main aspects are important for the study of variations at the device level. First, the nominal devices must be
appropriately described, e.g., using well-calibrated models,
as previously mentioned. Second, variations generated during
wafer processing need the (mostly 3-D) coupled simulation of
the process sequence and the device properties. Third, some
variations such as dopant fluctuations need not to be considered
in process simulation because their result can be well described
by simple statistical distributions, defined only by the number
of ions or the absolute value and the correlation length of
the LER. In turn, such variations have been studied for many
years by device simulation only and are subject to numerous
publications, e.g., [3]–[5]. Fourth, temporal variations of the
device performance particularly result from aging effects that
are, to some extent, also influenced by process variations.
A detailed discussion of variability not only extending from
device to design but also stressing the importance of process
variations has been recently published by Purdue University
and Intel [26].
E. Circuit Simulation
The ongoing shrinkage process in technology development
leads to an increasing influence of process variations on circuit
characteristics [27], [28]. In order to examine these influences,
parametric variations, as they appear from tolerances in the
manufacturing process, must be explored on the circuit level
[29]. The results of the so-called corner simulations [30] are
usually too pessimistic since the probability of their occurrence
is extremely low. Moreover, the corner case of the process
parameters does not necessarily cover the worst case of the
circuit performance.
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Most commercial SPICE-like circuit simulators offer analysis modes for parametric variations by means of Monte Carlo
simulation. Unfortunately, only simple standard distributions
(uniform, normal, and log-normal) are provided to describe the
probability density function of the random variables. Moreover,
Monte Carlo simulations are very demanding (in terms of time
and/or computational costs) for complex designs and multidimensional parametric dependences. Even in the presence of
FastSPICE simulators [31], which offer a speed-up of one order
of magnitude on the average compared with standard SPICE
simulators, the conceptual problem persists.
Therefore, efficient analysis methods are required to examine the statistical behavior of circuit characteristics and
their dependences on process variations [32]. Methods that
avoid expensive Monte Carlo simulations, such as importance
sampling and working with marginal distributions, have to
be considered for circuit- and system-level analyses. Another
approach is to use statistical modeling methods for the description of the dependences over multiple levels of abstraction,
such as response surface models with higher order sensitivities.
Models of higher order are necessary to sufficiently describe
the nonlinearities in the statistical dependences, which come
from the involved device models [33]. The nonlinearities lead
to distorted probability distributions, as compared with the original normal distributions of the process variables. Therefore,
description and analysis methods for strongly asymmetrical
parameter variations are also required [34].
F. Mixed-Level Simulation
Classical circuit simulation (sometimes also called SPICE
level) uses device models in form of pseudocircuits to map
the electrical behavior of each single semiconductor device into
the world of netlists. Such a method is limited in its accuracy
by nature. Moreover, it requires some effort to generate these
models and calibrate their parameters that are up to several
hundreds for a particular semiconductor device. In order to
obtain stable and/or more accurate results, it is often necessary
to insert the system of partial differential equations describing
the electrical behavior directly into the set of circuit equations (differential algebraic equations), resulting in a system
of tightly coupled partial differential algebraic equations. This
approach has been implemented in the simulation framework
Multiphysical Electric Circuit Simulator (MECS) [35].
MECS has the ability to include device models from several existing simulators, such as SPICE (e.g., BSIM3 [36]),
MinimosNT [37] (for the devices to be accurately modeled),
or Magwel RT (for electromagnetic effects) [38]. The actual
implementation was not carried out by copying or reimplementing parts of the code but by using the aforementioned
simulators in form of shared libraries. Since MECS is written
in Python/Cython, there are easy-to-use mechanisms to import
functions from shared libraries originally generated from, e.g.,
C++ or Fortran. This is not only a practical way of reusing the
code but also a powerful method to speed up a Python program.
The resulting series of large nonlinear systems has to be
linearized and finally solved by an efficient sparse matrix solver.
The SAMG software library of Fraunhofer SCAI [39] has been
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extended by means of a switching and smoothing framework
(α-SAMG [40], [41]) and physically oriented reformulations
in order to speed up the most time-consuming part of the
simulation runs.
G. Behavioral Modeling for System Simulation
Growing standards in the design process of electronic circuits
require new methods that can improve design efficiency. The
functional verification by simulation is an important substep
in checking the specification consistency of designed circuit
components. On the transistor level, this is associated mostly
with very long simulation times. Thus, in larger designs, timecritical components are replaced by manually generated behavioral models. Thereby, the physics of a component is mapped
to mathematical equations that describe its system behavior.
This leads to improved insights regarding the behavior of the
modeled component and an advanced analysis of its influences
on the circuit. Due to difficulties in the automated generation
of behavioral models, these have to be manually created at the
moment [42]–[44].
Since, in most cases, generalized modeling languages, such
as Verilog-A or very-high-speed integrated circuit hardware
description language (VHDL), are used, there exists a large
number of simulators, such as Spectre, Saber, or Eldo, which
can integrate and evaluate these models. However, most simulators, which are optimized to handle netlist-based input, tend
to handle behavioral models far too slowly [45].
Some simulators allow the use of statistically distributed
model parameters instead of just nominal model parameters.
These can be used for statistical analyses, e.g., for Monte Carlo
simulations. In particular, the software tool Analog Insydes
[46], which is designed for symbolic modeling and analysis of
electronic circuits, unifies these features. Due to the symbolic
modeling concept, it is possible to analyze the exact behavior
of the circuit. Numerical as well as symbolic methods are
used to determine the effects of statistically disturbed model
parameters. Furthermore, Analog Insydes offers the possibility
to reduce behavioral models. Thereby, only the most relevant
parts of the model are kept so that the order of the model
decreases. This leads to faster simulation and a simplified
analysis that allows producing interpretable design formulas
from the reduced model.
Currently, the resulting deviation in the output behavior
of the nominal system is controlled during model reduction,
such that no statements about the behavior of the circuit with
disturbed parameters can be made [47].
H. Integration of Simulation Levels
For the investigation of the impact of process variability
on circuits and systems, a complete simulation sequence is
needed, which spans from equipment and lithography simulation through the overall process and device simulation to
compact and behavioral models. Commercial software packages currently cover most of this wide area to some extent but
nevertheless have serious limitations in two respects: First, as
previously outlined, there are already considerable limitations
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Fig. 3. Notation for simulation flow without variations up to the SPICE level.

in the individual simulation steps. Second and more important in this context, the integration with equipment simulation
is largely missing, and the integration with lithography and
topography simulation has severe limitations. For instance, in
commercial software systems, either lithography [17] or overall
topography steps [15] can be only simulated in 2-D.
IV. H IERARCHICAL S IMULATION OF VARIABILITY
As previously outlined, variability must be traced through
all processing steps and simulation levels, from equipment to
devices, circuits, and systems. A key additional requirement to
be met is that it must be also possible to trace correlations, e.g.,
if different transistors are patterned with the same lithography
step (but different features on the mask) and are therefore subject to the same focus and dose variations. A simple example is
the matching of two nominally identical transistors. If both are
affected by the same variations, no matching problem occurs.
This also demonstrates that the corner analysis can lead to too
pessimistic results.
In the following, a novel approach is presented, which allows
tracing not only variability but also the respective correlations
through all steps in the simulation sequence, from process up
to circuit simulation. First, the nominal process and simulation
flow is considered without variations (see Fig. 3). Here, the
result of the simulation step k is described by a state vector Rk ,
which contains all relevant information. The simulation step
k + 1 then transforms the state vector Rk into the next one, i.e.,
Rk+1 . The content of the state vectors is specific, e.g., for the
result of a processing step, it may be the reference to a file,
where the resulting geometry and doping concentrations are
stored, possibly including also values such as extracted CDs.
For the result of a device simulation, it may be the output
characteristics of the device and/or extracted compact model
parameters (see Fig. 3). Since the content of Rk is freely defined to appropriately characterize the result of the equipment,
process or device, this approach is completely versatile and not
subject to limitations.
To proceed from device to circuit simulation, the state vectors
Rk must be available for all elements of the circuit. Depending
on the nature of the circuit element and the way it was fabricated, these vectors may differ even in format (e.g., between
a transistor, a resistor, or an interconnect structure). The input
needed for the circuit model is then taken from the respective
vectors Rk . This allows differentiating between statistically
independent and dependent variations: If two circuit elements
are not only nominally identical but have been also subject
to identical variations, then the same variation of the state
vector Rk has to be used for both elements. Otherwise, two

Fig. 4. Notation for the simulation flow with variation of processing step 2 up
to the SPICE level. Three different values of one parameter are shown.

different representatives of Rk must be used, both describing
the same device but considering different variations. Whether
the variations of different circuit elements are statistically independent or not depends on the layout and the details of the
process sequence. Basically, variations that have their source in
different processing steps (e.g., lithography and implantation,
or two lithography steps for two different mask levels, which, in
turn, may have different focus and dose values) are statistically
independent from each other. Therefore, it is essential for treating variations at the circuit level to know if the different circuit
elements have variation-critical steps in common and therefore
have correlated variations. The generalization to variations that
have some correlation length is obvious but, for simplicity, not
further explained here.
To trace variations along the whole simulation sequence,
first those process parameters have to be identified for which
variations have to be considered, e.g., the defocus in a critical lithography step or the variations of temperatures of a
source/drain annealing step. The simulation sequence is then
split at the first occurrence of a variation to be treated, with an
appropriate assumption on the statistics of a varying parameter
(e.g., focus and dose of a lithography steps both independently
varying and homogeneously distributed with a given interval).
This is visualized in Fig. 4 for the second processing step P 2 ,
which is simulated with (cf. Fig. 3) different values of one
parameter p, resulting in (here three) different state vectors
Rj2 after the simulation step. These vectors Rj2 all refer to the
same nominal simulation sequence but with different variations.
Obviously, the value of the varying parameter should be then
also stored in vector Rj2 . In turn, at this step the simulation
is split into as many individual simulations as the parameter
values used to characterize the variation.
During a full hierarchical simulation sequence, each new
variation considered leads to an additional split of the simulation sequence. If, for example, five varying parameters are
considered, each of them with 20 values, this finally leads to
3.2 million vectors after the last simulation step. Obviously, the
treatment of a variation is more costly the earlier it turns up in
the simulation sequence.
The final set of vectors Rk after the last simulation step then
allows for the extraction of all desired statistics: The overall
distribution of a device parameter (e.g., Vth ) or all sets of
multidimensional or conditioned distributions (e.g., distribution
of Ion for all devices that have Ioﬀ lower than a given limit).
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the dominant source of variations, which have been broadly
discussed in the literature. However, many variations caused by
fabrication equipment have to be taken into consideration, particularly for upcoming SOI transistors with undoped channels.
Hierarchical coupled equipment, process, device, circuit, and
system simulation is a valuable approach to assess the impact
of variations and to decide about the best equipment, process,
and device architecture options and the best tradeoffs to be
taken. Examples for simulation results obtained at Fraunhofer
are shown in the consecutive paper presented in the same issue
of this journal.
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Obviously, it is very advantageous to reduce the complexity
as soon as possible along the simulation sequence, e.g., by
deriving variation-aware compact models from device simulation [48]. In particular, an appropriate reduction of the full (5-D
here) matrix of simulations, e.g., by design of experiment (DoE)
methods, is very promising to drastically reduce computation
times. As an enhancement of the split, PRO-CHAIN [49], [50]
can be adopted (see [2, Sec. III]).
As a simple approach, linearization may be also beneficial to
reduce the number of simulations if different sources of variation can be independently treated. In that case, not the whole
matrix of combinations of variations needs to be considered, but
each variation could be separately treated, and its impact could
be approximately described by two or a few simulations only.
If, however, nonlinearities or correlations dominate the block
behavior, the use of DoE methods as previously mentioned is
necessary to speed up the study.
Fig. 5 gives a brief example of results obtained with this
approach, where the impact of variations of dose and focus for
two lithography steps, of the etch bias across the wafer, and
of the peak annealing temperature on a static random-access
memory (SRAM) cell were considered. The figure shows the
normalized value of the READ static noise margin versus the
normalized variations of the gate length. Here, “normalized”
refers to the deviation of the actual value from its average,
divided by its standard deviation. As visualized in the figure,
the READ static noise margin strongly depends on variations
of the gate length. However, since different values of the six
process variations considered lead to the same value of the gate
length and particularly because the peak annealing temperature
is varied as well, a spread of the READ static noise margin for
the constant gate length is also observed. For more explanations
and results, see [2].
V. C ONCLUSION
A large diversity of variabilities challenges the manufacturability of advanced nanoelectronic devices, circuits, and
systems. For current bulk transistors, dopant fluctuations are
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