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Challenges for Atomic Scale Modeling in Alternative
Gate Stack Engineering
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Abstract—We review the challenges for atomic scale modeling
of alternative gate dielectric stacks. We begin by highlighting re-
cent achievements of state-of-the-art atomistic simulations of the
Si/SiO2 system, showing how such calculations have elucidated the
microscopic origins of several important experimental phenomena.
For the benefit of readers who may be unfamiliar with the simu-
lation tools, we overview and compare the relevant methods. We
then describe the difficulties encountered in extending these ap-
proaches to investigate high- dielectric stacks, pointing out ex-
citing research directions aimed at overcoming these challenges.
We conclude by presenting a roadmap of computational goals for
atomic scale modeling of alternative gate dielectrics.

Index Terms—Computer aided engineering, dielectric materials,
semiconductor device modeling, semiconductor materials.

I. BACKGROUND

A. Motivation

T HE RAPID scaling of silicon-based MOS devices has led
to silicon dioxide (SiO) gate insulating films less than

2.0-nm thick, representing the most critical dimension in the
modern transistor [1]. Recent work at Bell Laboratories has pre-
dicted that an SiOgate oxide must be at least 1.2-nm thick to
function as an insulator, and that given current scaling trends,
this fundamental material limit will be reached by the year 2012
[2]. When more practical considerations are taken into account,
such as power dissipation due to increasing electron tunneling,
it is likely that SiO will have to be replaced even sooner. Ac-
cording to the updated 1998 International Technology Roadmap
for Semiconductors (ITRS), the 70-nm generation (year 2008)
is the first generation for which there are currently no known so-
lutions capable of meeting all gate dielectric requirements [3].
Faced with this challenge, the microelectronics community has
been investigating a large number of alternative materials with
dielectric constants higher than that of SiO. These materials
would allow for a thicker oxide layer while maintaining suffi-
cient gate capacitance. The rapid introduction of many novel
materials resulting from this search is unprecedented in the his-
tory of semiconductor devices and presents a new challenge for
gate stack engineering.
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In the development of Si/SiOtechnology, conventional
process simulators like SUPREM were relied upon heavily to
reduce the experimental search space. These tools use partial
differential equations (PDEs) to interpolate between and ex-
trapolate beyond experimental data points. The success of this
approach for Si/SiOcan largely be attributed to the extensive
data and insight gained from many decades of experimental
work. Extending this to the development of alternative gate
dielectrics is challenging, however, since the time and cost of
populating an extensive knowledge database for each novel
material system are prohibitive. We believe that the traditional
TCAD approach alone may prove inadequate for alternative
gate stack modeling. Atomistic simulations are a promising way
to fill the knowledge voids by screening potential dielectrics
and predicting their microscopic behavior.

To further motivate our discussion, we briefly mention two
promising dielectrics aimed at meeting the Å equivalent
requirement for the 70–nm generation of the ITRS. Both mate-
rials are thermodynamically stable in direct contact with silicon,
so that a barrier layer is not needed. Wilk and Wallace deposited
an amorphous layer of hafnium silicate (HfSiO ) directly on
silicon and achieved of 18 Å [4]. McKeeet al. epitaxi-
ally grew a ferroelectric strontium titanate (SrTiO) crystal on
silicon and achieved of 10 Å [5]. The distinction between
the amorphous and crystalline structure of these two materials
has important implications from the modeling point of view. Our
intent is to elucidate such issues and to highlight the atomistic
simulation techniques aimed at overcoming the challenges of
alternative gate stack engineering.

B. Recent Achievements of Atomistic Simulation in Promoting
Understanding of Si/SiO

Over the past decade, significant advances in so-called first
principles methods (described in more detail in Section II), to-
gether with phenomenal increases in computing power, have en-
abled accurate, atomistic descriptions of complex materials with
no empirical fitting. Naturally, the Si/SiOsystem has received
considerable attention, and the microscopic origins of several
challenging problems have recently been explained. We briefly
review the key results.

Long-term dielectric reliability continues to be a critical con-
cern for both memory and logic devices, and many models have
been proposed to explain the physical origins of time- depen-
dent dielectric breakdown (TDDB). Charge traps are known to
be precursors to oxide breakdown, but their physical origin is
an intensely debated issue. Some models, such as the (1/E) ther-
mochemical model for breakdown, assume that the oxygen va-
cancy is the primary precursor defect in the intrinsic breakdown
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mode [6]. Recent first principles studies provided support for
this view, confirming that the hole-trapped oxygen vacancy in
bulk SiO can serve as an efficient electron trap [7].

Numerous experimental studies have also focused on the
role of hydrogen as a charge trap in bulk SiO. Yokozawa and
Miyamoto quantified these observations by calculating the
relative stability of charged and neutral states of hydrogen (e.g.,
H , H , H ) in SiO as a function of the chemical potential
[8]. They determined that the charged states were always lower
in energy than the neutral state. In addition, they computed two
quantities which enable further modeling and experiments: 1)
the energy level within the SiOband gap introduced by each
state, which may be input to PDE-based tunneling models that
explicitly treat charge trapping and detrapping mechanisms,
and 2) the vibrational frequencies of resulting Si–OHand
Si–H bonds, which were found to be sufficiently different
from those of neutral Si–OH and Si–H bonds that detection
of such states via Fourier transform infrared spectroscopy
(FTIR) is possible. More recently, Blochl and Stathis studied
the structure and energetics of various complexes of hydrogen
and oxygen vacancies in silica using first principles methods
[9]. By considering each defect’s charge-state level and shift
upon relaxation, they found that the neutral hydrogen bridge,
a complex in which a hydrogen atom replaces an oxygen
atom, was the most likely defect responsible for stress-induced
leakage currents (SILC) in gate oxides at low voltages.

The dissociation of Si–H bonds at the Si/SiOinterface
is also an important reliability issue, and Hesset al. have
recently shown that dramatic improvements can be obtained
by annealing with deuterium instead of hydrogen [10]. While
this isotope effect was initially discovered through scanning
tunneling microscope (STM) tip experiments, the underlying
mechanism was explained computationally based on dynamic
simulations of the Si–H and Si–D vibrational modes.

II. COMPUTATIONAL METHODS

A. Overview of Atomic Scale Modeling Methods

Conventional TCAD tools rely on a PDE-based continuum
description which only depends on the average properties of
materials. In contrast, for atomistic modeling, an interaction
rule between all atoms in the simulated system must be estab-
lished. Table I compares the three major approaches, empirical
interatomic potentials, density functional theory (DFT) and tight
binding (TB).

Interatomic potentials are classical models which do not ex-
plicitly take into account the role of electrons. The interaction
energy between atoms is evaluated using an empirically deter-
mined expression with fitted parameters. Because they are com-
putationally efficient, interatomic potentials have been widely
used to simulate the collective behavior of large numbers of
atoms, notably in ion implantation damage modeling [11].

DFT refers to a specific technique used to solve the
Schroedinger equation, the governing equation of quantum
mechanics. Quantum mechanics is the fundamental description
of matter at the atomic scale and predicts macroscopic material
properties almost exclusively in terms of the interactions of
electrons. Within this framework, the electronic structure of a

TABLE I
SIMPLIFIED CLASSIFICATION OFATOMIC SCALE COMPUTATIONAL MODELS

material is represented by a wave function. To determine ,
one must solve the many-electron Schroedinger equation

(1)

The first term on the left represents kinetic energy and
and denote the potential energy arising from ion-ion, ion-
electron and electron-electron interactions, respectively. Most
computational techniques expandin a predefined set of basis
functions. Solving for is then analogous to determining the
degree to which each basis function contributes to the overall
wave function. The accuracy and cost increase as the set of basis
functions is made more complete.

Direct solutions of the many-body Schroedinger equation are
computationally intractable due to the large number of free vari-
ables. The coupled electron-electron interactions also prevent
a direct separation of variables approach. Density functional
theory (DFT), which provides the foundation for the majority of
modern first principles methods, provides a rigorous way to de-
couple the electron-electron interactions. By reformulating the
problem in terms of the ground-state electron density, DFT al-
lows one to replace (1) with an exactly equivalent set of inde-
pendent one-electron Schroedinger equations (referred to as the
Kohn–Sham equations) [12], [13],

(2)

The index refers to different eigenstates of the solution. There
are now such equations for each electron in the system, and
the primed potential energy terms depend on the ground state
charge density,

(3)

Iterative solutions become necessary, since the eigensolution
needs to be self-consistent with the potentials which
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depend on through . The local density approximation
(LDA), used to evaluate the so-called exchange-correlation
energy of the electron-electron interaction, is the only ap-
proximation made. Pseudopotentials are used to evaluate the
ion-electron interaction and a complete plane wave basis is
used to expand the wave function. Early implementations
iteratively diagonalized the set of (2) until self-consistency
was achieved, a procedure which scaled as O(N), making it
prohibitively expensive to study more than a few tens of atoms.
More recent approaches overcome the limitations of direct
diagonalization by recasting the problem into an iterative search
for the lowest energy configuration. Modern implementations
include the Car–Parrinello simulated annealing scheme and
the more efficient methods based on conjugate gradient energy
minimization [14]. These methods typically scale as O(N),
since they are dominated by the cost of computing the fast
Fourier transform (FFT), which scales as Nlog(N), and by wave
function orthonormalization, which scales as O(N).

The tight binding (TB) approach significantly reduces the
cost of solving the single-electron Schroedinger equations [(2)]
by making several key approximations. First, a minimal basis set
of valence atomic orbitals is used to expand the wave func-
tion for each of electrons in the system, so that typically 10
to 20 times fewer basis functions are used in TB compared to
DFT. Second, self-consistency in the eigensolution is neglected
so that iterative solutions are no longer required. Last, all in-
teractions are parameterized. The conventional approach diag-
onalizes the set of parameterized (2). Pioneering work by
Harrison has led to a set of universal TB parameters for every
element on the periodic table, assuming orthogonality between
neighboring atomic orbitals [15]. There have been extensions to
Harrison’s work which use a more general nonorthogonal basis
and achieve better accuracy for specific systems, at the cost of
additional empirical parameters which need to be fit to experi-
mental results [16]. TB generally scales as O(N).

B. Critique of Atomic Scale Modeling Methods

Almost every physically observable quantity is related to the
total energy of a system or to differences in the total energy.
The utility of atomic scale calculations lies in their ability to
calculate the total energy, and the resulting accuracy is the key
criterion used to compare various methods. For the gate stack
application, the total energy approach enables us to determine
such quantities as band structures, dielectric constants, vibra-
tional frequencies and defect energy levels, as well as defect
creation energies, impurity binding energies and activation bar-
riers. In general, the accuracy of a method is directly related to
its computational expense. This is the second key criterion for
comparing simulation approaches, and it is important to con-
sider what ratio of accuracy/cost is sufficient to meet the goals
of a given simulation study.

Of the three approaches to computing the total energy of a
system, DFT provides the highest level of accuracy. It is gen-
erally observed that DFT predicts basic ground state structural
properties such as lattice constant and bulk modulus to within a
few percent of the experimental values, with no parameter fitting
[17]. One notable exception to the accuracy of DFT is prediction

of excited state energies such as the bandgap, which is typically
underestimated by as much as a factor of two, owing to the LDA
approximation. This is an important limitation, since many of
the properties we wish to investigate in the gate stack applica-
tion, such as mid-gap defect energy levels or band offsets at elec-
trode/dielectric/Si interfaces, require accurate knowledge of the
bandgap. The so-called quasiparticle GW approach to the elec-
tron self-energy is the best known correction to this problem and
can accurately predict the bandgap and other excited state prop-
erties for a variety of semiconductors and insulators, including
transition metal oxides [18], [19]. However, since the GW cal-
culation is considerably more expensive, it should be used in a
complementary manner to correct the DFT-LDA results for the
most important configurations.

The ability to predict the static (i.e., low frequency) dielec-
tric constant of novel materials is also important for the high-
gate stack application. Some first principles approaches include:
direct evaluation of the dielectric function based on the
band-to-band optical absorption spectrum [20]; calculation of
the dielectric tensor based on the modern theory of polarization
[21]; and calculation of the dielectric tensor by density func-
tional perturbation theory (DFPT), which considers the response
to an external perturbation (e.g., electric field) variationally in
a self-consistent manner [22], [23]. To our knowledge, varia-
tional DFPT is the only approach that has been demonstrated
to accurately predict the static dielectric constant of polar insu-
lating oxides such as SiO, in which there are both significant
electronic and ionic responses to the external electric field. To
varying degrees of accuracy relative to computational expense,
these methods can be used to investigate the behavior of the di-
electric constant as such factors as film composition, stress and
defect states are altered in the high-material of interest.

The major drawback of the DFT approach is its intense com-
putational cost, which severely limits the size of the system
which can be simulated. Conventional implementations of DFT
theory scale as O(N). O(N) methods are also possible, though
the difficulty of implementing such a program has prevented
widespread use. A survey of the literature indicates that O(N)
DFT simulations involving metal oxides are currently limited to
about 100 atoms. Fig. 1 shows how this limit is expected to in-
crease over the next 15 years, assuming a factor of 1.5 increase
in parallel computing capacity each year [24]1 .

The accuracy with which the total energy can be predicted in
a TB simulation depends strongly on the formulation being used
and the system being modeled. Some TB schemes achieve an ac-
curacy comparable to that of DFT for a specific material, but do
so at the cost of employing extensive parameter fitting. For ex-
ample, Kwonget al.’s model for Si provides a particularly good
description of point defect creation energies and has been used
to investigate interstitial-vacancy recombination in transient en-
hanced diffusion (TED) studies [25], [26]. However, because it
uses more than 20 fitting parameters specific to the Si system,
there is no straightforward way to extend the model to describe
alternative dielectrics like HfSiO . Others, such as Harrison’s
universal TB formulation and its extensions can be applied to

1This is a more conservative estimate than the factor of 2.15 targeted by the
DOE Accelerated Strategic Computing Initiative (ASCI), which aims to drive
the development of some of the world’s most powerful supercomputers.
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Fig. 1. Extrapolated long-term trend of DFT and TB parallel computing capacity for dielectric materials vs ITRS technology nodes.

any material system, since only a few fundamental parameters
are used to model the entire periodic table. However, since it
achieves its universality by avoiding extensive empirical fitting
for specific systems, the universal TB method gives predictions
which are generally only qualitatively accurate. Therefore, there
is an important tradeoff between extensibility and accuracy in
TB models. Furthermore, due to the many approximations made
in basic TB theory, its predictions are generally not as accurate
as those of DFT. The upshot is that TB is roughly times
less expensive than DFT (see Fig. 1). O(N) scaling methods for
TB are more widely implemented than for DFT.

Due to the high computational cost of a brute-force approach
using DFT-based methods alone, we believe that achieving
useful results for novel, complex dielectric materials will
require complementary use of DFT and less expensive methods
such as TB. While not a quantitatively accurate theory, uni-
versal TB predicts the correct trends for a surprisingly large
number of physical properties related to the electronic structure
of a material, often at minimal computational expense [27]. It
can be used to provide initial insight into the nature of bonding
and other aspects of a material’s electronic structure, helping
to reduce the computational search space before more focused
DFT calculations are performed. Indeed, many references in
the literature have employed TB as an initial tool to uncover
the electronic structure before carrying out more complete
DFT simulations and as a test bed for exploring new electronic
structure calculations (e.g., [28]–[30]).

We have avoided extended discussion of empirical inter-
atomic potentials because we feel they have limited use in

alternative dielectric studies. The extensive parameter fitting
required to formulate an empirical potential is costly and
time-consuming, and each model is generally only reliable for
properties included in the fitting database. Three of the most
popular models for Si, environment dependent interatomic
potential (EDIP), Stillinger–Weber (SW), and Tersoff (T3),
demonstrate this shortcoming [31]–[33]. While the EDIP
model provides the best description of the unrelaxed vacancy,
the T3 potential provides the best description of the unrelaxed
tetrahedral interstitial. Like the extensively fitted TB potentials,
there is no straightforward way to extend an empirical potential
formulation and parameter set extracted for a particular system
to alternative metal oxides.

III. CHALLENGES FORGATE STACK MODELING

A. Material Interfaces

The dominance of Si over other materials can ultimately be at-
tributed to the near-perfect interface between Si and SiO. Any
alternative dielectric material that hopes to replace SiOmust
achieve a similarly high degree of perfection in its interface with
Si. Many of the important integration concerns, such as impurity
segregation and interface recrystallization, require modeling of
the dielectric/Si and dielectric/electrode interfaces. Yet the com-
putational physics community has generally focused on bulk
properties of high- materials (e.g., ferroelectrics), motivated
by the novel science of such materials. From the engineering
point of view, we must build on these studies by also investi-
gating the technology concerns at material interfaces. However,
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unlike bulk systems, interfaces pose significant new challenges
for atomistic modeling. Many more atoms need to be included in
an interface model compared to a bulk structure. Consequently,
realistic modeling of high- dielectric interfaces becomes ex-
tremely expensive, pushing the limits of state-of-the-art first
principles methods.

Another difficulty is that if the dielectric is grown or de-
posited as an amorphous layer (e.g. HfSiO ), the resulting bulk
and interface structures are not unique. The positions of atoms
within the amorphous layer and at the interface must be deter-
mined through experiment or deduced in some other manner. In-
stead of trying to determine a reasonable amorphous structure,
most DFT studies of Si/SiOhave used crystalline forms of bulk
oxide or have attached crystalline oxide to the silicon substrate
[34], [35]. These techniques have led to close agreement be-
tween calculated results and experimental measurements of the
true amorphous system (e.g., Si-O bond lengths and angles), but
it remains to be seen whether a similar approach can be justified
for alternative dielectric systems. We expect, on the other hand,
that attaching two crystals should work well for modeling di-
electrics which are grown as lattice-matched epitaxial crystals
(e.g., SrTiO).

A promising way to reduce the uncertainty associated with
the interface structure and to gain insight on the growth mecha-
nism itself is to model the actual oxidation or deposition process
atomistically. A recent study has used DFT molecular dynamics
simulations to observe oxidation of the first few monolayers of
silicon [36]. One key observation from the study was that ox-
idation tends to proceed via an unexpected excess of silicon
atoms at the interface and a transient configuration of triply-
bonded oxygen atoms, both of which help to prevent the for-
mation of dangling bonds. As explained more completely in
the following section, such dynamical simulations are very ex-
pensive, and it may still be some time before such investiga-
tions become commonplace. We believe that employing both
TB and DFT methods in a complementary way may provide
a tractable way to generate reasonable amorphous structures.
For example, an amorphous-crystalline interface could be gen-
erated by a two-step process in which a first-order model is
created using a high temperature TB anneal of the dielectric/Si
system. The resulting geometry could then be accurately relaxed
to a local minimum configuration using DFT. Indeed, Ng and
Vanderbilt have demonstrated such a two-step approach for the
Si/SiO interface by first annealing an abrupt interface model
with an empirical interatomic potential and then relaxing the
structure by DFT [37]. Their resulting model reproduced many
of the experimentally observed characteristics of the interface,
such as the distribution of suboxide Si species, and provides en-
couragement that such an approach may also work for high-
dielectric/Si interfaces.

B. Time-Scale Problem

DFT and TB describe the interaction of atoms in a system
(i.e., forces and energy) for a given static configuration. In
reality, the atoms of a system are in constant motion and many
quantities of interest are products of this motion. The two
main computational methods used to evolve a system in time

are molecular dynamics (MD) and Monte Carlo (MC). By
design, the MD method reproduces the short-time behavior of
the system ( approx. 1 ns), while MC techniques are geared
toward problems occurring on macroscopic time scales. The
enormous gap that exists between these time scales, some-
times referred to as the rare event regime, poses a significant
challenge to the future development of atomistic simulations.

The phenomena occurring in the rare event regime are char-
acterized by large atomic displacements induced by the natural
thermal excitations within the system. On an atomic time scale,
thermally excited events occur so infrequently that it is often not
feasible, even with powerful supercomputers, to witness them
during the course of an MD simulation. This is the so-called
time scale problem of MD. For gate stack modeling, overcoming
this problem is of fundamental importance because the atomic
processes that occur within the rare event regime are exactly
those that underlie many of the important integration and reli-
ability concerns, such as diffusion of transition metals into the
underlying substrate or the formation of oxygen vacancy related
defects. The key physical attribute of all these processes is the
presence of energy barriers that must be overcome in order for
the processes to occur.

While no simulation technique for overcoming the time scale
problem has been perfected, the seeds for a solution have been
planted. One important contribution is Voter’s kinetic Monte
Carlo (KMC) algorithm [38]. The central feature of this method
is an event catalog which lists the important thermally activated
processes in the system and the rates at which they occur. During
a KMC simulation, events are randomly drawn from the event
catalog and applied to the system in such a way as to produce
an exact, average evolution of the system. KMC simulations are
computationally inexpensive and allow systems to be simulated
over very long periods of time.

The primary difficulty with the KMC method is generating
the event catalog; the important thermal processes are not al-
ways cleara priori, and discovering them can be very difficult
and time consuming. As a result, it is common to accelerate
the dynamics of a system by simply increasing its temperature.
Within a simulation, this has exactly the same effect on a system
as a high temperature cycle does on a wafer. However, there is
a fundamental problem with this approach—the rates at which
different processes occur in a system do not scale linearly with
temperature. As a result, if processesand are character-
ized by rates and at temperature , such as ,
then at temperature , we may find that . The
dynamical evolution of the system at and could thus be
fundamentally different. This is a shortcoming of the DFT-MD
oxidation simulation described in Section A, since an unphysi-
cally high temperature gradient was the driving mechanism be-
hind the diffusion of oxygen.

Recently, three new accelerated dynamics (AD) methods
have been presented which, on paper, avoid the problems asso-
ciated with both KMC and the crude technique of temperature
elevation [39]–[41]. While the expected speed-up produced
by these techniques depends strongly on the material and
phenomena being modeled, improvements on the order of 10
to 10 appear possible. However, AD techniques have been
developed within the domain of computational physics, so, to
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TABLE II
ROADMAP OF COMPUTATIONAL GOALS FORATOMIC SCALE MODELING OF ALTERNATIVE GATE DIELECTRICS

date, they have been applied only to rather simple problems
of surface and bulk diffusion. It is still an open question as to
whether their power will carry over to the complex materials
and interfaces that need to be modeled for alternative gate stack
engineering. Nonetheless, the potential payoff is huge in terms
of our computational capability of modeling and studying basic
atomic phenomena.

C. Device Simulation

Both the DFT and TB methods, as they are commonly im-
plemented, do not take into account the effect of an externally
applied electric field. For this reason, their application to de-
vice simulation is limited to the indirect role of providing fun-
damental material properties, such as band structure and de-
fect energy levels, as input parameters to a PDE-solver such
as PISCES. However, there exists a formal theoretical frame-
work within which time-dependent electric and magnetic fields
can be applied to any system described by a TB potential [42].
Such an approach would allow direct investigation of atomic
scale effects on resulting current–voltage (I–V) characteristics
and could provide valuable insight into the physical mechanisms
underlying dynamic processes such as charge trapping/detrap-
ping. We are aware of at least one group pursuing this approach
for SiO gate stack simulation [43].

D. Scaling Trends for Gate Stack Modeling

We have strong reason to be optimistic as we look forward
to the role atomistic simulations will play in supporting the
continued scaling of microelectronics into the next decade. We
refer again to Fig. 1, where the labeled points correspond to the
number of atoms in a simulation cell given by
for the 250-nm, 100-nm, 70-nm, and 50-nm technology genera-
tions of the ITRS, assuming 20 Å/atom. The two solid lines
correspond to SiO and an alternative dielectric

. Several key trends are clear. First, there are impor-

tant crossover points at which the entire critical dimension of the
alternative gate dielectric can be modeled atomistically. While
modeling all atoms in the dimension may not be necessary
in general, specific effects, such as the tunnelingI–V resulting
from application of an electric field across a TB gate stack or
impurity diffusion from the gate electrode into the substrate, re-
quire it. We thus believe that modeling the entire critical dimen-
sion of the gate dielectric is a reasonable computational goal.
At the same time, since this capability needs to be in place well
before the 70-nm generation goes to production, the use of DFT
alone will likely be inadequate. We also note that the O(N)
(O(N )) scaling of conventional DFT (TB) methods places a
significant limitation on the long-term modeling capacity. Ex-
citing progress has been made by the physics community to im-
prove these techniques to O(N) scaling, and we must adopt such
methods to bring the crossover points as close as possible [44].

IV. CONCLUSIONS

The introduction of many novel materials for alternative gate
dielectrics presents a fundamental new challenge to modeling.
Because of its accuracy and extensibility, DFT has been the
workhorse atomistic simulation for Si/SiOtechnology, and it
will likely remain the workhorse for the next decade. At the
same time, we believe that the requirement to rapidly investi-
gate many new materials places a limitation on brute-force ap-
proaches employing DFT-based methods alone. By using less
rigorous methods such as universal TB as complementary tools
for preliminary, qualitative investigations, we feel that a reason-
able compromise between accuracy and cost can be achieved to
meet the needs of a given study. We believe that the dependence
of empirical potentials on extensive parameter fitting limits their
usefulness.

We conclude by presenting a roadmap of computational
goals for atomic scale modeling of alternative gate dielectrics in
Table II. Increasing collaboration between the engineering and
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physics communities will be a key ingredient to realizing many
of the goals presented by the roadmap, such as achieving O(N)
scaling, applying electric field terms and accelerating the time
scale. From the application side, users will increasingly need to
employ the tools in complementary ways to achieve the goals of
alternative gate stack engineering. Atomic scale modeling tools
rely on new domains of physics such as quantum mechanics
that go beyond the foundations of traditional PDE-based TCAD
tools. Yet the engineering approach which has enabled so much
progress in microelectronics for the past two decades—care-
fully considering both the benefits and drawbacks of a given
method relative to the requirements of the application—must
still be employed to ensure future progress. It is our hope that
atomic scale modeling approaches, used along with traditional
tools, may finally evolve the role of TCAD from one of fitting
and explaining experiments to actually predicting them.
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